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Yhteenveto: Arktis-alpiinisen pioneerikasvin Oxyria digyna endofyyttisten
bakteeriyhteistjen muodostuminen ja toiminta

Diss.

Plant microbiomes consist of diverse communities of microorganisms, among
which bacteria are highly abundant. The microbiomes are crucial for plants as
they rely on their microbial associates for many essential functions. The goal of
this thesis was to study the functional diversity and assembly rules of
endophytic bacterial communities in different plant tissues of the arcto-alpine
pioneer plant species, Oxyria digyna. I used high-throughput sequencing and
bacterial isolations to characterize the endophytic communities in the leaves
and roots of native O. digyna plants (wild plants) and micropropagated aseptic
plants (bait plants) in the field. Wild plants and tissue-propagated bait plants
were shown to harbor endophytic communities with taxonomically similar
structures, but with divergent functional profiles. Several plant-associated
microbial traits, including nitrogen fixation and phosphate solubilization,
correlated with the plant type, as did also the temperature optima of the
endophytic isolates. To study endophyte community assembly, I inoculated bait
plants via either leaves or roots with bacterial consortia specific for leaves or
roots of O. digyna. The assembly of endophytic communities in different tissues
was primarily limited by the adaptation to plant niche in the leaves, and
colonization ability and competitiveness in the roots. Plant inoculation with
bacterial consortia originating from different tissues (leaves or roots)
restructured the innate endophytic communities, and had divergent impact on
the plant phenotype. The observed differences in the plant phenotype and
titness could be explained by direct impact of inoculated bacteria on the plant
metabolism (plant-microbe interaction) or indirect impact via altered
functioning of the innate endophyte community (microbe-microbe interactions).
Taken together, the findings in this thesis demonstrate that the endophytic
bacterial communities are tissue-specific and tightly associated with their host
plant, but at the same time, are highly dynamic, rapidly adapting to changes in
environmental conditions.

Keywords: Arctic; endophytic bacteria; functioning; holobionts;
micropropagated plants; Oxyria digyna; tissue-specificity.

Cindy Jittrapan Given, University of Jyviskyld, Department of Biological and
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Diss.

Kasvien mikrobiomit ovat monimuotoisia mikrobiyhteistjd. Elintdrkedt mikro-
biomit osallistuvat kasvien keskeisiin toimintoihin. Bakteerit ovat runsaslukui-
nen ja tirked osa nditd mikrobiyhteisojd. Vditoskirjan tavoitteena oli tutkia
arktis-alpiinisen pioneerikasvin hapron (Oxyria digyna) endofyyttisten eli kasvin
sisdlld kasvavien bakteeriyhteisdjen toiminnallista diversiteettid ja bakteeri-
yhteistjen rakenteeseen vaikuttavia tekijoitd kasvin solukoissa. Tyossa tutkittiin
hapron lehdissd ja juurissa esiintyvid endofyyttiyhteisoja sekd luonnonvarai-
sissa ettd mikrolisdtyissd kasveissa kdyttden laajamittaista rinnakkaissekven-
sointia ja bakteerieristyksid. Luonnonvaraisten ja mikrolisittyjen kasvien endo-
tyyttiyhteisot poikkesivat toisistaan toiminnallisesti, mutta eivit lajistollisesti.
Endofyyttien optimikasvuldmpotila sekd niiden kyky sitoa ilmakehdn typped ja
mobilisoida fosforia oli riippuvainen siitd, olivatko bakteerit eristetty
luonnonkasveista vai mikrolisdtystd kasvimateriaalista. Tutkin endofyyttiyh-
teison muodostumiseen vaikuttavia tekijoitd inokuloimalla mikrolisattyihin
kasveihin hapron lehtien tai juurten endofyyteistdi muodostettuja bakteeri-
konsortioita joko lehtien tai juurten kautta. Bakteeriyhteistjen muodostumiseen
lehdissd vaikutti pddosin bakteerien kyky sopeutua lehtisolukon oloihin.
Juurten endofyyttiyhteison koostumusta rajoittivat bakteerien kilpailu- ja
kolonisaatiokyky. Eri solukosta perdisin olevat bakteerikonsortiot vaikuttivat
eri tavoin kasvin ilmiasuun ja muokkasivat voimakkaasti myos kasvin
alkuperdistd mikrobiyhteisod. Kasvien ilmiasussa havaitut erot voivat selittya
joko bakteerikonsortion vaikutuksella kasvin metaboliaan (mikrobi-kasvi-
vuorovaikutus) tai vaikutuksella kasvin alkuperdiseen endofyyttiyhteis6on
(mikrobi-mikrobi-vuorovaikutus). Vditoskirjan tulokset osoittavat, ettd kasvien
endofyyttiset bakteeriyhteisot eldvét tiiviissd vuorovaikutuksessa isdntdkasvin
kanssa, ja ettd ne ovat erikoistuneet kasvien eri solukoihin. Toisaalta endo-
tyyttiyhteis6t ovat dynaamisia ja mukautuvat nopeasti muuttuviin ympa-
ristooloihin.

Avainsanat: Arktis; bakteerien toiminta; endofyyttiset bakteerit; holobiontti;
mikrolisdtyt kasvit; Oxyria digyna; solukkospesifisyys.

Cindy Jittrapan Given, University of Jyviskyld, Department of Biological and
Environmental Science, P.O. Box 35, FI-40014 University of Jyviskyld, Finland
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1 INTRODUCTION

1.1 Plant microbiome

1.1.1 The evolution of plants and plant microbiomes

The first appearance of land plants occurred around 450 million years ago in the
Ordovician period (Wellman et al. 2003). The fossilized evidence demonstrates
that land plants and microbes have co-evolved at least 400 million years (Krings
et al. 2007, Strullu-Derrien et al. 2014).

Currently, all tissues in all plants studied so far are colonized with various
microorganisms including bacteria, fungi, and viruses (reviewed by Hallmann
2001, Reinhold-Hurek and Hurek 2011, Hardoim et al. 2015, Miiller et al. 2016).
These microbes are collectively known as the plant microbiome (Rosenblueth
and Martinez-Romero 2006, Turner et al. 2013, Miiller et al. 2016) (Fig. 1). It has
been shown, that the plant-associated microbes play essential parts in the
plants’ life, fitness and their adaptation to various changes in the environments
(reviewed by Bulgarelli et al. 2013, Miiller et al. 2016). Therefore, the plants
should not be considered as a separate entity apart from their microbiota, but
plant and its microbiome can be seen as one co-evolving unit, a holobiont
(Zilber-Rosenberg and Rosenberg 2008, Rosenberg et al. 2016). The plant-
associated microbiome genome is larger than the genome of the host plant
itself, and in line with the holobiont concept, the microbiome’s genome can be
considered as the plant’s second genome (Mercado-Blanco 2015).

The plant microbiome consists of all types of microorganisms. However,
in this thesis, I focus solely on the plant-associated bacteria. Most of the
information regarding plant-associated bacteria and their interactions with
plant originate from studies of plant pathogenic bacteria (Piihler et al. 2004,
Guttman et al. 2014). However, there is considerable overlap between the
ecology of endophytic bacteria and pathogenic bacteria. Firstly, a pathogen of
one plant species might be endophyte and provide growth-promoting benefits
in other plant species (Reiter et al. 2002). Second, pathogens and endophytes can
gain access into the plants in similar manner (i.e., by entering through the
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wounds or natural openings), and must be able to adapt to the physico-
chemical environment inside the plant, and sustain plant defenses (Hallmann
2001, Reinhold-Hurek and Hurek 2011, van der Wolf and de Boer 2015). Also, it
is still unclear whether some bacteria can live a part of their life cycle as
pathogens and another as endophytic bacteria, depending on host plant
physiology (Gaiero et al. 2013).

1.1.2 Plant tissues offer different niches for plant-associated bacteria
Phyllosphere

The aboveground plant surface or phyllosphere is colonized by epiphytic
bacteria (Lindow and Brandl 2003, Vorholt 2012, Bulgarelli et al. 2013) (Fig. 1-c).
Epiphytic bacteria are mainly acquired via wind, rain, or disseminated by
insects (Bodenhausen et al. 2013, Leveau 2015). The leaf surface is considered to
be an extreme habitat for bacteria (Turner et al. 2013). Limited nutrient sources,
cuticle waxes coating leaf surfaces, thick-walled epidermal cells, as well as the
highly variable environmental conditions and stressors (UV radiation, light,
temperature, drought), hinder the bacterial colonization of the leaf surfaces
(Hallmann 2001, Lindow and Brandl 2003, Vorholt 2012, Bulgarelli et al. 2013).
However, various compounds, including amino acids, organic acids, free
sugars, pectic substances, phenolic compounds, as well as alcohol sugars are
exuded to the leaf surface and serve as attractants for adapted bacteria
(Greenaway et al. 1992, Mercier and Lindow 2000, Migahed and Nofel 2001).
These epiphytes, once they have successfully colonized the leaf surfaces, can
gain entrance to the plant endosphere via stomata (Lodewyckx et al. 2002,
Miiller et al. 2016) (Fig. 1-b and 1-c) and other natural openings, i.e., hydathodes
and micropores on the leaves, flowers, and cotyledons (Hallmann 2001,
Lugtenberg 2015). These epiphytic communities are considered to be one of the
sources for the endophytic bacteria (Leveau 2015, Mercado-Blanco 2015).

Rhizosphere

The soil surrounding plant roots is known as the rhizosphere, and has long
been considered the primary source of the endophytic bacterial acquisition
(Hallmann 2001, Lugtenberg 2015, Mercado-Blanco 2015) (Fig. 1-e) due to high
nutrient availability (Compant et al. 2010, Andreote et al. 2014). Plant roots
exude various compounds, including sugars, amino acids, secondary
metabolites, as well as root cap border cells, that can attract or repel soil bacteria
in the rhizosphere (Bulgarelli et al. 2013, Turner et al. 2013, Lugtenberg 2015,
Lareen et al. 2016). Root exudates from different plant species differ in chemical
composition and quantity. Exudates, combined with biotic and abiotic stressors
can shape the composition of the rhizospheric bacteria (Andreote et al. 2014,
Guttman et al. 2014). The prominent entry sites for the rhizospheric bacteria into
plant roots include emerging lateral roots, thin-walled surface layer in the
apical root region and root hair zone, as well as natural cracks from plant
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growth, or wounds caused by soil (micro)organisms (Hardoim et al. 2008,
Reinhold-Hurek and Hurek 2011) (Fig. 1-d).

Endosphere

Plant-associated bacteria living inside the plant tissues are known as
endophytic bacteria. De Barry first coined the term “endophyte” in 1866
(Wilson 1995). The word “endophyte” is derived from the Greek word “endon”
meaning “inside or within” and “phyton” meaning “plant,” combined as
“organism that lives inside the plant.” However, a more current definition of
the term generally refers to “the bacteria that live inside the plants without
causing symptoms or harming the host plants in any way” (Chanway 1996,
Rosenblueth and Martinez-Romero 2006, Reinhold-Hurek and Hurek 2011).

The Plant Niches Diurnal cycle

a b Epipyhtes

| = Trichome:

Epidermis — i

e | O0UOJOODO0D

J,

Phyllosphere: microorganisms "
living on the plant surface g

/—*:7

Endosphere: microorganisms 2 i

living inside the plant

The Plant Microbiome

Rhizosphere: microorganisms
living in the soil region close to
the root surface, affected by
the root exudates

FIGURE 1

Root compartment
Rhizosphere —&

Plant and plant-associated microbes that colonize different niches in the soil
surrounding plant root (rhizosphere), on plant surfaces (epiphytes) and
inside plant tissues (endophytes). (a) Different parts of the plant are exposed
to divergent environmental factors. (b) Schematic cross-section of the leaf
showing leaf structure and the bacterial colonization. (c) The abaxial (lower)
leaf surface showing bacterial colonization along the grooves and near the
stomata where epiphytic bacteria can gain entrance to the endosphere. (d)
Schematic cross-section of the root showing root structure and the bacterial
colonization. (e) Schematic longitudinal-section of the root showing the
gradient of bacterial population from bulk soil (light brown background),
rhizosphere (dark brown background), and to inner root (modified from
Miiller et al. (2016)).

Endophytic bacteria colonize different plant tissues, including leaves, roots,
stems and reproductive organs, including seeds (Fig. 1-b and 1-d). Endophytic
bacteria are mostly intercellular but are sometimes also detected inside plant
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cells (Pirttild et al. 2000, Compant et al. 2005). The endophytes are considered to
form the most intimate association with the plant host and have been shown to
benefit the plant (see section 1.2). At the same time, these endophytic bacteria
also benefit from living inside the plants, as the plants provide a stable
environment, nutrients (mainly carbon), and lower exposure to biotic and
abiotic stressors (Hardoim et al. 2008).

1.1.3 Bacterial colonization of plant endosphere

Bacterial colonization of plant endosphere via roots is currently seen as
consisting of two distinct steps: pre- and post-colonization. First, in the pre-
colonization phase, the bacteria move towards plant roots via chemotaxis
(Hardoim et al. 2008, Compant et al. 2010) or by an accidental encounter. The
bacteria then attach to the roots (reviewed by Hallmann 2001) using various
means such as type IV pili, exopolysaccharides or lipopolysaccharides
(Mercado-Blanco 2015). Following the attachment, the bacteria start multiplying
and forming biofilms or microcolonies on the root surfaces (Lugtenberg 2015).
The plant-bacterial recognition process may require at this step for the plant to
select the bacteria. Later, the penetration and colonization of the root by
endophytic bacteria occur. Some endophytic bacteria can produce cellulolytic
enzymes, possibly to help them to penetrate the plants, though how and when
the bacteria utilize this enzyme is still unclear (reviewed by Hallmann 2001).
The second step of endophytic bacterial colonization (i.e., post-colonization)
takes place after the bacteria penetrate and colonize the plant tissues. The
bacteria multiply within the plant tissues (reviewed by Hallmann 2001), mostly
in the intercellular spaces between epidermal cells (Lugtenberg 2015), in the
vascular tissue, or in the cortical regions. The bacteria then spread to various
parts inside the plants via xylem (Lodewyckx et al. 2002), and establish an
association with the plants (Hallmann 2001, Mercado-Blanco 2015). Similar
colonization steps happen in the leaves. Leaf epiphytes enter endosphere via
stomata, hydathodes, micropores, or wounds (Hallmann 2001, Lugtenberg
2015). The leaf endophytic bacteria usually colonize the mesophyll and can
migrate via the apoplastic route to xylem, and systemically spread, and colonize
other plant parts (Hurek et al. 1994, Shishido et al. 1999, Leite et al. 2013).

The majority of the plant colonization by endophytic bacteria is suggested
to occur via roots due to a high bacterial density in the rhizosphere. Moreover,
the adapted bacteria with chemotaxis or mobility features (e.g., fimbriae or
tlagella) in the rhizosphere can have a high chance of finding the colonization
spots by following the plant root exudation.

Vertical transmission via seed is another important pathway for plant
colonization by endophytic bacteria. Plants can select and transfer the beneficial
bacteria to the seeds to benefit the next generation (Truyens et al. 2015), and
seeds have been shown to harbor complex microbial communities (Barret ef al.
2015). These seed endophytes have been shown to increase the seed
germination rate and enhance the establishment of the seedlings (Puente et al.
2009). Plant genotype and abiotic factors such as soil type can influence the
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composition of the seed microbiota (Barret et al. 2015). The endophytic bacteria
transmitted via seeds have to be excellent systemic colonizers (Hallmann 2001),
and possess special characteristics often found only in the seed endophytes
(e.g., tolerance to high osmotic pressure, endospore formation, amylase, and
phytase activity) (Truyens et al. 2015).

The plant microbiome is dynamic, and various biotic and abiotic factors
influence the structure and composition of the endophytic bacterial community.
The composition, abundance, distribution, and function of the microbiome in a
given host plant or tissues can change over time following the environment,
e.g., introduction of new bacteria (Bulgarelli et al. 2013, Leveau 2015), soil pH
and soil properties (Hallmann 2001, Mercado-Blanco 2015, Schreiter et al. 2015),
plant growth phase and genotypes (Leveau 2015). These factors could also be a
limiting factor in shaping the community in a given host plant or tissues (Kroll
et al. 2017).

1.2 The plant-microbe interactions: Endophytic bacteria and their
benefits to the plants

Endophytic bacteria have been shown to provide various benefits to the plants
either directly or indirectly (Fig. 2). Plant growth promotion, stress mitigation,
antagonism towards plant pathogens, and the induction of plant defense
mechanisms are considered as direct benefits (Lodewyckx et al. 2002, Ryan et al.
2008, Reinhold-Hurek and Hurek 2011, Hardoim et al. 2015). The indirect
benefits include niche competition with pathogens, which result in plant
protection.

Nutrient acquisition

Nutrient acquisition is considered to be one of the essential plant growth-
promoting traits by the endophytic bacteria, in particular in low nutrient
biomes like the Arctic. In the Arctic, the nutrient mineralization rates are slow
due to the frozen soils in the winter and cold soils during the summer, resulting
in low availability of plant available minerals. Nitrogen and phosphorus are the
most limiting nutrients in the Arctic (Nadelhoffer et al. 1992).

Nitrogen (N) is a vital element for all organisms, as it is required for the
synthesis of proteins and DNA. Plant roots can take up both inorganic
compounds (e.g., nitrate (NO3") or ammonium (NH4*)), and organic nitrogen
compounds (e.g., amino acids) (Atkin 1996). However, nitrogen fixation by
microorganisms is the primary source of nitrogen taken up by plants in the
Arctic (Chapin and Bledsoe 1992, Nadelhoffer et al. 1992), especially in low
organic matter (pioneer) soils. Several endophytic bacteria possess the nif genes
that encode for the synthesis of nitrogenase enzyme. This enzyme is needed for
the biological nitrogen fixation: The process where the atmospheric dinitrogen
(N2) is reduced to ammonia (NHs*) (Bulgarelli et al. 2013, de Bruijn 2015). The
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ammonia (NHs*) is then excreted from the symbiotic nitrogen-fixing
diazotrophs, and assimilated to the plants (de Bruijn 2015).

Phosphorus (P) is also an important element as it is part of the essential
macromolecules (i.e., nucleic acids, ADP/ATP, and orthophosphate ion).
Phosphate solubilizing bacteria can increase the availability of phosphates to
the plants by converting the insoluble inorganic phosphates into soluble P
forms, or by mineralizing organic phosphates for the plants (Barea &
Richardson, 2015). Organic P (phytate, phytic acid) is a major storage form of
phosphates in the plant seeds (Reddy et al. 1982) and also found in the green
leaves (Hadi Alkarawi and Zotz 2014). The mineralization of organic
phosphates requires the solubilization of the substrates, followed by breaking
down the phosphate compounds with phosphatase enzymes (phytases) (Barea
and Richardson 2015). The phosphate solubilizing bacteria, mainly reported
from genera Pseudomonas, Bacillus, Rhizobium, Bradyrhizobium, Enterobacter,
Panthoea, and Erwinia, can help plants acquire phosphorus from soil via the
solubilization of inorganic phosphates (Barea and Richardson 2015).

- Establishment in host (chemotaxis, Quorum sensing molecules,
metabolic adaptation, cellulases, pectinases, adhesion molecules,
polysaccharides)

- Plant growth promotion (phytohormone production, nitrogen
fixation, phosphate solubilization and mineralization, ACC-
deaminase, siderophore production and uptake)

- Biocontrol (antibiotics and hydrolytic enzyme production, induced

systemic resistance, niche competition)

Signalling
molecules
(AHL,
peptides)

~_

- Plant exudates
- Plant signalling
- Phytochemicals
- Organic acids

FIGURE 2  Schematic overview of plant-microbe interactions. The members of the
microbial communities communicate with each other, as well as with the
plants. Plant exudates can attract bacteria to colonize on the surface and later
lead to the endophytic bacterial establishment. Bacteria possess various
mechanisms to establish in the plant host and provide benefits to the plants in
exchange for the safe environment inside the plants (modified from Bulgarelli
et al. (2013), and Lareen et al. (2016)).
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Production and processing of phytohormones

The production of plant hormones by bacteria enables the alteration of plant
physiology. Diverse plant-associated bacteria can produce phytohormones,
including auxins, gibberellins, and cytokinins (Rosenblueth and Martinez-
Romero 2006, Bulgarelli et al. 2013). Additionally, many soil- and plant-
associated bacteria can produce enzyme ACC deaminase, which directly
degrades the ethylene precursor, ACC (1l-aminocyclopropane-1-carboxylate).
The degradation of ACC limits the ethylene biosynthesis and suppresses the
plant growth retardation by ethylene, associated with various stresses, thus
promoting the plant growth (Hardoim et al. 2008, Bulgarelli et al. 2013, Glick
2015, Spaepen 2015).

1.3 Arctic vegetation

The Arctic is a demanding environment for plants. The growth limiting factors
include short and cold growing season (100-120 days with an average daily
temperature of around 5°C), long cold winter and long polar night, fluctuation
in temperature and light, water stress (i.e., severe drought, and flooding during
snowmelt, resulting in anoxia), and in particular, low nutrient soils (Billings
and Mooney 1968, Quinn 2008). The vegetation types and mean July isotherms
are means to separate the Arctic from other life zones. Annual plants are very
rare, and not present in the high Arctic due to the harsh and unpredictable
growing season. Most Arctic plants produce clonal structures and large
belowground biomass for overwintering, and to support the plant growth in
the short growing season (Chapin III et al. 1992).

Glacier forefields and arctic soils in the oroarctic zones above the treeline
are usually dominated by mineral soils, characterized by low nutrient levels
and patchy vegetation cover (Robbins and Matthews 2009, Schutte et al. 2009,
Schulz et al. 2013). Soils in the valleys and shrub tundra zone are mainly peat
soils (organic soils) with higher nutrient levels (Mikild and Saarnisto 2008,
Tarnocai et al. 2009).

This study focuses on a plant species typical of the pioneer plant
communities on low organic matter mineral soils.

1.4 Study plant: Oxyria digyna

Oxyria digyna (L.) Hill (Mountain sorrel, Wood sorrel, Alpine sorrel, Alpine
mountain sorrel, Finnish: Hapro, Sami: Eavru) (Fig. 3a) is a perennial
herbaceous plant in the family Polygonaceae. It is a non-mycorrhizal plant
species with a circumboreal distribution, commonly found in the arctic regions
and high mountainous area of the northern hemisphere (Mooney and Billings



18

1961) (Fig. 3b). In Finland, the plants are found in the North and North-western
part of the country (Fig. 3c). O. digyna is a well-studied arcto-alpine pioneer
plant species (Russell 1948, Mooney and Billings 1961, Au 1969, Atkin and
Cummins 1994, Heide 2005, Holzinger et al. 2007), which is able to efficiently
colonize pioneer soils with very limited nutrients. It is typically found along
stream banks, snow bed sites, waterlogged areas, and moist rocky terrains, as
well as in glacier forelands (Robbins and Matthews 2009, Schulz et al. 2013).

FIGURE3 (a) Oxyria digyna (L.) Hill, (b) The geographic distribution of O. digyna
worldwide (green outline) and (c) in Finland. Modified from Allen et al.
(2012) and Kasviatlas Luonnontieteellinen Museo, University of Helsinki
(http:/ /koivu.luomus.fi/ kasviatlas/ maps.php?taxon=40855; access 101017).
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This plant species has long tough taproot with long branching side roots and
grow in dense tufts to a height of 5 to 15 cm. The leaves are fleshy, kidney-
shaped with rosette form, and rich in vitamin C. They are essential food for
insects and larger animals in the arctic and alpine regions, as well as for
humans. The Sami and Inuit eat the plants to prevent and cure scurvy (Geraci
and Smith 1979). The flowers are small and green, and turn red later in the
growing season (Fig. 3). The plants form flattened, broad-winged shape seeds,
turning red when ripe. The seeds are easy to propagate, and non-dormant (i.e.,
able to grow in the same growing season that the seeds were produced without
the after-ripening step) (Mooney and Billings 1961). O. digyna starts flowering in
June - August.

The most distinctive character of the northern (Arctic) O. digyna
population is the rhizome (underground meristems) formation (Mooney and
Billings 1961), resulting in the expansion of stems (Fig. 4). This rhizome
production could be an additional means to propagate in the unpredictable
arctic conditions, in addition to the seed production.

Rhizomes

Arctic population

FIGURE4 Morphological features of the northern (Arctic) population type of O. digyna
(modified from Mooney and Billings (1961)).

Despite the growing interest in the plant microbiomes, only a few studies have
looked into the microbiomes of the cold climate plants. As such, this plant is
considered a good target plant to study the plant-microbe interactions, the focus
of this study.
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1.5 Aims of the study

The aim of this thesis was to study the assembly and functions of the
endophytic bacterial communities associated with different tissues of the arcto-
alpine plant species: O. digyna. This thesis is based on four research questions
and four manuscripts (Fig. 5). The four manuscripts (hereafter, referred to with
roman numbers I, II, III, and IV) are based on the following four research
questions (RQs):

RQ I: Do the taxonomic composition and community structures of the
endophytic bacterial communities in O. digyna show tissue-specificity? To
address this question, I investigated the structure of endophytic bacterial
communities in the leaves and roots of O. digyna. I also looked at the structure
of the endophytic bacterial communities across plants harvested at different
time points and from different plant types to investigate the bacterial succession
in the plant tissues.

RQ II: Continuing from RQ I, I asked: Is the difference in the phylogenetic
structures between leaf- and root-specific communities also reflected in their
functional profiles?

RQ III: After detecting tissue-specific communities, I looked further as to
how are these tissue-specific endophytic communities formed, and what are the
factors determining the assembly in different tissues. Here, I asked, whether the
assembly of the tissue-specific endophytic communities is determined by
acquisition route (via different inoculation and colonization pathways) or by
niche (different plant tissues providing different environment and selective
pressures)?

RQ IV: Do the endophytes with different tissue-specificity have divergent
impact on plant phenotype? As the endophytic bacterial communities are
different between tissues, I investigated their impact on the plant phenotype to
see if different tissue-specific communities have a different impact.
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% Leaf-specific community? (RQ )

% Leaf-specific functional profile? (RQ II)

% The community assembly is determined
by acquisition or plant niche? (RQ III)

% Leaf consortium impact plant phenotype?

RQ1IV)

& Root-specific community? (RQ I)

& Root-specific functional profile? (RQ II)

& The community assembly is determined
by acquisition or plant niche? (RQ III)

& Root consortium impact plant phenotype?

(RQIV)

FIGURE5 An overview of the research questions focusing on the assembly and
functions of the endophytic bacteria associated with different tissues of O.
digyna plants.



2 MATERIALS AND METHODS

2.1 Micropropagated plant material

The O. digyna plants used in studies I-IV were micropropagated from surface-
sterilized seeds at the University of Oulu Botanical Garden, and were
maintained at the Department of Environmental Science, University of Eastern
Finland, Kuopio campus (62°53'30.2"N 27°38'04.8"E) (I, II and III), and at the
Finnish National Resources Institute (Luke), Laukaa facility (IV). The plants
were grown in sterile half-strength Murashige & Skoog (MS) agar medium
(Murashige and Skoog, 1962) at 21°C constant temperature, and a photoperiod
of 16:8 h of light:dark cycle with low light (30 pmolm?2-s1). The
micropropagated plants were transferred to fresh medium every five weeks.

In the study I and II, the plants were transferred to sterile boxes
(containing sterile vermiculite) 45 days before the start of the experiment. The
plants were moved to the greenhouse to be acclimated under ambient
conditions for seven days (I), with lid slightly ajar, in order to induce the
formation of leaf cuticle. After the acclimatization, each plant was transferred
into a 7-cm-diameter net pot lined with 15 p-mesh size plankton net, and filled
with sterilized washed sand. The plants were then moved outside as the last
acclimatization step before they were transported to the field site in Kilpisjarvi,
Finland (I).

The plant acclimatization for study III was slightly different from above
(see section 2.2). The micropropagated plants for study IV were not acclimated
as the inoculation of the consortia was done only via root.

2.2 Growth chamber experiments

In study III, the micropropagated plants were transferred from the McCown
woody plant medium (WPM) into the sterile microcosms boxes (172 x 110 mm)
with gas permeable filter lid (63 gas exchanges (GE)/day) (TP1600+TPD1600,
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Combiness Microbox). Each box contained sterilized washed sand and sterile
25% Hoagland'’s liquid nutrient solution (Hoagland and Arnon 1950). The boxes
were half-closed in the growth chamber for the acclimatization of the plants
three days before the experiment start. The plants were then inoculated with
endophytes consortia (see section 2.3) and were harvested after five weeks in
the closed microcosm boxes inside the growth chamber (20°C/10°C), light
intensity of 200 pmol m?2-s? and 20 pmolm2-s! with 16:8 h light:dark
photoperiod) (Fig. 6). More information can be found in the original paper III.

Experiment IV composed of two separate experiments (IV-a and IV-b).
The plantlets were inoculated with bacteria (see section 2.3) and transferred into
the sterile microcosm boxes, like in experiment III. The growth chamber settings
for experiment IV-a were 20°C/10°C, 17:7 h light:dark photoperiod with light
intensity of 200 umol m? s and 50 pmol m-2 s for the ambient temperature,
and 35°C/20°C, 17:7 h light:dark photoperiod with light intensity of 200
pmol m2-s1 and 75 pmol m2-s? for the elevated temperature. For experiment
IV-b, the growth chamber was set to ambient temperature setting similar to
experiment IV-a. However, due to a malfunction, the temperature in the growth
chamber was increased to 35°C-42°C for 48 hours before it was set back to that
of the ambient temperature setting. The plants were grown in the closed
microcosm boxes for ten weeks before harvesting. More information can be
found in the original paper IV.

FIGURE 6  The micropropagated O. digyna in the microcosm box before harvesting (III).
Photographed by Cindy Given.

2.3 Consortia

Bacterial consortium (also known as a synthetic community, SynCom) is the
assemblage of two or more defined microbial isolates in a controlled
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environment. Usually, the isolates are selected to represent the natural
ecosystem of interest (De Roy et al. 2014, Grofskopf and Soyer 2014). Consortia
are used to gain insight into the fundamental principles of the system of
interest, for example the factors shaping the ecosystem, the interaction of the
community members or the function of the complex systems (De Roy et al. 2014,
Grofskopf and Soyer 2014). The use of consortia has gained much interest due to
its simplicity and controllability.

The consortia used in the experiments III and IV consisted of the
endophytic bacterial isolates selected from the endophytic bacterial isolate
collection from study II (see original paper II). The selected isolates represented
the bacterial taxa that showed specific enrichment in either the leaves or the
roots in study I. Each selected strain was tested for their plant-associated traits
(IT). Leaf consortium (LC) included eight strains of the leaf-specific bacteria (III,
Table 1), while root consortium (RC) consisted of five strains of the root-specific
bacteria (III, Table 2) (III and IV). Additionally, a consortium containing both
leaf- and root-specific bacteria (leaf+root consortia; L+RC) was also used (III).
These consortia were used to test for their ability to colonize O. digyna (IlI), as
well as their impact on the plant phenotypes under normal condition, and
under heat treatments (IV). The preparation of LC, RC, and L+RC inocula was
described in the original paper III and IV. The consortia were prepared in
potassium phosphate buffer (50 mM, pH 6.5), which was also used as control
inoculum in these experiments (III and IV).

The leaf inoculation process is explained in the original paper III. The
process for the root inoculation was different in the studies III and IV and is
explained in the original papers IIl and IV.

2.4 Field site

The field site is located in Kilpisjdrvi, northwestern Finnish Lappland, 400 km
north of the Arctic circle (69°1'N, 20°50°E) (Fig. 7). The growing season in
Kilpisjdrvi lasts approximately 90-100 days with the annual mean temperature
of -1.9°C (1981-2010) and precipitation of 487 mm/year (1981-2010) (data
retrieved from Finnish Meteorological Institute).

The study site in fell Jehkas was located in the oroarctic zone, at the
elevation of 925 meters above sea level (m.a.s.l.), next to a snowmelt stream. The
soil in the site is classified as a Leptosols soil (i.e., a shallow soil over hard rock
or calcareous materials with large amounts of gravels) (Jones et al. 2009), and
contains low levels of soluble phosphate and nitrogen (1.11 mg N/kg soil as
soluble NOs-, 0.33 mg N/kg soil as soluble NH4*, and 1.56 g/L soil as soluble
POy) (Kumar et al. 2016). The vegetation is patchy, and the site is covered by
snow patch typically until early July. The soil temperature at a depth of 10 cm
at the field site varied between 11.5°C (July) and -4.5°C (February). The average
air temperatures in June-August 2013 were 13°C (data retrieved from the
Finnish Meteorological Institute).



FIGURE 7  The location of the study site; fell Jehkas, Kilpisjarvi, North-western Finland
Map retrieved from National Land Survey Finland (https:/ /karttapaikka.fi).

2.5 Sampling schemes

2.5.1 Study I

The micropropagated plants (see section 2.1.) were transported from Kuopio to
Kilpisjdrvi, and planted in the field sites on July 2nd, 2013. Before shipping, six
sterile, acclimated plants were harvested, surface-sterilized and stored at -80°C
(see section 2.6) and are referred to as “starter plants.” The rest of the plants
were transported and transplanted into the field site next to the native O. digyna
(Fig. 8-9) (D).

FIGURE 8  The transplantation of micropropagated O. digyna plants in the field site. The
plots are next to the native O. digyna plants and were covered with metal
cages to protect the plants from reindeer grazing. Photographed by Cindy
Given.
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Twenty plants were harvested at the late growing season the same year (late-
August; “August bait plants”) along with ten native O. digyna plants growing
adjacent to the experimental plants (referred to as “wild plants”). The rest of the
bait plants remained in the field site. Twenty-seven plants were harvested at the
beginning of the following growing season (mid-July 2014) (referred to as
“over-wintered bait plants”). No wild plants were harvested at this time point

(Fig. 9) (I).

Wild plants

1
i |

e

nu‘a\

1 year

T T

== bait plants

65 pots of micropropagated, 20 pots of micropropagated, bait plants The rest of the bait plants were

bait plants were planted in were harvested along with 10 wild plants harvested in the next spring (2014) as

the field site overwintered plants.

FIGUREY9 The sampling of the micropropagated and wild O. digyna for the study I and
II. Photographed by Cindy Given.

All plant samples were carefully removed from the pots and separated into
leaves and roots before surface sterilization (see section 2.6) within 48 hours
after harvesting. Around 100 mg of the surface-sterilized tissue samples, used
for the molecular analysis, were stored at -80°C until the DNA isolation (I).

Leaf and root tissue samples from four plant groups: starter plants (5
replicates), August bait plants (10 replicates), over-wintered bait plants (10
replicates), and wild plants (10 replicates) were used for analyses.

2.5.2 Study II

After the surface sterilization (see section 2.6), one leaf and about 1-cm-length of
root were taken from each plant. Twenty leaves and twenty roots from August
bait plants were pooled and formed bait leaf samples (hereafter, referred to as
“JBL”) and bait root sample (hereafter, referred to as “JBR”), respectively.
Likewise, leaves and roots from wild plants were pooled and formed wild leaf
sample (hereafter, referred to as “JWL”) and wild root sample (hereafter,
referred to as “JWR”), respectively, and were used for the isolation of
endophytic bacteria. More information can be found in the original paper II.

2.5.3 Study III

The study included eight treatments (III, Table 3). Each treatment consisted of
12 plants. The plants were harvested, and the photosynthetic activity and the
fresh biomass of the plants were measured (III). Dry weight was measured from
shoot and root separately after drying at room temperature for seven days.
Simultaneously, one leaf and 1-cm-length root from the plants in all treatments
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were collected for the DNA-based community analyses. More information can
be found in the original paper III.

2.5.4 Study IV

In this study, 12 plants were used for each treatment. The plants were harvested
after ten weeks in a growth chamber (IV). Leaf and root dry weight were
measured in addition to the analysis of root-shoot ratio (IV).

2.6 Plant tissue surface sterilization

The plant samples were surface sterilized as described in Nissinen et al. (2012)
with slight modifications, described in the original paper I. The surface
sterilization was used with the samples from study I, II, and III. The surface-
sterilized samples were used for isolation of culturable endophytic bacteria or
were stored in sterile Eppendorf tubes at -80°C for DNA isolation. The sterility
check was done by plating the last rinse water to ensure the success of the
surface sterilization procedure. More information can be found in the original

paper L

2.7 Culture-dependent methods: Endophytic bacterial isolation,
identification, and characterization

2.7.1 Endophytic bacterial isolation

The surface-sterilized plant tissue samples were homogenized in 50 mM
potassium phosphate buffer, pH 6.5, in sterile, clear stomacher bag by gently
but firmly pounding with a stainless steel hammer. Ten-fold serial dilutions of
the aliquots were prepared down to 10 for the leaf samples and 10 for the
root samples (II). The colony forming units (CFU) were counted and bacterial
densitied were calculated as CFU per gram of fresh weight (CFU/g).
Morphologically different colonies were picked at various time points as
described in the original paper II. Individual colonies selected were sub-
cultured to acquire pure bacterial cultures for further identification and
characterization (II).

2.7.2 Bacterial genomic fingerprinting by BOX-PCR

Bacterial strains were genotyped by molecular fingerprinting using BOX-PCR, a
repetitive element palindromic PCR (rep-PCR) targeting the BOX repetitive
elements in the bacterial genome. A single colony of pure bacterial culture was
used directly as a template for the PCR. BOX-A1R primer (Table 1) was used in
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a final reaction volume of 30 ul/reaction. The amplification was performed with
C1000™ Thermal Cycler (Bio-Rad), following the PCR program reported in the
original paper II. The final PCR products (10 pl) were resolved by
electrophoresis in 1% (w/v) agarose gel at 80V for approximately four hours
(II). The genetic fingerprints of each isolate were photographed and verified
under a UV transilluminator (Fig. 10). The representative isolates of each
unique fingerprint pattern were used for bacterial identification. Culture stocks
were prepared in 30% glycerol and stored at -80°C. More information can be
found in the original paper II.

3000 bp 3000 bp
1000bp 1000 bp
500 bp 500 bp

FIGURE 10 Genetic fingerprints of endophytic bacterial isolates from the leaves and roots
of O. digyna after BOX-PCR were visualized by transilluminator. Isolates with
identical BOX-PCR patterns were considered to be clonal. Photographed by
Cindy Given.

TABLE 1 Names and DNA sequences for the primers used in the study.

Name Sequence References

BOX-A1IR 5-CTA CGG CAA GGC GAC GCT GACG-3"  Versalovic et al. (1994)

27F 5-AGA GTT TGA TCC TGG CTC AG-3 Lane (1991)
1492R 5-GGY TAC CTT GTIT ACG ACT T-¥ Chelius and Triplett (2001)
799F 5-AAC MGG ATT AGA TAC CCK G-3 Chelius and Triplett (2001)
M13-1062F 5-TGT AAA ACG ACG GCC AGT Ghyselinck et al. (2013),

- GTC AGC TCG TGY YGT GA-¥ Miki et al. (2016)
1390R 5-ACG GGC GGT GTG TRC AA-3 Zheng et al. (1996)
Barcode-M13 5-[BC1-48] - TGT AAA ACG ACG GCC Miki et al. (2016)

AGT-¥

1390R-P1 5-CCT CTC TAT GGG CAG TCG GTG AT Maki et al. (2016)
- ACG GGC GGT GTG TRC AA-¥

2.7.3 Bacterial isolate identification by partial 16S rRNA gene sequencing

A single colony was used directly as a PCR template by using universal primer
pair 27F and 1492R (Table 1) targeting the bacterial 165 rRNA gene. PCR
mixture without DNA template was included as a negative control of the PCR.
The details of PCR conditions and amplification program are reported in the
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original paper II. The amplification was performed using C1000™ Thermal
Cycler (Bio-Rad), and the final PCR product was confirmed by gel
electrophoresis (II). For the isolates that failed to show PCR product by the
colony PCR method, the DNA was extracted using the Genomic DNA
extraction kit (QIAGEN), followed by PCR using 27F-1492R PCR protocol with
the same conditions described above. The sequencing for bacterial identification
was done using the PCR amplicons as template and was performed according
to the protocol used with ABI Prism® 3130xl sequencer described in the original
paper II. The sequences were aligned with the reference sequences in Ribosomal
Database Project (RDP Release 11) database for the bacterial identification (Cole
et al. 2014) (1I).

2.7.4 Bacterial characterization by activity plate assay

2741 Inorganic and organic phosphate solubilization

Two bacterial culture media with a different source of inorganic and organic
phosphate were used to test the phosphate solubilization ability of the strains.
The National Botanical Research Institute’s phosphate growth medium (NBRIP)
(Nautiyal 1999) was used for the inorganic phosphate solubilization ability,
while the phytase screening medium (PSM) (Jorquera et al. 2011) was used for
the organic phosphate (phytate) solubilization activity. The test was done in
triplicate and plates were incubated at room temperature for seven days.
Phosphate solubilization activity of the bacteria was detected as a clear halo
surrounding the colony (II).

2.74.2 Cellulose and starch hydrolysis

Cellulose and amylase activity of the strains were tested on M9 minimum
medium, with carboxymethyl cellulose (CMC) and soluble starch added as a
sole carbon source for cellulase and amylase activity media, respectively. The
test was done in three replicates and plates were incubated at room
temperature for seven days. The unhydrolyzed cellulose from cellulose
hydrolysis was stained by 0.1% (w/v) Congo red solution, while 0.2% Lugol’s
solution was used for the staining of starch. The cellulose and starch hydrolysis
activities were detected as clear haloes around the colonies (II).

2.74.3 Chitin hydrolysis

The chitin agar medium was prepared using colloidal chitin as a carbon source
according to Souza et al. (2009) with slight modifications. Ten pure isolates were
inoculated per 30 mm petri dish plate and were incubated at room temperature.
Each strain was tested in triplicate. After seven days, clear zone around the
colony indicated the chitin hydrolysis activity (II).

2744 Nitrogen fixation activity

The qualitative analysis of the nitrogen fixation ability of the isolates was done
using nitrogen-free JNFb semi-solid medium (Baldani et al. 2014). Pure isolates
were inoculated into 13 mL culture tube containing 8 mL of the medium with
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10 pl inoculation loop. The tubes were incubated at room temperature for five
weeks. The nitrogen fixation activity was detected as color change from light
yellow to blue of the medium (Fig. 11) (II).

FIGURE 11 Nitrogen fixation activity; - no activity, + low positive activity, ++ medium
activity, and +++ strong activity. Photographed by Cindy Given.

2.74.5 Growth at 4°C, 20°C, and 37°C

The isolates were diluted in 5 mM potassium phosphate buffer, pH 6.5 to ODseoo
= 0.3. Thirty pure isolates were inoculated onto large format (10x10 cm) solid
R2A (pH 6.5) plates by dropping 10 ul of bacterial suspension on the plate.
Plates were incubated at 4°C, 20°C and 37°C, and were prepared in triplicates
for each temperature. The visible growth at different temperatures was
recorded after three days (II).

2.8 Sequence-based community analyses

2.8.1 Metagenomic DNA extraction

The plant samples were homogenized dry and frozen by bead-beating using the
combination of metal and glass beads for disruption of plant tissues and
bacteria, respectively. Metagenomic DNA was isolated with Invisorb® Spin
Plant Mini Kit (Stratec Biomedical) following the manufacturer’s instructions
(I). The samples were kept frozen during homogenization until suspension into
isolation kit lysis medium in order to prevent the damage of the eubacterial
DNA by the plant enzymes released during pre-homogenization. Original
paper I describes the process in full details.
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2.8.2 Library preparation by the M13-PCR method

The M13-PCR method developed by Miki et al. (2016) was used to prepare the
amplicon libraries for the next-generation sequencing. The method is a three-
step nested PCR approach. Primer pair 799F (Table 1) and 1492R (Table 1) were
used in the first round of PCR to target the v5-v9 regions of 16s rRNA gene and
to prevent the amplification of plant chloroplast ribosomal gene (Chelius and
Triplett 2001). The second round of PCR was done using primer pair M13-1062F
(Table 1) and 1390R (Table 1) in order to produce an amplicon of proper size for
the sequencing. The third round of PCR with primers Barcode-M13 and 1390R-
P1 (Table 1) incorporated the sample-specific barcodes (48 barcodes) for sample
identification and Pl-adaptor for sequencing. PCR products were purified,
quantified, pooled equimolarly, and size-fractionated to remove plant
mitochondrial amplicons prior to sequencing on the Ion-torrent platform. The
PCR mixture and amplification conditions for each PCR step are explained in
the original paper I. All PCR procedures were done in C1000™ Thermocycler
(Bio-Rad).

2.8.3 Next-generation sequencing on Ion-torrent platform

The final samples at 400 ng of pooled eubacterial DNA amplicons were
sequenced in the University of Oulu (Finland) sequencing facility (I), or the
University of Jyvdskyld with Ion-torrent platform (III). The samples were
sequenced on Ion-torrent PGM using lon PGM Hi-Q view sequencing kit.

2.9 Bioinformatics

All of the bacterial isolates, as well as clone library sequences, were assigned
taxonomy utilizing the Ribosomal Database Project (RDP Release 11) database
(Cole et al. 2014). The RDP classifier function (Wang et al. 2007a) was used to
classify the sequences, and the RDP seqmatch function was used to identify the
closely-related sequences from the database. BioEdit software version 7.2.5
(Hall 1999) was used mainly for the trimming of the low quality 5" and 3’ end of
the sequences. Mega6 (Tamura et al. 2013) was used for the multiple sequence
alignments, for phylogenetic analyses, and phylogenetic tree construction.
Neighbor-joining method and Kimura 2-parameter model for the distance
matrix calculations were used for the construction of phylogenetic trees. The
phylogenetic tree was combined with phenotyping data using Interactive Tree
of Life tool (iTOL) (Letunic and Bork 2016).

The open-source bioinformatics pipelines Quantitative Insights Into
Microbial Ecology (QIIME) (Caporaso et al. 2011) and UPARSE (Edgar 2013)
were used to process raw DNA sequencing data obtained from the next-
generation sequencing. The pipeline for the 16s rRNA gene data analysis
developed by Pylro et al. (2014) was used with slight modification in the quality



32

tiltering step (I). In study III, CLC software suite (QIAGEN) was used for the
NGS data processing.

PRIMER 6+PERMANOVA software package (www.primer-e.com; Quest
Research Limited) was used for the Univariate Diversity Indices analysis to
obtain the species richness, evenness and Shannon diversity index of the
samples using the tool DIVERSE. The analysis of similarities (ANOSIM) and
Similarity Percentages Species Contribution (SIMPER) were used to compare
the differences between groups of community samples and to determine which
species were the major contributors to these differences, respectively.

2.10 Statistical analyses

To compare the diversities of endophyte communities in different plant tissues
and plant groups in the study I, Two-way ANOVA (SPSS Statistics, IBM) was
employed. The differential abundance analyses of the community members (I
and III) were performed with Kruskal-Wallis test using log-transformed relative
abundance data in RStudio statistical software (version 1.0.136) and SPSS
version 16 (SPSS Statistics, IBM). The differences in the bacterial community
composition between treatments (I) and community manipulations, inoculation
pathways, and plant tissues on bacterial community structures (III) were
examined using Permutational Manova (PERMANOVA) and visualized with
principal component analysis (PCoA) ordination, both incorporated into
PRIMER 6+PERMANOVA (PRIMER-E, Quest Research Limited) (Anderson
2017).

ANOVAs with Tukey test as a post-hoc were also performed to assess the
statistical difference of the photosynthesis rate (III), plant dry weight, and the
root-shoot ratio between treatments (III and IV) using the program SPSS
version 16 (SPSS Statistics, IBM).



3 RESULTS AND DISCUSSION

3.1 Assembly of the endophytic bacterial communities associated
with an arcto-alpine plant species: Oxyria digyna

3.1.1 Tissue is the primary factor shaping the endophytic bacterial
community (I and III)

In study I, I examined the assembly of the endophytic bacterial communities in
the leaf and root tissues of O. digyna in order to find out, if the endophytic
bacterial communities in O. digyna show tissue-specificity. Micropropagated
plants with low initial bacterial load were used as bait plants and were
transplanted in the field site in Kilpisjarvi (Fig. 11; materials and methods) next
to wild O. digyna population. The communities in different tissues were
examined at the end of the growing season (after six weeks; August bait plants)
and after winter (1 year; over-wintered bait plants) in the field site. The August
bait plants, over-wintered bait plants, and wild plants are considered as the
plant groups. The community composition of endophytic bacteria from the bait
plants was also compared to wild plants growing adjacent to the plot in order
to investigate whether the bait plants were able to acquire root and leaf
endophytic communities similar to native plants or not.

The species richness and community diversity of bacterial communities
were significantly higher in the roots than in the leaves in all plants in the field
(I). These findings are in agreement with Robinson et al. (2016) and de Souza et
al. (2016) who also detected significantly higher species richness in the roots
than in the leaves in winter wheat (Triticum aestivum) and sugarcane,
respectively. However, Bodenhausen et al. (2013) showed that the species
richness and diversity did not differ between leaf and root of the model plant,
Arabidopsis thaliana. The type of plant and residence time could be the factors
impacting the species richness and diversity of the communities in the leaves
and roots. Our study plant, O. digyna, sugarcane, and winter wheat have a
longer life cycle than A. thaliana, which is a relatively short-lived annual plant
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with a complete life cycle of only six weeks. The longer life cycle in O. digyna
could mean the longer time to show the difference in the diversity between leaf
and root endophytic bacterial communities. The difference in the diversities in
leaf and root endophytic communities between O. digyna and A. thaliana could
also be due to the different surface sterilization procedures used in the different
studies, as well as plants” different growth forms. A. thaliana leaves are formed
at the base of the plant, close to the ground. This growth from combined with
the inefficient surface sterilization procedure used (sonication and washed with
70% ethanol twice) (Bodenhausen et al. 2013) may have resulted in insufficient
removal of the epiphytic bacteria, possibly obtained from the soil. In contrast,
O. digyna leaves are formed on the stalk above the ground, and the surface
sterilization procedure used with the plants was more stringent.

In addition to community diversity, tissue type was also the main
determinant of the structures of endophytic bacterial communities in our
studies I and III, as the communities clustered according to tissue type,
regardless of plant origin (bait vs. wild plants) (I) or the type of bacterial
treatments (III). Similar results from two separate experiments under different
growing conditions (I and III), one in the field next to native O. digyna plants (I)
and another in controlled, aseptic conditions in the growth chamber (III),
suggest that tissue is the strongest factor structuring the endophytic bacterial
communities. Leaf and root endophytic bacterial community structures were
significantly different also in winter wheat, sugarcane and A. thaliana
(Bodenhausen et al. 2013, de Souza et al. 2016, Robinson et al. 2016).

Different sources of bacteria and different conditions in different plant
tissues (niche) could be the factors, which result in divergent endophytic
bacterial communities in leaves and roots. Root endophytes originate mainly
from the rhizosphere. Plant roots secrete various sugars, amino acids, organic
acids, and secondary metabolites into soils (Hardoim et al. 2008, Bulgarelli et al.
2013), resulting in the nutrient-rich zone around plant roots which
accommodates dense and diverse bacterial communities in the rhizosphere. In
contrast, limited bacterial inoculum sources (e.g., air, aerosols, rain, and insect
vectors) (Bulgarelli et al. 2013) combined with low nutrient levels, highly
variable and extreme habitat in the phyllosphere, limit the number of
candidates for the leaf endophytic bacterial community. After the rhizospheric
bacteria and phyllospheric bacteria enter the plant tissues, they also face
different conditions and need different adaptive properties. Endophytic
bacteria colonizing in the leaf have to tolerate the highly oxidative conditions
and reactive oxygen species (ROS) which are features of the leaf niche
(Delmotte et al. 2009, Vorholt 2012). The endophytic bacteria in root tissues, in
turn, must be able to efficiently metabolize different carbon sources (Sood et al.
2011), compete with other bacteria and fungi, and sometimes cope with anoxic
conditions (Hardoim et al. 2012, Iversen et al. 2015). These factors may explain
the differences in the community diversity and structure between the
endophytic bacterial communities in leaves and roots.
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3.1.2 The differences of tissue-specific community structures were detectable
at the phylum level, as well as in the lower taxonomic levels (I and III)

Phylum Firmicutes, especially class Bacilli was highly abundant in the leaf
communities of all plant groups (starter, August bait, over-wintered bait, and
wild plant) in study I, while 3-Proteobacteria and Bacteroidetes were relatively
more abundant in the roots (I). In agreement with my results, Firmicutes (as
well as Actinobacteria) were reportedly more abundant in the leaves of winter
wheat, while Proteobacteria and Bacteroidetes dominated the root communities
(Robinson et al. 2016). In contrast, Proteobacteria and Bacteroidetes dominated
the leaf communities in both perennial wild mustard (Boechera stricta) and A.
thaliana, while Actinobacteria were more abundant in the roots (Bodenhausen et
al. 2013, Wagner et al. 2016).

The majority of the OTUs (operational taxonomic unit, used as a proxy for
bacterial genus) in study I were shared between leaf and root samples, but the
relative abundances of these OTUs were different in different tissues (I). OTUs
representing bacterial orders Bacillales, Pseudomonadales, Sphingomonadales,
and Enterobacteriales were significantly more abundant in the leaves, while the
abundances of Burkholderiales, Rhizobiales, Flavobacteriales, and
Xanthomonadales were higher in the root samples. Similar to our observations,
de Souza et al. (2016) reported higher relative abundances of Pseudomonadales
and Enterobacteriales in the leaves and enrichment of Rhizobiales (in addition
to Saprospirales and Rhodospirillales) in the roots of sugarcane plants grown in
native soil in the greenhouse.

These results suggest that although tissue is the primary factor shaping
the endophytic bacterial community in various plant species, there is no distinct
general pattern to determine specific leaf- or root-community member in
different plant species. The tissue-specific endophytic bacterial communities
seem specific to plant species, along with environment and their habitats.

In study III, conducted in growth chambers, O. digyna leaf communities
were dominated by Sediminibacterium sp. (Sphingobacteriales, Bacteroidetes)
and Sphingomonas sp. (a-Proteobacteria, Proteobacteria). Aeribacillus sp.
(Bacillales, Firmicutes) which was the dominant taxon in the leaf communities
of all plant groups in the study I, was present only in low relative abundances
in the leaves in study III, conducted in growth chambers. Aeribacillus sp. was
also detected in small relative abundances in O. digyna leaves in a study
conducted the following year (2014) in the same field sites (Kumar et al.
unpublished), where O. digyna leaf endophytic communities were dominated
by a-, and p-Proteobacteria and Actinobacteria and Firmicutes (class Clostridia)
were highly abundant in the root communities (Kumar et al. unpublished).
These results suggest that the sampling at different times could also influence
the difference in the major community members in different tissues as the
community is dynamic and may change year after year.
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3.1.3 Plant origin influences the composition of endophytic bacterial
communities and the communities change in the field gradually in a
tissue-specific manner (I)

The species richness or diversity of the leaf endophytic communities were not
impacted by plant origin or plant group (starter plants, August bait plants,
over-wintered bait plants, or wild plants, I). However, plant group did have a
small but significant impact on the structures of leaf endophytic bacterial
communities (I, Table 4 and 5), although the leaf communities from different
plant groups clustered together in PCoA ordination (I, Fig. 6b). The isolation of
endophytic bacteria was done to check the population density of the culturable
endophytic bacteria. There were remarkably less culturable endophytic bacteria
detected in the leaves of the bait plants than in the wild plant leaves (II).
Conjointly, the leaves of bait plants contain endophytic bacterial communities
with similar diversity and community structure than wild plants, but at lower
population densities. Since bacterial isolation from the bait plant was done after
six weeks of transplant in the field, the difference in the population density
could be the result of that limited time in the field.

In root samples, the effect of plant group on species richness and diversity,
as well as community structures of bacterial endophytes was clear. The starter
plants had endophytic bacterial communities with significantly lower richness
and diversity than the wild plants, with the communities in the starter plants
differing most from the wild plants. This was expected, as the starter plants
were aseptically propagated and acclimated outdoors only ten days prior to the
sampling. The period for the endophytic bacterial acquisition of the starter
plants was thus significantly shorter than other plant groups, partially
explaining the lower bacterial richness and diversity compared to the bait
plants in the field and wild plants. The starter plants were propagated in sterile
sand and nutrient solution, were exposed to the environment in the greenhouse
and air of central Finland (Kuopio) which is warmer and possibly has different
bacterial inoculum for the plant acquisition when compared to the environment
in the field site. These factors might explain the differences in the community
structures between starter and wild plants. Many bacterial taxa detected in wild
plants were not detected in the root communities of the starter plants, including
OTUs representing order Myxococcales. In contrast, several OTUs representing
bacterial genus Flavobacterium were present in high relative abundances in the
roots of starter plants but not in the wild plants. Flavobacterium species are
common in roots, soil, and water (Bernardet and Bowman 2015).

Interestingly, the endophytic bacterial community structures in bait plants
gradually changed towards the wild plant-type community structures (I, Fig. 3-
b and 3-c). The successive change in the community structure in the leaves was
more subtle than in the roots. Investigation at the OTU level revealed that the
shift of the endophytic bacterial community structures towards that of the wild
plant type was caused by the change in relative abundances of many OTUs,
together with the acquisition of additional OTUs in the field (I). No loss of any
major OTU was detected. The OTUs acquired by the bait plants in the field
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were mainly identical to those present in the wild plants. This suggests a strong,
specific selection by the plants. This result also showed that the longer the bait
plants were in the field, the more their endophytic communities resembled
those in the wild plants. Similar findings were reported by Dombrowski et al.
(2016) in arcto-alpine perennial plant species, Arabis alpina, where the residence
time of transplanted plants in the soil was the major determinant of the root
microbiota structures. Similarly, Wagner et al. (2016) reported, that the
microbiome structures of a perennial plant Boechera stricta changed after
transplantation in the field, and became similar to those in wild B. stricta plants.
These communities were different from the greenhouse control plant
endophyte communities, thus showing microbial succession (Wagner et al.
2016). They also showed that the leaf community stayed quite stable as the
plant aged while the root microbiome was highly dynamic (Wagner et al. 2016).
Therefore, my study is in agreement with the observations above, suggesting
that the endophytic bacterial community is dynamic, especially in the roots.

Despite the acquisition of many bacterial taxa from the field by the bait
plants, several taxa present in the wild plants were not acquired by the bait
plants even after a year in the field (I), for example, several OTUs in the order
Myxococcales. Several OTUs representing Myxococcales have been previously
found to be consistently enriched in the O. digyna roots and are considered to be
a member of the core microbiome of O. digyna (Kumar et al. 2017, Nissinen
unpublished). The failure of the bait plants to acquire these putatively
important endophyte taxa may suggest that certain conditions are needed for
the acquisition, for example, longer time in the field or acquisition only at the
early plant developmental stage. Germinating seeds secrete exudates that
attract surrounding bacteria to colonize the developing seedling (Nelson 2004,
Truyens et al. 2015). These bacteria can play a role with the seedling
establishment and growth, especially in extreme, low nutrient habitats (Puente
et al. 2009, Lopez et al. 2012). Our micropropagated plants (bait plants) were
obtained from surface-sterilized seeds, and the initial explants were sterilized to
ensure contaminant-free plantlets. Moreover, these plantlets were maintained in
the sterile, nutrient-rich environment, and might therefore, had no need for
these beneficial bacteria to assist in the nutrient acquisition and growth of the
plant. In contrast, O. digyna seeds in the field germinate in low nutrient soils
and are likely to recruit additional endophytic bacterial members from the
surrounding soils that can support the plant’s survival in the high-stress
environment.

Alternatively, the inability of our bait plants to acquire key bacterial
endophytes from their natural environment could be due to plant
developmental stage: Yuan et al. (2015) sampled A. thaliana roots subjected to
soil slurry, and demonstrated, that the plants selected root-associated bacteria
specific to different plant developmental stages. For example, phylum
Firmicutes was found to be significantly more abundant in the seedling stage
while Proteobacteria was prominent in the vegetative and bolting stage (Yuan et
al. 2015). Chaparro et al. (2014) also observed a similar phenomenon in A.
thaliana grown in soil. It is likely that the composition of root exudates in
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different plant developmental stages could lead to the selection of different
bacteria from the rhizosphere, and our micropropagated bait plants were
unable to acquire the taxa present in the wild plants, because they were
transplanted at the late vegetative stage with mature root systems. This
phenomenon, where some essential endophytic bacterial taxa are not acquired
after the transplantation of plants in a new location could have implications for
viti- and horticulture: Often seedlings and saplings of trees and woody plants in
viti- and horticulture are raised in greenhouses and transplanted in a well-
developed stage. Further, plant material is often imported from a location with
different climatic conditions and harbor microbial communities specific to the
environment they were growing before transported. Combining with the effect
of the developmental stage at the transplantation of the plants as discussed
above, they may not be able to acquire the local bacteria from a new location,
which could have been beneficial in growth and survival in the new habitat.

3.2 The acquisition of the endophytic bacterial community in
Oxyria digyna

3.2.1 The impact of acquisition route on tissue-specific community formation
(I11)

In study I, I demonstrated that plant tissue is the main factor shaping the
endophytic bacterial communities. In study III, I examined how these tissue-
specific communities are formed, and tested two possible explanations for the
observed divergence. First, different plant tissues (niches) offer different
environment and different selective pressures for the bacteria: in leaves,
bacteria are exposed to oxidative and dynamic conditions (Delmotte et al. 2009),
while in the roots, the conditions are more stable, but microbes face high
competition pressure (Rosenblueth and Martinez-Romero 2006, Compant et al.
2010). Alternatively, the ability to colonize particular tissue might determine
tissue specificity of different bacteria: In the leaves, bacteria must be able to
cross the protective cuticle into leaf endosphere, while in the roots, bacteria
need to be able to penetrate the root outer layers and compete or co-exist with
other bacteria (Hallmann et al. 1997, Verma et al. 2004, Edwards et al. 2015,
Miiller et al. 2016). To test, whether the niche or the colonization ability impact
the assembly of tissue-specific communities, I inoculated micropropagated O.
digyna plants via leaves or via rhizosphere using bacterial consortia consisting
of endophytic isolates representing leaf- or root-specific taxa (leaf consortium or
root consortium). These bacterial strains were isolated from the same plants
used in study I (II) and were assigned tissue specificity by their enrichment in
root or leaf tissues. Bacterial consortia strains are listed in Table 1 and 2 (III). I
analyzed the community structures in the leaves and roots and tested the
impact of bacterial consortia used for the inoculation (leaf, root or leaf+root)
and inoculation route (via leaf or root) for community assembly.
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The leaf-specific taxa were detected in both leaf and root tissues when the
inoculation of the leaf-specific consortium was done via leaf. When the leaf-
specific consortium was inoculated together with the root-specific consortium
(leaf+root consortium), the leaf consortium members were able to colonize the
leaf endosphere only via leaf inoculation. The colonization of leaf-specific taxa
(in leaf consortium and leaf+root consortium inoculation) via root was not
efficient, as the isolates could not get into the leaves. Based on this result, the
leaf-specific endophytic community members seem to colonize the plant via
phyllosphere, and are likely originate from air, aerosols, or insects, but not
easily colonize leaves from the rhizosphere via plant root tissues. One of the
leaf-specific isolates used in the leaf consortium, Sphingomonas sp. (JWL29), is
closely related to Sphingomonas sp. isolated from cloud water at puy de Dome,
France (1465 m.a.s.l), suggesting possible acquisition from rain. With scanning
electron microscopy (SEM), I found Sphingomonas sp. on the O. digyna
phyllosphere mainly clustered around secretory trichomes (Fig. 12). Plant leaf
secretion can attract these bacteria, specialized at utilizing plant secondary
metabolize on leaf surfaces, where they can gain entrance to the internal tissues
via stomata located nearby (Vorholt 2012). Sphingomonas spp. are frequently
found in O. digyna samples, and are highly enriched in the leaves, especially in
the wild plants (I, Kumar et al. 2017, Kumar et al. unpublished). The genus
Sphingomonas is frequently found as an epiphyte, carried by wind, rain, and
clouds (Mano et al. 2007, Vaitilingom et al. 2012, Dees et al. 2015). Taken
together, this information supports our finding that the acquisition of some
members of the leaf-specific community, at least Sphingomonas sp., was likely
restricted to the leaf.
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FIGURE 12  Sphingomonas sp. on secretory trichome of the leaf of O. digyna, observed by
SEM. Bar: 10 um. Photographed by Cindy Given and Riitta Nissinen.
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In contrast, the root-specific bacterial taxa, either inoculated just as root
consortium or as the leaf+root consortium, were detected significantly enriched
in the roots, regardless of the inoculation route. Root isolates were considered a
strong root colonizer even with the leaf inoculation, especially J5H36, identified
as unclassified Microbacteriaceae.

Based on my results, different factors limit the assembly of tissue-specific
communities in different tissues, plant niche in the leaves and colonization
ability in the roots. The root-specific community was not restricted by the
colonization pathway indicating the role of plant niche in determining the
assembly of root endophytic bacterial community - the bacteria in root
consortium were robust colonizers and competitors, as expected, but were
likely not equipped for long term survival in the leaf tissue. In contrast, the leaf-
specific consortium members were unable to reach leaf tissues via root
inoculation, suggesting the ability to colonize the rhizosphere and root, and
compete with other endophytes are the main factors limiting the assembly of
the leaf endophytic bacterial community.

Bai et al. (2015) reported that the synthetic communities consisting of leaf-
derived isolates and root+soil-derived isolates could colonize both their
respective plant tissue (cognate tissue) and in the other tissue (ectopic) in A.
thaliana. Similarly, in my study, the leaf- and root-specific consortia were
detected in their respective tissues after the inoculation, and the ectopic
colonization was also found in some of the leaf and root isolates.

3.2.2 Impact on the resident endophytic community (III)

The plant material used in the experiments was prepared from surface-
sterilized seeds and maintained under aseptic conditions. However, I did detect
endophytic bacteria in the uninoculated micropropagated plants used as the
negative control (III). Several of the OTUs detected showed 100% identity to
bacterial strains used in the consortia (III). These OTUs were also identical with
the OTUs detected in the starter plants in the study I. Moreover, the data from
study I showed that the majority (82.5%) of the OTUs detected in starter plants
were shared with all plant groups including wild plants. Taken together, the
bacteria detected in the micropropagated control plants were tightly associated
with O. digyna. This resident endophytic bacterial community detected had low
diversity, was present at very low abundances, and was not readily culturable,
as most test isolations from tissue culture plants yielded no colonies (Nissinen,
personal communication).

Similar to our findings, the endophytic bacteria found to be colonizing
tissue culture plants has also been reported for many other plant species
(Partida-Martinez and Heil 2011, Esposito-Polesi et al. 2015, Orlikowska et al.
2017). These bacteria detected in tissue-culture plants should no longer be
considered as contaminants as they are found to be tightly associated with the
plants (Abreu-Tarazi et al. 2010, Lucero et al. 2011, Quambusch et al. 2016),
sometimes providing benefits to the tissue culture plants (Quambusch et al.
2014, Orlikowska et al. 2017).
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I found that the inoculation of our experimental consortia strongly
impacted the resident endophyte community structures (III, Fig. 3c-3e).
Similarly, Wagner et al. (2016) reported, that acquisition of endophytic bacteria
from the soil resulted in the change of the resident endophytic bacterial
community, especially in the roots of the tested plants, B. stricta. Oliveira et al.
(2017) also showed that the inoculation of Pseudomonas sp. strain SPN31 could
influence the diversity of the endophytic bacterial community in Halimione
portulacoides. Additionally, Ardanov et al. (2016) showed that the bacterial
inoculation induced the shift in the endophytic bacterial community structure
of potato (Solanum tuberosum L.).

Sediminibacterium sp. was highly dominant in the leaves of our control
plants (IIT). When plants were inoculated via leaves, regardless of the bacterial
consortium used, Sphingomonas sp. replaced Sediminibacterium sp. in the leaf
communities, and the relative abundance of Sediminibacterium sp. decreased to
near zero. This negative correlation may result from direct antagonism or could
be via plant signaling as shown by Innerebner et al. (2011) where Sphingomonas
sp. had a role in the defense mechanism diminishing the growth of pathogen
Pseudomonas syringae pv. tomato DC3000 in A. thaliana. However, the
suppression of the disease was only obtained by the plant-colonizing
Sphingomonas sp. and not by Sphingomonas strains isolated from air, water, or
dust (Innerebner et al. 2011) which suggests that plants can distinguish plant-
associated bacteria from pathogenic or other bacteria in the surrounding
environments, possibly via a signaling pathway that involves the bacterial
invasive molecules, e.g., microbe-associated molecular patterns (MAMPs).

3.3 Functional diversity of the endophytic community in Oxyria
digyna does not follow the taxonomic diversity (II)

In study II, I asked if the functional profiles of the endophytic bacterial
communities show tissue-specificity, like their taxonomic profiles were shown
to do (I). To address this, I analyzed the functional diversity of the culturable
endophytic bacteria isolated from the leaves and roots isolated of the same
plants I used for the molecular community analyses in the study I. As standard
isolation medium (R2A, pH 6.5) was used for isolation, only a part of the total
community was captured in the culture collection. Taxonomically, the isolate
collection was dominated by Proteobacteria.

High proportion of the isolate collection from the leaves were positive for
solubilization of organic and inorganic phosphate. The result was unexpected,
especially with inorganic phosphate, since the plant phosphorus uptake mainly
occurs in the roots, and endophytic bacteria are postulated to contribute to
phosphate mobilization. In contrast to our study, Croes et al. (2015) found that
the inorganic phosphate solubilizing endophytic bacteria were predominantly
present in the roots of field-grown Brassica napus L. The ability to solubilize
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organic phosphate was more prominent among the leaf isolates from both plant
groups (bait and wild plants) than among the root isolates. Phytate or phytic
acid (inositol hexaphosphate) is the major storage form of phosphates in the
seeds and functions as the energy stores for the germination of seeds (Reddy et
al. 1982), and phytase enzyme is important in the seed germination (Asada et al.
1970). Poosakkannu et al. (2015) showed that the great majority (92%) of
endophytic bacteria isolated from seeds of Deschampsia flexuosa, especially
bacteria in genus Pseudomonas (P. graminis), were able to solubilize organic
phosphate. Pseudomonas sp. with the ability to solubilize both organic and
inorganic phosphate were also found in our isolate collections from both leaves
and roots. In addition to seeds, phytic acid is also present in some green leaves
(Hadi Alkarawi and Zotz 2014), and could explain the abundance of phytate
solubilization activity among our O. digyna leaf isolates.

Ability to degrade starch (amylase activity) was more common among the
root isolates than in the leaf isolates from both bait and wild plants. High levels
of starch and sugars have been detected in the roots of O. digyna at the
beginning and the end of the growing season (Russell 1948). Due to the short
growing season in the Arctic, and the annual leaves in O. digyna, rapid
development in early spring depends on the large reserves of carbohydrate
(stored as starch) in the roots before the plants can photosynthesize. Thus, the
starch hydrolysis ability among the root isolates could be the adaptation to
plant niche.

Unlike the amylase activity and solubilization of organic and inorganic
phosphate, cellulose degradation had different tissue-specificity in bait plants
and wild plants. Cellulolytic activity was more common among root isolates of
wild plants (42.8%) than leaf isolates (20%) while it was slightly more common
among leaf isolates of bait plants (33.3% of the isolates) than root isolates (26.5%
of the isolates) (II, Fig. 4). Nitrogen fixation was more common among isolates
from wild plants, in particular from wild plant leaf sample, than among bait
plant isolates. Micropropagated plants have been provided with all the
macronutrients and trace elements crucial for the growth of plants, resulting in
altered nutrition dynamic as the leaves become major carbon reserve with
limited photosynthetic capacity and roots become non-functional in the in vitro
plants (Abreu-Tarazi et al. 2010). This could also be the case in our bait plants
and would explain the functional difference between bait and wild plant
isolates. Both our study and Abreu-Tarazi et al. (2010) use the same half
strength MS medium (Murashige and Skoog 1962) containing 3% (w/v) sucrose
for micropropagated plants. The wild plants, on the other hand, grow in
nutrient poor environment. The wild plants in the Arctic have a short growing
season (80-100 days) where the leaves are produced annually before senescing
at the end of the growing season and survive as rhizomes along with the roots
in winter. Even though the micropropagated bait plants were later transplanted
into the field, the difference in the physiology and growing condition, between
bait and wild plants might influence the difference in the functional profiles
between plant types rather than between tissues.
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Bai et al. (2015) reported findings similar to ours, based on genomic
sequencing of endophyte bacterial isolate collections from leaves and roots of A.
thaliana: Plant tissue was the major factor shaping the taxonomic structures of
the endophytic bacterial communities, but the functional diversity was weakly
affiliated with the tissues. Further, no clear separation of the functional traits of
bacteria was detected based on the niche (leaf, root or soil), suggesting shared
or overlapping core functions of the (currently known) endophytic bacterial
communities (Bai et al. 2015).

The growth profiles measured at three temperatures were drastically
different between bait and wild plant isolates, with no distinction of the host
tissue. All bait plant isolates were able to grow at 37°C compared to only 23% of
the wild plant isolates. On the other hand, 88% of the isolates from wild plants
grew at 4°C while 55% of the bait plant isolates could grow well at 4°C. The
difference in the growth temperature profile could result from the selection of
endophytic bacteria by bait plants. The isolates obtained from wild plants that
grew nearby did not show a similar growth profile. Therefore, it was highly
unlikely the bait plants may have selected the mesophilic bacteria (optimum
growth between 20°C and 37°C) after they were transplanted in the field. These
mesophilic bacteria may have been acquired when the bait plants were
acclimatized in the greenhouse in Kuopio before being transplanted in the field.
Another possible explanation is that they are part of the resident bacterial
community of the micropropagated plants. This minimal bacterial community
survived through the micropropagation and was maintained with the plantlets
in a culture medium under an optimal condition (21°C) for several years,
gradually adapting to higher temperatures. The last explanation is also
supported by observations of conserved resident community detected in plants
by molecular methods (I and III).

The difference in the growth temperature profiles also correlated with the
phylogeny of the isolates. Although wild and bait plant isolates were closely
related, on the fine phylogenetic scale, 80% of wild plant isolates showed
highest sequence similarity (98-100%) to bacterial isolates from other cold
environments including glacier, polar seas, subnival plants, and cryoconite
holes, based on the 16S rRNA sequence alignments against public database
(RDP) sequences. Sheng et al. (2011) reported that, among the isolates retrieved
from alpine-subnival plants of the Tianshan Mountains, 46.4% of the isolates
were highly similar to the bacteria from other cold environments. Nissinen et al.
(2012) also reported that 40% of the isolates from three arctic plants were most
closely related to bacterial strains from other cold environments. These
consistent findings indicate the presence of the plant-associated bacterial
lineages endemic to the cold climates.

The results from this study also demonstrate the limitations of current,
widely used molecular approaches for community characterization of
prokaryotes. Most of the OTUs (clustered at 97% sequence identity) in study I
were shared between bait and wild plants. However, analysis of isolate
collection from the same samples revealed that these OTUs consisted of several
different bacterial species (II). For example, in study I, two OTUs representing
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genus Pseudomonas were detected, both being present in leaf as well as root
samples of both bait and wild plants (I). However, sequencing of the isolate
collection from the same plants resulted in 22 unique Pseudomonas isolates,
which clearly clustered into two separate, tissue-specific clusters. The leaf-
specific pseudomonads showed higher nitrogen fixation ability when compared
to the root-specific pseudomonads (II, Fig. 5). Moreover, I also found a
difference in the growth temperature between pseudomonads isolated from
bait plants and wild plants where all the bait plant pseudomonas grew at 37°C,
but only 15% of wild plant pseudomonads grew at that temperature. As such,
the use of a polyphasic approach gives many advantages, as more in-depth
information regarding the endophytic bacterial communities of the plants and
their functions might be revealed by combining methods of molecular and
culturable bacterial analysis.

3.4 Impact of the endophytic bacteria on the plant phenotype (III
and IV)

As endophytic communities in different tissues of O. digyna were taxonomically
distinct, I could hypothesize, that they would have a divergent impact on plant
phenotype. I tested this hypothesis in studies III and IV, using plant tissue-
specific endophytic consortia (leaf- or root-specific (III and IV), or combination
of both, described in study III), both under ambient (III) and elevated
temperatures (III and IV).

Inoculation of the plants with endophytic bacterial consortia, regardless of
the consortium type and inoculation route, increased the rate of photosynthesis
compared to uninoculated control plants (III, Fig. 5). Inoculation of combined
leaf+root consortia increased the root dry weight, total biomass, and root-shoot
ratio, significantly (III, Fig. 4b - 4d). Moreover, all consortia treatments
impacted the root morphology, as the treated plants had denser and bigger
roots with a thicker mucous layer on the root surfaces than the control plants
(IV, Fig. 1 and 2). Similar impacts were reported by Marcos et al. (2016), who
observed, that inoculation of sugarcane plants with bacterial consortium
improved the photosynthesis and nitrate reduction rate in plants, and also
changed plant morphology, but did not impact the shoot and root dry weight.
However, Mishra and Sundari (2015) reported a significant increase in total
biomass and shoot dry weight of Sorghum bicolor after inoculation with a
mixture of plant growth promoting bacteria, in contrast with our and Marcos et
al. (2016) results.

When O. digyna plants in study IV were exposed to temperatures between
30°C and 42°C for 48 hours, the majority of the plants died immediately. None
of the control plants or plants inoculated with root consortia (RC) or with
individual root consortia isolates survived. In contrast, the plants inoculated
with leaf consortium (LC) or with of individual leaf consortium isolates (isolates
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JWL5 (Pseudomonas sp.), JWL15 (unclassified Pseudomonadaceae), JWL29
(Sphingomonas sp.), JWL33-3 (Janthinobacterium), JBL9O (Paenibacillus sp.), or JBL14
(Sphingomonas sp.)) survived the severe heat stress (IV, Fig. 3). Possible
explanation for this phenomenon is by linking to what is known from study II
and III. The bait plant isolates (JBL) can grow well at 37°C but not the wild plant
isolates (JWL) (II). I also perceived that the inoculation of consortia had a strong
impact on the resident community in our micropropagated plant (III). Hence, I
speculate that the increased survival of the plants inoculated with leaf
consortium (members) may be due to the impact of the inoculation on the plant
resident community, either by the effect on plant hormone production or
directly on the endophytic community. Similar phenomenon of increased plant
fithess by the change in endophyte community structure after bacterial
inoculation was reported for potato by Ardanov et al. (2016). It was also
possible that these endophytic bacteria prime the plants for several abiotic
stressors as has been reported for cold, salinity and drought (Hardoim et al.
2012, Daffonchio et al. 2015). Analysis of functional potential of A. thaliana
endophytes by whole-genome sequencing (Bai et al. 2015) revealed that
bacterial families differ in their functional diversity: Family Microbacteriaceae
was functionally least diverse while Pseudomonadaceae and Oxalobacteraceae
showed highest functional heterogeneity. In relation to this, both our leaf and
root consortia had Pseudomonas spp. isolates, which may have diverse
functional traits. The leaf cluster pseudomonads may possess the ability of
plant protection under severe heat stress while the root pseudomonads may
not. Further study is required to confirm these results. Furthermore, the
molecular analysis to investigate if plants select a different set of bacteria
according to different stresses and the possible functional traits based on their
genomes might provide more information on the function of the endophytic
bacteria under various stresses. In the present scenario of global warming and
shifting weather patterns, heat stress is considered important to the Arctic plant
species, but also for global agriculture.

3.5 Endophytic bacteria conserved to Oxyria digyna (I, II, and III)

Endophytic bacteria associated with O. digyna have been studied since 2012
(Nissinen et al. 2012), and since then, biogeography, community structure,
assembly, and functions have been addressed in various studies. In addition to
molecular data (Nissinen ef al. 2012, Kumar et al. 2017, Studies I, and III in this
thesis), endophytic bacteria have been systemically isolated from the leaves,
roots and seeds of O. digyna in different geographical locations (Nissinen et al.
2012, Study II in this thesis, Nissinen, pers. comm., Given et al. unpublished).
Cross-comparison of all these data reveals several bacterial species that are
consistently associated with O. digyna. These highly conserved endophytes
represent bacterial genera Microbacterium, Sphingomonas, Pseudomonas, and
bacterial families Comamonadaceae and Oxalobacteraceae (Table 2).
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OTUs classified as Janthinobacterium (Oxalobacteraceae), and unclassified
Comamonadaceae have been identified as members of highly conserved core
community of O. digyna, associated with the host plant in three climatic regions
(Kilpisjarvi; low Arctic, Svalbard; high Arctic, and Mayrhofen; European Alps,
Kumar et al. 2017). In our study, OTUs and isolates classified as members of
family Oxalobacteraceae including genera Janthinobacterium, Herbaspirillium,
Rugamonas and Duganella, a group of unclassified Oxalobacteraceae were
detected in the leaves, roots (I, III), as well as in the seeds and seedlings of O.
digyna. Detection of these bacteria in the seeds indicates vertical transmission of
these endophytes via seeds. Several Oxalobacteraceae isolates were able to
mobilize organic and inorganic phosphate and were positive in the nitrogen
tixation test (II). These properties could be highly beneficial for O. digyna, which
as a pioneer plant species, is able to colonize very low nutrient soils. Seed
association of these endophytes could enhance seedling establishment in the
low nutrient soils in the Arctic (Truyens et al. 2015), similar to phosphate
solubilizing diazotrophic bacteria in the seeds of cardon cactus (Pachycereus
pringlei) (Puente et al. 2009), also a pioneer plant species.
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4 CONCLUSIONS

Plant tissue type was found to be the main factor shaping the taxonomic
structures of endophytic bacterial communities (I and III) in Oxyria digyna, with
distinct bacterial taxa enriched in the leaves and the roots. Functional profiles of
the isolates, however, did not correlate with plant tissues, but rather with the
plant type (bait plant or wild plant) (II). This suggests that tissue is a strong
determinant of the community composition but is not necessarily a determinant
for the functions of bacteria that occupy these niches. The co-adaptation of
bacteria and their host plants under different conditions might be the driver of
the difference between the functional profiles of endophytic isolates in different
plant types. Furthermore, the co-adaptation might also explain the finding that
taxonomically highly similar bacteria, but with different functional profiles and
growth temperature requirements were observed in different plant groups (II).
These findings demonstrate the limitation of the purely DNA-based next-
generation sequencing approach and demonstrate that multiphasic approach is a
more suitable choice for studies on plant-microbe interactions.

Experiments with endophytic bacterial consortia demonstrated, that even
though the composition and functional profiles of consortia from different tissues
did differ, all consortia types resulted in similar plant-growth promotion when
compared to the controls (III). However, small but significant differences in
morphology (under both ambient conditions (III) and under heat stress (IV))
were detected between leaf consortia- and root consortia-treated plants. Thus, it
appears that, through the plant's recognition of the beneficial bacteria, possibly
via microbe-associated molecular patterns (MAMPs), the interactions between
plants and beneficial microbes commonly result in plant-growth promotion
disregarding the origin of bacteria and the functions of individual bacteria.
Alternatively, it is possible that the bacteria in the consortia used in this thesis
share important functions, which were not measured in this study.

Inoculation of plants with bacterial consortia shaped the resident microbial
community in the plants (III). This indicates that, in addition to plant-microbe
interactions, we should also regard microbe-microbe interactions when seeking
explanations to plant phenotype modification by microbial treatments.
Reshaping of the resident endophytic community by microbial inoculation could
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explain the survival of the plants inoculated with the leaf consortium and the
individual leaf-specific endophytic isolates under the severe heat stress (IV).
Plant-microbe and microbe-microbe interactions are dynamic and constantly
shaped by plant metabolism, reflecting the environmental conditions the plant is
challenged with. The change in the structure of the endophytic bacterial
community may affect the functioning, possibly via the signals of both parties.

In respect to the changes in the endophytic bacterial community
composition, the root communities of O. digyna were more dynamic, and the
microbial succession was evident, while the leaf communities were stable and
showed very little structural changes during the experiment (I). The factors
governing the leaf and root endophytic bacterial community assembly were
different in different tissues: Plant niche seemed to be the major factor shaping
the assembly of the root-associated endophytic bacterial community, as the
bacteria were able to colonize their target tissue, regardless whether they were
acquired via leaves or roots (III). In contrast, the leaf-specific endophytes were
able to reach their target tissue only if they were acquired via leaves, suggesting
that competition or colonization potential determined the establishment of these
bacteria in plants.

This study also detected several endophytic bacterial taxa that were highly
conserved in O. digyna, including isolates representing bacterial family
Oxalobacteraceae and genus Sphingomonas. The endophytic bacteria from wild O.
digyna were most closely related to bacteria from other cold climates, supporting
the existence of plant-associated bacterial lineages endemic to cold climates.
These bacteria could offer a source for novel and diverse secondary metabolic
products functional at low temperatures.

The findings of the co-adaptation of plant and its associated bacteria to cold
climates, and the highly conserved core endophytic bacterial community in O.
digyna detected in this study, collectively support the holobiont theory, where
plant and its microbiome are considered as a co-evolving meta-organism (Zilber-
Rosenberg and Rosenberg 2008, Rosenberg et al. 2016).
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FIGURE13  Summary of the findings on the endophytic bacterial community structures,
the acquisition and the functional profiles from the endophytic bacteria
isolated from leaves and roots of bait and wild plants of O. digyna. Roman
letters I, II, I1I, and IV indicate the respective manuscript numbers.
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