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ABSTRACT The Archaea represent a significant component of the plant micro-
biome, whereas their function is still unclear. Different plant species representing the
natural vegetation of alpine bogs harbor a substantial archaeal community originat-
ing from five phyla, 60 genera, and 334 operational taxonomic units (OTUs). We
identified a core archaeome for all bog plants and ecosystem-specific, so far unclas-
sified Archaea. In the metagenomic data set, Archaea were found to have the poten-
tial to interact with plants by (i) possible plant growth promotion through auxin bio-
synthesis, (ii) nutrient supply, and (iii) protection against abiotic (especially oxidative
and osmotic) stress. The unexpectedly high degree of plant specificity supports plant-
archaeon interactions. Moreover, functional signatures of Archaea reveal genetic ca-
pacity for the interplay with fungi and an important role in the carbon and nitrogen
cycle: e.g,, CO, and N, fixation. These facts reveal an important, yet unobserved role
of the Archaea for plants as well as for the bog ecosystem.

IMPORTANCE Archaea are still an underdetected and little-studied part of the plant
microbiome. We provide first and novel insights into Archaea as a functional compo-
nent of the plant microbiome obtained by metagenomic analyses. Archaea were
found to have the potential to interact with plants by (i) plant growth promo-
tion through auxin biosynthesis, (ii) nutrient supply, and (iii) protection against
abiotic stress.
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uring the last several decades, our picture of the diversity and metabolic potential
of the Archaea in a wide variety of environments has been revolutionized (1, 2). For
example, Archaea represent an important component of the human and plant micro-
biome, where their impact on their host is still unclear (3, 4). Within plants, Archaea are
differently distributed (4). They have often been found in the rhizosphere and endo-
sphere but rarely in the phyllosphere, which can be explained by the different abiotic
conditions in these microenvironments (5-10). Besides abiotic factors and adaptation
to chronic energy stress, archaeal colonization depends on biotic factors such as
competition with bacteria, which might have led to microniche differentiation (11).
Even though factors influencing archaeal functionality under specific anaerobic condi-
tions in rice roots have been analyzed (9, 12), their ecological roles and interactions
with plants remained largely unclear. The fact that most of Archaea are difficult to
cultivate and that plant-associated archaeal pathogens are currently not known may be
attributed to the lack of knowledge. However, due to their ubiquitous occurrence on
healthy plants, we assume that Archaea interact positively with plants.
Plants harbor highly diverse and to a certain extent species-specific microbiomes
(13-15). These microbiomes play an essential role for the plant as they can alter plant
growth, productivity, adaptation, diversification, and health (16, 17). Especially in bog
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ecosystems, we have shown that plants and microbiota are closely interlinked (18-21).
Bogs are one of the oldest terrestrial ecosystems on Earth (22); their functioning under
extreme conditions is a result of a long period of coevolution between plants and
microorganisms. Bog ecosystems fulfill important functions for the whole biosphere, as
a reservoir for freshwater and for soil organic matter, acting as a carbon sink (23, 24).
Since most of these ecosystems are extremely poor in accessible nutrients because they
rely on rain water only (ombrotrophic lifestyle), plant-associated bacteria are known to
play a crucial role in nutrient supply and cycling (25). Furthermore, raised bogs show a
unique biodiversity, harboring a unique and highly specialized flora and fauna. The
vegetation is often dominated by Sphagnum mosses, which play an important role in
global carbon cycling and even in global climate (26). Especially the bacterial commu-
nity associated with Sphagnum shows a supportive effect on plant health (18, 19),
productivity (25), and peatland nutrient cycling (23, 27). The Sphagnum bacterial
community is, to an extraordinary degree, host specific, is vertically transmitted, and
contains different functional patterns that strongly support bog functioning under
extreme environmental conditions: e.g., pH (highly acidic), nutrient availability (ex-
tremely low), and high water saturation (20, 28). In addition to Sphagnum mosses, there
is diverse and well-adapted vegetation shaping this ecosystem: e.g., acidophytic bryo-
phytes (Polytrichum strictum and Aulacomnium palustre), graminoids (Eriophorum vagi-
natum and Carex nigra), dwarf shrubs (Andromeda polifolia and Vaccinium oxycoccus),
small trees (Pinus mugo), and lichens (e.g., Cladonia fimbriata). All components of the
vegetation are embedded into Sphagnum mosses, forming the oxic acrotelm layer,
which consists mostly of living plant material (see Fig. S1 in the supplemental material),
in contrast to the anoxic catotelm, which consists of dead plant material (peat). The
understanding of plant-microbe interactions in this specific bog environment still
misses a relevant jigsaw puzzle piece: Archaea and their role in supporting functioning
of this extreme ecosystem yet remain mostly unexplored. Archaea are expected to play
an important role in nutrient supply (29) and stress protection (30).

The objective of our study was to find out if plants harbor specific archaeal
communities and to identify potential modes of interaction of Archaea on plants in
general. Another more specific objective was to integrate Archaea into the concept of
the microbiome-driven functioning of the bog ecosystem. Therefore, we studied the
archaeome of 46 plant samples originating from the green and oxic acrotelm layer,
which represent the typical bog vegetation of alpine bogs. Samples were taken in
Rotmoos and Pirgschachen Moor (Austria) and analyzed by a complementary ap-
proach of metagenomics and specific sequencing of the V4 region of the 16S rRNA
gene fragment.

RESULTS

Composition of Archaea associated with bog vegetation. 16S rRNA amplicon
analysis of 46 samples, including bryophytes, vascular plants, and lichens, resulted in
amplicons for 41 samples (Table 1). Out of an overall data set of 305,430 sequences,
23,400 sequences (7.7%) were annotated to Archaea and clustered into 334 operational
taxonomic units (OTUs). The data set was further normalized to 1,000 sequences per
sample, resulting in the exclusion of 31 samples containing fewer. The estimated
sequencing coverage for Archaea varied from 44.2% to 100%, with a mean value of
83.2%. The relative archaeal abundance differed from plant species to species and
ranged from 0% to 33%. The highest relative abundances were detected in the samples
of deep-rooted plants like blueberry (Vaccinium myrthillus [33%]) and cranberry (V. oxy-
coccus [31.7%]) and monocots like tussock cottongrass (Eriophorum vaginatum [29.1%])
and purple moor-grass (Molinia caerulea [20.2%]). However, also moss species harbored
a substantial proportion of archaeal signatures: Polytrichum commune (25.4%), Sphag-
num capillifolium (24.6%), S. magellanicum (18.2%), and P. strictum (16.7%). In a
principal-coordinate analysis (PCoA) performed with representative species, archaeal
communities in samples belonging to the class-level eudicots and monocots formed a
distinct cluster, whereas samples belonging to the classes of Sphagnopsida and Poly-
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TABLE 1 List of the complete set of 46 samples of overall representative vegetation of the bog, regarding their sampling location and
plant coverage per plot?

Relative
Sample Plant/lichen Growth % of plant cover archaeal
Bog and plot® ID species Clade form Family per plot abundance
Rotmoos
Plot 1 MS1.1 Pleurozium schreberi Bryopsida Other mosses Hylocomiaceae 3 0.1
MS1.2  Sphagnum angustifolium  Bryopsida Peat mosses Sphagnaceae 37 0.33
MS1.3  Vaccinium myrtillus Eudicotyledons ~ Dwarf shrubs Ericaceae 1 2.13
MS1.4  Calluna vulgaris Eudicotyledons  Dwarf shrubs Ericaceae 10 2.27
MS1.5  Vaccinium oxycoccos Eudicotyledons ~ Dwarf shrubs Ericaceae 3 31.72
MS1.6  Pinus mugo Pinopsida Coniferous tree  Pinacaea 0.2 0.2
MS1.7  Sphagnum fuscum Bryopsida Peat mosses Sphagnaceae 10 3.18
MS1.8  Andromeda polifolia Eudicotyledons  Dwarf shrubs Ericaceae 3 0.67
MS1.9  Sphagnum magellanicum  Bryopsida Peat mosses Sphagnaceae 62 13.9
MS1.10  Polytrichum strictum Bryopsida Other mosses Polytrichaceae 5 16.71
MS1.11  Eriophorum vaginatum Monocotyledons  Graminoids Cyperaceae 10 0.04
Plot 2 MS2.1 Rhytidiadelphus triquetrus  Bryopsida Other mosses Hylocomiaceae 3 0.24
MS2.2 Carex nigra Monocotyledons  Graminoids Cyperaceae 5 3.36
MS2.3  Molinia caerulea Monocotyledons  Graminoids Poaceae 10 1.04
MS2.4 Vaccinium vitis-idaea Eudicotyledons ~ Dwarf shrubs Ericaceae 10 0
MS2.5 Vaccinium oxycoccus Eudicotyledons ~ Dwarf shrubs Ericaceae 3 0.09
MS2.6 Polytrichum commune Bryopsida Other mosses Polytrichaceae 3 2542
MS2.7 Vaccinium myrthillus Eudicotyledons  Dwarf shrubs Ericaceae 3 0.32
MS2.8 Sphagnum magellanicum  Bryopsida Peat mosses Sphagnaceae 20 18.2
MS2.9  Sphagnum angustifolium  Bryopsida Peat mosses Sphagnaceae 87 0.04
MS2.10  Eriophorum vaginatum Monocotyledons  Graminoids Cyperaceae 3 0.01
Purgschachen Moor
Plot 3 MS3.1 Eriophorum vaginatum Monocotyledons  Graminoids Cyperaceae 10 29.1
MS3.2  Sphagnum magellanicum  Bryopsida Peat mosses Sphagnaceae 20 0
MS3.3 Vaccinium myrtillus Eudicotyledons ~ Dwarf shrubs Ericaceae 3 33.02
MS3.4  Sphagnum capillifolium Bryopsida Peat mosses Sphagnaceae 3 24.61
MS3.5 Vaccinium oxycoccus Eudicotyledons ~ Dwarf shrubs Ericaceae 3 0.24
MS3.6 Vaccinium vitis-idaea Eudicotyledons ~ Dwarf shrubs Ericaceae 10 0.07
MS3.7 Vaccinium uliginosum Eudicotyledons ~ Dwarf shrubs Ericaceae 10 0
MS3.8 Sphagnum angustifolium  Bryopsida Peat mosses Sphagnaceae 62 0.05
MS3.9  Molinia caerulea Monocotyledons  Graminoids Poaceae 3 20.24
MS3.10  Sphagnum cuspidatum Bryopsida Peat mosses Sphagnaceae 3 0
MS3.11  Aulacomnium palustre Bryopsida Other mosses Aulacomniaceae 3 0.42
Plot 4 MS4.1 Calluna vulgaris Eudicotyledons  Graminoids Ericaceae 20 0
MS4.2 Cladonia portentosa Ascomycota Lichens Cladoniaceae 3 0.04
MS4.3  Sphagnum magellanicum  Bryopsida Peat mosses Sphagnaceae 37 0.1
MS4.4  Sphagnum fuscum Bryopsida Peat mosses Sphagnaceae 10 0.05
MS4.5  Mylia anomala Bryopsida Liverworts Myliaceae 3 0.03
MS4.6  Aulacomnium palustre Bryopsida Other mosses Aulacomniaceae 3 0.04
MS4.7 Sphagnum capillifolium Bryopsida Peat mosses Sphagnaceae 37 1.56
MS4.8  Pleurozium schreberi Bryopsida Other mosses Polytrichaceae 3 0
MS4.9  Andromeda polifolia Eudicotyledons  Dwarf shrubs Ericaceae 1 0.18
MS4.10  Vaccinium oxycoccus Eudicotyledons ~ Dwarf shrubs Ericaceae 3 0.5
MS4.11  Vaccinium vitis-idaea Eudicotyledons ~ Dwarf shrubs Ericaceae 10 0.11
MS4.12  Bazzania trilobata Bryopsida Liverworts Lepidoziaceae 3 9.63
MS4.13  Eriophorum vaginatum Monocotyledons  Graminoids Cyperaceae 10 0.03
MS4.14  Cladonia fimbriata Ascomycota Lichens Cladoniaceae 3 0.3

aAll samples were analyzed with 16S rRNA sequencing, resulting in the displayed relative abundance of Archaea of the prokaryotic microbiota. Gray-shaded samples
were additionally used for metagenomic studies, whereas the samples MS1.1 and -4.8, MS1.7 and -4.4, MS1.9 and -4.3, MS1.11 and -4.13, MS1.4 and -4.1, and MS1.8

and -4.9 were pooled prior to sequencing.

bPlot locations are as follows: plot 1, N47 41.029 E15 09.284, 695 m; plot 2, N47 41.059 E15 09.269, 695 m; plot 3, N47 34.835 E14 20.390, 632 m; and plot 4, N47

34.815 E14 20.482, 632 m.

trichopsida were more widespread (Fig. 1). Overall, the eudicot samples were more
separate from the other groups, showing a lower diversity.

In total, based on the 16S rRNA gene data set, the archaeome associated with the
bog vegetation showed low taxonomic diversity. A maximum likelihood phylogenetic
tree was constructed based on the archaeal 16S rRNA amplicon sequences aligned to
the complete archaeal 16S rRNA gene RefSeq database (Fig. 2). Based on the DNA
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FIG 1 Comparison of archaeal communities associated with bog vegetation by principal-coordinate
analysis (PCoA). The PCoA plot is based on a Bray-Curtis distance matrix of the 16S rRNA gene amplicon
libraries and supported by 100 jackknife data resamplings using 1,000 sequences per library. The ellipses
with symbols in the center show single samples with their IDs. Sample descriptions are as follows:
Vaccinium oxycoccus (MS1.5), S. magellanicum (MS1.9, MS2.8), Polytrichum strictum (MS1.10), P. commune
(MS2.6), Eriophorum vaginatum (MS3.1), V. myrtilus (MS3.3), S. capillifolium (MS3.4), and Molinia caerulea
(MS3.9). Samples belonging to the clade Eudicotyledons are shown as solid circles circled by a solid line,
samples of the clade Monocotyledons are shown as squares circled by a dashed line, and the samples
of the clade Bryopsida (separated into the classes Sphagnopsida and Polytrichopsida) are shown as
triangles circled by dotted and smaller dotted lines, respectively, in the center of the ellipses. Variation
explained by each principal coordinate (PC) is defined on the plot.

distance maximum likelihood algorithm using 1,000 bootstraps, three main phylogeny
clusters (A to C) were formed. Phylogenetic neighbor comparison allowed taxonomical
identification, showing the highest abundant OTUs belonging to the phylum of Eur-
yarchaeota could be assigned to the genera Haloferax (OTUs 8, 10, 12, 13, 15, and 17)
and Halogranum (OTU 5), forming cluster A. The most abundant representative species
were phylogenetically related to Haloferax sulfurifontis, Haloferax prahovense, and
Halogranum gelatinilyticum. The second cluster B was formed within the phylum
Thaumarchaeota, whereas OTUs were closely related to Nitrososphaera viennensis (OTUs
14 and 18) and Nitrosopumilus maritimus (OTU 1). Within cluster B, some OTUs (2, 4, 6,
7,9, 11, and 16) formed a distinct branch, which was phylogenetically more distantly
related to the classified Thaumarchaeota species of the RefSeq database. Furthermore,
a third cluster, C, could be assigned to the Euryarchaeota species Methanoregula boonei
(OTU 3) and Methanosphaerula palustris (OTU 19). A direct comparison of all OTUs
revealed that the most abundant OTUs (4, 5, 10, 12, and 17) were present in all samples,
forming an archaeal core microbiome (Fig. 3). Samples of P. commune (MS2.6) and
V. myrtillus (MS3.3) showed the highest diversity of OTUs, whereas S. magellanicum
(MS2.8) and M. caerulea (MS3.9) showed the lowest diversity.

The analysis of the archaeal sequences based on the 12 metagenomes revealed as
expected a more detailed phylogenetic structure than the 16S rRNA amplicon data set
(Fig. 4). Overall, the archaeal community made up 0.2% to 0.7% (842,752 hits) of all
prokaryotic abundance (189,394,645 hits). The archaeal phylum Euryarchaeota was the
dominant group accounting for 85.4% of the whole archaeal community, followed
by Crenarchaeota (12.3%) and Thaumarchaeota (1.6%). Archaea belonging to the
phylum Korarchaeota (0.8%) and Nanoarchaeota (0.1%) were less represented. At
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FIG 2 16S rRNA gene sequence-based DNA distance maximum likelihood tree of archaeal OTUs, of
Acidobacterium capsulatum strain ATCC 51196 (NR_074106.1, outgroup), and the complete archaeal
RefSeq database. Based on the neighboring clades, OTUs were taxonomically identified. Three main
clusters (A to C) were formed, where the highest occurrence was found in the underrepresented phylum
in the RefSeq database of Euryarchaeota. Symbols represent occurrence of the OTU, as indicated in the
legend to Fig. 3. Green, Euryarchaeota; blue, Crenarchaeota; orange, Thaumarchaeota.
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FIG 3 Pruned DNA distance maximum likelihood phylogenetic tree of archaeal 16S rRNA OTUs associated with bog
vegetation: Vaccinium oxycoccus (MS1.5), Sphagnum magellanicum (MS1.9 and MS2.8), Polytrichum strictum (MS1.10), P. com-
mune (MS2.6), Eriophorum vaginatum (MS3.1), V. myrtilus (MS3.3), S. capillifolium (MS3.4), and Molinia caerulea (MS3.9).
Phylogenetic relationships are shown for 16S rRNA sequences representing the structure of archaeal OTUs. Pie charts show the
OTU proportional distribution between the samples. Symbol charts represent the occurrence. Heat map abundance is based
on square root scaled abundance: in order to discriminate between the lower-abundance groups, the upper heat map cap was

set to 5.

the class level, the main annotated groups belonged to Methanomicrobia (40.6%),
Halobacteria (16.2%), and Thermoprotei (12.3%). In total, 60 different archaeal
genera could be determined. The most abundant genera could be identified as
Methanosarcina (16.6%), Methanoregula (5.9%), Sulfolobus (3.8%), Pyrococcus (3. 5%),
and Thermococcus (3.4%). In contrast to the 16S rRNA gene data set, Archaea of the
genus Haloferax were less represented (1.2%).

Metagenome-inferred function of Archaea associated with bog vegetation.
Functional analysis of 12 normalized metagenomes of the bog vegetation resulted in
285,058 archaeal hits, which could be assigned to certain functional subsystems of
SEED database. Out of these annotations, a significant number of hits represented
primary metabolic functions of Archaea (carbohydrates, 21. 6%; central carbohydrate
metabolism, 7.6%; amino acids and derivatives, 20.1%; fatty acids, lipids, and iso-
prenoids, 2.3%; and cofactors, vitamins, prosthetic groups, and pigments, 6.4%). Besides
functions of the central carbohydrate metabolism, 1.6% and 2.2% of archaeal functional
hits were assigned to the fermentation and one-carbon metabolism subsystem, respec-
tively. Functional signatures of Archaea involved in nutrient cycling were found as well,
like signatures for CO, fixation, which were highly abundant (0.7%). In contrast, the
functions assigned to subsystems of nitrogen fixation were detected with less than
0.1%. On the top SEED level, 1% were detected as contributing to nitrogen metabolism.
Thereby the most abundant subsystem was found to contribute to ammonia assimi-
lation (0.7%). Interestingly, the number of genetic attributes encoding a stress response
was high (2%). Especially the abundance of subsystems involved in oxidative stress
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FIG 4 Krona chart representing taxonomic composition of the whole archaeal community associated with bog vegetation, revealed by metagenome
sequencing. Abundances of archaeal genera are displayed relative to all sequences assigned to Archaea of the whole data set of 12 metagenomes (736,325
sequences). Metagenomes were obtained from 12 different plant species: Pleurozium schreberi, Sphagnum angustifolium, Vaccinium myrtilus, Calluna vulgaris,
V. oxycoccus, Pinus mugo, S. fuscum, Andromeda polifolia, S. magellanicum, Polytrichum strictum, Eriophorum vaginatum, and Molinia anomala.

response was at 0.9%. Further subsystems contributing to the archaeome’s stability, like
attributes involved in DNA repair (2.3%) and osmotic stress (0.3%), were also abundant.
In addition, archaeal subsystems involved in motility and chemotaxis (1.4%), like
functions assigned to flagellar motility (0.2%), functional signatures for glycogen deg-
radation, which is mainly found in fungi (0.3%), and interestingly subsystems involved
in the plant-hormone biosynthesis of auxin (0.7%) were also found (see Tables S2 and
S3 in the supplemental material). Nucleotide sequences for genes involved in auxin
biosynthesis (EC 2.4.2.18, EC 5.3.1.24, EC 4.2.1.20, and EC 1.4.3.4) were further analyzed
by using blastx. The taxonomic distribution of these genes among Archaea revealed a
domain-wide distribution for EC 2.4.2.18, EC 5.3.1.24, and EC 4.2.1.20 (830, 213, and 877
archaeal hits, respectively), whereas the genes for monoamine oxidase (EC 1.4.3.4) were
less represented and mainly found in Euryarchaeota (56 archaeal hits).

To further study the plant specificity of Archaea and archaeal functions on bog
vegetation, the functional distribution among the clades of monocotyledons and
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eudicotyledons and the class of Bryopsida was analyzed. In total, at the top SEED level,
monocotyledons (Eriophorum vaginatum) and eudicotyledons (Vaccinium myrtillus, Cal-
luna vulgaris, V. oxycoccus, and Andromeda polifolia) showed a similar distribution of
abundance of archaeal functions (32% and 29%, respectively). Whereas 39% of all
assigned archaeal functions belonged to the Bryopsida samples (Polytrichum strictum,
Pleurozium schreberi, Sphagnum angustifolium, S. fuscum, S. magellanicum, and Mylia
anomala). For the Bryopsida, a distinct predominance of attributes involved in subsys-
tems of the regulation and cell signaling, the cell division and cell cycle, phosphorus
metabolism, DNA metabolism, and the nucleosides and nucleotides were detected. On
SEED level 2, Bryopsida showed an increased abundance of archaeal functional groups
responsible for the response to osmotic stress and purine metabolism, compared to
the two other groups. However, functions of the oxidative stress response, nitrogen
metabolism, and especially nitrate and nitrite ammonification were mostly found in
monocotyledons. Although eudicotyledons constantly showed a reduced relative
abundance of archaeal functions, subsystems assigned to allantoin utilization in nitro-
gen metabolism were exclusively detected in eudicots. In more detail, on the plant
species level, archaeal functions associated with auxin biosynthesis, response to oxi-
dative stress, CO, fixation, and DNA repair were most abundant in Sphagnum fuscum,
S. magellanicum, Pleurozium schreberi, Polytrichum strictum, Mylia anomala, and Erio-
phorum vaginatum. In general, in samples of Vaccinium myrtillus and Pinus mugo, a low
abundance of these archaeal signatures was found. Functional signatures involved in
glycogen degradation were especially represented in Sphagnum angustifolium, Polytri-
chum strictum, and Sphagnum fuscum.

The functional composition of Archaea in the bog ecosystem was further compared
with the composition of bacterial functions (Fig. 5). The distributions of functions within
the domains Archaea and Bacteria were similar, with the most dominant subsystems
representing carbohydrate and amino acid metabolism, as the most important bio-
chemical processes, although there were some functions that were represented rela-
tively higher in Archaea than in Bacteria—like subsystems corresponding to DNA
metabolism (DNA repair) and cell wall and capsule. Functional groups belonging to the
less dominant subsystems cell division and cell cycle, motility and chemotaxis, and
secondary metabolism (auxin biosynthesis) were also relatively more represented by
Archaea.

Summarizing the results, we developed a model showing the contributions of
bacteria and archaea to ecosystem functioning (Fig. 6). Both prokaryotic groups have
the potential to interact with plants and are potentially able to protect their host
against biotic and abiotic stresses. Moreover, they contribute to the stability of the
ecosystem to a certain extent. Archaea are found to have the potential to be involved
in (i) plant-microbe interaction, (ii) fungus-microbe interaction, (iii) nutrient supply and
exchange, (iv) protection against abiotic (especially oxidative and osmotic) stress, and
(v) plant secondary metabolite production.

DISCUSSION

Results of this study suggest that it is necessary to integrate Archaea into the
synergistic concept of host-microbe interaction and bog functioning, which was estab-
lished for bacteria (25). We could show that Archaea are a substantial component of the
plant microbiomes and are able to fulfill functions for the host as well as for the
ecosystem. Archaea are known as “food and survival artists” and for their ability
to adapt to chronic energy stress (2, 30, 31). Both facts were confirmed for plant-
associated Archaea, which were identified as being involved in nutrient supply and
exchange. Our novel findings also suggest that they are involved in protection against
abiotic stress as well as growth promotion and interact with plants as well as fungi.

In general, plant roots and rhizosphere provide microniches for specific microbial
colonization. The anoxic and oxygen-limited conditions allow colonization of Archaea in
high abundances like methanogenic and ammonium-oxidizing Archaea (5, 6). As for
bog vegetation, we found these high abundances of Archaea filling specific niches in
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FIG 5 Comparison of functional compositions of archaeal (gray) and bacterial (black) communities associated with bog vegetation:
Pleurozium schreberi, Sphagnum angustifolium, Vaccinium myrtilus, Calluna vulgaris, V. oxycoccus, Pinus mugo, S. fuscum, Andromeda
polifolia, S. magellanicum, Polytrichum strictum, Eriophorum vaginatum, and Molinia anomala. Functional signatures were obtained from
metagenomes, annotated using functional subsystems of SEED database, and processed with MG-RAST. Bar charts represent relative
abundance of archaeal and bacterial functions of all functions annotated to Archaea (285,058 hits) and Bacteria (14,157,480 hits),

respectively.

alpine raised bogs. Especially on bog vegetation forming lignified parts like plants of
the classes Monocotyledons and Eudicotyledons, such as Eriophorum vaginatum and
Vaccinium oxycoccus, respectively, high archaeal abundances were detected. Further-
more, PCoA clustering of 16S rRNA gene amplicons supported our observations of
plant-specific colonization of Archaea. Moreover, the results are in accordance with
previous findings showing the influence of changes in vegetation structure on the
structure of methanogenic archaeal community in peatlands (32). Further, these bog
plants were forming deep roots entering a special zone of the bog, the catotelm, which
is characterized by anoxic and stable environmental conditions. As Archaea are more
affected by abiotic than by biotic factors (7, 30), these stable and O,-free conditions in
connection with the plant type might have the greatest influence on archaeal coloni-
zation. Similar to rice roots, where mainly Euryarchaeota were colonizing the roots (33,
34), the archaeal community of bog vegetation consisted particularly of Euryarchaeota,
more precisely Methanosarcina and Methanoregula species revealed by the metag-
enomic data set. Signatures belonging to Crenarchaeota, Thaumarchaeota, Korar-
chaeota, and Nanoarchaeota were rare. Overall, the diversity in the 16S rRNA gene data
set was low compared to the whole metagenomics shotgun-sequencing approach,
similar to observations in other motive-based studies of bog ecosystems such as 16S
rRNA gene studies of methanogens in boreal peats (35). This issue of greater identifi-
cation of phyla and genera among the metagenomic sequences compared to the
16S rRNA sequences is known to be due to the databases used and biases in PCR
amplification and amplicon sequencing (36). In general, the resolution of current
databases for Archaea is limited on the genus level, for which reason additional
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Bacterial functions

INTERACTION

Germination; Motility and
chemotaxis; Biofilm formation
(EPS) and quorum sensing;
Nutrient supply & exchange
(Nitrogen acquisition and
conservation, Recycling of
macroelements); Plant growth
promotion; Plant Secondary
metabolite production

Archaeal functions

INTERACTION

Motility (CheA protein) and
chemotaxis; Nutrient supply &
exchange (Ammoniaassimilation,
CO, fixation); Plant growth
promotion; Plant Secondary
metabolite production (Auxin
biosynthesis); Glycogen
degradation

STABILITY

Response to oxidative stress;
Protection against abiotic stress
(draught, cold); Resistance to
antibiotics and toxic compounds;
Self-controlling mechanisms;
Pathogen suppression; Pest
defense; Phenology; Phenotypic

STABILITY

Response to oxidative stress
(Rr/GSH reactions); Protection
against abiotic stress (heat, cold);
Resistence to antibiotic and toxic

compounds (fluoroquinolones; Cu,

Zn, As); Self-controlling
mechanisms (DNA repair);

and epigenetic plasticity Phenotypic and epigenetic plasticity

FIG 6 Model of Archaea and Bacteria contributing to bog functioning. Functions grouped as interaction and stability of the
archaeal and bacterial microbiomes were deduced from metagenomic sequences that were annotated using functional
subsystems of the SEED database. The examples in parentheses are the most distinctive and differentially abundant genetic

signatures. EPS, extracellular polysaccharides; GSH, glutathione; Rr, rubrerythrin.

phylogenetic analyses possess the potential to improve the taxonomical classification
by assignment of OTUs against a DNA-based distance matrix. In our study, we found a
distinct branch of OTUs belonging to Thaumarchaeota, which could not be assigned to
classified Thaumarchaeota species, based on the RefSeq database. These OTUs might
represent bog plant-specific, so far unclassified Archaea. Comparatively, the taxonomic
structure of the metagenomic and 16S rRNA amplicon data sets showed high homo-
geneity on the phylum level, whereas the abundances of most dominant taxa on the
genus level differed.

Bog ecosystems provide stable but extreme environmental conditions for all (mi-
cro)organisms. The interaction of bacteria and the bog vegetation supports the survival
of both partners (25). In our study, we found functional signatures of Archaea indicating
a so far unknown interaction with plants and their importance for the bog ecosystem
itself. First, plants in general and especially plants inhabiting open bog ecosystems are
highly affected by oxidative stress (37). We found functional signatures involved in the
response to oxidative stress for plant-associated Archaea, which are known to be
evolutionarily adapted to energy stress (30). This adaptation might enable the plant
colonization under such extreme conditions and thereby indirectly supporting plant
growth by the archaeal capability of nutrient fixation, similar to what was previously
shown for bacteria colonizing sphagna (25). Interestingly, the level of genetic attributes
encoding general and oxidative stress responses was high, which can be explained by
the extreme conditions in the ecosystem. In contrast, osmotic stress response indicates
drought stress associated with climate change. Second, we found archaeal functions for
direct interaction with the plant. In the metagenomes of the bog vegetation, we
detected functional signatures of Archaea involved in auxin biosynthesis (Table S2). A
more detailed analysis with blastx revealed that the auxin biosynthesis genes coding
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for anthranilate phosphoribosyl-transferase, phosphoribosylanthranilate isomerase,
and tryptophan synthase alpha and beta chains (EC 2.4.2.18, EC 5.3.1.24, and EC
4.2.1.20, respectively) are widely distributed among archaeal strains as they are also
involved in the biosynthesis of amino acids (38). Whereas the gene encoding mono-
amine oxidase (EC 1.4.3.4), which is directly involved in auxin biosynthesis (39), was
exclusively found in some archaeal species of the phylum Euryarchaeota. In this study,
Euryarchaeota dominated the plant-associated archaeome on bog vegetation. Includ-
ing the previous finding of the occurrence of the auxin biosynthesis genes, this might
indicate that especially Archaea of the phylum Euryarchaeota adapted to the plant
hosts. So far, auxin is known as a phytohormone regulating growth processes of the
plant, and furthermore, it has been shown to be produced by bacteria (40); this is the
first indication of direct interaction of archaeal strains with plants via auxin.

In addition to new aspects of the interaction with plants, we found functional
signatures allowing interactions with other organisms (e.g., fungi), as well as relevance
for the functioning of the entire bog ecosystem to a certain extent. The detected
abundance of archaeal functions for glycogen degradation (Table S2) might give an
explanation for previous observations of high abundances of Archaea in the mycorrhi-
zosphere (41). Glycogen is a main storage unit of fungi and a part of fungal exudates,
which support archaeal colonization (11). With respect to the entire ecosystem, Archaea
associated with bog vegetation showed a high abundance in metagenome-derived
functions associated with CO, fixation and ammonium assimilation and thereby pres-
ent in nutrient cycling of the bog. This is of great importance for the plants in a
nutrient-poor environment, such as an ombrotrophic bog. Furthermore, the high
number of attributes involved in CO, fixation with regard to the main detected archaeal
taxa Methanomicrobia and Halobacteriaceae is supported by previous work on the CO,
fixation capacity of Euryarchaeota (23).

Conclusions. Archaea are still an underdetected and little-studied part of the plant
microbiome, and their contributions to health or disease remain mostly unknown. Our
data provide a first evidence of the importance of Archaea as a functional component
of the plant microbiome. Under the harsh environmental conditions of the bog
ecosystem, Archaea contribute to the functioning of the ecosystem and vegetation by
performing functions involved in nutrient cycling, stress response, and phytohormone
biosynthesis and by interacting with both bacteria and their hosts. These archaeal
properties should be further taken into account for microbiome-based treatment of
plants in agriculture, especially in sites with extreme conditions, like rice fields and
permanent agriculture. More efforts are needed to cultivate plant-associated archaea
and to learn more about plant-associated archaeal diversity. Thus, before Archaea
become part of the “disappearing microbiota” (42), we should at least know if we are
going to miss them when they are gone.

MATERIALS AND METHODS

Experimental design and sampling procedure. A microbiome-based analysis of the indigenous
alpine peat bog vegetation in northern Styria, Austria, in November 2012 within two geographically
distinct peat bogs, Rotmoos and Piirgschachen Moor, was conducted as described earlier (21). The plots
for Rotmoos are located as follows: plot 1, N47 41.029 E15 09.284, 695 m; and plot 2, N47 41.059 E15
09.269, 695 m. The plots for Pirgschachen Moor are located as follows: plot 3, N47 34.835 E14 20.390,
632 m; and plot 4, N47 34.815 E14 20.482, 632 m. Both bogs have the typical structure of these
ecosystems with an ombrotrophic, strongly acidic, large central part indicated by the dominance of
different species of peat mosses (e.g., Sphagnum magellanicum and S. fuscum). In order to cover these
typical ecological conditions, we selected randomly four plots (1 m?) dominated by S. magellanicum Brid.
(section Sphagnum) in both locations. Frequent accompanied species were Sphagnum fuscum, S. angus-
tifolium, S. capillifolium, Eriophorum vaginatum, Vaccinium myrtillus, and V. oxycoccus. In total, 46 samples
of higher plants, bryophytes, and lichens with a minimum required fresh biomass of 10 g per sample
were collected from the four selected plots, representing exemplary species naturally growing there.
Samples were taken from the oxic catotelm layer and comprise for mosses and lichens the whole
organisms and for vascular plants leaves and mainly roots. Our plant-ecology-based strategy focuses on
the green and aerobic Sphagnum-layer only because the anaerobic part is less important for plant
growth. Samples were stored separately in sterile plastic bags and transported on ice to the laboratory.
All samples (n = 46) were subjected to 16S rRNA gene sequencing; in addition, 12 representative samples
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of the most frequently occurring species of bryophytes, vascular plants, and lichens were metagenome
shotgun sequenced (Table 1).

Isolation of total community DNA. For DNA isolation, 5 g of sample material was physically
disrupted with a sterile pestle and mortar and resuspended in 10 ml of 0.85% NaCl. Total community
DNA was extracted from 2-ml aliquots after centrifugation (16,750 X g for 20 min at 4°C) using the
FastDNA Spin kit for soil (MP Biomedical, Solon, OH). In a deviation from the manufacturer’s protocol,
pellets were homogenized twice in a FastPrep FP120 instrument (Qbiogene, Inc., Bio 101, Carlsbad, CA)
for 30 s at speed 5.0 m-s—".

Illumina sequencing and bioinformatics processing of 16S rRNA gene amplicons. Microbial
diversity was investigated targeting the V4 region with the primer pair 515F/806R (43) of the 16S rRNA
gene using an lllumina MiSeq v2 platform (LGC genomics, Berlin, Germany). The PCR was conducted in
triplicates, purified with the Wizard SV Gel and PCR cleanup system (Promega, Madison, WI), and pooled
in equimolar concentrations prior to sequencing. The generated 16S rRNA gene lllumina libraries were
subjected to standardized initial quality processing by the sequencing company (LGC genomics, Berlin,
Germany). The open source software package Quantitative Insights into Microbial Ecology (QIIME)
version 1.8 (44) was used to analyze the reads. At first, the data set was length and quality filtered to
remove low-quality sequences, sequences that contained ambiguous characters and homopolymers, and
chimeric sequences. The sequences were then clustered into operational taxonomic units (OTUs) with a
97% similarity cutoff (45) with the pick_open_reference_otus.py script using the USEARCH algorithm
v6.1544 against the SILVA reference data set version 128 (46). Representative sequences for each OTU
were taxonomically assigned using the UCLUST-based consensus classifier with default settings (47).
OTUs that were classified to the Archaea phylum were filtered from the OTU table and normalized to
1,000 sequences per sample. « and B diversity indices, including rarefaction analysis, observed OTUs,
Shannon diversity, Chao1 diversity estimation, and coverage were calculated. Two-dimensional (2D)
PCoA plots based on jackknifed B diversity were calculated using weighted UniFrac indices and multiple
resampling (1,000 sequences X100 times) (48). Statistical analyses were done using an Adonis test with
999 permutations. A DNA distance maximum likelihood phylogenetic tree was constructed using the
software package Phylip (49). Representative sequences of the archaeal OTUs from the 16S rRNA gene
data set were aligned with the complete 16S rRNA gene reference sequence database (RefSeq, NCBI,
release 82) prefiltered for Archaea using ClustalX version 2.1 (50) and MEGA version 7.0 (51). The
maximum likelihood tree was visualized and modified using the interactive Tree of Life platform (iTOL,
version 3) (52).

Illlumina metagenome sequencing and bioinformatics analysis. Selected total-community DNA
samples of the bog vegetation (Table S1) were sent for sequencing to Eurofins MWG Operon (Ebersberg,
Germany; http://www.eurofinsgenomics.eu/). The sequencing was performed with an lllumina HiSeq
2500 system. Prior to sequencing, samples of the same species (bryophytes, vascular plants, and lichens)
but from different locations were pooled (Table 1; Table S1). Samples MS1.9 and MS4.3, MS1.7 and MS4.4,
MS1.1 and MS4.8, MS1.11 and MS4.13, MS1.4 and MS4.1, and MS1.8 and MS4.9 were pooled in equimolar
ratios, respectively. The single samples MS1.10, MS1.2, MS1.3, MS1.5, MS1.6, and MS4.5 were pooled
in equimolar ratios with the combined samples and sent for sequencing. The functional composition
of the microbiome was analyzed using the metagenomic RAST (MG-RAST) server (53). For this
purpose, the complete metagenomes were uploaded to the server and initially processed with
default parameters filtered for artificial replicate sequences (54), low-quality (61) and short se-
quences, and sequences containing ambiguous bases. The annotation was done using hierarchical
classification with the following default parameters: SEED subsystems as an annotation source, a
maximum E value of 10-°, a minimum identity of 60%, and a minimum alignment length of 15
measured in amino acids for protein and base pairs for RNA databases. Within the annotated
metagenomes, each single subsystem represented a group of sequences that encode a specific
biological process or structural complex as defined by Overbeck et al. (55). The metagenomes were
screened for functions annotated to Archaea within MG-RAST, and functional hits were subsequently
exported for further analysis. The functional hits of each metagenome were normalized to the lowest
number of sequences containing predicted proteins with known function (6,785,276). The structure
and abundance of the functional subsystems were visualized using metagenome ANalyzer5 (ME-
GAN) (56) and in the latter compared with the relative distribution of bacterial functions. For further
analysis of the distribution of the archaeal genes among the domain Archaea, blastx analysis was
conducted (57). The taxonomic structure of the archaeal community was aligned and annotated with
the RefSeq database as a reference (58). The taxonomic structure was then exported via the
MG-RAST API server (59) and further visualized using krona tool version 2.7 (60).

Data availability. The 16S rRNA lllumina libraries obtained from the sequencing company were
deposited in the European Nucleotide Archive (ENA) under project no. PRJEB8670 accession no.
ERS667879 to ERS667924 and ERS668032 to ERS668033. The complete OTU table was deposited in the
Dryad Digital Repository under the accession identifier doi:10.5061/dryad.8n2d5. The complete metag-
enomes of Polytrichum strictum (4550991.3), Pleurozium schreberi (4550992.3), Sphagnum angustifolium
(4550993.3), Vaccinium myrtillus (4550994.3), S. fuscum (4550995.3), S. magellanicum (4550996.3), Erio-
phorum vaginatum (4551107.3), Calluna vulgaris (4551108.3), V. oxycoccos (4551109.3), Pinus mugo
(4551110.3), Andromeda polifolia (4551111.3), and Mylia anomala (4551112.3) are publicly available at the
MG-Rast server (https://www.mg-rast.org/linkin.cgi?project=mgp7657) under the corresponding acces-
sion numbers.
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