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Chapter 1

Origin and evolution of arctic plants
During the Pleistocene (ca 2.5-0.01 million years before present, a period of
repeated glaciations), the circumpolar flora only consisted of about 1,500
species of vascular plants. Plants that survived the advancing and retreating
glacial fronts from the Arctic and Alpine regions mixed and migrated back and
forth in this period, forming the bulk of the arcto-alpine flora we have today
(Quinn, 2008b). Alsos et al. (2007) illustrated that most plant species in the
high-Arctic (Spitsbergen) are indeed cold-adapted, being dispersed from
surrounding continents on several occasions. Through phylogenetic analyses of
!
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Unlike plants and animals, microorganisms are assumed to be cosmopolitan
and so they can be found globally across habitats like soils, sediments, lakes
and the sea (Hanson et al., 2012). With respect to this, a range of studies have
reported endemism in bacteria and fungi, where some taxa are restricted to a
distinct habitat (Allen et al., 1995; Lindström and Langenheder, 2012; Oakley
et al., 2010). This has been mainly found for, e.g., some extreme environments
like hot springs (Bahl et al., 2011; Papke et al., 2003; Takacs-Vesbach et al.,
2008; Whitaker et al., 2003). Microbial life in extreme conditions, such as the
extremes of temperature, is indeed challenging. With respect to low
temperatures, polar regions appear to act as an effective filter that limits
colonization of the habitat (Brinkmeyer and Knittel, 2003; Cowan et al., 2014;
Cox et al., 2016). Due to their large population sizes, immense phenotypic and
genotypic variation, diminutive extinction and high dispersal rates, microbes
follow very particular population structuring c.q. biological diversification
patterns (Gerstein and Moore, 2011; Kirk et al., 2004). Thus, Fierer and
Lennon (2011) suggested that the physiology, life history and ecology of most
microbial taxa – even numerically dominant ones - are still understudied and
thus remain poorly understood. This is especially true for cold regions such as
the Arctic and alpine regions.
Furthermore, the interactions of microbes with plants in arctic and also
alpine regions constitute a key ecological phenomenon that has been
unexplored. Endophytic bacteria and fungi are ubiquitous in plants (Berg et al.,
2014; Elvira-Recuenco and Vuurde, 2011; Hallmann et al., 1997), but the
assembly, structure and function of endosphere communities have so far
mainly been studied in agricultural plant species or in model plant systems in
artificial settings (Badri et al., 2009; Bulgarelli et al., 2013; Compant et al., 2010;
Zhang et al., 2006). The factors governing the assembly of the microbiota
associated with perennial wild plants in the low temperature and low nutrient
soils, such as prevalent in the Arctic, might differ greatly from those of wellfertilized crop plants, as discussed below.
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plastid DNA, Wang et al. (2016) then illustrated the origin and circum-arctic
distribution of the pioneer arctic plant Oxyria digyna, which originated from the
Qinghai-Tibet plateau. They postulated that several arctic plants indeed
originated in the high mountains of Asia and later spread to the rest of the
world. Open landscapes, strong winds and extensive snow (and ice) covers
possibly aided in the dispersal of these plants that were or became well adapted
to such conditions. The arctic pioneer plant Dryas octopetala was found to move
along retreating glaciers during the late quaternary (between the last interglacial
and glacial period) across Europe, as evidenced by studying plant fossils (Birks,
2008). This general pattern has also been found for other arctic and alpine
plants (Quinn, 2008b).

4

Plant adaptive responses to cold environments
Arcto-alpine plants have to withstand stressful environments that are
characterized by low temperature, low nutrient availability, severe drought,
short growth season (3-4 months) and extremes of atmospheric and soil
moisture levels (Billings and Mooney, 1968; Kume et al., 1999; Quinn, 2008b).
All of these factors limit plant growth. To overcome the stress posed by these
varied factors, plants adapt by various strategies. First, a general reduction of
plant size, as clearly observed from the tenet that plant size decreases with
increasing altitude/latitude in the Northern hemisphere. Plants in extreme
polar desert habitats only measure about 5-10 cm (Quinn, 2008a). Second,
plants in these habitats reveal stress-adaptive growth forms like chamaephytes
(plants that hold regenerating buds above the soil level), hemicryptophytes
(hold buds at the surface), rosettes (prevent frost damage), cushion forms
(maintain temperature raised inside the plants), prostrate shrubs and tussocks
(Körner, 2003; Larcher et al., 2010). Furthermore, the allocation of nutrients
among different plant parts and their physiological hardening has been
observed to prevent frost damage (Margesin et al., 2007; Smallwood and
Bowles, 2002). Third, plants secrete the red anthocyanin, especially during the
beginning and end of the growth season and convert light to heat when
temperatures are low. These anthocyanins are masked by chlorophyll during
the summer season. During winter, a majority of arctic plants also synthesize
“antifreeze” compounds to protect the tissues from freezing (Quinn, 2008c).
Fourth, plants also strictly ‘select’ their microhabitat for growth. Thus Silene
acaulis, a cushion-forming plant, is usually observed growing at exposed ridges.
Finally, reproductive strategies - like high germination rates, early flowering
and ability of seeds to survive over winter - along with a dominantly vegetative
propagation modus, a low optimal temperature for photosynthesis and a
strategic allocation of captured sunlight are other key adaptation strategies of
arcto-alpine plants.
!

Plant–microbe interactions
Microorganisms (bacteria and fungi) have been living in the Earth’s surface
layers for over several billions of years. Ever since the (later) emergence of
land plants, both beneficial and detrimental interactions with the resident
!
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Why study arcto-alpine plant-microbe interactions?
Approximately 5.7 X 106 km2 of the surface of Earth are covered by Arctic
regions (Derry and Staddon, 1999), and the arctic habitat is predicted to
experience major shifts in vegetation, with potential extinctions of flora and
fauna (IPCC 2007). Sturm et al. (2001) reported a progressive (past) increase
over time in the dominance of certain shrubs in the Arctic, by comparing
photographs of Arctic regions taken with 50-year intervals. The fact that these
shrubs displayed a positive response to warming indicated global warming as
the cause.
The overall rise in temperature due to global warming is troublesome
for the arctic region, as soil defrosting may result in as-yet unpredictable
changes in carbon release and storage patterns. Thus, the natural ecosystem in
the Arctic may also show potentially undesirable changes in soil nutrient
mineralization by the local microbial communities (Zinger et al., 2009). Major
questions are on the availability of carbon from thawing permafrost soils, the
decomposition rates, the availability of nitrogen, phosphorus and sulfur, and
on whether an ecological niche is created on which the emerging plants will
rely for their growth and survival (Kirk et al., 2004). A detailed study of
microbial functions in arctic/alpine soils is thus needed (Derry and Staddon,
1999).
It is unknown to what extent the aforementioned plant adaptations
have affected their interactions with plant-associated microbes. However, it
may be assumed that varying interactions, with bearing on plant fitness, may
have ensued. For instance, the release of organic compounds by plant roots
likely assists in spurring the abundance and diversity of bacteria in the
rhizosphere, as compared to those in the corresponding soils (Derry and
Staddon, 1999; Tam et al., 2001). In spite of the fact that we currently dispose
of a large body of knowledge on the strategies used by temperate-climate plant
species to direct, deal with, and potentially make use of, their associated
microbiomes, those used by arctic/alpine plants are still largely unknown.
Hence, it is important to study the interactions of local microbiomes with
these pioneer plant species and their role in the establishment of plants in the
new habitats. Hereunder, I briefly discuss plant-microbe interactions from a
theoretical perspective, with special emphasis on those specific for the
arctic/alpine regions.
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microbiomes have emerged (Zhang et al., 2006). In theoretical terms, the
plant-microbe interactions are differentiated into the following classes:
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Symbiosis – as an example, nodulation or mycorrhization of plant parts
by bacteria (in particular rhizobia) or fungi
Commensal (epiphytic or endophytic) presence – plant tissues can carry
bacterial or fungal cells at their surface or within, without any apparent
harm
Pathogenicity – particular bacteria and/or fungi can infest plants and
cause plant disease
Of crucial importance is the fact that specialized fungi interact with
plants by forming symbiotic relationships named “mycorrhizae”. About 90%
of all vascular plant species, including forest trees, crops, grass and tundra
plants can form different symbiotic relationships with fungi; i.e.,
ectomycorrhizal (EM), ericoid mycorrhizal (ECM) and arbuscular mycorrhizal
(AM) (Bonfante and Genre, 2010). The ability to interact with fungi is
considered to be important for plants in most, if not all, of the ecosystems
(Kytöviita 2005). Nutrient acquisition, solubilization of nutrients and minerals,
stress tolerance, N and P mobilization and resistance towards plant pathogens
are significant benefits provided by mycorrhizae to plants (Finlay, 2007, 2008).
Likewise, host plants are necessary for the growth and reproduction of many
of the mycorrhiza-forming fungal species (Bonfante and Genre, 2010).
In addition to these associations with clear ecological outcomes, soil
bacteria and fungi can also interact with plants yielding less well defined
effects, which can be of slightly deleterious, neutral or beneficial nature (Van
Elsas et al., 2007).
What connects all of the above interactions is the fact that any
successful interaction establishes in phases. To these, a prior phase of
recognition and attraction of the microbial partner is primordial. This first
interactive phase commonly takes place in the rhizosphere, i.e. the soil
surrounding the roots of plants. The microbial communities in soil are
attracted to root-exuded compounds, i.e. sugars, amino acids, organic acids,
sterols, proteins and/or secondary metabolites. Using such molecules as
chemoattractants, they can thus colonize the rhizosphere and rhizoplane (Badri
et al., 2009; Compant et al., 2010; Sørensen and Sessitsch, 2007). Some bacteria
and fungi from the rhizosphere can subsequently further colonize and invade
plant tissues and get established as endophytes. Thus, plants can be thought of
selectively attracting and repelling microbes first into their rhizospheres and
then placing strong filters on the ones that are admitted to become endophytic.
Although it is attractive to state that the resultant plant-associated
microbes can support the colonization of plants in soils that pose harsh
!

Colonization of land by arctic/alpine plants - an invisible help
Arcto-alpine pioneer plants can grow in extremely challenging conditions, for
instance in cold rocky areas along receding glaciers. Usually, the soil/moraine
forefields of such areas are low in sources of C and N, and they are initially
vegetation-free (Miniaci et al., 2007). A logical hypothesis is that local
!
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conditions, there is actually only scarce evidence for this tenet when it comes
to arctic/alpine plants. Granted, such effects have been revealed in soils with
low nutrients, pH or high metal toxicity (Bradley et al., 1981; Mapelli et al.,
2011; Sousa et al., 2014). Furthermore, there is extensive knowledge pointing
to the fact that specific micro-organisms can provide resistance to plants
against plant pathogens, either by outcompeting these or by antagonizing
them, and also assist plants in their tolerance to conditions of drought (Miniaci
et al. 2007; Hardoim et al. 2008; Compant et al. 2010; Zhang et al. 2006;
Sessitsch & Howieson 2002). However, again, we lack knowledge on all of
these facets of plant microbiomes for arctic/alpine soils.
We currently know that virtually all plants on Earth harbor
microbiomes, that are often partially rhizospheric, partially endophytic (living
in the endosphere) (Tan and Zou, 2001). Thus, microbial cells have been
found to dwell in the roots, stems, flowers, fruits, tubers, bark and even seeds
of diverse plants (Hardoim et al., 2012; Müller et al., 2015; Zhang et al., 2006).
Moreover, plants may even ‘select’ their own microbiome from soil via roots
secreting signaling molecules (Yergeau et al., 2007). Duineveld et al. (1998),
using a direct molecular method, first revealed that plants influence the
microbiome of their rhizosphere. Then, Smalla et al. (2001) indicated that
different plants attract a different microbiome for the same soil. Moreover,
Bragazza et al. (2012) showed that plants [in peat lands] can affect the
functioning of the soil microbial communities. These microbial communities
differed based upon the plant species, plant physiology and even between
different plant parts. Thus, a vision has developed of plants creating specific
ecological niches that, consequently, select specific microbial species (Garbeva
et al., 2004; Yergeau et al., 2007).
As discussed above, the interactions of plants with microorganisms
may give benefits of different kinds to the plant. Moreover, these plantmicrobial associations were also observed in perennial trees, herbaceous plants
and arctic tundra (Nissinen et al., 2012). Thus, we currently face a situation of
emerging evidence for a strong role of microbiomes in the ecology of a range
of temperate climate plants, versus a general paucity of knowledge on the
diversity, community composition and role of microbiomes in arctic and alpine
plants.
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microbiomes can offer (ecophysiological) help to pioneer plant species.
Indeed, a study on bio-weathering of recently deglaciated moraine soils at the
Midre Lovénbreen glacier in Svalbard in High Arctic illustrated the role of
bacteria in soil formation (Mapelli et al., 2011). Bacteria with high phylogenetic
diversity able to drive key biogeochemical processes were shown to play key
roles in C and N inputs in these soils. This microbial nutrient deposition
contributes to soil fertility, thus assisting early ecosystem development (Mapelli
et al., 2011; Nemergut et al., 2007). There is a feedback mechanism as well, as
Miniaci et al. (2007), from their studies in alpine glacier forefields, concluded
that vegetation patches in the glacier forefield increased microbial activities and
biomass. This clearly affected the plants, as a possible payback. However, we
know very little about the ecological importance of this “invisible help” and
need more detailed studies to understand the role of these early colonizers in
ecosystem development. In the upcoming years, freshly deglaciated soils may
become hot spots for colonization by plants due to rising local temperatures.
Plant–microbe interactions may then play pivotal roles in these events. Several
plant factors, like stress tolerance, uptake and processing of nitrogen and
phosphorus, survival, early colonization, dispersal by seeds, slow growth rate
and survival may be affected or driven by plant-associated microbiomes. To
understand the key processes, we need to gather fundamental knowledge on
the microbial communities in such habitats and their effects on pioneer plant
species.
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The microbial diversity in arcto-alpine biomes
Bacteria - Several accounts (censi) of bacterial communities from different
arctic habitats, i.e. permafrost soils (Bakermans et al., 2014; Gittel et al., 2014;
Yergeau et al., 2010), cryoconite holes (Cameron et al., 2012; Edwards et al.,
2011, 2013) and tundra soils (Männistö et al., 2007; Neufeld and Mohn, 2005;
Schmidt and Bölter, 2002; Wallenstein et al., 2007), have been provided in
recent years. The similarities between the catalogues of 16S rRNA gene
sequences in soils from Finland and in Alaskan tundra soils have supported the
idea of a similar circumpolar distribution of bacteria (Männistö et al., 2007).
Likewise, Nissinen et al. (2012) reported that endophytic bacterial communities
from Kilpisjärvi, Finland, are host-plant-specific when observed at a high
taxonomic level. A tight association of specific Sphingomonas spp. with O. digyna
and Diapensia lapponica was observed. In contrast, a study of Antarctic
rhizosphere soil communities of Deschampsia antarctica and Colobanthus quitensis
revealed the occurrence of similar bacterial community structures and no
influence of plant species (Teixeira et al., 2010). However, in the latter case, the
bacterial communities in the respective bulk soils were found to be different
from those of the rhizosphere. The authors hypothesized that, even though
!
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vegetation influences the microbial communities, other factors such as
differential moisture content or freeze-thaw cycles might have exerted more
powerful effects (Teixeira et al., 2010).
Diazotrophic bacteria - Nitrogen (N) is considered to be a key limiting factor
for both microbial and plant growth in the Arctic tundra and hence the
diversity of diazotrophic communities from these (low nitrogen) soils has been
relatively well studied. Wallenstein et al. (2009) observed overall increases and
decreases in microbial enzyme activities with the presence and absence of soil
nitrogen, respectively. Subsequently, a series of N-addition experiments by
Sistla et al. (2012) revealed that microbial growth, enzyme synthesis and carbon
allocation in tussock tundra soils during the arctic summer are N-limited. A
study of a chronosequence along the forefield of the Damma glacier by
Brankatschk et al. (2011) reported a very low N content in soils from 10 to 70
years with scarce vegetation. Furthermore, they observed that potential Nfixation activity was undetectable, and denitrification and nitrification rates
were extremely low. The lowest nifH gene copy numbers were detected from
newly exposed 10-year old soils. In contrast, a densely plant-covered 120-year
old soil showed both higher enzyme activities and higher copy numbers of the
nifH, nirK and nirS genes. This suggested that plants had a strong bearing on
the microbial associations and an established increase of nitrification and
denitrification activities. A study by Nordin et al. (2004) reported that less than
1% of the experimentally added N was recovered from plants, whereas about
49% was recovered from the soil microbial biomass. The study explains that,
even though plants are capable of directly taking up added N (NH4+, NO3-,
amino acids), they compete poorly with microbes. Hence it is clear that
microbes constitute an integral part of plant growth in the N limited tundra
soils.
Fungi - It is known that the majority of plants in tropical and temperate
regions form mycorrhizal relationships in order to enhance their capacities to
obtain N and P compounds. In line with this, it has been estimated that 6186% of the plant nitrogen in the arctic tundra is furnished, from bound
nitrogen, by ECM and EM fungal communities, a value similar to that in
temperate climate regions (Hobbie and Hobbie, 2006). An early report by
Högberg (1997) already concluded that soil nitrogen uptake by nonmycorrhizal plants is less than that by mycorrhizal plants. However, the
possible dominance of non-mycorrhizal or low-mycorrhizal flora in the Arctic
environment is puzzling considering the importance of mycorrhizal symbioses
in comparable (nutrient poor) temperate-climate habitats (Kytöviita 2005).
Furthermore, very little is known about the role of mycorrhizae in the soil C
balance of the tundra ecosystem, in spite of the fact that it contains ca. 11% of
world’s C pool (Ludley and Robinson, 2008). The precise roles of mycorrhizae
!
!
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in the arctic tundra have not been extensively studied and there is very little
information about the types of symbioses and fungal adaptations to Arctic
conditions. The diversity of root-associated fungi in the arctic tundra has been
investigated in a pioneer study by Bjorbækmo et al. (2010). They found that a
total of 137 fungal OTUs, mostly representing ECM genera such as Cenococcum,
Cortinarius, Hebeloma, Inocybe and Tomentella were present in the root systems of
D. octopetala.
With respect to the soil microbiomes, Schadt et al. (2003) reported
seasonal variation in the fungal biomasses of tundra soils, with a maximum in
fungal activity during late winter under the snow. However, in case of AM
fungi, Kytöviita & Ruotsalainen (2007) suggested that the activity decreases
with lower temperature and host plants receive thus less benefit from the
symbiosis. Also, a decrease in temperature was the single most important
factor that limited mycorrhizal growth and colonization rates in the Arctic
(Ruotsalainen & Kytöviita 2004; Kytöviita 2005). In a different study by the
same group, an increase in temperature from 12 to 17˚C benefited the lowarctic host plants Potentilla crantzii and Rananculus acris with increased
mycorrhizal (AM) association, providing more nutrients (especially
phosphorus) (Kytöviita & Ruotsalainen 2007). It was hypothesized that the
rising temperature improves mycorrhizal performance, in turn providing more
nutrients to the host and thus supporting the persistence of cold-climate
meadow plants. Factors such as a change in temperature, soil moisture,
freezing-thawing, decomposition of organic polymers and phenolic
compounds, and availability of soil carbon, were behind these fungal
community shifts. However, the precise effects of each of these factors on the
microbial shifts were unclear.
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Sampling regions
Mayrhofen, Austria (European Alps)
The region above the tree-line over the snow-covered mountains (altitude ca.
3000m above sea level) is termed the alpine habitat. The European Alps
(43.25-48.25˚N, 4.25-16.25˚E) constitute a long mountain range in the south of
Europe, with the highest peaks reaching 4400 to 4800m above sea level (Casty
et al., 2005). The relatively short, snow-free growing season spans 3-4 months.
The regional climate is characterized by low temperatures (i.e. annual mean of
2-4˚C) and high precipitation rates by mainly snow. Its scarce vegetation
reflects the alpine and arctic tundra (Nemergut et al., 2005).
Kilpisjärvi, Finland (Low-Arctic)
Kilpisjärvi is located in the northernmost part of Finland, at the borders of
Finland, Sweden, and Norway (68˚N), 400 km north of Arctic Circle. Its flora
!

Plant species studied
Oxyria digyna and Saxifraga oppositifolia are among the key pioneer species in the
arcto-alpine soils, growing in low-nutrient tundra soils (usually along the rocky
patches or snow-melt areas), and were early colonizers of arctic and alpine
regions after the ice age. They grow in similar habitats and thrive in tree-less
rocky/fell/tundra habitats, but they differ in their mycorrhizal associations and
physiological characteristics. Our sampling sites from all the three regions were
located in the rocky areas with small soil pockets that held the target plants.
O. digyna (mountain sorrel) is a pioneer plant species and is common in the
arctic tundra, with distribution from the high Arctic (80°N. Spitsbergen,
Norway) to temperate and alpine habitats. O. digyna usually grows in cold,
moist habitats and typically colonizes arctic and alpine stream banks,
tallus/scree slopes, snow patches and rocky slopes, primarily those facing
north. It is also a typical pioneer species in glacier forelands (Robbins and
Matthews, 2009) and has been estimated to be one of the first plants to
colonize terrain left barren by retreating ice, for instance at the end of the last
ice age. O. digyna is a non-mycorrhizal plant species, but it is very successful in
colonizing novel habitats and establishing there, in spite of the limited
dispersal of its winged fruits (Marr et al., 2008). It is not just a transient pioneer
species, but establishes well in novel sites and forms part of the permanent
flora.
S. oppositifolia, a semi-woody cushion plant, is a long-lived perennial herb
with opposite scale-like leaves, attractive purple-colored flowers and a wide
circumpolar distribution. The distribution spans from Spitsbergen, Norway,
along Scandinavian Lapland all the way up to 83 °N in Greenland, the Siberian
!
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is dominated by mountain birch forest in the valleys and by tundra plant
species at higher elevations. The annual mean temperature is about -2.2°C,
with a plant growing season of ca. 90-100 days in the valleys. Kilpisjärvi is one
of the coldest places in continental Europe (Männistö et al., 2007).
Ny-Alesund, Svalbard (High-Arctic)
Spitsbergen (Norway) is part of an isolated archipelago located in the high
Arctic at 74-81°N; most of the land cover is dominated by glaciers and
permafrost layers, and the mean annual temperature is -4°C. The soil
temperatures have been reported to be below zero for more than 250 days per
year ranging from -6C to -25C (Coulson & Hodkinson 1995). Any biological
activity is restricted to less than 10% of the total land mass coupled with about
3 months of plant growing season. The Svalbard flora is dominated by tree-less
tundra and arcto-alpine plant species (Reigstad et al., 2011).
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and Canadian Arctic to the alpine regions of Europe, Asia and North America.
The habitat range even extends to the polar desert and several sites in Devon
Island, Canada. The leaves can tolerate extreme water stress (up to -55 bar in
lab) (Teeri, 1973). S. oppositifolia is one of the first plant species to colonize soil
after glacier retreat. It has also been selected for coordinated observations
within the International Tundra Experiment (Kume et al., 1999). It is an
ectomycorrizal species and its dispersal and reproduction is mainly by seeds.
Being one of the earliest flowering species (period of 8-9 days after snow melt)
among the arctic tundra makes it a strong contender to colonize newly
exposed unvegetated soils (Stenström and Molau, 1992).
Objective of this thesis
Given the fact that the diversity and factors shaping community structures of
plant-associated microbes in the Arctic are poorly known compared to those in
temperate climate regions, I decided to make an inventory of the factors (biotic
and abiotic) that determine the composition and diversity of soil- and plantassociated bacterial and fungal communities in selected arcto-alpine soils. A
key question was how and to what extent pioneer plant species in these
habitats make use of their associated microbiomes, and to what extent they
select these. Furthermore, I also addressed the diversity of diazotrophic
bacterial communities associated with the same plants in the N limited arctic
habitats.
To achieve these goals, I characterized the plant-associated microbial
diversities in two pioneer arctic plants with differing mycorrhizal association
and the soils associated with these plants. The selected plants, O. digyna (nonmycorrhizal) and S. oppositifolia (EM), are among the early colonizers of the
harsh soil habitats and prefer similar growth conditions (Figure 1). The
sampling took place in selected low-arctic (Kilpisjärvi, Finland), high-arctic
(Ny-Ålesund, Svalbard, Norway) and alpine (Innsbruck, Austria)
environments. I associated the local microbial community structures with
differences in location, climate, soil properties and plant species (Figure 1).
Furthermore, I addressed the putative role of these microbes in the nitrogen
cycle in order to shed light on the putative role in plant development.
Hypotheses
Chapter 1

Bacterial community structures and functioning in arctic and alpine
soils are highly influenced by geographic region, vegetation, pH and
soil chemical parameters.
Plant-associated endosphere and rhizosphere microbial communities
are selected from bulk soil communities.

12
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Endophytic bacterial diversity is primarily dependent on plant species,
indicating a strong selection by the plants.
Plants select species-specific communities from the soil microbiota in a
context (biogeographical zone)-dependent manner. The abundance and
diversity of bacterial communities do not correlate with latitude or
climate, but community structure does.
Nitrogen acquisition by plants in arctic soils is driven strongly by plantassociated bacteria, and, conversely, plants strongly shape the nitrogen
cycling communities.

!

!
Outline of the thesis
The aforementioned hypotheses were tested and answered in more detail in
the following chapters. The influence of geographic region on bulk soil
microbiomes was assessed in chapters 2, 3, 4, 5, the influence of plant species
on rhizosphere communities in chapters 2, 3, 4, 5 and the impact of plant
species on endosphere communities in chapters 3, 4 and 5.
Specifically, a brief overview of our current understanding of the plantassociated bacterial and fungal communities in arcto-alpine regions is discussed
in the introductory chapter 1. Microbiomes may help in initial seed
germination, root growth (by producing growth hormones), settlement and
adherence of the roots, N fixation and P solubilization. In addition, the
pioneer plants may establish proper conditions for the microbes to survive and
settle as well and provide an environmental filter for microbial establishment
in return for the nutrients received from them. In chapter 2, I used microbial
community fingerprintings to investigate the impact of plants or soil physicochemical properties on the diversity and community structure of bacterial (and
diazotroph) communities from Kilpisjärvi, Finland (low-arctic) and
!
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Figure 1 Flow chart of our hypothesis of drivers of the soil and plant-associated microbiomes in selected
arcto-alpine habitats: Mayrhofen (Alps), Kilpisjärvi (low-Arctic) and Ny-Ålesund (high-Arctic)
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Longyearbyen, Svalbard (high-arctic). In addition, Biolog Gen III plates were
used to determine the functional diversities of both soil and rhizosphere
bacterial communities from the same sites.
In order to understand the key microbial players that determine the
impact of geographical region and plant species on the diversity of bacterial
and fungal communities, I then used next generation sequencing (NGS)
methods for the following chapters. The samples for NGS analyses (chapters
3, 4, 5) were collected from three distinct geographical regions: Mayrhofen,
Innsbruck (alpine), Kilpisjärvi, Finland (low-arctic) and Ny-Ålesund, Svalbard
(high-arctic). On the basis of NGS, chapter 3 addresses the phylogenetic
diversity and community structure of the bacterial communities from bulk soil,
rhizosphere soil and the endosphere of O. digyna and S. oppositifolia. We
investigated the key bacterial OTUs that impact the host plant species per
geographical region. In addition to determining the impact of region and host
plant specificity, we also dig deeper in order to pinpoint the “core” endosphere
communities associated with O. digyna and S. oppositifolia from all three
sampling regions. We also hypothesize that “core” endospheres will help in the
establishment of the plants in these habitats and play key roles in acquiring N
in these low nutrient soils. The diversity and community structures of the
fungal communities associated with bulk soil and rhizosphere and endosphere
of both O. digyna and S. oppositifolia are reported in the chapter 4. We also
analyzed the impact of soil physico-chemical properties (soil pH, SOM and
available P) on the bacterial and fungal bulk soil communities in chapters 3
and 4 respectively. With nifH gene as a proxy for diazotrophs, a new nested
primer system was developed and used to study the diversity and community
structure of potential nitrogen fixing bacterial (PNFB) communities in chapter
5. In addition, the impact of geographic region and host-specificity of the
PNFB communities was studied and we found anoxic PNFB enriched in the
Arctic regions. In chapter 6, I finally summarize the new knowledge on the
relative impact of geographic region and plant species on the plant-associated
microbial communities in the (nutrient poor) arctic and alpine regions.
Considering the scarce knowledge we have about plant-microbe interactions in
the selected arcto-alpine plants, I make some concluding remarks and
considerations for the future research in this exciting and ecologically
important research area.
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Abstract
Background and aims
Microorganisms are prime drivers of ecosystem functions in the Arctic, and
they are essential for vegetation succession. However, very little is known
about the phylogenetic and functional diversities of the bacterial communities
associated with arctic plants, especially in low-organic- matter soils. Here, we
studied the diversity and community structure of the total and diazotrophic
bacterial communities in the rhizospheres of two arctic pioneer plant species,
Oxyria digyna and Saxifraga oppositifolia, as well as the phenotypic profiles of
these communities.
Methods
Plant and soil samples were harvested from four sampling sites located in the
low (Finnish) or high (Norwegian) Arctic. Bacterial diversities and community
structures were determined with 16S rRNA and nifH gene-targeted PCR and
T-RFLP profiling. The phenotypic (functional and antibiotic resistance)
profiles of the soil bacterial communities were determined with BIOLOG Gen
III plates.
Results and conclusions
Location and soil type, as well as plant species were shown to significantly
influence the bacterial community structures. This was evident from the
clustering of the communities per sampling location and per plant species in
ordination plots. Geographical location as well as, plants also influenced the
functional profiles of the soil bacterial communities. The antibiotic resistance
profiles were associated with the location the communities were derived from,
whereas the abilities to tolerate oxidative stress and specific antibiotics were
associated with the rhizosphere communities

Chapter 2

Keywords
Rhizosphere bacterial diversity; Arctic plants; Functional diversity; T-RFLP;
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Introduction
The diversity and community structure of soil bacteria are influenced by a
range of biotic and abiotic factors. Several studies have reported pH to be a
major factor influencing community structures across soil habitats (Männistö
et al. 2007; Fierer and Jackson, 2006; Lauber et al. 2009). Moreover, factors
such as soil moisture regime (Brockett et al. 2012), C:N ratio and phosphate
level (Kuramae et al. 2012), the presence of plants (Knelman et al. 2012;
Duineveld et al. 1998; 2001; Garbeva et al. 2004; Kuramae et al. 2012;
Urbanova et al. 2015) and the input of plant-derived exudates (Duineveld et al,
1998; 2001; Fierer & Ladau 2012; Pii et al. 2015) have also been shown to
influence soil bacterial communities. Such factors are in turn related to the
more ‘overall’ factors geographic location (Yergeau et al. 2007), elevation
(Singh et al. 2012) and snow cover and its dynamics (Schimel et al. 2004;
Zinger et al. 2009).
Ever since the emergence of terrestrial plants, relationships (both
beneficial and detrimental ones) have developed between plants and microbes,
and plant-associated microbes have differentiated into symbionts, endophytes,
pathogens and parasites (Zhang et al. 2006). Among the plant-inhabiting
microorganisms, bacteria play major roles as colonizers of the endosphere as
well as root surface (the rhizoplane). They also colonize the soil surrounding
plant roots, i.e. the rhizosphere, which is considered to be a hot spot for plantmicrobe interactions. Progressively-increasing evidence has revealed that plantassociated bacteria play major roles in nutrient uptake and resistance to abiotic
stress factors, like drought and cold, in plants (Sessitsch et al. 2002; Zhang et
al. 2006; Miniaci et al. 2007; Hardoim et al. 2008; Compant et al. 2010).
Plant roots release organic compounds such as sugars, polysaccharides,
amino acids, fatty acids, sterols, proteins and secondary metabolites in their
exudates (Badri et al. 2009; Cesco et al. 2010; Chaparro et al. 2014; Pii et al.
2015b). Such compounds can have strong impact on the diversity and
community composition of soil microbes. Furthermore, plants have been
shown to be able to select, to a considerable extent, their own microbial
community from the soil by secreting unique signaling molecules (Duineveld et
al. 2001; Smalla et al. 2001; Yergeau et al. 2007), thus impacting local soil
nutrient cycling. However, very little is known of the plant-associated bacterial
communities in arctic climate zones, in spite of the fact that climate change is
predicted to have a significant impact on the arctic ecosystem, in terms of the
plant communities and the extent of plant coverage (Walker and Wahren
2006).
Plants in the Arctic are challenged with several abiotic stress factors,
i.e. cold winters and short, cool summers, drought, anoxia and high
!
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fluctuations of solar radiation (Kume et al. 1999; Körner 2003). However,
plants living in arctic systems are well adapted to their environments, as during
the short summers, they have growth rates comparable to temperate plants
(Chapin 1983; Chapin et al. 1987; Smallwood and Bowles 2002; Margesin et al.
2007). Rather than by low temperatures directly, growth rates of arctic plants
may be limited by a restricted availability of nutrients due to slow
mineralization processes. Available nitrogen is probably the major limiting
factor for plant growth in Arctic soils (Schimel et al. 2004; Wallenstein et al.
2009), and bacterial communities involved in nitrogen fixing and cycling are
likely to have a significant impact on plant growth.
In the light of the paucity of information on plant-microbe interactions
in the Arctic, we focused on the impact of two key pioneering arctic plant
species, Oxyria digyna and Saxifraga oppositifolia, on the soil bacterial
communities. Both selected plants are found in relatively poorly characterized
low-organic-matter soils in the Arctic (Robbins and Matthews 2009), are
perennial (although O. digyna is suggested to be relatively short-lived) and
propagated by seed. O. digyna is non-mycorrhizal, whereas S. oppositifolia is
reported to be mainly ectomycorrhizal (Marr et al. 2008, Stenström and Molau,
1992). A better understanding of the microbiota that is associated with these
plants is expected to shed light on the key (microbial) processes in arctic
pioneer species. To enable a broad view of such microbiota, we analyzed the
systems from two angles, i.e. (1) ‘overall’ based on community DNA (using
direct molecular tools), and (2) function-based, using community-level
phenotypic arrays. We hypothesized that in these low organic matter soils, the
presence of plant, but also plant species have a strong influence on the
rhizosphere bacterial community structure (16S, nifH) and function (metabolic
profiles).
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Materials and Methods
Study sites and sample collection
Samples were collected from four sites in two different climatic zones/location
in the Arctic: three sites in the Kilpisjärvi region (northwestern Lapland,
Finland - low Arctic, 69 °N) and one site in Longyearbyen (Svalbard, Norway;
high Arctic, 74-81°N). See Figure 1.
The three Kilpisjärvi sites Saana, Jehkas and Salluoaivi (abbreviated
hereafter as S, J and Sa, respectively - See Table 1) were characterized by
scattered arcto-alpine vegetation (about 800 m.a.s.l..). At the three sites, the
annual mean temperature was about -2.2°C, and the plant growing season was
about 90-100 days. O. digyna and (in J and Sa) S. oppositifolia were the main plant
species, other dominating plant species were mosses (Polytrichum sp. and
!
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Figure 1 Map showing the geographic location of the sampling sites in Longyearbyen, (Svalbard, Norway)
and Kilpisjärvi (Finland) and a detailed view of the three sampling sites in Kilpisjärvi.

Six replicate plants per species plus six bulk soil samples were collected
from each site in July, 2011. The two target plant species, O. digyna and S.
oppositifolia, were collected as whole plants with adhering soil [from site S, only
O. digyna was harvested]. Soil and plant samples were taken to the lab, stored at
4°C and processed within 48-72 hours of sampling. To obtain rhizosphere soil,
loose soil was first removed by careful shaking, after which tightly-adhering
soil was sampled from the root surfaces of each plant with sterile small blunt
end forceps avoiding any damage to roots. To preserve material, three 250 mg
aliquots of bulk and rhizosphere soil from each sample (replicate) were snapfrozen with liquid N2 and stored at -80°C. The bulk soil samples were collected
approximately 5 meters from plants with a sterile spade 15-20 cm below
surface, and contained no visible plant roots.
!
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other), lichens, Bistorta vivipara and Saxifraga species. In S and J Ranunculus
glacialis was abundant. The sampling site at Svalbard was located close to the
Longyearbreen glacier (abbreviated hereafter as LG) near Longyearbyen. The
area is dominated by glaciers and permafrost with a mean annual temperature
of -4°C, and growing season of 70-90 days. The vegetation was also
characterized as tundra, with scattered pioneer plants. In addition to O. digyna
and S. oppositifolia, LG site was dominated by lichens and mosses. B. vivipara
and Saxifraga sp. were also present.
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Table 1 Background data of sampling sites and habitats
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Location
(climatic zone)

Site name
(abbreviation)

Latitude

Elevation

Kilpisjärvi
(low arctic)

Saana (S)

N 69.05

890 m.a.s.l.

Kilpisjärvi
(low arctic)

Jehkas (J)

N 69.08

925 m.a.s.l.

Kilpisjärvi
(low arctic)

Salluoaivi (Sa)

N 69.13

861 m.a.s.l.

Longyearbyen
(high arctic)

Longyearbreen
Glacier (LG)

N 78.20

n.a.

Habitat
Boulder/scree slope,
close to melting ice
patch
Boulder/scree slope,
close to melt-water
stream
Small valley, ice
patch, close to meltwater pond
Glacier forefront,
scree dominated
valley

Vegetation
cover
30-50%
<30%
30-50%
<30%

Soil analysis
Soil pH-H2O was measured as 1:5 (v:v) fresh soil to water ratio. Soil slurry was
shaken briefly, incubated at room temperature for 2 h, and pH was measured
using a pH meter (model 220, Denver instruments). The organic matter
content of the soil was determined based on loss upon ignition, by heating predried soil at 600°C for 4 h. Soil microbial biomass was measured using the
substrate-induced respiration (SIR) method of Anderson and Domsch (1978).
Carbon-based respiration was induced by adding 20 mg of glucose in a mixture
of 1 g of soil and 2ml demineralized water and was shaken at 150 rpm at room
temperature for 2.5 h. The CO2 released was measured using gas
chromotography and the microbial biomass estimated according to Anderson
and Domsch (1978).
The soluble ammonium (NH4+-N) and nitrate (NO3--N) levels were
measured with the San++ automated wet chemistry analyzer (Skalar, Breda, the
Netherlands) according to manufacturers instructions: 12.5 g of fresh soil were
suspended in 30 ml of 1M KCl. The mixture was shaken overnight, filtered
using nitrogen free filter paper (Macherey-Nagel # 321) and the filtrate used
for further analysis. The analysis followed the standard method for 2-100
mg/kg total N (Cat# 461-218 issue, Skalar, Breda, the Netherlands).
Soluble phosphate was analyzed spectrophometrically by using a
slightly modified protocol of Strickland and Parsons (1968). 1.2 cm3 of dry
soil was mixed in 2 ml of demineralized water and incubated at 20°C for 22
hrs. Then, 60 ml of demineralized water was added to the suspension, shaken
at 20°C for 1 h and filtered using paraffin wax filter papers (Schleicher and
Schuell # 512). Five ml of filtrate were mixed with 5 ml of reagent mixture
(5N sulphuric acid, 4% ( w/v) molybdate solution, 1.75% (w/v) ascorbic acid
solution, 0.275% (w/v) potassium antimonyl tartarate solution, Vortex-mixed
!

!

Soil DNA extraction and PCR
Soil DNA was extracted using the MoBio Power soil kit (MoBio, Carlsbad, CA
USA) according to the manufacturer’s instructions with slight modifications:
0.5 g of soil sample was used instead of 0.25 g because of low microbial counts
and the samples were homogenized for 30 sec with a bead beater (Fast Prep,
MP biomedicals). Approximately 5-10 ng of DNA was used for PCR
amplification with universal 16S rRNA eubacterial primers to determine the
total bacterial diversity. FAM labeled 27F (AGAGTTTGATCMTGGCTCAG)
and unlabeled 1492R (TACGGYTACCTTGTTACGACTT) primers were
used for the amplification (Lane et al. 1991). Each 30 !l PCR reaction
contained 5-10 ng of sample DNA, 1X PCR buffer, 1 mg/ml of BSA, 0.2 mM
dNTP’s, 0.3 !M of each primer and 100 U/ml Fermentas DreamTaq DNA
Polymerase (Thermo Scientific). A BioRad thermocycler was used for the
amplifications and conditions were: 2 min denaturation at 94°C followed by 30
cycles of denaturing, annealing, and extension at 94°C for 45 s, 55°C for 1 min
and 72°C for 2 min, respectively. Final extension was carried out at 72°C for
12 min. All PCR amplified products were checked on 1% agarose gels for the
presence of the desired bands, of about 1450 bps.
FAM-labeled primers POL-F (TGCCAYCCSAARGCBGACTC) and
POL-R (ATSGCCATCATYTCNCC) were used to analyse the diversity of
nitrogen fixing bacterial communities (Poly et al. 2001). PCR was carried out in
a reaction volume of 35 !l using approximately 50-60 ng of sample DNA, 1X
PCR buffer, 1 mg/ml of BSA, 0.25 mMdNTP’s, 0.25 !M of each primers and
25 U/ml FermentasDreamTaq DNA Polymerase (Thermo Scientific). A
thermocycler (Bio-Rad) was used for the PCR amplifications, with conditions:
a 4 min denaturation step at 94°C followed by 35 cycles of denaturing,
annealing and extension at 94°C for 1 min, 54°C for 1 min and 72°C for 2 min
respectively. The final extension was carried out at 72°C for 10 min, after
which the reaction mix was kept at 8°C.
The DNA fragments were purified using innuPREP PCR pure 96 Kit
(Analytik Jena, Jena) based on the manufacturer’s instructions and centrifuged
at 2,325 x g (4-15 C, Sigma centrifuge).
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and incubated at room temperature for 20 min. The absorbance value of
samples and standards were measured at 882 nm using a spectrophotometer
(GENESYS 5, Spectronic Instruments) and the soluble phosphate was
calculated (See supplementary text file S1 for formulae).
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DNA restriction and T-RFLP analysis
Amplified 16S and nifH PCR fragments were digested using MspI and MnlI
restriction enzymes respectively. 20 !l restriction mix contains, approximately
150-200 ng (8-10 !l) of amplified fragments, 1 !g of t-RNA, 2 !l of restriction
buffer, 1 !l of MspI/MnlI enzyme and MilliQ water. Samples were incubated
at 37°C for overnight.
The samples were precipitated using ethanol/EDTA/sodium acetate
mixture. For each 20 !l of restriction mix 4 !l of EDTA/Na-acetate mixture
(Equal volume of 0.125 M EDTA and 3 M Na-acetate) and 50 !l of 100%
ethanol was added and incubated at room temperature for 15 min. The
samples were centrifuged (Eppendorf Centrifuge) at 2,900 g at 6°C for 1 hr,
after which the supernatant was removed by turning the plate and spinning it
briefly at low speed (100g for 30 s). Then, the pellet was washed with 100 !l of
70% ice-cold ethanol and centrifuged again at 2900 g at 6°C for 20 mins. The
supernatant was again removed as above, and the pellet was dried at 37°C for
10 mins. Then the pellet was dissolved in 8 !l of MilliQ water and 1-2 !l of
sample was used for T-RFLP analysis with Genescan LIZ600 as standard and
using ABIPRISM 377 automatic sequencer from Fragment analysis service,
University of Turku, Finland.
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Community phenotypic profiling
A protocol modified from Trevor et al. (2010) was used for the extraction of
microbial cells from both bulk and rhizosphere soils. 20 g of bulk (2:3, w/v),
and 10 g of rhizosphere (1:2 w/v) soils were suspended in sterile 0.1% sodium
pyrophosphate (pH 7.0) and shaken at 140 rpm for 1 h at 10°C. The resulting
suspensions were centrifuged at 1,200 g for 10 min at 4°C and the
supernatants (10 – 13 ml for bulk soils, 7-8 ml for rhizosphere soils)
transferred into fresh sterile tubes. The washing step was repeated with fresh
sterile 0.1% sodium pyrophosphate and the supernatants were then combined.
The extracts (25 ml bulk soil, 15 ml rhizosphere soil) were then centrifuged at
2,000 g for 10 min at 4°C, after which supernatants were transferred to new
sterile centrifuge tubes and centrifuged at 7,100 g for 30 min at 4°C to pellet
the cells. The pellets were resuspended in 1.7 ml of 0.1 M potassium buffer,
transferred to sterile 2 ml tubes, and centrifuged (860 g for 3 min) to remove
any remaining soil debris. The supernatants were transferred to sterile tubes,
centrifuged at 10,400 g for 5 min at 4°C. The final pelleted cells were then used
for phenotypic profiling. Here, the protocol of Derry et al (1999) was
followed.
Phenotypic profiling of the bulk and rhizosphere soil microbial
communities was done with GenIII MicroPlates (BIOLOG, CA, USA),
!
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Data analysis
The sizes of T-RFLP fragments of both 16S rRNA and nifH samples obtained
from the ABIPRISM automatic sequencer were determined using Peak
Scanner software (Applied Biosystems). Only peaks ranging from 50 to 600 bp
(16S rRNA genes) and 40- 360 bp (nifH) were chosen for analysis. The T-RF’s
were aligned and excess noise was filtered out based on peak area using on-line
software T-REX (http://trex.biohpc.org/). Samples with less than a total of 30
TRF’s for 16s rRNA and 20 TRF's for nifH were removed. Minimal of three
replicates per sample group were analyzed, with the exception of nifH profiles
of LG and Saana bulk soil samples, where only 2 replicates were used. The
final data were normalized as described by Dunbar et al (2001). Normalized TRFPL peaks were used as a proxy for bacterial community members in
analyzes of community structures. Community structures were analyzed using
PRIMER (PRIMER-E Ltd). Bray-Curtis dissimilarity analysis was used to
quantify community compositional differences. Non-metric multidimensional
(NMDS) scaling (Kruskal stress formula = 1 and minimum stress =0.01) was
used to compare the community structures of total and nitrogen-fixing
bacterial communities based on T-RFLP profiles. Hierarchical cluster analysis
of the T-RFLP profiles was performed with CLUSTER5 using the complete
linkage clustering mode (Clarke 1993). The effect of sampling site and
vegetation on the T-RFLP profiles was tested using two-way crossed analysis
of similarities (ANOSIM) and factors contributing to the differences evaluated
using similarity percentage (SIMPER) analysis included in the PRIMER
software (Clarke 1993).
!
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containing 71 carbon source utilization assays and 23 chemical sensitivity
assays (list of substrates at http://www.biolog.com/pdf/milit/00P 185rA
GEN III MicroPlate IFU Mar2008.pdf). The pelleted cells were washed with
0.1M potassium phosphate buffer twice and resuspended in inoculation fluid
IF-A (BIOLOG, CA, USA). Three replicate plates were incubated per sample.
100 !l of cell suspension was inoculated per well, and incubated at 10°C in a
plastic box to prevent drying during prolonged incubation. The soil
communities from LG site showed lower metabolic activities than those from
all Kilpisjärvi soils, with little utilization of most carbon sources during the first
week of incubation. To exclude false negatives, we therefore extended
incubation to up to 30 days, at which point most of the samples showed clear
activity, as indicated by color development, and used the final absorbance
values for comparative analyses. The color change was measured using a
microplate reader at 600 nm (Versamax Microplate reader, Molecular devices).
Samples with no color change in positive control were rejected.
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The diversity indices for both bacterial and diazotrophs were analyzed
by calculating species richness and H’ Shannon diversity indices using
Univariate Diversity Indices (DIVERSE, Primer 6). The obtained species
richness and Shannon values were used for determining differences in the
diversity using two-way ANOVA and clustered box-plots from IBM SPSS
Statistics viewer.
For the analysis of phenotypic profiles of the communities (BIOLOG
GenIII MicroPlate data), the absorbance values from the last reading from
which background values were subtracted (negative control) were used for the
analyses. In order to get comparable values, each sample’s absorbance was
divided by that sample plate’s average absorbance as described by Campbell et
al. (1997) and Lucas et al. (2013). Differences in the profiles were analyzed
with Primer 6.0 package with Permanova+ package (Clarke and Gorley 2006).
Bray-Curtis dissimilarity analysis was used to quantify differences in metabolic
profiles of the communities using the normalized, square root-transformed
absorbance data. Furthermore, ANOSIM was used to determine the statistical
significance between the communities, and SIMPER was used to identify the
variables contributing to the dissimilarities (Clarke 1993).
Differences in physico-chemical properties between bulk and
rhizosphere soils and between different sites were determined using
Independent-Samples T test (IBM SPSS statistics viewer) The samples were
grouped and tested based on site or soil type.
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Results
Soil characteristics
The physicochemical properties of the LG soil (Longyearbyen) differed from
those of the S, Sa and J soils (Kilpisjärvi). Both the bulk and rhizosphere soils
from the latter sampling sites were significantly (P < 0.001) more acidic (pH
range 5.45-6.12) than the corresponding LG soil samples (pH range 6.14-6.53)
(Table 2). No significant differences in pH were detected across the soils from
the three Kilpisjärvi sites.The LG bulk soil had a significantly (P<0.01) higher
OM content (5.09%) than the three Kilpisjärvi bulk soils (1.11-2.22%, average
1.6%; Table 2). A clear impact of the presence of plants was detectable, as all
rhizosphere soils had a higher OM content and were more acidic as compared
to the corresponding bulk soils (Table 2). No differences were detectable, with
respect to pH and OM content, between the rhizosphere soils of O. digyna and
S. oppositifolia.
The soil nitrogen contents were different between the LG
(Longyearbyen) and the three Kilpisjärvi soils. The LG bulk soils contained
!
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2.22-2.47 mg soluble NH4+-N /kg soil, and the Kilpisjärvi soils <0.44 mg
NH4+-N/kg soil. Whereas the LG rhizosphere soils had similar soluble NH4+N levels to the bulk soils, those (both O. digyna and S. oppositifolia) in Kilpisjärvi
had tenfold higher NH4+-N concentrations (4.05-5.86 NH4+-N kg-1 soil, Table
2) than the corresponding bulk soils.
In sharp contrast to the foregoing, the LG soils had significantly lower
concentrations of soluble NO3--N (0.11-0.22 NO3--N /kg soil) than the
Kilpisjärvi soils (1.11-91.0 NO3--N /kg soil) (P<0.05; Table 2). Moreover, the
rhizosphere soils in all three Kilpisjärvi sites, but not in the Longyearbyen site,
contained 5-60 times higher NO3--N concentrations than the corresponding
bulk soils.
The levels of soluble phosphate were low (i.e. 1.11 – 3.17 g/ L soil) in
all soils and there was no significant differences between soil types or sampling
sites. The microbial biomass levels were between 0.02 and 0.04% of the total
organic matter in all bulk soils measured.

Sites

Soil type

pH (SD)

Organic matter
% of dry soil

Microbial biomass %
of organic matter

Soluble NO3--N
mg N kg-1 soil

Soluble NH4+-N
mg N kg-1 soil

Soluble PO4 g L-1
soil

Saana

Bulk

6.12 (0.25)

1.71 (0.71)

0.04 (0.01)

2.40 (1.74)

0.48 (0.17)

1.52 (0.58)

Saana

O.d. rhizosphere

5.54 (0.23)

7.02

ND

19.53 (1.48)

5.42 (5.4)

1.32 (0)

Jehkas

Bulk

6.21 (0.18)

1.65 (0.5)

0.03 (0.001)

1.11 (0.69)

0.33 (0.11)

1.56 (0.3)

Jehkas

O.d. rhizosphere

5.45 (0.07)

21.2

ND

61.0 (9.58)

5.86 (0.37)

2.96 (0)

Jehkas

S.o. rhizosphere

5.70 (0.12)

23.7

ND

41.5 (27.1)

4.82 (1.14)

3.17 (0.29)

Salluoaivi

Bulk

6.06 (0.43)

2.22 (0.54)

0.03 (0.01)

1.16 (1.09)

0.44 (0.1)

2.31 (0.32)

Salluoaivi

O.d. rhizosphere

5.98 (0.06)

16.0 (0.06)

ND

30.1 (10.8)

5.40 (0.91)

2.04 (0.39)

Salluoaivi

S.o. rhizosphere

5.92 (0.12)

17.0 (0.04)

ND

7.88 (4.06)

4.05 (0.51)

1.11 (0.41)

Longyearbreen

Bulk

6.53 (0.73)

5.09 (0.37)

0.02 (.001)

0.11 (0.07)

2.23 (0.38)

2.09 (0.46)

Longyearbreen

O.d. rhizosphere

6.14 (0.11)

ND

ND

0.44 (0.25)

2.47 (0.13)

ND

Longyearbreen

S.o. rhizosphere

6.41 (0.11)

10.3

ND

0.32 (0.33)

2.22 (0.08)

2.14 (1.16)
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Bacterial diversity and community structure
First, the T-RFLP based structures of the bacterial communities in all soil
samples were used as the basis for the determination of the Shannon diversity
indices, thus describing the ‘richness’ and ‘evenness’ of the dominant broad
bacterial groups. Analyses of these indices revealed no significant differences
between sampling sites or geographical location (Kilpisjärvi or Longyearbyen).
No statistically significant differences were detected between the bulk soil and
S. oppositifolia rhizosphere soils (P>0.05; Figure 2a). However, such indices
were significantly higher for the O. digyna rhizosphere communities than for
the bulk soil ones (P<0.02; two-way ANOVA) at each sampling site (Figure
!
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Table 2 Mean values of physio-chemical parameters of bulk and rhizosphere soils (O.d. = Oxyria digyna), (S.o. =Saxifraga oppositifolia) from the sampling
sites. Standard deviation (SD) is in parenthesis. ND = Not determined
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2a). These differences were mainly driven by the higher richness values in the
O. digyna rhizosphere soils (Supplemental Figure S1).
In contrast to the diversity indices, the T-RFLP based bacterial
community structures differed significantly per geographical location, i.e.
Longyearbyen versus Kilpisjärvi (one-way ANOSIM; P<0.001, R = 0.79), with
those at the three Kilpisjärvi sites being similar to each other. NMDS plots
confirmed the differences between the two geographical locations, as clear
clusterings of the bacterial patterns were found according to geographical
location (Figure 3).
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Figure 2 Box plot of Shannon diversity indices of (A) 16s rRNA based bacterial community structures and
(B) nitrogen fixing bacterial communities based on nifH gene calculated using DIVERSE (PRIMER 6)
with sampling sites on the category axis. Figure legends: Soil type: B - Bulk soil sample, O.d - O. digyna
rhizosphere soil sample, S.o - S. oppositifolia rhizosphere soil sample. Sampling sites: S - Saana, J - Jehkas,
Sa - Salluoaivi, LG - Longyearbreen Glacier.
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Very interestingly, the presence of a plant as well as the plant species
had significant impacts on the bacterial community structures. This was
evident from the observation that (1) the bacterial communities in the
rhizosphere soils of O. digyna and S. oppositifolia were significantly different
from those in the corresponding bulk soils (P <0.01, R = 0.32; one-way
ANOSIM), and (2) these were also different from each other. These
observations were corroborated by the NMDS ordination, where the samples
clustered according to plant species, rather than sampling site, within each
geographical location (Figure 3a). Thus, plant roots were significant drivers of
the structures of their local bacterial communities.!
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Figure 3 Non-metric Multi-Dimensional Scaling (nMDS) plots of bacterial community structure profiles
analysed based on T-RFLP profiles of 16S rRNA gene (Msp I digestion) amplicons (3a) and nifH gene
(Mnl I digestion) amplicons (3b). Similarity clustering was based on Bray Curtis dissimilarity matrixes and
was performed with complete linkage method in PRIMER 6. Figure legends: Soil type: B - Bulk Soil sample,

O.d - O. digyna rhizosphere soil sample, S.o - S. oppositifolia rhizosphere soil. Sampling sites: S - Saana, J - Jehkas, Sa Salluoaivi, LG - Longyearbreen Glacier

Diazotroph diversity and community structure
Given the potential importance of diazotrophs, we assessed these across the
soil samples by nifH gene targeted PCR and subsequent T-RFLP analysis. The
diversity of the diazotrophic communities at site S, as reflected by the Shannon
indices, was significantly higher (P<0.001; two-way ANOVA) than that at the
other three sites (Figure 2b). Both species richness and evenness influenced
this difference (data not shown). Moreover, the Shannon indices of the S.
oppositifolia rhizosphere soils were significantly higher than those of the O.
digyna rhizosphere soils (P<0.005, two-way ANOVA) (Figure 2b).
Concerning the diazotroph community structures assessed by T-RFLP,
the communities in the LG and S sites each differed clearly from those of sites
!
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J and Sa, which were highly similar to each other. Within the sites, the
diazotroph communities in the rhizosphere soils clustered along plant species
in the NMDS plot, indicating that plant species was a major driver of the rootassociated diazotroph communities (Figure 3b).
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Phenotypic profiles of bacterial communities
Parallel to the molecular community fingerprints, we produced phenotypic
fingerprints of the microbial communities from the rhizosphere and bulk soil
samples of all sampling sites. Phenotypic profiles of the LG soil communities
were significantly different from those of the Kilpisjärvi sites S, J and Sa (R =
0.418, p<0.03; one way ANOSIM). These differential responses were
confirmed by principal coordinate analysis (PCoA), which revealed the
existence of two main clusters on the first axis, one encompassing the majority
of the S, Sa and J derived profiles, and the other one the LG derived ones,
except one (Figure 4a). This clustering was reminiscent of the clustering based
on the T-RFLP based community fingerprints (Figures 3a and 3b). SIMPER
analysis revealed that the differences in the community phenotypes between
the LG and the Kilpisjärvi sampling sites S, J and Sa were mainly driven by
relatively higher tolerances to the antibiotics vancomycin, rifamycin,
lincomycin and troleandomycin, as well as acidity (pH 5.0) in the Kilpisjärvi
communities.
In contrast, there was a trend towards a more efficient utilization of
sugars and organic acids by the LG soil communities. The main substrates that
were preferentially utilized by communities from different sites and soil types
are listed in the Supplementary Table S1.
Within each geographical location, the phenotypic fingerprints of the
rhizosphere soil communities differed significantly (R=0.305, p<0.04 in twoway ANOSIM) from those of the bulk soil communities, as indicated by the
tight clustering of most of the rhizosphere soil samples in the PCoA (Figure
4b).
This clustering of rhizosphere soils was mainly driven by their quite
effective utilization of D-serine and D-arabitol, and by their higher tolerance to
(potassium) tellurite, guanidine-HCl and fusidic acid, as well as to (sodium)
bromate, surfactant Niaproof 4 and troleandomycin (Figure 4b). The main
substrates utilized by the bulk and rhizosphere communities from all sampling
sites are listed in Supplementary Table S1. No statistically significant
differences were found between the phenotypic profiles of the bacterial
communities from the two plant species. Furthermore, except for the clearly
different LG site, no effect of sampling site was detectable (using ordination or
statistical testing).
!

Figure 4 (A) PCoA ordination of metabolic fingerprints of soil microbial communities from four sampling
sites in Longyearbyen and Kilpisjärvi based on Bray Curtis similarity matrix. The vectors indicate the
major substrates (correlation cut-off 0.8) driving the separation between the communities. (B) PCoA
ordination of metabolic fingerprints of rhizosphere and bulk soil microbial communities from three
sampling sites in Kilpisjärvi based on Bray Curtis similarity matrix. The vectors indicate the major
substrates (correlation cut-off 0.8) driving the separation between the communities. Figure legends : Soil

type: B - Bulk Soil sample, O.d - O. digyna rhizosphere soil sample, S.o - S. oppositifolia rhizosphere soil. Sampling sites:
S - Saana, J - Jehkas, Sa - Salluoaivi, LG – Longyearbreen Glacier.

Discussion
On the basis of the 16S rRNA and nifH gene based T-RFLP community
profiles, as well as the functional diversity measurements, we here showed that
the soil bacterial communities from the Longyearbyen sampling site were
substantially different from those of the Kilpisjärvi soils. Whether such
differences are attributable to sampling site, geographical (climate) or edaphic
factors, is a matter of debate. We found significant variation in the soil
!
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physicochemical characteristics between the Kilpisjärvi sampling sites S, Sa and
J, and the Longyearbyen LG site, in particular with respect to the prevailing
pH and the soil OM content. This higher OM content may be attributed to the
long-term deposition of organic compounds by melt water from the
Longyearbreen Glacier, coupled to the low decomposition rates in the high
Arctic (Tockner et al. 2002). The fact that the NH4+-N levels were higher in
the Longyearbyen bulk soils than in the Kilpisjärvi ones, with the opposite
being true for the NO3--N levels, pointed to a lower nitrification rate in the
high compared to the low Arctic, as reported by Alves et al. (2013). In general,
arctic soils can have relatively low NO3--N contents (Chu et al. 2010), which is
consistent with the values in the bulk soil samples studied by us. In contrast,
we detected significantly elevated NH4+-N as well as NO3--N levels (next to
higher OM content; Table 2) in the Kilpisjärvi rhizosphere soils. These raised
N levels may be a result of an enhanced release of organic matter from the
plant, indicating higher degradation and nutrient cycling in these otherwise
nutrient poor soils, as also reported by others (Tscherko et al. 2005; Deiglmayr
et al. 2006; Brankatschk et al. 2011).
Remarkably, within each geographical location (Longyearbyen and
Kilpisjärvi), the factor ‘plant’, as well as plant species (O. digyna versus S.
oppositifolia) were drivers of the bacterial community structures. This was true
for the 16S rRNA gene based (covering all bacteriota) as well as the nifH-based
analyses (covering the diazotrophs). The O. digyna and S. oppositifolia plants in
this study were sampled close to each other (20-100 cm apart), and were thus
subjected to the same climatic and, presumably, soil conditions. Potentially,
differences in litter and root exudates produced, in addition to mycorrhizal
status, may have indicated the occurrence of unique, plant species-specific
bacterial communities. Rhizosphere bacterial communities have been
previously shown to be plant-specific in agricultural soils (Berg and Smalla,
2009; Hardoim et al. 2011; Smalla et al. 2001; Westover et al. 1997). In the
Arctic, Ferrera-Rodríguez et al. (2013) detected plant species-specific bacterial
communities in the rhizospheres of six plant species, including O. digyna, and
the endophytic communities of three plant species sampled in Kilpisjärvi have
previously been shown to be plant species-specific (Nissinen et al. 2012). The
impact of plant exudates and litter is supposed to be particularly strong in the
low-to-moderate nutrient content soils targeted in this study. In Antarctica,
Teixeira et al. (2010) reported no link between plant species and rhizosphere
community structure in their study addressing the two antarctic vascular plant
species Deschampsia antarctica and Colobanthus quitensis, whereas another study
detected the impact of vegetation on soil microbial communities also in
Antarctica (Yergeau et al. 2007).
!

The LG sampling site differed from the three other sites (S, Sa and J)
with regard to bacterial community structures (Figure 3a, Figure 3b), and also
in soil pH, mineral N content and soil organic content, all known to be
important in structuring soil bacterial communities. In particular, pH has been
suggested to be a main factor determining diversity and structure of soil
microbial communities. (Chu et al. 2010; Fierer and Jackson 2006; Griffiths et
al. 2011; Lauber et al. 2009; Männistö et al. 2007), with an overriding effect at
moderate acidity (pH < 5.1). Thus the different pH levels between Kilpisjärvi
and Longyearbyen soils may have driven the bacterial communities differently
between the two locations. Corroborating this conclusion was the finding that
the LG site soil communities were more sensitive to pH 5.0 than those from
the Kilpisjärvi sampling sites in phenotypic profiling (Figure 4a, Supplemental
Table S1).
Phenotypic arrays have been used in soil functional analyses for over
20 years now, and the method, although revealing aspects of the functional
potential, has caveats as well. Such caveats revolve around the fact that
potential rather than actual activities are measured, and that such activities
most often come about as the result of the activation of only a small
subpopulation of the whole community (Smalla et al. 1998). Moreover, any
method used to release bacterial cells from soil particles inevitably adds
another factor of uncertainty (bias) to this method. Thus, data from
phenotypic arrays need to be interpreted with utmost care. Our data appeared
to confirm that the communities from the three Kilpisjärvi sampling sites S, J
and Sa grouped away from those from the Longyearbyen sampling site LG
(Figure 4a). This was mainly driven by significantly higher antibiotic tolerances
in the soil communities from the Kilpisjärvi sampling sites (Figure 4a).
Further, the phenotypic profiles of O. digyna and S. oppositfolia rhizosphere
communities clustered separately from those of bulk soil communities. This
latter finding is consistent with data from Tam et al. (2001), who also found
that the communities from rhizosphere and bulk soil samples from several
plant species grouped separately in ordinations of phenotype profiles. Bragazza
et al. (2012) and Grayston et al. (1998) also showed that plants can affect the
functioning of soil microbial communities. Thus, plants create specific
ecological niches in soil that select a particular combination of bacterial species
(Garbeva et al. 2004; Yergeau et al. 2007) and functional groups.
The tolerances to fusidic acid, troleandomycin and to Niaproof 4 were
higher in the rhizosphere than in the bulk soils across all sampling sites (data in
supplemental Table S1). This finding might reflect a selection for a higher
ability to withstand these compounds in the plant root vicinity in competitive
situations. Many rhizobacteria secrete antibiotics and surfactants, that act
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against other bacteria and fungi, and so a selection for tolerance to such
compounds likely occurs in the rhizosphere (Debois et al. 2014). The higher
antibiotic tolerance in the O. digyna versus the S. oppositifolia rhizosphere might
reflect the differences in the mycorrhizal status of these plant species: as a nonmycorrhizal species, O. digyna would benefit from rhizosphere bacterial
communities with ability to efficiently compete with possibly harmful soil
fungi, whereas ectomycorrhizal S. oppositifolia would mainly rely on its fungal
partner.
Resistance to (potassium) tellurite was clearly higher in the rhizosphere
soils than in the corresponding bulk soils (Figure 4b). Tellurite, an oxyanion of
tellurium, is highly toxic to most life forms, as it damages cells via generation
of reactive oxygen species (ROS) and disturbance of the thiol redox balance
(Arenas et al. 2014). Resistance to tellurite is rare in nature, and is found mostly
in corynebacteria (Summers and Jacoby 1977; Taylor 1999), but it has also
been found in strains of Firmicutes and Proteobacteria isolated from
Antarctica and other extreme environents (Arenas et al. 2014). Such telluriteresistant strains commonly tolerate oxidative stress. Thus, the relatively high
tellurite resistance in the rhizosphere could reflect the exposure of such
rhizosphere communities to ROS, the primary plant defense reaction towards
microbes. The rhizosphere communities also showed an increased tolerance to
the strong electron acceptor bromate, to the chaotropic agent guanidine-HCl
and to the surfactant Niaproof 4, in comparison to bulk soil communities.
These all could reflect adjustments to conditions that reign in the vicinity of
active plant roots.
The rhizosphere soils further clustered by their effective utilization of
D-serine and D-arabitol (Figure 4b, supplemental table S1). Plant root
exudates typically contain sugars, organic acids and sugar alcohols, which can
be plant-specific (Hardoim et al 2008; Compant et al. 2010; Haichar et al.
2008). We hypothesized that D-arabitol and D-serine might shape the
rhizosphere communities of O. digyna and S. oppositifolia by creating a specific
nutritional niche. However, alternative explanations are also possible. In
particular D-serine is a rare amino acid which is not commonly metabolized by
(soil) bacteria, and is inhibitory to the growth of most plants (Vranova et al.
2011). However, it has been reported to be present in substantial quantities in
a few plant species, including rice (Gogami et al. 2009). Fungal pathogens with
high virulence towards rice are able to utilize D-serine, suggesting nutritional
adaptation to the host in these fungi (Van Buyten and Höfte 2013). Thus, we
could speculate, that the ability to metabolize D-serine could be a strong
advantage for rhizosphere bacteria of D-serine-harboring plants.
!
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The current study broadens our understanding of influence of pioneer
plant species on community structure and function of bacterial communities in
low organic matter arctic soils. We clearly identified the structuring of soil
bacteria by these two plants, but also by the geographical site. The antibiotic
resistance profiles were associated with the location the communities were
derived from, whereas the abilities to tolerate oxidative stress and specific
antibiotics were associated with the rhizosphere communities.
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Supplementary Text 1: Formulae
Formulae for calculation of NH4+-N, PO4, and NO3--N measurements
S o l u b l e NH 4 + -N and NO 3 - -N m e a s u r e m e n t s
((Nitrate/Ammonium ppm-Blank ppm)*(Amount of 1M KCl +
(Soil weight*Soil Moisture content)) * Dilution) / (Soil
weight*Soil Moisture content) = Soluble Nitrate mg N/kg soil
Soluble phosphate measurements
(O.D sample – O.D blank)* Factor * 1000 = Soluble Phosphate
/ 1 cm3 dry soil
Factor is obtained from Calibration line using standard solution
measurements.
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Supplementary Figure S1. Box plot of species richness of 16s rRNA based bacterial community
structure calculated using DIVERSE (PRIMER 6) with sampling sites on the category axis.
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Figure legends: Soil type: B - Bulk soil sample, O.d - O. digyna rhizosphere soil sample, S.o - S. oppositifolia
rhizosphere soil sample. Sampling sites: S - Saana, J - Jehkas, Sa - Salluoaivi, LG - Longyearbreen Glacier.

!

!

Higher plants
Arabis alpinum
Carex sp.
Cassiope tetragone
Cerastium arcticum
Dryas octopetella
Harrimanella hypnoides
(Cassiope hypnoides)
Juncus sp.
Luxula confuza
Oxyria digyna
Papaver dahlianum
Poaceae spp.
Polygonym viveparum
(Bistorta vivepara)
Ranunculus glacialis
Ranunculus nivalis
Ranunculus pygmea
Salix herbecea
Salix polaris
Saxifraga cernua
Saxifraga cespitosa
Saxifraga hieracifolia
Saxifraga oppositifolia
Saxifraga tenuis
Sibbaldia procumbens
Siline aucalis
Stellaria longipes
Lichen
Cetraria sp.
Stereocaulon sp.
Rhizocarpum
geographicum
Cladonia sp.
Moss
Polytrichum sp.
1 = Presence, 0 = Absence.
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Saana

Jehkas

Sallooaivi

Longyearbyen

0
1
1
0
0

1
0
1
0
0

0
0
0
0
1

0
0
0
1
0

1
1
0
1
0
1

1
0
0
1
0
0

1
0
0
1
0
1

0
0
1
1
1
0

1
1
1
1
0
0
0
0
0
1
0
0
0
0

1
0
1
1
1
0
0
0
0
1
1
1
1
0

1
0
1
0
1
1
0
0
0
1
1
0
1
0

1
0
0
0
0
1
1
1
1
1
0
0
0
1

1
1

0
0

1
1

0
0

1
1

1
1

0
1

1
0

1

1

0

1
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Supplementary Table S1: Vegetation list from the sampling sites
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Plants assemble species specific bacterial communities from
common core taxa in three arcto-alpine climate zones
!
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Manoj Kumar, Günter Brader, Angela Sessitsch, Anita
Mäki, Jan Dirk van Elsas, Riitta M. Nissinen

Abstract
Evidence for the pivotal role of plant-associated bacteria to plant health and
productivity has accumulated rapidly in the last years. However, several key
questions remain unanswered, among which is the impact of climate zones on
the plant-associated microbiota. Importantly, plant-bacterial interactions in
wild plants and in arcto-alpine biomes have not been well studied as compared
to those in tropical and temperate biomes. We hypothesized that the bacterial
communities associated with pioneer plants in the former regions have major
roles in plant health support, and this would be reflected in the formation of
climate and host plant specific endophytic communities. We also hypothesized
that these endophytes would have a tight association with their respective host
plants. To examine the drivers of the plant-associated bacterial communities,
we compared the latter in the perennial plants Oxyria digyna and Saxifraga
oppositifolia - naturally growing in three arcto-alpine regions [Mayrhofen, Austria
- alpine, Kilpisjärvi, Finland - low Arctic and Ny-Ålesund, Svalbard highArctic] - with those in the corresponding bulk soils. As expected, the bulk
soil bacterial communities in the three regions were significantly different. The
relative abundances of Proteobacteria decreased progressively from the alpine to
the high-arctic soils, whereas those of Actinobacteria increased. The candidate
division AD3 and Acidobacteria abounded in the low Arctic.
With respect to the endophytic bacterial communities, plant species
and geographic region were the major determinants of the community
structures. The plants in the alpine region had higher relative abundances of
Proteobacteria, as compared to the plants from the low- and high-arctic regions
which were dominated by Firmicutes. A highly conserved shared set of
omnipresent bacterial taxa was found to occur in the two plant species, here
denoted as the ‘tight’ core bacteriome. Burkholderiales, Actinomycetales and
Rhizobiales were common members of this core, and these taxa were the main
contributors to the differences in the endophytic bacterial community
structures across compartments as well as regions. We postulate that this tight
core is due to selection by the two plants, concomitant with a highly efficient
adaptation of such “core bacteriome” to the plant-associated habitats.
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Keywords: endophytes, arcto-alpine plant, bacteria, biogeographical diversity,
core bacteriome, Oxyria digyna, Saxifraga oppositifolia.
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Introduction
Among the terrestrial environments on Earth, arctic and alpine ecosystems
cover about 8% of the global land area, which is more than the area covered
by tropical forests (Chapin and Körner, 1996). The arctic and alpine
ecosystems have the least biologically usable heat and the lowest diversity of
plants (Billings and Mooney, 1968). The plants in these systems are well
adapted to cold and short growing seasons and low-nutrient soils. The typical
plant species occurring in both biomes are collectively referred to as arctoalpine vegetation. These plants are important in these soils, as they constitute
the prime settlers that are at the basis of a living ecosystem. It has been
hypothesized that the local microbiota plays an important role in the ecological
success of these pioneering plants (Borin et al., 2010; Mapelli et al., 2011).
While arctic and alpine biomes share many characteristics shaping vegetation,
including short and cool growing seasons, cold winters and soils with low
levels of nutrients, there are also distinct differences: the alpine tundra is
characterized by high annual and diurnal temperature fluctuation and high
solar intensity in the summer and, in general, well-drained soils. The vegetation
in the Arctic, on the other hand, experiences long polar nights in winter versus
24-hour daylight during the growing season, and soils are typically waterlogged due to underlying permafrost (Körner, 2003). These differences have
led to climatic ecotypes within arcto-alpine vegetations, where growth
morphology and phenology of the same plant species in different biomes
reflect adaptation to distinct climates.
Endophytic bacteria are ubiquitous across both cultivated and wild
plants, and have been shown to contribute to all major aspects of plant life,
including regulation of growth and development, nutrient acquisition and
protection from biotic and abiotic stressors (reviewed in Hardoim et al., 2008,
2015). Studies conducted mainly in agricultural or in model plant systems have
in recent years offered a rapidly growing insight into the assembly, structure
and function of the endophytic communities in plants (Compant et al., 2010;
Zhang et al., 2006). Soil type and plant species or genotype are both known to
shape the rhizosphere (Berg and Smalla, 2009; Garbeva et al., 2004) and root
endosphere communities (Bulgarelli et al., 2013). Rhizosphere soil is
considered to be the main source of endophytes (Bulgarelli et al., 2013), but
vertical transmission via seeds have also been reported (Puente et al., 2009;
Hardoim et al., 2012). However, the factors governing the plant-associated
microbiota of perennial wild plants in demanding habitats and low-nutrient
soils may differ from those of model or well-fertilized crop plants. For plants
in the low-arctic fell tundra, we have previously shown that plant species,
rather than sampling site, determines the structure of the endophytic (Nissinen
et al., 2012) and rhizospheric (Kumar et al., 2016) microbial communities.
!
!
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Most bacterial species are considered to be cosmopolitan, as they have
been found across biogeographic regions inhabiting diverse habitats like soils,
sediments, lakes and the sea (Hanson et al., 2012). Interestingly, the bacterial
diversity levels in Arctic soils has been shown not to differ from that of other
biomes (Chu et al., 2010). However, endemism is also observed in bacteria,
with some taxa reportedly being restricted to distinct geographical regions
(Cho, 2000; Oakley et al., 2010).
The main goal of this study was to investigate the factors shaping the
bacterial communities associated with two plant species in several sites
representing three geographic regions and climates, from the high Arctic to the
Alps. Our target plant species, Oxyria digyna and Saxifraga oppositifolia, are arctoalpine plant species with wide distribution from the high Arctic to the midlatitude alpine tundra. Both species are typical pioneer species that are capable
of efficiently colonizing low-nutrient tundra soils. We focused on the
endophytic bacteria, and also examined the bacterial communities in the
relevant rhizosphere and bulk soil samples.
We hypothesized that (1) geographic region, related to climate zone,
determines the diversity and community structure of soil bacterial communities
in the selected habitats, and (2) plants strongly shape the plant-associated
microbial communities, resulting in plant species specific bacterial
communities, regardless of the geographic region. We also hypothesized that
(3) the plant-associated bacteria are tightly associated with their hosts, as
indicated by their persistent presence (core microbiome) and their lifestyle
(enrichment of these bacteria in the plant endophytic compartment).
To achieve our aims, we used community DNA based amplicon
sequencing targeting the 16S rRNA gene region and subsequent analyses.
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Materials and Methods
Sampling locations and study sites
Plant and soil samples were collected from eight sampling sites in three distinct
regions representing different climate zones; Ny-Ålesund, high Arctic (3
sampling sites), Kilpisjärvi, low Arctic (3 sampling sites) and Mayrhofen,
European Alps (2 sampling sites) (Figure 1). Kilpisjärvi is at the northwestern
Finland and located along the Fenno-Scandinavian border. Its flora is
dominated by mountain birch forest in the valleys and by fell tundra at higher
elevations. The annual mean temperature is about -2.2°C with plant growth
season of ca. 90-100 days. Ny-Ålesund (Svalbard, Norway) is located on an
isolated archipelago in the high Arctic; the land cover is dominated by glaciers
and permafrost layers, and the mean annual temperature is -4°C. The soil
temperatures have been reported to be below zero for more than 250 days per
!

year ranging from -6°C to -25°C (Coulson and Hodkinson, 1995). Most
biological activity is restricted to less than 10% of the total land mass coupled
with about three months of plant growing season. The sampling location in the
Mayrhofen is located above the tree line south of Mayrhofen over the snowcovered mountains (altitude ca. 2400 m above sea level) in the alpine tundra of
the European Alps.

!
Sample collection and processing
12 replicates of bulk soil samples (5-15 cm depth) and six samples of both O.
digyna and S. oppositifolia (as whole plants with adhering rhizosphere soils) were
collected from all sites, except in site “Saana” (Kilpisjärvi) where only O.digyna
plants were sampled and site “Cliff” (Mayrhofen) where we sampled only 6
bulk soil samples. Sampling was performed during summer 2012. All harvested
plants were flowering at the time of the sampling. Rhizosphere and bulk soil
samples were processed and stored as specified by Kumar et al. (2016). After
removing rhizosphere soils, plant roots were thoroughly washed with water
and surface sterilized by immersing the plant material into 3% sodium
hypochlorite for 3 minutes and then subsequently in sterile double distilled
water (3 x 90 s). 80-100 mg of root samples were weighed, snap frozen with
liquid nitrogen and stored at -80˚C for further DNA analysis.
Soil pH and soil organic matter (SOM) content were measured as
described in Kumar et al. (2016), while available phosphorous (P) was
measured based on Bray No 1 extraction method (Bray and Kurtz, 1945). All
!
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Figure 1 Map of Europe depicting our three sampling locations Mayrhofen from Austrian Alps,
Kilpisjärvi from low-arctic Finnish Lapland and Ny-Ålesund from high-arctic Svalbard archipelago
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the soil chemical analyses were performed in duplicates (2 technical replicates)
per sample, and with 4-8 biological replicates per site and sample type (Table
1).

Chapter 3

DNA isolation
Microbial DNA from soil samples were extracted following manufacturer’s
instruction using MoBio Power soil kit (MoBio, Carlsbad, CA USA). For soil
samples 0.5 g of soil was used instead of 0.25 g because of low microbial
counts in our soils (data not shown). For isolation of endophyte samples,
Invisorb Spin Plant Mini Kit (STRATEC Biomedical AG, Germany) was used
in order to ensure prolonged stability of endophytic DNA in the plant derived
samples. An additional homogenization step of bead beating at 45 s was
followed for the endophyte DNA extraction from plant samples.
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16S rRNA gene library generation and sequencing
After isolating DNA from all six plant replicates from both plant species, we
selected the four best replicates (samples with best DNA yields and
amplification performance) per sampling site for further analyses. Rhizosphere
samples from the same plant samples were also selected along with eight bulk
soil samples. 16S rRNA gene was amplified using primers 799f/1492r (Chelius
and Triplett, 2001) and M13-1062f/1390r in a nested approach. The nested
primers targeting the V6-V8 regions of 16s rRNA gene enable elimination of
plant chloroplast 16S rRNA gene amplicons as well as separation of endophyte
amplicons from plant microchondrial amplicons by size fractionation (799f1492r, Chelius and Triplett (2001)) and produce an amplicon with high
phylogenetic coverage and optimal size for IonTorrent sequencing (1062f1390r). Primers 1062f (Ghyselinck et al., 2013)and 1390r (Zheng et al., 1996)
were tagged with M13 sequences to enable sample barcoding as described
below and in Mäki et al. (2016). Both reactions had 1 !l of sample DNA, 1x
PCR buffer, 1 mg/ml of BSA, 0.2 mM dNTP’s, 0.3 !M of each primer and
1250 U/ml GoTaq DNA Polymerase (Promega, WI USA) in a 30!l reaction
volume. 5-10 and 25-30 ng of soil and endophyte DNA, respectively, was used
in the first PCR, and 1:10 diluted amplicons from the first PCR were used as a
template for the second run. Amplifications for both PCR reactions were
performed as follows: 3 mins denaturation at 95°C followed by 35 cycles of
denaturing, annealing, and extension at 95°C for 45 secs, 54°C for 45 secs and
72°C for 1 min, respectively. Final extension was carried out at 72°C for 5
mins. Four (rhizo- and endosphere) or eight (bulk soil) samples technically best
samples (good DNA yield, good PCR amplification) were included in the next
generation sequencing library construction.
!

Bioinformatics and statistical analysis
The raw sequence reads were processed using QIIME (Caporaso et al., 2010)
and UPARSE (Edgar, 2013) based on a 16S rRNA gene data analysis pipeline
developed by Pylro et al. (2014) with slight modifications in quality filtering.
Sequences were trimmed by removing sequences with low quality reads (Q
score <25) and shorter base pair (<150) length. Furthermore, all the raw reads
were trimmed (200 bp), clustered and aligned at 97% identity using
USEARCH algorithm (Edgar, 2010). UCLUST algorithm along with
Greengenes database (DeSantis et al., 2006) was used to assign taxonomies at
97% identity to the individual OTUs. In total, 426,135 high-quality reads (1468
reads - 5331 reads per sample) were clustered into 985 OTUs. For alpha
diversity analysis all the samples were rarefied (subsampled) to 1400 reads per
sample. Shannon index and species richness were obtained using Univariate
Diversity Indices (DIVERSE, PRIMER 6 (PRIMER-E Ltd)). The differences
in diversity indexes between the soil samples and their correlation with soil
physico-chemical properties were determined using two-way ANOVA and
Pearson correlation (SPSS Statistics, IBM). The significance of the differences
between the soil samples were tested by Games-Howell post-hoc tests (twoway ANOVA).
To normalize the data for community structure and other analyses all
the samples with more than the median reads were rarefied to the median
(2780 reads), while the samples with less reads were used as such, as described
in deCárcer et al. (2011). In addition, all the singletons and OTUs with less
than 50 reads were removed before processing. The influence of sampling site,
geographic region, plant compartment and plant species on bacterial
!
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Sequence libraries were prepared by running a third PCR to attach the
M-13 barcode system developed by Mäki et al. (2016). Amplicons from second
PCR were diluted 1:5 and re-amplified using barcode attached M13 system as
forward primer and 1390r-P1 with adaptor A as a reverse primer. PCR mix
and conditions were similar as described above, with an exception of only
using 8 cycles for amplification. Amplified libraries were purified using
Agencourt AMPure XP PCR purification system (Beckman Coulter, CA USA).
Purified samples were quantified with Qubit Fluorometer (Invitrogen, MA
USA) and an equivalent DNA quantity of each sample was pooled together.
The pooled samples were then size fractionated (size selection range of 350550 bp) using Pippin Prep (Sage Science, MA USA) 2% Agarose gel cassette
(Marker B) following the manufacturer’s protocol. Size fractioned libraries
were sequenced using Ion 314 chip kit V2 BC on Ion Torrent PGM (Life
Technologies, CA USA) in Biocenter Oulu, Finland.
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community structures, based on Bray-Curtis distance matrixes of square root
transformed abundance data, were analysed using permutational manova
(PERMANOVA) and visualized by PCoA ordinations at the OTU level.
Taxonomic groups (phyla or OTU) with strongest impact on differences
between community structures were identified with SIMPER (Similarity
Percentages - species contributions), all performed with PRIMER 6 software
package with PERMANOVA+ add-on (primer-e.com).
All the Ternary plots were made by calculating the mean relative
abundances of OTUs per geographic region/compartment and with the
function ‘ternaryplot’ ‘vcd’ (Meyer et al., 2015) from the R package. All other
graphs (bar and scatter plots) were constructed using the R package ‘graphics’.
Picking endosphere core OTUs
The highly conserved OTUs (core OTUs) were manually picked by
selecting OTUs that were constantly observed (present in at least 3 out of 4
replicates per site) in the endosphere of either O. digyna and S. oppositifolia or
both. To determine the distribution of core OTUs reads across different
compartments, the averaged read count per compartment was calculated for
each OTU, the averages were summed up and presented as the relative
distribution of each of the 13 core OTUs per compartment.
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Figure 2 Venn diagrams of shared OTUs (number of reads of respective OTUs) across 3 bioclimatic
regions (A) and compartments (B)
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Results
A total of 426,135 quality-filtered sequence reads was retrieved from the total
174 samples in our sample set, representing the endospheres and rhizospheres
of the two plant species and the associated bulk soil samples from the three
geographic regions (Figure 1). The sequences were separated into 985 OTUs
(defined at the 97% cut-off level) and subjected to downstream analyses. Of
!

these, 933 OTUs were present in at least one of the samples from each of the
three regions, 43 in two regions and nine were restricted to one region only.
778 of the 985 OTUs were found in all compartments (bulk soil, rhizosphere
soil or endosphere), 190 in two compartments and 17 were compartmentspecific (Figure 2).
Soil characteristics are different across three arcto-alpine regions
Table 1 lists the soil characteristics in the three geographic regions: Mayrhofen
(alpine), Kilpisjärvi (low-arctic) and Ny-Ålesund (high-arctic) (Figure 1). The
Ny-Ålesund [bulk] soils had significantly higher pH (two-way ANOVA,
p<0.05) and soil organic matter (SOM) values (two-way ANOVA, p<0.01),
and significantly lower levels of available phosphorus (two-way ANOVA,
p<0.05) than the Kilpisjärvi and Mayrhofen soils. The Kilpisjärvi soils had the
lowest average pH values, but there were no significant differences in the other
physico-chemical properties between the Kilpisjärvi and Mayrhofen bulk soils.

Region
Mayrhofen

Alps (A) [8]
Cliff (C) [4]
Average

0.01 (0.002)
0.02 (0.002)
0.01 (0.002)

7.03 (0.9)
4.60 (0.1)
5.81 (0.5)

Available Phosphorous
mg/kg
1.84 (1.1)
1.48 (0.4)
1.66 (0.8)

Kilpisjärvi

Jehkas New (JN) [8]
Jehkas Old (JO) [8]
Saana (S) [8]
Average
Knudsenheia (K) [8]
Midtre Lovénbreen
(M) [8]
Red River (RR) [8]
Average

0.02 (0.002)
0.02 (0.008)
0.02 (0.01)
0.02 (0.01)
0.03 (0.01)
0.03 (0.03)

5.55 (0.2)
6.36 (0.4)
5.49 (0.6)
5.80 (0.5)
7.4 (0.9)
6.4 (1.2)

1.31 (0.4)
0.76 (0.4)
2.45 (1.5)
1.51 (0.8)
0.83 (0.5)
0.63 (0.1)

0.04 (0.01)
0.04 (0.02)

7.78 (0.5)
7.20 (0.9)

0.34 (0.1)
0.60 (0.3)

Ny- Ålesund

Sampling Site []

SOM (%)

pH

( ) – Standard deviation values
[] – number of biological replicates/sampling site

Geographical region and soil properties impact the diversity of the bulk soil, but not of the
rhizosphere or endosphere bacterial communities
The species richness (SR) and !-diversity (Shannon index, SI) values of the
bulk soil bacterial communities differed between the geographic regions. The
Kilpisjärvi bulk soils (SR=33.95, SI=4.21) had significantly lower richness
!
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Table 1 Soil physico-chemical properties
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(two-way ANOVA, p<0.01) and diversity (two-way ANOVA, p<0.01) values
than the Mayrhofen (SR=41.04, SI=4.61) and Ny-Ålesund bulk soils
(SR=42.55, SI=4.92) (Figure 3a and 3b). In contrast, there were no significant
differences in the richness or diversity levels of the rhizosphere soil or
endosphere samples between the regions (Figure 3a and 3b).

Figure 3 Estimated Shannon
diversity index (A) and species
richness (B) of bulk soil,
rhizosphere soil and endophytic
bacterial communities from
three
climatic
regions
Mayrhofen, Kilpisjärvi and NyÅlesund. (C) Scatter plots of
bulk
soil
communities
explaining
the
correlation
(Pearson correlation) between
Shannon diversity and species
richness with soil-physico
chemical properties from three
climatic regions.
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There was a significant positive relationship of both SR and SI with
soil pH (pearson correlation [2-tailed], SR p<0.001, SI p<0.001,) and a
negative one with the levels of available phosphorus (P) (pearson correlation
[2-tailed], SR p<0.014, SI p<0.001). There was a significant positive correlation
between SOM and SI, but not between SOM and SR (Figure 3c).
!

Figure 4 (A) Ternary plot of distribution of OTUs across three climatic regions. Each circle represents
one OTU, and the size, color and position of the circle represent its relative abundance, bacterial phylum
and affiliation of the OTU with the different regions, respectively. (B-E) Average relative abundances of
bacterial phyla distributed across different bioclimatic regions. (B) All samples, (C) Bulk soil samples, (D)
Rhizosphere soil samples, (E) Endosphere samples

Proteobacteria were relatively more abundant in Mayrhofen (average
relative abundance 57%; Figure 4b) than in the arctic regions (46% in
Kilpisjärvi and 43% in Ny-Ålesund). The phylum Acidobacteria and the
!
!
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Bacterial community structures from different regions differ at the phylum level
Collectively, OTUs from all our samples fell into 21 bacterial phyla. Eight of
these, i.e. Proteobacteria, Actinobacteria, Acidobacteria, candidate division AD3,
Bacteroidetes, Firmicutes, Chloroflexi and Gemmatimonadetes, were prominent making
up collectively making up about 97% of the total microbiome. The remaining
13 phyla were present at less than 1% relative abundance each (Figure 4b).
Proteobacteria was the most abundant phylum (relative abundance of 48%), with
!- (19%) and "-Proteobacteria (19%) being the most dominant classes.
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candidate division AD3 were observed in higher average relative abundances
in Kilpisjärvi than in the other two regions (Figure 4b). The AD3 candidate
division had reduced diversity (Figure 4a, 4b), with a single abundant OTU
(OTU 10) dominating the Kilpisjärvi bulk soil samples, representing about
25% of the total bulk soil community. The Ny-Ålesund samples were enriched
with Actinobacteria (average relative abundances KJ=14%, IN=14%, NA=23%)
(Figure 4a, 4b).
Table 2 SIMPER analysis based on Bray-Curtis dissimilarity indexes at phylum level identifying the
major phyla driving the dissimilarities between different regions or compartments.
Bacterial phyla level dissimilarity index - Bioclimatic regions
Average dissimilarity = 34.74
Austria
Kilpisjarvi
Phylum
Average
Average
Abundance
Abundance
Proteobacteria
56.93
46.14
Acidobacteria
7.68
13.74
AD3
4.48
10.04
Actinobacteria
13.64
13.88
Firmicutes
2.36
4.06
Bacteroidetes
5.82
4.09
Gemmatimonadetes
2.5
2.69
Average dissimilarity = 32.69
Austria
Ny-Alesund
Phylum
Average
Average
Abundance
Abundance
Proteobacteria
56.93
43.3
Actinobacteria
13.64
23.38
Acidobacteria
7.68
6.18
Firmicutes
2.36
5.48
AD3
4.48
2.23
Bacteroidetes
5.82
6.99
Chloroflexi
2.17
4.83
Gemmatimonadetes
2.5
3.68
Average dissimilarity = 37.43
Kilpisjarvi
Ny-Alesund
Phylum
Average
Average
Abundance
Abundance
Proteobacteria
46.14
43.3
Actinobacteria
13.88
23.38
Acidobacteria
13.74
6.18
AD3
10.04
2.23
Firmicutes
4.06
5.48
Bacteroidetes
4.09
6.99
Chloroflexi
1.99
4.83
Gemmatimonadetes
2.69
3.68
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Contribution to
Dissimilarity %
25.91
18.14
12.7
9.62
8.19
7.48
5.79
5
Contribution to
Dissimilarity %
19.47
18.25
16.32
13.64
10.04
6.92
5.16
4.52

Bacterial phyla level dissimilarity index – Compartment
Average dissimilarity = 31.05
Bulk Soil
Rhizosphere
Phylum
Average
Average
Abundance
Abundance
AD3
13.59
2.89
Proteobacteria
36.92
47.47
Actinobacteria
17.7
19.71
Acidobacteria
13.84
11.77
Gemmatimonadetes
5.88
2.88
Bacteroidetes
3.33
5.47
Chloroflexi
4.39
4.38
Average dissimilarity = 46.76
Bulk Soil
Endosphere
Phylum
Average
Average
Abundance
Abundance
Proteobacteria
36.92
58.06
AD3
13.59
0.55
Acidobacteria
13.84
2.16
Actinobacteria
17.7
15.45
Firmicutes
0.56
11.81
Bacteroidetes
3.33
8.16
Gemmatimonadetes
5.88
0.48
Chloroflexi
4.39
0.76
Average dissimilarity = 34.93
Rhizosphere
Endosphere
Phylum
Average
Average
Abundance
Abundance
Proteobacteria
47.47
58.06
Firmicutes
0.29
11.81
Acidobacteria
11.77
2.16
Actinobacteria
19.71
15.45
Bacteroidetes
5.47
8.16
Chloroflexi
4.38
0.76
AD3
2.89
0.55
Gemmatimonadetes
2.88
0.48

Contribution to
Dissimilarity %
20.44
19.58
18.99
18.92
5.97
4.78
4.46
Contribution to
Dissimilarity %
24.91
14.37
13.47
13.32
12.16
6.69
5.8
4.12
Contribution to
Dissimilarity %
23.81
16.5
15.09
14.71
8.24
5.51
4.44
3.52
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Contribution to
Dissimilarity %
27.77
17.35
15.66
13.36
7.17
5.72
3.9

SIMPER analyses confirmed that Proteobacteria in Mayrhofen,
Acidobacteria and AD3 in Kilpisjärvi and Actinobacteria in Ny-Ålesund were the
main phyla contributing to the overall dissimilarities between the regions in all
our samples (Table 2). This trend was also consistent in the communities
across the different compartments (bulk soil, rhizosphere soil, endosphere)
(Figure 4c, 4d, 4e), with the exception of AD3, which was present at very low
abundances in the endosphere (<0,9% ) in all three regions (Table 2).
Additionally, the relative abundances of Firmicutes in the endosphere samples
increased with increasing latitude (Figure 4e), being lowest in Mayrhofen and
highest in Ny-Ålesund.

!

Figure 5 Principal Coordinate Analysis (PCoA) plots of bacterial communities from bulk soils, rhizosphere
soils and endospheres of O. digyna and S. oppositifolia from three climatic regions Mayrhofen, Kilpisjärvi and
Ny-Ålesund. (A) All samples, (B) Bulk soils and Rhizosphere soils, (C) Endospheres from O. digyna and S.
oppositifolia.The symbol colors correspond to compartment (A and B) or plant species (C) and the shapes of
the symbols correspond to the geographic regions. All ordinations are based on Bray-Curtis distance
matrixes.
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Firmicutes,
Proteobacteria
and
Bacteroidetes
dominate
endosphere
communities
SIMPER analysis indicated that
OTUs affiliated with the Firmicutes
were strongly enriched in all
endosphere-derived sequence data
sets, whereas these were virtually
absent from the bulk and
rhizosphere soil ones. In contrast,
candidate division AD3, Chloroflexi,
Gemmatimonadetes and Acidobacteria
were present in very low
abundances in the endosphere
communities in all three geographic
regions (<4% of total relative
abundance collectively) (Figure 6,
Table 2). The relative abundance of
Proteobacteria
and
Bacteroidetes
increased progressively from bulk
to rhizosphere soil to endosphere,
with a concomitant decrease in that
of candidate division AD3,
Gemmatimonadetes and Chloroflexi
(Table 2, Figure 6b). This trend was
similar in all three geographic
regions.
The
divergence
of
endosphere communities from soil
communities was also evident at the
subphylum level. For example,
OTUs
representing
the
actinobacterial class Thermoleophilia
were abundant in the bulk and
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rhizosphere soil communities, whereas these were rare in the endosphere
communities. The latter were dominated by the class Actinobacteria.
Compartment impacts bacterial diversity and community structures more than geographic
region or sampling site
The species richness and diversity values of the endophytic communities,
analyzed at the OTU level, were significantly lower than those of the bulk or
rhizosphere soil communities (Figure 3a, b). The rhizosphere soils had the
highest SR and SI values, with the differences between rhizosphere and bulk
soils not being significant (two-way ANOVA , p>0.05, Figure 3a, b). However,
we observed no such difference between the plant species, as O. digyna and S.
oppositifolia had similar SR and SI indices in the rhizo- as well as the endosphere
communities.

Chapter 3

Figure 6 (A) Ternary plot of all OTUs plotted based on the compartment specificity. Each circle
represents one OTU. The size, color and position of each OTU represents it relative abundance,
bacterial phyla and contribution of the OTU to the nearby compartments respectively. (B) Distribution
of average relative abundance of selected major bacterial phyla from all three bioclimatic regions across
the compartments.
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Also, the community structures of the endosphere bacterial
communities differed clearly from those of the bulk and rhizosphere soil ones
across all three regions, as demonstrated by PCoA (Figure 5a). A separate
analysis of the soil-derived samples revealed that the bulk soil communities
diverged from the rhizosphere soil ones in the three regions (Figure 5b). This
was supported by PERMANOVA, where compartment was identified as a
significant and strong driver of the differences between bacterial community
structures (Pseudo-F=30,962, P<0,001, Table 3).
In addition to compartment, sampling site (pseudo-F=4,0646,
P<0,001) and region (Pseudo-F=6,5495, P<0,001) both had significant effects
!

on the bacterial community structures (Table 3), although these factors both
had less impact than compartment(Table 3).

PERMANOVA, Single Factor Analysis
Factor
df
SS
All Samples
Compartment
2
1.02E+05
Site
7
56,283
Region
2
27,369
Bulk Soil
Site
7
43,653
Region
2
21,221
Rhizosphere Soil
Site
7
28,835
Region
2
12,352
Endosphere
Site
7
29,679
Region
2
11,842
PERMANOVA, Two-Factor Analysis
Rhizosphere Soil
Region
2
11,466
Plant species
1
2,910
Region X Plant species
2
2,983
Residuals
54 52,599
Endosphere
Region
2
11,659
Plant species
1
7,922
Region X Plant species
2
6,383
Residuals
52 1,02E+05

MS

Pseudo-F

p-value(perm)

51,132
8,040
13,685

30.96
4.064
6.549

0.001
0.001
0.001

6,236
10,610

7.671
9.150

0.001
0.001

4,119
6,176

5.073
5.996

0.001
0.001

4,239
5,921

2.142
2.788

0.001
0.001

5,732
2,910
1,491
974

5.886
2.988
1.531

0.001
0.007
0.067

5,829
7,922
3,191
1,964

2.968
4.033
1.625

0.001
0.001
0.003

PERMANOVA performed on each of the compartments separately
revealed that region and sampling site had the greatest influence on the
structure of bulk soil communities (Pseudo-F=9,1503, P<0,001 and PseudoF=7,6707, P<0,001, respectively) with their influence decreasing for the
rhizosphere (Pseudo-F=5,9962, P=<0,001 and Pseudo-F=5,0728, P=<0,001,
respectively) and endosphere (Pseudo-F=2,7877, P=<0,001 and PseudoF=2,1418, P<0,001, respectively) communities (Table 3). Interestingly, region
shaped community structures more than sampling site in all compartments,
indicating impact of climate or geographic distance (Table 3). Thus, in further
!
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Table 3 PERMANOVA analyses of factors impacting differences between community structures of
bacteria from different climatic regions, sampling sites, compartments or plant species.
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analyses, we focused on comparing communities from different regions and
plant species.
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Plant species and region both impact endosphere bacterial community structures
PERMANOVA identified both plant species and geographic region as
significant drivers of the community structures of the rhizosphere soil
communities (PERMANOVA p<0.01), but region (Pseudo-F= 5,8857) had
more impact on the differences than plant species (Pseudo-F=2,9879) (Table
3). In contrast, while plant species, region and their interaction all had
significant impact on endosphere community structures (PERMANOVA,
P<0,01), plant species had stronger impact on the differences between the
communities (Pseudo-F=4,0332) than region or interaction between these
factors (Pseudo-F=2,9678 and Pseudo-F=1,6249, respectively) (Table 3).
The endophytic communities from all three regions, being relatively
similar to each other, tended to diverge based on plant species (O. digyna or S.
oppositifolia) on the first two axes in the PCoA ordination (Figure 5c), while we
did not observe any plant species specific clustering in the PCoA of the
corresponding rhizosphere communities (data not shown).
Thus, we found partial support for our hypothesis, that plant species
strongly shape the plant-associated bacterial communities, as plant species
emerged as the major (albeit not the only) significant determinant of the
endophytic bacterial community structures over multiple sites and several
regions (climate zones). In contrast, this was not true for the rhizosphere
communities.
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Figure 7 (A) Venn diagram of common shared OTUs and plant species specific OTUs (number of reads
of the respective OTUs) between O. digyna and S. oppositifolia from all the endosphere samples. Average
relative abundance of endophytic bacterial communities associated with O. digyna and S. oppositifolia
endosphere samples at different taxonomical level. (B) bacterial class, (c) bacterial order. Only selected
major bacterial orders and classes were classified and shown.
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Thirteen bacterial taxa are highly conserved in the O. digyna and S. oppositifolia endospheres
in all three regions, constituting a major portion of the communities
We then searched for bacterial taxa that were highly conserved (‘tight’ core) in
the O. digyna or S. oppositifolia endospheres using as a criterion OTUs that were
present in at least three out of four endosphere samples per plant species
across all sampling sites and all regions. Thirteen such OTUs were found, of
which five, representing Bradyrhizobium (2 OTUs), Rhodoplanes (!-Proteobacteria),
Janthinobacterium ("-Proteobacteria) and Planococcaceae (Firmicutes), were highly
consistently present in both plant species (Table 5). Additionally, eight OTUs
were consistently present in just one of the plant species. Thus O. digyna
specific core OTUs belonged to Comamonadaceae ("-Proteobacteria) and
Enterobacteriaceae (#-Proteobacteria), whereas S. oppositifolia core OTUs
belonged to Micromonosporaceae, Micrococcaceae (Actinobacteria), Bradyrhizobiaceae (!Proteobacteria) and unidentified "-Proteobacteria (Table 5). Collectively, these
(highly conserved) core OTUs accounted for 38% of the total reads in the
endosphere communities. Significantly, eleven of these core OTUs (all, except
OTUs 171 and 429, Table 5) were among the main drivers of the divergence
of the endosphere communities of the two plant species (Table 4). They also
explained the differences between the endosphere and the soil bacterial
communities, and those between the endosphere communities in different
geographical regions (Table 4).
!
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Differences in endosphere bacterial community structures between the two plant species are
explained by differential acquisition of shared bacterial taxa
Remarkably, the majority of the endosphere bacterial taxa was present in both
plant species, but in different relative abundances. A total of 841 OTUs was
found in the endosphere samples, comprising 152,050 reads. A vast majority,
i.e. 612 OTUs (149,422 reads, 98.3% of all endosphere reads), was shared
between the two plant species, and many of these OTUs were consistently
enriched along plant species (Figure 7a). For example, OTUs representing
diverse Burkholderiales were enriched in the O. digyna samples (13,325 reads vs
4,396 reads in S. oppositifolia), while OTUs in the order Clostridiales (6,064 reads
in S. oppositifolia vs 3,222 reads in O. digyna) were relatively more abundant in S.
oppositifolia across the three climate zones (Figure 7c). SIMPER analysis
revealed an enhanced accumulation of several OTUs of the Comamonadaceae,
Oxalobacteraceae (Burkholderiales) and Bradyrhizobiaceae in O. digyna, versus higher
abundances of OTUs of the Clostridiales, along with Actinobacteria, Myxococcales
and Saprospirales in S. oppositifolia (Table 4). In addition to the shared bacterial
taxa, 162 OTUs (1,749 reads, 1.1% of the total endosphere reads) and 57
OTUs (879 reads, 0.6%) were observed only in O. digyna and S. oppositifolia,
respectively (Figure 6a).
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Most core taxa are enriched in the plant-associated compartments
In order to test our hypothesis that the core endophytes are also specifically
enriched in the plant endosphere compartment (rather than being ubiquitously
present in all samples and compartments), we inspected the distribution of the
core OTUs’ reads across different compartments (endosphere, rhizosphere soil
and bulk soil) by calculating the average reads of individual OTUs per
compartment. Of the 13 core OTUs, 10 OTUs were mainly present in the
endosphere (over 50% of reads in the endosphere samples), and but only 5
OTUs (OTUs 4, 5, 15, 32 and 33) were clearly endosphere enriched. However,
11 out of 13 core OTUs were predominantly present in the plant associated
compartments, as over 80% of their reads were detected in the endo- or
rhizosphere (Figure 8).

Figure 8 Relative distribution of core OTUs’ reads across different compartments.The graph is based on
average read count of each OTU in different compartments.
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Thus, even though we did find a core set of OTUs that were
consistently present in our endosphere samples, we found no support to our
hypothesis, that strictly endophytic lifestyle would be required for tight
association with plant hosts.
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Discussion
Factors shaping the bacterial diversity levels in soils across three climatic regions
In this study, we examined the bacterial communities in three regions spanning
over 3000 km in distance, i.e. Mayrhofen (alpine), Kilpisjärvi (low-arctic) and
Ny-Ålesund (high-arctic). In these three regions, the climatic conditions are
!

!

!
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0.71*

0.65*

0.62*

0.62*

0.53*

0.5*

0.4

0.37

0.37

0.37

0.29

0.28

0.27

0.26

0.26

OTU_21
OTU_5

OTU_2

OTU_3

OTU_15

OTU_8

OTU_33

OTU_4

OTU_706

OTU_13

OTU_84

OTU_48

OTU_16

OTU_22

OTU_36

OTU_23

OTU_26

OTU_41

OTU_37

OTU_83

0.59*

0.71*

0.56*

0.64*

0.71*

0.92*

0.74*

0.65*

0.69*

0.99*

1.12*

1.43*

1.43*

0.99*

1.52*

1.28*

1.59*

1.73*

Plant
species
1.71*
1.01*

0.47

0.54

0.51

0.62

0.59

0.72*

0.79*

0.63

0.78*

1.17*

1.24*

1.25*

1.24*

0.97*

1.79*

1.20*

1.68*

1.87*

1.69*
1.04*

Region

Clostridia
Bacilli

Firmicutes
Firmicutes
Proteobacteria
Proteobacteria
Actinobacteria
Proteobacteria
Actinobacteria
Proteobacteria
Bacteroidetes
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Actinobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Actinobacteria
$ -proteobacteria
! -proteobacteria
Acidimicrobiia

$ -proteobacteria
Un_Proteobacteria

# -proteobacteria
# -proteobacteria
$-proteobacteria
! -proteobacteria
# -proteobacteria
Actinobacteria

# -proteobacteria
Saprospirae

#-proteobacteria
Actinobacteria

!-proteobacteria
"-proteobacteria
Actinobacteria

Class

Phyla
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OTU #

Endo vs
Rhizo
0.97*
0.95*

Xanthomonadales
Rhizobiales
Acidimicrobiales

Clostridiales
Bacillales
Rhizobiales
Myxococcales
Actinomycetales
Burkholderiales
Actinomycetales
Burkholderiales
Saprospirales
Burkholderiales
Burkholderiales
Pseudomonadales
Rhizobiales
Burkholderiales
Actinomycetales
Xanthomonadales

Order

Sinobacteraceae
Hyphomicrobiaceae

Sinobacteraceae

Clostridiaceae
Planococcaceae
Bradyrhizobiaceae
Haliangiaceae
Micrococcaceae
Oxalobacteraceae
Micromonosporaceae
Comamonadaceae
Chitinophagaceae
Comamonadaceae
Comamonadaceae
Pseudomonadaceae
Hyphomicrobiaceae
Comamonadaceae

Family

Steroidobacter

Methylibium
Limnohabitans
Pseudomonas
Rhodoplanes

Kocuria
Janthinobacterium

Bradyrhizobium

Clostridium

Genus

Table 4 20 key OTUs determining the composition of endophyte communities in O. digyna and S. oppositifolia from three regions. Numerical values
indicate % contribution of the respective OTUs in determing the difference in community composition between endosphere and rhizosphere, O. digyna
and S. oppositifolia and average between the three bioclimatic regions respectively. * - indicate OTUs (top 20 OTUs from SIMPER analysis) which
strongly contributed to the differences in community structures of endosphere bacteria between the compartments, plant species and geographic
regions. OTUs which are also part of tightly associated OTUs were highlighted by bold letters in the OTU # column.

lividum

Species

Table 5 Highly conserved core OTUs of O. digyna and S. oppositifolia endospheres. OTUs present in
minimum of three samples out of four in all sampling sites in all regions per plant species are included.
OTU #

Phyla

Class

Order

Family

Genus

Core OTUs of both plant species
OTU_16

Proteobacteria

!-proteobacteria

Rhizobiales

Hyphomicrobiaceae

Rhodoplanes

OTU_2

Proteobacteria

!-proteobacteria

Rhizobiales

Bradyrhizobiaceae

Bradyrhizobium

OTU_429

Proteobacteria

!-proteobacteria

Rhizobiales

Bradyrhizobiaceae

OTU_5

Firmicutes

Bacilli

Bacillales

Planococcaceae

OTU_8

Proteobacteria

"-proteobacteria

Burkholderiales

Oxalobacteraceae

Janthinobacterium
Kocuria

Additional core OTUs of S. oppositifolia
OTU_15

Actinobacteria

Actinobacteria

Actinomycetales

Micrococcaceae

OTU_171

Proteobacteria

! -proteobacteria

Rhizobiales

Bradyrhizobiaceae

OTU_33

Actinobacteria

Actinobacteria

Actinomycetales

Micromonosporaceae

OTU_7

Proteobacteria

" -proteobacteria

Ellin6067

Un_Ellin6067
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Additional core OTUs of O. digyna
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OTU_13

Proteobacteria

"-proteobacteria

Burkholderiales

Comamonadaceae

OTU_32

Proteobacteria

!-proteobacteria

Enterobacteriales

Enterobacteriaceae

OTU_35

Proteobacteria

"-proteobacteria

Burkholderiales

Comamonadaceae

OTU_4

Proteobacteria

"-proteobacteria

Burkholderiales

Comamonadaceae

Methylibium

clearly different.The highest bacterial species richness and diversity values in
the bulk soils were found in the Ny-Ålesund samples, which was consistent
with data by Chu et al. (2011) and Neufeld and Mohn (2005) who also detected
highest bacterial diversities in the high northern latitutes. However, our data
stand in contrast to those from Yergeau et al. (2007), who reported decreasing
bacterial diversity in Antarctic soils with increasing latitude towards the south
pole. We found a clear positive correlation of bacterial diversity with soil pH
and SOM, and a negative correlation with the level of available P, agreeing
with several studies that put forth soil pH as a major driver of bacterial
diversity (Fierer and Jackson, 2006; Fierer and Lennon, 2011; Lauber et al.,
2009; Rousk et al., 2010; Shi et al., 2015). Soil nutritional status and available P
have also been shown to significantly impact bacterial diversity (Siciliano et al.,
2014).
With respect to compartment, the endosphere bacterial communities
were significantly less diverse than those in the corresponding soils. However,
in contrast with studies from other soils ("nceo#lu et al., 2011; Kowalchuk et
al., 2002; Smalla et al., 2001), where rhizosphere soil communities have been
reported to be less diverse and rich than those in bulk soils, we observed
highest richness and diversity values in the rhizosphere soils. This was similar
to findings in our previous study from the Kilpisjärvi site, where the
!

OTUs that determine the divergence of the soil bacteriomes across three regions
In this study, we detected very few endemic bacterial OTUs, as the great
majority of the bacterial taxa were found in all three, geographically
widespread, regions. However, these taxa were present in very different relative
abundances, leading to region-driven community structures. Roughly,
proteobacterial taxa decreased and Gram-positive ones increased towards the
north, with Acidobacteria and candidate division AD3 being enriched in the
Kilpisjärvi samples. This clear progressive change in bacterial community
structures hints at specific effects of the shifting local conditions on the
aforementioned taxa. Thus, habitat filtering rather than [long-distance]
dispersal impacts the bacterial community compositions across the three cold
climate sites.
The dominance of Proteobacteria in the bulk soil samples from
Mayrhofen was consistent with findings by Margesin et al. (2009) in alpine
soils. Moreover, corroborating earlier studies (Männistö et al., 2007, 2013), the
high abundance of Acidobacteria was likely linked to the low pH in the
Kilpisjärvi soils (Chu et al., 2010; Griffiths et al., 2011). Also, the high
abundance of candidate division AD3 in Kilpisjärvi (Figure 6b) was consistent
with similar findings for the Mitchell peninsula in Antarctica (Ji et al., 2015)
and low-nutrient sandy soils (Zhou et al., 2003). However, earlier studies by
Männistö et al. (2007, 2013) have not detected candidate division AD3 in highSOM Kilpisjärvi soils. We here assume that the candidate division AD3
members that were found are well adapted to low SOM/ low nutrient soils.
Compartment is the primary driver of bacterial community structures
A striking observation was that both O. digyna and S. oppositifolia sampled in any
of the three regions exhibited similar endosphere bacterial communities. We
previously observed compartmental influence between bulk and rhizosphere
!
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rhizosphere samples had highest richness and diversity (Kumar et al., 2016).
Miniaci et al. (2007) and Coleman-Derr et al. (2016) studying low-SOM glacier
forefield or desert soils, respectively, also observed higher bacterial diversity
and richness values in the rhizospheres than in the corresponding bulk soils.
Further, Yergeau et al. (2007) found that soil bacterial diversities in Antarctic
non-vegetated fell-field soils decreased with increasing (southern) latitude
whereas bacterial diversity of soils from vegetated sites did not decrease with
latitude. This suggests that a plant-incited “protective or nutritional” effect on
bacterial communities becomes increasingly more important in soils with low
available nutrients.
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soils of O. digyna and S. oppositifolia (Kumar et al., 2016), and so extend this to
the endospheres that were addressed in the current study. Clearly, even though
the bulk soil bacterial communities were influenced by region and sampling
site, which may relate to soil edaphic factors, plant endospheres shared similar
bacterial endophytes across the three regions. This points to a strong and
specific filtering effect of the two pioneering plants that were studied, allowing
similar bacteria to colonize plants from the widely divergent soils in different
regions.
As a token of the plant-incited filtering effect, members of the
Proteobacteria, Actinobacteria, Bacteroidetes and Firmicutes dominated the endosphere
bacterial communities. Several other studies, performed with both agricultural
and wild plants, also reported these four phyla to be dominant in several
endosphere, with Proteobacteria being the most dominant (Coleman-Derr et al.,
2016; Santoyo et al., 2016; Zhao et al., 2016). Other taxa, including
Acidobacteria, candidate division AD3, Chloroflexi and Gemmatimonadetes, were
virtually absent from the endosphere. A general underrepresentation of
Acidobacteria in the endosphere has also been observed in other systems
(Coleman-Derr et al., 2016; Edwards et al., 2015; Zarraonaindia et al., 2015).
The enrichment of Firmicutes in endosphere samples in this study was mainly
ascribed to the raised abundance of OTUs belonging to the Clostridia (in
particular OTU 21; genus Clostridium). Possibly, such organisms might have
been selected for their capacities to fix nitrogen in the cold and often waterlogged soils (Rosenblueth and Martínez-Romero, 2006) in the permafrostimpacted Arctic sites. Interestingly, nifH genes of Clostridia spp. have been
reported to be frequent in soil samples fromCanadian high Arctic (Deslippe
and Egger, 2006). Similarly, in our study plants were sampled at early growing
season, when plants started flowering, and snow was still melting in most
sampling sites.
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A small set of highly conserved OTUs shapes the endosphere bacterial communities in two
arcto-alpine plant species
O. digyna and S. oppositifolia, the target plant species in this study, are both
perennial herbs with similar habitat requirements, producing tap root systems
of similar size and depth; the plants often grow at close proximity to each
other. The plants, however, are taxonomically quite distant: O. digyna is
member of the Polygonaceae of the order Caryophyllales, whereas S. oppositifolia
belongs to the order Saxifragales, which is estimated to have diverged from
other core Eudicots 114-124 MYA (Soltis et al., 2000; Wikström et al., 2001).
The plants also have differing mycorrhizal associations: O. digyna is nonmycorrhizal, whereas S. oppositifolia is endomycorrhizal, which is likely to have
strong impact on its nutrient acquisition efficiency.
!
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Despite these differences, the endophytic communities of these two
plants were strikingly similar. While we found a significant effect of plant
species on community structure of endophytic bacterial communities (Table 3,
Figure 5c), the plants shared a core microbiome, dominated by Burkholderiales,
Actinomycetales and Rhizobiales, across three different arcto-alpine climatic
regions. Of these, Actinomycetales and Burkholderiales have been reported as
components of the core root microbiome of A. thaliana (Schlaeppi et al., 2014).
Rhizobiales are known plant symbionts with nitrogen fixing abilities, while
Burkholderiales are well known for their biodegradative capacities and
antagonistic properties towards multiple soil-borne fungal pathogens (Benítez
and McSpadden Gardener, 2009; Chebotar et al., 2015). The core microbiome
OTUs representing Burkholderiales, especially Comamonadaceae and
Oxalobacteraceae, were relatively more abundant in O. digyna. We have repeatedly
isolated bacteria from O. digyna vegetative tissues with very high sequence
homologies to the above core OTUs (Nissinen et al., 2012; unpublished).
Further, we have isolated or detected (clone libraries) bacteria in O. digyna seeds
with 100% (16S rRNA gene based) identity to six of the core OTUs (OTUs 2
and 16 representing Rhizobiales, OTUs 8, 13 and 35 (Burkholderiales) and OTU
15 (Actinomycetales) (unpublished data). Core OTUs related to similar strains
from seeds were highly enriched (Figure 8) in the endosphere or rhizosphere
soils. Part of these core organisms could thus be seed-transmitted and colonize
the rhizo-and endosphere of developing seedlings, as previously described by
Puente et al. (2009) in desert cacti, indicating the potential importance of such
seed transmitted endophytes in pioneer plants. Horizontal transmission of a
set of endophytes has also been observed by Hardoim et al. (2012) and
Johnston-Monje and Raizada (2011).
In addition, these core OTUs were among the primary drivers of
region, compartment or host-plant species differences among the bacterial
communities. The higher relative abundance of Clostridia in Ny-Ålesund and
Rhizobia in Mayrhofen in the endosphere communities is one such example, as
discussed above.
In summary, we here report that, on the basis of data obtained with
two plant species, host plant-specific endophytic communities can be acquired
despite a distance of over 3000 km and differences in climate and chemistry
between soils. These plant species-specific assemblages are formed from a
shared core set of bacteria, most of which are strongly enriched in the
endosphere. We surmised that selection by these perennial plants plays a role,
possibly concomitant with a highly efficient adaptation and fitness of these
bacteria in the plant environment. Some of these core OTUs could even be
seed-inherited, explaining their tight association with the host plant. Very
closely related endophytic taxa have previously been found to be shared by
!
!
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plants from other cold climates (Carrell and Frank, 2015; Nissinen et al., 2012;
Poosakkannu et al., 2015), indicating efficient establishment of specific bacteria
in arcto-alpine plants.
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Abstract
The diversity of plant-associated fungal communities in arcto-alpine pioneer
plants remains elusive when compared to that of temperate climate plants.
Here, we investigated the diversity of plant root associated fungal communities
from two pioneer arcto-alpine plants, Oxyria digyna and Saxifraga oppositifolia,
from three distinct geographic regions. DNA was extracted from bulk and
rhizosphere soils and from the plant roots, after which the ITS2 region was
amplified and amplicons were sequenced in order to profile the fungal
communities. Diversities as well as community structures of the fungal
communities were primarily impacted by the factor compartment (bulk soil,
rhizosphere soil, endosphere). The highest diversities were detected in the
rhizosphere soils followed by bulk soils and endosphere samples. Endosphere
fungal communities exhibited community structures that were clearly distinct
from those of rhizosphere or bulk soil. We detected no impact of geographic
region on the diversity values of the soil fungal communities. However,
remarkably, the diversities of the endosphere communities of both plant
species decreased with increasing latitude. Rhizosphere and endosphere fungal
community structures were influenced by geographic region, with low host
plant specificity. Soil pH clearly determined the community structures of the
bulk soil fungal communities. The fungal genera Mycenella, Cadophora and
Varicosporium dominated the endosphere, whereas Geomyces pannorum was
predominantly present in the soils.
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Keywords: Fungal diversity, arcto-alpine plants, Geomyces pannorum, endophytes,
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Introduction
The diversity and ecological functioning of fungal communities in most
habitats remain poorly studied when compared to those of bacterial
communities (Anderson & Cairney, 2004). In particular, the diversity of fungi
in arctic and alpine biomes have been largely unexplored (Robinson, 2001). A
recent study on Antarctic soil fungal communities (comparing with previous
studies of Arctic soil fungi) revealed a bipolar distribution of the fungal
communities in Antarctica, i.e. these communities shared a high number of
organisms with those of high northern latitude soils (Cox et al., 2016). Thus,
strong parallel habitat filtering was hypothesized to occur. Moreover, the fungi
colonizing such extreme environments may be strongly dispersed, e.g. by
migrating birds (Marshall, 1998), and this points to an ability to colonize and
survive in the (low-nutrient) polar soils.
A surprising richness and diversity of plant root-associated fungal
communities has been found in the first pioneering studies in these habitats, as
compared to the generally low diversity of plants (Blaalid et al., 2012; Botnen
et al., 2014; Mundra et al., 2015; Yao et al., 2013, Bjorbækmo et al., 2010). We
ignore to what extent such fungi fall in the class of mycorrhizal fungi, or just
occur as root inhabitants without a noticeable mycorrhizal feature.
Nevertheless and irrespective of their relative abundances, in particular ectomycorrhizal (EM) and ericoid mycorrhizal (ECM) fungal communities have
been estimated to furnish about 61-86% of the plant nitrogen in the arctic
tundra, a value similar to that estimated for temperate climate regions. In
contrast, there is no conclusive evidence that arbuscular mycorrhizal (AM)
fungi in the Arctic supply their symbiotic partners with any nitrogen (Hobbie
and Hobbie, 2006).
Unfortunately, there are seemingly contrasting reports when it comes
to the levels of mycorrhization of plants in the Arctic. Thus, Kytöviita (2005)
suggested that, in contrast to the high mycorrhization rate of plants from
tropical or temperate soils, non-mycorrhizal plants dominate Arctic soils.
Koske (1987) and Kytöviita and Ruotsalainen (2007) also reported that most
plants in this region do not avidly form mycorrhizal symbioses. Moreover,
these authors claimed that the diversity of AM fungi tends to decrease with
increasing latitude. In particular, herbaceous species like Saxifraga oppositifolia,
Pedicularis capitata and Solidago virgaurea (which are mainly arbuscular mycorrhizal
[AM] in temperate regions) have been reported to form EM symbiosis in the
high Arctic (Kytöviita, 2005; Pietikäinen et al., 2007). It was hypothesized that
the low temperatures, short growth seasons and/or soil disturbance by frost
thawing might be at the basis of the apparent low abundance of mycorrhized
plants in the Arctic. However, we still face a paucity of knowledge as to which
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plant naturally associate with mycorrhizal fungi in the arcto-alpine regions and
which plant do not posses this avidity.
Furthermore, there are so far only few studies that investigated the
host plant specificity of endophytic fungi in arcto-alpine plants (Blaalid et al.,
2014; Fisher et al., 1995; Higgins et al., 2007; Lv et al., 2010; Zhang et al.,
2015). In four studies, EM or ECM fungi from several arctic and alpine plants
showed no significant host specificity (Ryberg et al., 2009, 2011; Timling et al.,
2012; Walker et al., 2011). In another more specific study, Botnen et al. (2014)
also reported low host specificity of root-associated fungal communities from
the arcto-alpine plant species Dryas octopetala, Salix polaris and Bistorta vivipara.
However, rhizosphere AM fungal communities were found to be influenced by
plant host (Becklin et al., 2012). In contrast to the foregoing four studies,
Higgins et al. (2007) and Zhang et al. (2015) reported that endophytic fungal
communities of tundra plants from the Canadian and Ny-Ålesund (Svalbard)
Arctic regions were host plant specific. The conflicting observations of the
degree of mycorrhization at high northern latitudes and the controversial
claims of host-plant specificity in the high Arctic require further study, in
particular with respect to the presumed importance of fungal endophytes in
nutrient poor habitats.
In this study, we used next generation sequencing of soil and plant
microbial community DNA to study the diversity and community structure of
the respective fungal communities. We selected two pioneer plant species with
differing mycorrhizal relationships, Oxyria digyna and S. oppositifolia. The former
plant species has been reported to be non-mycorrhizal (Väre et al., 1992),
whereas the latter one forms EM associations (Gardes and Dahlberg, 1996).
Three distinct geographic regions were selected for this study: Mayrhofen in
the European Alps (alpine climate), Kilpisjärvi in Finnish Lapland (low arctic
climate) and Ny-Ålesund in the Svalbard archipelago (high arctic climate)
(Figure 1). We hypothesized that the bulk soil fungal communities are mainly
influenced by geographic region and/or by soil physico-chemical properties,
while the plant-associated ones are mainly driven by plant species due to their
distinct mycorrhizal association. We also hypothesized that the diversity of the
soil- and plant-associated fungal communities will decrease with increasing
latitude. To the best of our knowledge, this is the first comprehensive
comparative study of plant-associated fungal communities in High Arctic and
Alpine climate zones.
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Materials and Methods
Sampling locations and sample collection
Samples were collected from three distinct bioclimatic regions: Innsbruck,
Austria (Alpine), Kilpisjärvi, Finland (low-arctic) and Ny-Ålesund, Svalbard
!

Figure 1 Map with information on three distinct sampling locations: One from the Alps (Mayrhofen,
Austrian Alps) and one each from low- (Kilpisjärvi, Finnish Lapland) and high-Arctic (Ny-Ålesund,
Svalbard archipelago

Fungal ITS gene library generation and sequencing
Total community DNA was isolated from both soil and plant samples using
MoBio Power soil kit (MoBio, Carlsbad, CA USA) and Invisorb Spin plant
Midi Kit (STRATEC Biomedical AG, Germany), respectively with minor
modifications to manufacturers protocol as detailed in Kumar et al., 2016a.
Fungal internal transcribed spacer (ITS) gene libraries were amplified using
fITS7 and ITS4 (Ihrmark et al., 2012) primer sets. 30 !l reaction mixture
!
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(high-arctic). Kilpisjärvi (S, JO, JN) and Ny-Ålesund (K, M, RR) had three
sampling sites each, while we had only two sites from Mayrhofen (A, C) region
(Figure 1, Table 1). From each site, six replicates of top (1-5 cm depth) and
bottom (15-20 cm depth) soil samples were collected along with six samples of
both O. digyna and S. oppositifolia (with adhering rhizosphere soils). Both plant
species O. digyna and S. oppositifolia have circumpolar distribution and are one of
the early colonizers on glacier retreat soils. O. digyna has been reported to be
non-mycorrhizal while S. oppositifolia is ecto/endo-mycorrhizal. Bulk and
rhizosphere soils were processed and stored as specified by Kumar et al.
(2016b). Plant roots were thoroughly washed after removing rhizosphere soil,
and surface-sterilized by immersion in 3% sodium hypochlorite (3 min) and
then in sterile double-distilled water (3 x 90 sec). After that, 80-100 mg of root
samples were stored at -80˚C for DNA extraction. Soil physicochemical
analyses (soil pH, soil organic matter (SOM) and available phosphorus (P))
were performed as described in Kumar et al. (2016a).
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contained 1 !l of template DNA, 1x PCR buffer, 0.2 mM dNTP’s, 0.3 !M of
each primer and 3000 U/ml DreamTaq DNA Polymerase (Thermo Scientific,
MA, USA). 1 !l of template had 5-10 and 25-30 ng of soil and endophyte
DNA respectively. The amplification procedure consisted of 5 mins
denaturation at 95°C followed by 35 cycles of denaturing, annealing, and
extension at 95°C for 30 s, 55°C for 30 secs and 72°C for 1 min, respectively.
Final extension was carried out at 72°C for 7 mins. The sequence libraries were
prepared by attaching M-13 barcode system to the amplicons (Mäki et al.,
2016). Amplicons from first PCR were diluted 1:10 and re-amplified using
barcode attached M13 system as forward primer and ITS4-P1 with adaptor A
as a reverse primer. PCR mix and conditions were similar as described above,
with an exception of only using 8 cycles for amplification. Amplified products
were purified with Agencourt AMPure XP PCR purification system (Beckman
Coulter, CA, USA) and quantified using Qubit dsDNA HS assay kit and Qubit
fluorometer (Invitrogen, MA, USA). The quantified samples from each sample
were then pooled together and were sequenced in house using Ion 314 chip kit
v2 BC on Ion Torrent PGM (Life Technologies, MA, USA).
Table 1 Overview of the sampling sites, geographic location with latitudes along with soil physicochemical properties and details of plant species sampled from respective site.
Plant
Available
Geographic
Latitude species
Sampling site
Soil pH
SOM** %
phosphorus
Region
sampled*
mg/kg
Mayrhofen
Alps (A)
0.01 (0.002)
7.03 (0.9)
1.84 (1.1)
47.18
OD, SO
(Alpine)
Cliff (C)
0.02 (0.002)
4.60 (0.1)
1.48 (0.4)
47.18
OD, SO
Kilpisjärvi
Jehkas New (JN) 0.02 (0.002)
5.55 (0.2)
1.31 (0.4)
69.08
OD, SO
(low-Arctic)
Jehkas Old (JO)
0.02 (0.008)
6.36 (0.4)
0.76 (0.4)
69.08
OD, SO
Saana (S)
0.02 (0.01)
5.49 (0.6)
2.45 (1.5)
69.05
OD
Ny-Ålesund
Knudsenheia (K) 0.03 (0.01)
7.4 (0.9)
0.83 (0.5)
78.90
OD, SO
(high-Arctic) Midtre
0.03 (0.03)
6.4 (1.2)
0.63 (0.1)
78.90
OD, SO
Lovénbreen (M)
Red River (RR)
0.04 (0.01)
7.78 (0.5)
0.34 (0.1)
78.93
OD, SO
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( ) – Standard deviation values
* OD – O. digyna, SO – S. oppositifolia
**SOM: soil organic matter
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Sequence data processing and bioinformatic analysis
Raw sequence data from Ion torrent seqencing were processed using QIIME
1.8.0 (Caporaso et al., 2010) software and UPARSE (Edgar, 2013). After
removal of primers and barcodes reads with quality score above 25 and 200 bp
were selected for further processing. In addition, the fungi sequences from
ITS1 region were extracted with ITSx (Bengtsson-Palme et al., 2013), screened
for chimeric sequences (UNITE 7.0) and aligned at 97% identity using
USEARCH algorithm (Edgar, 2010). UCLUST algorithm along with UNITE
7.0 database was used to assign taxonomies at 97% identity to the individual
!

OTUs. For alpha diversity determination all the samples were rarefied
(subsampled) to 540 reads per sample and for community structure and other
analysis all the samples with more than the median reads were rarefied to the
median (3700 reads), while the samples with less then 3700 reads were used as
such (deCárcer et al., 2011).

Picking endosphere core OTUs
The highly conserved OTUs (core OTUs) were manually picked by selecting
OTUs that were constantly observed (present in at least 2 out of 3 replicates
per site) in the endosphere of either O. digyna and S. oppositifolia or both.
Results
In total, we analyzed 138 samples from bulk and rhizosphere soils, as well as
from the endosphere, and obtained 434,630 high quality reads. The reads were
grouped into OTUs at the 97% level of similarity, after which OTUs that
contained less than 30 reads were removed (less than 0.02% of the sequences).
This quality trimming resulted in 422,132 sequences, which were subsequently
grouped into 978 OTUs and used in further analyses. Among these 978 OTUs,
325 were region-specific, another 321 were shared between two of the three
regions and the remaining 332 were present across all the regions (Figure 2a).
With respect to the compartments (bulk soil, rhizosphere soil or endosphere),
!
!
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Statistical analyses
The ordination plots were produced using a model-based ordination method
introduced in Hui et al. (2015) and Warton et al. (2015) implemented in R
software. The method fits a generalized linear latent variable model with two
latent variables to the data and then produces an ordination plot based on the
predicted bivariate latent variables. Here we assumed a negative binomial
distribution for the OTUs due to the highly over dispersed data. Shannon
diversity index and species richness were calculated using Univariate Diversity
Indices (DIVERSE, PRIMER 6 (PRIMER-E Ltd)) and significance values
were calculated using IBM SPSS. PRIMER 6 software was further used to
determine the similarities between the samples (ANOSIM), to access the
similarity percentage of dominating OTUs or bacteria at different taxonomic
level (SIMPER).
Ternary plots were produced by calculating the mean relative
abundances of OTUs from rhizosphere and endosphere compartments and
plotted with the function ‘ternaryplot’ ‘vcd’ (Meyer et al., 2015) from the R
package.
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soil (bulk and rhizosphere) fungi covered a large proportion of the diversity
(616 of the 978 OTUs), with 126 OTUs being specific to bulk soils, 76 OTUs
to the rhizosphere soils and 414 OTUs shared between bulk and rhizosphere
compartments. In contrast, we observed only two OTUs (OTUs 3 and 1676),
from the phylum Ascomycota, to be specific to the endosphere. The great
majority of the OTUs associated with the endosphere of one or both plant
species were also found in the other compartments (282 OTUs) (Figure 2b).
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Figure 2 Venn diagram depicting the shared OTUs and number of sequences of the respective OTUs
across different (a) geographic regions and (b) sample compartments
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Taxonomic distribution of the reads
Ascomycota was the dominant phylum across all samples, comprising about 65%
of the total sequences (272,749 sequences, 567 OTUs). Among the Ascomycota,
Leotiomycetes (143,953 sequences, 217 OTUs) stood out as the dominant order.
The second dominant phylum was Basidiomycota (102,143 sequences, 254
OTUs), comprising 24% of the sequences. Here, the order Agaricomycetes
(94,465 sequences, 216 OTUs) dominated. The remaining sequences (11% of
the total) were from the Zygomycota (26,862 sequences, 33 OTUs), the
Chytridiomycota (1,413 sequences, 8 OTUs), the Glomeromycota (377 sequences,
one OTU) and unidentified fungi (18,588 sequences, 115 OTUs).
Remarkably, five OTUs were dominant in an overall sense, as they
covered 15 % of the total sequences. Of these, four (OTUs 1,8,9 and 58)
belonged to the Ascomycota and one (OTU 6) to the Basidiomycota. Four of these
five OTUs were highly abundant in the endosphere (48,507 of 52,174
sequences), i.e. Phialocephala (OTU 9), Cadophora (OTU 8), and Varicosporium
(OTU 1) from the order Helotiales, and Mycenella (Mycenella trachyspora, OTU 6)
from the Agaricales. The remaining OTU from Geomyces spp. (Geomyces pannorum,
OTU 58) of the class Leotiomycetes was prevalently observed in the soil (12,955
of 12,976 sequences) (Table S1).
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Rhizosphere or endosphere fungal community structures are not shaped by host plant species
The species richness (SR) (13.40) and Shannon diversity (SD) (3.42) values of
the O. digyna rhizosphere samples were significantly (p<0.01) higher than those
of S. oppositifolia (SR = 10.92, SD = 2.90) rhizosphere samples, whereas we
observed no such difference in the respective endosphere diversity and
richness values (Table 2). However, the fungal community structures of both
the rhizospheres and endospheres of the two plant species showed no host
plant specificity based on the generalized linear latent variable models
(GLLVM) that we applied (Figure 3a, 3b). Given that the host plant species
did not have any statistically significant impact on fungal community
structures, we decided in the following to consider the plant-associated
communities together.
(a)

(b)
4

OTU_81
OTU_461

2

OTU_5
OTU_16
OTU_9
OTU_2
OTU_7

OTU_1609

OTU_3
OTU_10

OTU_23

OTU_2
OTU_40
OTU_293
OTU_108

!2

OTU_22

!2

OTU_62

!4

!2

!4

!4

Plant Species
O. digyna
S. oppositifolia

OTU_30

0

0

OTU_24
OTU_38
OTU_14

OTU_118
OTU_44
OTU_187

lvR2[,2]

OTU_4

0

2

4

!4

!2

0

2

4

Figure 3 Generalized linear latent variable model plots of plant-associated fungal communities from three
different geographic regions based on compartment (a) endosphere samples (b) rhizosphere samples and
(c) rhizosphere and endosphere combined. In addition, OTUs which determine the dissimilarity between
the geographic regions based on SIMPER data are marked in figure (a) and (b).

Compartment is the primary determinant of fungal diversity and community structure
Two-way ANOVA (SPSS) analysis showed that both fungal richness (p<0.001)
and diversity (p<0.001) were significantly different between the three
compartments (Table 2). Across all regions, the rhizosphere communities
revealed the highest richness and diversity levels, followed by the bulk soils
and the endospheres (Table 2). We observed no significant differences in the
richness or diversity levels of the total fungal communities across the three
geographic regions (p=0.58) (Table 2). When each compartment was analyzed
separately, no trends in the richness or diversity in the bulk or rhizosphere soil
samples between the geographic regions were detectable, while, surprisingly,
!
!
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we observed a significant decrease in the diversity values (p<0.001) of the
endophytic fungal communities from Mayrhofen to Ny-Ålesund. Even though
the Kilpisjärvi fungal communities were not significantly different from either
the Mayrhofen or Ny-Ålesund communities, we observed a decrease in
diversity of the endophytic fungal communities with increasing latitude.
Consistent with the foregoing, we also observed a steady (albeit not significant)
decrease in the richness values of the endophytic (but not soil) fungi with
increasing latitude (Table 2).
Table 2 Mean values of species richness, Pielou’s evenness and Shannon diversity index calculated using
DIVERSE (PRIMER 6). In the analyses where significant differences were found, the sample groups that
were not significantly different are denoted with the same letter. Significance was determined with
Tukey’s post-hoc analysis (IBM SPSS).
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Factors
Species richness
All Regions
Mayrhofen
9.47
Kilpisjärvi
8.92
Ny-Ålesund
8.48
Compartment
Bulk soils
10.62a
Rhizosphere soils
12.29b
Endosphere
3.54c
Host specificity by Compartment
Rhizosphere
O. digyna
13.40a
S. oppositifolia
10.92b
Endosphere
O. digyna
3.31
S. oppositifolia
4.36
Compartment by Region
Bulk Soils
Mayrhofen
10.54
Kilpisjärvi
11.10
Ny-Ålesund
10.18
Rhizosphere Soils
Mayrhofen
12.91
Kilpisjärvi
11.84
Ny-Ålesund
11.97
Endosphere
Mayrhofen
5.01
Kilpisjärvi
3.39
Ny-Ålesund
3.29
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Pielou’s evenness

Shannon index

0.69
0.68
0.66

2.81
2.71
2.60

0.73a
0.73a
0.57b

3.08a
3.18a
1.77b

0.77a
0.68b

3.42a
2.90b

0.60
0.54

1.84
1.78

0.75
0.75
0.69

3.15
3.21
2.91

0.73
0.70
0.75

3.24
3.01
3.25

0.62
0.58
0.53

2.09a
1.78ab
1.63b

The analyses of the fungal community structures indicated that these
were also primarily influenced by compartment, in particular the endosphere
compartment. The endosphere communities grouped separately from the bulk
and rhizosphere soil ones across all three geographic regions in the GLLVM
ordination plots. In contrast, there was no conspicuous difference between the
bulk and rhizosphere soil fungal communities (Figure 4). We detected only a
!

weak influence of geographic region on the community structures when the
fungal communities from all compartments were analyzed together (Figure 4).
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Figure 4 Generalized linear latent variable model plots of fungal communities from all the samples across
three geographic regions. The ordination plot based on the full data set is given with different symbols
and colors corresponding to different regions and compartments, respectively.
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Figure 5 Generalized linear latent variable model plots of bulk soil fungal communities with pH as a covariate and the sites were colored according to corresponding soil parameter values.

Soil pH and geographic region influence fungal community structures
We then analyzed the possible impact of local soil parameters on the bulk soil
fungal community structures. The analyses revealed that these were mainly
!
!
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influenced by soil pH (Figure 5), while the levels of soil organic matter (SOM)
and available P had no influence (data not shown). In contrast, as evidenced by
the GLLVM based analyses, the rhizosphere fungal communities were
grouped based on the geographic region, expectedly with no host plant
specificity (Figure 3b). This was confirmed using two-way crossed analyses
(ANOSIM) with geographic region and host plant species as factors:
geographic region was the primary determinant of the rhizosphere fungal
community structures (R = 0.71). Also the endosphere fungal communities
were separated based on geographic region, although the impact of region was
weaker than on the rhizosphere soil communities (Figure 3a). Corroborating
this, ANOSIM analyses confirmed that geographic region (R = 0.38) was a
stronger driver of the endophytic fungal community structure than plant
species (R =0.11).

90

!
Figure 6 Histogram with relative abundance of major bulk soil fungal classes from (a) Ascomycota and (b)
Basidiomycota with differences in soil pH.

!

Rhizosphere soil communities
Similar to the bulk soils, Agaricomycetes (33,736 sequences, 173 OTUs) and
Leotiomycetes (25,027 sequences, 179 OTUs) were abundantly present in the
rhizosphere soils. This was followed by Eurotiomycetes (12,104 sequences, 88
OTUs). Moreover, Agaricomycetes from the phylum Basidiomycota were highly
enriched in the two arctic regions. In particular, the Kilpisjärvi communities
were enriched with the genera Tomentella and Clavaria, whereas the genera
Inocybe and Cortinarius were abundant in the Ny-Ålesund communities. Also
Mortierella spp. (phylum Zygomycota) was predominantly observed in the arctic
regions. In contrast the alpine region was enriched with the phylum Ascomycota.
The classes Verrucariaceae from Eurotiomycetes and the genera Tetracladium and
Acicuseptoria, of the Leotiomycetes and Dothideomycetes, respectively, were dominant
in the Mayrhofen rhizosphere soils (Figure 7a).
Endosphere communities
Leotiomycetes (76,140 sequences, 217 OTUs) represented about 52 % of the total
endosphere-derived sequences. This was followed by Agaricomycetes (20,173
sequences, 216 OTUs) and Dothideomycetes (19,912 sequences, 67 OTUs). Even
though most of the endosphere OTUs were shared between O. digyna and S.
oppositifolia with no strong host specificity, we did observe some endemism
with respect to the geographic region. Leotiomycetes were particularly enriched in
!
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Major members of the fungal communities across the compartments
Bulk soil communities
Leotiomycetes (42,786 sequences, 190 OTUs), Eurotiomycetes (16,348 sequences,
93 OTUs) and Dothideomycetes (8,528 sequences, 67 OTUs) from the phylum
Ascomycota, and Agaricomycetes (40,556 sequences, 169 OTUs) from the phylum
Basidiomycota, were the most abundant fungal classes observed across the bulk
soil communities. Among the Ascomycota classes, Dothideomycetes (Davidiellaceae,
Phaeosphaeriaceae, Pseudoeurotiaceae and Sporormiaceae) were enriched in soils with
near-neutral pH (6-7) from Kilpisjärvi, while Leotiomycetes (Geoglossaceae,
Helotiaceae, Hyaloscyphaeceae) preferred the moderately to slightly acidic soils (4-6)
of Mayrhofen and Eurotiomycetes (Verrucariaceae) were predominantly present in
the alkaline soils (pH 8-9; Figure 6a) in Ny-Ålesund. Likewise, in the
Basidiomycota, the orders Filobasidiaceae and Thelebolaceae were predominantly
present in soils with pH below 7 (Mayrhofen and Kilpisjärvi), whereas
Strophariaceae (from the same phylum) preferred the more alkaline soils from
Ny-Ålesund (Figure 6b).
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the two arctic sites. They were represented by the genera Varicosporium and
Phialocephala in Kilpisjärvi and by Alatospora and Cadophora in Ny-Ålesund. In
addition, Symphoventuriaceae (Family) of the Dothideomycetes were enriched in the
Ny-Ålesund endophytic communities. In contrast, the genera Acicuseptoria and
Herpotrichia (Dothideomycetes) were abundantly present in the Mayrhofen
endospheres, followed by the genera Tetracladium and Cryptosporosis (class
Leotiomycetes) (Figure 7b). In addition, Mycenella trachyspora (OTU 6) of the
Agaricomycetes was predominantly observed in the Mayrhofen and Kilpisjärvi
communities.

Figure 7 Ternary plots of all OTUs from (a) rhizosphere samples and (b) endosphere samples plotted
based on distribution across three climatic regions. Each circle represents one OTU. The size, color and
position of OTUs represents the relative abundance, fungal class and contribution of these to the nearby
region respectively.
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Irrespective of the influence of geographic region on the rootassociated (rhizosphere and endosphere) fungal community structures, we
detected minimal overlap between the rhizosphere and endosphere fungal
communities from the same geographic region. In short, the plants harbored
different rhizosphere and endosphere communities in the same region. Using
SIMPER, we detected 20 key OTUs, each from rhizosphere and endosphere
(separately) that determined the difference between geographic region in the
rhizosphere and endosphere fungal communities. Only the Mayrhofen
communities had three OTUs (OTU 23, OTU 18 and OTU 36) that were
shared between the rhizosphere and endosphere compartments. In contrast,
the Kilpisjärvi and Ny-Ålesund rhizosphere and endosphere communities had
no shared OTUs that determined regional influence. Finally, one OTU (OTU
15) from Mayrhofen rhizosphere was enriched in the Ny-Ålesund endosphere
community (Table S2).

92

No major plant species effect, but plant species specific fungi?
Most of the plant-associated OTUs (852 OTUs) were only detected in the
rhizosphere (490 OTUs) as compared to the endosphere-‘only’ (22) or OTUs
!

present in both of plant associated compartments (340). However, the shared
OTUs comprised about 80% of the total sequences, with dominance in the
endosphere compartment (66% of the sequences) (Table 3). Furthermore,
both the rhizosphere and endosphere OTUs shared about 90% of their
sequences between the two plant species, with host-specific OTUs only
accounting for 11% (endosphere) and 10% (rhizosphere) of the sequences
(Table 3). Even though the fungal community structures of O. digyna or S.
oppositifolia in the rhizospheres and endospheres were highly similar between
the plant species, we identified a few OTUs and genera as potentially host
plant specific. Two OTUs (Varicosporium, OTU 1 and Cryptosporiopsis, OTU 26)
from the order Helotiales , Ascomycota, were enriched in the O. digyna
endosphere, while two other OTUs (unidentified Sympoventuriaceae , order
Venturiales [OTU 5] and genus Phialocephala, order Helotiales, [OTU 9])
belonging to the Ascomycota, were predominantly present in the S. oppositifolia
endosphere. The rhizosphere communities of O. digyna were enriched with the
genera Acicuseptoria and Herpotrichia (Pleosporales) and Tetracladium (Helotiales)
from the phylum Ascomycota, while the S. oppositifolia rhizosphere communities
were dominated by the genera Inocybe and Cortinarius (Agaricales) of phylum
Basidiomycota.
Table 3 Overview of the distribution of compartment (rhizosphere and endosphere) and host-plantspecific (O. digyna and S. oppositifolia) OTUs from rhizosphere and endosphere samples.
No. of OTUs
852
490
22
340
830
168
114
548
352
81
120
161

No. of Sequences
267,141
47,443
3,711
215,987
120,725
7761
6448
106,516
146,416
7,145
8,597
130,674

% of sequences
17.8%
1.40%
80.8%
6.43%
5.34%
88.3%
4.88%
5.87%
89.3%

Fungal OTUs highly conserved in the endospheres of O. digyna and S. oppositifolia in all
three regions
We considered OTUs from the endospheres that were consistently present in
at least two of the three replicates per site from all three geographic regions as
representing the fungal “core” endosphere communities. In total, three OTUs,
all belonging to the phylum Ascomycota, were identified as the fungal core
!
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Compartment/Plant species
Plant-associated
Rhizosphere specific
Endosphere specific
Shared
Rhizosphere
O. digyna specific
S. oppositifolia specific
Shared
Endosphere
O. digyna specific
S. oppositifolia specific
Shared
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community - one (OTU 26) being consistently present in O. digyna and two
(OTU 8 and 18) in S. oppositifolia. OTU 26 (genus Cryptosporiopsis) was observed
in all O. digyna samples, while OTU 8 (genus Cadophora) and OTU 18
(Leptodontidium) formed the core of the S. oppositifolia endophyte community. In
addition, these three OTUs formed a major part of the endosphere sequences
by covering almost 15% (sequences from both plants) of total endosphere
sequences.
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Discussion
Plant species has little effect on the endosphere or rhizosphere fungal community structure
In a recent study on fungal endophytes from the high-Arctic, Zhang et al.
(2015) reported host plant specificity across four different arctic plants,
including S. oppositifolia from Ny-Ålesund, Svalbard. In contrast, we observed
no clear host plant specificity in either O. digyna or S. oppositifolia endophytes on
the basis of our GLLVM plots. This finding is also different from those with
respect to the bacterial endophytic communities from the same samples, where
we did observe host plant specificity (Kumar et al., 2016a). The lack of an
overall effect of plant species was surprising, but may be explained by the
following. O. digyna and S. oppositifolia, addressed in this study, prefer similar
habitats, and are often found in close proximity to each other, while the plant
species studied by Zhang et al. (2015) clearly represent different arctic habitats.
In particular, the endosphere fungal communities of the two Saxifragaceae
species S. oppositifolia and S. cespitosa showed the highest similarities between
them when compared with two other plant species, i.e. Cassiopea tetragona from
the Ericaceae and Silene acaulis of the Caryophyllaceae. This might also indicate that
soil edaphic factors are prime determinants of the soil fungal communities,
with the endophytic fungi being selected from the available soil communities
(Compant et al., 2010). Furthermore, O. digyna and S. oppositifolia might secrete
similar compounds, such as organic acids and amino acids, from the roots,
which alter the pH of the surrounding soils alike and thus attract almost similar
fungal communities from the latter. Unfortunately, we currently lack
information as to the compounds released by the two plant species that
presumably are perceived as attractants by the soil fungi. Alternatively, the
fungi found may have developed a strong and tight, and possibly symbiotic,
relationship with the two plant species, and such relationships may not be
strongly host plant specific.
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Geographic region strongly determines plant-associated fungal community structures
In our previous study on the structure of bacterial communities from the same
samples studied here, we found a strong relationship between the bulk soil
!

Fungal diversity is highest in the rhizosphere as compared to bulk soil and endosphere
The finding that the rhizosphere soil fungal communities were more diverse
and richer than those in the corresponding bulk soil (or endosphere) was
!

!
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communities and geographic region. The influence of region diminished with
the progressive tightening of the association with plants (Kumar et al., 2016a).
In contrast, in the current study we - to our surprise - observed a very strong
influence of geographic region on the plant-associated fungal communities, as
opposed to a much looser effect of region on the bulk soil communities.
Observations on fungal communities associated with Agave sp. from low
nutrient soils by Coleman-Derr et al. (2016) corroborate our findings. They
also reported fungal communities from Agave sp. to be more impacted by
geographic distance than by plant species, in contrast to plant associated
bacterial communities. They further hypothesized that dispersal limitation of
fungi (as compared to bacteria) might be at the basis of fungal endemism in
certain habitats. In contrast, Cox et al. (2016) relates strong dispersal capability
and adaptation to cold nutrient-poor habitats as a reason for the ubiquitous
dispersal of similar soil fungal communities in the Arctic and Antarctica. It
should be noted that both studies were conducted in different habitats and
may be the reason for the contention that fungal endemism is not
straightforward. A detailed study on background environmental and soil
edaphic factors may be needed for further conclusion. According to Taylor et
al. (2006), fungi, being multicellular and eukaryotic, may behave more like
plants than bacteria in this regard. Another hypothesis is that this effect is due
to the effect of plant root exudates on the conditions (e.g. pH) of the
rhizosphere soils. In our previous study at the same sites, we observed no
significant difference between the pH values of the O. digyna and S. oppositifolia
rhizosphere soils (Kumar et al., 2016b). Instead, the pH of the rhizosphere
soils of the same plant species differed between the geographic regions, i.e:
Kilpisjärvi and Longyearbyen, Svalbard (Kumar et al., 2016b).
The EM fungi Tomentella, Inocybe and Cortinarius, along with the
saprotrophic Clavaria, have been reported to be the most common rootassociated fungi in the Arctic (Blaalid et al., 2012b, 2014; Geml et al., 2012;
Mundra et al., 2015). We also observed these EM fungi to be associated with
the rhizosphere of S. oppositifolia (known as an EM plant) in our arctic sites,
versus the saprotrophic Clavaria in the rhizosphere samples of O. digyna
(known as a non-mycorrhizal plant) from the same sites. Tetracladium, which
was selectively enriched in our Mayrhofen rhizosphere soils, has been reported
to be an endophytic or plant-associated mycobiont in alpine environments (Lv
et al., 2010; Mühlmann and Peintner, 2008).
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consistent with other findings on fungal (as well as bacterial) diversities in loworganic-matter soils (Coleman-Derr et al., 2016; Kumar et al., 2016b; Miniaci et
al., 2007; Yergeau et al., 2007)(Coleman-Derr et al., 2016; Kumar et al., 2016b;
Miniaci et al., 2007; Yergeau et al., 2007). In contrast, this is not always the case
with agricultural soils (!nceo"lu et al., 2011; Kowalchuk et al., 2002; Smalla et
al., 2001). These findings indicate that natural plants may offer propicious
broad nutritional niches in the low-nutrient soils, allowing the persistence of a
broad diversity of fungi. Furthermore, the observed decrease in the richness
and diversity values of the endosphere fungal communities from the south
(Alpine) to the north (Arctic) was consistent with data by Blaalid et al. (2014).
They found the richness of fungal communities associated with the roots of B.
vivipara to decrease with increasing latitude in the northern hemisphere,
attributing this trend to environmental and soil edaphic factors such as
temperature, nutrient availability, precipitation and soil pH. Furthermore, we
can also relate the decrease in root-associated fungal diversity to the decrease
in plant diversity with increasing latitude, since plants may need particular rootassociated fungi for efficient nutrient collection in the low nutrient soils
studied.
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Influence of soil pH on the bulk soil fungal communities
Corroborating our results, Zhang et al. (2016) recently found soil pH to be a
key determining factor that drives soil fungal communities in the high Arctic.
The genera Polyblastia and Verrucaria, of the order Verrucariaceae, were often
detected in our high alkaline Ny-Ålesund bulk soil samples. Verrucariaceae are
common lichen-forming fungi which are reported to prefer recently
deglaciated soils with high pH (8-9) (Zhang et al., 2016). Leotiomycetes, especially
Helotiales (family) were present in bulk soils with pH 5-6 and were also
enriched in our plant-associated fungal communities. Helotiales have been
reported to prefer moderately acidic soils (pH 5-6), with their relative
abundance decreasing with increasing pH (Rousk et al., 2010). Most members
of the Leotiomycetes and Helotiales may act as EM fungi and be dominant in rootassociated communities in arcto-alpine plants (Mühlmann and Peintner, 2008;
Walker et al., 2011). They have been found to be specifically enriched in plants
of the Saxifragaceae family (Zhang et al., 2015). Yamanaka (2003) reported that
many EM fungal species grow well at pH 5 to 6, which was the pH of the O.
digyna and S. oppositifolia rhizosphere soils, as described earlier (Kumar et al.,
2016b).
Irrespective of soil pH, the classes Leotiomycetes in the Ascomycota and
Agaricomycetes in the Basidiomycota were found to be more dominant in bulk soils
than other phyla (i.e. Chytridiomycota, Glomeromycota and Zygomycota), as also
found by Gittel et al. (2014) and Zhang et al. (2016). Here, the low abundance
!

Plant-associated fungal communities
- Mycorrhizal association as a factor?
Even though we observed low host plant specificity across the board, we did
find some genera or OTUs to be specific to O. digyna and S. oppositifolia in their
respective rhizosphere/endosphere samples. These may be attributed to
potential mycorrhizal association of these plants: the S. oppositifolia rootassociated EM fungal communities were dominated by Inocybe and Cortinarius
(rhizosphere) and dark septate endophytes Leptodontidium and Phialocephala
(endosphere). However, the root-associated communities of the nonmycorrhizal O. digyna were selectively enriched with the reportedly
saprotrophic fungi Clavaria (rhizosphere) (Timling et al., 2014) and
Varicosporium (endosphere). Leptodontidium and Phialocephala have been also
reported as being part of the root-associated fungal community of the EM
plant B. vivipara from Ny-Ålesund (Mundra et al., 2015). Cadophora and
Leptodontidium which made part of the core community of S. oppositifolia were
also reported to be abundant in D. octopetala, another EM forming plant from a
similar habitat (Bjorbækmo et al., 2010). Cryptosporosis from the O. digyna core is
known as an endophyte of ericoid plants in the Arctic (Walker et al., 2011).
Interestingly, Cryptosporopsis quercina, isolated from Triptergyium wilfordii roots
synthesizes the antimycotic tetramic acid cryptocin, with antifungal activity
against a wide variety of plant pathogens (Li et al., 2000). Apart from
cryptocin, C. quercina has been reported to produce several different antimycotics (Strobel et al., 1999) and it might act as a symbiotic endophyte that
provides protection against various plant pathogens (Li et al., 2000). Thus, any
host plant specificity we observe in relation with O. digyna and S. oppositifolia
should be seen in relation to their differential mycorrhizal states.
The genus Mortierella (phylum Zygomycota), which was highly enriched
in our rhizosphere samples, has also been reported to be abundant in the
rhizosphere soils of several temperate plants (Curlevski et al., 2010; Gomes et
al., 2003; Smit et al., 1999). In addition to rhizosphere soils, Mortierella has been
!
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of Glomeromycota (one OTU) in our analyses is related to our primers that tend
to exclude most members of the Glomeromycota. Moreover, our soil fungal
communities were dominated by the psychrotropic fungus G. pannorum (OTU
58), especially in our Ny-Ålesund sites. The frequent isolation of G. pannorum
from high arctic and antarctic soils reveals a circumpolar distribution (Cox et
al., 2016; Gesheva and Negoita, 2011; Gonçalves et al., 2012; Timling and
Taylor, 2012; Tosi et al., 2002). Robinson (2001), in his review, hypothesizes
that G. pannorum is well adapted to cold habitats and might even be transported
by migrating birds between the poles.
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isolated from arctic, alpine and antarctic soils and is one of the most dominant
fungal taxa isolated from Antarctic lakes (Gonçalves et al., 2012). Thus, it
seems to have a very wide distribution range. They were also isolated as
endophytes from Antarctic mosses (Tosi et al., 2002) and a GC-MS analysis of
crude extracts revealed that they harbor several antimicrobial compounds
(Melo et al., 2014). Dothideomycetes which were enriched in our root-associated
communities have been reported to have genes for several small secreted
proteins (SSPs), which play an important role in fungal-plant interactions.
Fifteen of the 18 Dothideomycetes included in the study were pathogenic (Ohm et
al, 2012). However, often such potential pathogens do not cause disease and
the difference between so-called pathogens and endophytes is not well-defined
and so local conditions may define the outcome of such interactions (Ohm et
al., 2012).
In summary, compartment (bulk soil, rhizosphere soil, endosphere)
was determined to be the primary driver of the fungal communities in three
geographic regions representing an arcto-alpine climate. Further, the
endosphere fungal community structures and diversities in two selected plant
species were strikingly different from those of the soil communities.
Furthermore, the endosphere community diversity and richness values
decreased progressively with increasing latitude. Although the structures of the
plant-associated fungal communities were primarily influenced by geographic
region, we observed differential affiliation with several fungal genera or OTUs
with one of the plant species in this study, O. digyna and S. oppositifolia.
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uncultured_Tomentella

Mortierella_humilis

Cryptococcus_terricola

Clavaria_acuta

Mortierella_elongata

Un_Helotiaceae

Un_Leotiomycetes

Leotiomycetes_sp

Lachnum_sp

Varicosporium_sp

Mycenella_trachyspora

Un_Fungi

Rhizophydiaceae_sp

Un_Hydnangiaceae

Un_Agaricomycetes

Tetracladium_sp

Acicuseptoria_rumicis

Amphisphaeriaceae_sp

uncultured_ectomycorrhiza_
(Leotiomycetes)
uncultured_Leptodontidium

Herpotrichia_sp_CRG_2011

Species
uncultured_Cryptosporiopsis

Table S2 Overview of 20 most dominant OTUs which determine the difference between the geographic region in rhizosphere/endosphere compartments listed with taxonomic information. Only the
OTUs which determines the difference of the communities in at least 2 geographic region were only listed.
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NyA

NyA

NyA

NyA

NyA

NyA

NyA

NyA

NyA

NyA

NyA

NyA

NyA

Shared between two regions, but different compartments
Shared between different compartments in the same region

OTU_12

OTU_5

OTU_10

OTU_3

OTU_62

OTU_2

OTU_31

OTU_40

OTU_108

OTU_293

OTU_33

OTU_58

OTU_15
OTU_23
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NyA

OTU_8

Rhizo

Rhizo

Rhizo

Rhizo

Rhizo

Rhizo

Rhizo

Rhizo

Endo

Endo

Endo

Endo

Endo

Endo

Ascomycota

Ascomycota

Zygomycota

Ascomycota

Zygomycota

Zygomycota

Ascomycota

Ascomycota

Ascomycota

Ascomycota

Ascomycota

Ascomycota

Ascomycota

Ascomycota

Basidiomycota

Leotiomycetes

Sordariomycetes

Zygomycota_IS

Leotiomycetes

Zygomycota_IS

Zygomycota_IS

Leotiomycetes

Un_Ascomycota

Ascomycota_IS

Leotiomycetes

Dothideomycetes

Leotiomycetes

Leotiomycetes

Un_Ascomycota

Agaricomycetes

Agaricomycetes

OTU_7

Rhizo

Basidiomycota

Kil

Rhizo

Kil

Class

OTU_81

Phyla

OTU_60

Compartment

Region

OTU
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Leotiomycetes_IS

Hypocreales

Mortierellales

Un_Leotiomycetes

Mortierellales

Mortierellales

Helotiales

Un_Ascomycota

Ascomycota_IS

Helotiales

Venturiales

Leotiales

Helotiales

Un_Ascomycota

Agaricales

Thelephorales

Order

Leotiomycetes_IS

Nectriaceae

Mortierellaceae

Un_Leotiomycetes

Mortierellaceae

Mortierellaceae

Un_Helotiales

Un_Ascomycota

Ascomycota_IS

Helotiales_IS

Sympoventuriaceae

Leotiaceae

Helotiales_IS

Un_Ascomycota

Clavariaceae

Thelephoraceae

Family

Geomyces

Nectria

Mortierella

Leohumicola

Mortierella

Mortierella

Un_Helotiales

Un_Ascomycota

Ascomycota_IS

Helotiales_IS

Un_Sympoventuriaceae

Alatospora

Cadophora

Un_Ascomycota

Un_Clavariaceae

Tomentella

Genus

Geomyces_pannorum

Nectria_ramulariae

Mortierella_fimbricystis

uncultured_Leohumicola

Mortierella_polygonia

Un_Ascomycota

Ascomycota_IS

Helotiales_IS

Sympoventuriaceae_sp

Alatospora_sp

Un_Ascomycota

uncultured_Tomentella

Species
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Strong regionality and dominance of anaerobic bacterial taxa
characterize diazotrophic bacterial communities of the arctic
plant species Oxyria digyna and Saxifraga oppositifolia

Manoj Kumar, Jan Dirk van Elsas, Riitta M. Nissinen
!

Abstract
Arctic and alpine biomes developing in rocky areas are most often strongly
nitrogen-limited, and hence biological nitrogen fixation is a strong driver of
such biomes. On the basis of total community DNA, we here studied the
nitrogen-fixing communities at two arcto-alpine pioneer plant species, Oxyria
digyna and Saxifraga oppositifolia, using the nifH gene as a proxy. Replicate
samples taken from two arctic regions, Kilpisjärvi and Ny-Ålesund, next to
one alpine region, Mayrhofen, were included, to study a South-to-North coldclimate soil gradient. The data revealed strong regional effects on the
dominating nitrogen fixers. As a major overall finding, anaerobic bacterial taxa
dominated the diazotrophic bacterial communities of the two plant species.
Specifically, Geobacter and Leptothrix spp. dominated the Mayrhofen and
Kilpisjärvi regions, while members of the Clostridiales preferred the Kilpisjärvi
and Ny-Ålesund regions. Endosphere communities were enriched with
Goebacter and Clostridia, whereas the soil communities were dominated with
Burkholderia and Leptothrix.

Chapter 5

Key words: nifH, arcto-alpine plants, Geobacter, Clostridia, Leptothrix
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Introduction
Nitrogen (N) is considered to be the major limiting factor for both microbial
and plant growth in arctic and alpine biomes. For example, Sistla et al. (2012)
revealed - by N addition experiments - that microbial growth, enzyme
synthesis and carbon allocation in tussock tundra soils during the arctic
summer are N-limited. Furthermore, corroborating this finding, Wallenstein et
al. (2009) observed overall decreases in microbial enzyme activities with the
reduction of available soil nitrogen levels. In particular, the amount of available
soil nitrogen is very low in low organic content mineral-rich tundra soils. In
addition, a study of a chronosequence along the forefield of the Damma
glacier in the Swiss Alps by Brankatschk et al. (2011) reported the presence of
very low N nutrient contents in soils with deglaciation ages between 10 and 70
years. These soils also showed quite scarce vegetation. Furthermore, the
authors observed no potential N-fixation activity and extremely low
denitrification and nitrification rates. Finally, the nifH gene copy numbers were
low, with the lowest numbers being found in the 10-year old soils. In contrast,
a densely plant-covered 120-year old soil showed both higher enzyme activities
and higher copy numbers of the nifH, nirK and nirS genes. Clearly, the older
soils had regained the capacity to cycle nitrogen on the basis of a pioneer
species based ecosystem build-up, in which plants found capacities to grow
and, in turn, supported the evolved microbial communities and activity.
The N limitation is underlined by a higher demand for N by arctic
plants compared to their temperate-climate relatives. Given the fact that arctic
plants are adapted to low temperatures during the growing season and
photosynthesis rates (at 68°N) are comparable to those at lower latitudes
(Central Europe) (Chapin et al., 1987), higher amounts of enzymes (and so
higher N) are required. For example, higher numbers of the key
photosynthesis enzyme ribulose 1,5 bisphosphate (RuBiSco) are required to
compensate for the slower kinetics at low temperatures. Thus, the tissues of
arctic plants contain more N than those of plants in warmer climates
(Weintraub and Schimel, 2005), underlining the demand for N availability.
Clearly, in nascent ecosystems such as those forming in the low-nutrient arctic
soils, provision of nitrogen is a key issue, as living systems critically depend on
reduced nitrogen. Biological nitrogen fixation by free-living local bacteria
(under which cyanobacteria), appears as a key strategy involved in the local
primary production, yielding organic compounds containing reduced nitrogen.
In the emerged systems, with plants in place as primary producers, the key
nitrogen input may come from plant-symbiotic and/or associative nitrogen
fixers, whereas nitrogen from the produced organic compounds is
recycled/mineralized via deamination (yielding ammonia), followed by
nitrification and denitrification reactions. Unfortunately, we currently lack
!
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information as to the key organisms involved in these important steps of the
nitrogen cycle in the Arctic.
In previous studies, we selected two plant species, Oxyria digyna and
Saxifraga oppositifolia, as these are among the primary colonizers of the nutrient
poor mineral soils that abound in both arctic and alpine regions. In these
studies, we have found preliminary evidence for the contention that the soil
bacterial communities in different arcto-alpine regions are region-specific,
whereas the endophytic bacterial communities (using 16S rRNA gene as a
proxy) are host plant specific (Kumar et al., 2016b). However, these host plant
specific communities also include shared core taxa, which are associated with
their host plants in all three climatic regions. Unfortunately, the role of these
core taxa has been understudied, although, on the other hand, the data already
provided glimpses of the presence of several potential nitrogen fixers in the
core microbiome (Kumar et al., 2016b).
In this study, we place a focus on the nitrogen fixing bacteria in the
two selected arcto-alpine plants, with the hypothesis that key potential nitrogen
fixers identified as major members of the bacterial communities associated
with these plants are indeed involved in local N fixation processes. In the light
of the impossibility to measure local nitrogen fixation rates, we provide a
thorough discussion of the likelihood of this tenet.
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Figure 1 Sampling locations; Mayrhofen in Austrian Alps, Kilpisjärvi in low-arctic Finnish Lapland and
Ny-Ålesund in high-arctic Svalbard archipelago
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nifH library preparation and sequencing
The MoBio Power soil kit (MoBio, Carlsbad, CA, USA) and Invisorb
Spin plant Midi kit (STRATEC, Biomedical AG, Germany) were used to
extract DNA from soil and plant samples, respectively (Kumar et al., 2016b).
The nifH gene was amplified using a nested approach. The first PCR was done
with primers 19f/nifH3 (Yeager et al., 2004) and the second one with one
forward primer nifH1f (as described by Zehr and Mcreynolds, 1989) and
equimolar concentration of reverse primers nifH2r (Zehr and Mcreynolds,
1989) and nifH2 (Izquierdo and Nüsslein, 2006). The first PCR reaction had 2
!l of template DNA, 1x PCR buffer, 2.5mM of MgCl2, 1 mg/ml of BSA, 0.4
mM dNTP’s, 0.9 !M of each primer and 2500 U/ml of GoTaq DNA
ploymerase (Promega, WI, USA) in a 30 !l reaction volume. For the second
PCR, 1 !l of amplified product from the first PCR was added along with 1x
PCR buffer, 1 mM of MgCl2, 1 mg/ml of BSA, 0.2 mM dNTP’s, 0.9 !M of
each primer and 1250 U/ml of GoTaq DNA ploymerase (Promega) in a 30 !l
reaction volume. Amplifications for both PCR reactions were performed as
follows: 2 min denaturation at 95°C followed by 35 cycles of denaturing,
annealing and extension at 95°C for 1 min, 51°C (first PCR)/ 53°C (second
PCR) for 1 min and 72°C for 1 min, respectively. Final extension was carried
out at 72°C for 2 min.
Sequence libraries were then prepared by running a third PCR to attach
the M-13 barcode using the system developed by Mäki et al. (2016). An aliquot
(1 !l) of the second PCR was re-amplified using the barcode-attached M13
!
!
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Materials and methods
Sampling and DNA isolation:
Samples were collected in June 2012 from three different regions, i.e. two in
the arctic (Kilpisjärvi (KJ) and Ny-Ålesund (NÅ)) and one in the European
Alps (Mayrhofen (MA)) (Figure 1). NÅ is located in the high Arctic, where soil
temperatures do not rise above 10oC, whereas alpine MA sites and KJ low
Arctic sites experience higher annual temperature fluctuations. Three
replicates of bulk soil samples and three plant samples of each O. digyna and S.
oppositifolia (with adhering rhizosphere soils) were collected from all sites. All
samples were processed as specified by Kumar et al. (2016). In brief, after
removing rhizosphere soil parts, plant roots were thoroughly washed with
water and then surface sterilized by immersion into 3% sodium hypochlorite (3
min), followed by sterile double-distilled water (3 x 90 s). 80-100 mg of
processed root sample were snap-frozen with liquid nitrogen and stored at 80˚C for further DNA extraction and analysis. In addition, 250-300 mg of
rhizosphere and bulk soil samples were stored at -80˚C.
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system as forward primer and nifH2r/nifH2-P1 with adaptor A as reverse
primer. PCR mix and conditions were similar to those described for the
second PCR, except that only 8 cycles were used for amplification. The
products were then purified using the Agencourt AMPure XP PCR
purification system (Beckman Coulter, CA, USA), followed by quantification
with a Qubit Fluorometer (Invitrogen). Equivalent DNA quantities of each
sample were then pooled, size-fractionated (size selection range of 350-550 bp)
using Pippin Prep (Sage Science, MA, USA) 2% agarose gel cassette (Marker
E) according to the manufacturer’s protocol. The size-fractioned libraries
were sequenced using Ion 314 chip kit V2 BC on an Ion Torrent PGM
machine (Life Technologies, MA, USA) in the Biocenter, Oulu, Finland.
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Bioinformatics and statistical analysis
All reads from the Ion torrent sequencing were processed using QIIME
(Caporaso et al., 2010) and Fungene pipelines (Fish et al., 2013), as described
by Zhang et al. (2015). All sequences with quality scores below 22 and lengths
below 240bps were removed. USEARCH (Edgar, 2010) algorithm in de novo
was used for chimer removal. After chimera removal, all nucleotide sequences
were translated into protein sequences and frameshift-corrected with Framebot
(length cutoff = 80 AAs), aligned using HMMER3 Aligner (with nifH as
representative gene) and then clustered by RDP mcClust (90% similarity) in
Fungene. The resulting cluster file was then converted into an OTU table by
RDP cluster file formatter in R (version 3.2.5; https://www.r-project.org/).
Then, OTUs were then assigned to taxa by FunGene FrameBot, annotations.
The OTUs were grouped into OPUs by clustering with the same reference
sequence. Taxonomic affiliations of 12 OPUs were complemented by PBLAST at NCBI.
The OTU table was normalized and OPU abundances were squareroot transformed prior to community analysis with the PRIMER 6.1
(http://www.primer-e.com/) software package. In addition, PRIMER 6 was
also used to determine the similarities between the samples (ANOSIM) and to
assess the dissimilarity between dominating OPUs from different regions or
compartments (SIMPER). PCoA graphs were also plotted with PRIMER 6
based
on
Bray-Curtis
dissimilarity
matrix.
Venny
(http://bioinfogp.cnb.csic.es/tools/venny/) was used for constructing a Venn
diagram showing similarities and dissimilarities across the geographic region.
Results
We successfully produced pure total microbiome DNA from 165 samples
taken from bulk soil, rhizosphere soil and the endosphere of O. digyna and S.
!
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Figure 2 Nitrogen fixing OPUs (nifH gene sequences clustered with the closest reference sequences) in the
three geographic regions. Figure legends: MA - Mayrhofen, the Alps, KJ - Kilpisjärvi, low Arctic, NÅ Ny-Ålesund, high Arctic

Distribution of nifH OPUs over geographic region
Seventy-eight of the 129 OPUs (62%) were present across all three geographic
regions used in this study. Thirty-nine OPUs (31%) were present in either one
or both arctic regions, i.e. NÅ and KJ, whereas these were missing from MA in
the alpine region (Figure 2). Ten OPUs (7%) were unique to MA or shared
between MA and either one of the two arctic regions (Figure 2)
Diazotrophic communities – an overview
Overall, we detected high diversities of potential nitrogen fixing bacteria
(PNFB) in all our samples. Remarkably, we detected nifH genes from the
!
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oppositifolia from the Mayrhofen, Kilpisjärvi and Ny-Ålesund regions. Then,
PCR amplifications were performed with the 19f/nifH3r and nifH1f/nifH2r
and nifH2 primers (amplifying 350 bp of the nifH gene). This nested approach
was optimized by us to have maximum coverage of all phylogenetic
diazotrophic groups based on the review by Gaby and Buckley (2012). All
quality-trimmed nifH sequences were translated to the respective amino acid
sequences. These were used for clustering, yielding 296 OTUs (at 90% amino
acid sequence identity). These 296 OTUs were further clustered based on
alignments with nifH protein reference sequences in the RDP FunGene nifH
database. This clustering finally resulted in 129 units, which were denoted
‘operational phylogenetic units’ (OPUs).
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bacterial taxa Proteobacteria, Firmicutes, Actinobacteria, Chlorobi, Bacteroidetes,
Cyanobacteria and Verrucomicrobia. The most abundant nifH gene sequences in
the dataset clustered with nifH gene sequences from the !-Proteobacteria (genera
Geobacter and Desulfotignum), Clostridiales (Clostridium, Desulfosporosinus and
Acetobacterium), "-Proteobacteria (Burkholderia [Burkholderiales] and Leptothrix
[Comamonadaceae]), #-Proteobacteria (Bradyrhizobium [Rhizobia]).
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Figure 3 Principal Coordinate Analysis (PCoA) plots based on Bray-Curtis similarity matrix of PNFB
communities (nifH-based OPU sequences as proxy species) from bulk soil (B), rhizosphere soil (R) and
endosphere (E) from three climatic regions Mayrhofen (MA), Kilpisjärvi (KJ) and Ny-Ålesund (NÅ)
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Community structures of PNFB
Community structures of the PNFB were analyzed at the OPU level across all
samples. We observed no influence of plant species on the community
structures of either rhizosphere or endosphere PNFB (Supplemental figures
S1, S2). ANOSIM further confirmed that Geographic region (rhizosphere - R
= 0.57; endosphere – R = 0.36) was the primary determinant of the plantassociated PNFB, followed by plant species (rhizosphere - R = 0.15;
endosphere – R = 0.20). Considering the negligible effect of plant species, we
combined the O. digyna and S. oppositifolia communities and analysed the data
set based on ’Compartment’ (bulk soil, rhizosphere soil, endosphere) across
the three geographic regions. ANOSIM (Table 1) and PCoA ordination
showed (Figure 3) that both geographic region and compartment strongly
impacted the PNFB community structures. The endosphere PNFB
!
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Figure 4 Species richness (a) and shannon diversity (b) of PNFB communities in different regions and
compartments. Diversity indices were calculated using nifH gene OPUs as a proxy for species. Figure
legends: MA - Mayrhofen; KJ - Kilpisjärvi; NÅ - Ny-Ålesund; B - bulk soil; R - rhizosphere soil, E –
endosphere

Species richness as well as diversity of PNFB communities is lowest in the high Arctic
The species richness (SR) and Shannon diversity (SD) values of the PNFB
communities (based on the nifH gene amplicon OPUs as a proxy) were highest
in the bulk soils, followed by the rhizosphere soils and the endosphere
samples. The diversities in the endosphere samples were significantly lower
than those in the two soil compartments (Figure 4a, 4b).
The differences in the diversity and richness measures between the
three geographic regions were estimated separately for each compartment.
Species richness and diversity values of bulk soil communities were both
highest in the MA, followed by the KJ and NÅ regions. However, in the plantassociated compartments (rhizo- and endospheres), both species richness and
!
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communities were significantly different from those from both soil
compartments, while we detected only small differences between bulk and
rhizosphere soil PNFB communities. Curiously, the endosphere communities
were less similar to the rhizosphere than to the bulk soil communities (Table
1). The NÅ communities (analyzed across the different compartments) were
relatively more different from both the KJ and MA communities than the
latter two from each other (Table 1).
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diversity values were highest in the KJ communities, followed by the MA and
NÅ communities (Figure 4a, 4b).
Table 1 One-way ANOSIM statistics for comparisons of PNFB communities according to geographic
region (MA = Mayrhofen, KJ = Kilpisjärvi and NÅ = Ny-Ålesund), sample compartment (E =
endosphere, R = rhizosphere soil and B = bulk soil) or plant species (O = O. digyna, S = S. oppositifolia).
using OPU similarity values calculated based on Bray-Curtis resemblance matrix with R-value and
significance value in % (in brackets). Significance values are 0.1% unless it is mentioned in the table
Region
All Samples
All Samples
MA vs KJ
MA vs NÅ
KJ vs NÅ
Compartment

0.139
0.249
0.179
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All regions
B vs R
0.049
B vs E
0.258
R vs E
0.359
Plant species (O vs S)
Endosphere
All regions
0.105 (0.2%)
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E
0.302
0.238
0.48
0.186

R
0.505
0.346
0.626
0.535

B
0.406
0.284
0.291
0.530

MA
0.194 (2%)
0.26 (0.7%)
0.436

KJ
0.127 (1.6%)
0.578
0.459

NÅ
0.092 (3.1%)
0.389
0.54

MA
0.18

KJ
0.230

NÅ
0.132 (2.1%)

Different bacteria dominate soil- and plant-associated PNFB communities in different
regions and compartments
SIMPER analysis confirmed the findings from our initial taxonomic analyses.
Thus, different bacterial taxa dominated the PNFB communities in different
geographic regions. The bulk and rhizosphere soil PNFB diverged from the
endosphere ones. Leptothrix and Burkholderia type nifH sequences dominated
both the bulk and rhizosphere soil communities across all three regions (Figure
5a). Additionally, OPUs clustering with nifH sequences from the Opitutaceae
(Verrucomicrobia) were highly abundant in the KJ bulk soils, whereas
Acetobacterium bakii (Clostridiales) nifH sequences were predominantly present
only in the rhizosphere soils from NÅ. Compared to MA and KJ, Geobactertype nifH sequences were detected only at very low relative abundances in NÅ,
while the soil communities were dominated by the genera Burkholderia,
Leptothrix and species Nostoc punctiforme and Nodularia spumigena (Cyanobacteria).
The endosphere communities were often enriched with anaerobic
nitrogen fixers from the genera Geobacter and Clostridium (Figure 5a). Thus the
MA communities were strongly dominated by nifH-based OPUs related to
several Geobacter species, including G. lovelyi, G. bemidjiensis and G. uraniireducens
(Figure 5b). Specifically, six out of seven key OPUs (SIMPER analysis) of
these communities represented the genus Geobacter (Table 2). In contrast, the
main OPUs structuring the NÅ endophytic PNFB communities represented
!
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Figure 5 Average relative abundance of PNFB communities plotted based on sample compartment (a)
and geographic region separated based on compartment (b). Only selected major PNFB OPUs were
shown, and OPUs with similar species/genus were makred with OPU numbers (in bracket)

Geobacter and Bradyrhizobium diazotrophs are differentially enriched in S. oppositifolia and
O. digyna endospheres
As stated above, the compartment, in particular the endosphere-soil division,
was the major determinant of the PNFB communities, with no strong hostplant specificity. However, we detected some trends in the affiliation of several
OPUs with particular plant species. OPUs representing Bradyrhizobium,
Burkholderia and OPU 1_783 (nifH from an unidentified bacterium) were
consistently present in high abundances in the O. digyna endosphere samples
(Figure 6), whereas S. oppositifolia endosphere communities were, instead, more
enriched with Geobacter related OPUs, especially in the MA and KJ regions.
!
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the genera Clostridium (three OPUs, including C. akagii and C. pasteurianum),
Leptothrix (Comamonadaceae, two OPUs) and unidentified_bacterium (OPU
1364). While Clostridium-like OPUs were virtually absent in the MA endosphere
communities and Geobacter-type OPUs likewise in NÅ, the major nifH OPUs in
the KJ endosphere communities represented both the genera Clostridium and
Geobacter, as well as Bradyrhizobium and Burkholderia (Table 2; Figure 5b).
Specifically, OPU 3027 (Bradyrhizobium sp.) was predominantly found in the KJ
endosphere samples. The endosphere and soil communities in NÅ were more
dissimilar from each other (ANOSIM R=0.74, 0.1%) than the ones in KJ or in
MA (ANOSIM R=0.68, and R=0.63 respectively).
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Furthermore, the S. oppositifolia endosphere communities harbored relatively
more OPUs related to Desulfosopronius (Clostridiales) in KJ and Clostridium and
Desulfuromonas related OPUs in NÅ, all in comparison to O. digyna (Figure 6).
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Figure 6 Average relative abundance of PNFB communities plotted based on plant species O. digyna and
S. oppositifolia across all three regions. Only selected major PNFB OPUs were shown, and OPUs with
similar species/genus were marked with OPU numbers (in bracket)
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Discussion
Using the nifH gene as a proxy, we here analyzed the diversity and community
composition of PNFB in two pioneer plant species growing in low-nutrient
soils in three arcto-alpine regions. Overall, we detected high diversities across
the samples, with nifH genes from seven different bacterial phyla being
present. With respect to the breadth of detection, we argue that the primers
selected theoretically allow to obtain maximum coverage from all the nifH
phylogenetic groupings (Gaby and Buckley, 2012). Indeed, our libraries had
good phylogenetic coverage, with all OPUs representing seven phyla, including
representatives from nifH clusters I, II and III. In specific, the PNFB
communities were largely dominated by nifH gene types from the $-, "-, #- and
!-proteobacteria and the Clostridiales. The !-proteobacterial genus Geobacter, the "proteobacterial genera Burkholderia and Leptothrix, as well as Clostridia (from the
Firmicutes) were the most abundant. With the exception of Burkholderia and
Leptothrix, the dominant diazotrophs in these communities have been mostly
described from anoxic soils and sediments (Dang et al., 2013; Rösch et al.,
!
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2002; Wu et al., 2009; Yeager et al., 2004; You et al., 2005). This points at a key
suggestive finding of this study, i.e. the likely prevalence of conditions enabling
nitrogen fixation under anoxia in most of the soils. Both O. digyna and S.
oppositifolia are known to be able to tolerate waterlogging in soil. The two are
common snow patch species, as known from observations in the low-arctic
sites in KJ. We sampled all sites relatively early in the growth season, when the
plants were flowering, which was relatively shortly after snowmelt at these
sites. Only the NÅ region had permafrost, with KJ having seasonal and patchy
permafrost, with snow often melting away as late as mid-July. The MA site
soils were, however, relatively less water-logged than the soils from the arctic
sites.

Average
Abundance
Average dissimilarity = 30.23 (Mayrhofen)
Geobacter lovleyi_SZ
3.92
Geobacter uraniireducens_Rf4
2.96
Geobacter uraniireducens sp
2.62
Geobacter CP001089
1.38
Geobacter bemidjiensis_Bem
1.57
Geobacter_2397398_2398267_CP001124
1.37
Bradyrhizobium elkanii
1.22
Average dissimilarity = 22.96 (Kilpisjärvi)
Clostridium pasteurianum_4_1-like
2.23
Geobacter_2397398_2398267
2
Bradyrhizobium
2.27
Clostridium akagii
1.73
Geobacter_lovleyi_SZ
1.95
Geobacter_bemidjiensis_Bem
1.4
Clostridium_pasteurianum_1_
1.14
Geobacter_CP001089
0.97
Geobacter uraniireducens_Rf4
0.98
Bradyrhizobium elkaniifor
0.58
Desulfosporosinus orientis_DSM_765
0.86
Burkholderiales_321041_321922
0.95
Burkholderia_sp_Ch1-1_ctg00023
0.68
Average dissimilarity = 18.71 (Ny-Ålesund)
Clostridium pasteurianum_4_1-like
2.48
Clostridium akagii
2.31
Bradyrhizobium elkaniifor
2.07
1_783_AB094963
1.2
Opitutaceae_bacterium_TAV2_ctg796
0.88
Clostridium pasteurianum
1.21
Nostoc punctiforme_PCC_73102
0.44
Polaromonas naphthalenivorans_CJ2
0.49
Leptothrix_161893_162774_CP002016
0.59
Leptothrix cholodnii_SP-6
0.44
OPU/Species
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Average
Similarity

Contribution to
Dissimilarity %

9.14
6.45
5.27
2.86
1.61
1.54
0.84

30.25
21.35
17.43
9.47
5.32
5.08
2.79

3.26
2.9
2.76
2.33
2.31
1.77
1.69
1.11
0.78
0.63
0.47
0.39
0.38

14.19
12.62
12.03
10.13
10.05
7.73
7.37
4.82
3.38
2.74
2.05
1.69
1.65

4.56
3.47
3.25
1.73
1.31
0.88
0.5
0.25
0.24
0.24

25.1
19.09
17.88
9.55
7.23
4.87
2.77
1.39
1.33
1.3

Diazotrophic bacterial communities in arcto-alpine plants

Table 2 Data based on SIMPER analysis of normalized and square root transformed major OPU/species
driving the dissimilarities between different regions in the endosphere samples. All OPUs which
contribute to 90% dissimilarity were selected and presented in the table

!

121

Chapter 5
122

Compared to reports from high-organic-matter tundra soils from
Arctic or alpine sites, where aerobic proteobacterial diazotrophs reportedly
dominate (Tai et al., 2013), our soils were mostly enriched in !-proteobacteria and
Clostridiales (depending on region and compartment). The current data, where
we found no influence of plant species (O. digyna and S. oppositifolia) on the
PNFB communities in the endosphere were different from those on the 16S
bacterial community structures (Kumar et al., 2016b). However, a previous
study on fungal community structures was in line with the contention that
plant species was a minor driver (Kumar et al., 2016a). In addition, both fungal
and PNFB community structure were influenced by geographic region. We
here hypothesize that the two plant species most likely ‘behave’ in a similar
manner in the soils, for instance secreting similar compounds that attract the
diazotrophs as well as fungi. Possibly, although unproven, the diazotrophs are
tightly associated with the selected fungi, or each of the three components of
the system are similarly selected to make part of it.
As mentioned, clear regionality was also evident in the distribution of
the diazotrophic communities. Thus Geobacter was abundantly present in the
sites from MA and KJ, at altitudes of about 2400m and 900m above sea level.
This was in line with the observation of this taxon in high mountain ranges
where it could metabolize under both oxic and anoxic conditions (Ciccazzo et
al., 2016). Geobacter has also been detected in nifH defined communities from
switchgrass roots in oxic temperate-climate prairie ecosystems (Bahulikar et al.,
2014), indicating adjustment to temperate and environmental plasticity to
utilize both aerobic and anaerobic soil conditions.
Moreover, Clostridiales, an anaerobic taxon (Clostridium and
Acetobacterium), were virtually absent from the MA samples, whereas they
increased in abundance towards the north. In addition, this may reflect the
different bioclimatic conditions between MA and NÅ, as discussed.
It should be noted, though, that - even in NÅ - Clostridium was mainly
restricted to the endosphere, which is actually in agreement with our analysis
of total bacterial communities of the same plants (based on the16S ribosomal
RNA [rRNA] gene) (Kumar et al., 2016b). Specifically, we observed higher
relative abundances of Clostridium with increasing latitude and restricted to the
endospheres of both plant species. Such Clostridium PNFB (predominantly
observed in the endosphere) also showed endosphere specificity in the
previous 16S rRNA gene based analysis (Kumar et al., 2016b). In addition,
Given et al. (personal communication) observed 16S rRNA sequences of
Clostridium spp. in seeds of O. digyna, indicating possible vertical transmission.
Both Geobacter spp. and Clostridium spp. have been detected as diazotrophs in
rice roots in flooded rice paddy fields (Hardoim et al., 2012; Sessitsch et al.,
2012).
!

The diversity of PNFB communities was lowest in the high-arctic NÅ
sites, with a similar trend being detectable in all (i.e. the bulk soil and plant
associated (rhizo- and endosphere)) compartments. While the bulk soil
communities were most diverse in the alpine sites in MA, the plant associated
communities were most diverse in KJ, which is in contrast to the bacterial and
fungal communities from the same sites, where we observed the highest
diversity in rhizosphere samples (Kumar et al., 2016a; 2016b).
Corroborating the previous 16S rRNA based analyses (Kumar et al., 2016b), O.
digyna and S. oppositifolia shared some plant specific PNFB OPUs. OTUs
previously identified as ‘core’ or as part of the endosphere community, e.g.
Bradyrhizobium, Burkholderiales, Comamonadaceae and Clostridia (Kumar et al.,
2016b) were also found to make part of the PNFB endosphere communities.
Thus, such N fixers are often key dominant factors in the plant-associated
microbiomes, indicating the importance of (plant-associated) nitrogen fixation
for these plants. It may well be that plants recruit these bacteria from the soil,
allowing N fixation to occur in the ‘protected’ environment offered by the
plant. The outcome of this selective process might be improved plant growth
in the highly N limited soils. Furthermore, this signifies importance of N
fixating bacteria for plant fitness and growth in these conditions.
Concluding, the nature of the PNFB communities found at two plant
species in three different cold-climate geographic regions points to selective
processes that operate at different scales, i.e. that of compartment as well as of
region. Plant type appeared to have a lesser influence, with the exception of
some OPUs from the order Burkholderiales (Burkholderia sp.) in O. digyna and the
order Clostridiales (Desulfosporsinus sp.) in S. oppositifolia. These organisms were
also found to be enriched in the (16S rRNA defined) endosphere communities
from the respective plants. Finally, on the basis of the predominance of
anaerobic nitrogen fixers, we surmised that local conditions allowing nitrogen
fixation might have been prevalently anoxic in the two northern regions,
whereas those in the alpine region may have been more variable (oxic or
anoxic).
Funding
This research was funded by NWO project 821.01.005 (for JE), Finnish
cultural foundation Lapland regional fund (for RN) and by Finnish Academy,
project 259180 (for RN)
Acknowledgements

!

!

Diazotrophic bacterial communities in arcto-alpine plants

!

123

Authors acknowledge Maarten Loonen and other members of Netherlands
Arctic Station, Ny-Ålesund, Svalbard and Kilpisjärvi Biological Station of the
University of Helsinki for assistance in sampling.

Chapter 5

References

124

Bahulikar, R. A., Torres-Jerez, I., Worley, E., Craven, K., and Udvardi, M. K. (2014).
Diversity of Nitrogen-Fixing Bacteria Associated with Switchgrass in the Native Tallgrass
Prairie of Northern Oklahoma. Applied and Environmental Microbiology 80, 5636–5643.
doi:10.1128/AEM.02091-14.
Brankatschk, R., Töwe, S., Kleineidam, K., Schloter, M., and Zeyer, J. (2011). Abundances
and potential activities of nitrogen cycling microbial communities along a chronosequence
of a glacier forefield. The ISME journal 5, 1025–37. doi:10.1038/ismej.2010.184.
Caporaso, J. G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman, F. D., Costello, E.
K., et al. (2010). QIIME allows analysis of high-throughput community sequencing data.
Nature Methods 7, 335–336. doi:10.1038/nmeth.f.303.
Chapin, F., Bloom, A., Field, C., and Waring, R. (1987). Plant responses to multiple
environmental factors. Bioscience 37, 49–57.
Ciccazzo, S., Esposito, A., Borruso, L., and Brusetti, L. (2016). Microbial communities and
primary succession in high altitude mountain environments. Annals of Microbiology 66, 43–
60. doi:10.1007/s13213-015-1130-1.
Dang, H., Yang, J., Li, J., Luan, X., Zhang, Y., Gu, G., et al. (2013). Environmentdependent distribution of the sediment nifH-harboring microbiota in the Northern South
China Sea. Applied and environmental microbiology 79, 121–32. doi:10.1128/AEM.01889-12.
Edgar, R. C. (2010). Search and clustering orders of magnitude faster than BLAST.
Bioinformatics 26, 2460–2461. doi:10.1093/bioinformatics/btq461.
Fish, J. A., Chai, B., Wang, Q., Sun, Y., Brown, C. T., Tiedje, J. M., et al. (2013). FunGene:
the functional gene pipeline and repository. Frontiers in Microbiology 4, 291.
doi:10.3389/fmicb.2013.00291.
Gaby, J. C., and Buckley, D. H. (2012). A comprehensive evaluation of PCR primers to
amplify the nifH gene of nitrogenase. PloS one 7, e42149. doi:10.1371/journal.pone.
0042149.
Hardoim, P. R., Hardoim, C. C. P., van Overbeek, L. S., and van Elsas, J. D. (2012).
Dynamics of seed-borne rice endophytes on early plant growth stages. PloS one 7, e30438.
doi:10.1371/journal.pone.0030438.
Izquierdo, J. a, and Nüsslein, K. (2006). Distribution of extensive nifH gene diversity across
physical soil microenvironments. Microbial ecology 51, 441–52. doi:10.1007/s00248-0069044-x.
Kumar, M., Antonielli, L., Brader, G., Sessitsch, A., Niku, J., Taskinen, S., et al. (2016a).
Fungal Communities Associated with Arcto-Alpine Plants are Strongly Shaped by Regional
Effects. In Prep.
Kumar, M., Brader, G., Sessitsch, A., Mäki, A., van Elsas, J. D., and Nissinen, R. M.
(2016b). Plants Assemble Specific Bacterial Communities from Common Core Taxa in
Three Arcto-Alpine Climate Zones. Frontiers in Microbiology, In review.
Mäki, A., Rissanen, J. A., and Tiirola, M. (2016). A practical method for barcoding and
size-trimming PCR templates for amplicon sequencing. Biotechniques 60, 88–90.
doi:10.2144/000114380.
Rösch, C., Mergel, A., and Bothe, H. (2002). Biodiversity of denitrifying and dinitrogenfixing bacteria in an acid forest soil. Applied and Environmental … 68, 3818–3829.

!

!

doi:10.1128/AEM.68.8.3818.
Sessitsch, A., Hardoim, P., Döring, J., Weilharter, A., Krause, A., Woyke, T., et al. (2012).
Functional Characteristics of an Endophyte Community Colonizing Rice Roots as
Revealed by Metagenomic Analysis. Molecular Plant-Microbe Interactions 25, 28–36.
doi:10.1094/MPMI-08-11-0204.
Sistla, S. a., Asao, S., and Schimel, J. P. (2012). Detecting microbial N-limitation in tussock
tundra soil: Implications for Arctic soil organic carbon cycling. Soil Biology and Biochemistry
55, 78–84. doi:10.1016/j.soilbio.2012.06.010.
Tai, X. S., Mao, W. L., Liu, G. X., Chen, T., Zhang, W., Wu, X. K., et al. (2013). High
diversity of nitrogen-fixing bacteria in the upper reaches of the Heihe River, northwestern
China. Biogeosciences 10, 5589–5600. doi:10.5194/bg-10-5589-2013.
Wallenstein, M. D., Mcmahon, S. K., and Schimel, J. P. (2009). Seasonal variation in
enzyme activities and temperature sensitivities in Arctic tundra soils. Global Change Biology
15, 1631–1639. doi:10.1111/j.1365-2486.2008.01819.x.
Weintraub, M. N., and Schimel, J. P. (2005). Nitrogen Cycling and the Spread of Shrubs
Control Changes in the Carbon Balance of Arctic Tundra Ecosystems. BioScience 55, 408.
doi:10.1641/0006-3568(2005)055[0408:NCATSO]2.0.CO;2.
Wu, L., Ma, K., and Lu, Y. (2009). Prevalence of Betaproteobacterial Sequences in nifH
Gene Pools Associated with Roots of Modern Rice Cultivars. Microbial Ecology 57, 58–68.
doi:10.1007/s00248-008-9403-x.
Yeager, C. M., Kornosky, J. L., Housman, D. C., Grote, E. E., Belnap, J., and Kuske, C. R.
(2004). Diazotrophic Community Structure and Function in Two Successional Stages of
Biological Soil Crusts from the Colorado Plateau and Chihuahuan Desert. Applied and
Environmental Microbiology 70, 973–983. doi:10.1128/AEM.70.2.973-983.2004.
You, M., Nishiguchi, T., Saito, A., Isawa, T., Mitsui, H., and Minamisawa, K. (2005).
Expression of the nifH Gene of a Herbaspirillum Endophyte in Wild Rice Species!: Daily
Rhythm during the Light-Dark Cycle. 71, 8183–8190. doi:10.1128/AEM.71.12.8183.
Zehr, J. P., and Mcreynolds, L. A. (1989). Use of Degenerate Oligonucleotides for
Amplification of the nifH Gene from the Marine Cyanobacterium Trichodesmium
thiebautii. Applied and Environmental Microbioogy 55, 2522–2526.
Zhang, B., Ryan Penton, C., Xue, C., Wang, Q., Zheng, T., and Tiedje, J. M. (2015).
Evaluation of the ion torrent personal genome machine for gene-targeted studies using
amplicons of the nitrogenase gene nifH. Applied and Environmental Microbiology 81, 4536–
4545. doi:10.1128/AEM.00111-15.

!

Diazotrophic bacterial communities in arcto-alpine plants

!

125

Chapter 5

Supplemental figure S1 Principal Coordinate Analysis (PCoA) plots rhizosphere soil PNFB communities
(nifH-based OPU sequences as proxy species) from O. digyna (O) and S. oppositifolia (S) plant species
from three climatic regions Mayrhofen (MA), Kilpisjärvi (KJ) and Ny-Ålesund (NÅ)
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Supplemental figure S2 Principal Coordinate Analysis (PCoA) plots endophytic PNFB communities (nifHbased OPU sequences as proxy species) from O. digyna (O) and S. oppositifolia (S) plant species from
three climatic regions Mayrhofen (MA), Kilpisjärvi (KJ) and Ny-Ålesund (NÅ)
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Chapter 6

Background of the study
Microbes (bacteria and fungi) and terrestrial plants have co-evolved since the
time higher plants appeared on the Earth (Zhang et al., 2006). Indeed, the
association of mycorrhizal fungi with plants may have assisted the colonization
of land by plants about 450 Myr ago (Redecker et al., 2000; Simon et al., 1993).
In addition, we now know that particular bacteria can also be tightly associated
with plants, often occurring inside plant tissue (Kloepper et al., 1992). In
addition to the classically known rhizobia, a wealth of other bacteria have been
isolated from inside root, stem, leaf, fruit and even seeds (Chanway, 1996).
However, the diversity, ecology and functional properties of plant-associated
microbes are still not well understood. All the more so, only few studies on
arcto-alpine plants have been reported so far (Nissinen et al., 2012;
Poosakkannu et al., 2015; Zhang et al., 2015). In this thesis, I set out to analyze
the diversity of microbial (bacterial as well as fungal) communities that are
associated with two selected pioneer plants, Oxyria digyna and Saxifraga
oppositifolia, in arcto-alpine soils. Implicit in this study was the assumption that
these plants, for their healthy growth in the cold and nutrient-poor soils, were
to some extent dependent on their local microbiomes. In particular, I
hypothesized that some of their functions, e.g. nitrogen provision, depended
on plant-associated microorganisms. In the light of the overriding effects of
edaphic and climatic factors on soil status, I also speculated that bulk soil
microbial communities are mainly influenced by geographic region and that,
consequently, the plant-associated microbial communities are selected from
these, forming sub-communities. I selected the aforementioned two plant
species, O. digyna and S. oppositifolia, on the premise that, even though they
prefer similar growth habitats, they secrete different compounds in the
exudates from their roots and thus influence their associated communities in
different manners.
The sparse information that was available at the onset of this study was
as follows:
Bacterial and fungal diversities in cold soil habitats do not follow similar pattern
Chu et al. (2010), using next generation sequencing, found that soil
bacterial diversity in the Arctic is similar to that in other biomes. In
contrast, fungal communities from polar regions (Antarctic and Arctic)
were indicated to exhibit endemism in these regions, with cold climate
effectively acting as a habitat-specific filter (Cox et al., 2016) . Meanwhile,
both bacterial and soil fungal communities in the Arctic region were
shown to be influenced by soil pH, and so soil pH regulated these
communities, albeit to different extents (Männistö et al., 2007; Zhang et
al., 2016).
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Contradicting statements about host specificity of plant-associated microbes in arctoalpine soils
Nissinen et al. (2012) observed that endophytes isolated from three arctic
plants, i.e. O. digyna, Diapensia lapponica and Juncus trifidus, exhibit host plant
specificity. They further identified members of these endosphere
communities that closely resembled isolates from other cold habitats. A
similar host plant specificity was recently reported for endophytic fungal
communities from S. oppositifolia, Saxifraga cespitosa, Silene acaulis and
Cassiope tetragona sampled from Ny-Ålesund, Svalbard (Zhang et al., 2015).
However, other studies indicate fluctuating host specificity for both
bacterial and fungal root-associated communities in cold-climate soils
(Botnen et al., 2014; Fujimura and Egger, 2012; Teixeira et al., 2010), and
so the level of host plant selectivity is controversial and may depend on
differing factors, such as plant species and edaphic factors and the niche
studied (endopshere vs rhizosphere).
Diazotrophs from cold habitats are similar
Nitrogen is considered to be a major limiting factor for plant (and microbial)
growth in arcto-alpine biomes. Deslippe and Egger (2006) analyzed the
molecular diversity of nifH genes from bacteria associated with high-arctic
plants and found a striking similarity between the composition of bacterial nifH
clone libraries of bulk soils and roots of high Arctic shrubs from Canadian
arctic and those from other cold habitats. They postulated that the distribution
of nitrogen fixing bacteria can be predicted based on the habitat type (referring
to the cold habitats here).
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Some other studies - not addressed here - have yielded somewhat erratic
results; these are subject of the discussions in the research sections of this
thesis.
On the basis of the sparse information available, as depicted above, I
took as a strategy to determine the microbiomes of three cold climate regions,
including one in the European alps (Mayrhofen, Austria) and two across the
northern sphere (Kilpisjärvi, Finnish Lapland [low-arctic] and Ny-Ålesund,
Svalbard archipelago; [high-arctic]).
In this study, I have thus been able to pinpoint the
unknown/undiscovered plant-associated microbes that are associated with the
aforementioned two pioneer plants in this pristine environment, as discussed
in the following sections. In the light of the importance of such microbiomes
for plant growth and health in soils of other climate zones, I placed a focus on
both the bacterial and fungal communities in the samples. Moreover, I also
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Endosphere microbial communities have reduced diversities and are different from (bulk and
rhizosphere) soil microbial communities
There is compelling evidence, from all data generated in chapters 3, 4 and 5,
that the diversities and community structures (of bacteria, fungi and potential
nitrogen fixing bacteria (PNFB)) in the endospheres of the two selected plant
species – in the three geographic regions studied, are different from those in
the (bulk and rhizosphere) soil. Expectedly, the endosphere total bacteria
(chapter 3), PNFB (chapter 5) and fungal (chapter 4) communities had very
low richness and diversity values when compared to those of the (bulk and
rhizosphere) soil samples. This generic key finding indicates that the two plant
species that were selected act as effective ‘filters’, selecting a restricted set of
microbes as endophytes from the highly diverse soil communities. The
putative function of such endophytes in these cold-adapted plants has to await
further study, but activities with respect to ‘protection’ from frost, low nutrient
status and drying/osmotic tension are all possible (Subramanian et al., 2015;
White and Torres, 2010).
We thus also identified the key bacterial and fungal taxa that contribute
to the apparent ‘endophyte specificity’. The bacterial genera Clostridium
(Firmicutes) and Leptothrix and Burkholderia (Burkholderiales), were selectively
enriched in the endospheres, as became apparent from both the bacterial
(chapter 3) and PNFB communities (chapter 5) communities. Coupled to the
fact that such genera are presumably involved in (non-rhizobial) nitrogen
fixation (and that they were also found by using the nifH gene proxy), it is
logical to posit that they play an important role in the nitrogen acquisition by
plants in these N limited soils. The endospheres of the reportedly EM plant S.
oppositifolia were enriched with dark septate endophytic fungi from the genera
Leptodontidium and Phialocephala. Both Leptodontidium and Phialocephala have been
!
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addressed the (diversity and composition of) diazotrophs given their
postulated importance in the study systems.
My hypotheses in this study were:
Bacterial community structure in arcto-alpine soils is highly influenced
by geographic region or soil physico-chemical properties.
Plant-associated microbial communities are primarily dependent on
plant species, indicating a strong selection by the plants.
Nitrogen acquisition by plants in arctic soils is driven strongly by plantassociated bacteria, and the diazotrophic communities are shaped by
plant species.
Below, I come to some overriding conclusions on the basis of these
hypotheses and the data generated in the research chapters of this thesis.
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reported as fungal endophytes in the high-arctic EM plants Dryas octopetala and
Bistorta vivipara (Bjorbækmo et al., 2010; Mundra et al., 2015). Newsham et al.
(2009) reported that the dark septate fungi such as the ones found by us can
be present as endophytes in arcto-alpine plants and are predicted to enhance
plant performance. The largely non-mycorrhizal O. digyna was predominated by
the presumably saprotrophic Varicosporium. However the functional
mechanisms of these fungi-plant symbiosis are unexplored and a potential
future prospect.
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Figure 1 The interactions of bulk, rhizosphere and endospere communities of bacteria (red), fungi (green)
and potential nitrogen fixing bacterial (orange) communities
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Endosphere communities - Host plant specificity
The bacterial community structures in the endosphere (chapter 3) were
influenced by plant species, whereas the fungal (chapter 4) and PNFB
(chapter 5) community structures had low host plant specificity (Figure 1).
Thus, the two arctic plants may interact differently with respect to the
‘selection’ of bacterial and fungal types into their endospheres. In particular the
fungi and the PNFB, as potential nutrient providers, may have been more
‘generically’ attracted, reflecting their potential key roles in plant support.
Moreover, it would be intriguing to assess to what extent these groups interact
between themselves, in addition to their interactions with the plant. Thus, a
detailed study on fungal-bacterial interactions with focus on bacterial nitrogen
fixers in the Arctic would constitute a sensible future research scenario.
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Rhizosphere communities of bacteria and fungi assemble via different rules
Analysis of the bacterial communities (chapters 2 and 3) versus the fungal
(chapter 4) and PNFB (chapter 5) ones revealed that the former responded
differently from the two latter ones. Thus, specifically, the bacterial
rhizosphere communities were more strongly influenced by plants than the
fungal or PNFB rhizosphere communities. In several prior studies in
temperate climate soils, strong selection of bacterial communities by the
rhizosphere of different plants was also found, and most authors have
attributed this rather strong effect to the action of plant root exudates on soil
bacteria (Duineveld et al., 1998; !nceo"lu et al., 2011; Smalla et al., 2001).We
here extend this rhizosphere selective effect fact to two plants in cold-climate
soils. We also know, from previous work, that bacteria may show stronger
responses to plant exudates than fungi, and so the selection of fungal types by
community assessments is often more difficult to discern. Rather, our
observations indicate that fungal rhizosphere communities are more strongly
influenced by local soil properties. So, generalizing, one may posit that, within
the limits of our observations and tools, bacteria appeared as the more avid
responders to the two plants, as compared to the fungi.
In addition, both the bacterial (chapters 2 and 3) and fungal (chapter
4) rhizosphere communities had higher richness and diversity values than the
corresponding bulk soil communities. This is in contradiction to multifold
studies from agricultural soils where bulk soil communities tended to show
highest diversity (!nceo"lu et al., 2011; Kowalchuk et al., 2002; Smalla et al.,
2001). However, our observation is in support of other data from low-nutrient
habitats (Coleman-Derr et al., 2016; Miniaci et al., 2007). It may be attributed
to the sparse availability of nutrients in the bulk soil, which I speculate limits
!
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Rhizosphere communities – Host plant specificity
Overall, the influence of plant species on the rhizosphere communities was
rather low when compared with that on the endosphere ones (Figure 1). The
bacterial communities (chapters 2 and 3) revealed a moderate degree of host
plant species specificity, whereas the fungal ones had low host plant specificity
(chapter 4). Also the ‘functional profiles’ of the rhizosphere communities of O.
digyna and S. oppositifolia were different. In particular, we observed a raised
abundance of antibiotic resistance bacteria in the O. digyna rhizosphere, which
can be also related to the non-mycorrhizal status of this plant host. On the
basis of these collective profiles, we surmised that the provision of different
conditions, possibly related to the secretion of different compounds in the root
exudates by O. digyna and S. oppositifolia are at the basis of the establishment of
different bacteriomes in the rhizosphere (and endosphere, as discussed in the
foregoing).
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the overall niche-defined diversity. Thus, the plant root exudates as well as
other condition in the plant rhizospheres may have been acting as providers of
diverse nutrients/conditions and so amplified the number of colonizable
niches.
In contrast, the diversity of PNFB (chapter 5) was not raised in the
rhizospheres as compared to that in the corresponding bulk soils. Hence, it is
possible that the potentially strong selection by the two plants – in this
functional group – indeed reduced diversity, as related to the selective role of
these organisms. This facet of bacterial life in the rhizosphere of the arctic
plants, much like for the endosphere, warrants dedicated future research
endeavors.
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The influence of geographic region on microbiomes is dependent on compartment
In the light of the differential effect of compartment (chapters 2, 3, 4 and 5),
I will discuss the effect of region as per compartment (bulk soil, rhizosphere
soil, endosphere), as below:
Bulk soils
The assessments of bacterial (chapters 2 and 3), fungal (chapter 4) and
PNFB (chapter 5) community structures across the bulk soil samples revealed
a strong regional specificity, in particular for the bacterial communities (total
and PNFB). In other words, the bacterial and PNFB community structures of
the bulk soils were different per region. Moreover, the fact that the diversities
of the bulk soil bacterial communities were positively correlated with soil pH
(range 4.5 to 8.2) and soil organic matter indicated, in support of work by
Fierer and Jackson (2006), that soil pH was a key ‘shaper’ of these
communities. The effect of region on the bulk soil fungal communities was
much weaker, however their community structures were, again, primarily
influenced by soil pH.
Overall, I thus hypothesize that the conditions in the local soils, under which
climatic and soil physicochemical (e.g. pH) properties, were the key drivers of
all bulk soil communities.
Rhizosphere soils
Above, I addressed the selective effect of plants and plant species on the
microbiomes, as observed in their rhizospheres. Here, I examine the influence
of geographic region. First, the fungal (chapter 4) and PNFB (chapter 5)
rhizosphere communities displayed a strong regional selection when compared
to the bacterial communities (chapter 3). Clearly, whereas the bacterial
communities had a more ‘ubiquitous’ nature, both the fungal and PNFB
showed a more endemic one. Concerning the latter, I here speculate that the
rhizosphere PNFB communities are strongly affected by the local climatic
conditions or soil edaphic factors, and may shape the environment for the
!
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Is there a (beneficial) core microbiome that establishes in cold-soil-adapted plant species?
The question whether the two pioneer plant species O. digyna and S. oppositifolia
contain a core (trans-species) set of microorganisms (that may yield
growth/fitness benefits) was addressed by comparing the key shared members
of the endosphere communities (Table 1). Most of the taxa identified in the
endosphere bacteriomes (Clostridium, Bradyrhizobiaceae, Comomonadaceae
[Leptothrix]) were also found in the endosphere ‘PNFB-omes’, and I therefore
strongly argue that they play a potentially vital role in nitrogen acquisition.
Moreover, in a side project, we also detected Clostridium, Comamonadaceae and
Bradyrhizobiae from the seeds of O. digyna (Given et al., in preparation),
indicating seed transmission. However, the question whether such core
microbes are transported via seeds, thus connecting plant generations,
remained unanswered. In other work, such organisms have been found in
seeds, which indicates they are vertically transmitted and may be selected by
the host plants to be carried off to the next generations (Hardoim et al., 2012;
Truyens et al., 2014). A case in point is offered by the seeds of cardon cactus
(Pachycereus pringlei) which carry endophytes that allow them to establish in
barren rocks by weathering these and dissolving the rock minerals (Puente et
al., 2009). We suspect similar mechanisms might be involved in the
colonization of the non-mycorrhizal O. digyna in the nutrient-limited rocky soils
that it usually colonizes. Furthermore, several studies, referred to in Table 1,
have revealed that, in addition to nitrogen fixation, these key OTUs also have
diverse potential functional aspects like enhancement of stress tolerance,
!
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local plants. For example, the cyanobacteria Nostoc punctiforme and Nodularia
spumigena were predominantly observed in the Ny-Ålesund regions. They were
reported as key primary producers mediating carbon and nitrogen fixation in
early succession soils and also mediating plant establishment in low-nutrient
soils (Borin et al., 2010).
Endosphere
The endosphere communities of both fungi and PNFB were clearly influenced
by region, whereas the total bacterial communities responded to a lesser extent
(Figure 1). The strong regional influence on the PNFB communities was
remarkable. I relate these to effects of the local climatic conditions (as
mentioned above). Clearly, the anaerobic nitrogen-fixing genus Clostridia
dominated the Arctic region samples, while the genus Geobacter (that is capable
of fixing nitrogen under both aerobic and anaerobic conditions) dominated the
endosphere communities of the alpine region. Indeed, predominantly
anaerobic conditions were observed frequently in the soil pockets that held the
plants in the Arctic, due to late melting soil and underlying permafrost,
whereas such conditions were less frequently found in the alpine region.
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phosphate acquisition, resistance against plant pathogens by secretion of
antimycotic compounds, and, finally, promotion of plant growth by synthesis
of growth promoting hormones like gibberellins. With reference to this work, I
argue here that we are now at a stage where the functional implications of our
arctic plant endophytes need to be addressed.
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Outlook and recommendations for further work
The study of the interactions of arcto-alpine plants with local microbiomes is
relatively new, and the current study has added a large body of information to
this area. In the work, I have been able to pinpoint the bacterial, fungal and
PNFB communities enriched in the endosphere but I did not yet obtain any
information on the details of the functional properties of those communities.
It is likely that, in addition to an involvement in nitrogen fixation, the
community members have roles in, for instance, frost protection and
acquisition of compounds like phosphorus (in addition to nitrogen). Moreover,
a possible steering role of plant physiology might be assumed. Future studies
on the functional aspects of (members of) the plant-associated microbiomes
and why the arcto-alpine plants are in need of these microbial associations for
their fitness is vital. I have thus posited that key endosphere specialists assist in
the fitness/survival of plants in these cold and nutrient (specially N and P)
limited soils (Table 1). For example, some of these endosphere specialists
(Table 1) were predominantly present in the endospheres of two plant species
across all the regions, and so this indicates they have acquired a niche that
potentially also supported their host plant. As I mentioned in my conclusion,
there is mounting evidence for the tenet that such plant-supportive
endosphere dwellers can be vertically transmitted as they make part of the seed
microbiome.
Future work should thus attempt to isolate key plant helper species
(both bacteria and fungi), as this will allow studies on behavior and function at
the plant. This will also give us vital information on the strategies employed by
these pioneer plants in colonizing the low-nutrient mineral-rich deglaciated
moraines.
As argued before, a key lack of knowledge concerns the cycles of N
and P in the studied habitats. Clearly, the level of N and presumably also of P
is the limiting factor for plant growth in the studied arcto-alpine habitats.
Studies on the functional involvement of selected microbes in these processes
under local conditions is needed. In addition, an investigation into the
potential interaction of fungal-bacterial (nifH-endowed) interactions in the
rhizosphere, especially in the context of the mycorrhizal associations
(considering differential association of O. digyna (non-mycorrhizal) and S.
oppositifolia (ecto-mycorrhizal)) will be necessary.
!
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The study of plant-associated communities in arcto-alpine plants is
new, and important in an era of global warming; so far only few papers have
been published in this area. Thus the mechanistic underpinning of the
presumed microbial support of plant growth and health in the challenges
posed by the cold (although warming) and nutrient limited soils is in its
infancy. Exploring the functional consequences of the microbial diversity in
the Arctic, in both bulk soil and associated with plants, will be the “arctic
expedition” of this century and I am eager to reach the pole
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Summary

Terrestrial plants and microbes have co-evolved since the emergence of the
former on Earth. Associations with microorganisms can be either beneficial or
detrimental for plants. Microbes can be found in the soil surrounding the plant
roots, but also in all plant tissues, including seeds. In arcto-alpine regions,
plants face extraordinary challenges, and, although we know a lot about their
growth and survival strategies, there is a paucity of information about their
associated microbiomes. Here, I investigated the diversity of microbes
associated with two arcto-alpine plants, Oxyria digyna and Saxifraga oppositifolia,
from three distinct geographical regions, i.e. Mayrhofen, Austria (alpine
climate), Kilpisjärvi, Finland (low-arctic climate) and Ny-Ålesund (high-arctic
climate). Oxyria digyna and Saxifraga oppositifolia are key pioneer plant species in
arcto-alpine soils. In chapter 2, I investigated the influence of these plants on
the rhizosphere bacterial communities in two arctic regions. Geographic
location and soil type, as well as plant species, significantly influenced the
bacterial community structures. Furthermore, the ability to tolerate oxidative
stress as well as specific antibiotics was highly pronounced in the rhizosphereassociated communities in both plant species. In chapters 3 and 4, I
investigated the biogeographical diversity of the plant-associated microbial
communities and the corresponding bulk soils in three arcto-alpine regions.
The factor compartment (bulk soil, rhizosphere soil, endosphere) influenced
the diversities and community structures of both fungi and bacteria. In
particular, the endophytic communities had the lowest diversity and their
community structures were different from those of the bulk and rhizosphere
soils. In contrast to studies on plants from agricultural soils, I observed a
higher diversity of bacterial and fungal communities in our rhizosphere soils
when compared to bulk soils. In chapters 3 and 5, I show that geographic
region significantly influences the bacterial and PNFB communities in the bulk
soils. However, the effect of region on the bulk soil fungal communities was
much weaker (chapter 4). These communities were primarily shaped by soil
pH. The fungal (chapter 4) and PNFB (chapter 5) communities in the
rhizospheres displayed a strong regional selection, while the bacterial (chapters
2 and 3) communities were ubiquitous. Similarly, the fungal and PNFB
endosphere communities were clearly influenced by region, whereas the total
endosphere bacterial communities responded to a lesser extent.
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With respect to the endophytic bacterial and PNFB communities, plant
species and geographic region were the main determinants of the community
structures. The bacterial community structures in the endosphere (chapter 3)
were influenced by plant species, whereas the fungal (chapter 4) and PNFB
(chapter 5) community structures had low host-plant specificity. Plants in the
alpine region had higher relative abundances of Proteobacteria, as compared to
plants from the low- and high-arctic regions, which were dominated by
Firmicutes. The PNFB communities in the endosphere were enriched with
Geobacter and Clostridium types. Moreover, I observed a strong regional
influence (related to climatic conditions) on the endosphere PNFB
communities. Anaerobic nitrogen fixing Clostridia dominated the Arctic
regions, while Geobacter (capable of fixing nitrogen in both aerobic and
anaerobic conditions) dominated the endosphere PNFB communities in the
Alpine region. The fungal communities in the endosphere were highly
influenced by geographic region, with low host plant specificity. The fungal
genera Mycenella, Cadophora and Varicosporium dominated the endospheres.
In conclusion, the two pioneer plant species act as effective ‘filters’, selecting a
restricted set of microbes as endophytes from the highly diverse soil
communities across three geographic regions. Most of the key taxa identified
in the endosphere bacteriomes, i.e. Clostridium, Bradyrhizobiaceae, Comomonadaceae
[Leptothrix], were also found in the endosphere ‘PNFB-omes’, and I therefore
strongly argue that members of these taxa may play a key role in nitrogen
acquisition in these low-nitrogen environments.!
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Terrestrische planten en micro-organismen zijn samen geëvolueerd, sinds de
opkomst van eerstgenoemden op aarde. De associatie met micro-organismen
kan zowel nuttig als schadelijk zijn voor planten. Microben komen voor in de
grond rond de wortels, alsook in alle plantweefsels, waaronder zaden. In
Arctisch-alpine gebieden worden de aanwezige planten geconfronteerd met
buitengewone uitdagingen. Ofschoon er veel bekend is over de groei en
overlevingsstrategieën van deze planten, is er een gebrek aan informatie over
de met hen geassocieerde microbiomen. In dit proefschrift beschrijf ik mijn
onderzoek naar de diversiteit van micro-organismen die geassocieerd zijn met
twee Arctisch-alpine planten, Oxyria digyna en Saxifraga oppositifolia, in drie
verschillende geografische regio's, i.e. Mayrhofen, Oostenrijk (alpine klimaat),
Kilpisjärvi, Finland (laag-arctisch klimaat) en Ny-Ålesund, Spitsbergen (hoogarctisch klimaat). O. digyna en S. oppositifolia zijn belangrijke pionierplantsoorten
in Arctisch-alpine bodems. In hoofdstuk 2 beschrijf ik het onderzoek naar de
invloed van deze planten op de bacteriële gemeenschappen in de rhizosfeer in
de twee arctische gebieden. Geografische locatie en bodemtype, alsmede
plantsoort,
hadden
een
sterke
invloed
op
de
bacteriële
gemeenschapsstructuren. Bovendien werd het vermogen om oxidatieve stress
en specifieke antibiotica te tolereren beïnvloed in de rhizosfeer-geassocieerde
gemeenschappen bij beide plantsoorten. In hoofdstuk 3 en 4 heb ik onderzoek
gedaan naar de biogeografische diversiteit van de plant-geassocieerde
microbiële gemeenschappen en de bijbehorende bulkgronden in de drie
Arctisch-alpine gebieden. De factor ‘compartment’ (bulkgrond,
rhizosfeergrond, endosfeer) had invloed op de diversiteit en structuur van
zowel de schimmel- als de bacterie-gemeenschappen. Met name de
endofytische gemeenschappen hadden de laagste diversiteit en hun structuren
verschilden van die van de bulk- en rhizosfeergronden. In tegenstelling tot
studies over planten uit landbouwgronden, nam ik een hogere diversiteit aan
bacteriën en schimmels waar in de bestudeerde rhizosfeergronden in
vergelijking met de respectievelijke bulkgronden. In hoofdstukken 3 en 5 laat
ik zien dat de factor geografische regio een sterke invloed had op de bacteriële
en PNFB gemeenschappen in de bulkgronden. Het effect van de omgeving op
de schimmelgemeenschappen in de bulkgrond was veel zwakker (hoofdstuk 4).
Deze gemeenschappen werden voornamelijk gestuurd door de bodem-pH. De
schimmel- (hoofdstuk 4) en PNFB- (hoofdstuk 5) gemeenschappen in de
rhizosfeer vertoonden een sterke invloed van regio, terwijl de bacteriële
(hoofdstuk 2 en 3) gemeenschappen dit niet vertoonden. Ook de schimmel- en
PNFB-gemeenschappen in de endosfeer werden duidelijk beïnvloed door de
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factor regio, terwijl de bacteriële gemeenschappen daar in mindere mate door
gestuurd werden.
De endofytisch bacteriële en PNFB gemeenschappen werden in
belangrijke mate gestuurd door plantsoort en geografische regio. Waar de
bacteriële gemeenschapsstructuren (hoofdstuk 3) werden beïnvloed door
plantsoort, hadden de schimmel- (hoofdstuk 4) en PNFB- (hoofdstuk 5)
gemeenschapsstructuren een lage gastheerspecificiteit. De planten in het
Alpengebied hadden een relatief hoge prevalentie van Proteobacteria, terwijl de
planten uit de lage en hoge arctische regio's werden gedomineerd door
Firmicutes. De PNFB gemeenschappen in de endosfeer waren verrijkt met
Geobacter en Clostridium typen. Hiernaast zag ik een sterke regionale invloed
(gerelateerd aan klimatologische omstandigheden) op de PNFB
gemeenschappen in de endosfeer. Anaëroob stikstofbindende Clostridia
domineerden de Arctische gebieden, terwijl Geobacter (stikstofbinding onder
zowel aërobe als anaërobe omstandigheden) de endosfeer-PNFB
gemeenschappen
in
het
Alpengebied
domineerde.
De
schimmelgemeenschappen in de endosfeer werden sterk beïnvloed door de
factor geografische regio, met lage waardplantspecificiteit. De
schimmelgeslachten Mycenella, Cadophora en Varicosporium domineerden de
endosferen.
De twee geselecteerde pionierplantsoorten fungeren als effectieve
'filters', die een beperkte set van micro-organismen als endofyten uit de zeer
diverse bodemgemeenschappen selecteren in drie geografische regio's. Het
merendeel van de sleutel taxa in de endosfeerbacteriomen, i.e. Clostridium,
Bradyrhizobiaceae, Comamonadaceae [Leptothrix], werd ook gevonden in de
endosfeer 'PNFB-omen', en daarom postuleer ik hier dat de leden van deze
taxa een sleutelrol in de binding van atmosferische stikstof spelen in deze laagstikstofomgevingen.
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