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SUMMARY

Mid-latitude alpine permafrost is extensively thawing due to amplified global warming.
Thawing-induce conditions of elevated soil temperature and moisture, and a greater availability
of soil C and nutrients are predicted to activate the permafrost microbiome. This could alter
soil microbial diversity and microbially-mediated soil processes (e.g. heterotrophic respiration)
that governs mountain soil-climate feedbacks (e.g. CO; fluxes). The alpine permafrost
microbiome could be additionally affected by soil freeze-thaw cycles, whose frequency is
increasing because the soils are losing the thermal insulation previously provided by the snow.
Yet, predictions about the specific changes in the mountain soil microbiome in the future, and
their feedbacks to the climate, are precluded by a poor understanding about (1) the
physiological features, including C- and N- cycling metabolic functions, of the alpine permafrost
microbial communities and (2) their structural and metabolic responses to the climate-driven

changes in the soil.

The investigations included in this Dissertation contributed to narrow these two aforementioned
knowledge gaps, using the long-term permafrost monitoring summit of Muot da Barba Peider
(MBP; 2979 m a.s.l.) in the Swiss Alps as a model ecosystem. In the first research chapter of
this Dissertation (Chapter 2) | provided a pioneer detailed picture of the functional gene
diversity and metabolic potential of alpine permafrost and active-layer microbiota. Most
importantly, the > 1 m deep permafrost metagenomes were enriched in cold-stress genes and
genes involved in transcription, and DNA remodeling and repair, which suggest the presence
of active microbial cells inhabiting the permafrost. Permafrost metagenomes were also
enriched in genes related to cell defense and competition. Permafrost contained a remarkable
high diversity of C and N-cycling genes, including genes coding for hydrolytic enzymes that
are used by microorganisms to obtain C, nutrients and energy from biopolymers (e.g.
lignocellulose). Versatile C-degrading capabilities could facilitate the growth of the microbial

cells upon thawing.

In the second and third research chapters of this Dissertation (Chapters 3 and 4), | tested the
responses of the MBP permafrost and active-layer microbiomes to soil conditions linked to
climate warming. In Chapter 3, | evaluated the impacts of increased freeze-thaw cycle (FTC)

frequency on the north- and south-facing active layers microbiomes of MBP, by conducting a



microcosm experiment in which the soils were exposed to weekly and daily (more frequent)
FTCs. Using amplicon sequencing | showed that daily and weekly FTCs shift the structure of
the prokaryotic (i.e. Bacteria and Archaea) communities in the soils. The more frequent, daily
FTCs promoted soil copiotrophic bacterial taxa (e.g. Noviherbaspirillum) over oligotrophic
groups, whereas soil fungal communities were only minimally affected by freeze-thawing. Both
weekly and daily FTCs diminished soil heterotrophic respiration, but this activity was more
strongly affected by the weekly freeze-thawing. This suggest that shorter periods of freezing
during warmer winters could favor soil CO, releases in the future. Similar microbial responses
were observed in Swedish mountain north- and south-facing active layers, included in the

experiment.

In Chapter 4, | evaluated during three years the in situ responses of the MBP permafrost and
active-layer microbiomes to a projected warmer climate, where conditions of (1) increased
temperatures, (2) a greater availability of C and nutrients and (3) (more) frequent FTCs, co-
occur in the soil. To simulate warming, permafrost was transplanted from a depth of 160 cm
into active-layer topsoils near the MBP summit, and north-facing active layers were
transplanted into the warmer south-facing topsoil. Field-simulated warming led to augmented
microbial abundance in the permafrost, mainly owing to the increase in copiotrophic
prokaryotic taxa (e.g. Noviherbaspirillum) over metabolically restricted bacteria (i.e.
Patescibacteria). Mostly ascomycetous sapro-pathotrophic fungi profited from warming,
superseding basidiomycetous yeasts. Similar compositional shifts were observed within the
MBP north-facing active layer transplanted into the south-facing slope, but to a lesser extent
than in the permafrost. The soil microbiota of the permafrost transplanted into topsoils grew on
a broader range of C-substrates but it did not show enhanced heterotrophic respiration; likely
limited by the soil C deficiency. My observations suggest that, in the absence vegetation, C-
depleted permafrost soils, such as the MBP soils, will not contribute to warming with the
release of CO.. In the so rapidly changing mountain landscapes, my investigations enable to
better understand the links between the alterations in the soil microbiome and the soil
ecosystem functioning (e.g. gas fluxes) in the future, which might ultimately inform soil—climate

feedback models at the regional and global scales.



ZUSAMMENFASSUNG

Der alpine Permafrost in den mittleren Breiten taut aufgrund der verstarkten globalen
Erwarmung weitgehend auf. Erhéhte Bodentemperatur und -feuchtigkeit sowie eine grossere
Verfluigbarkeit von Kohlenstoff und N&hrstoffen im Boden werden voraussichtlich das
Wachstum des Permafrost-Mikrobiom ankurbeln. Als Folge dieser Veranderungen werden die
mikrobielle Vielfalt im Boden und die mikrobiell vermittelten Bodenprozesse (z.B. heterotrophe
Atmung) beeinflusst, die die Rickkopplungen zwischen Boden und Klima im Gebirge (z.B.
COz-Flisse) steuern. Das alpine Permafrost-Mikrobiom wird zusatzlich durch zunehmende
Boden-Frost-Tau-Zyklen beeinflusst, weil zuklinftiger Schneemangel die Béden weniger stark
isolieren. Vorhersagen Uber mégliche Verdnderungen des Bodenmikrobioms im alpinen Raum
und deren Rickkopplungen auf das Klima sind aufgrund eines unzureichendes Verstandnis
(1) der physiologischen Eigenschaften, einschliel3lich der C- und N-relevanten
Umsetzungsprozesse, und (2) der strukturellen und metabolischen Reaktionen auf die

klimabedingten Veranderungen im Boden schwierig.

Die Untersuchungen im Rahmen dieser Dissertation trugen dazu bei, diese beiden oben
genannten Wissenslicken zu verkleinern. Hierzu diente der Berggipfel oberhalb Pontresina
Muot da Barba Peider (MBP; 2979 m . M.) in den Schweizer Alpen als Modell6kosystem. Im
ersten Forschungskapitel dieser Dissertation (Kapitel 2) lieferte ich erstmalig fur das
zentraleuropaische Hochgebirge ein detailliertes Bild des metabolischen Potentials eines
alpinen Permafrost-Mikrobioms. Die unter einem Meter liegenden Permafrost Boden waren
mit Genen angereichert, damit lebende Zellen nicht gefrieren und sie so vor Kalte schitzen.
Ebenfalls waren Gene, die fur die Transkription und Reparatur von Zellen verantwortlich sind,
im Permafrost erhéht gegeniber der Tauschicht im Oberboden. Im weiteren waren auch Gene
im Permafrost vermehrt vorhanden, die lebende Zellen im Permafrost vor konkurrenzierenden
Mikroorganismen schitzen. Permafrost enthielt eine hohe Vielfalt an Genen, die fur C- and N-
Prozesse in Boden, einschliesslich Genen, die fiir hydrolytische Enzyme kodieren, die von
Mikroorganismen zur Gewinnung von C, Nahrstoffen und Energie aus Biopolymeren (z. B.
Lignocellulose) verwendet werden. Vielseitige C-abbauende Enzyme kénnten das Wachstum

der mikrobiellen Zellen beim Auftauen férdern.



Im zweiten und dritten Forschungskapitel dieser Dissertation (Kapitel 3 und 4) tberprtfte ich
die Reaktionen des Mikrobioms aus dem Permafrost und der tUberliegenden Auftauschicht auf
die mit der Klimaerwarmung verbundenen veranderten Bodenbedingungen. In Kapitel 3
untersuchte ich die Auswirkungen von unterschiedlichen Gefrier-Tau-Zyklen (i.e. freeze-thaw
cycles, FTCs) auf das Bodenmikrobiom der Auftauschicht der Nord- und Sidseite des
Berggipfels auf dem MBP. Die Boden wurden téaglichen (haufigeren) und wochentlichen FTCs
im Labor unter kontrollierten Bedingungen ausgesetzt. Tagliche und wochentliche FTCs haben
die Struktur der prokaryotischen (d.h. Bakterien und Archaeen) Lebensgemeinschaften in den
Boden veréndert. Tagliche FTCs forderten prokaryotische Taxa (z.B. Noviherbaspirillum) mit
copiotropher Lebensweise gegeniber langsam wachsenden, oligotrophen Arten, wahrend die
Pilzgemeinschaften im Boden nur minimal durch die Gefrier-Tauzyklen beeinflusst wurden.
Beide Behandlungen verringerten die heterotrophe Atmung, aber die mikrobielle Aktivitat
wurde durch woéchentliche Gefrier-Tauzyklen starker beeinflusst. Diese Untersuchungen
zeigen, dass kirzere Frostperioden in zukinftigen, warmeren Wintern die Bodenatmung
begunstigen konnten. Ahnliche Reaktionen wurden in Boden aus dem schwedischen Gebirge

beobachtet, die parallel durchgefiihrt wurden.

In Kapitel 4 habe ich wahrend drei Jahren die in situ-Reaktionen des Mikrobioms aus dem
Permafrost und der aktiven Tauschicht in MBP auf ein projiziertes warmeres Klima untersucht,
in dem Bedingungen von (1) erhéhten Temperaturen, (2) einer grésseren Verfligbarkeit von C
und Nahrstoffen und (3) (haufigeren) FTCs im Boden auftreten. Eine Erwarmung wurde
simuliert, indem Permafrost aus einer Tiefe von 160 cm in den Oberboden (0 - 15 cm)
eingesetzt wurde. Zusatzlich wurde Boden aus der aktiven Tauschicht von der kalteren
Nordseite auf die warmere Sidseite des Berggipfels transferiert. Die im Feld simulierte
Erwarmung flhrte zu einer Vergrosserung der mikrobiellen Biomasse im Permafrost,
hauptsachlich aufgrund der Zunahme von prokaryotischen Taxa (z.B. Noviherbaspirillum) mit
einer copiotrophen Erndhrungsweise gegeniuber langsam wachsenden Bakterien mit
eingeschranktem Metabolismus (z.B. Patescibacteria). Vor allem sapro-pathotrophe Pilze aus
dem Stamm der Ascomycota profitierten von der Erwarmung und verdrangten kalteadaptierte
Hefepilze aus dem Stamm der Basidiomycota. Ahnliche Verschiebungen in der mikrobiellen
Zusammensetzung wurden in den Bdden beobachtet, die von der Nordseite auf die Slidseite
transferiert wurden, allerdings weniger ausgepragt als im Permafrost. Das Permafrost-

iv



Mikrobiom, das in den Oberboden transferiert wurde, konnte ein breiteres Spektrum von C-
Substraten ausnutzen, zeigte aber keine erhohte heterotrophe Atmung, wahrscheinlich
begrenzt durch den Mangel an verfigbaren Nahrstoffen im Boden. Diese ersten Resultate
zeigen, dass C-arme Permafrostbéden durch Erwdrmung nicht zur erhdhten Freisetzung von
CO; beitragen. Abschliessend tragen diese Untersuchungen zu einem besseren Verstandnis
der Zusammenhange zwischen den Veradnderungen des Bodenmikrobioms und der
Funktionalitdt des Bodendkosystems (z. B. Gasfliisse), in einer sich rasch verandernden

Gebirgslandschatft bei.
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1. CHAPTER 1. General introduction

1.1. Global warming in the alpine permafrost regions

Global warming refers to the worldwide increase in air and sea surface temperatures, mainly
caused by the continual emission of greenhouse gases (GHGSs), such as CO;, CH4 and N0,
to the atmosphere, owing to human activities involving the burning of fossil fuels (e.g. for heat
and electricity production) (IPCC, 2014, 2019). Warming is amplified in polar regions and in
mountainous (alpine) regions at lower latitudes, where mean annual air temperatures could
increase = 8°C above pre-industrial (before 1750) levels by 2100 (RCP8.5 scenario) (IPCC,
2014; Overland et al., 2019).

Permafrost is defined as soil that remains at subzero temperatures for two or more consecutive
years, and is overlain by seasonally unfrozen soil called active layer (Margesin, 2009).
Permafrost soils in alpine regions cover an estimated total area of 3.6—5.2 million km?, most of
which is in Asian mountain ranges, with lesser portions in mountain ranges of the European
and American continents (Hock et al., 2019) (Fig. 1. A and B). In mid-latitude mountains,
permafrost temperatures are currently increasing at a rate of 0.2°C per decade (Biskaborn et
al.,, 2019) (Fig. 1. C). Models predict the thawing of more than 60% (under the RCP8.5
scenario) of the permafrost in the Himalayan-Tibetan Plateau (abbr. Tibet) by 2100 (Hock et
al., 2019), and that permafrost may disappear almost entirely from areas with narrow peaks
below 3 850 m above sea level (a.s.l.), such as the Alps (Magnin et al., 2017). Permafrost
thawing causes slope instability, which results in landslides, rockfalls and infrastructure failures
(Noetzli et al.,, 2003). These warming associated hazards pose severe threats to human
inhabitants and have negative socio-economic impacts on human settlements, especially in
densely populated mountain areas such as the Alps (IPCC, 2019). Permafrost thawing also
affects the chemistry of watersheds, which are crucial sources of potable water (Scapozza et
al., 2020; Steingruber et al., 2020) and might promote the dissolution of toxins such as mercury
(Schuster et al., 2018). Warming might furthermore activate microbial communities inhabiting
alpine permafrost soils, and lead to changes in GHGs feedbacks between permafrost soils and
the atmosphere (Nikrad et al., 2016). A more active soil microbiota could also facilitate
vegetation growth (Jacoby et al., 2017), thereby accelerating the transformation of the

mountain landscapes, which are a cultural heritage (IPCC, 2019).
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Figure 1. Permafrost distribution
in the Northern and Southern
hemisphere (A) with a close-up
overview of the permafrost
distribution in the Alps (B) and a
graphical representation of the
current trends of increasing
permafrost temperatures (i.e.
ground temperatures from 10m-
deep boreholes) overtime in
alpine permafrost areas,
retrieved from Hock et al, 2019
(p. 147) (C). The global
permafrost distribution map was
modified from the map of (Brown
et al., 1997), retrieved from the
International Permafrost
Association (IPA)  website
(https://ipa.arcticportal.org/).
*The red circle defining the
permafrost areas in the Northern
hemisphere is an approximate
representation of the areas
comprised in the High-Arctic,
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regions, based on the map
shown in (Meredith et al., 2019)
(p. 211). The permafrost
distribution map from the Alps
was drawn with the Google Earth
software, using the data
provided by the Longterm
Permafrost Monitoring Network
(PermaNET,
http://www.permanet-

alpinespace.eu/). The active-layer and permafrost soils used for the investigations included in this Dissertation were mainly collected in the summit of Muot da Barba Peider.
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1.2. The alpine permafrost habitat and its microbiome

Mid-latitude alpine permafrost soils generally occur at altitudes above 2 500 m a.s.l. (Margesin,
2009). Compared with the permafrost from the polar regions, alpine permafrost is sporadic,
relatively warm (0 to -4°C) and exhibits active layers of depths greater than 1 m (Table 1).
Similar to Antarctic soils and unlike Arctic permafrost, alpine permafrost soils are dominated
by well-drained coarse-grained sediments depleted in soil organic carbon (i.e. global SOC
stock of 66 Pg; Bockheim & Munroe, 2014). High-altitude mountain soils are exposed to more
precipitation and stronger UV radiation than lowlands in polar regions (Table 1). Furthermore,
alpine permafrost regions exhibit shorter snow-covered seasons and larger inter-annual and
daily fluctuations of temperatures and incoming solar radiation than polar soils (Barry, 2008;
Margesin, 2009). Compared with the better studied densely vegetated soils in the sub-Arctic,
vegetation is more scarce in alpine permafrost areas, and largely consists of grasses (e.g.

Poa) and sedges (Carex sp.) (Adamczyk et al., 2019; Germino, 2013).

Table 1. Area, climate characteristics and soil properties in the alpine and polar permafrost regions.

Alpine Arctic Antarctic
Area (km?)! 3.6-5.2 x 106 7.2 x 10° 3.1x10°
AT (°C) <0 (except in summer) < 0 (except in summer) <0
MAP (mm) > 1000 60 to 160 50
Light regime Diurnal Seasonal Seasonal
Permafrost Sporadic to Continuous Sporadic to Continuous Continuous
PT (°C)? 0 to -4°C 0 to -15°C 0 to -23°C
Permafrost depth® (cm b.g.s) 2120 > 40 >3
Soil organic carbon* (Pg) 66 1000 <1
Soil Moisture dry Waterlogged / dry dry

Vegetation

Scarcely vegetated or

barren

Scarcely to densely

vegetated

Scarcely vegetated or

barren

The information shown in the table is based on Margesin, 2009 unless specified otherwise. AT: Air Temperature,
MAP: Mean Annual Precipitation, PT: Permafrost Temperature. *Values reported in Hock et al., 2019 (Alpine),
Margesin, 2009 (Arctic) and Obu et al., 2020 (Antarctic). ?Borehole temperature values reported in Biskaborn 2019
(Alpine and Arctic) and Obu 2020 (Antarctic). Values reported in Peng et al., 2018. *Values reported in Bockheim
& Munroe, 2014 (Alpine), Mishra et al., 2021 (Arctic) and Claridge et al., 2000 (Antarctic)
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Despite being C-poor, alpine permafrost harbor taxonomically diverse and active microbial
communities, mostly composed of Bacteria and Fungi (Adamczyk et al., 2019; Hu et al., 2015;
Margesin & Collins, 2019). Alpine permafrost layers are particularly enriched in poorly
characterized (e.g. Verrucomicrobiota phylum) and uncultured (e.g. Patescibacteria
superphylum) bacteria (Aszalos et al., 2020; Frey et al., 2016). Alpine permafrost fungal
communities mainly comprise ascomycetous patho-saprotrophs (e.g. Extremus) (Schmidt et
al., 2012), cold-adapted lichenized fungi (e.g. Lecanora) (Nimis et al., 2018) and endemic

basidiomycetous yeasts (e.g. Mrakia) (Frey et al., 2016; Hassan et al., 2016).

Microbial studies conducted in topsoils from Tibetan grasslands, meadows and steppes at =
4000 m a.s.l have shown the microbially-mediated release of CO; (Ding et al., 2016; Pei et al.,
2003) and, to a lesser extent, N,O (Cao et al., 2018; Pei et al., 2003; Pei et al., 2004).
Heterotrophic respiration has been reported on permafrost layers of Tibetan soil cores
incubated at -5°C (Chen et al., 2016). In the alpine active-layers, soils are exposed to oxygen
and receive fresh inputs of carbon (C) and nitrogen (N) from atmospheric deposition and
autotrophic activities, including plant-derived substrates (Adamczyk et al., 2021; Peng et al.,
2020; Rime et al., 2016; Schmidt et al., 2008a). Active-layer soil microorganisms exhibit
aerobic metabolisms and feed mainly on fresh inputs of organics (Tas et al., 2018; Xue et al.,
2020). At permafrost depths of > 1 m below ground surface (b.g.s.) in alpine areas, where the
availability of dissolved substrates and oxygen is reduced, it could be that permafrost
microorganisms use anaerobic respiratory and fermentative metabolisms (Tas et al., 2018),
COg-fixation and the processing of inorganic N to cover their energetic and nutritional needs
(Guo et al., 2015; Yang et al., 2014). These buried permafrost microbial cells might show
specific physiological adaptations, e.g. cell membranes of increased fluidity, and extensive
synthesis of cold-shock proteins and intracellular osmolytes, that enable the cells to survive
and remain active despite constant freezing of the permafrost, and resulting conditions of
desiccation (De Maayer et al., 2014). Permafrost cells have been also posited to be enriched
in functions related to cell defense and competition (Coolen & Orsi, 2015; Mackelprang et al.,
2017). However, little is still known about the physiologies of alpine soil microorganisms,
particularly within permafrost, and the C- and N- cycling microbial functions that modulate GHG

exchanges between alpine soils and the atmosphere. A functional characterization of both
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permafrost and active layers microbiota is needed as a first step towards predicting the growth

and functionality of the alpine soil microbiome in response to global warming.

1.3. The alpine permafrost microbiome undergoing warming

1.3.1. Microbial responses to permafrost thawing and enhanced vegetation

Permafrost thawing results in elevated soil moisture and dissolved C and nutrients in soils
owing to the release of liquid water and organic materials previously occluded in frozen layers
(Chen et al., 2016; Reyes & Lougheed, 2015). Conditions of elevated soil temperatures (Chen
et al., 2021; Donhauser et al., 2020; Lulakova et al., 2019), and a greater availability of soil C
and nutrients (Adamczyk et al., 2021), have been shown to shift the structure (B-diversity) of
soil microbiota in Tibetan and central European permafrost and active-layer soils. Prokaryotes
(i.e. Bacteria and Archaea) inhabiting the permafrost are often categorized as oligotrophic
(Frey et al., 2016; Mackelprang et al., 2017), which describes taxa that grow slowly in low-
nutrient artificial media (e.g. Verrucomicrobial strains; Sangwan et al., 2005) and are often
stress tolerant (Koch, 2001; Lauro et al., 2009). Conversely, copiotrophic prokaryotic taxa grow
fast in nutrient rich media, they are metabolically versatile and they are often resilient to
environmental changes (Koch, 2001). Upon permafrost thawing, copiotrophic taxa might
acclimate quickly to the change in soil temperatures, growing speedily on the increased

concentrations of dissolved C and nutrients in the soils (Schostag et al., 2019).

Alpine vegetation is migrating towards higher altitudes, following the increasing air
temperatures (Steinbauer et al., 2018). Copiotrophs inhabiting the active-layer alpine soils
might benefit from both elevated temperatures (Donhauser et al., 2020) and additional inputs
of plant-derived organics from warming-induced increases in vegetation (Adamczyk et al.,
2021; Peng et al., 2020). Permafrost and active-layer oligotrophic taxa could be superseded
by copiotrophs, which might reduce prokaryotic a-diversity, as observed for Tibetan permafrost
soils exposed to warming (Chen et al.,, 2021). This notwithstanding, the copiotrophy-
oligotrophy categorization is conceptual and it has to be interpreted with care, because
physiological traits in microorganisms are context-dependent and often vary between close
relatives, e.g. individuals belonging to the same genus (Morrissey et al., 2016; Song et al.,

2017).
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Fungal communities in alpine active-layer and permafrost soils treated to higher temperatures
have shown weaker alterations in a- and B-diversity than their prokaryotic counterparts (Feng
et al., 2020; Xiong et al., 2014). However, augmented inputs of C and nutrients in alpine
permafrost and mineral Arctic soils have been reported to enhance fungal growth, leading to
compositional variations within fungal communities and the abundance increase of soil fungi

over the prokaryotes (Adamczyk et al., 2020; Adamczyk et al., 2021; Deslippe et al., 2012).

Besides promoting diversity shifts, elevated temperatures and C and nutrient availability in
alpine permafrost soils have been shown to stimulate C mineralization activities (Adamczyk et
al., 2021; Bao et al., 2016), and lead to augmented soil microbial biomass (Guo et al., 2015).
GeoChip-based genetic profiling of Tibetan permafrost incubated for 5 months at 5°C reported
higher rates of CO- production in soils, related to greater C-degrading genetic capabilities of
soil microorganisms, including enhanced potential for hydrolysis of plant-derived biopolymers
(Chen et al., 2021). Likewise, alpine permafrost and active-layer soils amended with labile C
and nutrients showed a boost in heterotrophic respiration and broader ranges in using organic

C-substrates (Adamczyk et al., 2021).

Enhanced CO- emissions from alpine permafrost soils could contribute to the ongoing warming
in the mountain regions, even if soil C stocks are small compared to the Arctic (Donhauser &
Frey, 2018; Knowles et al., 2019). This would be particularly the case for soils influenced by
vegetation, e.g. meadows and grasslands, that contain enough C and nutrients to sustain both
microbial growth and high rates of cell metabolic activities in the long-term (Peng et al., 2020).
However, in alpine permafrost areas where vegetation is scarce or absent and in which soil C
pools are small, e.g. barren soils in the narrow peaks of the Alps, microbial growth and
heterotrophic activities might be constrained (Luldkovéa et al., 2019). In these barren soils,
warming could lead to greater soil CO»-fixation, first by stimulating activity of autotrophic
microorganisms and secondly by upward migration of plants (Donhauser & Frey, 2018).
Enhanced soil CO,-fixation could outweigh soil CO; production and thereby offset warming
(Donhauser & Frey, 2018). Quantitative evidence of structural and functional responses of
alpine permafrost microbial and plant communities to warming is, however, still insufficient to
predict future CO; gas fluxes from these mountain regions. This is particularly the case for

mountainous permafrost areas outside Tibet, where warming-related microbial data is limited
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to laboratory-based incubation experiments of short duration (< 1 year) (Donhauser & Frey,

2018).

1.3.2. Microbial responses to increased freeze-thaw cycles frequency

Freeze-thaw cycles (FTCs) refer to cyclic events of soil freezing and thawing that occur when
soil temperature transitions from above to below 0°C and vice versa (Wang et al., 2020).
Reduced snowfall, associated with a warmer climate, results in poorly insulated active layers
that experience more frequent freeze-thaw cycles (Henry, 2008). Repeated freeze-thawing
causes cell lysis, which leads to the death of microbial taxa that fail to adjust quickly to
environmental changes (Larsen et al., 2002; Schimel & Clein, 1996). The death of the FTCs-
sensitive microorganisms results in reduced soil microbial abundance and biomass, and
altered microbial B-diversity (Han et al., 2018; Schostag et al., 2019). Furthermore, FTCs
breaks soil aggregates (Wang et al., 2012) and organic substrates (Feng et al., 2007), which
releases labile C and N sources. An increase in necromass and the FTCs-induced release of
labile substrates could facilitate the expansion of copiotrophic prokaryotic taxa (Schostag et
al., 2019). Soil microorganisms might switch from the utilization of complex polymeric
substrates to the consumption of simpler C sources, as observed in alpine and Arctic topsoils
undergoing frequent FTCs (Han et al., 2018; Schimel & Mikan, 2005). Contrary to what has
been observed for elevated soil temperatures, repeated FTCs in alpine soils have been shown
to reduce soil CO; respiration (Han et al., 2018). These reductions in soil respiration have been
linked to decreases in soil microbial abundance or to lower rates of microbial activities in soils;
likely because the microbial cells slow down their metabolic processes during freezing (Han et

al., 2018).

The sensitivity of alpine active-layer soil microbiota to increases in FTC frequency might be
influenced by environmental legacy. For instance, repeated FTCs applied to arable topsoils
from central Europe caused a > 90% drop in heterotrophic respiration and diminished microbial
abundance. Contrastingly, they only minimally affected the microbiota from Himalayan topsoils
(> 5000 m a.s.l), which are exposed to frequent FTCs at their location (Stres et al., 2010).
Likewise, soils of distinct origin might harbor fungal communities which are more (Feng et al.,

2007) or, conversely, less (Sharma et al., 2006) sensitive to freeze-thawing than prokaryotic
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communities. FTCs-related microbial studies in permafrost soils are, however, scarce,
particularly in alpine regions, and the effects of FTCs on soil fungal communities have been
rarely addressed. Yet, it is necessary to understand the influence of increased FTC frequency
on alpine soil microbiomes to accurately predict alterations in microbial structure and functions

under a warmer climate.

1.4. Main study site and approaches used in this Dissertation to characterize the soil
microbiota

1.4.1. The long-term monitoring permafrost site of “Muot da Barba Peider”

The active-layer and permafrost soils investigated in this Dissertation were mainly from the
summit of “Muot da Barba Peider” (MBP; 2979 m a.s.l.,, N 46°29.78040' E 009°55.88700'), a
mountain located in the upper Engadine valley in eastern Switzerland (Fig. 1. B). MBP summit

is a study site of the Swiss Permafrost Monitoring Network (PERMOS; http://www.permos.ch/).

PERMOS has installed boreholes in numerous locations in the Alps, including two at MBP,

which have been monitoring ground temperatures since 1996.

Permafrost at MBP is found near the summit, below a depth of 150 cm on the north-facing (N)
slope (Fig. 2). The south-facing (S) slope of MBP does not have permafrost; thus all soils
located there are part of the active layer (Zenklusen Mutter et al., 2010). Mean annual
precipitation in the region is ~950 mm (automatic meteorological station of Bernina;

www.meteoswiss.admin.ch). The S slope of MBP exhibits a 3°C warmer climate than the N

slope, with less snow, more FTCs, and presence of vegetation (Frey et al., 2016) (Fig. 2). Soils
around the summit of MBP consist of coarse-grained materials (67-90% sand content), with
low pH < 6 and limited C (< 1%) and N (< 0.1%) content (Frey et al., 2016). The bedrock at
MBP is gneiss, dominated by quartz and feldspars, from the upper Austroalpine Languard
nappe. | use MBP as a model ecosystem for my investigations because its permafrost
distribution is well characterized (Haberkorn et al., 2021), its landscape features and soil
properties are comparable to other alpine permafrost environments (Bockli, 2013), and the

summit is at a relatively close location and accessible.
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Figure 2. Visualization of Muot da Barba Peider (MBP) (A) and overview of the vegetation, organic
matter content (B) and temperatures (B and C) of the active-layer and permafrost soils. An aerial view
of the MBP summit (yellow star) is shown, with overlapping images of the north-facing and south-facing
sampling locations near the summit, and close-up photographs of the active layers. Active-layer
temperatures were measured at a depth of 5 cm using M-Log5W-SIMPLE sensors (GeoPrecision
GmbH, Ettlingen, Germany). Permafrost temperatures are mean values of the temperatures measured
at a depth of 1 and 2m by the PERMOS borehole MBP_0196, 2946 m a.s.l., N 46°29.784’ E 009°55.8645
(http://www.permos.ch/data.html). FTCs: freeze-thaw cycles, OM: organic matter. The aerial
photograph of MBP was provided by Dr. Marcia Phillips (CERC, Davos).

1.4.2. Genomic methods used to study soil microbial diversity

The main insights of this Dissertation are from taxonomic and functional characterizations of
soil microbial communities. To identify and quantify taxa in the soils | used an “amplicon
sequencing” approach (Fig. 3). In this method, DNA is extracted from soils, and “marker”
genomic regions in the DNA, which are highly conserved within species (e.g. the 16S rRNA
gene in prokaryotic cells and the ITS2 genomic region in fungi) are amplified by polymerase
chain reaction (PCR). Amplicons are then sequenced by high-throughput sequencing (e.g.

lllumina technology). In silico, the obtained sequences are grouped based on 97% similarity
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into Operational Taxonomic Units (OTUs), which represent “species” (Edgar, 2013). OTUs are
aligned to taxonomic databases containing representative sequences of all microbial “species”
worldwide (e.g. SILVA database for prokaryotes and UNITE database for fungi) (Wang et al.,
2007) to identify the taxa present in the soil. Amplicon sequencing overcomes limitations of
classical culture-based approaches by detecting both culturable and unculturable microbial
taxa at high taxonomic resolution (e.g. genus level). DNA-based sequencing does not,

however, reliably inform about active microorganisms or their functions.

To reveal the potential functional characteristics of the soil microbiota | applied a “shotgun
metagenomic sequencing” approach (Fig. 3). In this method, DNA extracted from soils is
fragmented (shot-gun) into short pieces (e.g. 350 bp) and high-throughput sequenced
(Breitwieser et al., 2019). Ideally, the obtained sequences represent the entire genetic content
of the sails. In silico, sequences with overlapping regions that belong to the same genomic
regions are then joined together (assembly), forming larger fragments (> 1.5 Kbp) that are
called contigs. Contigs belonging to the same genome, and thus representing a same
microorganism, are grouped together (binning) into bins (Breitwieser et al., 2019). Bins that
represent draft genomes (with > 50% completeness) can be called MAGs (Metagenome-
Assembled Genomes) (Bowers et al., 2017). Shorter reads can then be aligned to contigs or
MAGs (Breitwieser et al., 2019) to provide information about the abundance (i.e. coverage) of

the different genomic regions within contigs and MAGs.

Gene functions can be predicted within genomic regions of contigs and the MAGs by aligning
sequenced genes to protein databases (e.g. EQQNOG database) (Breitwieser et al., 2019).
Additionally, taxonomic marker genes can be identified in contigs and MAGs, and be aligned
to taxonomic databases. Unlike amplicon sequencing, metagenomic approaches enable
extensive functional interpretations of microbial taxa (Breitwieser et al., 2019). Metagenomic
approaches, however, only inform about potential microbial metabolisms. Ultimately, it is
necessary to enrich, and preferably isolate, microorganisms in the laboratory to determine their

physiological features with certainty (Lambrechts et al., 2019).
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Figure 3. Main steps of
the amplicon and
shotgun metagenomic
sequencing approaches.
The DNA of the soil
microbiota is extracted.
In the amplicon
sequencing approach, a
marker genomic region,
i.e. genomic regions that
differ between species,
is amplified by PCR. The
amplicons are
sequenced. Sequences
with > 97% similarity are
grouped together into
Operational Taxonomic
Units (OTUs). OTUs are
classified taxa by
aligning the OTU
sequences to taxonomic
databases  containing

representative
sequences of worldwide
described microbial
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sequences grouped into the OTUs that are classified to a same taxon. In the shotgun metagenomic sequencing approach, all DNA extracted from the soil is fragmented and
sequenced. The sequenced fragments are joined together (assembly) into longer fragments (contigs). The abundance (coverage) of contigs is obtained by aligning all sequences to
the contigs. Contigs belonging to a same genome (representing a microbial cell) can be clustered together (binning) into bins (partial genomes) or Metagenome-Assembled Genomes
(MAGs; genomes with at least 50% completeness). Functional and taxonomic marker genes are identified within the contigs and MAGs. Annotation of the genes to protein and

taxonomic databases reveal the microbial taxa in the soils and their associated functions.
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1.5. Research gaps

Our knowledge on the physiological characteristics, including C- and N- cycling metabolic
functions, of soil microbiota in alpine soils from permafrost areas is still limited. Specifically, we
lack information about the functional genetic potential of soil microbial communities within 1m
deep mountain permafrost, which ultimately delimits the range of possible metabolic responses
of soil microbiota to thawing. From a biogeochemical perspective, functional gene profiling of
alpine permafrost could inform about microbial pathways involved in the transformation of
organic materials and minerals in deep soils, whose developmental processes and properties

are still poorly known.

In the context of climate change, we still do not thoroughly comprehend how warming-induced
conditions of elevated soil temperatures, greater availability of C and nutrients and (more)
frequent FTCs will shape the structure of microbial communities in alpine permafrost soils in
the future, and how this will in turn modulate microbially-mediated feedbacks between
mountain soils and climate (e.g. soil CO sequestration and release). For instance, it is not
clear whether warming-associated changes in habitat conditions in alpine permafrost soils will
differently affect prokaryotic taxa with copiotrophic or oligotrophic attributes. It is also unclear
how climate warming will influence the growth of alpine soil fungal populations relative to their
prokaryotic counterparts. Initially, an abundance increase in copiotrophic taxa could lead to a
higher release of CO; in mountain soils, and thus contribute to global warming. This effect
could diminish later on, however, if fungal abundance increases in warmer, nutrient-enriched
soils. Fungi generally assimilate C-substrates more efficiently than prokaryotes, thereby
producing less CO: per unit of C (Kallenbach et al., 2016). We, furthermore, still do not
understand the temporal dynamics of soil prokaryotic and fungal populations in a warmer
climate. Likewise, the links between climate-driven changes in soil microbial community
composition and microbial activities, e.g. C mineralization rates and patterns of organic carbon
assimilation, are still poorly resolved. Particularly within the 1m permafrost from temperate
mountains, quantitative insights into the structural and functional responses of soil microbiota

to in situ warming are still lacking.

1.6. Objectives of the thesis and publication output
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In this thesis, | advanced the understanding of the microbial ecology of permafrost soils from
alpine regions and the impacts of warming on the alpine permafrost microbiome. | used the
monitoring site of MBP as a model ecosystem, where | conducted my investigations. | pursued

three research objectives, each of them fulfilled in Chapters 2, 3 and 4 of this Dissertation:

Objective of Chapter 2. Evaluate the microbial functional gene diversity and metabolic

potential of the alpine permafrost and active layers

Objective of Chapter 3: Analyze the impacts of increased FTC frequency on the structure

and functionality of the alpine active-layer soil microbiota.

Objective of Chapter 4: Quantify the structural and functional responses of the alpine

permafrost and active-layer microbiomes to in situ conditions of warming.

To fulfill the objective of Chapter 2, | revealed the functional gene profiles of the MBP alpine
permafrost and north- and south-facing active layers, using shotgun metagenomics. |
hypothesized that MBP permafrost: (2.1) has a higher proportion of cold-stress genes and
genes related to cell defense and competition and (2.2) shows distinct C- and N-cycling

functions than the active layers. This chapter corresponds to the following publication:

Perez-Mon C., Qi W., Vikram S., Frossard A., Makhalanyane T. P., Cowan D. A. & Frey B.
(2021). Shotgun metagenomics reveals distinct functional diversity and metabolic capabilities
between 12 000-year-old permafrost and active layers on Muot da Barba Peider (Swiss Alps).

Microbial Genomics 7(4). doi: 10.1099/mgen.0.000558

To fulfill the objective of Chapter 3, | performed a microcosm experiment in which | compared
the impacts of repeated FTCs of differing frequency (more frequent daily vs. less frequent
weekly FTCs) on prokaryotic and fungal communities from both the north- and south-facing
active layers of MBP. In this experiment | also included topsoils collected from the north- and
south-facing slopes of a mountain ridge in the Swedish Arctic, which experience less FTCs
than the alpine soils at their site of origin. | hypothesized that: (3.1) more frequent FTCs cause
larger alterations in the structure of soil microbial communities, (3.2) microbial compositional

shifts are coupled to alterations in microbial metabolic functions, and (3.3) microbial
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communities from soils with a legacy of more FTCs are less sensitive to increased FTC

frequency. This chapter has also been published:

Perez-Mon C., Frey B. & Frossard, A. (2020). Functional and structural responses of Arctic
and alpine soil prokaryotic and fungal communities under freeze-thaw cycles of different

frequencies. Frontiers in Microbiology 11, 982. doi:10.3389/fmicb.2020.00982

To fulfill the objective of Chapter 4, | monitored for three years a field experiment which was
established in 2016 at the summit of MBP. In this experiment, a projected warmer climate was
simulated in the MBP permafrost and active layers, by transplanting (1) permafrost soils from
a depth of 160 cm into active-layer topsoils, and (2) north-facing active layers into the warmer
south-facing topsoil. | hypothesized that in situ simulated warming lead to (4.1) shifts in soil
microbial diversity, due to abundance increases in fungi and copiotrophic prokaryotes relative
to oligotrophic prokaryotes, and (4.2) enhance microbial turnover of carbon substrates and soil

CO: effluxes. This chapter correspond to the publication:

Perez-Mon C., Stierli B., Plotze M., Frey B. (2021). Fast and persistent responses of alpine
permafrost microbial communities to in situ warming. Science of the Total Environment 807,

150720. doi:10.1016/j.scitotenv.2021.150720

In addition of the research work included in this Dissertation, | contributed to several other

publications over the course of my PhD:

Luldkova P., Perez-Mon C., Santri¢kova H., Ruethi J. & Frey, B. (2019). High-alpine
permafrost and active-layer soil microbiomes differ in their response to elevated temperatures.

Frontiers in Microbiology 10, 668. doi:10.3389/fmicb.2019.00668

Adamczyk M., Perez-Mon C., Gunz S. & Frey B. (2020). Strong shifts in microbial community
structure are associated with increased litter input rather than temperature in High Arctic soils.

Soil Biology and Biochemistry 151, 108054. doi:10.1016/j.s0ilbio.2020.108054

Frey B., Walthert L., Perez-Mon C., Stierli B., Kochli R., Dharmarajah A. & Brunner |. (2021).
Deep soil layers of drought-exposed forests harbor poorly known bacterial and fungal

communities. Frontiers in Microbiology 12, 1061. doi:10.3389/fmicb.2021.674160
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2. CHAPTER 2. Shotgun metagenomics reveals distinct functional diversity and
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2.1. Abstract

The warming-induced thawing of permafrost promotes microbial activity, often resulting in
enhanced greenhouse gas emissions. The ability of permafrost microorganisms to survive the
in situ sub-zero temperatures, their energetic strategies and their metabolic versatility in using
soil organic materials determine their growth and functionality upon thawing. Hence, functional
characterization of the permafrost microbiome, particularly in the underexplored mid-latitudinal
alpine regions, is a crucial first step in predicting its responses to the changing climate, and
the consequences for soil-climate feedbacks. In this study, for the first time, the functional
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potential and metabolic capabilities of a temperate mountain permafrost microbiome from
central Europe has been analyzed by using shotgun metagenomics. Permafrost and active
layers from the summit of Muot da Barba Peider (MBP) (Swiss Alps, 2979 m a. s. |.) revealed
a strikingly high functional diversity in the permafrost (north-facing soils at a depth of 160 cm).
Permafrost metagenomes were enriched in stress-response genes (e.g. cold-shock genes,
chaperones), as well as in genes involved in cell defense and competition (e.g. antiviral
proteins, antibiotics, maotility, nutrient-uptake ABC transporters), compared with active-layer
metagenomes. Permafrost also showed a higher potential for the synthesis of carbohydrate-
active enzymes, and an overrepresentation of genes involved in fermentation, carbon fixation,
denitrification and nitrogen reduction reactions. Collectively, these findings demonstrate the
potential capabilities of permafrost microorganisms to thrive in cold and oligotrophic conditions,
and highlight their metabolic versatility in carbon and nitrogen cycling. Our study provides a
first insight into the high functional gene diversity of the central European mountain permafrost
microbiome. Our findings extend the understanding of the microbial ecology of permafrost and
represent a baseline for future investigations comparing the functional profiles of permafrost

microbial communities at different latitudes.

2.2. Introduction

Global warming is causing extensive thawing of permafrost soils, distributed in the Arctic,
Antarctic and mid-latitudinal alpine regions (Biskaborn et al., 2019; Gobiet et al., 2014; Hock
et al., 2019). Permafrost thawing increases microbial activity, often leading to enhanced soil
greenhouse gas emissions (Chen et al., 2016; Donhauser & Frey, 2018; Genxu et al., 2008;
Karhu et al., 2014; Mackelprang et al., 2016; Nikrad et al., 2016; Schuur et al., 2008).
Permafrost in polar and alpine regions represents different terrestrial cryoenvironments
(Donhauser & Frey, 2018; Margesin, 2009) and harbors diverse microbial communities (Frey
etal., 2016; Hu et al., 2015; Jansson & Tas, 2014), whose carbon (C) and nitrogen (N) cycling
functions, energetic metabolisms and survival are still not well understood (De Maayer et al.,

2014; Mackelprang et al., 2016; Margesin & Collins, 2019; Nikrad et al., 2016). The ability of
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permafrost microorganisms to withstand the persistent sub-zero temperatures and their
metabolic capabilities together determine their capacity for growth and functionality upon
thawing (Bakermans et al., 2012; De Maayer et al., 2014; Mackelprang et al., 2016; Nikrad et
al., 2016). Hence, functional characterization of the permafrost microbiome at different
latitudes is a crucial first step in predicting its responses to the changing climate, and the

consequences for the soil-climate feedbacks.

Functional information about the permafrost microbiome is mostly restricted to Arctic
cryoenvironments (Jansson & Hofmockel, 2020; Mackelprang et al., 2016; Margesin & Collins,
2019; Nikrad et al., 2016). Arctic permafrost is usually overlaid by active layers with a depth of
< 1 m, and it exhibits temperatures ranging from 0 to below -10°C (Biskaborn et al., 2019;
Donhauser & Frey, 2018; Margesin, 2009). The generally high moisture content of Arctic soils
lead to suboxic conditions at the permafrost table (Margesin, 2009). Suboxia and the sub-zero
temperatures promote the accumulation of poorly-decomposed detritus in the permafrost,
resulting in a high soil organic carbon content (i.e. global SOC stock of 977 Pg) (Donhauser &
Frey, 2018; Margesin, 2009). In accordance with the suboxic conditions, meta-omic studies
have shown that Arctic permafrost contains more genes related to anaerobic respiratory and
fermentative metabolism than the overlying active layers (Hultman et al., 2015; Mackelprang
et al., 2016; Mueller et al.,, 2018; Woodcroft et al., 2018; Xue et al., 2020). Permafrost
microbiomes also feature a high abundance of carbohydrate-active enzymes (CAZys), which
are involved in the decomposition of organic polymers (Leewis et al., 2020; Tas et al., 2018;
Woodcroft et al., 2018; Xue et al., 2020). Moreover, permafrost metagenomes are enriched in
genes involved in stress responses (e.g. cold-shock genes and chaperones), DNA repair, cell
defense (e.g. antiviral proteins) and competition (e.g. antibiotics, motility) (Coolen & Orsi, 2015;
De Maayer et al., 2014; Mackelprang et al., 2017; Margesin & Collins, 2019; Van Goethem et

al., 2018; Xue et al., 2020; Zhang et al., 2018).
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Microbial studies in alpine permafrost regions are mainly in topsoils (i.e. at a depth of 5—10 cm)
and they often lack functional information. Whereas the soil microbiome of the Tibetan
mountains has been recurrently investigated, other mountain regions, e.g. in central Europe,
remain underexplored (Donhauser & Frey, 2018). Mid-latitudinal alpine permafrost is usually
located on poorly vegetated steep slopes of mountains above 2500 m a. s. |., and dominated
by coarse sediments that favor thermal conduction and the leaching of water and organic
materials due to enhanced percolation (Chen et al., 2016; Donhauser & Frey, 2018; Gruber &
Haeberli, 2007). In comparison to permafrost in polar regions, alpine permafrost is relatively
warm (0 to -2°C), and often found at soil depths > 1m. Furthermore, unlike the Arctic permafrost
but similar to the Antarctic soils, alpine permafrost is well-drained and depleted in organic

materials (i.e. global SOC stock of 66 Pg) (Donhauser & Frey, 2018; Margesin, 2009).

GeoChip microarray surveys along altitudinal gradients in the Tibetan plateau (3200 to 3800
m a. s. |.) indicated a higher abundance of cold-stress, carbon-fixation and denitrification genes
in permafrost-like topsoils at higher altitudes (Guo et al., 2015; Yang et al., 2014), which was
associated with decreasing soil temperatures and organic C and N. Reduced inputs of labile
C and N from fresh plant residues with increasing soil depths (Fontaine et al., 2007) and the
preservation of poorly-decomposed polymeric substrates at sub-zero temperatures (Leewis et
al., 2020) might contribute to habitat differences between the active layers and the permafrost.
The abiotic differences between these soils might result in soil microbiota of distinct taxonomic
composition (Frey et al., 2016) and metabolic features, including a greater genetic potential for
the utilization of biopolymers in the permafrost. Furthermore, the large spatial and
microenvironmental variability in alpine soils, owing to the extreme climatic heterogeneity of
mountain regions (Adamczyk et al., 2019; Haeberli & Gruber, 2009; Liang et al., 2015), might

be reflected in soil microbial communities with a particularly high diversity of functional genes.

18



Chapter 2

Here, we analyzed the microbial functional diversity and metabolic potential of an alpine
permafrost soil and active layers from central Europe, using shotgun metagenomics. We
compared soils at the same depths on two slopes from a well-characterized permafrost site in
the Swiss Alps, the mountain summit of Muot da Barba Peider (MBP) (2979 m a. s. |.) (Frey et
al., 2016; PERMOS, 2016; Zenklusen Mutter et al., 2010). Permafrost on MBP is found in the
north-facing slope below a depth of 150 cm (Frey et al., 2016; PERMOS, 2016; Zenklusen
Mutter et al., 2010) and has an estimated age of 12 kyr, whereas soils on the south-facing
slope at this depth are part of the active layer (Frey et al., 2016; PERMOS, 2016; Zenklusen
Mutter et al., 2010). Like in other mountain systems in the Northern hemisphere, the south-
facing topsoils of MBP exhibit higher temperatures and water-holding capacity than the north-
facing topsoils, and a greater content of C and N, which together favor microbial life and the
growth of plants (Frey et al., 2016). A previous amplicon sequencing study conducted on MPB
revealed that the soil microbial communities at different depths of the north- and south-facing
slopes exhibit distinct diversities and structures (Frey et al., 2016). In particular, permafrost
soils in the north-facing slope were found to harbor a high proportion of metabolically versatile
psychrophilic fungi and potentially parasitic bacterial taxa (Frey et al., 2016). Our current study
complements this earlier work and uses the same experimental design to analyze the
functional gene profiles of the permafrost and the active layers. We first compared the
metagenomes of north-facing permafrost soils collected at a depth of 160 cm (N160) with the
metagenomes of north-facing active-layer soils collected at a depth of 10 cm (N10). We further
explored the metabolic potential of the metagenomes in the south-facing active layers (S10
and S160) in comparison with the north-facing soils (N10 and N160). We hypothesized that,
compared with the active layers, MBP permafrost (N160): (1) exhibits a distinct functional gene
diversity and structure, (2) has a higher proportion of cold-stress genes and genes related to
cell defense and competition, and (3) shows distinct C- and N-cycling genes, including a higher
abundance of CAZys. We also hypothesize that (4) south-facing soils exhibit a higher

functional diversity than north-facing soils.
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2.3. Methods

2.3.1. Study site and sample collection

The study was conducted on the summit of Muot da Barba Peider (MBP) (N 46.49634 E
9.93145, 2979 m a. s. I.), located in the upper Engadine valley in eastern Switzerland (Fig. S1).
This site is part of the long-term monitoring of permafrost in the Swiss Alps (PERMOS, 2016).
Soil temperatures measured at a depth of 5 cm near the summit during three consecutive
years (2016 to 2019), showed mean annual values of -2°C (ranging from -14°C to 21°C) in the
north-facing slope and 1°C (ranging from -8°C to 24°C) in the south-facing slope. Mean annual
precipitation in the region is 1500 mm (Frey et al., 2016). The ground is covered with snow
from October/November until May/June (Beniston et al., 2003; Rodder & Kneisel, 2012). The
soil around the summit of MBP consists of coarse-grained materials in the uppermost 200 cm
and finer-grained materials at greater depths (Zenklusen Mutter et al., 2010). The bedrock is
found at 340-500 cm depth and consists of gneiss from the upper Austroalpine Languard
nappe. Permafrost exists at 150 cm depth in the north-facing slope of the summit whereas
soils on the south-facing slope at this depth are part of the active layer (PERMOS, 2016;
Zenklusen Mutter et al., 2010). Soils are acidic and depleted in C (< 1% DW) and N ( < 0.1%
DW), especially in the north-facing slope (Table S1). Vegetation is scarce, and mostly occurs
in the south-facing slope, with sparse observations of the taxa Poa, Cerastium and Jacobea

spp. (Frey et al., 2016).

Soil samples were collected as described in detail in (Frey et al., 2016). Briefly, near the summit
of MBP, six soil profiles were excavated with shovels down to a depth of 160 cm. Three profiles
were excavated in both the north-facing and the south-facing slopes. The distance between
the two sites over the mountain ridge was approximately 50 m. The external layer of the
profiles, exposed to air, was removed with sterilized (70% ethanol solution) spatulas, to
eliminate debris and to prevent cross-contamination from upper soil layers. Bulk soil samples
were collected from the pristine portion of the profiles at depths of 10 cm and 160 cm (2 slopes

x 2 soil depths x 3 soil profiles = 12 samples in total), using freshly sterilized spatulas. The
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collected samples (5 subsamples of =2 100 g from each depth and profile) were homogenized
in autoclaved bags, and roots were removed when present. Samples were transported in dry

ice to the laboratory facilities, where they were immediately stored at -80°C.

2.3.2. Soil DNA extraction

Total DNA was extracted from 20 g of stored soil using a combination of the DNeasy PowerMax
Soil Kit and the DNeasy PowerSoil Kit (Qiagen, Hilden, Germany). The soils were weighed
into PowerMax® Bead Tubes and the DNA extraction steps for (1) soil homogenization and
cell lysis, and (2) removal of non-DNA materials from the lysates were completed using the
PowerMax Kit. The lysates were loaded into the spin columns of the PowerSoil kit, where the
(3) DNA molecules bound into the silica membrane. The last extraction steps for the (4)
washing and elution of the bounded DNA (in 100 pl of elution buffer) were performed using the

PowerSoil Kit.

All DNA extraction steps of the two kits were conducted according to the manufacturer’s
instructions. To enhance cell lysis, an extra step was added to the PowerMax kit procedures.
After weighing the soils into the PowerMax® Bead tubes and adding the PowerBead and the
C1-SDS solutions, the tubes were vortexed (Vortex-genie 2, Scientific Industries Inc., New
York, USA) for 15 minutes at the maximum speed of 3200 rpm. Then, the tubes were heated
for 15 minutes at 65°C in a shaking water bath. The combination of the two extraction kits
complemented with the additional heating step yielded enough DNA ( > 0.1 ng pl?) for
sequencing. To eliminate foreign DNA and prevent microbial contaminations, working bench
surfaces and non-autoclavable materials were cleaned with 5% sodium hypochlorite and 70%
ethanol solutions, prior to the extractions. Negative controls (extraction buffer without soil) were

included in the DNA extractions.
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2.3.3. Shotgun sequencing

Library preparation using NEB Next ultra DNA Prep Kit (lllumina Inc., San Diego, California,
USA) and shotgun sequencing of the eluted DNA samples were performed at the Genome
Quebec Innovation Centre at McGill University (Montreal, Canada), using the HiSeq 2500
system (2 x 125 bp; lllumina Inc.). The twelve metagenomes were from the four soil habitats
(each with three replicates): active-layer soils collected at a depth of 10 cm in the north-facing
(N10) and south-facing (S10) slopes, and soils collected at a depth of 160 cm in the north-

facing (N160; permafrost) and south-facing (S160; active layer) slopes.

2.3.4. Assembly and functional annotation of assembled contigs

Pre-processing of metagenomic reads, assembly of reads into contigs, contig binning, and
functional and phylogenetic annotation of contigs and bins were achieved using a customized
pipeline. Briefly, raw reads were quality checked using FastQC

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). They were quality filtered and

trimmed (i.e. pre-processed reads) using Trimmomatic v0.36 (Q=20, minimum read length =
40) (Bolger et al., 2014). Pre-processed read pairs and singletons were assembled into contigs
(> 200 bp) by iteratively building de Bruijn graphs using k-mers of increasing size with the de

novo assembler MEGAHIT v1.1.3 (—k-min 27 —k-step 10) (Li et al., 2015).

Protein-coding sequences contained in the assembled contigs were predicted with
MetaGeneMark v3.38 (Zhu et al., 2010). To uncover the potential metabolic capabilities of the
soil metagenomes, protein-coding genes were assigned to functions (i.e. functional genes).
About 50% of the predicted genes (4 706 835) were assigned to general metabolic and cellular
functions through EggNOG v4.5, which classifies the genes to clusters of orthologous groups
(COGs) of proteins and organizes the COGs into general functional categories (Huerta-Cepas
et al., 2016). Annotation to EggNOG v4.5 was performed using the eggnog-mapper v1.0.3 with

DIAMOND search mode against all protein sequences (Huerta-Cepas et al.,, 2017). The
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annotations obtained with EggNOG were compared with COG annotations obtained through
the curated MD5nr database (Wilke et al., 2012), in which 0.2% of the genes (16 245) were
assigned to functions. About 1% (98 331) of the protein-coding genes were assigned to CAZys
using the CAZy database (release of July 2017) (Cantarel et al., 2009). About 0.2% of the
genes (15 326) were assigned to N-cycling families using the NCycDB database. Annotations
against the MD5nr, CAZy and NCycDB (Tu et al., 2019) databases were performed using

SWORD v1.0.3 (Vaser et al., 2016) (-v 10°) (Anwar et al., 2019).

2.3.5. Abundance quantification of protein-coding genes

Pre-processed read pairs from each of the samples were mapped to the assembled contigs,
using the BWA aligner v0.7.15 (bwa-mem) (Li, 2013). Mapping of the reads to the assembled
protein-coding gene sequences to obtain gene abundances was done using the function
featureCounts from the package Subread v1.5.1 (-minOverlap 10, Q=10, -primary) (Liao et al.,

2014).

2.3.6. Metagenome binning and phylogenetic annotation of genome bins

Contigs were binned with Metabat v2.12.1 (Kang et al., 2015), which iteratively clusters contigs
into bins, based on similarities in abundance and tetranucleotide composition between pairs
of contigs. Contig abundance was calculated with the -jgi_summarize_bam_contig_depths
function, based on the bwa mem mapping of the pre-processed read pairs described in the
previous section. Only contigs larger than 1500 bp and with a read depth > 1 were included in
the binning. Bins were assessed for quality (i.e. completion, contamination and strain
heterogeneity) with CheckM v1.0.11 (Parks et al., 2015). Bins with > 90% completion and <
5% contamination, presumably high-quality draft metagenome-assembled genomes (Bowers
et al., 2017), were phylogenetically classified using the same program. The -ssu_finder
function in CheckM was applied to identify SSU rRNA sequences in the contigs within the bins

(16S for prokaryotes and 18S for eukaryotes). These sequences were taxonomically annotated
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via the SINA online aligner v1.2.11 (Pruesse et al., 2012) against the SILVA database (release

132)(Quast et al., 2013).

2.3.7. Data analyses

Statistical analyses were completed using the open-source software R v3.6.0 (R Core Team,
2017) and graphical representations of results were created with the R package ggplot2
(Wickham, 2016), unless specified otherwise. A significance level (p) of 0.05 was applied in all
analyses. Protein-coding genes for which the sum of the reads over all soil samples was < 10
were excluded from the analyses to lower the false discovery rate caused by stochasticity

between samples.

Differences in protein-coding gene richness and Shannon diversity between the soil habitats
were assessed with Welch’s t-tests followed by Games-Howell post-hoc tests, after verifying
that residuals were normally distributed but that variance of the response variable differed
between the groups. Differences in functional structure between the soils were assessed by
computing Bray-Curtis dissimilarity matrices based on read abundance of the protein-coding
genes normalized to transcripts-per-million (TPM) (Abrams et al., 2019). Bray-Curtis
dissimilarities between samples were visualized with principal coordinate analyses (PCoASs)
(vegan R package; (Oksanen et al., 2019)). The statistical significance of observed differences
was assessed with permutational analyses of variance (PERMANOVA, 10° permutations,
Monte Carlo approximated p value) using PRIMER v7 (Clarke & Gorley, 2015). Multivariate
homogeneity of group dispersions was checked prior to the PERMANOVAs, also with PRIMER
V7, to ensure that detected significant differences were associated with the tested factors and

not with differences in the within-group variabilities.

To evaluate the dissimilarities in metabolic capabilities between the four soil habitats, we
identified the functional genes -annotated against EQgQNOG, MD5nr, CAZy and NCycDB
databases- that were differentially abundant between the soils using pairwise DESeq2
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analyses (Love et al., 2014). For all pairwise comparisons median-of-ratio normalization was
applied to account for differences in sequencing depth among samples. p values were adjusted
for multiple testing using the Benjamini-Hochberg method with a false discovery rate threshold

of 5%.

2.4. Results

2.4.1. Protein-coding genes diversity

Whole-metagenome sequencing of the twelve soil metagenomes (N10, N160, S10, S160)
generated an average of 40 to 45 million high-quality reads per soil (Table 1). Megahit
assembly of reads into contigs produced a total of 6 627 330 contigs of 713 bp on average,
ranging from 200 to 939 240 bp and with a N50 value of 761 bp. A total of 9837 348 different
protein-coding genes were predicted from the assembled contigs. Gene quantification of the
contigs associated with the different soil habitats revealed that soil metagenomes contained in
average 51-58% protein-coding sequences, except for the S160 soils, where values reached

up to 77% (Table 1).

Soil metagenomes differed in their functional diversity and structure (Fig. 1, Fig. S2). Richness
and Shannon’s diversity of the predicted protein-coding genes were highest for the N160 soils
and lowest for the S160 soils (Fig. 1). N160 (permafrost) soils significantly (p < 0.05;
PERMANOVA) differed from the S160 soils (active layer) in their protein-coding gene
structures (Fig. 1, Table S2). Interestingly, the N10 and N160 soils clustered closely together

(p > 0.05), indicating an overall similar composition of protein-coding genes.
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Table 1. Total number of sequences and percentage of protein-coding genes and contigs assigned to

taxa for the soils of different origins. Mean + SD (n=3).

N10 N160 S10 S160

Rawreads [10%] 41 =+ 4 46 =+ 8 46 + 3 46 =+ 4

HQreads[10°] 39 =+ 3 45 =+ 8 45 + 3 45 + 3

Reads mapped to contigs [%] 54 =+ 7 58 = 1 54 + 7 80 = 2

Reads mapped to CDS genes? [%] 51 =+ 8 58 = 1 5 = 6 7 = O
Taxonomically assigned contigs?[%] 99.6 + 0.1 993 + 03 998 + 02 997 = 0.1
Archaea[®%] 06 +* 04 03 =+ 0.1 04 + 01 08 =*= 0.2
Bacteria[%] 871 + 82 977 +* 06 939 +* 67 984 <+ 0.6
Eukarya[%] 119 * 8.6 13 = 04 54 + 66 05 £ 0.6

1CDS genes: protein-coding genes, 2From a total of 823 contigs > 1500 bp in which SSU regions > 300 bp were
identified. N: north-facing, S: south-facing, 160: at a depth of 160 cm, 10: at a depth of 10 cm.
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Figure 1. Functional diversity and structure of protein-coding genes for the different soil habitats. A.
Number of different protein-coding genes (i.e. richness). B. Shannon’s diversity index based on read
abundance normalized to transcripts-per-million (TPM). Barplots depict the mean = SD of the diversity
values for the soil groups, whereas open dots represent the diversity values of the individual soils. C.
Principal coordinate analyses (PCoAs) computed on Bray-Curtis dissimilarities based on TPM
normalized abundances of the protein-coding genes. Only protein-coding genes for which the sum of
the reads over all soil samples was = 10 are included. N: north-facing, S: south-facing, 10: at a depth of
10 cm, 160: at a depth of 160 cm.

2.4.2. Overall metabolic capabilities of the soil metagenomes

DESeq2 analyses of protein-coding genes assigned to functions (i.e. functional genes)
enabled to uncover differences in potential metabolic capabilities between the soil
metagenomes. N160 (permafrost) metagenomes showed a higher diversity (richness and

Shannon’s diversity index, Table S3, Fig. S3) and a higher abundance of genes (log. fold
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change > 0) assigned to different COGs (EggNOG and MD5nr databases) than the N10 and
the S160 metagenomes (Fig. 2A, Table S4). Differentially abundant COGs were distributed
across all functional categories, suggesting that differences in potential metabolic capabilities
between the soil habitats comprise a broad range of intracellular and extracellular processes
(Fig. 2, Table S5). Permafrost metagenomes contained a higher proportion of: genes coding
for cold-shock proteins and chaperones, involved in stress responses; restriction nucleases
and CRISPRs proteins involved in cell defense; and antibiotics, flagellar proteins and ABC
transporters related to competition (Fig. 2B, Table S5). Genes involved in chromatin
remodeling and transcription regulation processes, including DNA repair, were also
overrepresented in the permafrost soils (Fig. 2B), whereas only few sporulation genes were
detected across all the soils (Table S5). Proteins involved in anaerobic and aerobic respiratory
metabolism were also overrepresented in the permafrost metagenomes. These included
transporters of metals and inorganic anions, N and S reductases, [NiFe]-hydrogenases, and

catalases and oxidoreductases from the aerobic respiratory chain (Fig. 2B, Table S5).

Permafrost soils showed a higher abundance of genes involved in fermentative processes (e.g.
those coding for phosphoketolase, and alcohol and L-lactate dehydrogenases) than the N10
soils and, to a lesser extent, the S160 soils (Fig. 2B, Table S5). Genes coding for key enzymes
involved in anaerobic C fixation (pyruvate:ferredoxin oxidoreductase and citrate lyases) were

also enriched in the permafrost metagenomes relative to those from the active layers.

Differences in COG diversity (Table S3, Fig. S3) and abundance were apparent between the
N10 and S10 soils (Fig. 2, Tables S4 and S5). Overall, S10 soils exhibited a higher abundance
of COGs involved in all analyzed cellular and extracellular processes than the north-facing
soils. S10 vs. S160 comparisons also showed a higher abundance of COGs in the S10 soils

(data not shown).
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E Amino acid transport and metabolism

F Nucleotide transport and metabolism
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H Coenzyme transport and metabolism

I Lipid transport and metabolism

J Translation, ribosomal structure and
biogenesis

K Transcription

L Replication, recombination and repair

M Cell wall/membrane/envelope biogenesis

N Cell Motility
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P Inorganic ion transport and metabolism
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transport and catabolism
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Figure 2. Overall
functional  differences
between the different
soil habitats. A. Relative
abundance of
overrepresented COGs
(orange) and

underrepresented
COGs (violet)
distributed across COG
functional  categories,
for the comparisons
between  north-facing
permafrost and active-
layer soils (N160 over
N10), between north-
facing permafrost and
south-facing active-
layer soils at a depth of
160 cm (N160 over
S160), and between
north-facing and south-
facing active-layer soils
at a depth of 10 cm (N10
over S10). The log2 fold
change (Ifc) value “N160
over N10” is the log2 of
(gene abundance of
N160 / gene abundance
of N10). The same
stands for “N160 over
S$160” and “N10 over

S10”. For each pairwise comparison, highly differentially abundant genes (p < 0.01) among the 80% most abundant genes assigned to COGs were selected. The represented COGs are those in
which all selected genes were overrepresented (Ifc > 0) or underrepresented (Ifc < 0). Values below the pie charts indicate the total number of different COGs and genes included in the
representations. B. Log2 fold change in selected differentially abundant COGs assigned to proteins associated with C cycling and relevant metabolic and cellular processes for the compared soil
habitats. COGs were assigned to proteins using the EQgNOG database and annotations were curated with the non-redundant MD5nr database. Barplots depict the mean + SD of the Ifc values for
the protein groups, whereas open dots represent the Ifc values of the individual COG genes. A list of all selected genes with their relative abundance, their COG classification and the assigned
functions is provided in Table S5. RuBisCO: Ribulose-1,5-bisphosphate carboxylase, FTR: formylmethanofuran:tetrahydromethanopterin formyltransferase.

28



Chapter 2

2.4.3. Carbohydrate-active enzymes genes

The most abundant CAZy genes (CAZy database) across all MBP soils coded for glycosyl
transferases, followed by glycoside hydrolases, carbohydrate-binding modules, carbohydrate
esterases, auxiliary activity enzymes and polysaccharide lyases (Table S3). N160 soils had a
higher diversity (Table S3, Fig. S4) and a higher abundance of genes coding for different
CAZys (i.e. families and individual proteins) than the N10 and S160 soils (Fig. 3, Tables S4
and S6). Overrepresented CAZys in the permafrost soils included peroxidases (AAl to AA10),
pectate lyases (PL families), and cellulases (GH families), which are involved in the
decomposition of complex plant components (i.e. lignocellulose and pectin) (Fig. 3, Table S6).
Permafrost metagenomes were also enriched in CAZys involved in the use of labile substrates
(i.e. starch) (Fig. 3). These included genes coding for pullulanases, a-amylases and a-
glucosidases within the GH13 families (Fig. 3, Table S6). CAZys involved in chitin
depolymerization (e.g. [B-N-acetylhexosaminidases) were also overrepresented in the

permafrost.

The diversity of CAZy genes was similar in the active layers from the north- and south-facing
slopes (N10 over S10) (Table S3, Fig. S4). The S10 soils showed a higher abundance of
CAZys involved in the depolymerization of hemicellulose (e.g. xylanases) and labile starch

(e.g. a-glucosidases) than the N10 soils (Fig. 3, Table S6).
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Figure 3. Differences in
CAZy abundance between
the different soil habitats.
Pairwise comparisons were
conducted between north-
facing permafrost and active-
layer soils (N160 over N10),
between north-facing
permafrost and south-facing
active-layer soils at a depth
of 160 cm (N160 over S160),
and between north-facing
and south-facing active-layer
soils at a depth of 10 cm
(N10 over S10). The log- fold
change (Ifc) value “N160
over N10” is the logz of (gene
abundance of N160 / gene
abundance of N10). The
same stands for “N160 over
S160” and “N10 over S10”.
For each pairwise
comparison, differentially
abundant genes (p < 0.05)
that were among the 80%
most  abundant  genes
assigned to CAZys were
selected. The represented
CAZys are those in which all
selected genes were
overrepresented (Ifc > 0) or
underrepresented (Ifc < 0).
CAZy families and proteins
were linked to specific

substrates based on their decomposing activities. Only families associated with a uniqgue decomposing activity or mostly with a specific decomposing activity (the same activity was described for
at least 50% of all characterized enzymes in families with a total of < 3 enzymes, http://www.cazy.org/ browser) are represented. CBM families are not shown. Barplots depict the mean = SD of
the Ifc values for the CAZy families, whereas open dots represent the Ifc values of the individual genes. Values below the bar graphs indicate the total number of CAZys and genes included in the
representation. A list of all selected genes with their relative abundance, CAZy classification and associated enzymatic activity is provided in Table S6.
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2.4.4. N-cycling genes

N160 soils exhibited a higher diversity (Table S3, Fig. S5) and a higher abundance of N-cycling
families (NCycDB database) involved in denitrification, dissimilatory nitrogen reduction (DNR)
(e.g. nor, nir and nar genes) and assimilatory nitrogen reduction (ANR) (e.g. nas genes) than
the N10 and S160 soils (Fig. 4, Table S7). Conversely, nitrification genes (e.g. amo) were less
abundant in the permafrost than in the other soils. Comparisons between topsoils (N10 over
S10) revealed a higher abundance of N-cycling families involved in both nitrification and
denitrification in the S10 soils, including genes for the anabolic and catabolic processing of

organic N (i.e. ure, nao and gdh) (Fig. 4, Table S7).

N160 over N10 N160 over S160 N10 over S10
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amoC[bac] 4 N amoA(bac] 4 _ amo(CB)[bac] 1 -
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nirD - amoBarch] - I-—- nrf(BD) o | . ]
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gs 4 _ 98 1 N o DN
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log, fold change log, fold change log, fold change
15 families / 43 genes 11 families / 77 genes 11 families / 17 genes
Nitrification Denitrification & DNR [ ANR [ Organic degradation & synthesis

Figure 4. Differences in abundance of N-cycling families between the different soil habitats. Pairwise
comparisons were conducted between north-facing permafrost and active-layer soils (N160 over N10),
between north-facing permafrost and south-facing active-layer soils at a depth of 160 cm (N160 over
S160), and between north-facing and south-facing active-layer soils at a depth of 10 cm (N10 over S10).
The logz fold change (Ifc) value “N160 over N10” is the logz of (gene abundance of N160 / gene
abundance of N10). The same stands for “N160 over S160” and “N10 over S10”. For each pairwise
comparison, differentially abundant genes (p < 0.05) that were among the 80% most abundant genes
assigned to N-cycling families were selected. The represented N-cycling families are those in which all
selected genes were overrepresented (Ifc > 0) or underrepresented (Ifc < 0). Barplots depict the mean
+ SD of the Ifc values for the N-cycling families, whereas open dots represent the Ifc values of the
individual genes. Values below the bar graphs indicate the total number of N-cycling families and genes
included in the representations. amo(ABC): ammonia monooxygenase, gdh: glutamate dehydrogenase,
gs: glutamate synthase, nao: nitroalkane oxidase, nap(ABC): nitrate reductase, nar(GHIJYZ): nitrate
reductase, nas(AB): assimilatory nitrate reductase, nir(AD): nitrite reductase, nrf(BD): nitrite reductase,
nxr(AB): nitrate reductase, pmoA: particulate methane monooxygenase, ureA: urease. bac: Bacteria,
arch: Archaea. A list of all selected genes with their relative abundance and their classification to N-
cycling families and processes is provided in Table S7.
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2.4.5. Taxonomic analysis of the soil communities and functional assignment to taxa

A total of 823 contigs, larger than 1 500 bp and with SSU rRNA (small subunit ribosomal
ribonucleic acid) regions larger than 300 bp, were identified. Taxonomic annotation of these
SSU rRNA harboring contigs revealed that the different soil habitats were dominated by
Bacteria (Table 1). Archaea represented < 1% of the soil microbiota. Eukaryotic contigs were
more abundant in the topsoils (S10 and N10), where abundances ranged from 5 to 12% of the
total abundance of all contigs assigned to taxa (Table 1). Eukaryotes mostly consisted of fungi,
but a large variety of sequences belonging to plants, protists and, to a lesser extent,

invertebrates were also detected across the different soil habitats (Fig. S6).

The most abundant bacterial phyla were Proteobacteria, Chloroflexi, Acidobacteria,
Actinobacteria, Verrucomicrobia, Gemmatimonadetes, Planctomycetes, Patescibacteria,
Bacteroidetes and WPS-2 (i.e. Eremiobacterota), with abundances higher than 1% of the total
abundance of all bacterial contigs (Table S8, Fig. S6). Contigs assigned to these phyla were
found to contain CAZy genes coding for glycoside hydrolases (GHs) and carbohydrate-binding
modules (CBMs), which govern the binding of the hydrolytic enzymes to their substrates (Fig.
5). Acidobacteria and WPS-2 contigs contained the highest proportion of CAZys. WPS-2
contigs also contained glutamine synthetase (GInA) genes, involved in the metabolism of

organic N (Fig. 5).

Binning of contigs produced 15 highly completed metagenome-assembled genomes (MAGS;
> 90% completion, < 5% contamination). Most of these MAGs were phylogenetically classified

to Acidobacteria and Proteobacteria (Table S9).
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Figure 5. Bacterial phyla containing CAZys (A) and N-cycling families (B), and their abundances (C)
across the different soil habitats. Contigs larger than 1500 bp were selected and bacterial taxa were
identified by aligning 16S rRNA genomic regions (> 300 bp) against the SILVA database. Rel.
abundance represents the mean proportion of the taxa in the different soil habitats relative to the total
read depth of all bacterial contigs. TPM: transcripts-per-million. N: north-facing, S: south-facing, 160: at
a depth of 160 cm, 10: at a depth of 10 cm.

2.5. Discussion

Functional profiling of permafrost microbial communities has largely focused on high-latitudinal
soils, whereas the functional gene diversity of the oligotrophic, coarse-drained permafrost soils
from mid-latitudinal alpine regions is poorly known. In this novel study, we applied shotgun
DNA metagenomics to assess the metabolic potential of a temperate mountain permafrost
microbiome from central Europe. Our study, conducted at the long-term permafrost monitoring
site of Muot da Barba Peider (MBP) in the Swiss Alps, involved a functional gene comparison,
not only between permafrost (160 cm depth) and the overlaying active layer (10 cm depth), but
also between active-layer habitats with different expositions and therefore different mean

annual temperatures. This latter comparison is not often possible in polar ecosystems.

In MBP, permafrost had the highest functional gene diversity among the soils considered,
which corresponds to the high taxonomic diversity previously described at this site (Frey et al.,
2016). In agreement with our first hypothesis, MBP permafrost (N160) showed a functional

structure distinct from that of the south-facing active-layer soils collected from the same depth
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(S160) and to a minor extent from the north-facing active layer (N10). Analysis of differentially
abundant genes between the soil habitats revealed that, in line with our second hypothesis,
permafrost was enriched in genes involved in stress responses, including cold-shock genes
and chaperones, and those involved in cell defense, such as the antiviral CRISPRs proteins.
Permafrost environments are dominated by the hostile-to-life conditions of constant freezing,
desiccation and starvation (De Maayer et al., 2014). In line with findings from Arctic and
Antarctic environments (Hultman et al., 2015; Koo et al., 2018; Tas et al., 2018; Zaikova et al.,
2019), the higher potential of the MBP permafrost microorganisms to synthesize cold-shock
proteins and chaperones could indicate their ability to survive prolonged freezing, as these
proteins ensure the integrity of the cell components and the continuing functioning of the cells

under environmental stress (Keto-Timonen et al., 2016).

In permafrost, microorganisms might thrive in small pockets of liquid water within the soil pores,
which contain metabolic substrates (Coolen & Orsi, 2015; Jansson & Tas, 2014; Mackelprang
etal., 2017; Tas et al., 2018). The cohabitation of the microbial cells in proximity would promote
virulence (Coolen & Orsi, 2015), which, as underlined in previous permafrost investigations
(Coolen & Orsi, 2015; De Maayer et al., 2014), could be related to the higher proportion of cell
defense genes within the MBP permafrost. Microbial groups might compete to colonize the
habitable liquid pockets in the permafrost and profit from the limited bioavailable C and nutrient
resources (Mackelprang et al., 2017). As described for Arctic soils, enhanced microbial
competition could be associated to the overrepresentation of antibiotic-related genes (e.g. -
lactamases) in MBP permafrost, as well as motility proteins and ABC transporters associated
to the microbial search and uptake of simple C and nutrient sources from the surrounding

environment (Bowman, 2017; Mackelprang et al., 2017).

Counterintuitively, relatively few sporulation genes were identified in the MBP soils. Instead,
genes involved in chromatin remodeling, including DNA repair mechanisms, replication and

biogenesis, characteristic of microorganisms in an active state (Ayala-del-Rio et al., 2010; De
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Maayer et al., 2014; Mykytczuk et al., 2013), were overrepresented in the permafrost. Similar
observations have been reported in Arctic permafrost (Coolen & Orsi, 2015; Mackelprang et
al.,, 2017; Xue et al.,, 2020), where bacterial growth at sub-zero temperatures has been
demonstrated for isolated strains (Ayala-del-Rio et al., 2010; Mykytczuk et al., 2013; Tuorto et
al., 2014). As previously suggested (Burkert et al., 2019; Mackelprang et al., 2017; Xue et al.,
2020), and despite the elevated energetic costs, permafrost microorganisms might retain
activity because the risk of DNA degradation over time might select against spore formation
as a long-term survival strategy (Burkert et al., 2019; Mackelprang et al., 2017; Xue et al.,
2020). This is further supported by preliminary flow cytometry measurements in MBP soil
samples, which indicate the existence of up to 40% living microbial cells in the permafrost (live-
dead staining, unpublished data). This notwithstanding, the low abundance of sporulation
genes in the MBP soils could be partly due to a limited recovery of DNA from spore-forming
microorganisms during the DNA extractions. Spore lysis often require particularly strong
mechanical (e.g. bead-beating at speeds > 4 m/s) and chemical treatments (Wunderlin et al.,

2013) that were not included in our DNA extraction method.

The higher functional diversity observed in the MBP permafrost soils compared with the active-
layer soils is surprising. Microbial communities in Arctic permafrost have been found to be
highly diverse, both taxonomically (Hultman et al., 2015; Jansson & Tas, 2014; Mackelprang
et al., 2016) and functionally (Ernakovich & Wallenstein, 2015; Hultman et al., 2015;
Mackelprang et al., 2011; Morgalev et al., 2017; Tas et al., 2018; Woodcroft et al., 2018; Xue
et al., 2020). However, taxonomic and functional diversity values reported from Arctic soils are
often higher in the active layers than in the permafrost (Ernakovich & Wallenstein, 2015;
Hultman et al., 2015; Morgalev et al., 2017; Mueller et al., 2018; Tas et al., 2018; Woodcroft et
al., 2018), likely linked to the retention of fresher and more diverse organic substrates in
shallow and aerated soil layers (Morgalev et al.,, 2017). The coarse-grained texture
characteristic of alpine soils, such as the north-facing slopes of MPB, facilitates thermal

conduction and the leaching of water and organic materials, as a result of enhanced
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percolation (Chen et al., 2016; Gruber & Haeberli, 2007). The higher functional gene diversity
in the MBP permafrost could be explained by the selective pressure imposed by freezing
combined with the adaptation of the microorganisms inhabiting pockets of liquid water to
different conditions of pH, redox and substrates (Tas et al., 2018; Xue et al.,, 2020).
Alternatively, the higher diversity of genes detected in the permafrost might be attributed to the
accumulation of genetic material over geological timescales, preserved by the sub-zero

temperatures (Bellemain et al., 2013; Willerslev et al., 2004).

In support of our third hypothesis, permafrost samples contained a higher diversity of CAZy
genes than the active layers, coding for multiple glycosyl hydrolases (GH), auxiliary enzymes
and pectate lyases that together participate in the depolymerization of plant-derived
recalcitrant (i.e. lignocellulosic and phenolic) compounds, labile polymers (i.e. starch) and
microbial detritus (i.e. chitin). As in the Arctic, alpine permafrost microorganisms might
preferentially utilize polymeric organic materials as primary sources of C, nutrients and energy
(Mackelprang et al., 2017; Tveit et al., 2013; Woodcroft et al., 2018). Permafrost from Alaska
(Leewis et al., 2020; Tas et al., 2018), Svalbard (Xue et al., 2020) and northern Sweden
(Woodcroft et al., 2018) has been shown to be enriched in CAZy genes. Likewise, Biolog
assays applied to Siberian soils (Ernakovich & Wallenstein, 2015; Morgalev et al., 2017)
demonstrated the ability of the permafrost microorganisms to grow on complex biopolymers.
In the mountain environments of the Tibetan Plateau, detailed characterization of the organic
matter composition and microbial degradation patterns in permafrost and active layers
revealed the existence of rich deposits of labile and recalcitrant C in the permafrost, both

undergoing microbial degradation (Chen et al., 2016).

Interestingly, in MBP soils, CAZy genes coding for GH and carbohydrate-binding modules
(CBM) were found to be associated with bacterial taxa, particularly Acidobacteria and WPS-2.
This observation might suggest that these phyla are important contributors to C cycling in these

soils (Woodcroft et al., 2018). Acidobacteria and WPS-2 are typically widespread in acidic soils,
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including those from alpine, Arctic and Antarctic regions (Frey et al., 2016; Hu et al., 2015;
Jansson & Tas, 2014; Lambrechts et al., 2019; Ward et al., 2019), and have been shown, in
the multi-omic investigation of permafrost soils from Stordalen Mire (northern Sweden), to be
dominant C degraders (Woodcroft et al., 2018). WPS-2 (i.e. Candidatus Eremiobacterota) (Ji
et al., 2017) is an uncultured phylum, originally identified in Antarctic soil metagenomes (51).
There are a few draft genomes available from this clade (Ji et al., 2017; Ward et al., 2019)
where anoxygenic photosynthesis and chemosynthesis have been identified. Future analyses
of the functional features of the highly completed MAGs recovered in the present study, which
included numerous Acidobacteria, will facilitate insights into the ecological roles of alpine

permafrost microorganisms and their metabolic interactions.

MBP permafrost also showed a higher abundance of fermentative and carbon-fixation genes
than the active layers, indicating the potential use of simple sugars for carbon and energy gain,
together with the use of carbon dioxide to support primary production. Furthermore, MBP
permafrost was enriched in N-cycling genes involved in denitrification and anaerobic nitrate
reduction, whereas genes involved in nitrification and organic N transformation were
underrepresented in the permafrost compared with the active layers. GeoChip microarrays
along altitudinal gradients (3200 to 3800 m a. s. ) in the Tibetan plateau showed an increase
in genes for carbon fixation and denitrification at a soil depth of 5 — 10 cm at higher altitudes,
which was correlated with a decrease in organic C and N contents with increasing altitude
(Guo et al., 2015; Yang et al.,, 2014). In Arctic permafrost, fermentative metabolism and
denitrification (i.e. nitrate and nitrite reduction) have been observed often (Chauhan et al.,
2014; Hultman et al., 2015; Mackelprang et al., 2016; Mueller et al., 2018; Woodcroft et al.,
2018; Xue et al.,, 2020), although they have mostly been attributed to the anoxic niche
conditions. Novel strains isolated from MBP have been reported to use a wide range of carbon
sources and to assimilate nitrite and nitrate (Pontes et al., 2020). Further studies should include

genome-guided insights into the versatile metabolic capabiliies and process-based
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measurements (e.g. respiration, N2O) in situ or under controlled conditions to unveil the active

members of the MBP permafrost microbiome.

Interestingly, the MBP permafrost showed a high proportion of genes involved on both aerobic
and anaerobic respiratory metabolism (e.g. iron (lll), sulfate reductases, and [NiFe]-
hydrogenases). This could be linked to the well-drained coarse sediments that would enable
aeration and thereby support the co-occurrence of aerobic and anaerobic microorganisms in
the permafrost (Tas et al., 2018; Xue et al., 2020). The detection of [NiFe]-hydrogenases in
the MBP permafrost is noteworthy. [NiFe]-hydrogenases are involved in the utilization of
hydrogen for energy acquisition (Greening et al., 2016). Recent genomic studies indicate that
hydrogen metabolism is widespread in prokaryotes (Greening et al., 2016), and might be
predominant in oligotrophic Antarctic soils (Ji et al., 2017; Ortiz et al., 2020; Yang et al., 2019).
The possibility that this energy-acquisition strategy is also prevalent in the temperate mountain
permafrost microbiome is worthy of further investigation. Overall, more functional
metagenomic studies in both Antarctic and alpine permafrost are needed, for comprehensive

functional comparisons between the microbial communities of these desert soil ecosystems.

In agreement with our fourth hypothesis, the south-facing topsoils (S10) of MBP showed a
higher functional gene diversity than the north-facing active layers (N10), including a greater
variety of C metabolic pathways and genes involved in the processing of organic N. We also
found a higher abundance of CAZy genes, potentially involved in the depolymerization of
hemicellulose and starch, in the S10 soils. The S10 soils have higher annual mean soll
temperature, moisture, and concentrations of C and N than the N10 soils, thereby representing
a more favorable habitat for microbial life. The higher functional gene diversity of the MBP
permafrost (N160) compared with the S160 soils might be linked to its particular habitat
characteristics (i.e. frozen soils putatively seeded with liquid microniches of varying

environmental conditions), and its high taxonomic diversity.
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In the future, the environmental conditions of the north-facing soils may resemble the current
conditions of south-facing soils to some extent, owing to the projected climate-change related
temperature increases and denser vegetation cover (Hock et al., 2019; Steinbauer et al.,
2018). Incubation of MBP permafrost (Adamczyk et al., 2021; Lulakova et al., 2019) and
permafrost-affected mineral soils (Adamczyk et al., 2020; Donhauser et al., 2020; Donhauser
et al., 2021) at elevated temperatures indicate an increase in the abundance of metabolically
versatile microbial taxa. These taxonomic changes could be coupled to the increase in
microbial C decomposition and organic N cycling, as suggested in genomic surveys of Arctic
soils undergoing warming (Coolen & Orsi, 2015; Feng et al., 2020; Johnston et al., 2019; Xue
et al., 2016). Further research is needed to identify the active metabolisms of the MBP
permafrost microbiota (e.g. through metatranscriptomics and metaproteomics) and its

functional responses to warming.

2.6. Conclusions

Our study on the functional characteristics of the MBP metagenomes underline the remarkably
high functional gene diversity of the temperate mountain permafrost microbiome, including a
broad range of C- and N-cycling genes, and multiple survival and energetic metabolisms. Our
findings indicate that permafrost in European alpine regions might be important genetic
reservoirs, not only for the study of poorly characterized microbial metabolisms (e.g. H>
metabolism) but also for proteins of pharmaceutical interest (e.g. antibiotics and CRISPRS);
hence, our results underscore the need to extend investigations to other temperate mountain
permafrost soils. Our findings represent a baseline for future investigations comparing the
functional profiles of permafrost microbial communities at different latitudes, which in turn will

widen our understanding of the global permafrost microbiome.

2.7. Data availability
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Raw sequences of the 12 soil metagenomes analysed in the study are available in the NCBI
Sequence Read Archive under the accession number PRINA647119. The R scripts used for
the statistical analyses are available in

https://github.com/carlaperezmon/PerezMon et al 2020.
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2.12. Supplementary materials

2.12.1. Supplementary figures
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Figure S1. Geographic location of Muot da Barba Peider with an aerial view of the summit (A), and
schematic representation of the soil sample collection (B). The blue fill dot represents the MBP
mountain. The aerial photography of MBP was provided by Dr. Marcia Phillips. Pictures overlapping the
aerial photography of MBP show the north-facing and south-facing sampling locations at the summit,
accompanied with a close visualization of the topsoils. The solid line in (B) represents the permafrost
table at a depth of 150 cm b.g.s. N: north-facing, S: south-facing, 10: at a depth of 10 cm, 160: at a
depth of 160 cm.

41



Chapter 2

PC2 (24 %)

COGs gene CAZy genes N-cycling gene
0.4 ® A0_4_ ® -
2 2
N ~
0.04 8 é_) 0.0
; 0.01 .
@ 0
o2l@ @ ocl@ 00 0 00@ ool @
-02 00 02 04 -0.2 0.0 0.2 0.4 -0.2 0.0 0.2 0.4
PC1(37%) PC1(40%) PC1(41%)

@ No @ Niso @ S10 @ S160

Figure S2. Functional structure of the different soil habitats for the genes assigned to functions. PCoAs
computed on Bray-Curtis dissimilarities based on the abundance of selected genes for which the sum
of the reads over all soil samples was = 10. N: north-facing, S: south-facing, 10: at a depth of 10 cm,

160: at a depth of 160 cm.
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Figure S3. Shannon’s diversity of COGs grouped into functional categories for the different soil habitats. Shannon’s diversity indexes were calculated on read
abundances normalized to transcripts-per-million (TPM). The represented genes are those for which the sum of the reads over all soil samples was = 10. Mean £
SD (n=3). N: north-facing, S: south-facing, 160: at a depth of 160 cm, 10: at a depth of 10 cm.

43



Chapter 2

Carbohydrate-binding

Auxiliary activities (AA) Carbohydrate esterases (CE) Glycoside hydrolases (GH) Glycosyl transferases (GT) Polysaccharide lyases (PL)
modules (CBM)

3 81 10.07

2 6+ 7.5 |

E. 61 7.5

2

o 44 5.0

> - .0

2 4 5.0

]

s 2 2.51 24 2.5

c

8

& 0 0.0 01 0.0

[ nvo I Nioo NN sio NN sieo

Figure S4. Shannon’s diversity of CAZys classes for the different soil habitats. Shannon’s diversity indexes were calculated on read abundances normalized to
transcripts-per-million (TPM). The represented genes are those for which the sum of the reads over all soil samples was = 10. Mean £ SD (n=3). N: north-facing,
S: south-facing, 160: at a depth of 160 cm, 10: at a depth of 10 cm.
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Figure S5. Shannon’s diversity of N-cycling processes for the different soil habitats. Shannon’s diversity indexes were calculated on read abundances normalized
to transcripts-per-million (TPM). The represented genes are those for which the sum of the reads over all soil samples was = 10. ANR: assimilatory nitrogen
reduction, DNR: dissimilatory nitrogen reduction. Mean + SD (n=3). N: north-facing, S: south-facing, 160: at a depth of 160 cm, 10: at a depth of 10 cm.
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Figure S6. Prokaryotic and eukaryotic composition of the different soil habitats. Taxonomic classification was performed on the contigs larger than 1500 bps, in
which SSU regions (> 300 bp) could be identified. Contigs were annotated against the SILVA database. The represented bacterial taxa are those for which the
depth of coverage was = 2% of the total depth of coverage over all bacterial contigs assigned to taxa beyond the kingdom level. Taxa were classified to the deepest
taxonomic level possible. N: north-facing, S: south-facing, 160: at a depth of 160 cm, 10: at a depth of 10 cm.
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2.12.2. Supplementary tables

Because of their large extension tables S3, S5 and S6 are provided electronically within an
excel file, in the published version of this Chapter:

https://www.microbiologyresearch.org/content/journal/mgen/10.1099/mgen.0.000558#supple

mentary data

Table S1. Physico-chemical properties of the studied soils. Mean + SD (n=3).

Properties N10 N160 S10 S160
C (%) 0.1 + 0 01 + 0 09+ O 01+ O
N (%) b.d.l.2 b.d.l. 01+ O b.d.l.
OM? (%) 1.3 + 0.1 1.1+ 01 32+ O 1.1+ O
Al (mg kg soil) b.d.l. b.d.l. 108 + 2.3 59.2 + 0.6
Ca(mgkgtsoil) 6758 + 85 8694 + 577 56 + 0.2 87 + 0.1
Fe (mg kg™ soil) b.d.l. b.d.l 18 + 0.3 b.d.l
K (mg kg soil) 443 + 1.8 342 * 4 b.d.l. b.d.l.
Mg (mg kg soil) 213 £+ 05 442 + 25 b.d.l. b.d.l.
WHC (g H20 g%)! 02+ 0 02 + 0 03+ 0 02 + 0
pH [CaCl2]* 46 £ 0.1 5.8 + 0 46 £ O 48 + 0
Sand (%) 805 + 0.1 852 + 02 838 = 0.2 852 + 0.1
Silt (%) 159 + 02 112 + 04 14 + 03 13 + 0.3
Clay (%) 36 + 02 35+ 02 22+ 02 1.8 + 0.2
Age[“C dating](years) 12923 + 149 12403 * 69 4889 + 76 12854 * 79

IMeasured in the present study. The rest of the data was reported in Frey et al. 2016. Measurements were
normalized by dry weigth of soil. 2b.d.I below detection limit (i.e. N < 0.015, Al < 0.1, Fe <0.08, K < 1.6 and, Mg
< 0.2). C: Total carbon, N: Total nitrogen, OM: organic matter, WHC: water holding capacity. N: north-facing, S:
south-facing, 160: at a depth of 160 cm, 10: at a depth of 10 cm
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Table S2. Differences in functional gene structure between the soil habitats.

protein-coding genes

Main test! F P ECV (%)
5.16 0 44.94

Pairwise tests t P(MC) BC (%)
N10 vs N160 1.45 0.13 32.19
N10vs S10 1.69 0.06 16.27
N160 vs S160 3.69 0 11.45
N10 vs N10 30.37
N160 vs N160 56.29
S10vs S10 38.44
S160 vs S160 67.09

1Effects of soil origin as assessed by multivariate permutational ANOVA (PERMANOVA). F: pseudo-F ratio, t:
univariate t-statistic, P(MC): Monte Carlo approximated level of significance, ECV: estimated components of
variance for the main factor, BC: average similarity between groups. P-values from pairwise tests were adjusted for
multiple comparisons with the Benjamini-Hochberg method. Tests were performed on Bray-Curtis dissimilarities
matrices based on abundance of genes for which the sum of the reads over all soil samples was = 10. N: north-
facing, S: south-facing, 160: at a depth of 160 cm, 10: at a depth of 10 cm
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Table S4. Differentially abundant genes assigned to functions obtained from the DESEQ pairwise

comparisons between soils of different origin.

Total assigned

N160 over N10

N160 over S160

N10 over S10

genes?

Eggnog 4706835 incorporated® 3738153 79.4%° 3823476 81.20% 3949602 83.90%
overrepresented* 93147 2.50% 1194040 31.00% 173071 4.40%

underrepresented 39571 1.10% 571226 15.00% 292371 7.40%
CAZy 98331 incorporated 90586 92.10% 91110 92.70% 93932 95.50%
overrepresented 3337 3.70% 36372 40.00% 8443 9.00%
underrepresented 2102 2.30% 17142 19.00% 11555 12.00%

NCyc 14849 incorporated 14230 96% 14276 96% 14574 98%
overrepresented 452 3% 5590 39% 1004 7%

underrepresented 260 2% 2427 17% 1392 10%

1Total number of genes assigned to functions using the Eggnog, CAZy and NCyc dabatases. ?Total number of
genes incorporated in the DESE( pairwise comparisons. 3Percentage of assigned genes incorporated in the DESEq
pairwise comparisons. “*Number and percentage of assigned genes incorporated in the DESEqQ pairwise
comparisons with Log?2 fold change > 0 (overrepresented) or Log2 fold change < 0 (underrepresented). Pairwise
comparisons were conducted between permafrost and active layer (N160 over N10), permafrost and south-facing
soils at a depth of 160 cm (N160 over S160) and between north-facing and south-facing soils at a depth of 10 cm
(N10 over S10). The Log2 fold change value “N160 over N10” is the Log2 of (gene abundance of N160 / gene

abundance of N10). The same stands for N160 over S160 and N10 over S10.
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Table S7. Functional annotation, log2 fold change values and relative abundance of differentially
abundant N-cycling families selected in the study.

Mean log2 Rel.

Soils compared  Process Family n fold change SD abundance!

N160 over N10 Nitrification pmoA 1 -5.22 0.00 5.51E-05

N160 over N10 Nitrification amoC B 1 -5.94 0.00 1.10E-04

N160 over N10 Denitrification norB 1 4.34 0.00 4.11E-04

N160 over N10 Dissimilatory nitrate reduction nirD 4 426 1.61 4.48E-04
Denitrification, Dissimilatory

N160 over N10 nitrate reduction napB 1 5.78 0.00 6.08E-05
Denitrification, Dissimilatory

N160 over N10 nitrate reduction napA 6 450 2.24 5.82E-04
Denitrification, Dissimilatory

N160 over N10 nitrate reduction narG 4 427 1.29 3.63E-04
Denitrification, Dissimilatory

N160 over N10 nitrate reduction narH 3 3.58 1.04 3.15E-04
Denitrification, Dissimilatory

N160 over N10 nitrate reduction napC 2 3.42 0.62 1.90E-04
Denitrification, Dissimilatory

N160 over N10 nitrate reduction narl 1 3.17 0.00 1.68E-04
Denitrification, Dissimilatory

N160 over N10 nitrate reduction narZ 1 2.89 0.00 9.09E-05

N160 over N10 Assimilatory nitrate reduction nirA 6 466 2.53 5.76E-04

N160 over N10 Assimilatory nitrate reduction nasA 8 3.20 0.67 8.78E-04

N160 over N10 Assimilatory nitrate reduction narB 1 -3.51 0.00 3.32E-04
Organic degradation and gs_K002

N160 over N10 synthesis 84 3 -291 0.69 4.85E-04

N160 over S160  Nitrification amoA B 2 -3.87 0.34 1.46E-04

N160 over S160  Nitrification pmoA 5 -4.96 1.34 1.00E-03

N160 over S160  Nitrification amoB_A 2 -5.47 1.10 1.26E-04
Denitrification, Dissimilatory

N160 over S160  nitrate reduction napB 1 6.84 0.00 6.08E-05
Denitrification, Dissimilatory

N160 over S160  nitrate reduction napC 8 6.45 1.41 5.42E-04
Denitrification, Dissimilatory 1

N160 over S160 nitrate reduction narH 9 6.23 141 1.55E-03
Denitrification, Dissimilatory 1

N160 over S160  nitrate reduction narl 7 6.06 1.29 1.45E-03
Denitrification, Dissimilatory

N160 over S160  nitrate reduction narJ 6 5.64 0.76 4.60E-04
Denitrification, Dissimilatory 1

N160 over S160  nitrate reduction narY 5 545 0.94 1.20E-03
Organic degradation and gs_K002

N160 over S160  synthesis 64 1 5.63 0.00 7.44E-05
Organic degradation and

N160 over S160  synthesis nao 1 5.19 0.00 1.42E-04

N10 over S10 Nitrification amoC B 2 578 0.46 2.09E-04

N10 over S10 Nitrification nxrB 3 578 1.50 4.47E-04

N10 over S10 Nitrification amoB B 1 5.62 0.00 1.15E-04

N10 over S10 Nitrification nxrA 1 -6.53 0.00 7.11E-05

N10 over S10 Dissimilatory nitrate reduction nrfD 1 7.76 0.00 1.92E-04

N10 over S10 Dissimilatory nitrate reduction nrfB 1 -4.78 0.00 1.25E-04
Denitrification, Dissimilatory

N10 over S10 nitrate reduction narH 1 3.28 0.00 1.28E-04

N10 over S10 Assimilatory nitrate reduction nasB 1 7.02 0.00 1.42E-04

50



Chapter 2

Organic degradation and

N10 over S10 synthesis nao 1 6.27 0.00 1.42E-04
Organic degradation and gdh_KO00

N10 over S10 synthesis 260 1 5.44 0.00 9.47E-05
Organic degradation and

N10 over S10 synthesis ureA 4 -548 0.31 4.12E-04

1Rel. abundance: sum of the abundance of the genes belonging to same N-cycling family relative to the total number
of sequences in the pair of soils compared
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Table S8. Relative abundance of identified bacterial phyla.

Phylum Abundance (%) Richness

Proteobacteria 26 1627
Chloroflexi 22.4 1102
Acidobacteria 16.9 1029
Actinobacteria 9.5 800
Verrucomicrobia 6.3 287
Gemmatimonadetes 4.3 178
Planctomycetes 3.7 563
Patescibacteria 2.6 628
Bacteroidetes 2 238
WPS-2 1.1 84
Rokubacteria 0.7 24
Armatimonadetes 0.7 115
Nitrospirae 0.5 44
Elusimicrobia 0.4 84
Cyanobacteria 0.2 39
Chlamydiae 0.1 30
Dependentiae 0.1 34
FBP 0.1 13
Fibrobacteres 0 6
Latescibacteria 0 6
FCPU426 0 11
Omnitrophicaeota 0 5
Unclassified 2.2 193

1percentage of the total read depth of all bacterial contigs
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Table S9. Metagenome-Assembled Genomes.

Genome unique markers Taxonomy (phylogenetic

Size (bp) CC(Y0) Coverage " i f gy Multi copy annotation):
2824983 65 50 42 1 g__Novosphingobium
2770032 56 35 25 18 f__Verrucomicrobiaceae
4667137 60 28 41 2 p__Acidobacteria
3083626 68 19 42 1 p__Acidobacteria
4337313 69 29 42 1 k__Bacteria
2163302 58 136 43 0 c__Betaproteobacteria
3263296 66 106 42 0 k__Bacteria
3288972 65 27 22 0 k__Bacteria
4743197 66 10 23 1 f Comamonadaceae
4066794 63 21 29 0 p__Acidobacteria
4306665 56 33 38 3 p__Acidobacteria
4155253 58 58 24 0 p__Acidobacteria
3380873 70 9 39 1 0__Actinomycetales
7122400 67 7 33 0 g__Burkholderia
6453707 64 7 40 2 g__Planctomyces

1The deepest taxonomic level assign is shown; k: kingdom, p: phylum, c: class, o: order, f: family, g: genus
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3.1. Abstract

Ongoing climate change involves increasing snow scarcity, which results in more frequent
freeze-thaw cycles (FTCs) in polar and alpine soils. Although repeated FTCs have been shown
to alter the structure and functions of soil microbial communities, a thorough understanding on
the influence of FTCs frequency on polar and especially alpine soil microbiomes is still elusive.
Here, we investigated the impact of repeated weekly vs. daily FTC frequencies on the structure
and functions of prokaryotic and fungal communities from north- and south-facing soils from
two mountain ridges, one in the Arctic and one in the High-Alps. FTCs affected prokaryotic
communities more strongly than fungal communities, where mainly cold-tolerant and
opportunistic fungi (e.g. Mrakia, Mortierella) were responsive. Prokaryotic communities were
more affected by weekly FTCs than by daily FTCs. Daily FTCs favored fast-growing bacteria
(e.g. Arthrobacter), while oligotrophic and largely uncultured taxa (e.g. Verrucomicrobia)
benefited from weekly FTCs. FTCs negatively affected microbial respiration but had minor
impacts on C-, N- and P-acquiring enzymatic activities. Plausible pre-adaptation of the
microbial communities to naturally occurring frequent FTCs at their site of origin did not show
a clear influence on the microbial responses to the tested FTCs. Altogether, our study provides

an integrative overview on potential structural and functional changes of soil microbial
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communities in polar and alpine regions in response to the projected increase in FTCs;
therefore advancing our understanding on the impact of climate change in these rapidly

changing ecosystems.

3.2. Introduction

Climate change scenarios predict an increase in air temperatures worldwide of up to 3.7°C by
2100, along with greater variation in air temperature and precipitation (IPCC, 2014). These
climatological changes might have important consequences on soil ecosystems, where
fluctuations in soil temperatures and moisture might alter microbial diversity (Balser et al.,
2010), microbially-mediated ecological functions (Karhu et al., 2014; Steinweg et al., 2013)
and, consequently, the above-ground growth of vegetation (Classen et al., 2015; Henry, 2013).
Soil temperature oscillations around 0°C cause freeze-thaw cycles (FTCs), which are common
in polar and alpine regions, especially during late fall and early spring when the absence of
snow means a closer coupling between air and soil temperatures (Henry, 2013). As winters
are becoming warmer and temperature oscillations and precipitation are becoming more
erratic, the frequency of FTCs is predicted to increase, especially in polar and alpine regions,
where the snow is being extensively replaced by rain (Henry, 2013; IPCC, 2014). Snow-
covered soils remain at subzero temperatures for long periods, and they thaw gradually as air
temperatures increase and snow melts (Freppaz et al., 2007). Snow-free soils, on the contrary,
respond to hourly air temperature variations and undergo daily FTCs when night temperatures

fall below 0°C (Freppaz et al., 2007).

Polar and alpine regions are both dominated by subzero temperatures, and they have
landscape features in common, such as snow, permafrost and glaciers (Donhauser & Frey,
2018; Margesin, 2009). However, alpine regions have more precipitation and UV radiation, as
well as larger seasonal and diurnal fluctuations in incoming solar radiation and temperature,
than polar regions (Donhauser & Frey, 2018; Margesin, 2009). In addition, alpine regions
exhibit strong altitudinal gradients, resulting in marked climatological heterogeneity at the local
scale (Donhauser & Frey, 2018; Margesin, 2009). Soils from the south-facing slopes of
mountains are warmer and experience more temperature variations and FTCs than soils from

the north-facing slopes, where snow is present for longer periods (Donhauser & Frey, 2018).
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In polar and alpine soils, FTCs have been shown to alter the structure of microbial communities
(Eriksson et al., 2001; Han et al., 2018; Larsen et al., 2002; Mannisto et al., 2009; Ren et al.,
2018; Yergeau & Kowalchuk, 2008), the patterns of microbial substrate utilization (Han et al.,
2018; Schimel & Mikan, 2005), and soil ecosystem processes such as C and N mineralization
(Han et al., 2018; Larsen et al., 2002; Schimel & Mikan, 2005; Stres et al., 2010). Freezing
decreases soil water availability, increases osmotic pressure and causes severe physical
damages to the microbial cells (Mazur, 1984; Panoff et al., 1998). This leads to the death of
vulnerable microorganisms and, thereupon, to changes in the abundance and composition of
the microbial communities (Eriksson et al., 2001; Han et al., 2018; Mannisto et al., 2009; Ren
et al., 2018; Yergeau & Kowalchuk, 2008). Furthermore, the alternation between freezing and
thawing causes the breaking of soil aggregates (Feng et al., 2007; Wang et al., 2012), which
results in the release of labile carbon and nutrient sources in the soil (Feng et al., 2007). The
preferential consumption of these newly available carbon and nutrients by survivor
microorganisms to FTCs often translates to metabolic shifts at the community level, from the
degradation of complex organic matter to the utilization of simpler carbon sources (Han et al.,
2018; Schimel & Mikan, 2005; Stres et al., 2010). Likewise, FTCs might lead to decreases in
the rates of soil respiration and N mineralization, likely because of the decrease in microbial
abundance (Larsen et al., 2002; Stres et al., 2010) or alterations in microbial activities (Han et

al., 2018; Schimel & Mikan, 2005).

Studies in polar regions and the Himalayas suggest that soil-related factors influence the
resistance and resilience (tolerance) of microbial communities to FTCs (Bolter et al., 2005;
Schimel & Mikan, 2005; Stres et al., 2010). A main influencing factor could be the FTC legacy
of the soil (Stres et al., 2010; Yergeau & Kowalchuk, 2008). Soils subjected to frequent FTCs
might harbor microbial communities better adapted to these variations in temperature and
therefore more tolerant to FTCs (Stres et al., 2010; Yergeau & Kowalchuk, 2008). As alpine
soils undergo greater temperature variation than polar soils, distinct responses of microbial
communities to an increase in FTC frequency can be expected between alpine and polar soils.
Moreover, differences might already be detectable at the local scale, between north- and

south-facing soils, in alpine areas.
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An increase in FTC frequency, such as more daily FTCs, could mean more frequent alterations
in the polar and alpine soil ecosystems, resulting in considerable changes in soil microbial
community structures and functions. The magnitude of the impact of this increase in FTC
frequency could vary between the different microbial taxa. For instance, fungal communities
have been found to be more tolerant to repeated FTCs than prokaryotes (Bacteria and
Archaea) (Han et al., 2018; Schostag et al., 2019; Sharma et al., 2006). Further, the genomic
study of Schostag et al. (2019) suggests that the ability of specific bacterial taxa to adjust to
FTC temperature variations and associated changes in the soil environment might depend on
their physiological traits (e.g. growth rate and metabolic versatility). However, detailed
knowledge about the influence of repeated FTCs on polar and especially alpine soil
microbiomes is still scarce. Moreover, fungal communities are often overlooked in FTC studies
and we are not aware of interregional investigations that evaluate the effect of increasing FTC
frequency on both polar and alpine soils. In the rapidly changing polar and alpine ecosystems,
a comprehensive understanding on the changes in microbial composition in response to FTCs
and their relation to potential alterations on soil microbially-mediated processes is much

needed.

We conducted a microcosm experiment with north- (N) and south-facing (S) top soils from two
mountain ridges, one in the Swedish Arctic and one in the High-Alps in Switzerland (soils of 4
different origin: Arctic-N and -S, Alps-N and -S) to evaluate the effects of repeated FTC of
differing frequencies on both prokaryotic and fungal communities. The soils were incubated for
28 days under daily freeze-thaw cycles (D-FTC, alternations of 12 h at +5°C and 12 h at -5°C)
and weekly freeze-thaw cycles (W-FTC, alternations of 7 days at +5°C and 7 days at -5°C),
including controls (+5°C and -5°C) (Fig. S1). We hypothesized that: (1) repeated short and
frequent FTCs cause larger alterations in the structure of soil microbial communities, (2)
microbial compositional shifts are coupled to alterations in microbial metabolic functions, and
(3) microbial communities from soils with a legacy of more frequent FTCs exhibit a higher

tolerance to repeated shorter and more frequent FTCs.

3.3. Materials and methods

3.3.1. Site description
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Study sites were located on north- and south-facing slopes near the summits of Latnjachorru
in the Arctic (N 68°21.31500' E 018°31.16600', 1300 m a.s.l.) and Muot de Barba Peider in the
Alps (N 46° 29.78040' E 009°55.88700', 2979 m a.s.l.). Latnjachorru is in Abisko, in the
northernmost part of Sweden. Soil temperature measurements made on site at a depth of 5
cm for one year (iButtons; Maxim Integrated, San Jose, California, USA) showed a mean
annual temperature (MAT) of -3°C (range -15°C to 20°C) for the north-facing slope and -1°C
(range -12°C to 17°C) for the south-facing slope. Mean annual precipitation (MAP) in the region
is 838 mm, most of which falls as snow from September to June (based on daily soil surface
temperatures measured from 2006 to 2015 at Lantjajaure Field Station, 981 m a.s.l.). The
bedrock is mainly composed of Cambro-Silurion mica-garnet schists (Beylich et al., 2004).
Permafrost in the area is sporadic and may be found at 80 m depth at 1200 m a.s.l. (Beylich

et al., 2006).

Muot de Barba Peider is situated in the upper Engadine valley, in the eastern part of
Switzerland. Soil temperature measurements made at a depth of 5 cm at the summit during
two consecutive years showed a MAT of -1.5°C (range -13°C to 23°C) for the north-facing
slope and 2°C (range -5°C to 25°C) for the south-facing slope. MAP in the region is 1500 mm
(Frey et al., 2016). Snow establishes from early in October to late in November and lasts until
the end of April or as late as the end of June (Beniston et al., 2003; Rodder & Kneisel, 2012).
The bedrock consists of gneiss from the upper Austroalpine Languard nappe, and permafrost

is found at a depth of 1.5 to 2 m (Zenklusen Mutter et al., 2010).

Soil temperature measurements indicated larger temperature variations at the alpine site than
at the arctic site (Fig. S2). Furthermore, oscillation of hourly temperatures around 0°C
suggested a mean value of 10 FTCs for the north- and south-slopes at the arctic sites, and
mean values of 12 and 25 FTCs at the north- and south-slopes at the alpine site, respectively
(one year measurements). Vegetation is scarce at both sites and is dominated by non-woody
tundral species. The arctic site is populated by grass members of the genera Agrostis,
Calamagrostris, Festuca, Poa and Trisetum, as well as bryophytes and lichens, such as
Cladonia spp. and Dicranum spp. (Jagerbrand & Alatalo, 2015). Vegetation in the alpine site
is scarcer than in the arctic site, with some occurrences of Poa, Cerastium and Jacobea spp.

(Frey et al., 2016).
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3.3.2. Sample collection and experimental set-up

Soil samples were collected in August 2017 at a depth of 5 cm in the north- and south-facing
slopes of the arctic and alpine mountains. In each slope, subsamples were collected with
shovels from five locations separated by 3 to 5 m. In the field, the five subsamples were pooled,
mixed and sieved (4 mm mesh size). All steps were performed using sterilized materials. Four
soil pooled samples were obtained: north-facing arctic soil (Arctic-N), south-facing arctic soil
(Arctic-S), north-facing alpine soil (Alps-N) and south-facing alpine soil (Alps-S). Soil samples
were stored at 5°C for one month. For each soil sample, 16 microcosms were prepared by
adding 50 g of fresh soil to 150 ml Erlenmeyer flasks, which were then covered with gas-
permeable lids made from cotton wool to allow for aeration (Lulakova et al., 2019). The
microcosms were divided into four groups (each with four replicates), which were subsequently
incubated under different temperature regimes (Fig. S1): 1) daily freeze-thaw cycles (D-FTC)
with alternations of 12 h at +5°C and 12 h at -5°C, 2) weekly freeze-thaw cycles (W-FTC) with
alternations of 7 days at +5°C and 7 days at -5°C, 3) controls with constant +5°C (+5°C) and
4) controls with constant -5°C (-5°C). The incubations lasted 28 days. Water content (WC) of
the soil’s microcosms was determined at the start of the experiment by weighing soil samples
before and after drying at 105°C. WC values for the soils of different origin corresponded in
average to 50% of water holding capacity (WHC) for the north-facing and the south-facing
arctic soils, 32% for the north-facing alpine soils and 40% for the south-facing alpine soils
(Table S1). WC were maintained constant during the incubation by replacing the evaporated
water with sterilized milliQ water. The experimental temperature oscillations (between +5°C
and -5°C) were chosen in relation to the observed natural range of top soil temperature
variations occurring at both the arctic and alpine sites during the months of September/October
and April/May, when FTCs were observed (Fig. S2). Monitoring of temperatures in dummy
soils via iButtons during the tested FTCs in the incubators indicated that soil temperatures
changed from +5 to -5°C and vice versa in about two hours or less (freezing rates of -0.07x

0.003°C min'tand thawing rates of 0.09 + 0.005°C min, n=2).

3.3.3. Soil physico-chemical properties

Soil texture was analyzed by the hydrometer method (Gee & Bauder, 1986). Water-holding

capacity (WHC) was measured as the differences in weight between drained and dried soils
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as described in Frossard et al. (2017). Soil organic matter (OM) content was determined by
the weight loss-on-ignition method (Davies, 1974). pH was measured in 0.01 M CacCl; soll
slurries (2:1 v/w). Total carbon (C) and nitrogen (N) were measured for dried (65°C) and fine-
grained soil samples, using an elemental analyzer (NC-2500; CE Instruments, Wigan, UK). To
measure labile C and nutrients, soil extracts were prepared in milliQ water (water:soil 10:1 v/w,
shaken over night at room temperature) and filtered through DF 5895-150 ashless paper
(Albert LabScience, Dassel, Germany). Labile organic C and total N were measured with a
TOC/DTN analyzer (Sakalar Analytical B.V, Breda, The Netherlands) after acid digestion with
3 M HCI to remove carbonates. Ammonium was measured photometrically with an FIAS 300

flow injection system (Perkin-Elmer, Waltham, Massachusetts, USA).

3.3.4. Basal respiration rates

Soil basal respiration was measured once per week during the incubation period in the D-FTC,
W-FTC and control +5°C microcosms. Measurements were performed at +5°C two hours after
the onset of the thawing phase of the D-FTC samples (four measurements) and at the end of
the thawing phase of the W-FTC microcosms (two measurements). The respiration
measurements were performed 7 days after the start of the incubation, to avoid the potential
artefacts on microbial activities created by the soil manipulation during experiment set-up. The
microcosms were gas-tight sealed, and CO, concentrations accumulating in the flasks were
measured at fixed intervals over a total time span of 8h using an infrared absorption CO>
analyzer (EGM-4 Environmental Gas Monitor; PP systems, Amesbury, Massachusetts, USA)
(Luldkova et al., 2019). CO; rates were calculated as the slopes of fitted linear regressions of
CO; concentrations over time. Regressions with R? < 0.8 were discarded. Before and after
each respiration measuring period, microcosms we aeriated and covered with the gas-

permeable lids.

3.3.5. Enzymatic activity rates

The potential activity of six extracellular enzymes, chosen based on their metabolic functions,
was assessed: (1) B-glucosidases (BG), involved in the degradation of cellulose (C-acquiring

enzyme); (2) B-xylosidases (XYL), involved in the degradation of hemicellulose (C-acquiring
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enzyme); (3) N-acetyl-glucosaminidases (NAG), involved in the degradation of (B-1,4
glucosamines (C- and N-acquiring enzyme); (4) Leucine aminopeptidases (LAP), involved in
the degradation of peptides (N-acquiring enzyme); (5) Acid phosphatases (AP), involved in the
degradation of phosphomonoesters (P-acquiring enzyme); and (6) Phenol peroxidases (PP),
involved in polyphenol oxidation (lignin-degrading enzyme) (Sinsabaugh et al., 2008). Activity
measurements were performed on soil slurries (buffer:soil 3:1 v/w, acetate buffer, pH = 4,
autoclaved) as previously described (Frossard et al., 2012). The activity of the first five
enzymes (BG, XYL, NAG, LAP and AP) were measured by fluorescence, using substrate
analogues attached to fluorescent molecules 4-methylumbelliferone (MUB) or 7-amino-4-
methylcoumarin (AMC). Phenol peroxidase activity (PP) was measured by colorimetry through
the oxidative reaction of the substrate analogue 3-3,4-dihydroxyphenylalanine (L-DOPA) in the
presence of H,O,. The substrate analogues were added to final concentrations of 40 uM, after
determining that these concentrations saturated potential enzymatic activities in the tested
soils. The extracellular enzymatic activities were measured at the end of the 28-day incubation
period. The assays were performed at +5°C, and controls were included in the assays to
correct for variations in fluorescence and absorbance backgrounds of the substrate solutions

and the slurries.

3.3.6. Microbial abundance

Bacterial and fungal abundances were determined by quantitative PCR (qPCR) on a 7500 Fast
Real-Time PCR System (Thermo Fisher Scientific, Waltham, Massachusetts, USA). gPCR
reactions were prepared using the universal primers pairs 27F/519R amplifying the V1-V3
region of the 16S rRNA gene (prokaryotes) and ITS3/ITS4 amplifying the internal transcribed
spacer region 2 (ITS2) of the eukaryotic ribosomal operon (fungi). gPCR programs were run

as described by Hartmann et al. (2014).

3.3.7. DNA extraction and high-throughput sequencing

Total soil DNA was extracted with the DNeasy PowerSoil Kit (Quiagen, Hilden, Germany) and
DNA concentrations were guantified with the PicoGreen dsDNA quantification kit (Thermo

Fisher) according to the manufacturer’s instructions. The 16S rRNAvz.v4 genomic region
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(prokaryotes) and the ITS2 region (fungi) were amplified by PCR using primer pairs 341F/806R
and ITS3/ITS4, respectively, and 10 ng of extracted DNA, as previously described (Frey et al.,
2016). A first amplification was performed in triplicate, and the pooled prokaryotic and
eukaryotic amplicons were sent to the Génome Québec Innovation Center at McGill University
(Montreal, Canada), where they were purified, quantified, barcoded and paired-end sequenced

using the lllumina MiSeq v3 platform (lllumina Inc., San Diego, California, USA).

Prokaryotic and eukaryotic raw sequences were quality filtered, chimeras were removed, and
high-quality reads were clustered into operational taxonomic units (OTUs) based on 97%
identity threshold as described previously, using a customized pipeline largely based on
UPARSE (Edgar, 2013; Edgar & Flyvbjerg, 2015) and implemented in USEARCH v.9.2 (Edgar,
2010). Singletons were removed. Taxonomic classification of the OTUs was performed by
guerying centroid sequences against reference databases using the naive Bayesian classifier
(Wang et al., 2007), implemented in MOTHUR (Schloss et al., 2009), with a minimum bootstrap
support of 60%. Prokaryotic sequences were queried against the SILVA database v.132
(Quast et al., 2013). Eukaryotic sequences were first curated using a custom-made ITS2
database retrieved from NCBI GenBank, and sequences assigned to fungi were classified to

finer taxonomic levels using the UNITE database v.8.0 (Abarenkov et al., 2010).

3.3.8. Data analyses

Statistical analyses were completed, and graphs were generated using the open-source
software R (version 3.6.0, R Core Team (2017)) with the ggplot2 package, Wickham (2016)).
A significance level of 0.05 was considered for all analyses. Overall effects of treatment (D-
FTC, W-FTC, +5°C and -5°C), soil origin (Arctic-N, Arctic-S, Alps-N and Alps-S) and their
interactions on the soil physico-chemical properties, basal respiration rates and enzymatic
activity rates were tested with two-way ANOVAs. Normality of residuals and homoscedasticity
of the response variables were checked, and transformations (normalization or log10) were
applied when ANOVA conditions were not met. The effects of the FTC treatments (D-FTC and
W-FTC) on the variables basal respiration rate and enzymatic activity rate were further tested
with one-way ANOVAs and Tukey HSD post-hoc tests for each of the four different soils,

separately. To ease the visualization and comparison of trends among the soils of different
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origin, respiration and enzymatic activity rates were transformed into relative values by dividing
the rates by the mean values of the +5°C controls within the four soil subsets. The relative

rates of the enzymatic activities were further log> transformed.

The a-diversity parameters richness, Pielou’s evenness and Shannon diversity index were
calculated on prokaryotic and fungal OTUs rarefied to the minimum number of reads (25936
for prokaryotes and 14324 for fungi), using an iterative approach (100 repetitions; EcolUtils
package in R; Salazar 2019, accessed on January 2019). Differences in microbial -diversity
were assessed by computing Bray-Curtis dissimilarity matrices based on the relative
abundance of the prokaryotic or fungi OTUs and visualized with Principal Coordinate Analyses
(PCoAs) (cmdscale function and vegan package; Oksanen et al., 2019, accessed on January
2019). The statistical significance of observed differences was assessed with permutational
analyses of variance (PERMANOVA, 10° permutations; Anderson 2001). Multivariate
homogeneity of group dispersions was checked prior to the PERMANOVAs to ensure that
detected significant differences were associated with the tested factors and not with
differences in the within-group variabilities (Anderson & Walsh, 2013). Where dispersion
among groups was significant, statistics were performed using Chord distance instead of Bray-

Curtis matrices (Legendre & Gallagher, 2001).

Indicator analyses were performed on the OTU relative abundances using the indicspecies
package in R (Caceres & Legendre, 2009). Fungal OTUs indicators were functionally

annotated with FungGuild v1.1 (Nguyen et al., 2016).

3.4. Results

3.4.1. Soil physico-chemical properties

Soil properties, determined at the beginning of the incubation experiment for the four soils of
different origin, showed marked differences across the soils (Fig. S3). At the end of the 28
days of incubation, soil origin showed a stronger influence than FTC treatments on all
measured soil physico-chemical and microbial parameters (two-way ANOVAs, Table 1). All
soils were acidic (pH 4.0-4.6) and had a high sand content (67—90%) (Table S1). Water-

holding capacity (WHC), OM, carbon (C) and nitrogen (N) were higher (= 2-fold) in the arctic
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soils than in the alpine soils (Table S1). Similar trends were observed between the south-facing
soils and the north-facing soils for both arctic and alpine sites, where soils from the south-
facing slope consistently showed higher values for WHC, OM, C and N (Table S1). The FTC
treatments had a significant effect on labile N (two-way ANOVAs, F=16.87, p < 0.001), labile
ammonium (F=3.71, p < 0.05) and labile organic carbon (F=3.22, p < 0.05) concentrations
(Table 1). However, effects were consistent across soils only partially for labile N, which was
four times higher in the W-FTC treatment than in the +5°C control for both north- and south-

facing alpine soils (Tables S2 and S3).

3.4.2. Soil microbial activities

FTCs had a strong influence on soil basal respiration (Table 1). Both the W-FTC and D-FTC
treatments led to a decrease in the rates of basal respiration relative to the +5°C controls at
the end of the incubation (day 28) in all but the south-facing arctic soils (Fig. 1, Tables S3 and
S4). The decrease in basal respiration was greater for the W-FTCs (range 31-66% across all
soils) than for the D-FTCs (18-44%). These differences between the W-FTC and the D-FTC
treatments were significant in the north-facing soils of both Arctic and Alpine soils (p < 0.05,

Fig. 1, Table S3).

Extracellular enzymatic activities were measured to evaluate changes in microbial acquisition
of C-, N- and P-compounds. At the end of the incubation, extracellular enzymatic activities did
not exhibit consistent response patterns across the four soils (Table 1, Fig. 1, Table S4). In the
arctic soils, D-FTCs led to a general decrease in all enzymatic activities relative to the +5°C
controls. The W-FTC treatment caused a significant increase in Leucine aminopeptidase
activity in the north-facing arctic soil, while it drastically decreased in the south-facing soil. In
the north-facing alpine soils, both FTC treatments led to an increase in all enzymatic activities
relative to the +5°C controls. In contrast, in the south-facing alpine soils, all enzymatic activities

decreased after the FTC treatments (Fig.1, Table S4).
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Table 1. Effects of treatment, soil origin and their interaction on soil properties, microbial activities,
microbial abundance and prokaryotic and fungal a-diversity.

Variables Treatment Soil origin Treatment x Soil

origin
F3.48 F3.48 Fo,4s8
Soil properties? pH 2.79 226.50%** 1.11
oM 2.29 454 78*** 0.99
labile OC 3.22* 50.10%** 3.43**
labile N 16.87*** 368.69*** 7.53%*
Ammonium 3.71* 356.26*** 4.63***
Microbial activities? Respiration®  87.64*** 3.82* 3.82%
BG 1.03 1.94 0.65
XYL 0.27 1.02 0.45
AP 0.25 4.72%* 0.76
NAG 0.51 2.50 0.79
LAP 0.97 8.22%** 3.65*
PP 0.40 0.17 0.99
Microbial DNA content  1.42 97.13%% 1.33
abundance
Prokaryotic abundance?* 1.58 1105.43*** 1.64
Fungal abundance® 211 6.35%* 1.10
P’°kag¥°t'°.°" Richness  6.61%*  96.37%* 3,850
iversity
Evenness 5.29** 238.80*** 8.76%**
Shannon 9.62*** 297.33*** 9.5 **
Fungal a-diversity Richness 1.10 191.10%** 4.02%**
Evenness 0.72 10.51%** 2.23*
Shannon 0.64 19.90*** 2.46*

Significance of effects was assessed by two-way ANOVAs, with a=0.05.1AnaIyses were performed on normalized
soil variables relevant to microbial life. OM: organic matter, Labile OC: water-extractable organic carbon, Labile N:
water-extractable total nitrogen. ZAnaIyses were performed on log-transformed variables. GLS: B-glucosidases,
XYL: B-xylosidases, AP: Phosphatases, NAG: N-acetyl-glucosaminidase, LAP: Leucine aminopeptidases, PP:
Peroxidases. 3Degrees of freedom of F-values were lower for respiration because rates with R® < 0.8 were removed:
Treatment F, ,,, Soil origin F; ;,, Treatment x Soil origin F; ;, - “Prokaryotic abundance: 16S gene copy number g1
DW, 5Fungal abundance: ITS gene copy number g DW Numbers in bold and asterisks indicate significant
differences between groups, with *** p<0.001, ** p<0.01, * p<0.05.
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Figure 1. Microbial activities. A. Basal respiration. Values are given as the ratio of the daily freeze-thaw
cycles (D-FTC; red) or weekly freeze-thaw cycles (W-FTC; blue) divided by the +5°C controls. Lower-
case letters represent statistically different groups. B. Extracellular enzymatic activities. Relative activity
is represented as the binary logarithm of the ratio of the daily freeze-thaw cycles (D-FTC) or the weekly
freeze-thaw cycles (W-FTC) divided by the mean of the +5°C controls. Ratios were limited to the range
of (-4, 4). BG: B-glucosidases, XYL: B-xylosidases, AP: Acid Phosphatase, NAG: N-acetyl-
glucosaminidase, LAP: Leucine aminopeptidases, PP: Phenol Peroxidases. Mean + SE (n=4). Arctic:
arctic soils, Alps: alpine soils, -N: north-facing, -S: south-facing. * significant difference of LAP, W-FTC
vs. control, F1,3=6.160, p=0.048. Dotted line represents the intercept with the value 0 in the y axis.

3.4.3. Microbial abundance

Microbial abundance, measured by quantitative PCR of the 16S rRNA gene (prokaryotes) and
the ITS2 (fungi) genomic regions, was not affected by the FTCs but by soil origin (Table 1).
Arctic soils had a higher prokaryotic (ranging from 4 x 108 to 2 x 10° 16S gene copies g* DW)
and fungal (2 x 10%to 1 x 107 ITS gene copies g* DW) abundance than alpine soils (5 x 10* to
7 x 10°16S gene copies g* DW and 3 x 10°to 3 x 10°ITS gene copies g* DW; Fig. S4).

3.4.4. Microbial community composition

The composition of the soil prokaryotic and fungal communities was revealed by amplicon

sequencing of the 16S rRNA and ITS2 genomic regions, respectively. A total of 2965563 (39

021 + 4899 per sample) prokaryotic and 2 216 494 (29 165 + 5901) eukaryotic high-quality
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filtered reads were obtained, which clustered into 11 309 prokaryotic and 3976 eukaryotic
OTUs. Prokaryotes mostly consisted of Bacteria (99.6% of prokaryotic reads, 11270 OTUS),
where most abundant phyla (> 1% of total reads) were Proteobacteria, Chloroflexi,
Acidobacteria, Verrucomicrobia, Planctomycetes, Actinobacteria, Bacteroidetes,
Gemmatimonadetes, WD272 and Parcubacteria (Table S5). Fungi (95% of eukaryotic reads,
3298 OTUs) mostly consisted of Ascomycota, Basidiomycota and Zygomycota (former

classification, see Spatafora et al. (2016)) (Table S5).

Similar to the physico-chemical variables, the microbial composition of the four soils, assessed
at the beginning and at the end of the incubation experiment, primarily differed according to
their soil origin (Fig. S3). FTCs showed a significant influence on prokaryotic a-diversity at the
end of the incubation period (OTUs richness, Pielou’s evenness and Shannon’s diversity; p <
0.01; Table 1). However, when analyzed independently, changes in a-diversity linked to the
FTCs treatments were minor, and they varied depending on their origin (Fig. S5, Table S3).
FTCs showed clear effects on prokaryotic B-diversity (p < 0.001, Table 2), where the structure
of prokaryotic communities from the FTC treatments (D-FTC and W-FTC) and the controls
(+5°C and -5°C) were significantly different (p < 0.05, Table 2, Fig. 2). Overall, dissimilarities
in B-diversity were larger between the W-FTC and the +5°C controls than between the D-FTC
and the +5°C controls (Figs 2 and S6).

In contrast, fungal communities were barely affected by the FTC treatments (Tables 1 and 2,
Fig. 2). FTCs had no impact on fungal a-diversity (Fig. S5, Table S3), and significant
differences in fungal B-diversity between D-FTCs, W-FTCs and controls were only detected

for the south-facing arctic soils (p < 0.05, Table 2).
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Table 2. Effects of treatment, soil origin and their interaction on microbial B-diversity.

Prokaryotes Fungi

PERMANOVA

DF SS MS F! R2 p DF SS MS F R2 p
Treatment 3 0.389 0.130 8.436 0.041 < 0.0012 3 0.574 0.191 2.047 0.026 0.013
Soil origin 3 7.891 2.630 171.151 0.838 <0.001 3 15.723 5.241 56.101 0.706 <0.001
Treatment x Soil origin 9 0.395 0.044 2.853 0.042 <0.001 9 1.475 0.164 1.754 0.066 0.004
Residuals 48 0.738 0.015 0.078 48 4.484 0.093 0.201
Total 63 9.413 1 63 22.256 1
Pairwise PERMANOVA

Arctic Alps Arctic Alps
N S N3 S N S N S8

F p F p F p F p F p F P F p F P
D-FTC vs. +5°C 1.793 0.028 2.829 0.028 9.189 0.029 8.15  0.029 1.014 0488 2636 0.028 1874 0.144 1.099 0'930
W-FTCvs. +5°C 1.900 0.030 3571 0.029 8543 0.031 6.53  0.029 2.176 0.027 3.442 0.028 2188 0.166 2.242 0.06
D-FTC vs. -5°C 3.174 0.028 1991 0.028 3.997 0.03 5.008 0.027 1.19 0.227 1572 0.03 2.036 0.032 2.702 0.03
W-FTC vs. -5°C 1590 0.055 2.851 0.028 3.689 0.027 2.989 0.028 0.952 0.518 1.818 0.03 1.266 0.14 1.728 0'85
D-FTCvs. W-FTC 2971 0.026 1573 0.057 3.325 0.03 4.044 0.028 1.207 0.258 123 0.201 1.098 0.262 2.776 0.03
+5°C vs. -5°C 3.078 0.026 1.717 0.032 10;'1 0.029 9.175 0.032 1.466 0.03 1.002 0.482 4.755 0.027 2.365 0.03

General effects of treatment and soil origin on B-diversity were assessed by PERMANOVA tests. Differences among treatments within each four different soils were assessed
by pairwise PERMANOVAs, with a=0.05. 'F correspond to the pseudo-F ratio, 2Numbers in bold indicate p < 0.05, *Based on Chord distances to meet the condition of
homogeneity of dispersion between groups. DF: Degrees of freedom, SS: Sum of squares, MS: mean squares. D-FTC: daily freeze-thaw cycles, W-FTC: weekly freeze-thaw cycles,
+5-C: controls +5°C, -5-C: controls -5°C, Arctic: arctic soils, Alps: alpine soils, -N: north-facing, -S: south-facing
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Figure 2. Microbial p-diversity of the incubated soils. PCoAs computed on Bray-Curtis dissimilarities
based on OTU relative abundances of (A) Prokaryotes and (B) Fungi. Arctic: arctic soils, Alps: alpine
soils, -N: north-facing, -S: south-facing. D-FTC: daily freeze-thaw cycles (red), W-FTC: weekly freeze-
thaw cycles (blue), +5°C: controls +5°C (gray), -5°C: controls -5°C (black).

3.4.5. Indicator taxa associated with FTCs

Indicator species analyses were conducted for each soil independently to identify bacterial and
fungal OTUs significantly associated with the D-FTC and W-FTC treatments at the end of the
incubation. A total of 988 prokaryotic (8% of total prokaryotic OTUs) and 130 fungal OTU
indicators (4% of total fungal OTUs) were significantly associated with the FTC treatments (p
< 0.05). Only one bacterial indicator OTU (Fig. 3, OTU 31, Arthrobacter) was common to all
four soils. D-FTC samples were enriched in bacterial indicator OTUs from Actinobacteria, a
phylum with numerous members with copiotrophic lifestyles (Fig. 3, Table S6). Moreover,
indicator OTUs from copiotrophic genera such as Arthrobacter, Nocardioides (Actinobacteria),
Noviherbaspirillum (Proteobacteria), Masillia, Burkholderia (Proteobacteria) and Rhodococcus
showed strong associations (= 0.75 indicator value index) with the D-FTCs and were negatively
associated with the W-FTCs (Fig. 3). In contrast, W-FTC treatments were enriched in indicator
OTUs from oligotrophic taxa, such as those in Verrucomicrobia (mainly DA101), Acidobacteria,
Planctomycetes, Parcubacteria and WD272 phyla (Fig. 3, Table S6). Indicator OTUs from

oligotrophic genera such as Blastocatella, Bryobacter (Acidobacteria) and Gemmata showed
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strong associations (= 0.75) with the W-FTCs and were negatively associated with the D-FTCs

(Fig. 3).

Fungal indicator OTUs were mostly composed of saprotrophic and pathogenic taxa (Fig. 4,
Table S7). These included ubiquitous cold-tolerant and opportunistic genera such as Mrakia,
Geomyces, Mortierella, Dioszegia, Leucosporidium and Penicillium (Fig. 4). Interestingly,
several indicator OTUs associated with the FTC treatments were also associated with the -
5°C controls, especially Mortierella and Geomyces in the alpine soils (Fig. 4). Complete
information and statistics for all prokaryotic and fungal indicator OTUs at various taxonomical

levels from phylum to genus are provided in Tables S8 and S9.
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Figure 3. Bacterial indicators OTUs significantly associated to the daily freeze-thaw cycles (D-FTC) or the weekly freeze-thaw cycles (W-FTC) but not associated with the +5°C
controls (+5°C) for the four different soils. Indicator taxa with and indicator value index to the W-FTC or the D-FTC greater than 0.75 and assigned beyond the family level are
represented. Classification in oligotrophic and copiotrophic is based on the classifications in bacterial life strategies proposed by Fierer et al. (2007) and Ho et al. (2017), and
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3.5. Discussion

To our knowledge, this is the first experimental study comparing the effects of repeated FTCs
between arctic and alpine soils, and in which changes on both taxonomical and functional
components of the soil microbial communities are analyzed at fine-scale resolution. We
acknowledge that our analyses of the microbial communities are based on DNA and thereby
include both active and inactive microorganisms. Nevertheless, by comparing the highly frequent
daily FTCs with the infrequent weekly FTCs and including compositional and functional data, we
provide an integrative overview of potential dynamic responses that arctic and alpine soll
microbiomes might undergo in the future, as snow becomes scarce and FTCs become more

frequent.

Repeated FTCs have been shown to cause large alterations in the soil microbiota (Feng et al.,
2007; Han et al., 2018; Schimel & Clein, 1996). We therefore hypothesized that shorter and more
frequent FTCs (daily; D-FTCs) would cause larger compositional changes on the soil prokaryotic
and fungal communities than longer and less frequent FTCs (weekly; W-FTCs). However, we
observed the opposite: although both FTCs treatments led to significant shifts in B-diversity in the
prokaryotic communities compared with the thaw controls, effects were larger for the W-FTCs
than for the D-FTCs. Furthermore, we identified an apparent trait-based pattern of response of
the prokaryotic communities to the tested FTC frequencies: D-FTCs stimulated copiotrophic and
opportunistic bacteria over oligotrophic taxa while W-FTCs promoted oligotrophic bacteria over
copiotrophs. We use the designation of “copiotrophs” for fast-growing and metabolically versatile
microbial taxa, in opposition to “oligotroph”, which refers to slow-growing, stress-tolerant
microorganisms that thrive on low nutrient concentrations (Koch, 2001). The categorization of
microbial phylogenetic groups into copiotrophs or oligotrophs is however debatable (Ho et al.,
2017), since physiological traits in microorganisms are context-dependent and they are highly
variable, even at the deepest taxonomical level of species (Ho et al., 2017; Lauro et al., 2009;
Morrissey et al., 2016). Nevertheless, we apply the categorization copiotroph-oligotroph in our
study, since this categorization has been proven to be useful for describing general trends of
association between microbial composition and function, and their ecological meaning in natural

soil systems (Meisner et al., 2018; Schostag et al., 2019).
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In the D-FTC treatment, the freezing phase was short (12 h) and freeze-thawing occurred daily.
In each cycle, freeze-thawing causes the lysis of FTC-sensitive cells and the mobilization of labile
carbon and nutrient sources from the physical disaggregation of soil organic materials (Feng et
al., 2007; Wang et al., 2012). In this scenario, we propose that copiotrophic microorganisms
outcompeted oligotrophs because they were able to withstand environmental changes and grow
faster during the thawing phases by rapidly utilizing the newly labile substrates (Fierer et al., 2007;
Koch, 2001). This could explain the increase in the number of indicator OTUs associated with the
D-FTCs from fast-growing genera such as Arthrobacter, Massilia and Rhodococcus. Arthrobacter
sp., which was observed in all four soils, exhibit a high diversity of cold-shock proteins and adjust
quickly to temperature changes and cooling (Berger et al., 1996). Arthrobacter sp. and Massilia
grow well in nutrient-amended media (Lee et al., 2004; Liu et al., 2018), and RISA fingerprinting
has shown that Rhodococcus becomes dominant in arctic soils exposed to 24-hour FTCs

(Eriksson et al., 2001).

In the longer W-FTC treatment, freeze-thawing occurred only twice, and the freezing phase lasted
for 7 days, compared to 12 hours in the D-FTC treatment. Prolonged freezing leads to conditions
of desiccation and starvation in the soil (Margesin, 2012; Panoff et al., 1998), and it triggers the
activation of complex cell survival mechanisms (De Maayer et al., 2014; Koponen & Baath, 2016;
Walker et al., 2006), including extensive synthesis of cold-shock proteins and cryoprotectants,
which are energetically costly (De Maayer et al., 2014). Oligotrophs have lower growth rates than
copiotrophs but they use nutritional resources more efficiently, thus requiring less energy to grow
(Fierer et al., 2007; Koch, 2001). Therefore, oligotrophic microorganisms could have survived the
freezing phases of the W-FTCs in better physiological conditions or in larger numbers than the

copiotrophs, thus taking over during the thawing phase.

The higher tolerance of oligotrophic microorganisms to freezing compared to copiotrophic taxa
could explain the higher proportion of indicator OTUs associated with the W-FTCs treatment from
phyla such as Verrucomicrobia, Acidobacteria, Planctomycetes and Parcubacteria, which, based
on current knowledge (Fierer et al., 2007; Ho et al., 2017), are enriched in oligotrophic members.
Members belonging to Verrucomicrobia and Acidobacteria seem to thrive in nutrient-depleted
media (Sangwan et al., 2005; Tanaka et al., 2017). In addition, Acidobacteria and Parcubacteria

have been shown to be abundant in permafrost (Steven et al., 2007), where microbial activity has

74



Chapter 3

been reported (Coolen & Orsi, 2015; Nikrad et al., 2016) despite the permanent freezing
conditions. Furthermore, members from Acidobacteria phyla has been shown to increase in
abundance in boreal wetland soils subjected to slow freeze-thawing (Ren et al., 2018). At finer
taxonomical level, indicator OTUs associated with the W-FTCs mainly classified to uncultured
genera (e.g. Blastocatella and Gemmata), which highlights the special growing requirements of

these taxa and the vast microbial diversity still unknown in alpine and arctic soils.

In a future climate with less snow, the occurrence of shorter and more frequent FTCs might be
disadvantageous for taxa with oligotrophic attributes in arctic and alpine soils, which, if failing to
adapt, could be overtaken by copiotrophic groups. In addition, copiotrophic microorganisms would
further benefit from the increase in soil temperatures, as observed in studies on permafrost
affected soils (including the active layer) (Lulakova et al., 2019; Schostag et al., 2015) and glacier

forefields (Kim et al., 2017; Rime et al., 2015).

The weak response of the fungal communities to the FTC treatments is in line with previous
studies (Han et al., 2018; Sharma et al., 2006) and might be attributed to the high tolerance of
fungi to temperature fluctuations (Sharma et al., 2006) and their ability to endure freezing
conditions (Lipson et al., 2002; Ozerskaya et al., 2009). In our study, we observed an
accumulation of fungal indicator OTUs from cold-adapted, opportunistic genera, such as
Mortierella, Mrakia and Leucosporidium, in association with both the D-FTC and W-FTC
treatments. Mortierella sp. have been reported to grow at subzero temperatures (Schmidt et al.,
2008b) and to be dominant in alpine and subalpine ecosystems (Adamczyk et al., 2019; Schmidt
et al., 2012). The basidiomycetous yeasts Mrakia and Leucosporidium have been reported to be
abundant in permafrost (Frey et al., 2016). Thus, alterations within arctic and alpine soil fungal
communities subsequent to FTCs might only be relevant after years of ongoing variations in the

soil environmental conditions linked to climate change (Rinnan et al., 2007; Xiong et al., 2014).

In agreement with our second hypothesis, the compositional shifts caused by the FTCs were
accompanied by an overall decrease in the rates of soil basal respiration. However, this decrease
in respiration was not associated with changes in microbial abundances, thereby suggesting a
drop in microbial activity (Bolter et al., 2005; Grogan et al., 2004; Sharma et al., 2006; Stres et

al., 2010), which could have resulted from the slowing down of metabolic processes of microbial
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cells acclimatizing to freezing conditions. The stress that the prolonged freezing conditions pose
to the microbial cells could be reflected in the higher levels of labile nitrogenous compounds
detected in the alpine soils subjected to W-FTCs, associated to the increase in necromass (Han
et al., 2018; Schimel & Clein, 1996). The lack of changes in microbial abundance together with
the larger shifts in microbial composition in the W-FTCs treatments could indicate higher turnover
rates, where the dying cells would be rapidly replaced by the microorganisms tolerant to freezing.
Further experiments targeting specifically the active microbial populations (i.e. RNA based) and
assessing growth rates would be necessary to test how turnover rates are associated with

changes in microbial abundance and composition caused by FTCs.

FTCs provoked only weak changes in C-, N- and P-acquiring enzymatic activities, they did not
affect the concentrations of soil OM, and they altered labile C only to a very limited extent. These
results contrast with previously published findings that report an increase in labile organics in the
soil along with a shift in OM microbial degradation processes subsequent to FTCs, from the
utilization of complex substrates contained in the OM to the consumption of simple compounds
(Han et al., 2018; Schimel & Mikan, 2005). The large differences in soil properties and microbial
diversity among the different soils could explain the inconsistent changes in enzymatic activities
observed across the FTC treatments. The influence of multiple soil factors on the synthesis of C-
, N- and P-acquiring enzymatic activities could have overridden the possible effects of FTCs in
the measured enzymatic activities. The synthesis of extracellular enzymes is regulated by the
interplay of multiple factors, including the content and quality of the OM and the specific energetic
and nutritional demands of the microbial community members (Burns, 2010; Kim, 2015;
Mooshammer et al., 2017; Sinsabaugh et al., 2009; Steinweg et al., 2013). This notwithstanding,
the decoupling of the changes in microbial structure associated with the FTCs from the shifts in
C-, N- and P-acquiring enzymatic activities might additionally be due to functional redundancy

(Frossard et al., 2012; Mooshammer et al., 2017).

In our third hypothesis, we predicted that soils with a legacy of more frequent FTCs harbor
microbial communities more tolerant to the repeated shorter and more frequent FTCs (e.qg.
microbial communities from south-facing soils were expected to be better adapted to frequent
FTCs than those from north-facing soils), as proposed previously (Stres et al., 2010; Yergeau &

Kowalchuk, 2008). However, in the present study, soil FTC legacy did not show a clear influence
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on the tolerance of the microbial communities to the tested FTCs of distinct frequencies. This
observation could indicate that FTCs might be governed by common climatological factors
between alpine and arctic soil ecosystems, such as the dominance of subzero temperatures and
snow coverage, which are known to shape microbial adaptations to temperature variations
(Koponen & Baath, 2016). Further investigations will be needed to identify such factors and
understand their influence on the local and global microbial responses of arctic and alpine soils

to FTCs in a changing world.

3.6. Conclusions

Overall, our integrative investigation of the impact of FTC frequency on the structure and
functionality of microbial communities of arctic and alpine soils suggested a trait-based response
of prokaryotic communities to FTC frequency, where repeated short and frequent FTCs seemed
to benefit copiotrophic bacteria while longer and less frequent FTCs seemed to promote
oligotrophic bacteria. Opportunistic, cold-adapted fungi were prevalent after FTCs. Compositional
shifts were coupled with a decline in microbial respiration rates, which was larger in the soils
exposed to longer and less frequent FTCs. Changes in specific metabolic responses (C-, N- and
P-acquiring extracellular enzymes) to FTCs were heterogenous among the soils, and microbial
tolerance to FTCs may be modulated by climatological factors common to arctic and alpine
regions rather than by FTC soil legacies. Although limited to the comparison of only two sites, our
findings indicate that future climate scenarios with projected snow-scarce winters in the Arctic and
the Alps, and therefore more frequent FTCs, could lead to noticeable compositional and functional
shifts in the soil microbiome from both ecosystems. In turn, this could result on potential changes

in OM quality, soil C stocks and soil CO- fluxes at the ecosystem level.
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3.12. Supplementary materials

3.12.1. Supplementary figures
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Figure S1. Scheme of the study design. Soil sample groups (each with four replicates) were subjected to
(1) daily freeze-thaw cycles (D-FTC, 12h +5°C / 12h -5°C; red line); (2) weekly freeze-thaw cycles (W-FTC,
7 days +5°C / 7 days -5°C; blue line); (3) constant +5°C conditions (+5°C; gray line); or (4) constant -5°C
conditions (-5°C; black line). Basal respiration (CO2) was measured once per week during the incubation
period (28 days total).
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Figure S2. Yearly patterns of soil surface temperatures in the studied sites: Latnjachorru (Arctic) and Muot
de Barba Peider (Alps). Values correspond to hourly temperature means; n=5 for the alpine soils and n=2
for the arctic soils. FTCs occur during the transitions from autumn to winter and spring to summer, as shown
at higher time resolution in the lower part of the figure (Mean + SD).
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Figure S3. Differences among the four soils at the beginning of the experiment. A. PCA computed on
normalized soil physico-chemical variables (Table S1). B. PCoA computed on Bray-Curtis dissimilarities
based on prokaryotic OTU relative abundances. C. PCoA computed on Bray-Curtis dissimilarities based
on fungal OTU relative abundances. Arctic: arctic soils, Alps: alpine soils, -N: north-facing, -S: south-facing.
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Figure S4. Prokaryotic (A) and Fungal (B) abundances. Abundance was measured as log10 of 16S gene
copy number g DW (prokaryotic abundance) and ITS gene copy number gt DW (fungal abundance).
Mean = SE (n=4). Arctic: arctic soils, Alps: alpine soils, -N: north-facing, -S: south-facing. D-FTC: daily
freeze-thaw cycles (red), W-FTC: weekly freeze-thaw cycles (blue), +5°C: controls +5°C (gray), -5°C:
controls -5°C (black).
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3.12.2. Supplementary tables

Because of their large extension tables S8 and S9 are provided electronically, in the published
version of the Chapter:

https://www.frontiersin.org/articles/10.3389/fmicb.2020.00982/full#supplementary-material

Table S1. Physico-chemical properties of the studied soils. Mean + SD (n=3).

Arctic Alps

N S N S
Sand [%] 66.8 £ 0.14 66.8 +1.13 89.5+0.00 86.3+0.14
Silt [%] 27.30+0.42 28.30 + 0.99 7.00+0.42 11.10+0.28
Clay [%] 5.90 £ 0.28 490+0.14 3.50+£0.42 2.60+0.14
pH [CaCl2] 4.24 +0.01 4.00 £ 0.05 4.59 £ 0.02 452+ 0.01
WHC! [g H20 g] 0.46 £ 0.09 0.95+0.21 0.22 £0.02 0.30+£0.01
WC [g H20 g7 0.25+£0.02 0.48 £0.01 0.07 £0.00 0.12+0.01
C [%] 1.33+£0.02 4.05+ 0.05 0.34 +£0.00 0.82+0.01
N [%] 0.08 £ 0.00 0.23+£0.00 0.03+£0.00 0.05+0.00
OM [%)] 2.43 +£0.07 7.66 + 0.55 1.13+£0.05 2.45+0.18

IWHC: water holding capacity, WC: water content, OM: organic matter. Arctic: arctic soils, Alps: alpine soils, -N: north-
facing, -S: south-facing
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Table S2. Chemical properties in the soils at the end of the incubation for each FTCs treatment. Mean + SD (n=4).

Treatment pH om?! labile OC labile N Ammonium Nitrate? Nitrite

D-FTC 426 + 0.01 223 + 0.11 57.744 = 1579% 1.01 + 0.53 071 = 0.49 084 £ 0.56 b.d.I
Arctic-N W-FTC 427 = 0.02 233 + 0.10 4491 + 10.45° 1.11 + 0.53 0.64 = 0.25 335 + 387 0.26 + 0.00
+5°C 422 + 0.01 240 * 0.06 103.04 + 31.822 1.32 + 0.39 0.63 = 0.23 059 =+ 012 b.d.I
-5°C 428 + 0.06 219 * 0.17 46.73 + 11.10° 099 =+ 0.28 069 = 0.16 138 =+ 0.74 0.16 + 0.07
D-FTC 415 = 0.07 8.79 * 0.32 156.42 + 30.76 1145 = 1.89 6.42 * 1.452 463 = 132 035 + 0.15
Arctic-S W-FTC 418 = 011 854 +* 0.21 13497 = 1529 1258 + 0.84 7.02 = 0.872 1203 =+ 0.72 0.2 = 0.05
+5°C 400 £ 0.03 7.38 £ 0.22 133.87 + 2858 9.26 + 3.17 363 + 1.10% 881 * 6.48 0.67 = 0.32
-5°C 409 £ 0.08 7.71 £ 0.74 14590 +* 22.88 12.28 + 3.00 585 =+ 0.71° 414 = 144 0.33 = 0.12
D-FTC 457 = 0.02 124 * 0.05 4220 = 22.08 062 * 043° 063 = 0.36 b.d.l b.d.I
Alps-N W-FTC 457 = 0.01 122 * 0.04 43.60 * 1492 273 + 0.60° 048 = 0.05 6.14 £ 381 0.32 = 0.07
+5°C 460 + 0.02 125 * 0.03 2780 = 7.50 066 =+ 0.29° 035 = 0.08 b.d.l b.d.I
-5°C 457 = 0.00 122 = 0.05 30.54 + 10.46 396 * 0822 0.73 = 0.37 6.03 = 273 0.33 + 0.18
D-FTC 451 £ 0.01 227 %= 0.17 32.04 = 10.62 0.57 + 0.46° 0.66 = 0.26 b.d.l * b.d.l
Al W-FTC 451 £ 0.01 233 %= 0.04 42.07 + 43.13 226 + 059 079 = 0.14 403 = 2.83 0.39 = 0.26
ps-S +5°C 448 + 0.00 2.15 + 0.05 32.04 + 8.00 055 + 0.33° 062 =+ 0.28 b.d.l * b.d.l
-5°C 450 £ 0.01 222 * 0.08 2288 + 7091 332 += 0.21* 090 = 0.17 516 + 146 0.37 = 0.09

Pair-wise statistical differences among treatments were assessed by Tukey HSD post-hoc tests in each subset of soils separately. Values in bold with different superscript letters represent
groups in which differences were statistically significant (p < 0.05). ‘om: organic matter, % DW, Labile OC: water-extractable organic carbon, Labile N: water-extractable total nitrogen, “Nitrate
and Nitrite were measured for the soil water extracts with a Dionex Integrion high pressure chromatograph equipped with an AS9-HC 2*50 mm Viper Fitting pre-column coupled with an AS9-
HC 2*250 mm Viper Fitting column (Thermo Fisher Scientific, Waltham, Massachusetts, USA). Labile OC, Labile N, Ammonium, Nitrate and Nitrite are measured in ug g* DW. Arctic: arctic
soils, Alps: alpine soils, -N: north-facing, -S: south-facing, D-FTC: daily freeze-thaw cycles, W-FTC: weekly freeze-thaw cycles, +5°C: controls +5°C, -5°C: controls -5°C, b.d.l.: below detection
limit.
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Table S3. Tukey HSD post-hoc tests on differences among FTCs treatments for soil properties, microbial activities and microbial a-diversity parameters.

Arctic-N Arctic-S Alps-N Alps-S
Pairs difft lwr? uprs p diff Iwr upr p.adj diff Iwr upr p.adj diff Iwr upr p
Labile OC* D-FTC vs +5°C -0.57 -1.15 0.01 0.06
W-FTCvs +5°C -0.81 -1.39 -0.23 0.01
D-FTC vs -5°C 0.20 -0.38 0.78 0.73
W-FTC vs -5°C -0.04 -0.62 0.54 1.00
D-FTCvs W-FTC -0.25 -0.83 0.33 0.60
+5°C vs -5°C -0.77 -1.35 -0.19 0.01
Labile N® D-FTC vs +5°C -0.04 -1.24 1.15 1.00 0.02 -0.87 0.91 1.00
W-FTCvs +5°C 2.07 0.87 3.26 0.00 1.71 0.83 2.60 0.00
D-FTC vs -5°C -3.35 -4.54 -2.15 0.00 -2.75 -3.63 -1.86 0.00
W-FTC vs -5°C -1.24 -2.43 -0.04 0.04 -1.06 -1.94 -0.17 0.02
D-FTCvs W-FTC 2.11 0.91 3.31 0.00 1.69 0.81 2.58 0.00
+5°C vs -5°C 3.30 2.10 4.50 0.00 2.77 1.88 3.65 0.00
Ammonium D-FTC vs +5°C 279 054 5.04 0.01
W-FTCvs +5°C 3.39 1.14 5.64 0.00
D-FTC vs -5°C 0.58 -1.67 2.82 0.87
W-FTC vs -5°C 1.18 -1.07 3.42 0.44
D-FTCvs W-FTC 0.60 -1.65 2.85 0.86
+5°C vs -5°C 2.21 -0.03 4.46 0.05
Respiration W-FTCvs +5°C  -1.56E-07 -2.25E-07 -8.65E-08 5.21E-04 -2.14E-07 -2.88E-07 -1.40E-07 8.79E-05 -2.40E-07 -2.94E-07 -1.86E-07 1.52E-06
D-FTC vs +5°C -2.32E-07 -2.96E-07 -1.68E-07 1.71E-05 -2.87E-07 -3.60E-07 -2.13E-07 1.01E-05 -2.85E-07 -3.38E-07 -2.31E-07 3.56E-07
D-FTCvs W-FTC -7.63E-08 -1.45E-07 -7.19E-09 3.24E-02 -7.27E-08 -141E-07 -4.40E-09 3.82E-02 -4.48E-08 -9.86E-08 8.98E-09 1.03E-01
Prokaryotic Richness D-FTC vs +5°C 179.00 -4.55 362.55 0.06
W-FTCvs +5°C 170.75 -12.80 354.30 0.07
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D-FTC vs -5°C -297.50 -481.05 -113.95 0.00
W-FTC vs -5°C -305.75 -489.30 -122.20 0.00
D-FTCvs W-FTC -8.25 -191.80 175.30 1.00
+5°C vs -5°C 476.50 292.95 660.05 0.00
Prokaryotic evenness D-FTC vs +5°C -0.02 -0.03 -0.01 0.00 0.04 0.01 0.08 0.01 -0.01 -0.01 0.00 0.10
W-FTCvs +5°C -0.01 -0.02 0.00 0.05 0.04 0.00 0.07 0.02 0.01 0.01 0.02 0.00
D-FTC vs -5°C -0.01 -0.02 0.00 0.14 0.00 -0.03 0.03 1.00 -0.02 -0.02 -0.01 0.00
W-FTC vs -5°C 0.00 -0.01 0.01 0.98 -0.01 -0.04 0.02 0.77 0.00 0.00 0.01 0.38
D-FTCvs W-FTC 0.01 0.00 0.02 0.26 -0.01 -0.04 0.02 0.87 0.02 0.01 0.03 0.00
+5°C vs -5°C -0.01 -0.02 0.00 0.09 0.05 0.02 0.08 0.00 0.01 0.00 0.02 0.03
Prokaryotic shannon D-FTC vs +5°C -0.15 -0.26 -0.03 0.01 0.40 0.12 0.69 0.01 -0.05 -0.18 0.09 0.71
W-FTCvs +5°C -0.06 -0.17 0.06 0.50 0.34 0.05 0.63 0.02 0.17 0.04 0.31 0.01
D-FTC vs -5°C -0.06 -0.17 0.06 0.52 -0.12 -0.41 0.17 0.60 -0.18 -0.31 -0.04 0.01
W-FTC vs -5°C 0.03 -0.08 0.15 0.82 -0.19 -0.47 0.10 0.27 0.05 -0.09 0.18 0.73
D-FTCvs W-FTC 0.09 -0.03 0.21 0.16 -0.06 -0.35 0.22 0.91 0.22 0.09 0.36 0.00
+5°C vs -5°C -0.09 -0.21 0.03 0.15 0.53 0.24 0.81 0.00 0.13 -0.01 0.26 0.07
Fungal richness D-FTC vs +5°C 55.50 -42.42 153.42 0.37
W-FTCvs +5°C 64.50 -33.42 162.42 0.26
D-FTC vs -5°C -70.75 -168.67 27.17 0.19
W-FTC vs -5°C -61.75 -159.67 36.17 0.29
D-FTCvs W-FTC 9.00 -88.92 106.92 0.99
+5°C vs -5°C 126.25 28.33 224.17 0.01

1 2
Tests were performed in each gubset of soils separately. Only cases in which significant differences between paisrs were detected are shown. a= 0.05. diff: difference in observed means, |lwr:
lower end point in the interval, upr: upper end point in the interval, Labile OC: water-extractable organic carbon, Labile N: water-extractable total nitrogen. Arctic: arctic soils, Alps: alpine soils,
-N: north-facing, -S: south-facing. D-FTC: daily freeze-thaw cycles, W-FTC: weekly freeze-thaw cycles, +5°C: controls +5°C, -5°C: controls -5°C. Numbers in bold indicate p-values < 0.05.
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Table S4. Microbial activities in the soils at the end of the incubation for each FTCs treatment. Mean + SD (n=4)

Treatment Respiration? GLS? XYL AP NAG LAP PP

Arctic-N D-FTC 411 + 112 7243 + 36.64 1154 + 832 2043 + 13511 1921 + 1368 1762 <+ 17.1 121 + 0.99
W-FTC 259 =+ 727 189.17 =+ 14534 28.19 + 2949 23225 + 23543 3225 =+ 3018 21257 + 34193 018 =+ 0.37

+5-C 822 + 050 9249 =+ 4644 1245 =+ 467 19426 =+ 735 2225 + 113 1325 + 2243 122 + 121

D-FTC 1346 =+ 0.77 2737 + 1679 4878 + 49.06 30484 <+ 19991 5126 =+ 5276 101.08 =+ 160.38 164 == 21

Arctic-S W-FTC 880 + 0.52 2741 £ 80 69.89 =+ 2516 471.05 =+ 159.69 76.36 * 30.63 0 + 0 171 = 1.96
+5-C 1747 + 1241 236.27 =+ 17445 6579 =+ 5856 27446 + 14653 296 + 2174 363 + 4011 087 =+ 0.68

D-FTC 171 + 034 9285 + 9397 1582 =+ 2297 14435 =+ 17233 1719 + 248 10542 =+ 13203 075 * 0.6

Alps-N W-FTC 080 <+ 0.30 746 + 5491 1311 =+ 154 13871 = 12621 16.68 +* 193 149 + 2069 045 % 0.36
+5-C 435 + 058 3298 + 1237 026 =+ 0.2 4151 =+ 11.64 19 =+ 142 773 + 178 015 % 0.21

D-FTC 240 == o081 9699 =+ 5079 849 + 1132 917 + 6816 825 =+ 1072 7212 <+ 13314 06 * 0.73

Alps-S W-FTC 146 =+ 013 5445 =+ 2312 25 + 263 5657 =+ 1076 257 =+ 21 2008 * 322 029 * 0.35
+5-C 746 = 0.62 61 + 6166 1409 =+ 2535 12667 =+ 150.68 9.26 =+ 1572 110.66 =+ 21953 03 =+ 0.35

!Respiration is measured in nmol h't g DW, 2GLS, XYL, AP, NAG and LAP are measured in pmol h* g DW, PP is measured in nmol h g DW. GLS: B-glucosidases, XYL: B-xylosidases, AP:
Phosphatases, NAG: N-acetyl-glucosaminidase, LAP: Leucine aminopeptidases, PP: Peroxidases. Arctic: arctic soils, Alps: alpine soils, -N: north-facing, -S: south-facing, D-FTC: daily freeze-
thaw cycles, W-FTC: weekly freeze-thaw cycles, +5°C: controls +5°C, -5°C: controls -5°C
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Table S5. Most common prokaryotes and fungal phyla across the treatments and soils of different origin

at the end of the incubation.

% reads! # OTUs
PROKARYOTES
Proteobacteria 21 2674
Chloroflexi 20 1203
Acidobacteria 17 892
Verrucomicrobia 12 800
Planctomycetes 10 1353
Actinobacteria 6 526
Bacteroidetes 4 614
Gemmatimonadetes 2 152
WD272 15 93
Parcubacteria 1 739
FUNGI
Ascomycota 56 1790
Basidiomycota 14 832
Zygomycota 8 76

Prokaryotes phyla correspond to > 1% of the total prokaryotic reads. % reads: number of reads assigned to the
phyla divided by the total of prokaryotic reads (2965563) or fungal (2110838) reads, respectively.
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Table S6. Prokaryotes and fungal phyla assign to OTU indicators associated with daily freeze-thaw cycles or weekly freeze-thaw cycles.

Arctic-N Arctic-S Alps-N Alps-S Total OTUs Meanseq  sd Lifestyle

D-FTC W-FTC D-FTC W-FTC D-FTC W-FTC D-FTC W-FTC
PROKARYOTES
Planctomycetes 18 20 17 24 17 18 25 45 184 12477 5149 0
Acidobacteria 8 21 24 48 25 24 9 22 181 25565 9422 o]
Verrucomicrobia 4 35 16 29 6 23 2 33 148 37745 26545 o] rxk
Chloroflexi 10 11 25 19 18 14 13 22 132 27861 24126 o}
Actinobacteria 13 21 10 25 10 17 9 105 16349 13974 c (0) *
Alphaproteobacteria 7 4 8 10 12 10 20 24 95 13446 9951 c (o)
Betaproteobacteria 4 6 14 21 16 13 10 10 94 10750 6140 c
Gammaproteobacteria 1 8 10 10 8 8 4 11 60 11020 4630 c (o)
Deltaproteobacteria 1 6 2 5 5 10 10 39 706 638 0
Bacteroidetes 2 6 11 20 2 1 14 56 2226 870 c (o)
wD272 1 13 2 3 1 13 4 12 49 5522 2797 u$ *
Gemmatimonadetes 1 4 5 5 4 1 4 24 1179 1260 u
Parcubacteria 1 2 5 1 5 14 60 49 u *
Armatimonadetes 2 1 1 2 2 4 12 136 102 u
Chlorobi 1 1 6 8 229 252
Cyanobacteria 2 1 1 1 2 1 8 741 1438
Nitrospirae 1 1 1 2 1 1 1 8 360 368 u
Saccharibacteria 1 1 3 1 6 51 22 u
Firmicutes 1 1 1 2 5 55 34 c (o)
TA18 2 1 1 1 5 146 81 u$
Microgenomates 2 2 4 180 u$
SM2F11 1 0 3 4 432 586 u$
Elusimicrobia 1 2 3 23 17 u
SHA-109 1 1 2 26 u$
Thermotogae 1 1 2 23
TM6 1 1 2 18 19 u
WCHB1-60 2 2 39 u
Chlamydiae 1 1 6
Deinococcus-Thermus 1 1 60
Gracilibacteria 1 1 3 u$
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Hydrogenedentes 1 1 19 u$
unclassified 2 1 2 1 4 2 12 87 90

TOTAL 78 135 165 226 145 152 125 242

FUNGI

Ascomycota 5 5 35 27 7 12 4 10 105 13538 13057
Basidiomycota 2 3 7 8 0 3 2 1 26 5796 9804
Zygomycota 0 1 3 2 0 1 7 10154 13684
unclassified 1 2 7 6 3 5 3 2 29 2437 2577

TOTAL 8 10 49 42 13 22 9 14

ANOVAs were conducted to test differences in total OTU indicators assign to a same taxon between the daily freeze-thaw cycle (D-FTC) and weekly freeze-thaw cycle (W-FTC) treatments
across the soils. Arctic: arctic soils, Alps: alpine soils, -N: north-facing, -S: south-facing, o: oligotrophic (yellow), c: copiotrophic (green), c(o): mostly copiotrophic but also association with
oligotrophs, o(c): oligotrophic but also association with copiotrophs, u: unclear (blue); taxa with insufficient information (taxa with fewer than 10 cultivated strains recorded in the NCBI database
or candidate taxa) to be classified to a life strategy, $ = candidate taxa, Grey color: higher number of OTUs. Mean seq and sd: mean number of reads across the samples classified to the
specified taxa and 1 standard deviation. Grey: ***p<0.001, * p<0.05
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Table S7. FunGuild functional assignments for fungal FTC-indicators.

Soil OTUs Taxon Trophic.Mode Guild Growth morphology Cc;g:llsi(;ngce D-FTC W-FTC +5°C -5°C
Alps-N  OTUe_1006 Phaeosphaeria saprotroph undefined saprotroph NA probable 1 0 0 0
Alps-N  OTUe_106 Acarospora symbiotroph lichenized thallus highly probable 1 1 0 1
Alps-N OTUe_1162  Lecanora symbiotroph lichenized thallus highly probable 1 0 0 0
Alps-N  OTUe_16 Mortierellaceae saprotroph-symbiotroph ggg?oqrggi-—m%reﬁne d saprofreclgr? troph-soil microfungus possible 0 1 0 1
Alps-N OTUe_1930 Lecidea symbiotroph lichenized thallus highly probable 0 1 0 0
Alps-N  OTUe_2000 Hypocreales saprotroph undefined saprotroph microfungus possible 1 1 0 0
Alps-N OTUe_2157  Mortierellaceae saprotroph-symbiotroph ggg?oa?g;ﬁ-lﬁl%reﬁne d sapro?r%%rr? troph-soil microfungus possible 1 0 0 0
Alps-N OTUe_3013  Hyaloscypha saprotroph undefined saprotroph NA probable 0 1 0 0
Alps-N OTUe_302 Mortierellaceae saprotroph-symbiotroph ggg?oq?ggﬁ.lﬁreﬁne d sapro?:)%rt? troph-soil microfungus possible 1 0 0 1
Alps-N OTUe_39 Mortierellaceae saprotroph-symbiotroph ggg?oa?g;i-}g;%reﬁne d saprof%%rk? troph-soil microfungus possible 1 1 0 1
Alps-N OTUe_48 Cladosporium gsﬁgit(;?r%gr? aprotroph- 22:'256}1e-plan t pg?m%%?ﬁgggzgﬁi}tggﬁn microfungus possible 1 0 0 0
Alps-N  OTUe_610 Tremellales g;;:‘gitg?rng aprotroph- fungal parasite-undefined saprotroph tremelloid-yeast possible 0 1 0 0
Alps-N OTUe_759 Tremella pathotroph fungal parasite-lichen parasite ﬁi(z:l:'gfalj:geus-tremellﬁiec!aSt- probable 0 1 0 0
Alps-N  OTUe_768 Acarospora symbiotroph lichenized thallus highly probable 1 1 0 1
Alps-S OTUe_2615 Geomyces saprotroph soil saprotroph microfungus probable 1 0 0 1
Alps-S OTUe_2633 Geomyces saprotroph soil saprotroph microfungus probable 1 0 0 1
Alps-S OTUe_2979  Tetracladium saprotroph undefined saprotroph NA probable 1 0 0 0
Alps-S OTUe_420 Sporormiaceae saprotroph dung saprotroph-plant saprotroph microfungus probable 0 1 0 0
Arctic-N  OTUe_24 Tomentella symbiotroph ectomycorrhizal corticioid highly probable 0 1 0 0
Arctic-N  OTUe_3640  Cladophialophora saprotroph undefined saprotroph facultative yeast probable 1 0 0 0
Arctic-N  OTUe_3727  Eurotiales saprotroph undefined saprotroph microfungus possible 1 0 0 1
Arctic-N  OTUe_541 Thelephoraceae saprotroph-symbiotroph ectomycorrhizal-undefined saprotroph clavarioid probable 0 1 0 0
Arctic-N  OTUe_808 Clavulina symbiotroph ectomycorrhizal clavarioid highly probable 0 1 0 0
Arctic-S OTUe_1077  Capronia symbiotroph endophyte facultative yeast highly probable 1 0 0 0
Arctic-S OTUe_1187 Ramariopsis saprotroph undefined saprotroph clavarioid probable 0 1 0 0
Arctic-S OTUe_1189  Devriesia pathotroph plant pathogen NA probable 1 0 0 0
Arctic-S OTUe_154 Cadophora symbiotroph endophyte microfungus highly probable 1 1 0 0
Arctic-S OTUe_1736  Cladophialophora saprotroph undefined saprotroph facultative yeast probable 1 1 0 0
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1: significantly associated (p < 0.05), 0: non-significantly associated. pink: associated with the daily freeze-thaw cycles (D-FTC), yellow: associated with the weekly freeze-thaw cycles (W-
FTC), blue: associated with both FTC treatments, green: highly probable and probable that the OTU truly belongs to the assigned taxon, NA: Not Assigned or unknown. Arctic: arctic soils,
Alps: alpine soils, -N: north-facing, -S: south-facing, +5°C: controls +5°C, -5°C: controls -5°C.
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41. Abstract

Global warming in mid-latitude alpine regions results in permafrost thawing, together with
greater availability of carbon and nutrients in soils and frequent freeze—thaw cycles. Yet it is
unclear how these multifactorial changes will shape the 1m-deep permafrost microbiome in
the future, and how this will in turn modulate microbially-mediated feedbacks between
mountain soils and climate (e.g., soil CO2 emissions). To unravel the responses of the alpine
permafrost microbiome to in situ warming, we established a three-year experiment in a
permafrost monitoring summit in the Alps. Specifically, we simulated conditions of warming by
transplanting permafrost soils from a depth of 160 cm either to the active-layer topsoils in the
north-facing slope or in the warmer south-facing slope, near the summit. gPCR-based and
amplicon sequencing analyses indicated an augmented microbial abundance in the
transplanted permafrost, driven by the increase in copiotrophic prokaryotic taxa (e.g.
Noviherbaspirillum and Massilia) and metabolically versatile psychrotrophs (e.g.
Tundrisphaera and Granulicella); which acclimatized to the changing environment and
potentially benefited from substrates released upon thawing. Metabolically restricted

Patescibacteria lineages vastly decreased with warming, as reflected in the loss of a-diversity
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in the transplanted soils. Ascomycetous sapro-pathotrophs (e.g. Tetracladium) and a few
lichenized fungi (e.g. Aspicilia) expanded in the transplanted permafrost, particularly in soils
transplanted to the warmer south-facing slope, replacing basidiomycetous yeasts (e.qg.
Glaciozyma). The transplantation-induced loosening of microbial association networks in the
permafrost could potentially indicate lesser cooperative interactions between neighboring
microorganisms. Broader substrate-use microbial activities measured in the transplanted
permafrost could relate to altered soil C dynamics. The three-year simulated warming did not,
however, enhance heterotrophic respiration, which was limited by the carbon-depleted
permafrost conditions. Collectively, our quantitative findings suggest the vulnerability of the
alpine permafrost microbiome to warming, which might improve predictions on microbially-

modulated transformations of mountain soil ecosystems under the future climate.

4.2. Introduction

Global warming is amplified in polar and mid-latitude alpine regions, with predicted increases
in air temperature between 2 and 8°C by 2100 (Hock et al., 2019; IPCC, 2014). Permafrost,
i.e. soil at subzero temperatures located under a seasonally frozen active layer, is a major
component of polar and alpine cryoenvironments (Donhauser & Frey, 2018; Margesin, 2009).
Elevated temperatures are causing extensive permafrost thawing, which results in increased
soil water availability and the release of organic materials previously occluded in the frozen
layers (Abbott et al., 2014; Chen et al., 2016; Gobiet et al., 2014). Reduced snowfall results in
poorly insulated active layers, which therefore experience frequent freeze—thaw cycles (FTCs;
Henry, 2008) . The warming-associated expansion of plants towards higher latitudes and
altitudes (Elmendorf et al., 2012; Steinbauer et al., 2018) might translate into permafrost soils
with augmented inputs of carbon (C) and nutrients (Hagedorn et al., 2019; Keuper et al., 2020).
The warming-induced changes in soil temperature, moisture, C and nutrients impact the polar
and alpine permafrost microbiome (i.e. prokaryotes and fungi), with direct consequences on
microbially mediated soil processes (e.g. C mineralization) that might influence soil fertility
(Fahad et al., 2021; S6nmez et al., 2021) and projected soil-climate feedbacks (e.g. soil CO>
release) at latitudinal and global scales (Donhauser & Frey, 2018; Hock et al., 2019; Jansson

& Hofmockel, 2020; Mackelprang et al., 2016; Nikrad et al., 2016).
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The microbial responses of permafrost to warming have mainly been investigated in the polar
regions, especially in the Arctic, whereas the alpine permafrost at lower latitudes is still poorly
studied. Mid-latitude permafrost often occurs on poorly vegetated or barren steep slopes of
mountains, above 2500 m a.s.l. (Donhauser & Frey, 2018; Margesin, 2009). In comparison
with the permafrost soils at the polar regions, alpine permafrost is “warm” (0 to -2°C) and
located at soil depths below 1 m. Similar to Antarctic soils and unlike Artic permafrost, alpine
permafrost soils at lower latitudes are rocky, well-drained and depleted in organic carbon (i.e.

global SOC stock of 66 Pg; Bockheim & Munroe, 2014).

Despite being C-poor, alpine permafrost soils harbor taxonomically and metabolically diverse
prokaryotic (i.e. Bacteria and Archaea) and fungal communities (Frey et al., 2016; Hu et al.,
2015; Margesin, 2012; Margesin & Collins, 2019; Perez-Mon et al., 2021) that are sensitive to
the changing climate (Donhauser & Frey, 2018). Short-term (< 1 year) laboratory-controlled
experiments conducted on Asian and European alpine permafrost soils have shown that
conditions of elevated soil temperatures (Chen et al., 2021; Donhauser et al., 2020; Lulakova
et al., 2019), greater availability of soil C and nutrients (Adamczyk et al., 2021) or frequent
FTCs (Perez-Mon et al., 2020) shift the structure of the soil prokaryotic communities. Fast-
growing and metabolically versatile (i.e. copiotrophic) taxa respond quickly to the increased
temperatures and substrates, outcompeting stress-tolerant and slow-growing (i.e. oligotrophic)
taxa (Fierer et al., 2007; Ho et al., 2017), which abound in the energy-limited and freezing
permafrost environments (De Maayer et al., 2014; Frey et al., 2016; Mackelprang et al., 2017).
Furthermore, C and nutrient amendments in alpine permafrost and mineral Arctic soils have
been shown to boost fungal growth, promoting the expansion of fungi over bacteria and
compositional variations within the fungal communities (Adamczyk et al., 2020; Adamczyk et
al., 2021; Deslippe et al., 2012). The enrichment in copiotrophs and fungi could translate into
soils with broader substrate-use microbial activities (Llado & Baldrian, 2017), as indicated by
Biolog assays applied to thawed alpine permafrost amended with labile C (Adamczyk et al.,
2021) and Siberian soils incubated at increased temperatures (Ernakovich & Wallenstein,
2015). Greater soil microbial abundances and heterotrophic respiration rates have also been
observed in alpine permafrost exposed to laboratory-induced warming (Adamczyk et al., 2021,

Bao et al., 2016).

97



Chapter 4

Soil transplantation field experiments conducted in the Tibetan mountains have made it
possible to extrapolate the results from laboratory studies to natural scenarios, where the soll
microbiota respond to multifactorial conditions of warming over the time span of years.
Congruent with laboratory observations, downward transplantations of Tibetan grassland
topsoils from > 3600 m a.s.l. to the warmer thermal regimes of vegetated land at < 3200 m
a.s.l. led to an augmented microbial biomass in mineral layers (Gou et al., 2015) and long-
lasting increases in copiotrophic bacterial groups (e.g. Actinomycetales; Rui et al., 2015; Ho
et al., 2017) , as well as altered soil C and nitrogen (N) cycling functions and elevated rates of
C mineralization (Yue et al., 2015; Zheng et al., 2014). In the alpine permafrost layers, where
habitat conditions have remained stable for millennia, abrupt in situ temperature changes could
affect the microbial communities more strongly than in the topsoils. Thawing might hamper
long-term trophic or cooperative interactions between permafrost microorganisms, i.e.
between neighbors failing to adapt to the changing environmental conditions. This could loosen
microbial association networks in the permafrost, as observed for heavily disturbed agricultural
soils (Banerjee et al., 2019), and it could potentially enhance the vulnerability of the alpine
permafrost microbiome to warming. Existing quantitative data on the impacts of warming on
the alpine soil microbiome under field conditions is, however, limited to shallow active layers
(< 20 cm of depth). To the best of our knowledge, field-manipulation warming experiments
outside the Tibetan regions and including both active and the 1m-deep permafrost layers are

lacking.

We conducted a soil transplantation field experiment at the long-term permafrost monitoring
site on Muot da Barba Peider (MBP) in eastern Switzerland (Frey et al., 2016; Haberkorn et
al., 2021) for three years (2016 to 2019) to evaluate the in situ effects of climate warming on
the diversity, community structure, association networks, abundances and activities of the
alpine permafrost and active-layer microbiota. Similar to other mountain systems, permafrost
in MBP is found near the summit, below a depth of 150 cm on the barren north-facing (N)
slope. The south-facing (S) slope of MBP experiences a warmer climate than the N slope,
featuring topsoils with 2—3°C higher soil temperatures, less snow and more vegetation, which
results in greater soil C and nutrient contents. We simulated conditions of warming on MBP
permafrost and overlaying active-layer topsoils by transplanting soils near the summit from the
N to the S slope, where they were placed in the topsoil at a depth of 18 cm (Fig. 1). Permafrost
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was also transplanted to the N topsoils. Reciprocally, we simulated conditions of cooling
(colder climate) in the active layers by transplanting topsoils from the S to the N slope.
Opposing microbial responses between the simulated warming and cooling helped us to
identify climate-microbial links in the soils. We hypothesized that three years of in situ
simulated warming would: (1) lead to augmented soil microbial abundance, associated with
abundance increases of fungi and copiotrophic over oligotrophic prokaryotes and shifts in soil
microbial diversity; (2) loosen microbial association networks in the soils; and (3) result in

enhanced substrate-use microbial activities and soil CO; effluxes.

4.3. Materials and methods

4.3.1. Site description

Muot da Barba Peider (2979 m a.s.l., N 46°29.78040' E 009°55.88700") is located in the upper
Engadine valley in eastern Switzerland. This site is part of the Swiss Permafrost Monitoring

Network (PERMOS; http://www.permos.ch/). Hourly soil temperatures measured at a depth of

5 cm (M-Log5W-SIMPLE sensors; GeoPrecision GmbH, Ettlingen, Germany) during three
consecutive years (2016 to 2019) had mean annual values of -2°C (ranging from -14°C to
21°C) in the north-facing (N) slope and 1°C (ranging from -8°C to 24°C) in the south-facing (S)
slope. The N slope has permafrost below a depth of 150 cm (temperatures of 0 to -4°C
measured at a depth of 1-2 m from August 2016 to August 2019, PERMOS borehole
MBP_0196, 2946 m a.s.l., N 46°29.784’ E 009°55.8645; http://www.permos.ch/data.html). The

S slope is only seasonally frozen (Zenklusen Mutter et al., 2010). Mean annual precipitation in
the region was 941 mm for the period of 2016-2019 (automatic meteorological station of

Bernina, N 46°26.4656, E 009°59.2132, 2090 m a.s.l.; www.meteoswiss.admin.ch). Soils in

the S slope experience more FTCs than in the N slope (Perez-Mon et al., 2020).

The soils around the MBP summit are mostly composed of gravel and sand materials, with low
pH (< 6) and extremely low contents of water, C (< 1%) and N (< 0.1%), especially on the N
slope (Table S1). The bedrock in MBP is gneiss from the upper Austroalpine Languard nappe.
Quartz and feldspars are the dominant minerals. Vegetation mostly occurs in the S slope, with

scattered occurrences of the taxa Poa, Cerastium and Jacobea spp. (Frey et al., 2016).
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4.3.2. Experiment set up

The soil transplantation experiment in MBP was established during the summer of 2016 (Fig.
1). Inthe N (N 46.49634, E 9.93145) and the S (N 46.49587, E 9.93226; 2979 m a.s.l.) slope,
10 independent active-layer topsoil samples (approx. 200 g of fresh soil), separated by
distances of 2—-3 m, were collected using a soil corer (10 cm diameter x 10 cm height). A total
of 20 topsoil samples were produced (10 samples x 2 slopes). Constrained by time and
logistics, a maximum of three soil profiles of approx. 2 m? and separated by approx. 5 m were
excavated with shovels on the N slope, down to a depth of 180 cm. Soils were collected at a
depth of 160 cm from each profile using the corer, producing a total of 3 independent
permafrost (P) samples. Two additional permafrost samples were produced by pooling soils
from the three profiles. All collected samples were homogenized and transferred to 2L
stainless-steel containers (12 cm diameter x 18 cm height, catalogue no. 301.317.16, IKEA,
Almhult, Sweden). Materials were sterilized with 70% ethanol between all steps of sample

collection and processing.

The containers were divided in seven groups, each with five replicates: three groups of
permafrost soils (P) and two groups each of N and S active-layer topsoils (N and S). For the
transplantation, the containers filled with the soils were placed in the N slope (Nn, Pn and Sn
containers) or the S slope (Ns, Ps and Ss containers). Climatic conditions of warming (i.e.
warming treatments) were applied to the N and P soils. One group of N topsoils was
transplanted to the S slope (Ns, active-layer warming) and the other to the N slope (Nn,
disturbance control) (Fig. 1). Comparably, one group of P soils was transplanted to the topsoil
in the N slope (Pn, permafrost warming 1) and a second group was transplanted to the S slope
(Ps, permafrost warming 2; warmest climate). The third group of P samples were kept within
the permafrost table (Pp). These containers will serve as long-term disturbance controls in
future studies (e.g. resampling after = 5 years) and were not sampled in the present study.
Here, intact permafrost soils collected at the start of the transplantation experiment (t0, time
zero) were used as controls. Climatic conditions of cooling (i.e. cooling treatments) were
applied to the S soils: one group of S soils was transplanted to the N slope (Sn, active-layer

cooling) and the other to the S slope (Ss, disturbance control).
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In each slope the containers were buried (transplanted) at a depth of 18 cm, in a randomized
arrangement. The containers were perforated at the sides and the bottom to prevent
waterlogging and to allow the exchange of solutions between the soil and the surroundings
(Zumsteg et al., 2013). The Pp long-term controls were produced by burying P soils at a depth
of 180 cm, in one of the excavated profiles in the N slope. Profiles were sealed using the

excavated soil.

The transplantation experiment started on 17 August 2016. The transplanted soils (i.e.
transplants) were incubated in the field for three years. During the incubation, soil temperatures
were measured continuously (via iButtons, Maxim Integrated, San Jose, California, USA) at a
depth of 3 cm in five of the transplants incubated in each slope. Soil aliquots of all transplants
were collected one (t1), two (t2) and three (t3) years after transplantation (summers of 2017,
2018 and 2019). In addition, N and S topsoils were collected every year around the
experimental site to monitor temporal variations in the soil microbiota. Aliquots of intact P, N
and S soils were also collected at t0. The collected soils were transported on ice from the field
to the WSL laboratory facilities, where they were sieved with a 2 mm mesh and stored at -20°C
(for genetic analyses) or 4°C (for microbial activity and soil chemical analyses). Intact
permafrost samples at t0 were also stored at the in situ temperature of -1.5°C in a growth

chamber at the Swiss Federal Research Institute WSL.
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Figure 1. Visualization of Muot da Barba Peider (MBP) and scheme of the experimental set-up. A. The
upper panel shows an aerial view of the MBP summit (yellow star), with overlapping images of the north-
facing and south-facing sampling locations near the summit, and close-up photographs of the active
layers. The lower panel shows the properties of the permafrost and north- and south-facing active-layer
topsoils, accompanied by a representation of the transplantations using arrows. Permafrost (at 160 cm
depth) and active-layer topsoils (at a depth of 10 cm) were collected in the north-and south-facing slopes
near the summit of MBP. The collected soils were transplanted (solid-line arrows) to the north- and
south-facing active-layer topsoils (at a depth of 18 cm). Permafrost soils were also transplanted within
the permafrost table (dashed-line arrow). B. Tabular representation of the transplantation experiment.
Capital letters represent the original soils: permafrost (P), north-facing active layer (N) and south-facing
active layer (S), whereas lower-case letters represent the destination to which the soils were
transplanted. Ns, Pn and Ps are warming treatments, whereas Sn represents cooling. Nn, Ss and Pp
(to be used in future studies) are soil disturbance controls. *Average and range (in brackets) of topsoil
temperatures measured during the three years of the experiment. Permafrost temperatures correspond
to ground temperature measurements at a depth of 1-2 m (PERMOS borehole MBP_0196, 2946 m
a.s.l.,, N 46°29.784’ E 009°55.8645; http://www.permos.ch/data.html) for the entire period of August
2016 to August 2019. OM: organic matter. The aerial photograph of MBP was provided by Dr. Marcia
Phillips.

4.3.3. Amplicon sequencing, OTU clustering and taxonomic assignments

DNA was extracted from each individual soil sample (1-2.5 g aliquots) using the DNeasy
PowerSoil Kit (Quiagen, Hilden, Germany), and the DNA extracts were quantified with
PicoGreen (Invitrogen, Carlsbad, CA, USA), following the manufacturer’s instructions. To

remove foreign DNA and prevent microbial contaminations, working bench surfaces and non-
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autoclavable materials were cleaned with 5% sodium hypochlorite and 70% ethanol solutions
prior to the DNA extractions. Triplicate PCR amplifications of the V3-V4 region of the 16S
rRNA gene (prokaryotes) and of the ITS2 genomic region (fungi) were performed on 10 ng of
the extracted DNA samples, using the primer pairs 341F/806R and ITS3/ITS4, and the
conditions described in Frey et al. (2016). Negative controls for the DNA extractions (extraction
buffer without soil) and PCR amplifications (high-purity water without DNA template) were
included. The amplicon triplicates were pooled, purified (AMPure XP beads, Beckman Coulter,
Beverly, MA, USA) and sent to the Génome Québec Innovation Centre at McGill University
(Montreal, Canada), where the pools were paired-end sequenced using the Illumina MiSeq v3

platform (lllumina Inc., San Diego, CA, USA).

Quality filtering of the prokaryotic and eukaryotic sequences, clustering (at 97% identity) into
operational taxonomic units (OTUs), and assignment of OTUs to taxa were accomplished as
described previously (Frey et al., 2016), using a customized pipeline based on UPARSE
(Edgar, 2013; Edgar & Flyvbjerg, 2015) and implemented in USEARCH v.9.2 (Edgar, 2010).
OTUs were classified to taxa by querying centroid sequences against reference databases,
using the naive Bayes classifier (Wang et al., 2007) implemented in MOTHUR (Schloss et al.,
2009), with a minimum bootstrap support of 60%. Prokaryotic sequences were queried against
the SILVA database v138 (Quast et al., 2013). Eukaryotic OTUs were first curated using a
custom-made ITS2 database generated from NCBI GenBank. Centroid sequences assigned
to fungi were classified to finer taxonomic levels with the UNITE database v8.2 (Nilsson et al.,
2019). Singletons and chimeras were removed on-the-fly during OTU clustering. Prokaryotic
or fungal taxa represented by less than 1% of all sequences were considered low-abundant

(Shade et al., 2014; Zhao et al., 2019).

4.3.4. Microbial abundance

Bacterial and fungal abundance were estimated by quantitative PCR (qPCR) on a 7500 Fast
Real-Time PCR System (Thermo Fisher Scientific, Waltham, MA, USA). gPCR reactions were
prepared using 6.6 ul of the DNA extracts and the primer pairs 27F/519R and ITS3/ITS4, which
amplify the V1-V3 region of the 16S rRNA gene in bacteria and the ITS2 genomic region in

fungi, respectively. gPCR programs were performed as described by Hartmann et al. (2014)
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and Frey et al. (2021). Three standard curves (correlations = 0.99) per target region (16S or
ITS2) were obtained using 10-fold serial dilutions (10! to 10° copies per pl) of plasmids cloned

with the targets.

4.3.5. Substrate-use microbial activities

The microbial utilization of 31 substrates (i.e. substrate-use activities) was investigated using
96-well EcoPlates™ (Biolog Inc., Hayward, CA) for the P, N and S soil transplants (five
replicates) collected at t3, and for the P samples at t0, stored at -1.5°C (three replicates). Soils
were pre-incubated for one week at 4°C, followed by one day of pre-incubation at 15°C. Soil
suspensions were prepared by adding a 0.9% NaCl solution to the soils (10:1 v/w) and shaking
the mix for 2 h at 15°C. To reduce the interference of soil materials in the colorimetric assays,
soils were left to settle for 10 min and the clear supernatant was diluted 1:10 fold. The EcoPlate
wells were inoculated with 125 pl of the dilutions and incubated at 15°C in dark growth
chambers. Flasks containing water were added to the chambers to minimize evaporation. A
soil temperature (at a depth of 5 cm) of 15°C was frequently measured at the MBP summit
during summer (Fig. S1), and short-term incubations of Alpine soils at this temperature have
only shown minor effects on the microbial communities (Adamczyk et al., 2021; Donhauser et

al., 2020; Ruthi et al., 2020).

Absorbance (A) of the inocula was measured at 595 nm with an INFINITE F200 reader
(TECAN, Méannedorf, Switzerland) every 2—3 days. Measurements were collected until color
saturation (A = 2, exhaustion of the tetrazolium dye), which occurred between 1 (S soils) and
4 weeks (P soils). The absorbance values of the control wells (water) were subtracted from the
values of the wells containing the substrates. Maximum rates (r, h'!) of substrate-use microbial
activities were calculated by fitting the time courses (hours, h) of absorbance (A)

measurements to logistic growth models (An= — ), using the package growthcurver

K
1+(%) e”

(Sprouffske & Wagner, 2016), implemented in R (R Core Team, 2020). Rates were set to 0
when A did not change over time or when the change in absorbance could not be fitted to the
logistic growth model. The fitted curves were checked manually and outliers were removed
where necessary to improve the fit, as recommended by Sprouffske (2016). We assumed that

the soil microbial communities were not able to utilize a substrate when the substrate-use rates
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were 0 in > 50% of the soil replicates from the same soil group (two out of three replicates for
P’, three out of five replicates for the soil transplants). Activity rates were normalized to gt DW.

Substrates were grouped into classes according to Ernakovich & Wallenstein (2015).

4.3.6. Heterotrophic respiration

Cumulative CO; respiration and 6'3C were measured for the intact P soils (three replicates)
and the Pn and Ps transplants at t3 (five replicates each). Aliquots of 0.5 g fresh soil were
weighed into 12 ml glass vials. The vials were covered with air-permeable cotton lids and pre-
incubated for one week at 4°C and for 5 days at 15°C, to minimize the potential influences of
the soil manipulation and the sharp increase in temperature in the activity estimates. Soil
moisture was equalized to 30-40% g DW for all samples, by adding 0.1 ml of sterile milliQ
water to the 0.5 g of soil. For the assays, the vials were gas-tight sealed and the concentrations
of CO; (gas) accumulated in the headspace and 8'3C (gas) values were measured after 89
and 185 hours of dark incubation of the soils at 15°C, using a GasBench Il system (Thermo
Fisher Scientific). To avoid pseudoreplication, the measurements at 89 and 185 hours were
performed in two independent aliquots (one for each time point) prepared for the same soil
replicate (e.g. 2 time points x 5 replicates of Pn soils = 10 samples). CO; concentrations were

normalized to gt DW. The increment (A) of respired CO, was calculated for each soil replicate,

CO, concentration at 185 h— CO, concentration at 89 h
as A CO, = &% 2 ) A

O13C was calculated in a similar
185 h—-89h

way.

4.3.7. Chemical and mineralogical properties

Chemical properties were measured for all soils collected in the different years, except for soil
organic matter (OM), which was only measured in the t3 transplants. Total carbon (C) and
nitrogen (N) were measured for dried (65°C) and fine-grained soil samples, using an elemental
analyzer (NC-2500; CE Instruments, Wigan, UK). Dissolved organic C (DOC) and N (DN) were
measured on carbonate-free soil extracts treated with 3 M HCI, using a TOC/DTN analyzer
(Sakalar Analytical B.V., Breda, the Netherlands). The soil extracts were prepared in milliQ
water (water:soil 10:1 v/w, shaken over night at room temperature) and filtered through DF

5895-150 ashless paper (Albert LabScience, Dassel, Germany). pH was measured in 0.01 M
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CaCl; soil slurries (2:1 viw). OM content was determined by the weight-loss-on-ignition method

(Davies, 1974).

Mineralogy analyses were conducted on rocks (1-5 mm) recovered from the intact P, N and S
soils at t0 and the Pn and Ps transplants at t3. The mineralogy of the rock materials was
determined by X-ray powder diffraction, as described in Frey et al. (2010) and Kern et al.

(2019).

4.3.8. Data analyses

Statistical analyses were completed using the open-source software R v4.0.2 with the RStudio
v.1.3 environment (RStudio Team, 2020), and results were graphed with the R package
ggplot2 (Wickham, 2016). A significance level of 0.05 was considered for all statistical

analyses.

Differences in prokaryotic and fungal B-diversity between soil transplantation treatments (Pn
and Ps; permafrost warming, Ns; active-layer warming, Sn; active-layer cooling) and controls
(intact P at t0; Nn and Ss, disturbance active-layer controls) were estimated from Bray-Curtis
dissimilarity values based on OTU relative abundances (Legendre & Gallagher, 2001).
Dissimilarities were visualized with principal coordinate analyses (PCoAs) and the statistical
significance of observed differences between the soils was tested with permutational analyses
of variance (PERMANOVAs, 10° permutations, function adonis in the vegan package;
Anderson, 2001) . Multivariate homogeneity of group dispersions was checked prior to the
PERMANOVAs to ensure that detected significant differences were associated with the
transplantation treatments and not with distinct within-group variability of the soils (betadisper
function; Anderson et al., 2013) . The microbial a-diversity parameters of richness (humber of
OTUs), and Shannon’s and Pielou’s evenness indices were calculated on OTU counts, rarefied
to the lowest number of sequences per sample (12900 sequences for prokaryotes and 6170
sequences for fungi) through iteration (mean rarefied values from 100 rounds of rarefication,
function rrarefy.perm, EcolUtils package; Salazar, 2019). To prevent underestimations of a-
diversity indices (Cameron et al., 2021), one soil sample containing less than 5000 prokaryotic

sequences was removed prior to rarefication.
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Overall effects of the transplantation treatments, time and their interaction on the microbial a-
diversity parameters were tested with two-way ANOVAs using trimmed means as robust
estimators (function t2way, WRS2 package; Mair et al., 2020), after verifying that the residuals
of the data were normally distributed but that the response variables were heteroscedastic.
The ANOVAs were applied on the separate subsets of permafrost, and north- and south-facing
topsoils. Games-Howell pairwise tests were conducted afterwards to test for differences
between soil transplants and controls in each of the years of the experiment. Similar statistics
were used to determine the effects of transplantation and time on microbial abundance,
microbial activities and the soil chemical properties. Welch tests were used instead of the two-
way ANOVASs to evaluate the treatment effects on OM and microbial activities, because these
variables were only measured at t3. To reduce heteroscedasticity, all variables were z-score
transformed prior to testing, except for microbial abundance and microbial activities, which
were logio transformed. Bacterial cells containing multiple copies of the 16S gene in their
genomes can cause overestimations of gPCR-based abundance measurements in soils (Angly
et al., 2014). To minimize this bias and for each soil sample (e.g. Pn soil, replicate 1), bacterial
abundance (16S rRNA gene copies g* DW) was divided by the weighted average of PICRUSt-

predicted 16S copies per genome of the OTUs present in the soil (

bacterial abundance of Pn soil, replicate 1
Zfoml OTUs(relative abundance of OTUi x 16S copies of OTUi) of Pn soil, replicate 1

the rationale of Angly et al. (2014).

). This calculation followed

DESeq2 analyses were used to identify differentially abundant OTUs between the soil
treatments and controls (i.e. responding OTUs). For each DESeq2 comparison of soail
treatment vs. control, the loge-fold change (LFC) of each OTU was calculated as log:

( OTU abundance of control

OTU abundances were normalized with the median of ratios method (Love et al., 2020). The

OTU abundance of treatment

). To account for differences in sequencing depth between samples,

statistical significance of the LFC was checked with Wald tests. p values were adjusted for
multiple testing using the Benjamini-Hochberg (BH) method with a false discovery rate
threshold of 5%. To lower the false discovery rate, the DESeq2 analyses only included OTUs
for which the sum of the sequences over all soil samples was = 10. The pairwise comparisons
included all the soil transplants and controls collected in the different years (t0 to t3). The soil
transplantation was implemented as the main factor in the DESeq2 tests, controlling for the
additional factor of time (~ time + soil transplantation)(Love et al., 2020). For the graphical

107



Chapter 4

representations, only highly (p < 0.01) differentially abundant OTUs among the 80% most
abundant in the subsets of permafrost and north- and south-facing active-layer topsoils were
selected. Selected OTUs were classified to the taxonomic levels of “phylum” and “genus”. Only
the genera for which all assigned OTUs either increased (LFC > 0) or decreased (LFC < 0) in

abundance in the soil treatments were included in the representations.

The 16S rRNA gene copy number per genome was predicted for the soil OTUs, by
phylogenetically annotating the centroid sequences against fully sequenced genomes using
the tool PICRUSt (Langille et al., 2013). The 16S rRNA gene copy number is an indicator of
“copiotrophy”, because copiotrophs usually have > 1 copy of the 16S rRNA gene in their
genomes (Lauro et al., 2009; Roller et al., 2016). Only OTUs with NSTI (Nearest Sequenced
Taxon Index) scores < 2 were represented, as recommended in the PICRUSt documentation

(https://github.com/picrust/picrust2/wiki/q2-picrust2-Tutorial).

To gain ecological information about the fungal taxa responding to the transplantation
treatments, the tool FUNGuild (Nguyen et al., 2016) was applied to the differentially fungal
OTUs detected in the Pn & Ps vs. P DESeq2 comparisons. The package FUNGuildR
(https://rdrr.io/github/brendanf/FUNGuildR/) was used to apply the FUNGuild tool in the R

environment.

4.3.9. Co-abundance networks

The co-abundance association patterns of the prokaryotic and fungal permafrost OTUs (p <
0.01, among the 80% most abundant) responding to warming were investigated. Correlation
matrices were generated by calculating all pairwise Spearman’s rank correlations between the
OTUs. Positively correlating OTUs (correlation coefficient > 0.6 and BH adjusted p < 0.05; Ju
et al. 2014) were identified and the correlations were represented as networks using the igraph
package (Csardi & Nepusz, 2006). In the network representations, OTUs were depicted as
nodes and correlations as edges. To gain information about warming-associated alterations in
the co-abundance association patterns of the microbial communities, network topological
properties of modularity and average degree of connectivity between nodes were calculated,

as described in Ju et al. (2014).
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4.4, Results

4.4.1. Changes in prokaryotic and fungal diversity

Soil transplantation (Pn and Ps: permafrost warming, Ns: active-layer warming, and Sn: active-
layer cooling) significantly altered microbial a- and - diversity (PERMANOVAs, p <0.05) in all
soils (Tables 1 and 2). The soil prokaryotic communities experienced greater structural shifts
(F=28, 68% of explained variation, EV) than the fungal communities (F=7, 39% EV, Table 2).
These shifts were particularly pronounced between the transplanted permafrost (Pn and Ps)
and the intact soils (P) (Table 2), where the alterations in prokaryotic p-diversity were coupled
to a significant decrease in a-diversity (Fig. 2, Table S2). Diversity changes were stronger for
the permafrost transplanted to the S (Ps) than to the N (Pn) topsoil, and mostly occurred during

the first year of the experiment but persisted over time (Fig. 2, Tables 2 and S2).

Significant decreases in bacterial and fungal a-diversity were also observed for south-facing
active-layer topsoils transplanted to the north-facing slope (active-layer cooling) (Tables 1 and
S2). Differences in a- and B-diversity between the intact soils (N, S and P) and soils
transplanted within the same habitats (Nn, Ss and P soils stored at -1.5°C) indicated influences

of soil disturbance in the community assemblages (Table S3).
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Table 1. Effects of the soil-transplantation treatments, time and their interaction on microbial a-diversity, microbial abundance and microbial activities, and soil chemical

properties.
Permafrost soils North-facing soils South-facing soils
Treatment Time Treat_ment X Treatment  Time Treat_ment x Treatment  Time Treat_ment x
Time Time Time
Prokaryotic a-diversity Richness 273.94*** 0.12 4.98 1.71 0.04 0.35 8.81* 1.92 4.76
Shannon index 205.19*** 6.79 6.74 0.47 0.82 0.18 10.60** 1.12 1.47
Evenness 133.59%** 16.08** 11.85 4.07 1.39 0.42 7.95* 1.09 0.56
Fungal a-diversity Richness 4.08 9.08 18.15* 1.34 15.30* 2.09 14.70**  50.96*** 0.80
Shannon index 3.42 0.13 0.88 0.28 37.85%** 5.31 3.22 5.21 4.40
Evenness 3.77 0.23 0.47 0.40 14.71* 1.40 0.54 2.89 2.68
Microbial abundance Bacteria  76.57*** 12.67* 23.18* 0.00 45.05%** 0.01 1.96 4.55 3.51
Fungi  78.25*** 5.35 6.11 0.26 132.66%** 0.00 0.21 12.51* 3.75
F:B ratio? 7.14 11.67* 14.61 0.67 25.1** 1.12 4.12: 1.50 0.01
Substrate-use - .
Microbial activities? rates® 11.88 444 0.41
Respiration 0.60

Soil a”dp':‘o'ggz'eas' Total C*  25.24% 454 115.82%++ 0.07 0.29 3.13 8.76* 3.95 0.25
Total N 354.73** 404.78*** 1392.81*** 2.21 10.78* 1.82 8.68* 6.18 0.30
DOC 15.48* 0.02 8.20 0.05 0.44 0.20 5.99* 2.56 0.67
DN  47.56*** 34.72* 27.97* 0.03 17.74* 5.92 1.91 1.20 2.87
pH  40.82** 11.22* 36.45** 0.02 1.24 0.21 6.70* 0.15 1.42

oM 4.80 8.07* 1.22
DNA content  77.00*** 4.94 15.17 0.83 60.90*** 0.98 7.20* 45.34*** 4.18

Significance of effects were tested with two-way ANOVAs using trimmed means as robust estimators. a=0.05. The ANOVAs included the intact permafrost at the start of the experiment (2016;
controls), and all permafrost and north-facing and south-facing transplanted soils from 2017, 2018 and 2019. Values in bold with superscript points and asterisks indicate marginally significant (- p
< 0.1) and significant (* p < 0.05, ** p < 0.01, *** p < 0.001) differences between the soil groups for the tested factors. F:B ratio: fungal-to-bacterial ratio. Treatment effects on microbial activities
and soil OM were evaluated with Welch tests because they were only measured in 2019. ' Substrate-use rates include the r%tes of all the substrates used by the microbial communities across the
different soils. Soil CO: respiration was only measured for the permafrost soils, where warming effects were the greatest. Total C: total carbon, Total N: total nitrogen, DOC: dissolved organic

carbon, DN: dissolved total nitrogen, OM: organic matter.
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Table 2. Effects of the soil-transplantation treatments, time and their interaction on microbial 3-diversity.

Prokaryotes Fungi
Main PERMANOVA?
DF? SS MS F EV [%)] p DF SS MS F EV [%)] p
Treatment 8 16.25 2.03 27.89 68 <0.001 8 13.07 1.63 7.14 39 <0.001
Time 2 0.81 0.40 5.53 3 <0.001 2 0.89 0.44 1.94 3 <0.001
Treatment x Time 10 1.16 0.12 1.59 5 0.01 10 2.00 0.20 0.87 6 0.93
Residuals 77 5.61 0.07 24 75 17.16 0.23 52
Total 97 23.82 95 33.12
Pairwise
PERMANOVAs
1l t2 t3 1l t2 t3
F p F p F p F p F p F p
Pnvs.P 9.71 0.02 27.46 0.03 15.17 0.02 4.37 0.02 5.44 0.03 4.94 0.03
Psvs.P 21.25 0.02 24.16 0.03 20.78 0.02 6.93 0.02 4.97 0.02 4.82 0.03
Psvs.Pn 3.70 0.02 4,74 0.03 3.82 0.02 2.55 0.02 2.35 0.02 1.87 0.03
Nsvs.Nn 1.99 0.03 1.75 0.06 2.73 0.01 1.16 0.29 1.36 0.12 1.84 0.01
Ssvs.Sn  2.05 0.09 2.46 0.06 2.76 0.04 1.61 0.03 1.38 0.06 1.85 0.01

General effects of treatment and time on B-diversity were assessed using PERMANOVA tests. Differences between pairs of soil treatments and controls were assessed using pairwise
PERMANOVAs. a=0.05. Pn: permafrost incubated in the north-facing topsoil, Ps: permafrost incubated in the south-facing topsoil, Nn: north-facing active layer incubated in the north-facing topsail,
Ns: north-facing actilve-layer topsoil incubated in the south-facing topsoil, Ss: south-facing active-layer topsoil incubated in the south-facing topsoil, Sn south-facing active layer incubated in the
north-facing topsoil. Tests were performed on Bray-Curtis dissimilarity matrices based on the relative abundance of the prokaryotic or fungal OTUs. The main PERMANOVA tests included the
permafrost (P), north-facing active-layer soils (N) and south-facing active-layer soils (S), squenced at the start of the experiment (2016), and the sequences of all soil transplants (Pn, Ps, Nn, Ns,
Ss, Sn) from 2017 (t1), 2018 (t2) and 2019 (t3). Controls correspond to P, Nn and Ss soils. DF: degrees of freedom, SS: sum of squares, F: pseudo-F ratio, EV [%]: % of variation explained by
the factors, MS: mean squares, p: p value. p values from pairwise tests were adjusted for multiple comparisons with the Benjamini-Hochberg method. EV = r-squared. Values in bold indicate

significant differences between soil groups.
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Figure 2. Prokaryotic (A) and fungal (B) diversity in transplanted soils and controls for the three years
of the experiment. Bar plots represent the mean + SD of the prokaryotic and fungal richness and
Shannon index (a-diversity) in the permafrost (P) at the start of the experiment (t0, control) and in the
soils transplanted to the north- and south-facing (Pn and Ps) active-layers topsoils after 1 (t1), 2 (t2) and
3 (t3) years. Symbols indicate marginally significant (- p < 0.1) and significant (* p < 0.05, ** p < 0.001,
Games-Howell pairwise tests) differences between the soil groups Pn vs. P and Ps vs. P. Differences
in B-diversity between soils are depicted with PCoAs computed on Bray-Curtis dissimilarities based on
OTU relative abundances. Capital N and S letters represent the original north-facing (N) and south-
facing (S) active layers, whereas lower-case letters represent the destination to which the soils were
transplanted.

4.4.2. Responses of prokaryotic taxa to transplantation

Approximately 3000 prokaryotic OTUs were found to be differentially abundant (i.e. responding
OTUs) between transplanted and intact (control) permafrost soils (Ps vs. P and Pn vs. P,
DESeq?2 tests p < 0.05), whereas fewer than 500 responding OTUs were detected for the Ns
vs. Nn (active-layer warming vs. disturbance control) and Sn vs. Ss (active-layer cooling vs.
disturbance control) comparisons (Table S4). Overall, more OTUs responded negatively (LFC
< 0) than positively (LFC > 0) to transplantation (Pn vs. P, Ps vs. P, Ns vs. Nn and Ss vs. Sn).
This trend, which persisted over time (Table S5), was particularly marked in the permafrost,
where about 2200 prokaryotic OTUs decreased in abundance and only 600 OTUs increased

in the transplanted (Pn and Ps) compared with the intact soils (P).
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Taxonomic classification of the significantly (p < 0.01) responding OTUs, among the 80% most
abundant in the separate subsets of permafrost and north- and south-facing active-layer soils,
showed that, at the phylum level only, the low-abundant (< 1% total sequences; Table S6)
bacterial phyla Deinococcota (genus Deinococcus), Firmicutes and Abditibacteriota, and the
archaeal Crenarchaeota all increased with warming (LFC > 0, Pn vs. P, Ps vs. P and Ns vs.
Nn; Fig. 3A, Table S7). The abundant phylum (> 1% of all sequences; Table S6)
Patescibacteria decreased markedly with simulated warming conditions (704 responding
OTUs within 28 uncultured lineages; Fig. 3A, Table S7), comprising groups (e.g. Ca.
Collierbacteria and Ca. Woesebacteria) among the taxa with the strongest abundance
reductions in the Pn and Ps soils (Fig. 3B). Numerous (~15) low-abundant (< 1% of all
sequences) phyla also responded negatively to warming (LFC <0, Pn vs. P, Ps vs. P and Ns

vs. Nn; Fig. 3A, Table S7).

At the fine-resolution taxonomic level of genus, we observed that the abundant (3% of the total
prokaryotic abundance) Noviherbaspirillum and Massilia (y-Proteobacteria) were among the
genera with the greatest increases in abundance in the transplanted permafrost soils (Pn vs.
P and Ps vs. P; Fig. 3, Table S8). Other increasing genera included Jatrophihabitants and
Crosiella (Actinobacteria), Tundrisphaera and Ca. Nostocoida (Planctomycetota), Granulicella,
Ca. Solibacter and Blastocatella (Acidobacteria), and Flavisolibacter (Bacteroidota). These
groups showed increased abundances in warmer vs. colder soil habitat comparisons (Ps vs.
Pn, Ns vs. Nn) and, conversely, a lower abundance in the cooled S soils (Sn vs. Ss; Fig. 3,
Table S8). The above-described patterns of taxa increasing and decreasing with warming did
not change when differentially abundant OTUs between the intact permafrost at t0 and the
soils stored at -1.5°C (soil disturbance controls, Table S5) were removed (data not shown). A
list of all responding prokaryotic OTUs with their complete taxonomic classification and

abundance information is provided in Table S9.

PICRUSt analyses suggested the copiotrophic features of the OTUs benefiting from warming.
Collectively, the permafrost OTUs responding positively to warming (LFC > 0, Pn vs. P and Ps
vs. P) had more 16S rRNA copies in their predicted genomes than the negatively responding

OTUs (LFC >0, Pnvs. P and Ps vs. P) (Fig. S2).
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4.4.3. Responses of fungal taxa to transplantation

DESeq2 comparisons between the transplanted and intact (control) permafrost soils (Ps vs. P
and Pn vs. P) showed a larger number (300—400) of differentially abundant fungal OTUs than
in the Ns vs. Nn (active-layer warming vs. disturbance control) and Sn vs. Ss (active-layer
cooling vs. disturbance control) comparisons (< 100; Table S4). Most of the fungal OTUs in
the permafrost responded positively to simulated warming, especially for the permafrost
transplanted to the S topsoils (Ps, warmest topsoil habitat), where the ratios of positively to
negatively responding OTUs was 4:1 for Ps vs. P and ~ 340:1 for Ps vs. Pn. Similarly, most of
the fungal OTUs in the N soils increased in abundance with transplantation from Nn to Ns
(active-layer warming), whereas they decreased with transplantation from Ss to Sn (active-

layer cooling) (Table S4).

The majority of the fungal OTUs responding (p < 0.01) positively to warming (among the 80%
most abundant OTUs in the separate subsets of permafrost and north- and south-facing
topsoils) belonged to the Ascomycota phylum (representing > 50% total fungal sequences;
Table S6), together with Chytridiomycota (Fig. 4, Table S10). Mortierellomycota and
Monoblepharomycota decreased with simulated warming, and Basidiomycota showed mixed
responses (Fig. 4, Table S10). At the genus level, we observed that mainly ascomycetous
sapro-pathotrophic taxa (e.g. Extremus, Tetracladium and Protomyces) were overrepresented
(LFC > 0) in the transplanted warmer vs. colder soil habitat comparisons (Pn vs. P and Ps vs.
P, Ps vs. Pn and Ns vs. Nn). Few lichenized genera (e.g. Aspicilia and Lecanora) were also
abundant in warmer soils. Except for Tausonia and Naganishia, basidiomycetous yeasts
responded negatively to warming. A list of all responsive fungal OTUs with their complete

taxonomic classification and abundance information is provided in Table S11.
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Figure. 3. Prokaryotic phyla
(A) and genera (B) in the
permafrost responding to
warming. Highly (p < 0.01)
differentially abundant OTUs
(i.e. responding OTUs) from

the DESeq2 comparisons
between the north-facing (Pn)
or south-facing (Ps)

transplanted permafrost and
controls (Pn vs. P, Ps vs. P),
and among the 80% most
abundant across the soils
were assigned to phyla and
genera. Barplots represent the
mean + SD of the logz-fold
change (LFC) values of the
OTUs belonging to common
taxa in Pn & Ps vs. P
comparisons. Represented
genera are those with the
highest mean abundance
increase (LFC > 0) or
decrease (LFC < 0) in the
transplanted soils, weighted
by their representativeness in
the permafrost (LFC x Rel.
abund). The number of
responding OTUs in each
phylum is shown in brackets.
Colors of genera in B
correspond to the phyla in A.

Rel. abund (%): sum of the abundance of the OTUs belonging to same taxa expressed as a percentage of the total sequences in the permafrost soils. Same response in Ps vs. Pn:
the genera increased (or decreased) in abundance in all Pn vs. P, Ps vs. P and Ps vs. Pn comparisons. The same applies for “same response in Ns vs. Nn”. Opposite response in
Sn vs. Ss: the genera increased in abundance in Pn vs. P and Ps vs. P, and it decreased in Sn vs. Ss (cooling). Capital N and S letters represent the original north-facing (N) and
south-facing (S) active layers, whereas lower-case letters represent the destination to which the soils were transplanted. Proteobacteria is represented at the level of order. Ca.:

candidate, * Methylobacterium-Methylorubrum. Patescibacteria was classified to the taxonomic level of order instead of genus.
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Figure 4. Fungal phyla (A) and
genera (B) in the permafrost
responding to warming. Highly (p <
0.01) differentially abundant OTUs
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and S letters represent the original north-facing (N) and south-facing (S) active layers, whereas lower-case letters represent the destination to which the soils were transplanted.
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4.4.4. Changes in microbial networks

Co-abundance networks of the positively correlating prokaryotic and fungal OTUs responding
to warming (DESeq2 tests p < 0.01, 80% most abundant in the permafrost soils) were less
complex for the transplanted (Ps and Pn) compared with the intact permafrost (P) at the start
of the experiment (Fig. 5). Specially for the OTUs responding negatively to warming (LFC < 0,
Pn vs. P and Ps vs. P), networks became increasingly more disconnected between the P, Pn
and Ps soils, showing a steep increase in modularity (m) and a decrease in the average degree
(ad) of connectivity between the nodes (m=0.02, 0.34 and 0.92, and ad=906, 23 and 5 in P,
Pn and Ps, respectively; Fig. 5). Associations between taxa were not phylogenetically

conserved.

4.4.5. Changes in microbial abundance

Permafrost transplantation led to an increase in bacterial and fungal abundance, which
occurred during the first year of the experiment and persisted over time (Fig. 6, Table S12).
Increasing fungal-to-bacteria (F:B) ratios in the transplanted permafrost, particularly in the soils
transplanted in the south-facing slope (Ps, warmest climate) indicated a trend of more rapid
increase in abundance for fungi than for bacteria. Microbial abundance was not significantly
affected in the transplanted N topsoils (active-layer warming) and only weakly in the
transplanted S topsoils (active-layer cooling), being influenced by time and soil disturbance

(Table S12).

4.4.6. Changes in substrate-use activities and heterotrophic respiration

Biolog assays (at 15°C) showed that the permafrost transplanted to the N (Pn) and S (Ps)
topsoils harbored microbiota capable of growing on a wider range of substrates than the intact
permafrost (soils stored at -1.5°C), and at greater rates (Fig. 7). Particularly, the Pn and Ps
microbiota metabolized a larger number of amino acids and, to a lesser extent, carboxylate
compounds (Fig. 7). Additional assays did not show a significant influence of incubation
temperature (4 vs. 15°C) and initial inoculum (undiluted vs. 1:10 dilution) in the maximum rates
of substrate-use activities for the permafrost (data not shown). Substrate-use activities of the

N and S active-layer topsoils were only minimally affected by the transplantation (N to S, active-
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layer warming and S to N, active-layer cooling; Fig. S3). Basal respiration (respired CO» and
0%3C values at 15°C) was similar between the three-year transplanted soils (Pn and Ps) and
the one-week thawed intact permafrost (P) (Fig. S4). 5*3C values (approx. -28) measured in

the solid phase were also similar for all permafrost soils.

4.4.7. Changes in soil properties

Permafrost transplantation to the N and S topsoils was associated with a significant (p < 0.05)
increment of up to 54% in total C (Tables 1 and S13), although overall values remained low (<
0.17% C). Total N became measurable in the transplanted permafrost soils (~0.01% N).
Dissolved N (DN) significantly increased 6-fold in the transplanted permafrost soils, whereas
dissolved organic carbon (DOC) decreased between 10 and 30% (Table S13). Significant
differences were also detected for pH and OM content between transplanted and intact
permafrost soils (Pn vs. P and Ps vs. P) and between transplanted N active-layer topsoils and
disturbance controls (Ns vs. Nn), but values differed minimally between the soil groups (pH ~

6, OM ranging from 0.9 to 1%).
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Figure 5. Co-abundance
networks of the prokaryotic
(circles) and fungal (squares)
permafrost OTUs responding
to warming. Highly (p < 0.01)
differentially abundant OTUs
(i.e. responding OTUs), among
the 80% most abundant in the
permafrost, were identified in
the DESeg2 comparisons
between the permafrost
transplanted to the north- or
south-facing active-layer
topsoils (Pn and Ps, warming
treatments) and the intact soils
(P, control). The responding
OTUs were grouped into OTUs
responding positively (logz-fold
change, LFC > 0, upper panel)
and negatively (LFC <0, lower
panel) to warming. Significant
positive correlations between
the abundances of the grouped
OTUs were identified for the P,
Pn and Ps soils, separately.
Co-abundant OTUs are
represented as  networks,
where nodes (n) depict the
OTUs and edges (e) depict the
correlations. Nodes are colored
according to the phyla
assigned to the OTUs. ad:
average degree of connectivity
between the nodes, m:
modularity.
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Figure 6. Bacterial and fungal abundances, fungal-to-bacteria ratio (F:B) (A) and substrate-use
microbial activities (B) in the transplanted permafrost and controls. Soil bacterial (16s rRNA gene) and
fungal (ITS gene) abundances are measured as the logio (gene copies g* DW). Measurements were
performed in the intact permafrost at the start of the experiment (t0, control) and in the permafrost
transplanted to the north- and south-facing active-layer topsoils (Pn and Ps) after 1 (t1), 2 (t2) and 3
years (t3; mean * SD). Substrate-use activity assays were performed at 15°C in the Pn and Ps soils at
t3, and in intact permafrost samples previously stored at -1.5°C (P’, controls). Rates (r) represent the
maximum increase in substrate-use activities over time, expressed as Absorbance hours™ g DW. Cells
in the heatmap represent mean r values for the P’, Pn and Ps soils. Blank cells represent substrates
that were not utilized by the microbial communities. The total number of substrates used by the
communities in the P, Pn and Ps soils are shown in parentheses. Symbols indicate marginally significant
(' p<0.1) and significant (* p < 0.05, ** p < 0.01, *** p < 0.001, Games-Howell pairwise tests) differences
between the soil groups Pn vs. P and Ps vs. P.
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4.5. Discussion
4.5.1. Simulated warming promotes the abundance increase of copiotrophic and

metabolically versatile prokaryotic taxa

In agreement with our first hypothesis, the transplantation treatments simulating warming led
to augmented microbial abundance in the MBP permafrost soils, and shifted the structure of
the microbial communities, particularly the prokaryotic communities, in both the permafrost soil
transplanted into the active-layer topsoils and, to a lesser extent, the north-facing active layers
transplanted into south-facing active-layer topsoils. As expected, prokaryotic taxa increasing
in abundance with simulated warming in the permafrost and active layers, or conversely
decreasing with simulated cooling (S to N topsoil transplantation) included abundant bacterial
genera with copiotrophic attributes, such as Noviherbaspirillum and Massilia. These genera
have been shown to be fast-growing (i.e. forming colonies in less than 7 days of incubation at
25°C) and they are easily culturable in nutrient-rich artificial media (Baldani et al., 2014; Lin et
al., 2013; Ofek et al., 2012). Genera within Actinobacteria and Bacteroidota, which increased
in the MBP soils with simulated warming, might behave copiotrophically at elevated
concentrations of C and nutrients (Ho et al., 2017; Senechkin et al., 2010). The warming-
induced increase in copiotrophy of the MBP soils was further indicated by the greater number
of OTUs in the permafrost transplants, which contained multiple 16S rRNA gene copies in their

genomes (Donhauser et al., 2020; Lauro et al., 2009).

An increased abundance of copiotrophic prokaryotic taxa, including Noviherbaspirillum and
Massilia, has previously been observed in laboratory incubations of MBP soils at elevated
temperatures (Donhauser et al., 2020; Luldkova et al., 2019) and receiving inputs of root-
exudates (Adamczyk et al., 2021), as well as in nutrient-enriched Arctic soils undergoing
thawing (Adamczyk et al., 2020; Schostag et al., 2019). Likewise, transplantation of Tibetan
topsoils from 3800 to 3200 m a.s.l. showed an increase in Actinobacterial strains in the
transplants under the warmer climate of the lower altitudes (Rui et al., 2015). The thawing
temperatures experienced by the MBP permafrost soil transplanted into topsoils would have
activated the permafrost microbiota surviving the freezing conditions, here reflected in the
increased abundance of spore-forming Firmicutes upon soil transplantation (Coolen & Orsi,
2015; Schostag et al., 2019). The availability of liquid water following thawing and the release

of C and nutrients from the previously frozen layers (Abbott et al., 2014; Chen et al., 2016) in
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the permafrost transplants could have particularly benefited copiotrophic prokaryotic taxa,
which adjust quickly to temperature changes and grow faster than other groups with the

available nutritional resources (Ho et al., 2017).

The frequent FTCs occurring in the topsoils might have additionally favored copiotrophs in the
transplanted permafrost, concurring with previous findings from MBP soil incubations with an
increased FTC frequency (Perez-Mon et al., 2020). Crosiella and Deinococcus genera, which
are adapted to environments of highly fluctuating temperature (Villa & Cappitelli, 2019), might
have also benefited from the FTCs. Particularly the 3°C warmer climate of the south-facing
slope of MBP, with less snow, could have facilitated the expansion of copiotrophic

microorganisms in the permafrost, and active layers incubated in the south-facing slope.

In disagreement with our first hypothesis, simulated conditions of warming in the permafrost
and overlying active layers led to an abundance increase of under-characterized soil bacterial
taxa within Acidobacteriota and Planctomycetota, that a priori would be considered oligotrophic
(Fierer et al., 2007; Ho et al., 2017). These included genera such as Tundrisphaera,
Granulicella which contain strains that require nutrient-poor artificial media and several weeks
to grow (Kulicheyskaya et al., 2017; Rawat et al., 2012). Tundrisphaera and Granulicella have
been described as important litter degraders in Arctic soils (Dedysh & Ivanova, 2019;
Klarenberg et al., 2020; Kulicheyskaya et al., 2017; Rawat et al., 2012), encoding for a wide
variety of hydrolytic enzymes that enable them to utilize lignocellulosic polysaccharides

(Dedysh & Ivanova, 2019; Rawat et al., 2012).

Metagenomic assessments of MBP soils in a previous study indicated the presence of plant
cell debris (e.g. from Poales) in the permafrost layers, and the enhanced functional genetic
potential of the permafrost microbiota to degrade polymeric substrates (Perez-Mon et al.,
2021). We theorize that the release of preserved biopolymers upon permafrost thawing could
have stimulated the growth of the polymer-degrading Tundrisphaera and Granulicella,
explaining their abundance increase in the transplanted MBP permafrost. Our reasoning is in
line with GeoChip gene profiling of Tibetan permafrost soils laboratory-incubated at 5°C for
five months (Chen et al., 2021), where an overrepresentation of C-degrading genes suggested

the microbial mobilization of biopolymers in the thawed soils. A greater content of plant-derived
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detritus in the south-facing topsoils of MBP (Perez-Mon et al., 2021) could potentially have
contributed to the increased abundance of metabolically versatile prokaryotes capable of
utilizing complex polymers in the active layers transplanted in the south-facing slope, through

the exchange of material with the surrounding soils.

4.5.2. Metabolically restricted oligotrophic bacterial taxa are vulnerable to simulated

warming

In contrast to the increase in copiotrophs, conditions of warming in the MBP permafrost led to
a severe decrease mainly of OTUs belonging to the uncultured Patescibacteria superphylum,
as reflected in the loss of prokaryotic a-diversity after transplantation into topsoils. A previous
metabarcoding study conducted in the MBP soils showed the overrepresentation of
Patescibacteria lineages in the permafrost (Frey et al.,, 2016). Patescibacteria members
feature ultra-small cell sizes (< 0.1 um) and streamlined genomes (~ 1 Mbp) of reduced
metabolic capabilities, likely related to syntrophic lifestyles (Brown et al., 2015; Ortiz et al.,
2020; Rinke et al., 2013; Tian et al., 2020; Vigneron et al., 2020). Genome simplicity might be
advantageous for the Patescibacterial cells in the oligotrophic permafrost habitats, as these
cells would require little energy to grow and divide (Ortiz et al., 2020; Tian et al., 2020). The
metabolic restrictions of Patescibacteria would, however, limit their growth upon thawing.
Under a warmer mountain climate, alpine permafrost soils might lose their unique prokaryotic
populations (Chen et al., 2021), which could be replaced by the copiotrophic and metabolically

versatile strains in the soils studied here.

4.5.3. Permafrost fungi benefited overall from simulated warming

MBP fungal communities profited overall from the simulated warming in the permafrost
transplanted into the active-layer topsoils and, to a lesser extent, in the north-facing active
layers transplanted into south-facing active layers. The trend of increasing fungal-to-bacterial
(ITS:169S) ratios over time, measured in the transplanted permafrost, could be explained by
fungi using the increased soil C and nutrients more efficiently than bacteria (Kallenbach et al.,
2016). Mainly sapro-pathotrophs, and a few cold-adapted lichenized genera (e.g. Aspicilia and

Lecanora; Singh et al., 2015; Nimis et al., 2018; Coleine et al., 2021) increased in abundance
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with the changing environment. Elevated soil temperatures could have promoted the growth
of the sapro-pathotrophs in the transplanted soils, as they are highly adaptable to
environmental changes (Schmidt et al., 2012; Selbmann et al., 2013). Further, the exposure
to sunlight in the topsoil, which is intensified in the south-facing slopes, could have enabled
the hyphal growth of the lichenized fungi together with their algal partners. In contrast,
psychrophilic basidiomycetous yeasts (e.g. Glaciozyma, Schizonella and Mrakia) inhabiting
the permafrost decreased with warming. The thick cell walls of basidiomycetous yeasts and
their ability to form cryoprotective exo-polymeric capsules might explain their prevalence in the
frozen permafrost environments (Coleine et al., 2021), but our results suggest that they will be

poor competitors against other fungal groups in the future warmer climate.

45.4. Simulated warming loosened the microbial association networks in the

permafrost

In agreement with our second hypothesis, the diversity loss and compositional shifts within the
permafrost microbial communities transplanted into topsoils resulted in more disconnected
microbial networks, with fewer positive associations between the fungal and prokaryotic
members. In line with the reasoning of Banerjee et al. (2019) and Morrien et al. (2017), the
simpler microbial networks in the MBP transplanted permafrost could potentially reflect a loss
of cooperative or trophic interactions between neighboring microorganisms (e.g. syntrophic
Patescibacteria obtaining nutrients from their partners), and thereby result in soil microbial
communities that are overall more vulnerable to environmental perturbations. This
notwithstanding, microbial association networks based on correlations should be interpreted
with care, because microbial taxa that do not interact could co-occur in the soils owing to
shared habitat preferences. Microbial structural alterations in the transplanted soils, persisting
over time after the first year of our experiment, suggest long-lasting effects of the changing soil
conditions on the microbiome. Monitoring of the experimental samples in the future is,
however, necessary to reveal the longer-term (= 5 years) dynamics of the fungal and bacterial
populations. Taxonomic shifts within fungal communities, particularly, might occur over longer
periods of time than for prokaryotes, owing to lower growth rates of fungi compared with

prokaryotic taxa (Rousk & Baath, 2011).
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4.5.5. Three years of simulated warming altered microbial substrate utilization but did

not enhance soil respiration

In partial agreement with our third hypothesis, the topsoil-transplanted permafrost microbiota,
enriched in fungi and copiotrophic prokaryotes, grew on a broader range of substrates and at
enhanced rates in Biolog assays. These observations corroborate the recent findings from
GeoChip-based studies in Tibetan permafrost (Chen et al., 2021) and metagenomic profiling
of permafrost-affected topsoils in the Swiss Alps (Donhauser et al., 2021), where soil microbial
communities at elevated temperatures exhibited greater C-degrading genetic capabilities.
Broader microbial activities, particularly for the recycling of N compounds (e.g. microbial
necromass, Donhauser et al., 2021) , might improve the nutritional status of alpine soils
(Metrak et al., 2020), thereby contributing to the ongoing advancement of mountain vegetation

towards higher altitudes (Adamczyk et al., 2019; Steinbauer et al., 2018).

In discrepancy with our third hypothesis, soil CO2 emissions rates were similar between three-
year thawed permafrost and one-week thawed controls. The MBP permafrost microbiota
transplanted into topsoils might feed on necromass or detritus-derived organics in the soails,
and it could even benefit from inputs of C and N from the atmosphere (Brankatschk et al.,
2011) and the surrounding topsoils. These nutritional sources might support microbial growth
after thawing but they might not be enough to sustain high rates of cell metabolic activity. The
MBP microbiota might require both elevated temperatures and high C inputs to boost soll
respiration (Adamczyk et al., 2021). This reasoning is in line with the findings from a nine-year
field experiment in which Tibetan grasslands were exposed to 1.6°C higher soil temperatures
(at a depth of 5 cm), where the authors proposed that the observed steady increase in
heterotrophic respiration over time was promoted by labile C inputs into the soils from the
warming-enhanced vegetation (Peng et al., 2020). Metagenomic analyses of the transplanted
MBP soils in the future, complemented with in situ measurements of soil microbial processes
(e.g. CO; fluxes), even if challenging because of the coarse soil texture, will enable a better
examination of the functional changes in the soil microbiota and its potential feedbacks to the

atmosphere.
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4.6. Conclusions

Here we demonstrate the fast acclimation of a temperate permafrost microbiota to three-year
field-simulated conditions of warming, confirming the indications from short-term laboratory-
controlled studies. Our findings suggest that the future warmer climate in mid-latitude
mountains lead to the growth of copiotrophic and metabolically versatile bacteria, as well as
sapro-pathotrophic fungi within the permafrost, superseding metabolically restricted
oligotrophic bacteria (e.g. Patescibacteria) and basidiomycetous yeasts. A warming-induced
loosening of microbial association networks could result in permafrost microbial communities
being more vulnerable to the changing climate, whereas the growth of microbiota that use a
broader range of substrates could alter the C pools in the soil. Three years of simulated
warming did not result in greater CO2 effluxes in the here transplanted permafrost, but the soll
microbiota needs high inputs of C and nutrients for their heterotrophic activities to increase
substantially. Collectively, our findings provide first insights on the structural and functional
acclimations of both the alpine permafrost and active layer microbiomes to in situ warming,
which help to improve the prediction of the responses of the mountain soils to the future warmer

climate.
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4.12. Supplementary information

4.12.1. Supplementary figures
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Figure S1. Top panel: temperatures of the soils transplanted to the north-facing (green line) and the
south-facing (red line) active-layer topsoils, measured at a depth of 3 cm inside the transplanted
soils (via iButtons, n=5 in each slope) and in the surrounding topsoil (via M-Log5W-SIMPLE sensors,
n=2 in each slope) during the three years of the experiment. The lower panel shows closer views of
the temperatures during the summers of 2017, 2018 and 2019, corresponding to 1, 2 and 3 years

after soil transplantation. Temperature measurements for 2019 are shown only until the 30" of
September. Values are hourly temperature means, n=7 in each slope.
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Figure S2. PICRUST-predicted 16S rRNA gene copies per genome of the permafrost OTUs responding
to warming. Responding OTUs correspond to the highly (p < 0.01) differentially abundant OTUs
identified in the DESeq2 comparisons between the permafrost transplanted to the north-facing (Pn) and
the south-facing (Ps) topsoils and the intact soils (P). Only responding OTUs among the 80% most
abundant in the permafrost are included. OTUs were grouped into positively responding (PR, LFC > 0)
and negatively responding (NR, LFC < 0) to warming.
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Figure S3. Substrate-use microbial activities measured in the north-facing (N) and south-facing (S)
active-layer topsoils transplanted (lower-case letters) to their original and opposite slopes. Activity
assays were performed at 15°C in the soils three years after transplantation. Rates (r) represent the
maximum increase in substrate-use activities over time, expressed as Absorbance hours™ g DW. Cells
in the heatmap represent mean r values for the soil groups. Blank cells represent substrates that were
not utilized by the microbial communities. The total number of substrates used by the communities in
the soils are shown in parentheses. Symbols indicate marginally significant ( p < 0.1) and significant (*
p < 0.05, ** p < 0.001, Games-Howell pairwise tests) differences between the soil groups Ns vs. Nn
and Sn vs. Ss (treatment vs. control).
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Figure S4. Increment (A) in respired CO2 concentrations and &*3C in the native permafrost (P) and in
the soils transplanted to the north-facing (Pn) and south-facing (Ps) topsoils. Respiration assays were
performed in the Pn and Ps soils three years after transplantation, and in the permafrost stored in-vitro
at -1.5°C. Soils were incubated at 15°C and respired CO2 concentrations (ppm) and &%3C were
measured after 89 and 185 hours (h). ACOzand &*3C correspond to the differences in the measurements
between the two time points, expressed as (ppm) ht g* DW. CO2 concentrations at 89 h were 2039 +
54,1784 + 45 and 2060 + 140 ppm for the P (three replicates), and Pn and Ps soils (five replicates).
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4.12.2. Supplementary tables

Because of their large extension tables S7, S8, S9, S10 and S11 are provided electronically,
in the published version of the Chapter::

https://www.sciencedirect.com/science/article/pii/S0048969721057983#s0145

Table S1. Physico-chemical properties of the studied soils. Mean + SD (n=3).

N S
C [%] 01 +0 01 £ 0 09 £ 0
N [%] b.d.ll b.d.l. 01 £ O
OM [%] 11 + 01 1.3 £+ 01 32 £ 0
WHC [g H20 g7 02 £ 0 02 £ 0 03 £ 0
pH [CaCl2] 58 £ 0 46 + 0.1 46 £ 0
Sand [%] 852 + 0.2 805 + 0.1 83.8 + 0.2
Silt [%] 11.2 + 04 159 + 0.2 14 + 0.3
Clay [%] 35 + 0.2 36 + 0.2 22 + 0.2
Quartz? 34 + 3 39 + 7 42 + 5
K-Feldspar 10 £ 1 7 £ 2 8 + 2
Na-Plagioclase 24 + 0 21 £+ O 24 + 3
Illite+Muscovite 15 + 2 17 £ 3 12 £+ 3
Chlorite 17 £ 0 16 + 3 14 + 0
Age[*C dating] 12403 + 69 12923 + 149 4889 + 76

1pb.d.l. below detection limit (N < 0.015), 2The minerological composition was measured in the present study. The
rest of the data was reported in Frey et al. (2016) and Perez-Mon et al. (2021). C: total carbon, N: total nitrogen,
OM: organic matter, WHC: water holding capacity. P: permafrost, N: north-facing active-layer topsoil, S: south-
facing active-layer topsoil.
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Table S2. Microbial a-diversity calculated in the soils during the three years of the transplantation experiment.

Permafrost soils North-facing soils South-facing soils
P Pn Ps N Nn Ns S Ss Sn
Bacteria Richness tot 2043 + 132 1176 + 29 539 + 27
t1
t2 1263 + 308 1347 * 247** 1032 % 175%*** 1451 + 291 1601 + 248 1433 * 166 1698 + 494 1255 + 202 1009 * 86
t3 1346 = O 1141 + 44** 1151 + 164*** 1718 + 114 1645 + 323 1452 + 143 1330 + 176 1313 + 183 1174 + 86
903 + 0 1049 + 421** 1140 * 217*** 1584 + 181 1632 + 318 1409 *+ 119 1088 + 199 1255 + 140 1147 *+ 65
Shannon index to
t1 6.38 * 0.16 5.52 + 0.09 4.16 * 0.12
t2
t3 478 + 0.62 5.45 * 0.63* 4.76 * 0.48*** 551 + 0.14 570 * 039 574 * 0.27 595 + 0.61 569 + 0.26 5.20 * 0.31*
4.84 + 0.00 5.38 % 0.11** 537 + 0.28%** 586 + 0.15 5.77 = 047 5.76 + 0.20 555 + 038 568 *+ 019 541 + 0.27
Eveness to 390 + 0.00 5.36 * 0.39%* 550 * 0.25%* 563 + 025 569 * 044 560 + 0.26 539 + 030 5.70 +* 0.12 5.48 * 0.18
tl
t2 084 * 0.01 0.78 + 0.01 0.66 * 0.02
t3
0.67 + 0.07 0.76 * 0.07 0.69 * 0.05** 0.76 + 0.01 0.77 + 004 0.79 * 0.03 0.80 + 0.06 0.80 + 0.02 0.75 * 0.04*
Fungi Richness to 0.67 + 0.00 0.76 * 0.01** 0.76 * 0.025** 0.79 + 001 0.78 +* 0.04 0.79 + 0.02 0.77 £+ 004 079 + 001 0.77 + 0.03
t1 0.57 + 0.00 0.78 * 0.02** 0.78 * 0.02** 0.76 + 0.02 0.77 = 0.04 0.77 + 0.03 0.77 + 0.03 080 * 0.01 0.78 * 0.02
t2
t3 344 * 24 183 + 87 95 + 31
Shannon index t0 218 * 54 345 + 160 434 + 124 349 + 70 286 + 71 342 + 98 318 + 66 346 + 52 266 * 49*
t1 154 = O 310 + 78 303 £ 50 270 + 67 238 + 77 246 £ 39 213 + 60 290 + 76 226 + 32
t2 8 + 0 374 + 126 425 + 172 259 + 87 323 + 16 328 + 66 222 + 147 367 + 46 296 + 29*
t3
412 + 031 213 + 1.23 226 + 0.18
Eveness to
t1 295 * 055 354 * 0.73 426 + 0.46 400 + 042 352 + 0.28 356 + 054 384 + 043 4.02 + 058 4.01 *+ 0.26
t2 276 + 0.00 3.78 * 0.59 3.86 + 0.78 3.19 £+ 0.72 359 *+ 034 354 + 048 3.08 + 080 4.05 + 032 353 + 0.49
t3 182 + 0.00 3.65 * 145 4.07 + 1.30 298 + 094 4.09 +* 0.08 3.75 + 0.70 3.13 £+ 0.87 4.10 + 037 398 * 0.17

IMeasurements were performed on aliquots of the soil pools prepared at the start of the experiment (summer 2016, t0) and on aliquots of soils collected during the summers of 2017 (t1), 2018 (t2)
and 2019 (t3). Mean + SD (n=3 for t0 soils and n=5 for t1, t2 and t3 soils). Values in bold with superscript points and asterisks indicate marginally significant (- p < 0.1) and significant (* p < 0.05,
** p < 0.01) differences between the soil groups Pn vs. P, Ps vs. P, Ns vs Nn and Sn vs. Ss. Significance was calculated with Games-howell pairwise tests applied to the subsets of soils separated
by year. P: permafrost at the start of the experiment, N: north-facing active layer at the start of the experiment, S: south-facing active layer at the start of the experiment, Pn: permafrost transplanted
to the north-facing topsoil, Ps: permafrost transplanted to the south-facing topsoil, Nn: north-facing active-layer topsoil transplanted to the north-facing topsoil, Ns: north-facing active-layer topsoil
transplanted to the south-facing topsoil, Ss: south-facing active-layer topsoil transplanted to the south-facing topsoil, Sn south-facing active-layer topsoil transplanted to the north-facing topsoil.
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Table S3. Differences in microbial B-diversity between transplanted and intact soils collected during the
different years of the experiment. Differences were evaluated with pairwise PERMANOVAs. a=0.05.

Prokaryotes? Fungi
1l t2 t3 1l t2 t3
F2 p F p F p F p F p F p

Pvs.P3 2598 0.01 10.39 0.01
Nvs.N4 810 0.12 10.72 0.03 9.53 0.12 2.37 0.13 271 0.04 195 0.13
Nvs.Nn 1254 0.03 13.47 0.03 1554 0.03 2.97 0.05 3.18 0.04 399 o0.04
Nvs.Ns 1214 0.03 13.7 0.03 15.84 0.03 2.93 0.04 332 0.04 332 0.04
Svs.S' 554 012 542 0.04 468 0.12 5.88 0.12 6.17 0.03 295 0.12
Svs.Ss 7.01 004 878 0.04 1058 0.04 4.39 0.03 458 0.03 482 0.03
Svs.Sn 78 0.04 1203 0.04 16.71 0.04 5.57 0.03 4.13 0.03 6.04 0.03

Differences were evaluated with pairwise PERMANOVAs. 0=0.05. Pairwise PERMANOVA tests were performed
on Bray-Curtis dissimilarity matrices based on the relative abundance of the prokaryotic or fungal OTUs, 2F: pseudo-
F ratio, p: p-value. p values from pairwise tests were adjusted for multiple comparisons with the Benjamini-Hochberg
method, 2P vs P': comparison between permafrost soils collected in the field (P) at the start of the experiment (2016)
and aliquots (collected during the period from 2017 to 2019) of permafrost soils stored at -1°C in dark conditions,
4N vs N': comparison between intact north-facing active-layer soil collected at 10 cm depth at the start of the
experiment (N) and intact north-facing active-layer soil collected at 10 cm depth in the field in 2017 (t1), 2018 (t2)
and 2019 (t3). The same holds for the south-facing active-layer soils (S vs S'). Values in bold indicate significant
differences between soil groups. Nn: north-facing active-layer topsoil transplanted to the north-facing topsoil, Ns:
north-facing active-layer topsoil transplanted to the south-facing topsoil, Ss: south-facing active-layer topsoil
transplanted to the south-facing topsoil, Sn south-facing active-layer topsoil transplanted to the north-facing topsoil.
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Table S4. Number of differentially abundant OTUs in DESeq2 comparisons between transplanted soils
and controls.

Prokaryotes Fungi
Increased Decreased Increased Decreased
OTUs! Rel. abund? OTUs Rel. abund OTUs Rel. abund OTUs  Rel. abund
Pnvs.P 557 8% 45% 2218 31% 35% 171 7% 22% 120 5% 38%
Psvs.P 633 9% 50% 2240 31% 34% 354 14% 29% 84 3% 37%
Psvs.Pn 430 8% 30% 327 6% 22% 345 15% 47% 1 0% 1%
Ns vs.Nn 208 4% 12% 282 5% 20% 75 4% 24% 18 1% 6%
Snvs.Ss 151 4% 27% 323 7% 16% 19 1% 9% 42 2% 7%

INumber of OTUs that increased (log2 fold change, LFC > 0) and decreased (LFC < 0) in the treatments, and the
percentage of the total OTUs they represent in the soils, separated by their origin: permafrost (7113 prokaryotic
and 2588 fungal OTUs), north-facing active layer (5702 prokaryotic and 1825 fungal OTUs), and south-facing active
layer (4354 prokaryotic and 1769 fungal OTUs). 2Rel. abund: abundance of the responsive OTUs as a percentage
of the total OTU abundance in the subsets of permafrost (P, Pn and Ps), north-facing active-layer (Nn and Ns) and
south-facing active-layer (Sn, Ss) soils. Full DESeq?2 results and taxonomic classification of differentially abundant
prokaryotic and eukaryotic OTUs are provided in Tables S9 and S11, respectively. P: permafrost at the start of the
experiment, Pn: permafrost transplanted to the north-facing topsoil, Ps: permafrost transplanted to the south-facing
topsoil, Ns: north-facing active-layer topsoil transplanted to the south-facing topsoil, Nn: north-facing active-layer
topsoil transplanted to the north-facing topsoil, Sn south-facing active-layer topsoil transplanted to the north-facing
topsoil, Ss: south-facing active-layer topsoil transplanted to the south-facing topsaoil.
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Table S5. Number of differentially abundant OTUs between aliquots of the same transplanted soils
collected in different years (time influence), and between transplanted and intact permafrost.

Prokaryotes Fungi
Increased? Decreased Increased Decreased
Pn 2018vs 2017 4 0% 9 0% 0 0% 0 0%
2019vs 2018 24 1% 0 0% 0 0% 0 0%
Ps 2018vs 2017 76 1% 54 1% 0 0% 2 0%
2019vs 2018 65 1% 16 0% 0 0% 0 0%
Nn 2018vs 2017 0 0% 0 0% 0 0% 0 0%
2019vs 2018 25 0% 14 0% 1 0% 0 0%
Ns 2018vs 2017 0 0% 0 0% 1 0% 1 0%
2019vs 2018 1 0% 0 0% 0 0% 0 0%
Ss 2018vs 2017 0 0% 1 0% 0 0% 0 0%
2019vs 2018 0 0% 0 0% 0 0% 0 0%
Sn 2018vs 2017 1 0% 1 0% 0 0% 1 0%
2019vs 2018 90 2% 64 1% 1 0% 0 0%
Pvs. P2 406 6% (49%) 1573 22% (40%) 71 3% (28%) 138 5% (37%)

INumber of OTUs that increased (log2 fold change, LFC > 0) and decreased (LFC < 0) in the soil transplants over
time, and the percentage of the total OTUs they represent in the soils, separated by their origin: permafrost (7113
prokaryotic and 2588 fungal OTUSs), north-facing active layer (5702 prokaryotic and 1825 fungal OTUs) and south-
facing active layer (4354 prokaryotic and 1769 fungal OTUs). 2P vs P': comparison between permafrost soils
collected in the field (P) at the start of the experiment (2016) and aliquots (collected during the period from 2017 to
2019) of permafrost soils stored at -1.5°C and under dark conditions (in situ conditions) (P'). These soils comprised
a total of 5342 prokaryotic and 1141 fungal OTUs. Numbers in parentheses represent the abundance of the
responsive OTUs as a percentage of the total OTU abundance in the subset of P and P’ soils. P: permafrost at the
start of the experiment, Pn: permafrost transplanted to the north-facing topsoil, Ps: permafrost transplanted to the
south-facing topsoil, Ns: north-facing active-layer topsoil transplanted to the south-facing topsoil, Nn: north-facing
active-layer topsoil transplanted to the north-facing topsoil, Sn south-facing active-layer topsoil transplanted to the
north-facing topsoil, Ss: south-facing active-layer topsoil transplanted to the south-facing topsoil.
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Table S6. Overall abundance of prokaryotic and fungal phyla.

Bacteria Fungi
Phyla Rel.abund (%)* # OTUs? Phyla Rel. abund (%) # OTUs
Chloroflexi 20.08 1225 Ascomycota 62.22 2602
Verrucomicrobiota 16.86 1040 Basidiomycota 10.78 1167
Proteobacteria 15.65 1999 Mortierellomycota 7.07 58
Acidobacteriota 11.54 714 Chytridiomycota 0.96 97
Planctomycetota 11.01 1545 Mucoromycota 0.31 28
Actinobacteriota 6.09 790 Monoblepharomycota 0.09 7
Bacteroidota 5.29 838 Rozellomycota 0.08 21
Patescibacteria 3.50 2809 Glomeromycota 0.06 11
Gemmatimonadota 3.35 246 Calcarisporiellomycota 0.03 2
Myxococcota 0.87 544 Neocallimastigomycota 0.03 4
WPS-2 0.87 52 Olpidiomycota 0.01 2
Firmicutes 0.63 137 Entorrhizomycota 1.45x 108 1
Bdellovibrionota 0.41 567 Zoopagomycota 3.97 x 10 1
Cyanobacteria 0.35 149 Basidiobolomycota 1.98 x 10 1
Crenarchaeota 0.34 26
Nitrospirota 0.26 14
Deinococcota 0.20 33
Armatimonadota 0.16 123
Elusimicrobiota 0.10 121
Abditibacteriota 0.08 58
RCP2-54 0.08 16
Methylomirabilota 0.07 9
Thermoplasmatota 0.04 14
Sumerlaeota 0.03 27
Dependentiae 0.03 151
Desulfobacterota 0.02 24
Latescibacterota 0.02 19
FCPU426 0.02 16
GAL15 0.01 2
Fibrobacterota 0.01 6
SAR324_clade 4.87 x 103 18

Hydrogenedentes 4.42 x 103 7
Nanoarchaeota 3.21x 108 9
WS2 3.11x 103 4
Caldisericota 1.60 x 10 1
MBNT15 1.25x 103 7
Entotheonellaeota 6.82 x 10 1
NB1-j 4.82 x 10* 2
Margulisbacteria 3.6 x10* 3
Unclassified 1.39 1068 18.36 1122

1Rel. abund (%): abundance of all OTUs belonging to the same phylum, expressed as a percentage of the total
OTU counts across all soils. 2#0TUs: total number of OTUs within the phylum.
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Table S12. Microbial abundance measured in the soils during the three years of the transplantation experiment.

Bacterial {02
abundance?
t1
t2

t3

Fungal
abundance to
t1
t2

t3

F:Bratio® t0
t1
t2
t3

DNA

content to

t1
t2
t3

Permafrost soils

North-facing soils

South-facing soils

P Pn Ps N Nn Ns S Ss Sn
1.5x107 + 4.5x108 5.1x108 + 1.0x108 3.8x10° + 1.4x10°
1.4x10%8 + 8.5x107 8.4x10% + 1.1x10° 1.8x10% + b5.5x10™** 1.2x10° * 8.0x10® 8.6x10®8 + 6.1x10% 9.6x10%® =+ 7.8x108 2.1x10° + 2.5x10° 1.2x10° + 3.4x10% 2.3x10° + 6.5x10%*
5.8x105 + 2.1x10* 1.1x108 * 1.6x108 9.5x107 * 1.1x10% 7.7x108 + 7.1x108 2.7x10%8 + 3.3x107 2.8x10%8 + 2.0x107 9.3x108 + 3.6x10%8 1.1x10° #* 6.2x108 9.4x108 + 3.4x108
4.7x107 + 2.2x107 7.8x10%8 + 1.4x10° 1.3x10° * 1.2x10% 1.0x10° + 1.2x10%8 1.5x10° + 7.3x10% 1.9x10° + 1.4x10° 3.2x10° + 2.8x10° 1.4x10° + 1.1x10° 1.9x10° + 1.1x10°
4.7x10* + 7.3x10% 7.6x106 + 6.5x10° 1.6x108 + 1.9x107
4.2x105 + 2.4x10° 2.8x10° * 3.1x10%° 8.8x10° * 1.5x10%** 1.2x107 * 1.0x107 5.7x10® * 2.7x10% 5.2x10® + 4.9x108 5.9x107 + 8.7x107 4.3x10° + 2.4x10° 3.6x10® + 1.8x10°
b.d.l 45x105 + 4.7x105 1.9x10° + 3.7x106 1.3x106 + 2.0x10%° 1.9x10° + 1.3x10° 5.1x105 + 7.2x10° 2.4x107 + 1.9x107 4.5x10° + 4.9x10® 1.7x10® + 5.2x10°
9.2x10° + 3.1x105 1.9x10% + 2.9x10° 9.8x10° =+ 1.4x107* 2.0x10® + 1.9x10% 4.6x10° + 2.9x10° 3.6x10° + 2.2x10° 1.2x107 + 4.7x10%® 9.8x10° + 1.5x107 4.1x10° + 1.5x10°
0.003 = 0.001 0.014 + 0.009 0.047 = 0.013
0.003 = O 0.004 *= 0.006 0.005 * 0.001* 0.011 = 0.005 0.012 = 0.009 0.007 %= 0.006 0.025 =+ 0.014 0.004 = 0.003 0.002 = 0.001-
0+ 0 0.007 + 0.003. 0.01 + 0.012 0.002 + 0.003 0001 =+ O 0.002 + 0.002 0.025 =+ 0.014 0.004 + 0.003 0.002 + O
0.02 = 0.003 0.004 = 0.003 0.043 = 0.083 0.002 = 0.002 0.003 = 0.001 0.003 = 0.002 0.005 = 0.004 0.006 = 0.004 0.002 + 0.001-
0.001 = O 0.615 + 0.081 6.723 * 1.007
0.007 = 0.003 0.051 * 0.036* 0.009 * 0.000** 3.504 + 1.613 1.1 £ 0.627 0.731 = 0.273 3.721 * 4.351 2.266 = 0.753 3.824 + 1.719-
0.001 + O 0.012 + 0.013- 0.015 + 0.014* 0.198 + 0.098 0.139 + 0.091 0.188 + 0.132 1.229 + 0.285 1.324 + 0.551 1.312 + 0.197
0.002 = O 0.038 =+ 0.057 0.063 *= 0.069* 0.79 = 0.131 1.269 £ 0.702 1.064 + 0.588 5.214 + 5.087 2.367 = 1.316 3431 = 1.581

1Abundance is measured as 16S gene copies g** DW (bacterial abundance) and ITS gene copies g** DW (fungal abundance). DNA content is measured as pg of DNA g* DW. 2Measurements
were performed on aliquots of the soil pools prepared at the start of the experiment (summer 2016, t0) and in aliquots of soils collected during the summers of 2017 (t1), 2018 (t2) and 2019 (t3).
Mean + SD (n=3 for t0 soils and n=>5 for t1,t2 and t3 soils). 3Fungal-to-bacterial ratio. Values in bold with points and asterisks indicate marginally significant (. p < 0.1) and significant (* p < 0.05, **
p < 0.01, *** p < 0.001) differences between the soil groups Pn vs. P, Ps vs. P, Ns vs Nn and Sn vs. Ss. Significance was calculated with Games-howell pairwise tests applied to the subsets of
soils separated by year. P: permafrost at the start of the experiment, N: north-facing active layer at the start of the experiment, S: south-facing active layer at the start of the experiment, Pn:
permafrost transplanted to the north-facing topsoil, Ps: permafrost transplanted to the south-facing topsoil, Nn: north-facing active-layer topsoil transplanted to the north-facing topsoil, Ns: north-
facing active-layer topsoil transplanted to the south-facing topsoil, Ss: south-facing active-layer topsoil transplanted to the south-facing topsoil, Sn south-facing active-layer topsoil transplanted to
the north-facing topsoil.
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Table S13. Chemical properties in the transplanted soils and controls during the three years of the transplantation experiment.

Permafrost soils North-facing soils South-facing soils
P Pn Ps N Nn Ns S Ss Sn
C[%DW] to* 011 * 0.00 0.16 + 0.01 1.25 + 0.02
t1 0.16 = 0.01*  0.15 * 0.05 041  0.09 0.61 + 0.05 058 + 0.04 077  0.58 1.35 + 0.55 254 + 0.87
t2 0.11 + 0.03 0.14 + 0.04 0.58 0.03 0.67 + 0.10 0.58 + 0.13 1.28 0.80 190 + 0.88 265 + 0.88
t3 0.11 + 0.00 0.13 + 0.02 0.17 £ 0.03* 0.42 + 0.08 0.50 + 0.04 0.67 + 0.15 1.75 + 1.50 1.25 + 0.62 191 + 0.69
N [% DW] t0 b.d. | 0.01 + 0.00 0.08 + 0.00
t1 0.01 = 0.00%** 0.01 + 0.00* 0.04 0.01 0.02 + 0.01 0.02 + 0.00 0.06 0.04 0.09 + 0.04 0.16 + 0.05
t2 0.01 + 0.00* 0.01 + 0.00*** 0.02 0.00 0.03 + 0.01 0.02 + 0.01 0.08 0.05 0.13 + 0.05 0.17 + 0.05
t3 b.d. 1l b.d. | 0.00 £ 0.01 0.02 + 0.00 0.02 + 0.01 0.02 + 0.00 0.12 + 0.10 0.09 + 0.04 0.12 + 0.04
DOC [ug g DW]2 t0 115.37 + 19.90 93.10 + 16.63 16450 + 5.76
t1 9752 + 1.02 78.04 + 13.50 173.33 12.77 116.37 + 19.61 108.05 * 6.50 178.08 111.06 194.06 + 43.95 258.58 * 90.81
t2 86.72 + 2299 127.33 = 102.12 133.37 15.07 120.99 + 29.05 110.69 + 25.22 152.09 51.71 15348 * 60.48 251.70 + 69.33*
t3 115.37 + 19.90 81.24 + 40.70 102.87 * 39.74 124.00 + 6.66 14257 + 59.44 138.63 + 68.39 189.31 + 80.93 147.63 + 4295 210.90 + 95.72
DN[ug g-1DW] tO  0.62 # 0.37 1.63 + 0.11 7.26 + 0.43
t1 145 = 0.50 054 + 0.14 8.04 1.64 459 + 223 251 + 0.32 8.74 6.64 9.76 + 3.23 14.24 + 3.85
t2 3.18 + 0.83* 6.63 + 7.04 8.53 1.47 6.59 + 2.30 574 + 1.09 11.38 5.87 1092 + 3.73 1585 + 3.65
t3 0.62 + 0.37 3.96 + 2.22* 436 + 2.74* 198 + 0.36 3.76 £ 255 6.90 + 2.88 13.10 + 9.70 11.47 + 4.99 9.90 + 4.05
pH tO 5.80 = 0.00 6.67 = 0.06 460 + 0.00
t1 573 + 0.15 567 + 0.15 4.60 0.00 483 £+ 0.25 477 £+ 0.12 4.50 0.00 450 £+ 0.00 440 + 0.00
t2 5.76 = 0.17 5.68 + 0.11 4.67 0.15 472 + 0.19 468 + 0.11 4.63 0.25 450 + 0.10 438 = 0.08
t3 5.80 + 0.00 566 + 0.11 544 + 0.11* 453 = 0.06 466 *= 0.19 476 = 0.17 433 = 0.35 444 = 0.09 443 *= 0.05
OM [% DW] tO 1.07 + 0.19 1.27 + 0.12 3.23 + 0.06
t1
t2
t3 1.07 + 0.06 0.92 + 0.08* 1.08 + 0.11 1.10 + 0.17 1.12 + 0.15 1.34 + 0.09* 430 + 3.12 3.48 + 1.58 450 + 1.32

IMeasurements were performed on the permafrost (P), north-facing active layer (N) and south-facing active layer at the start of the experiment (t0) and in the soils incubated for 1 (t1), 2 (t2) and
3 (t3) years in the north-facing (Pn, Nn, Sn) and south-facing (Ps, Ns, Ss) topsoils. Mean + SD (n=3 for t0 soils and n=5 for t1, t2 and t3 soils). 2DOC: dissolved organic carbon, DN: dissolved total
nitrogen. DOC and DN were measured in soil water extracts. Values in bold with superscript points or asterisks indicate marginally significant (- p < 0.1) and significant (* p < 0.05, ** p < 0.01, ***
p < 0.001) differences between the soil groups Pn vs. P, Ps vs. P, Ns vs Nn and Sn vs. Ss. Significance was calculated with Games-howell pairwise tests applied to the subsets of soils separated
by year. P: permafrost at the start of the experiment, N: north-facing active layer at the start of the experiment, S: south-facing active layer at the start of the experiment, Pn: permafrost transplanted
to the north-facing topsoil, Ps: permafrost transplanted to the south-facing topsoil, , Nn: north-facing active-layer topsoil transplanted to the north-facing topsoil, Ns: north-facing active-layer topsoil
transplanted to the south-facing topsoil, Ss: south-facing active-layer topsoil transplanted to the south-facing topsoil, Sn south-facing active-layer topsoil transplanted to the north-facing topsoil.
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5. CHAPTER 5. General Discussion

5.1. The alpine permafrost microbiome of Muot da Barba Peider in the present

In alpine permafrost ecosystems, taxonomic and functional comparisons between permafrost
and active layers are largely missing. This precludes an ecological understanding of the niche
partitioning of microbial taxa, and how these microbial taxa drive biogeochemical processes
within these mountain soils. In the mountain summit of Muot da Barba Peider (MBP), a first
amplicon sequencing study in the MBP soils revealed an unexpectedly high soil microbial
diversity in the permafrost, which was enriched in potentially novel taxa of unknown
physiologies (Frey et al.,, 2016). The metagenomic study presented in Chapter 2 of this
Dissertation complements the observations of Frey et al. (2016), and, together with this
previous work, serves as a first baseline to compare permafrost microbiota from alpine and
polar soils, and better understand the diversity and functional features of the global permafrost

microbiome.

A first important indication of my research in Chapter 2 was that at least part of the microbiota
inhabiting the MBP permafrost is active (Fig. 1), which challenges the historic assumption that
microbial life within permafrost is mostly quiescent. Similar to previous investigations in Arctic
permafrost (Burkert et al., 2019; Coolen & Orsi, 2015; Mackelprang et al., 2017), the MBP
permafrost metagenomes contained few sporulation genes and, comparatively, had a high
proportion of cold-stress genes (hypothesis 2.1) and active-cell related genes involved in

transcription, and DNA remodeling and biomolecule repair.

A second observation, relevant in the framework of global warming, was the
overrepresentation of C-cycling genes in the MBP permafrost metagenomes, which drives CO
exchanges between the soil and the atmosphere. More specifically, | detected a higher
diversity of microbial genes coding for enzymes involved in the hydrolysis of plant-, fungal-,
and animal-derived polymeric substrates (e.g. lignocellulose and chitin) in the permafrost
compared with the active layers, together with genes associated with fermentation and CO.-
fixation processes (hypothesis 2.2). Contrary to well-studied, waterlogged sub-Arctic soils,
both aerobic and anaerobic C mineralization might occur within the permafrost of less stratified
alpine soils, whose coarse texture facilitates oxygenation and the percolation of materials

along the soil depth gradient (Chen et al., 2016). Trapping of plant and animal detritus in
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permafrost was further supported by the detection of metagenomic reads from both kingdoms.
The existence of microbial communities with versatile organic C degrading catabolic potential
in the permafrost links to the hypothesis 4.2 (Chapter 4), in which | hypothesized that field-
simulated warming of permafrost enhances the turnover of carbon substrates, potentially

liberated from the soil upon thawing.

5.2. The alpine permafrost microbiome of Muot da Barba Peider in the future

In alpine permafrost areas it is still not clear to what extent changes in soil owing to climate
warming impact the taxonomic compositions of soil prokaryotic and fungal communities, and
how these compositional shifts relate to alterations in microbial activities (e.g. heterotrophic
respiration) that influence model-predicted feedbacks of mountain soils to the climate (e.g.
enhanced soil CO; emissions). Short-term (1- 3 month) responses of MBP soil microbiomes
to warming-induced conditions of (1) elevated soil temperature (Lulakova et al., 2019) and (2)
increased availability of plant-derived C and nutrients (Adamczyk et al., 2021) have been
studied. The microcosm experiment using MBP soils which | presented in Chapter 3 expand
on these aforementioned studies, in that | tested effects of (3) warming-related increases in

FTC frequency (daily vs. weekly FTCs) in the MBP active layers.

All tested warming-related changes shifted the structure of the soil prokaryotic communities,
whereas fungal communities might mostly respond to greater C and nutrients in the future
warmer climate (Adamczyk et al., 2021). At first, my results in Chapter 3 indicate that, contrary
to the effects of elevated temperature (Lulakova et al., 2019) and greater soil C and nutrient
availability (Adamczyk et al., 2021), more FTCs in the future could diminish soil heterotrophic
respiration. However, | observed that the drop in heterotrophic respiration rates was greater
for weekly FTCs (7 days of freezing) than for daily FTCs (12 h of freezing, hypothesis 3.1 and
3.2). This suggest that shorter periods of freezing during warmer winters may promote soil CO»
releases in the future, which could offset the decrease in respiration driven by daily freeze-
thawing. Importantly, my results also suggest common microbial responses to increased FTC
frequency between alpine and Artic soils, despite their distinct environmental legacies

(hypothesis 3.3).
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The field experiment that | presented in Chapter 4 of this Dissertation extrapolates results from
laboratory incubations conducted on the MBP soils to natural scenarios. There, the permafrost
(transplanted into the topsoils) and north-facing active layer (transplanted into the south-facing
topsoil) microbiomes responded, over a time span of three years, to co-occurring warming-
associated soil conditions of (1) increased temperatures, (2) a greater availability of C and

nutrients and (3) (more) frequent FTCs.

One of the most relevant implication of the findings in Chapter 4 in MBP, is that alpine
permafrost microbiomes might acclimate fast (within one year) to the projected warmer climate,
wherein changes in microbial diversity and community structure might persist over time.
Coinciding with the laboratory observations of Luldkové et al. (2019), Adamczyk et al. (2021)
and my results from Chapter 3, field-simulated warming favored the expansion of copiotrophic
prokaryotic taxa (e.g. Noviherbaspirillum and Massilia) in the topsoil-transplanted MBP
permafrost and, to a lesser extent, the south-transplanted active layer, whereas metabolically
restricted taxa (mainly Patescibacteria) decreased with warming (Fig. 1, hypothesis 4.1). The
warming-associated increases of Noviherbaspirillum and Massilia in Arctic soils (Adamczyk et
al., 2020) suggest common microbial indicators of the changing climate across differing

latitudes.

In line with the findings of Adamczyk et al. (2021), field-warming also promoted ascomycetous
patho-saprotrophic fungal taxa in the transplanted permafrost, but it lead to the decrease in
Basidiomycetous yeasts. Importantly, the warming-induced alterations in the MBP fungal
communities were less pronounced than in the prokaryotic communities. This supports the
view that soil fungi may be overall less sensitive than soil prokaryotes to the changing climate
(De Vries et al., 2018; Feng et al., 2020; Sharma et al., 2006; Xiong et al., 2014), or that shifts
between soil fungal taxa in the future might be slower than for prokaryotic taxa, owing to lower

growth rates of fungi compared with prokaryotes (Classen et al., 2015; Rousk & Baath, 2011).

A second relevant observation in Chapter 4 was that field-warming did not enhance
heterotrophic respiration in the permafrost (hypothesis 4.2). As in the laboratory (Adamczyk
et al., 2021; Luldkova et al., 2019), the transplantation of the permafrost into the topsoils led

to thawing, and thereby to the solubilization of autochthonous C-substrates within the soil.
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Furthermore, | posited that in the field, the permafrost soil microbiota receives allochthonous
C and nutrient sources, e.g. from atmospheric deposition, autotrophic activities (Rime et al.,
2016; Schmidt et al., 2008a), or materials from the surrounding soils. The total autochthonous
and allochthonous C resources in the transplanted permafrost could have been enough to
support a substantial growth of the soil microbiota (Adamczyk et al., 2021). This explains the
increase in microbial abundance in the soil, where the microbiota was able to grow on a
broader range of C-substrates. The C resources might, however, have been insufficient to
support high rates of cell activity. In the absence of vegetation, my current observations
indicate that C-depleted soils, such as MBP, will not become CO- sources in the future (Fig.

1).
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Figure 1. Summary of the main findings from the studies conducted in Muot da Barba Peider (MBP),
and presented in Chapters 2, 3 and 4. In Chapter 2, | conducted metagenomic analyses of the MBP
permafrost and active layer soils. These analyses indicate that the MBP permafrost contain active
microbial communities of versatile C and N-cycling functions. In Chapter 3 | evaluated in vitro the effects
of increased (+) freeze-thaw cycle (FTC) frequency on the MBP active layers. In Chapter 4 | evaluated
the effects of in situ conditions of warming during three years on the diversity and activities of the MBP
permafrost and active layer microbiomes. Field-simulated conditions of warming implied the co-
occurrence of increased soil temperatures, greater availability of C and N, and FTCs in the soils. All
these factors could have contributed to shifts in the structure and substrate-use capabilities of the
permafrost microbiome. Although in situ warming promoted the growth of the microbiota in the MBP
permafrost, it did not enhance heterotrophic respiration, likely constrained by the limited C content of
the soil.
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5.3.  Beyond the ecological findings of this Dissertation
5.3.1. Approaches to complement and extent the metagenomic analyses of the MBP

soils

In Chapter 2 of this Dissertation | successfully used metagenomic approaches to provide
insights into the high functional gene diversity of poorly characterized alpine permafrost
microbiomes. Although metagenomic approaches provide a holistic overview on potential
metabolic capabilities and adaptative strategies of soil microbiota, they do not inform about
active microbial metabolisms in soils. The Rhizosphere Processes (RPR) team is making a
great effort to culture the microorganisms inhabiting the MBP soils. Up to date, the team has
isolated > 1000 prokaryotic and fungal taxa from the MBP permafrost and active layers,
including novel groups (e.g. Cryolevonia; Pontes et al., 2020). The ability to culture these
microorganisms in the laboratory will enable to 1) verify physiological features of MBP soil taxa
indicated by their metagenomes, and 2) quantify the growth and active metabolic functions of
microbial cells under different habitat conditions. To complement the metagenomic and
culture-based investigations of the MBP soil microbiota, it would be valuable to conduct
metatranscriptomic analyses on MBP soils. Metatranscriptomic approaches largely follow the
same steps as metagenomics, but inform about the active functions of the culturable and yet-
to-culture soil microbiome (Shakya et al., 2019). The optimization of soil RNA extraction
protocols to generate higher RNA yields will enable metatranscriptomics screenings on these

soils in the future.

Besides the need of combining distinct methodologies (e.g. metagenomics, culture-based and
metatranscriptomics approaches), it is crucial to determine whether the microbial findings
described for MBP soils are representative of other mountain permafrost environments. During
the time period of my PhD, |, together with other members of the RPR team, collected
permafrost and active layers from other sites in Switzerland. Furthermore, the RPR team has
collected permafrost-like topsoils from other mountain summits (> 2500 m a.s.l) in the Alps,
and has used these in other projects (e.g. in Adamczyk et al., 2019 and Donhauser et al.,
2020) . An immediate step to test the representativeness of my findings at MBP would be to
conduct amplicon and metagenomic sequencing comparisons between MBP and these other
soils from the Alps. For instance, the identification of prokaryotic and fungal taxa, and functional

genes that occur across all soils, could help pinpoint microorganisms which are endemic to
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these cold-dominated environments, and provide ecological insights into their physiological
adaptations to alpine soil habitats (e.g. in a similar way as in Ortiz et al., 2020). Extending
metagenomic studies to other alpine soils would also enable a better exploration of soil
archaeal communities. Archaea are scarce in MBP (<0.5% abundance), yet studies indicate
active populations of methanogenic archaea together with methanotrophs in dry and C-
depleted soils in the Alps (Hofmann et al., 2016). As a minor project, it would be interesting to
compare the abundances of genes encoding key methanogenic (e.g. Methyl coenzyme M
reductase gene) and methane oxidation enzymes (e.g. particulate methane monooxygenase)
across alpine permafrost metagenomes, to gain insights into potential exchanges of the

greenhouse gas CH4 between these soils and the atmosphere.

It is important to highlight the significance of metagenomic surveys for the scientific community.
The metagenomic data that | generated for the MBP soils, as for other metagenomic
investigations, has been stored for a lifetime in the NCBI GenBank public repository. Scientists
around the globe can access this data and use it to address scientific questions, which are
different to the ones that | investigated here. For instance, one of the projects of the RPR team
aim to unravel the role of cold soil microorganisms in degrading plastic, which is a widespread
pollutant of global environmental concern (Ruthi et al., 2020). The MBP metagenomes are

used in this project to identify microorganisms that harbor plastic-degrading enzymes.

5.3.2. Future experiments to refine the links between variations in the soil microbiome

and the climate

In Chapter 3 and 4 of this Dissertation | provided an overview on potential responses of the
MBP permafrost and active layer microbiota to changes in soil conditions associated with
warming. However, future work is needed to better discriminate the climatic drivers that shape
the microbial communities in the warmer soils. For instance, warming is associated with higher
fluctuations in precipitation (IPCC, 2014, 2019). This might lead to drying and rewetting events
that could affect the diversity and activities of the alpine permafrost microbiome (Meisner et
al., 2021). It would be valuable to evaluate the impacts of drying and rewetting events on MBP
soils microbiota, e.g. by exposing the soils to drying-rewetting cycles, in a similar microcosm

incubation approach as in Chapter 3 of this Dissertation. Understanding the influence of soil
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moisture on the MBP soil microbiome would improve the interpretation of FTC experiments
conducted in Chapter 3, because freeze thawing implies the drying and the regaining of water
in the soil matrix (Meisner et al., 2021). Drying-rewetting experiments could also enable to infer
the possible influences of soil moisture on the permafrost and active layer microbial responses

to in situ warming, that | identified in the field-warming experiment in MBP (Chapter 4).

Concerning the field experiment in Chapter 4, it is important to underline that the microbial
responses to simulated warming that | identified for the MBP permafrost and active layers
correspond to the first three years after soil transplantation. Future monitoring of the
transplanted soils by the RPR team could reveal an evolution of microbial responses to
warming. For instance, as observed in decadal field-warming studies in Arctic soils (Deslippe
et al., 2012; Monteux et al., 2018), oligotrophic taxa inhabiting the warmed MBP permafrost
could replace copiotrophic taxa in the long-term because of a gradual enrichment in recalcitrant
compounds as soil microorganisms more rapidly deplete more energy-rich, labile carbon
sources (Li et al., 2021). Fungi and oligotrophic prokaryotes generally assimilate carbon
compounds more efficiently than copiotrophs, thereby producing less CO; per unit of substrate
(Ho et al., 2017; Kallenbach et al., 2016). If oligotrophs and fungi eventually expand over
copiotrophic prokaryotic taxa in the MBP soils undergoing warming, these soils could decrease
their (already low) CO, emissions. The warmer thermal regimes could also select for soail
microbial communities with higher optimal growth temperatures (Donhauser et al., 2020; Li et

al., 2021).

Importantly, soil copiotrophic taxa might also switch to oligotrophic lifestyles in warmer future
soils, slowing down their growth rates and adjusting their metabolic profiles to less energy-rich
substrates (Senechkin et al., 2010), or even evolving (Chase et al., 2021). As discussed in
Senechkin et al. (2010), “true” oligotrophs, therein understood as microorganisms only capable
of growing in low C (10 yg C mil™* in agar medium) may be rare. Taxonomic information
provides insights about potential functional traits of soil prokaryotic community members, but
these traits must be quantified for certainty (Morrissey et al., 2016). In the future, experiments
could be performed to better discriminate the copiotrophic or oligotrophic prokaryotes in the
MBP soils, which could in turn help linking variations in functional microbial groups with
ecosystem-level activities (e.g. soil CO, production). For instance, aliquots of the MBP soils

146



Chapter 5

exposed to field-warming could be amended with 13C-labelled labile (e.g. glucose), preferably
consumed by the copiotrophs, or (more) recalcitrant (e.g. cellulose) substrates, promoting the
oligotrophs. Measurements of the substrates consumption and CO production rates by tracing
the 13C, combined with sequencing and microbial abundance or biomass estimates, could
indicate whether the soils are enriched in taxa of copiotrophic (i.e. high CO» production per unit

of C or biomass), or oligotrophic attributes (Geyer et al., 2019; Naylor et al., 2020).

5.3.3. Incorporation of metagenomic analyses to better understand functional changes

in the soil microbiome owing to warming

An open question is whether the MBP soils could become CO; sinks in the future, and thereby
offset warming. In the conceptual model developed by Donhauser & Frey (2018) (Fig. 4 of the
review), the authors theorized that in C-deficient alpine soils, warming-stimulated CO-fixation
activities, first by microorganisms and, in the long-term, through potential colonization by
upward migrating plants, could outweigh heterotrophic respiration. An immediate step to better
understand the warming-associated alterations in C-cycling functions in the MBP soils would
be to perform metagenomic analyses of the topsoil-transplanted permafrost and south-
transplanted active layers. The metagenomic data would enable to quantify key genes involved
in COz-fixation (e.g. genes coding for the enzyme ribulose-1,5-bisphosphate carboxylase) and
C-degrading microbial activities (e.g. carbohydrate-active enzyme genes) in the soils. In a
similar way as | did for the amplicon data, functional genes increasing or decreasing with
warming could be identified by comparing gene abundances between: (1) the topsoil-
transplanted permafrost (thawed) with intact permafrost collected at the beginning of the field
experiment, and (2) north-facing active layers transplanted to the south-facing slope of MBP
with north-facing active layers transplanted within the north-facing slope. In a further step the
MBP soil metagenomes could be used to reconstruct MAGs, which would enable to better
identify the microbial taxa potentially driving the recycling of C and nutrients in the soils (e.qg.
as in Woodcroft et al., 2018). Prokaryotic MAGs could also reveal genetic signatures that
indicate copiotrophic (e.g. large genomes and many 16S rRNA copies) or oligotrophic lifestyles

(Lauro et al., 2009; Okie et al., 2020).
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Besides unveiling potential warming-induced changes in soil C processing, the metagenomic
data obtained from the transplanted MBP soils could enable to investigate alterations in N-
cycling genes associated with warming. The metagenomic profiling of the MBP soils (Chapter
3) showed that the soils contained abundant genes coding for key enzymes involved in all N-
cycling processes, despite the extremely low N content of the soils. The mobilization of
substrates and the warming-induce increase in microbial abundance could explain the
increase of N in the transplanted MBP permafrost (Chapter 4). Lower C:N contents favors
fungal over prokaryotic growth (Soares & Rousk, 2019). The fungal and prokaryotic-mediated
liberation of nutrients in the soils, including nitrate and ammonium, could stimulate vegetation
growth in the future (Naylor et al., 2020). In turn, plant-derived C and N inputs in the soils could
amplify the growth and C- and N-cycling activities of the MBP soil microorganisms (Adamczyk
et al.,, 2021). Recent reviews point that in poorly vegetated alpine soils, N sequestration
processes (e.g. through complete denitrification and N fixation) could outweigh N losses (e.g.
through incomplete denitrification) and that these soils could become N sinks in the long-term,
thereby mitigating warming (Voigt et al., 2020). N-cycling studies in alpine soils will enable to

verify this prediction.

5.3.4. Further analyses and field experiments to better understand the alpine

permafrost ecosystem and its global microbial responses to warming

Ideally, the genetic findings from MBP would need to be complemented with measurements of
microbial activities in the field, including in situ rates of soil CO; fixation and respiration, and
N20O fluxes. Future monitoring of the field experiment in MBP would greatly benefit from the
development of a gas-tight system that would enable to obtain reliable estimates of soil gas
fluxes in these rocky soils. Furthermore, it would be valuable to characterize the organic pools
within the MBP soils (e.g. fractions of lignin and hemicellulose components, indicated in the
metagenomic reads; Chapter 2) to reveal the in situ C and N-substrates which are available
for the soil microbiota. Studies point that deep soils (> 1 m b.g.s), including alpine permafrost,
contain highly diverse labile and recalcitrant C pools of old age which could be mobilized under
climate warming (e.g. Chen et al., 2016; Van der Voort et al., 2019). Characterizations of these
pools are, however, remarkably scarce and, overall, the biogeochemical processes involved

in the transformations of organic materials and minerals in these soils are largely unknown.
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Last but not least, it would be necessary to investigate whether the microbial responses to
warming observed in MBP are universal to other permafrost environments. In parallel with the
field experiment established in MBP, additional transplantation experiments were set up in
other summits in the Alps by Donhauser and RPR coworkers (Donhauser, 2021). In these
experiments topsoils were transplanted 1) from the north to the south slope in each of the
summits to simulate warming, and 2) from the summits at higher elevations (2800- 3000 m
a.s.l.) to the warmer thermal regimes of the summit at 2400 m a.s.l. It would be possible to
combine the microbial data collected from the field experiment in MBP with microbial data
obtained from these other transplantations in the Alps. The observation of common taxa
increasing in abundance with the simulated warming across all the summits could help
identifying microbial groups at the regional scale, which will benefit from the warmer mountain
climate in the future. Additionally, to better understand the effects of the projected increase in
vegetation on the soil microbiota, these transplantation experiments could be supplemented
with plant-related treatments. For instance, new or already transplanted soil replicates in MBP
or the other summits could be amended with litter (or root exudates) to evaluate the in situ
effects of augmented plant-derived C and nutrient inputs on the alpine soil microbiomes (e.g.

as in Adamczyk et al., 2020) .

5.4. Global perspectives and concluding remarks

My investigations build up on previous microbial studies in Tibetan permafrost soils and
together with this previous work underline the sensitivity of the alpine permafrost microbiome
to warming and its influences to the climate. Organic Arctic permafrost soils are expected to
release substantial C upon thawing, whereas part of the CO; could be eventually sequestered
by C-depleted alpine soils (Donhauser & Frey, 2018; Nikrad et al., 2016). Future studies
identifying the functional permafrost microbial groups (e.g. copiotrophs / oligotrophs)
responding to warming across the different latitudes will enable to verify these predictions.
Furthermore, refined global taxonomic and functional characterizations of the permafrost
microbiota would advance our understanding about the C and nutrient cycling processes in

these soil ecosystems, and their behavior in the future.
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