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Abstract

Abstract

The highly nitrogen-use efficient biomass grass Miscanthus is a host of the bacterial
endophyte Herbaspirillum frisingense. While Herbaspirillum frisingense has the genetic
competence to fix nitrogen, the plant-associated microbiome may also contribute to this
nitrogen efficiency. Furthermore, the costly field establishment of the sterile perennial
Miscanthus > giganteus from rhizomes is a severe constraint for expanding the production

area of this commercial biomass crop.

In this study, the effect of Herbaspirillum frisingense inoculation on stem-cutting sprouting,
shoot biomass and other yield parameters was investigated. | studied how the inoculation
impacts on the M. x giganteus associated microbiome and how the long term differences
in nitrogen fertilizer amount modulated the M. > giganteus associated microbiome. This
was studied in a 14 year-old field trial of M. > giganteus fertilized with various amounts of

nitrogen.

Stem cutting inoculation improved the shoot sprouting and establishment success of
Miscanthus x giganteus in the greenhouse. In a small field trial, plant height and biomass
from inoculated sites were significantly larger in the second year after establishment, but
already after one year after inoculation, the bulk soil, rhizosphere, root and rhizome
microbiomes were almost devoid of Herbaspirillum. This beta-proteobacterium may
colonize the shoot of Miscanthus > giganteus more efficiently. Major differences between
bacterial communities were determined by plant-soil compartments and less by the plant
organs, while both inoculation and nitrogen had little effects on these communities.
Compared to the little effect on the soil, rhizosphere and root microbiomes, the rhizome
microbiome was massively modulated by both inoculation and nitrogen level. In the

1



Abstract

rhizome, several proteobacteria, which are associated with plant growth promoting
functions, were enriched by inoculation, while Nj-fixing-related bacterial families were
favored by long-term nitrogen-deficiency plots, but denitrifier-related families were
depleted. The studies suggest that H. frisingense inoculation may improve establishment of
Miscanthus stem cuttings and has long-lasting effects on the rhizome microbiome diversity,
despite low rhizocompetence and low root abundance. Meanwhile, the rhizome could be a
potential nitrogen fixation factory. The organ-specific, nitrogen-related bacterial
communities are modulated by long-term different nitrogen supply and are mainly shaped

by the plant, which provides guidance for optimizing Miscanthus sustainable cultivation.
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Zusammenfassung

Das stickstoffeffiziente Biomassegras Miscanthus wird unter anderem vom bakteriellen
Endophyten Herbaspirillum frisingense besiedelt, welches die genetischen Grundlagen fir
Stickstoff-fixierung besitzt. Das mit Miscanthus assoziierte Mikrobiom, welches ebenso zu
seiner Stickstoffeffizienz beitragen k&nte, war zu Beginn der Arbeit noch nicht bekannt.
Dariber hinaus ist das Etablieren des sterilen, mehrj&rigen Miscanthus > giganteus aus
Rhizomen ein hoher Kostenfaktor und damit ein schwerwiegendes Hindernis fir die

Erweiterung der Produktionsfl&he dieser kommerziellen Biomassepflanze.

In dieser Arbeit wurde die Wirkung der Inokulation mit Herbaspirillum frisingense auf das
Keimen von Knospen an Sténgeln, die Wirkung auf die Sprossbiomasse und auf andere
Ertragsparameter untersucht. Dariber hinaus wurde untersucht, wie sich die Inokulation
auf das mit M. x giganteus assoziierte Mikrobiom im Feld auswirkt. Das mit Miscanthus
assoziierte Mikrobiom wurde ausserdem von einem 14-jdirigen Dauerfeldversuch
bestimmt, bei dem die Pflanzen ohne Stickstoff (N), oder j&rlich mit 80 kg N gedingt

wurden.

Die Beimpfung von St&ngelabschnitten mit Herbaspirillum frisingense regte das Keimen
von Knospen an und erhchte den Etablierungserfolg von Miscanthus > giganteus im
Gewé&hshaus. In einem kleinen Feldversuch waren Pflanzenhche und Biomasse von
beimpften Rhizomen im zweiten Jahr nach der Etablierung signifikant grdd%r, aber bereits
nach einem Jahr nach der Inokulation waren die Mikrobiome des Bodens, der Rhizosphéie,
der Wurzel und des Rhizoms nahezu frei vom beimften Herbaspirillum. Dieses beta-
Proteobakterium kann offenbar den Spross von Miscanthus > giganteus effizienter

besiedeln. Die Hauptunterschiede zwischen den Bakteriengemeinschaften wurden durch
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die unterschidlichen Umweltbedingungen der Kompartimente, also zwischen Pflanzen und
Boden und weniger durch die Pflanzenorgane bestimmt. Sowohl die Inokulation, als auch
die N-Dt{ngung hatten nur geringe Auswirkungen auf diese Gemeinschaften. Im Vergleich
zu den geringen Auswirkungen auf Boden, Rhizosph&e und Wurzelmikrobiome wurde das
Rhizom-Mikrobiom sowohl durch Inokulation, als auch durch den N-Dinger, am meisten
verandert. Im Rhizom wurden mehrere Proteobakterien, die bekanntermassen zur
F&derung des Pflanzenwachstums beitragen, durch Inokulation angereichert, w&arend N,-
fixierende Bakterienfamilien im Rhizom durch Langzeit-N-Mangel begtnstigt wurden.
Familien, in denen Stickstoff-Denitrifizierer gefunden werden, waren weniger im Rhizom
repr&sentiert. Die Arbeit legt nahe, dass durch die Inokulation mit H. frisingense die
Etablierung von Miscanthus-St&ngelabschnitten verbessert werden kann. Trotz geringer
Rhizokompetenz und geringer Abundanz hat das Inokulat lang-anhaltende Auswirkungen
auf die Rhizom-Mikrobiom-Diversitd. Das Rhizom kdante als eine potenzielle
Stickstofffixierungsfabrik dienen, und somit langfristig zur Stickstoffeffizient beitragen.
Die organspezifischen und wenig durch das N-Dingeniveau regulierten
Bakteriengemeinschaften werden haupts&hlich von der Pflanze gepr&t und ké&nten eine

Rolle bei der Optimierung der nachhaltigen Kultivierung von Miscanthus spielen.



Introduction

1 Introduction

1.1 High nitrogen-use efficiency of biomass grass Miscanthus

Biomass grass is a major part of the renewable energy sources, which developed as an
alternative energy of non-renewable energy-fossil fuels. The properties of sustainable
energy sources, decrease of environmental pollution and carbon emission have promoted
the development of bioenergy crops in the past decades. Miscanthus, in particular the
hybrid Miscanthus > giganteus is one of the outstanding bioenergy crops, with the traits of
low investment and long term of stable high yields (Heaton et al., 2004). Miscanthus,
originated in East Asia, is a perennial C4 grasses (Lewandowski et al., 2000). M. x
giganteus yields up to 25 ton dry matter (DM) ha™ yr in Europe and lasts a long term
(Lewandowski et al., 2000; Cadoux et al., 2012; Igbal et al., 2015). It shows remarkable
adaptability to a wide range of climate and soil conditions. So far, M. x giganteus has been
established in broad locations throughout northern hemisphere, especially in Europe and

America (Christian et al., 2008; Lewandowski et al., 2003).

Sustainable high yield production with low anthropogenic energy inputs, such as low N
fertilizer and pesticide, is always a desirable requirement for biofuel feedstocks. As an
outstanding biomass crop, M. % giganteus was found to harvest relative high biomass yield
uninterruptedly in both short-term and long-term field experiments with low nitrogen
fertilizer addition (Heaton et al., 2004; Cadoux et al., 2012; Maughan et al., 2012; Igbal et
al., 2015). In extreme cases with no N input fertilization while continuous biomass
(included N) removal, M. x<giganteus fields produced considerable biomass (Dohleman et

al., 2012; Igbal et al., 2015).
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A major reason of the high nutrient efficiency is contributed to its perennial lifestyle and
its active translocation of N from aboveground shoot to belowground storage organ
rhizome at the end of the annual growth phase (Beale & Long, 1997, Liu et al., 2014).
Harvesting biomass products after senescence, could translocate more than half of leaf N to
the plant storage organs (van Heerwaarden et al., 2003). Delayed harvest of miscanthus in
the winter after its translocation has demonstrated to markedly minimize N removal and

reduce atmospheric pollutants (Lewandowski & Kicherer, 1997; Heaton et al., 2009).

Meanwhile, biological nitrogen fixation (BNF) is proposed to explain part of the high
nitrogen efficiency. Multiple non-legume energy crops likely benefit from BNF under N
deficient condition. Several nitrogen fixing bacteria have been successfully isolated from
sugarcane, a close relative of Miscanthus. Further, both greenhouse and field studies have
demonstrated that sugarcane benefits large amounts of nitrogen from BNF by using *>N-
labelled isotope dilution and *°N, incorporation (Sevilla et al., 2001; Thaweenut et al.,
2011; Urquiaga et al., 2012; Baptista et al., 2014). In certain soil conditions for some
sugarcane genotypes, nitrogen source from BNF may occupy more than three quarters of
total nitrogen consumption (Baptista et al., 2014). Similarly, Miscanthus related nitrogen
fixing bacteria have been successfully isolated (Kirchhof et al., 2001). Modeling studies on
the nitrogen-balance of Miscanthus fields propose that biological nitrogen fixation type N
contribute to the biomass product (Christian et al., 2008; Davis et al., 2010). Further, field
experiments using **N-isotope trace indicate that BNF-source nitrogen supply more than
sixteen percent of the Miscanthus N requirements (Christian et al., 1997; Keymer & Kent,
2014). Moreover, the DAYCENT model suggests that the capacity of M. x giganteus BNF
Is weaker than sugarcane but significantly stronger than other non-legume biomass crops,

such as switchgrass (Davis et al., 2010).
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1.2 M. xgiganteus propagation and establishment

M. x giganteus is a naturally infertile hybrid of M. sinensis and M. sacchariflorus. The
triploid sterile property has weakened invasiveness of Miscanthus = giganteus (Nishiwaki
et al., 2011). However, that M. x giganteus is incapable to directly reproduce via seeds
further limits the biomass plantations establishing to a large-scale. To meet the ever-
increasing requirement of M. x giganteus plantation size, three main propagation systems
are used to produce numerous plants, consisting of rhizome-based propagation,
micropropagation and stem-based propagation.

Currently, the main propagation method is via rhizomes. Rhizome is defined as a modified
subterranean stem with emitting roots and shoots from its nodes. Firstly digging out
rhizome of the soil, then breaking up the rhizome into several pieces, finally planting
rhizome sections into the field, the process is relatively easy and favored by the farmers.
Rhizome propagation system is moderately costly, however destroys the propagation fields
and is relatively low efficient, with only 1:10-50 multiplication rate, cause that currently
only about 20 000 ha in Europe are planted with M. x giganteus (Xue et al., 2015;
Lewandowski et al., 2016; Clifton-Brown et al., 2017).

Micropropagation is a rapid reproduction of whole plant through tissue culture, where a
callus tissue is dedifferentiated from a single explant, and massive offspring can be
produced by plant hormones under favourable conditions (Gubisova et al., 2013; Figure 1).
Three-step procedure is included: first tissue culture, then greenhouse culture, finally
transplant in the field. The labor-intensive micropropagation has the advantages of high
multiplication rates (about 1000 times) and prevents the transmission of diseases
(Lewandowski, 1998; Xue et al., 2015). However, micropropagation is not commercial

application because the complicated procedure requires high establishment costs.
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Figure 1: Schematic micropropogation of Miscanthusx giganteus.

(@ Immature inflorescence chosen for micropropogation; (b) callus culture; (c) plant
induced; (d) mature plant in the control environment; (e) finally transplanted in the field.

Figure has been modified after Gubisova et al., 2013.

Propagation via stem cuttings with nodes has also been suggested with high multiplication
rates and is readily available (Hong & Meyer, 2007; Atkinson, 2009), which is also
environmentally friendly (Meyer & Hong, 2011; Boersma & Heaton, 2012). However,
previous attempting to directly plant stem-cutting propagules in field conditions is failure

8
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because of its sensitive to the environment stress and rooting hardly (Meyer & Hong,
2011). So stem sections are firstly pre-grown in greenhouse and then transplanted into the
field, which increases cost and consumes time (Figure 2). Vertically planted stem-cuttings
(Meyer & Hong, 2011) may be less promising than horizontally placed cuttings (Boersma
& Heaton, 2012). And recently, directly planting of 1.8 m long stems was successfully
established in the field with horizontal pattern (O'Loughlin et al., 2017). So the potential of

horizontal pattern to shorten the two-step stem-cutting propagation needs further

investigation.

Figure 2: Stem cutting propogation of Miscanthusxgiganteus.

Stem cutting of M. x giganteus sprouted and rooted from the node below the soil after

planted 4 weeks.
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1.3 Plant associated soil microbiome

The root system of terrestrial plants can absorb nutrients and water from the soil, and
interact with microbes. The plant-microbe interactions are primarily accomplished in this
complex plant-soil-microbiome environment (Chaparro et al., 2012; Figure 3). An
understanding of how plant and soil factors manipulate and reshape the soil microbiome,
and how the microbiome in turn affects to the plant health and productivity is essential.
The progress of exploration of soil microbiomes was slow in the past century, however,
because the majority of soil microbes are uncultivable and the mechanisms of their
functions remain unclear. Recent advances in high-throughput sequencing can help us to
classify the plant-microbe interactions and investigate how their benefit plant productivity

(Morales & Holben, 2011).

The root system is a key energy supplying element to the plant associated microbiomes
(Bais et al., 2006). The plant root supports the soil mircrobiomes (especially rhizosphere
microbiome) by the release of root exudates, such as carbohydrate, amino acids, peptides,
and fatty acids. Meanwhile, the root cap drop and mucilage decomposition can also
provide energy (Bertin et al., 2003; Bais et al., 2006). Plants also secrete chemical
compounds, such as flavonoids and antimicrobial, to response the chemical signals of soil
microorganisms and then recruit special microbe or eliminate. Release of these compounds
varies depending on the plant species, plant development, plant nutrient condition, and
abiotic factors (Flores et al., 1999; Micallef et al., 2009; De-la-Pena et al., 2010). Further,
series of studies indicated a tightly relationship between rhizosphere microbiome
communities and host plants (Broeckling et al., 2008; Badri et al., 2009; Micallef et al.,

2009).

The forces of soil physicochemical properties also markedly shape the soil microbial

10
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diversity. Different types of Soil are provided series of habitation to diverse communities
of microorganisms with the quantities of 10° ~ 10'° microbes per gram of soil (Schloss &
Handelsman, 2006). Recent evidence suggests that out of all these factors, soil texture,
nutrient content, soil water content and soil pH are the main factors influenced soil bacteria
and fungi. The soil microbial community is shaped by a combination of all these factors.
While both Fierer & Jackson (2006) and Rousk et al. (2010) indicated that soil pH
outcome other factors in shaping the soil bacterial community. While N fertilizer changed
the soil physicochemical properties and plant nutrient situation, plant related soil
mircobiome should be reshaped by N fertilizer. If the N fertilizer induce a special trend in
the related microbiome composition diversity, and this trend benefits the miscanthus or not,

deserve further research.
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Figure 3: Schematic illustration of soil-plant root-soil bacteria system.

Both Soil factors and plant exudates influence soil microbes, which in turn reshape the soil
environment and affect the plants through a dynamic exchange of chemical responses.

Figure has been modified after Chaparro et al., 2012.

1.4 Plant associated endophytic bacteria

An Endophytic bacterium is that resides within plant tissues and don’t cause any visible
symptoms for at least part of its lives (Compant et al., 2010; Monteiro et al., 2012).
Typically they are non-pathogenic, but include latent pathogens cause disease occasionally
(James & Olivares, 1998). Endophytes are considered to be originated from rhizosphere
microbiome (Compant et al., 2010), but they exert different characteristics, such as
invasive, from rhizospheric bacteria, indicating that only a small part of special
rhizospheric bacteria could enter in the plant tissue and evolve special functions to adapt to

the plant internal environment (Ferrara et al., 2012).

Previous studies indicated several candidate sites and putative pathways of endopytic
bacteria entering into root tissue (Reinhold-Hurek & Hurek, 1998a; Reinhold-Hurek &
Hurek, 1998b; Figure 4). One entry site is at the root tip among the elongation zone and
differentiation zone. From this site, the bacteria can invade through the cells or cell-layers
and finally into the central tissue, which latterly differentiates into stele (endodermis cell or
xylem vessel). Another entry locates at the lateral roots emerging sites, from these points
bacterial cells could invade into the cortex of the main root and lateral root. Herbaspirillum
is described to infect the miscanthus with the second pattern of invasion (Straub et al.,

2013a). The infection process including several processes: such as Type IV pili mediating

12
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attachment to the host, and pectic enzymes and cellulolytic enzymes digesting the cell wall
(cell-wall-degrading enzymes (CWDESs)) (Reinhold-Hurek et al., 1993; Reinhold-Hurek &
Hurek, 1998b). Herbaspirillum spp. possesses T3SSs to excrete plant CWDEs (Monteiro

etal., 2012).

) Lateral root

Bacteria Cortex (aerenchyma)

.
- )AK__ Sclerenchymatous cell
Epidermis, exodermis

Pericycle
/

Stele

;:Xylem vessels—___ £
Endodermis cells

Zone of elongation
and differentiation

Fe
"~ Root cap
Reinhold-Hurek & Hurek.(1998)Trends in microbiology,6:139-144 Trends in microbiology
Elsevierl Copyright © 1998 Eisevier Science Ltd. All rights reserved.

Figure 4: Schematic illustration of endophytic bacteria infection and colonization in

plant root.

Colonization sites of endophytes are described by red ovals, and colonization path are

indicated by red arrows (Reinhold-Hurek & Hurek, 1998b).

Endophytic bacteria are capable of influencing the plant health and productivity in

different mechanisms (Fitzsimons & Miller, 2010; Lau & Lennon, 2011; van der Heijden
13
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et al., 2008). Endophytic bacteria could fix nitrogen and supply directly to the plant.
Because nitrogen fixation consumes high energy, the plant could supply ample
photosynthetic products to the endophytic bacteria for nitrogen fixation (Glick, 2012). And
the endophytic bacteria fixing nitrogen have been confirmed in sugarcane by *°N, and
isotopic dilution (Bhattacharjee et al., 2008; Momose et al., 2009). Plant hormones
regulate plant growth and development and adjust the plant response to the environment
stresses. However, much nonlethal stresses induced hormones regulation can limit plant
growth. The endophytic bacteria may modulate phytohormones level and further affect the
plant’s response to stress (Glick et al., 2007). Many studies have indicated that a lot of
endophytic bacteria can produce cytokinins, gibberellins, auxins, and modulate ethylene
production (Williams & De Mallorca, 1982; Garc & de Salamone et al., 2001; Blaha et al.,
2006; Spaepen et al., 2007). Moreover, studies have proved the endophytic bacteria
inoculation promoting plant growth among a broad plant species, such as miscanthus, rice,
maize (Bhattacharjee et al., 2008; Straub et al., 2013a; Nautiyal et al., 2013). However,
how the endophytic bacteria regulate the production of plant hormones in the plant is
currently unclear. Furthermore, the endophytic bacteria suppress pathogens or trigger
induced systemic resistance (ISR) to maintain plant health and promote plant growth

indirectly (Eyles et al., 2010; Pieterse et al., 2014).

1.5 Diazotroph and other N-cycle bacteria in agriculture ecosystem

Nitrogen is an essential macronutrient for plant growth and participates in biosynthesis of
amino acids and nucleic acids. The nitrogen cycle mainly consists of three processes — N
fixed to ammonia (N, fixation), ammonia nitrified to nitrate (nitrification), and nitrate

denitrified to NO, N,O and N (denitrification). And accordingly, microbes participated in
14
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N, fixation are labeled as ‘nitrogen fixers’, participated in nitrification labeled as ‘nitrifiers’

and in denitrification labeled as ‘denitrifiers’’.

Atmospheric N, is fixed by microorganisms that carry nitrogenase into NHs. Nitrogenase
is only in prokaryote, and consumes 16 molecules of ATP to fix one molecule of
dinitrogen. Molybdenum-iron (MoFe) nitrogenase is the primary one, and consumes less
ATP than the other two — iron-iron (FeFe), vanadium-iron (\VVFe) nitrogenases (Zehr et al.,
2003). NifH encoded the iron-containing nitrogenase reductase is used as a gene marker to

detect and quantify the environmental nitrogen-fixing microorganisms (Bothe et al., 2010).

Denitrification describes the process of reduction of nitrate to nitrite (NO;), further NO,
and N2O to Ny in the anaerobic condition. Nevertheless, many denitrifiers express only
partial denitrifying inventories, and result in the release of greenhouse gas, especially N,O

to the environment, causing air pollution.

In the agriculture system, for example the Miscanthus biomass crop field, the N balance
depends on the input of N fertilizier and non-legume biological nitrogen fixation (BNF),
and the output of biomass harvest, nitrate leaching and nitrogen denitrification (Figure 5).
Due to the reduced N fertilizer input, we believe the nitrate leaching is small. So the
bacteria related nitrogen fixation and denitrification, and how N fertilizer and plant affect

on them need deep investigation.
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Figure 5: Schematic illustration of N-cycle in the agriculture ecosystem.

Nitrogen removal, denitrificaiton (NO, N,O, N;) reduce soil nitrogen; while bacterial
nitrogen fixation and fertilizer addition increases soil nitrogen in miscanthus field.

1.6 High-throughput sequencing applied in plant associated microbiome

Distinct from the symbiotic nitrogen fixation in the Legume-Rhizobium system and
Frankia -Actinorhizal plants system, plants associate with other group of diazotrophs and
other functional bacteria. However, most investigations still concentrate on the single
isolate interacting and promoting M. x giganteus, causing relative weak positive effects,
especially in the field experiment most (Kirchhof et al., 2001; Davis et al., 2010; Straub et
al., 2013b). The traditional culture-independent 16S rDNA-denaturing gradinent
electrophoresis (DGGE) or a hybridization-based method (PhyloChipTM) identified the
profile of Miscanthus related bacteria (Li et al., 2016; Cope-Selby et al., 2017), but still

only get a limited coverage of the whole Miscanthus associated microbiome. So, while M.
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x giganteus associated bacteria, including both the soil microbiome and endosphytic
microbiome, have indicated to play a key role in the biomass productivity and crop health,

the knowledge of these M. x giganteus associated bacterial communities is still limited.

Since the roche 454 pyrosequencing was first introduced to the DNA research, a series of
high-throughput sequencing platforms, such as Illumina, SOLID platform and lon Torrent,
were developed to sequence the whole genome DNA, transcriptome and environment
metagenome, with the advantages of cost-effective, faster and deeper sequencing than
traditional Sanger sequencing (Goodwin et al., 2016). Simultaneously, the relevant
bioinformatics software tools and analysis procedure were developed to analyze the
generated big data and further open some new frontiers, such as the environmental
microbial community analysis. Currently, the Illumina sequencing platforms dominate the
short-read next generation sequencing markets, such as 16S rRNA gene sequencing, which
providing the identified microbial composition and distribution in test samples. The
Illumina platforms utilize sequencing by synthesis approach with the cyclic reversible
termination (CRT) PCR strategy (Figure 6), with the advantages of low homopolymer

errors and high resolution.

High-throughput sequencing of 16S rRNA gene studies in Arabidopsis, sugarcane,
sorghum and many other plants have demonstrated that the bacterial communities
associated with plant are strongly influenced by plant organ type and soil type (Lundberg
et al., 2012; Lavecchia et al., 2015; De Souza et al., 2016; Li et al., 2016). A much weaker
effect on the bacterial communities is imposed by different plant growth stages and
genotype (Lundberg et al., 2012; Lavecchia et al., 2015) or agricultural practice such as
ploughing, while different nitrogen fertilization often had only minor effects on the plant

associated bacterial communities (Babin et al., 2019; Yeoh et al., 2016).Therefore, to
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achieve the high resolution profile of M. x giganteus associated soil bacterial community
and endophytic bacterial community, and to classify whether N fertilizer application or
diazotroph inoculation massively reshape these communities, the high-throughput

sequencing is needed.
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Figure 6: Schematic illustration of high throughput full length 16S sequencing

workflow.

A general process of Illumina 16S rRNA amplicon sequencing is shown. (a) Barcode,
adaptor and primer were tagged to the target gene with PCR amplicaiton. (b) Bridge
amplification was used to enrich templates. (c) Enriched templates were sequenced by
cyclic reversible termination approach. Figure has been modified after Goodwin et al.,

2016.

1.7 Objective of this research project

For the development of biomass crops, such as Miscanthus, sustainable production and
high biomass yield are contradictory and need to be coordinated. High biomass removal
will deplete soil fertility, harm the soil chemical elements recycle, cause poor physical
structure, and in turn decrease the biomass yield. Even though the ash returned to the soil
could release the phosphorus and potassium, the nitrogen gap keeps as the main problem
(Lanzerstorfer, 2019). Besides late harvest and other field managements reducing the
nitrogen removal, the N-related bacterial communities will also provide a potential N pool
to minimize the nitrogen gap. Simultaneously, other Miscanthus-associated microbes could
also result in an integrated effect on the plant growth and health. However, the knowledge
of the composition and distribution of Miscanthus related bacterial communities is still

limited, which inhibits the application of potential beneficial bacterial communities.

Moreover, H. frisingense, a plant growth beneficial nitrogen fixing bacterium isolated from
Miscanthus (Kirchhof et al., 2001), was chosen as a example of potential beneficial
bacterial communities to investigate the promoting function on the Miscanthus stem

cutting propagation and the inoculation effects on related bacterial communities.
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In this research project, three main objectives were purposed: The first objective was to
test whether long term field nitrogen fertilizer will reshape the Miscanthus > giganteus
associated bacterial communities, especially for the nitrogen-related bacterial group. The
second objective was to test whether H. frisingense inoculation can help to establish new
miscanthus plants from nodes in stem cuttings and whether this has long-lasting effects.
The last objective was whether H. frisingense inoculation can help to dominate the special

niche and reshape the Miscanthus x giganteus associated bacterial communities.

Therefore, the high throughput sequencing Illumina Miseq was used to investigate
Miscanthus > giganteus associated bacterial communities from a long term field
experiment and a second year established H. frisingense inoculated field experiment. Four
different underground fractions, the bulk and rhizosphere soil, roots and rhizomes, were
collected from both in the long-term N fertilizer M. < giganteus field trials and in the H.
frisingense inoculated field trials in southern Germany, respectively. Following samples
collected, DNA extraction, sequencing and analysis were carried out. For the last objective,
two planting dates, three node positions, different planting patterns with H. frisingense
inoculation were used to test the stem propagation and biomass yield of M. x giganteus

both in the greenhouse and in a small field experiment.

It was hypothesized that:

» Different soil-endosphere fractions provided different niches for bacterial species and

recruit different bacterial communities.

» A distinct long-term nitrogen fertilizer application shifts the Miscanthus > giganteus

associated bacterial composition.

» The genetic properties of H. frisingense are ideal to improve biomass yield of M. x
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giganteus.

» H. frisingense inoculation will lead to substantial occupation of an endosphere niche in
miscanthus, has long lasting effects and will benefit stem cutting propagation.

To our knowledge, the present survey of underground bacterial communities of field-
grown Miscanthus is the first high resolution community profiling investigating the effects
of compartment type, N fertilizer application and H. frisingense inoculation on Miscanthus.
The obtained community profiling could help to select the beneficial bacterial groups and
further may help to utilize the associated beneficial microbes to improve bioenergy crops
yield and sustainability. Meanwhile, the H. frisingense inoculation improved stem cutting

of M. x giganteus establishment could help to expand the M. x giganteus cultivation area.
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2. Materials

2.1. Culture Substrates

Nutrient-poor artificial mixture substrates were used to culture cutting stems of Miscanthus
% giganteus in greenhouse culture.

Table 1: Mixture substrates compositon and its corresponding properties.

mixture substrates soil chemical properties

pH 7.6
Corg <0.3%
Niotal 0.02 %
Calcareous Loess subsoil
(80%) extractable P 5 mg/kg
Favorable soil moisture 20 %
quartz sand(20%) Particle diameter 0.6-1.2 mm

The soil moisture was adjusted daily to 24% (w/w) = 80% substrate water holding capacity

(WHC).

Herbaspirillum frisingense GSF30" cultures were performed on Liquid Luria—Bertani

medium.
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Table 2: Liquid Luria—Bertani medium compositon.

Reagent Amount to add

H20 950 mL
Tryptone 10¢g
NaCl 10g
Yeast extract 50

The liquid medium was adjusted to pH = 7.0 with NaOH and then adjusted to 1 L with
H.O. The liquid medium was sterilized by autoclaving for 20 min. When it was used to

culture Herbaspirillum frisingense, 50mg I of kanamycin was added.

2.2. Plant and bacterial materials

The stems collected from M. x giganteus Greef et Deuter plots, established in 1997 at the
experimental station ‘Thinger Hof* (48.75N, 8.92<E) (Clifton-Brown et al., 2001), were
used. Leaves were removed from the stem to reveal axillary buds and the three most basal
nodes were excised as single node segments with around 4 cm of stem at each side. The
basal node segment closest to the soil surface was considered as ‘1st node’, the more apical
nodes were counted as 2nd and 3rd node. Herbaspirillum frisingense GSF30" (hereafter H.
frisingense) was a growth promoting bacterium isolated from miscanthus with the
functions of nitrogen-fixation, ACC deaminase (Rothballer et al., 2008; Straub et al.,

2013c).
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2.3. Kits

Table 3: Kits used for microbial DNA extraction and purification.

Kit Purpose

MO BIO's PowerSoil DNA DNA  extraction  from
miscanthus underground

Isolation Kit samples

QIAquick Gel Extraction extract and purify DNA

Kit from gel

Merchant

Qiagen

Qiagen

2.4. Instrumental equipment

Table 4: Instrumental equipment used.

Instrument Purpose

Merchant

Quantification and quality

Nanodrop 2000c check of DNA from
Spectrophotometer miscanthus underground
samples
Quantification and quality
Qubit Fluorometric check of DNA from
Quantitation miscanthus underground
samples

Amplification of 16S rDNA

PCR Thermal Cyclers V4 gene

Illumina Miseq 2 x 250 Sequencing of 16S rDNA
samples

Measurement of
Ammonium and Nitrate
content

CFA Evolution Il

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

[llumina (provided by
Beijing Genomics Institute,
HongKong, China)

Alliance Instruments GmbH
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2.5. Bioinformatic applications

Table 5: Bioinformatic tools used for microbial 16S rDNA analysis.

Bioinformatic tools

FastQC

FLASH

USEARCH

RDP Classifier

QIIME

NCBI

Purpose

Quality check of clean
data

Overlap paired-end
reads to generate the
consensus sequence

Cluster consensus
sequence to OTU

Taxonomically classify
OTU representative
sequences

Analyze 16S rRNA
gene sequences

Providing access to 16S
rRNA annotation

Reference

www.bioinformatics.babraham.ac.uk

Mago¢ & Salzberg, 2011

Edgar, 2013.

Cole et al., 2009

Caporaso et al., 2010

www.nchi.nlm.nih.gov/

2.6. 16S rDNA reference databases

Table 6: 16S rDNA reference gene and annotation data used in the analyses.

Database

Greengene (V201305)

Purpose

Taxonomically classify
OTU representative
sequences

Reference

DeSantis et al., 2006
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2.7. Services

Library preparation and sequencing of 16S rDNA samples was done by Beijing Genomics
Institute (BGI), HongKong, China. The raw data filtered to eliminate the adapter pollution

and low quality to obtain clean reads were also done by BGI.

27



Methods

3. Methods

3.1. Stem propagation directly in the field

The field experiment was conducted at the experimental station ‘Heidfeldhof” (48.71 N,
9.19E), with planting date and H. frisingense inoculation as treatment factors. In 2014 and
2015, mean annual air temperatures were 11.0C and 10.9<C, and precipitation was 654.1
mm and 492.1 mm respectively (weather station ‘Hohenheim’, LTZ Augustenberg, 2016).
The arable soil at the site is a loess-derived stagnic Luvisol with silty loam-texture, total C
content of 11.4 g C/kg soil dry weight and pH 6.8. The experiment was conducted in
randomized incomplete block design with each treatment replicated three times, which is a
total of 12 plots. The field was harrowed before planting. In each 1.5 m % 0.6 m plot, five
node segments were planted with 0.33 m spacing between plants within the rows. Stems
used in this experiment came from stems with 7—8 nodes on June 3rd, 2014, and stems

with 11-12 nodes on July 14th, 2014, respectively.

The first planting was conducted on June 3rd, 2014. For the inoculation treatment, each
side of the half of fresh cut node segments was inoculated with H. frisingense for 60
minutes (Straub et al., 2013a). The H. frisingense inoculated solution was prepared by
grown in liquid Luria—Bertani medium, harvested by centrifugation, and resuspended in
distilled water to a final OD 600 of ~0.1. Meanwhile, each side of the rest node fragments
was inoculated in distilled water for 60 minutes as control. After that, propagules were
planted horizontally at a soil depth of 3 cm in the same day. The plots were irrigated twice
per week for the first two months after planting. Then, no additional water was given
during the whole experimental period. Weeding was conducted several times by hand. The

second planting was conducted on July 14th following the same progress.
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The establishment success was assessed at the end of the 2014 growing season (10th
December 2014), and stems were harvest by cutting 10 cm above the soil surface in mid-

March, 2015. Finally the overwintering survival rate was assessed in June, 2015.

Finally, morphological measurements were carried out on 4th December 2015, including
plant height, stem number and stem diameter. For the measurements, two strongest plants
per plot were selected. Plant height was measured from the soil surface to the node of the
uppermost fully expanded leaf on the highest stem of each selected plant. Stem diameter
was measured on the same stem between the collar and the first internode. For stem
number per plant, all stems with a height of at least 10 cm were counted and the number
divided by the planting density. Then plants were harvested and weighed per plots by

cutting 10 cm above the soil surface.

3.2. Stem propagation in the greenhouse

Meanwhile, the greenhouse experiment was conducted with node position, planting pattern
and H. frisingense inoculation as treatment factors. The experiment was conducted in
completely randomized design with each treatment replicated three times, including 3 node
position (1st, 2nd and 3rd node), 2 planting pattern (vertically and horizontally), and 2
inoculation situations (H. frisingense inoculated or not). The greenhouse experiment
started on 13th August, when the stems had 13-15 nodes (Figure 7). To simulate marginal
lands, nutrient-poor artificial mixture substrates of 20% washed quartz sand (0.6-1.2 mm
@) and 80% calcareous Loess subsoil (pH: 7.6; Corg < 0.3%; Niota 0.02%; CaCOgz: 23%)
were used. For the vertical pattern, 10 node segments were vertically planted with the
axillary bud at the soil surface in 18 pots (25 cm diameter), which were filled with 8 kg
artificial substrate. In contrast, for the horizontal pattern, 10 node segments were

horizontally planted just below the soil surface in trays (50 cm (length) < 30 cm (width) x
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6 cm (height)), which was also filled with 8 kg substrate. The H. frisingense inoculation
followed the same procedure as in field Experiment. The soil moisture was adjusted daily
to 24% (w/w) = 80% substrate water holding capacity (WHC). The greenhouse condition
was 16 h/8 h light/dark period and a 25 <CT/20 <C day/night temperature during the
experiment period. Before sprouting, each pot and tray was covered with a thin transparent
foil to avoid water loss that was removed after sprouting, then pots and trays were watered

twice per week.
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Rhizome

Figure 7: Planting of M. xgiganteus stem cuttings in greenhouse.

(@) Stem cuttings; (b) H. frisingense inoculation; (c) cutting nodes sprouting; (d) M. x

giganteus underground situation after 4 months.
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Node sprouting was defined as the elongation of the bud to 1 cm out of the soil surface.
The sprouted nodes were counted every day for 35 days. The establishment success, plant
height and plant yield were carried out after planting for 4 months. The five strongest
plants per tray were selected for morphological measurements. Plant height was measured
from the soil surface to the node of the uppermost fully expanded leaf on the highest stem
of each selected plant. Then stems were harvest by cutting 2 cm above the soil surface and

oven-dried (60 <C for 7 days) and weighed for dry matter biomass yield assessment.

The sprouting index was modified from the germination index (Siddiqui & Al-Whaibi,

2014), and estimated according to the following formula:

St
Si=%t 2=
i=1 Dt

(i=12..1) (1)

where St is the number of sprouted nodes within the day, Dt is the number of sprouting

days and t is the total sprouting period (d).

3.3. N fertilizer treatment sites description

Miscanthus > giganteus plots located at the University of Hohenheim (Germany)
experimental station ‘Thinger Hof” (48.75N, 8.92<E), which were established in the year
2001 by Boehmel et al. (2008). Depending on the FAO classification, the soils were
classified as Haplic Luvisols with a silty clay texture (approximately 40% clay) and
overlying loess loam. When measured in 2002, Soil Ct was about 0.99% of soil and soil Nt
was about 0.10%. The field trial was established as a split plot with 3 different N levels (0,
40, and 80 kg haa™) and 4 replicates (180 m? each). Fertilizer (ENTEC®, 80 kg N ha™)
was applied in late spring to the N80 plots, while this was omitted in the NO plots. This

long-term experiment and the block design are described in detail in Igbal et al. (2015).
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3.4. Sample collection

Sample collection was performed in the middle of July, 2015, when Miscanthus grew

maximal.

Rhizosphere
Bk soil

Control Treatment

Figure 8: Samples collection of Miscanthus.

Illustration of Miscanthus plants depicting the bulk soil, rhizosphere, roots and rhizomes
sampled from the top 3-10 cm soil layer. Control, O nitrogen fertilizer or without

inoculation; Treatment, 80 kg N ha™a™ application or H. frisingense inoculation.

For the H. frisingense inoculated trials, bulk soil, rhizosphere, root and rhizome (Figure 8)
were sampled from the top 3-10 cm in the soil layer of the H. frisingense inoculated plots
and the control plots in the field experiment respectively. For per treatment, all the three
replicates were sampled twice, and combined into two composite samples. Adding with

two different planting date treatment as replicates, that is a total of 16 samples.

For the N fertilizer treatment trials, four replicates of bulk soil, rhizosphere, root and

rhizome (Figure 8) were sampled from the low nitrogen fertilizer level (NO) and high
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nitrogen fertilizer level (N80) respectively. These four replicates were mixed and pooled,
yielding two composite samples. Adding with two different N fertilizer treatments as

replicates, that is also a total of 16 samples.

The top 3-10 cm soil with at least 5 cm distance from surrounding Miscanthus root was
crushed and sieved through a 2-mm mesh in the field for collection of corresponding bulk
soil samples. 100g bulk soil per treatment was used to measure the Nmin (nitrate and
ammonium) by continuous-flow analysis technique (only for the N fertilizer trials). Loose
soil was manually removed from the roots by gently shaking with sterile gloves. Soil
tightly adhering to the roots was defined as rhizosphere soil sample (Lavecchia et al.,
2015). The bulk soil samples and rhizosphere soil samples were stored at -20C for
subsequent DNA extraction. Root samples were standardised by taking the fresh lateral
roots. Roots and rhizome from the top 3-10 cm in the soil for each independent block were
vigorously washed with sterilized deionized water and sonicated in order to remove all soil
from the root surface. The washing steps were repeated twice to avoid soil contamination
in the root type samples. Subsequently, rhizome and roots were separated with sterilized
scissors. The rhizome and root samples were gently dried with clean soft tissue,

immediately frozen in liquid nitrogen and stored at -80 <C for downstream DNA extraction.

3.5. Sample DNA extraction and sequencing

PowerSoil DNA isolation kit (MoBio, Carlsbad, CA) was used to extract DNA from 300
mg soil sample or 100 mg plant samples following the manufacturer’s instructions, with an
extending vortex mixing period for 25 min. After quantified with the Thermo Scientific
Nanodrop 2000c Spectrophotometer, the DNA samples with about 800 ng DNA per
sample were sequenced by Beijing Genomics Institute (BGI, China). Sequencing libraries

were constructed by the BGI, including barcodes and adaptors. The qualified library was
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amplified with 250 bp paired-end amplicon sequencing on the Illumina Miseq 2 X 250
paired-end platform. Briefly, 16SrRNA V4 region was amplified with universal
prokaryotic primers  515F (GTGCCAGCMGCCGCGGTAA) and 806R

(TAATCTWTGGGVHCATCAGG) as in Caporaso et al. (2012).

3.6. Sequence classification and bioinformatics analysis

The raw sequence reads were filtered to obtain clean data by the procedure showed in
Fadrosh et al. (2014). Two paired-end reads overlapping to the consensus sequence were
generated by FLASH (v1.2.11) and chimeras were filtered out with UCHIME (v4.2.40).
Finally, 625.403 consensus sequences with average length of 252 bp were obtained in the
total 32 samples. Then sequences were clustered into organismal tauxonomic units (OTUSs)
with a 97% threshold by using UPARSE and the taxonomy was assigned with Ribosomal
Database Project (RDP) Classifier v.2.2, with reference to the Greengenes database
V201305. By removing OTUs assigned to the plant chloroplast and mitochondria, a matrix
containing OTU read counts and taxonomic assignments for all samples was generated for

further taxonomic analysis.

Before analyses, rare OTUs represented by <5 reads in < 3 samples, were filtered out from
the OTU table, according to the modified procedure of Gottel et al. (2011). The OTU
relative abundance was calculated by dividing the absolute abundances by the total
sequence counts per sample. Fold change tests and false discovery rate (FDR)-corrected
Student’s t-Test were conducted to compare the treatment effects (H. frisingense
inoculation or N fertilizer) on relative abundance in a given plant fraction, respectively.

The enriched and depleted relative abundances of bacterial taxa among soil-plant fractions

35



Methods

were determined based on fold changes (> 2).

Principal coordinates analysis (PCoA) was performed to visualize the sample relations
using package ‘ape' of software R (v3.1.1), based on the Bray—Curtis similarity matrix
calculated by the QIIME. The effects of different factors on the bacterial communities
were tested using permutational multivariate analysis of variance (PerMANOVA) with R

package 'vegan'.

Venn diagrams visually display the number of common/unique OTUs in multi-samples.
The core microbiomes of different environments were based on the OTU abundance and

Venn diagrams were drawn by VennDiagram of software R (v3.1.1).

Species heat map analysis was done based on the relative abundance of each species in
each sample. To minimize the differences degree of the relative abundance value, the
values were all log10 transformed. If the relative abundance of certain species was less
than 1%, it was pooled in the low abundance fraction. If the relative abundance of a certain
species was 0, the minimum abundance value was substituted by -2.3, which means 0.005%
relative abundance. Heat maps were generated using the package ‘gplots’ of software

R(v3.1.1) and the distance algorithm 'euclidean’, with the clustering method ‘complete’.

The Shannon diversity index was estimated as the diversity at family level with R package
'vegan'. The Tukey’s post-hoc test was conducted to compare the Shannon diversity among
all treatments. Taxonomy histograms were created with the software R (v3.1.1). All
taxonomic groups less than 0.5 % were combined in the 'low-abundance’ category.
Differences at the family level were tested by the Student’s t-Test. Raw bacterial 16s
rDNA sequencing data were deposited at the Sequence Read Archive
(http://www.ncbi.nlm.nih.gov/sra) under accession number PRINA575500 (H. frisingense

inoculation) and PRINA527123 (N fertilizer), respectively.
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3.7. Microscopy

A GFP-tagged H. frisingense GSF30" strain (Rothballer et al., 2008) was used in the
greenhouse experiment and plant material was observed by confocal microscopy (Leica

DMRE microscope equipped with a confocal head TCS SP; Leica, Wetzlar, Germany).

3.8. Statistical analysis

Data analysis was performed using the software R (v3.1.1). The effects of different factors
on the yield biomass and plant traits were tested using two-way ANOVA with R and
Tukey’s post-hoc tests were used to identify significantly different treatments. As
establishment rate and survival rate in each trial are binomially distributed, a generalized
linear model (glm) was performed in R using the link function “logit”. The sprouting
percentages were simulated using the following logistic model (Chatterjee et al., 2000;

Lattin et al., 2003):

C
= Treabx )

where ¢, a and b are variables to be estimated.
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4 Results

4.1. Inoculation with Herbaspirillum frisingense promoted the establishment and yield

of M. xgiganteus stem-cuttings in the field

We first tested whether H. frisingense inoculation under field conditions and the planting
date (June or July) affect the establishment of M. x giganteus from nodes. The field
establishment success was quantified twice, in December 2014 and after the winter in June
2015 (Figure 9). In detail, single nodes of M. x giganteus stem cuts were established in the
field by direct horizontal planting and H. frisingense significantly promoted the
establishment (Table 7), no matter whether planted in June or July (Figure 9). After the
first year, the second year’s establishment and survival rate were similar as in the first year
(Figure 9b). When harvested at the end of the second year, the biomass yield per plant was
mostly affected by the planting date, but H. frisingense inoculation also had an effect
(Table 1). Biomass was significantly higher when planted in July and with this planting
date substantially affected by inoculation (Figure 9¢). When considering major plant traits
that affect biomass yield: plant stem number, plant height and stem diameter, all of them
were significantly affected by the planting date. By contrast, only plant height was also
significantly affected by H. frisingense inoculation (Table 7). Furthermore, the stem
number per plant was significantly bigger when nodes planted in July 2014, compared to
nodes planted in June, while no significance between control and H. frisingense
inoculation was observed (Figure 9d). The similar trend was also found in stem diameter
(Figure 9f). The plant height was increased by H. frisingense inoculation only at the second
plantation date (Figure 9e). In short, H. frisingense inoculation significantly promoted

establishment of M. x giganteus nodes from cut stems in the field, with the planting date
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was the main factor determining the second year’s yield of M. % giganteus, while the

second important factor was H. frisingense inoculation.

Table 7: Field establishment statistics analysis.

Logistic regression and overall ANOVA for the significance of the main effects and their
interactions (Hf inoculation, planting date, Hf *date) on yield and plant traits for

Miscanthus > giganteus stem cutting culture in field trials (a = 0.05).

Establishment

Biomass yield Stem number Height Diameter
rate
z-value Pr>|z| F-value  Pr>F F-value  Pr>F F-value  Pr>F F-value Pr>F
Hf 3.045 0.002 6.53 0.021 0.53 0.479 28,53  <0.001 324  0.091
Date 0.576  0.564 123.8 <0.001 108.1 <0.001 9457 <0.001 13.95 0.002
Hf x<Date 0576 0.564 3.80 0.069 0.16 0.692 5.78 0.029 011  0.743
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Figure 9: Field establishment results.

Establishment rate in the first year (a), survival rate in the second year (b), dry matter yield
[g plant™] (c), stem number (d), height (cm) (e) and stem diameter (mm) (f) from stem
cuttings with one node planted directly into the field at two dates (June and July 2014).
Significant differences are indicated by different lower-case letters. Level of significance
was a = 0.05. Error bars represent standard deviation in different plant traits. Ctrl, control

treatment; Hf, Herbaspirillum frisingense inoculation; June, stem planted in June, 2014;
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July, stem planted in July, 2014.

4.2. Sprouting and plant growth of M. xgiganteus stem-cuttings in the greenhouse

from inoculation with Herbaspirillum frisingense

The effect of H. frisingense inoculation on the emergence and establishment of M. x
giganteus shoots from different node positions was investigated in greenhouse conditions.
Only the first three nodes counted from the base of the plant were considered. Stems were
harvested in August. Emergence of M. x giganteus from vertical and horizontal plantings
was also compared, but as emergence from vertically placed stem-cuttings was extremely
poor, only horizontally planted stem cuttings were considered in the following analysis.
Overall, nodes started to sprout after 8 days up to 30 days (Figure 10). Both H. frisingense
and node position had significant effect on the sprouting progress, which showed that base
node 1 sprouted fastest, followed by node2 and node 3, while H. frisingense promoted the
sprouting especially of node 3 (Figure 10, Figure 11b).

The greenhouse establishment success determined was only affected by H. frisingense
inoculation (Table 8). H. frisingense significantly promoted the establishment rate for both
nodel and node2, but not of node3 (Figure 11a). When harvest after 4 months of growth,
the aboveground biomass yield per plant of the cultured nodes was notably affected by
both node position and H. frisingense inoculation (Table 8). It was significantly higher
with inoculation and notably decreased from nodel to node3 (Figure 11c). A similar trend
was found for plant height (Figure 11d), which was also affected by both node position and

H. frisingense inoculation (Table 8).
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Figure 10: Sprouting percentage from the three most basal nodes planted in the

greenhouse.

Sprouting percentage from the three most basal nodes planted in the greenhouse and

dependence on Herbaspirillum frisingense (red) and controls (blue). Fits to the logistic

model (see methods) were significant at Pr<0.001. Ctrl, control treatment;

Hf,

Herbaspirillum frisingense inoculation; Nodel, basal node segment closest to the soil

surface; Node2, node segment closest to Nodel upward; Node3, most apical node; H1,
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inoculated Nodel; C1, uninoculated Nodel; H2, inoculated Node2; C2, uninoculated

Node2; H3, inoculated Node3; C3, uninoculated Node3.

Table 8: Greenhouse establishment statistics analysis.

Logistic regression and overall ANOVA for the significance of the main effects and their
interactions (Hf inoculation, node, Hf * node) on yield and plant traits for Miscanthus >

giganteus stem cutting culture in greenhouse trials (a = 0.05).

Establishment rate Sprouting index Dry matter yield Height
z-value  Pr>|z| F-value  Pr>F F-value  Pr>F F-value  Pr>F
Hf 2.243 0.025 10.32 0.007 37.98 <0.001 75.45  <0.001
Node -0.217 0.828 20.32 <0.001 31.05 <0.001 23.16  <0.001
Hf < Node 0.981 0.107 1.44 0.275 12.94 0.001 10.75 0.002
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Figure 11: Greenhouse establishment results.

Establishment rate (a), sprouting index (b), dry matter [g plant™] (c), and height (cm) of 3
different cutting nodes planted in the greenhouse with Herbaspirillum frisingense
inoculation (gray bars) or not (black bars). Significant differences are indicated by
different lower-case letters. Level of significance was a = 0.05. Error bars represent
standard deviation in different plant traits. Ctrl, control treatment; Hf, Herbaspirillum
frisingense inoculation; Nodel, node segment closest to the soil surface; Node2, node

segment closest to Nodel upward; Node3, node segment closest to Node2 upward.

The localization of H. frisingense after sprouting from nodes was investigated using a
GFP-labelled H. frisingense strain with confocal microscopy. The fluorescence of bacteria

was primarilly detected as aggregates of fluorescent spots close to the veins of the first and
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second leaves closest to the node. Very poor fluorescence was found in the roots, in
agreement with the low abundance of H. frisingense in the root microbiome (Figure 12).
Further leaves were again little colonized, suggesting that the competence to colonize and

distribute within M. < giganteus was restricted.

a

Figure 12: Presence of GFP-labelled H. frisingense in M. xgiganteus roots and leaves.

Green fluorescent spots in M. % giganteus roots (a) and veins of M. x giganteus leaves (b).

The white square highlights potential aggregates.

4.3. Long-term effect of Herbaspirillum frisingense inoculation on soil and plant

microbiota in the field

Bacterial 16S rDNA was extracted from bulk soil, rhizosphere, root and rhizome (Figure 8)
from the above stem propagated Miscanthus field experiment in early summer two years
after establishment. Stem cuttings used for propagation had either been inoculated with H.
frisingense at the time of establishment time or not. Principal coordinates analysis (PCoA)
showed that exophyte (soil and rhizosphere) and endophyte (root and rhizome)

compartments were distinct in the first coordinate (PerMANOVA: R? = 0.44, p value =
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0.001), while different plant organs (lateral roots and rhizome) were also separated
(PerMANOVA: R? = 0.78, p value = 0.036) (Figure 13a). Overall, the H. frisingense effect
was very small, as may have been expected from the long time between inoculation and
sampling. However, there was potentially a minor influence of H. frisingense on
endophytic bacterial communities (PerMANOVA: R? = 0.14, p value = 0.33) in contrast to
the exophyte compartments (PerMANOVA: R? = 0.03, p value = 0.8). The Shannon
diversity indices significantly decreased from soil samples (bulk soil and rhizosphere) to
the rhizome, while similar Shannon indexes were found between inoculated sample and

control (Figure 13b).
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Figure 13: The effect of Herbaspirillum frisingense inoculation on the diversities of

Miscanthus x giganteus-associated bacterial communities.

(@) Principal coordinates analysis (PCoA) of pairwise, Bray-Curtis distances between
samples based on relative abundance of OTUs. (b) Shannon diversity is estimated as the
OTU abundance. Significant differences are indicated by different lower-case letters. Level
of significance was a = 0.05. Ctrl, control treatment; Hf, Herbaspirillum frisingense

inoculation

The relative abundance of different bacterial taxa in the soil-endosphere fractions is
displayed in histograms at the phylum level (Figure 14). The major phyla were
Proteobacteria, Acidobacteria, Verrucomicrobia, Actinobacteria and Bacteriodetes. While
similar taxonomic compositions were found between H. frisingense inoculated and
controls in bulk soil, rhizosphere and root, H. frisingense inoculation significantly changed
the bacterial composition in the rhizome, although H. frisingense was always detected only
at residual levels, irrespective of the compartment. In rhizomes, the Proteobacteria were
enriched and Actinobacteria depleted (Figure 15). Furthermore, Pseudomonadaceae
(13.8%) and Xanthomonadaceae (10.8%), which both comprise many plant growth
promoting Proteorhizobacteria, as well as Oxalobacteraceae (0.8%, identified as the
beneficial H. frisingense) were enriched by H. frisingense inoculation (Figure 15c), while
the family Promicromonosporaceae (6.3%), which is known to contain opportunistic

pathogens, in Actinobacteria was depleted (Figure 15b).
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Figure 14: The effect of Herbaspirillum frisingense inoculation on the composition of

Miscanthus % giganteus-associated bacterial communities.

Histograms showing the distribution of phyla present in bulk soil, rhizosphere, roots and
rhizomes between Herbaspirillum frisingense inoculation and control. Asterisks indicate a
significant difference using Student's t-test. Ctrl, control treatment; Hf, Herbaspirillum

frisingense inoculation
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Figure 15: Herbaspirillum frisingense inoculation enriched Proteobacteria and

depleted Actinobacteria in the rhizome of M. xgiganteus.

(a) Histograms showing the distribution of families present in bulk soil, rhizosphere, roots
and rhizomes between H. frisingense inoculation and control. Distinct families depleted in
inoculated relative to control rhizomes in Actinobacteria (b) and enriched in
Proteobacteria (c). Asterisks denote significantly enriched families between inoculated
and control rhizomes according to paired Student’s t-test (*, P < 0.05). Ctrl, control

treatment; Hf, Herbaspirillum frisingense inoculation.

4.4. Long-term effect of N fertilizer regimes on M. xgiganteus underground bacterial

communities

Bacterial 16S rDNA was extracted from bulk soil, rhizosphere, root and rhizome from a

14-year old long term Miscanthus field experiment. Plants did either receive no N or were
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fertilized with 80 kg hala? nitrogen fertilizer. This resulted in almost 6-fold lower Npin
levels in the NO plots (2.88 mg ha), compared to 16.4 mg ha™ in N80 plots at the time of
harvest, respectively, with nitrate levels substantially higher than those of ammonium

(Table 9).

Table 9: Soil mineral nitrogen (Npin) for the 3-10 cm soil in the sampling sites.

N rate (Kg N ha'a™)

Nmin
0 80
NOs-N (mg kg™) 1.84 11.2
NH4-N (mg kg™) 1.04 5.20
Nmin ( mgkg™) 2.88 16.4

After sequencing, the sequence abundances from the four different compartments and two
N-levels (resulting in a total of 8 sample types) were compared by conducting principle
coordinates analysis (PCoA), using the resulting operational taxonomic unit (OTU) table
from the QIIME program based on the v4 conserved region of the bacterial 16S rDNA.
The PCoA showed that the Miscanthus exosphere (both bulk soil and rhizosphere soil) was
separated from the root and rhizome, reflecting the distinct environmental conditions for
bacterial populations (Figure 18). The first principle coordinate was dominated by the
compartment type, containing exophyte and endophyte (PerMANOVA: R? = 0.39, p value
= 0.002 **), while the second principle coordinate reflected, the different plant organ types,
lateral root and rhizome (PerMANOVA: R? = 0.41, p value = 0.021 *). Overall, the
nitrogen fertilizer effect was small, NO fertilizer and N8O fertilizer treatment data clustered
closely together. Meanwhile, the relationship between fertilizer and exophytic bacterial

communities (PerMANOVA: R? = 0.20, p value = 0.19) was less pronounced than that for
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endophytic bacterial communities (PerMANOVA: R* = 0.25, p value = 0.065). Taken
together, PCoA showed that in the long-term nitrogen fertilizer application, bacterial
taxonomic patterns were mainly imposed by compartment type and plant organ type, but

not by the distinct nitrogen fertilizer amount.
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Figure 16: Soil compartment and plant organ type drive the microbial community

composition of Miscanthus.

Principal coordinate analysis (PCoA) of pairwise, Bray-Curtis distances between samples
based on relative abundance of OTUs. NO, no nitrogen fertilizer application; N80, 80 kg N
ha'a™. Different symbols are color coded by fraction: soil, diamond; rhizosphere, square;

root, circle, and rhizome, triangle. N80, solid; NO, hollow.

Using the 5 x 3 threshold, we identified 763 OTUs defined as general units of microbial
taxonomic classifications under the NO condition and 862 OTUs under the N80 condition
(Figure 17). In both nitrogen fertilizer conditions, the OTU number reduced significantly

from bulk soil to the rhizome, while about 62% of the endosphere OTUs were also found
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in soil. However, both roots and rhizome showed specific OTUs (24 % in roots and 20 %

in rhizome respectively), which were not detected in bulk soil and rhizosphere soil.

NO.Rt NO.Rz N80.Rt N80.Rz

NO.Rs N80.Rs

106 209

(763 OTUs) (862 OTUs)

Figure 17: OTU differences among different fractions.

Numbers of shared and differentially distributed bacterial operational taxonomic units
(OTUs) in bulk soil, rhizosphere, M. = giganteus roots and rhizomes, in NO and N80. NO,
no nitrogen fertilizer application; N80, 80 kg N ha™a™® application; S, bulk soil; Rs,

rhizosphere; Rt, Miscanthus root; Rz, Miscanthus rhizome.

To access how the different soil-plant fractions and the nitrogen fertilizer level influence
the taxonomic distributions of bacterial communities, the relative abundance of the 16s
rDNA OTU tables in each taxanomic level was quantified after logl0 transformation.
Euclidean distance clustering of the data in a heatmap at the phylum level (Figure 18) and
family level (Figure 19) indicated three distinct bacterial composition patterns. In both,
bulk soil and rhizosphere, the major phyla were Proteobacteria, Acidobacteria,
Verrucomicrobia, Actinobacteria and Bacteriodetes. The Proteobacteria, Acidobacteria,
Actinobacteria and Bacteriodetes were mainly identified in the root samples. Finally, the

rhizome was dominated by Proteobacteria, Actinobacteria and Bacteriodetes (Figure 18b).
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Figure 18: Bacterial phyla composition and distribution among different fractions.

(a) Heat map showing the distribution of bacterial phyla in the different fractions from
logso-transformed relative abundances. Samples were clustered on their Euclidean distance.
The color key relates colors to the transformed relative abundance. (b) Histograms
showing the distribution of phyla present in bulk soil, rhizosphere, roots and rhizomes. NO,
no nitrogen fertilizer application; N80, 80 kg N ha™a™® application; S, bulk soil; Rs,

rhizosphere; Rt, Miscanthus root; Rz, Miscanthus rhizome.
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Figure 19: Heat map showing the bacterial samples relationship in the family level.

Samples and taxa are clustered on their Euclidean distances. The key relates colors to the
transformed family relative abundance. NO, no nitrogen fertilizer application; N80, 80 kg
N haa™ application; S, bulk soil; Rs, rhizosphere; Rt, Miscanthus root; Rz, Miscanthus

rhizome.

To better understand the bacterial diversity and composition in the 16S rDNA data, first of
all, we applied fold-change tests to assess whether OTUs enrichment or depletion occurred
among other fractions, which were then compared to the bacterial OTUs in the bulk soil.
The amount of depleted OTUs in the rhizome covered all depleted OTUs in the root, which
also covered most of depleted OTUs in the rhizosphere, in both the compartment-depleted
OTUs of NO and N80 (Figure 20a, b), indicating a gradual filtering towards the plant

compartments. However, the compartment-enriched OTUs of both NO and N80 were

54



Results

different among the rhizosphere, root and rhizome samples, respectively, with only a very
small subset shared between them (Figure 20c, d). This suggests different preferences for

the different OTU groups, which are driven by distinct environmental habitat properties.

(@) NO deplete (¢ N80 deplete

NO.Rs - NORt  N80Rs

NO.Rz N80.Rz

(b) NO enrich (d) N8O enrich

NO.Rs _ g0 NO.Rt N80.Rs

NO.Rz N80.Rz

Figure 20: Compartment factor depleted and enriched bacterial OTU.

Numbers of depleted and enriched bacterial operational taxonomic units (OTUS) in the M.
x giganteus rhizosphere, roots and rhizomes compared to the bulk soil. (a) Two-fold
depleted and (b) enriched OTUs in NO; (c) Two-fold depleted and (d) enriched OTUs in
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N80. NO, no nitrogen fertilizer application; N80, 80 kg N ha™a™ application; S, bulk soil;

Rs, rhizosphere; Rt, Miscanthus root; Rz, Miscanthus rhizome.

Furthermore, the relative abundance of different bacterial taxa in all the soil-endosphere
fractions is displayed in histograms at the phylum (Figure 21) and family level (Figure 22).
For this analysis, the NO and N80 samples were pooled together. Root-enriched OTUs
mainly belonged to the phyla of Proteobacteria and Actinobacteria, while rhizome-
enriched OTUs belonged to Proteobacteria, Bacteriodetes and Actinobacteria. Conversely,
the phyla distribution of both the root-depleted OTUs and rhizome-depleted OTUs
included Proteobacteria, Acidobacteria, Actinobacteria, Bacteriodetes, Chloroflexi and
Verrucomicrobia, which resemble taxa typical of the soil fraction. The Shannon diversity
of the root and rhizome fractions were 4.4 and 3.5, respectively, significantly lower than
that of the soil fractions (5.7), which is consistent with the enrichment of a subset of

dominant phyla.
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Figure 21: Differentiation of the Miscanthus > giganteus-associated bacterial

communities

in phylum level.
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We were most interested in the endosphere-enriched phyla, predominantly Proteobacteria
and Actinobacteria, as these are candidate phyla for the Miscanthus growth promotion with
respect to N fixation. Family taxonomic analysis demonstrated that the enrichment of
Actinobacteria in the root and rhizome was mostly due to Streptomycetaceae and

Micromonosporaceae in the root, and Mycobacteriaceae and Microbacteriaceae in the

rhizome (Figure 22a).
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Figure 22: Distribution of families in the phylum Actinobacteria and Proteobacteria.

Distribution of families in the phylum Actinobacteria (a) and Proteobacteria (b). S, bulk

soil; Rs, rhizosphere; Rt, Miscanthus root; Rz, Miscanthus rhizome.

The relative complex family changes in the Proteobacteria are shown in four domain
classes in histograms (Figure 23). In the root fraction, Bradyrhizobiaceae dominated the
enriched families in the Alphaproteobacteria class, while Comamonadaceae dominated

enriched families in the Betaproteobacteria. Furthermore, Sinobacteraceae and
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Xanthomonadaceae dominated enriched families in the Gammaproteobacteria class. In the

rhizome fraction, a similar enrichment and depletion profile as in the root was found,

except for one enriched Alphaproteobacterial family, the Rhizobiaceae. Compared to the

bulk soil and rhizosphere, where the main phyla remained relatively stable, the plant

fractions (root and rhizome) significantly filtered and reestablished a special subset of the

bacterial communities from the soil pool.
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Figure 23: Histograms showing the distribution of families of four classes of the

phylum Proteobacteria.
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compared with phylum Proteobacteria present in families enriched (Rt t and Rz 1) or
depleted (Rt ¥ and Rz | ) relative to bulk soil. NO, no nitrogen fertilizer application; N80,

80 kg N ha-la-1 application; S, bulk soil; Rs, rhizosphere; Rt, Miscanthus root; Rz,

Miscanthus rhizome

4.5. Long term nitrogen fertilizer application enriched and depleted bacterial taxa

We then applied a fold-change test to assess the enrichment and depletion of some taxa
with respect to the two nitrogen fertilizer levels, from the bulk soil to the rhizome. A subset
of OTUs was distinct between the two nitrogen fertilizer levels in each fraction, which is
shown in Venn diagrams (Figure 24). Intriguingly, among the different fractions, there
were only few shared OTUs, indicating that the nitrogen fertilizer had distinct effects in
each compartment. Even though nitrogen fertilizer had only a minor effect on the phyla
distributions between the NO and N80 samples, we noted that several families differed in
soil-plant fractions. Interestingly, these mainly belong to the phyla Proteobacteria and
Actinobacteria (Figure 25a).
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Figure 24: OTUs that differentiate the NO microbiome from the N80 microbiomes of

different compartments.

Numbers of differentially enriched and depleted bacterial operational taxonomic units
(OTUs) in M. x giganteus bulk soil, rhizosphere, roots and rhizomes in NO relative to N80,
based on 2-fold change. NO, no nitrogen fertilizer application; N80, 80 kg N ha™a™

application; S, bulk soil; Rs, rhizosphere; Rt, Miscanthus root; Rz, Miscanthus rhizome.

We then classified the enriched and depleted Proteobacteria families, which are thought to
comprise the most important bacteria to the nitrogen fixation. The relative complex family
changes in the Proteobacteria are shown in histograms (Figure 25b) and significantly

enriched and depleted families in the phylum Proteobacteria by N fertilizer are shown in

Table 10.
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Figure 25: Distribution of N enriched and depleted phyla and families.

(@) Histograms showing the distributions of enriched (NO1) or depleted (NO|) phyla
present in the families in soil, rhizosphere, root and rhizome in zero nitrogen fertilizer (NO)
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relative to N80. (b) Distribution of enriched and depleted families in the phylum
Proteobacteria. NO, no nitrogen fertilizer application; N80, 80 kg N ha™a™ application; S,

bulk soil; Rs, rhizosphere; Rt, Miscanthus root; Rz, Miscanthus rhizome.

In order Alphaproteobacteria, the putative nitrogen fixing-associated Hyphomicrobiaceae
(up to 3.9% in roots and 2.8% in the rhizome, respectively) were enriched in the root and
rhizome in NO, while Bradyrhizobiaceae (0.5% in soil and 7.0% in the rhizome) were
enriched in the bulk soil and rhizome, respectively. However, another putative nitrogen
fixing family, the Rhizobiaceae (9.9% in N80), mainly consisted of the tumor-pathogen
genus Agrobacterium, was depleted in the rhizome under NO. When considering the order
Betaproteobacteria, only the putative denitrifier family Comamonadaceae (11.6% in N80)
was depleted in the rhizome in NO. Of the Deltaproteobcacteria, intriguingly, both the
putative nitrogen fixing family Syntrophobacteraceae (2.2%) and the Geobacteraceae
(2.2%) were enriched in the NO rhizosphere, respectively. Finally, from the
Gammaproteobacteria the putative plant pathogen-associated family Xanthomonadaceae
was depleted in the root (2.4% in N80) and rhizome (6.4% in N80) in the NO condition.
However, the Pseudomonadaceae, that include plant nitrogen fixing and denitrifying
species, as well as some that are involved in disease and pathogen protection, was widely
depleted in all fractions in the NO condition, except for the bulk soil. At last, the
Sinobacteraceae, putatively involved in ammonia oxidation, were enriched in the bulk soil

(2.9% in NO) and rhizome (13.0% in NO) in the NO condition.

In total, the NO fertilizer condition significantly enriched putatively nitrogen-fixing
bacteria among all fractions compared to the N80 fertilizer condition, 0.5% versus 0.2% in
soil, 4.4% versus 1.2% in the rhizosphere, 5.3% versus 2.0% in the roots, and 9.8% versus

0.7% in the rhizome, while depleted putative denitrifiers in the rhizome, 3.0% versus
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12.6%.

Table 10: Functional microbial family abundances in the Proteobacteria in soil-plant

fractions.
Average relative abundance (%)
Class
Putative function soil rhizosphere root rhizome
family
NO N8O NO N8O NO N80 NO N80
Alphaproteobacteria
Hyphomicrobiaceae N-fixing 3.9*T 1.4 2.8*T 0.2
Bradyrhizobiaceae N-fixing 0.5*1 0.2 7.0*T 0.5
Rhodospirillaceae N-fixing 1.0*T 0.4
Rhizobiaceae Plant pathogen 0.8 9.9*T
Betaproteobacteria
Comamonadaceae Denitrifier 2.5 11.6*T
Detaproteobacteria
Syntrophobacteraceae N-fixing 2.2 *T 1.0 04 *T 0.2
Geobacteraceae N-fixing 2.2 *T 0.2
Gammaproteobacteria
Xanthomonadaceae Plant pathogen 0.7 2.4*T 2.0 6.4*T
Pseudomonadaceae Denitrifier 1.6 3.2*T 0.2 O.G*T 0.5 1.0*T
Sinobacteraceae AMO, N-fixing? 2.9*f 0.7 13.0*T 0.0
Summary
N-fixing 0.5 0.2 4.4 1.2 5.3 2.0 9.8 0.7
Denitrifier 1.6 3.2 0.2 0.6 3.0 12.6

Only families that occupied more than 0.5 % and that were significantly shifted in relative

abundance of the entire bacterial composition are shown. Asterisks and arrows represent

significant enrichment (Student t-Test: p < 0.05). AMO, ammonia monooxygenase; N-

fixing, nitrogen fixing. NO, no nitrogen fertilizer application; N80, 80 kg N ha™'a™.
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5 Discussion

In this research, M. x giganteus propagated from stem nodes was identified to profit from
inoculation with the diazotrophic H. frisingense both in the field and greenhouse.
Meanwhile, the Miscanthus > giganteus associated microbiomes were charactered in
different soil-endosphere compartments both from a long-term growth experiment with
two nitrogen fertilizer levels and from a 2 year growth trial established by stem

propagation with H. frisingense inoculationwith amplicon sequencing.

5.1. Node position and planting date influence establishment of M. xgiganteus stem-

cuttings

Our greenhouse studies identified almost no establishment success with vertically placed
stems, while about 80% establishment was achieved with the horizontal pattern from
nodes 1 to 3. Node position only very little affected the establishment (Figure 11a). The
independence of node position is consistent with Boersma et al. (2012), but not with
Hong & Meyer (2011). Hong & Meyer (2011) reported using vertical planting pattern
that the most basal node exhibited the greatest establishment success; establishment
decreased for nodes 2—4. Boersma et al. (2012) using horizontal planting found no
significant difference in shoot emergence from nodes 1 to 5 with high sprouting success.
Problems with the establishment from vertical cuttings was mainly attributed to quickly
deterioration, especially under warm, dry field conditions (Xue et al., 2015). We also

found this placement highly sensitive to environmental stress.

Even though ultimately the horizontal positioning did not affect final establishment
success, the node position significantly affected the sprouting speed and sprouting index

(Figure 10, Figure 11a). Besides more reserves in the lower nodes (Jones & Walsh,
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2001), sprouting is likely affected by internal phytohormones, such as abscisic acid and
shoot tip-derived auxin, as indicated by the linear decrease in sprouting index from
nodel to node3 (Thimann & Skoog, 1933; Boersma et al., 2012). The notably higher
sprouting index led to a significantly higher plants and increased dry biomass per plant,

which is important for overwintering (Figure 11, Table 8).

In the field, M. x giganteus stem-cuttings are rarely well established, so that costly pre-
growth under controlled conditions and then transplantation into the field was
recommended (Boersma et al., 2014a; Boersma et al., 2014b; Xue et al., 2015).
However, direct planting of stem cuttings had been successfully established in Ireland,
with stem segments of 1.8 m length at a depth of 10 cm (O'Loughlin et al., 2017;
O'Loughlin et al., 2018). Though our field experiment indicated that plants can directly
be established from horizontal single node segments of only 7-8 cm length, we suggest

to testing this promising method in more adverse environmental conditions.

The field establishment from stem cuttings did not differ between the two planting dates
(June 4rd and July 14th), but the final harvested biomass, plant height, stem number per
plant and stem diameter were strongly affected. The better success at the later date may
simply be related to the more mature stem and node material. Hong & Meyer (2011)
demonstrated that stem cuttings planted in September exerted significantly worse
establishment compared to July, while O'Loughlin et al. (2018) found that stem cuttings
directly planted in October and even juvenile stem cuttings harvested in April were
successfully established in the field. However, high establishment success in Germany
was from late July to late August (Jones & Walsh, 2001). Here, stem cuttings directly
planted in June and July successfully overwintered, and the greenhouse experiment

confirmed that four months of growth is enough for secondary shoot emergence.
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5.2. Herbaspirillum frisingense inoculation influenced establishment of M. xgiganteus

stem-cuttings

In the greenhouse, as well as in the field, H. frisingense inoculation significantly
promoted establishment, sprouting index, plant biomass and plant height. However, no
significant effects on stem numbers per plant and stem diameter were observed (Figure 9,
Figure 10 and Figure 11). The sprouting index was mainly determined by the node
emergence, which is promoted by cytokinins (Hirimburegama and Gamage, 1995). The
H. frisingense genome encodes the whole pathway to synthesize the plant hormone
cytokinin (Straub et al., 2013b). The establishment success is crucially determined by
successful rooting and comparative work with sugarcane and bamboo suggests that root
development from nodal stem cuttings is induced by auxin (Ramanayake et al., 2006).
Even though H. frisingense produces indoleacetic acid (IAA) (Rothballer et al., 2008;
Straub et al., 2013b), Straub et al., 2013c found that H. frisingense inoculation slightly
repressed IAA genes in Miscanthus sinensis. Clearly, the mechanism of establishment
promotion by H. frisingense (Table 7, Table 8) remains unclear and requires further

research.

The growth promotion by H. frisingense (Figure 9 and Figure 11) resembles previous
results from inoculated Miscanthus sinensis seeds (Straub et al., 2013c). ACC
degradation by bacterial ACC deaminase may be a common strategy that affects plant
growth. H. frisingense produces ACC deaminase, may reduce plant-available ethylene
and hence promote plant growth (Contesto et al., 2008; Rothballer et al., 2008; Straub et
al., 2013c). Intriguingly, if the large, two-fold higher establishment improvement in the
H. frisingense inoculated stems in the field is due to ACC deaminase, this may indirectly
protect plants from various stresses and indirectly improve establishment success (Glick,

2004).
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5.3. Compartment type and plant organ type influence M. xgiganteus associated

microbiota

The PCoA analysis showed the similar compartment pattern for microbiota in both the N
fertilizer treatment and Herbaspirillum frisingense inoculation treatment trials, which
indicated environment fractions (the endophytic compartments and exophytic
compartments), as well as plant organs (root and rhizome) were the main factors to
separate the different microbiota. Meanwhile, the Shannon diversity showed a similar
pattern. These are consistent with the well-accepted view that the compartment type plays
a key role in determining the structure and composition of bacterial communities; different
plant organs recruit different microbial communities (Berg and Smalla, 2009; Lundberg et
al., 2012; Johnston-Monje et al., 2016; De Souza et al., 2016; Yu et al., 2018). Meanwhile,
bulk soil and rhizosphere samples clustered together in the PCoA plot and shared a similar
shannon-diversity and relative abundance in both phylum and family profile. These results
support that the rhizosphere associated microbiome is mainly dependent on the soil type,
such as pH, soil moisture, organic matter and C/N ratio (Lundberg et al., 2012; De Souza
et al., 2016; Reinhold-Hurek et al., 2015). The nitrogen level had very mild effects on the

bacterial communities in the soil, consistent with previous analyses (Babin et al., 2019).

However, the endophytic compartment recruited a different microbial pattern and serves as
a distinct niche for only a fraction of the bacteria found in the soil and rhizosphere. A
similar core microbiome was found in the endophytic compartment for different treatments.
Compared to the exophytic compartment, the two phyla Proteobacteria and Actinobacteria
were significantly enriched in the endophytic compartments. Previous work on the
endophytic bacterial communities of different immunity related Arabidopsis thaliana

mutants and the endophytic fungal community of maize under different P fertilization
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indicated that the endophytic microbial communities were mainly dependent on plant
factors, mainly plant defense system, which selects against detrimental microbes (Lebeis et
al., 2015; Yu et al., 2018). We had recently observed that inoculation of the endophytic
bacterium Herbaspirillum frisingense GSF30" induced plant defense signaling in
Miscanthus, including the jasmonate signaling pathway and the ethylene pathway (Straub
et al., 2013c). An OTU representing Herbaspirillum frisingense was identified, but it
comprised only a very minor fraction of the exo- and endophytic bacteria, which is
inconsistent with a major role of this bacterium in growth stimulation of Miscanthus

(Straub et al., 2013c).

The plant organ type, root or rhizome, played a major further determinant role in the
structure and composition of the internal bacterial communities, which was apparent in the
second principal coordinate of PcoA. Both lateral roots and rhizome samples mainly
recruited Proteobacteria, Actinobacteria and Bacteriodetes, while the roots had
significantly higher Shannon-diverstiy and harbored more Acidobacteria. It is now well-
established that different plant organs, including roots, stalks, leaves, seeds and even
flowers recruit different microbial communities in sugarcane, maize, rice, Arabidopsis and
grape (Lundberg et al., 2012; Paszkowski et al., 2013; Johnston-Monje et al., 2014;
Zarraonaindia et al., 2015; De Souza et al., 2016). Fungal community distribution even
diverged among different parts of the same maize organ, lateral and axial roots (Yu et al.,
2018). Different filtering of bacterial communities by extra plant compartment (the
rhizosphere) and further by the plant organs, supplying different environmental niches, is
probably responsible for these properties of the communities (Hardoim et al., 2008;
Reinhold-Hurek et al., 2015). The different bacterial communities between root and
rhizome of Miscanthus are indicative of different physiological niches of these

belowground compartments.
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Intriguingly, even though the endophytes in the M. x giganteus rhizome, which has an
outstanding rigid outer surface, are expected to derive mainly from the root, there were still
some OTUs predominantly identified in the rhizome. It is possible that these dicectly are
propagated and derived from the rhizome itself, as the sterile M. x giganteus is usually
propagated via the rhizome. In non-sterile Miscanthus varieties, bacterial vertical
transmission is accomplished via seeds, and the endophytes of the next generation are
significantly affected by these seed-borne endophytes (Cankar et al., 2012; Hardoim et al.,
2012). On the other hand, rhizosphere bacteria may be derived from the plant. Using GFP-
tagged bacteria, it was found that rhizosphere bacteria may derive from plant endophytes
when injected into the maize stem, indicating that vegetative organs are a source of

additional bacteria (Johnston-Monje et al., 2011).

5.4. Microbiota of M. xgiganteus with respect to previous inoculation

In the inoculated experiment, the microbiomes that were associated with M. x giganteus
in soil, rhizosphere, root and rhizome did not show much indication of the previous H.
frisingense inoculation, but this may be expected from the late sampling after more than

one year after inoculation.

The PCoA analysis showed that H. frisingense inoculation had very small effects on the
bacterial communities in the soil and rhizosphere, which is consistent with the
endophytic lifestyle of H. frisingense (Kirchhof et al., 2001).Only in the rigid rhizome,
which is well-protected from environmental influences, H. frisingense enriched the
Proteobacteria and depleted the Actinobacteria, while H. frisingense itself was little
abundant. The shifts in the rhizome community towards Pseudomonadaceae and
Xanthomonadaceae, which are often associated with beneficial plant growth promoting
functions, and the suppression of Promicromonosporaceae, in which opportunistic
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pathogens are found, strongly suggests that inoculation positively affected the
community structure towards a “healthier” community. Low root colonization is
consistent with fluorescent screening with a GFP-tagged strain, but suggests that certain
leaves are a preferred niche for this bacterium. Poor colonization with the GFP-tagged H.
frisingense strain was also found in M. sinensis, despite growth promoting effects

(Straub et al., 2013c).

Compared to the soil samples, the enrichment for Actinobacteria in roots and rhizomes
mainly depends on their ability to form spores and grow extensive mycelia (Naylor et al.,
2017). Meanwhile, the H. frisingense enriched families in rhizomes, namely
Pseudomonadaceae promote plant growth by secreting auxin (IAA), via phosphate
solubilisation or pathogen inhibition (Fang et al., 2012), while Xanthomonadaceae are
often associated with pathogenic characteristics and auxin (IAA) secretion (Moreira et
al., 2010; Lasudee et al., 2017). It is possible that the bacterial shifts in the rhizome are
caused by initial jasmonate-induced defense signaling, which is found in Sugarcane and

M. sinensis (Rocha et al., 2007; Straub et al., 2013c) upon inoculation.

5.5. Long-term nitrogen fertilizer shift N-related bacterial communities

Compared to the compartment type and organ type factors, the effect of the nitrogen
fertilizer on the composition and diversity of the bacterial community is relatively small
(Figure 16-23). However, we observed that the nitrogen fertilizer treatment had a
significant effect on the rhizosphere and the endosphere bacterial abundance. This was
most interesting when compared on the family and OTU level, especially in the rhizome.
In sugarcane with two different nitrogen fertilizer levels for two years, nitrogen did not
change the endophytic bacterial composition, although it significantly shifted the
nitrification and denitrification associated bacteria in the soil (Yeoh et al., 2016). A major
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difference to our results is not only the plant species difference, but also the different
period of the nitrogen fertilizer application (a difference for 14 years). The succession of
the nitrogen related bacterial community may thus be a gradual process that may mainly
affect perennials, such as Miscanthus. Accordingly, two years of nitrogen fertilizer

application may thus be not long enough to substantially shift the endophytic communities.

The main shifted phyla between different N applications were Proteobacteria, which
contain the major diazotrophic and N-cycle associated microbe groups. Within the
Proteobacteria, both enriched and depleted families were identified with respect to the N
fertilizer application. Furthermore, within each compartment differences in the diazotroph
community composition (Figure 25) and abundance were apparent (Table 10). Soil
diazotrophs are significantly affected by nitrogen fertilizer in rice and sorghum (Coelho et
al., 2008; Prakamhang et al., 2009). In agreement with that, such an N fertility effect is

observed in the root and rhizome in the Misacnthus field.

In the bulk soil there was almost no difference in the composition of the bacterial
communities, although the fold-change analysis showed that the nitrogen fixing family
Bradyrhizobiaceae was slightly enriched in NO. Even though a number of non-legume
associated nitrogen fixing bacterial families also express denitrifier function, such as
Bradyrhizobiaceae, our analysis is most consistent with the idea that the nitrogen fixing
function dominated in NO, while the denitrifier function dominated under the high N
condition (Itakura et al., 2009) (Figure 25, Table 10). In the rhizosphere, two putative
nitrogen fixing bacterial families, Geobacteraceae and Syntrophbacteraceae were enriched
in the NO condition and these comprise candidate rhizosphere diazotrophs of Miscanthus
(Holmes et al., 2004; Bolhuis et al., 2010). Pseudomonadaceae were enriched in the N80

rhizosphere, in accordance with their function in denitrification (Xun et al., 2009). By
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contrast, stronger nitrogen fertilizer effects were apparent in the endophytic compartments.
Two putative diazotroph families, Hyphomicrobiaceae and Rhodosprilliaceae, were
enriched in the root to about 5% in NO, while these only accounted for 1.8% in N80. Other
putative diatrophes, Hyphomicrobiaceae and Bradyrhizobiaceae, were enriched to about
10% in the rhizome, while these accounted for only 0.7% in NO. On the contrary, two
putative denitrifier families, Pseudomonadaceae and Comamonadaceae were enriched to
about 12.6% in N80 (only 3.0% in NO). The putative diazotroph families
Hyphomicrobiaceae, Rhodosprilliaceae and Bradyrhizobiaceae might thus contribute
nitrogen to Miscanthus, although this needs experimental confirmation. Herbaspirillum
frisingense, a diazotroph previously identified from several biomass grasses with
Miscanthus-growth promoting function (Straub et al., 2013c), was apparently always low
abundant and likely has little contribution to the nitrogen efficiency of Miscanthus
(Kirchhof et al., 2001). Taken together, the yearly application of moderate N fertilizer
enriched the relative abundance of denitrifiers and depleted diazotrophs compared to the
non-fertilized Miscanthus field. This nitrogen fertilizer effect strengthened gradually from
soil to rhizome, opening the possibility that the rhizome is a niche that supports nitrogen

fixation.

Miscanthus > giganteus is intrinsically quite resistant against many pathogens, a property
that allows growing this grass without chemical protection. Interestingly, the plant
pathogen related family Xanthomanodaceae and Rhizobiaceae were more than two-fold
depleted in NO, compared to N80, which is in agreement with previous findings that low
nitrogen fertilizer promoted the bacterial nitrogen bacteria and suppressed the plant
pathogens (Compant et al., 2005; Hayat et al., 2005). Surprisingly, several field
experiments have found an antagonistic relationship between Sinobacteraceae and

Xanthomanodaceae (Ho et al., 2017). Sinobacteraceae, which often express ammonia
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monooxygenase (AMO), tended to enrich in the nitrogen deficient conditions, while the
Xanthomanodaceae, mainly containing plant pathogens, were depleted in the nitrogen
deficient conditions. As a consequence, Sinobacteraceae might contribute other plant

growth promoting functions to Miscanthus under nitrogen deficient conditions.
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6 Conclusion

Up to date, with the wide application of next generation sequencing platform, the
research foci in plant-microbe system have transferred from single or few bacteria to the
whole bacterial communities, to classify the global pattern of functional and beneficial
plant associated microbial communities. To our knowledge, the high throughput
sequencing applied in metagenomics and 16S rDNA of mscanthus, especially for the
sterile Miscanthus x giganteus, is still uninvestigated. Therefore, in this research project,
Miscanthus x giganteus associated microbiota affected by a long-term different nitrogen
fertilizer regime and a one establishment year of Herbaspirillum frisingense inoculation
were analyzed to investigate nitrogen fertilizer shift and Herbaspirillum frisingense
inoculation reshaped bacterial group in different underground compartments.
Simultaneously, stem node propagation with H. frisingense inoculation was established
in the greenhouse and directly in the field to investigate plant-growth-promoting bacteria

promotes the stem node propagation, following these major hypotheses (see 1.7):

» Different soil-endosphere fractions provided different niches for bacterial species and

recruit different bacterial communities.

» A distinct long-term nitrogen fertilizer application shifts the Miscanthus > giganteus

associated bacterial composition.

» The genetic properties of H. frisingense are ideal to improve biomass yield of M. x
giganteus.

» H. frisingense inoculation will lead to substantial occupation of an endosphere niche in
miscanthus, long lasting effects and will benefits stem cutting propagation.

Almost all the established hypotheses were confirmed by the research, except that H.
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frisingense fails to dominate the miscanthus inside niche after one establishment year.

And the more precise conclusions were shown as following summary.

6.1. Summary

The efficient establishment of the most popular Miscanthus genotype, Miscanthus x
giganteus Greef et Deu., in the field is a severe bottleneck in widening the growth area
of this highly productive, nutrient-efficient biomass crop. While the sterility of this
genotype is considered as a bonus to reduce invasiveness of this grass, propagation in
practice mostly relies on rhizome propagation. Propagation from stem nodes is an
attractive alternative strategy (Hong and Meyer, 2007; Atkinson, 2009) and inoculation
with the diazotrophic H. frisingense improves establishment were performed both in the
field and in the greenhouse (Figure 9-11). Despite very promising, it must be noted that
establishment from stem nodes strongly depends on the availability of mature stem
nodes and is highly sensitive to environmental stress, suggesting that pre-culture under
greenhouse conditions or transfer of stem cuttings from other environments may be

necessary to integrate this propagation method in agricultural practice.

The endophytic Herbaspirillum frisingense appears to occupy only a minor niche in M.
% giganteus, but inoculation appears to improve the establishment of stem cuttings in the
field, leads to long-lasting growth promotion and altered microbial abundances in the
rhizome. In details, combined with the field experiment and greenhouse experiment, H.
frisingense inoculation could develop the sprouting speed, establishment rate, plant
height and further plant biomass (Figure 9-11). Meanwhile, H. frisingense inoculation
could enrich the Proteobacteria and deplete the Actinobacteria in the rhizome to

promote the growth of M. x giganteus for a long time.

In this study, we also confirm that the stem cutting of M. % giganteus planted directly in
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the field could be established successfully, especially with the H. frisingense inoculation,
and the major reason confused before are the planting patterns. Planting horizontally is
significantly better than planting vertically. The node positions and plating date also
significantly affect the establishment of stem propagation. Overall, stem cuttings
propagation is a promising and practicable propagation method for M. x giganteus. We
suggest inoculated stem cuttings are directly horizontally planted in the wetting field
with cutting nodes from node 1 to node 3 of the M. > giganteus established more than 4

years, from the middle July to the early August in South Germany.

The amplicon sequencing of 16S rDNA indicates that two similar main factors shaped the
bacterial community both in the 14-years nitrogen fertilizer supplying and H. frisingense
inoculating M. x giganteus fields. The compartment type was the primary factor, which
separated the bacterial community into an exophytic and an endophytic community. On the

other hand, the plant organ type was also important, separating the root and rhizome.

Previous work on two-year nitrogen fertilizer application on Miscanthus and sugarcane
demonstrated how the nitrogen fertilizer factor shifted the soil nitrogen-related bacterial
community, while similar microbial communities were retained in the endophytic
compartment (Li et al., 2015; Yeoh et al., 2016). However, the long-term nitrogen
fertilizer difference in the field of Miscanthus allowed us to observe that the nitrogen
fertilizer could significantly enrich the nitrogen fixing bacterial abundance under the low
nitrogen condition, especially in the rhizome, an organ that may allow physiological
conditions for efficient N fixation, i.e. low oxygen pressure. By contrast, denitrification-
related bacteria may be recruited by moderate or high N (Figure 26). We also observed that
the rhizome of M. x giganteus hold more potentially beneficial bacteria and less potential

plant pathogens under low nitrogen. Because the sterile M. x giganteus is mainly
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propagated via the rhizome, it may even be beneficial to propagate this plant by choosing

the rhizome from low nitrogen plots.
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Figure 26: Summary of nitrogen-dependent enrichment and depletion of functional

families in phylum Proteobacteria.

The no nitrogen fertilizer (NO) leads to higher diazotroph abundance, provided more
biological fixed nitrogen to Miscanthus, while the perennial nitrogen fertilizer lead to
higher denitrifier abundance and plant pathogen accumulation. The phenomena are
widespread in Miscanthus field, from bulk soil to rhizome. Meanwhile, Proteobacteria and
Actinobacteria composition are gradually enriched from bulk soil to rhizome, no matter in
which nitrogen fertilizer regime. Pink triangle: enriched diazotroph composition from N80
to NO, blue triangle; enriched denitrifier composition from NO to N80. NO, no nitrogen
fertilizer application; N80, 80 kg N ha™a™® application; BNF, biological nitrogen fixing
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bacteria.

6.2. Outlook

Admittedly, the successful field establishment trial of stem cuttings is limited by one field
environment, one location, one soil type, and one establishment year. More field
experiments are needed to confirm that direct stem cutting plantings in the field are a
practical variant of propagation. Meanwhile, Meyer & Hong (2011) verified that two nodes
stem cuttings established more successfully than single nodes in the vertical stem planting
experiment, which may also help to improve the establishment success for the horizontal
stem planting. The optimal planting depth and suitable environments must be studied to

improve the stem propagation establishment.

The mechanism of how Herbaspirillum frisingense improved the establishment of stem
nodes remains unclear. Exogenous plant hormones experiments may provide a key to
uncover the improvement factors by Herbaspirillum frisingense inoculation. Other plant
growth promoting bacteria might have similar effects and may serve as alternative to
promote stem cutting plantings of M. x giganteus in the field. So further researches are
needed to seek the ideal candidate bacterium (maybe a group of bacteria), which could
dominate the inside niche for a long period, owning nitrogen-fixing or other growth

promoting traits.

In this research, the plant associated microbiome is limited by the 16S rDNA sequencing
and analysis, which only exhibit the distribution and composition of bacterial communities.
To further investigate the functional bacterial communities and plant-microbe interactions,

such as N-related bacterial communities, more metagomonics sequencing technologies and
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deeper sequencing are needed. Meanwhile, arbuscular mycorrhizal fungi are important
participants of M. x giganteus life cycle (Firmin et al., 2015), so the related studies are

also needed.
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