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Tiivistelmä 

Maaperän mikrobiyhteisöillä on tärkeä rooli maapallon biogeokemiallisissa prosesseissa, mutta 

yhteisöjen vaste ilmastonmuutokseen tunnetaan huonosti. Arktiksen ikiroudassa on noin puolet 

maapallon maanalaisesta hiilestä, ja lämpenevä ilmasto johtaa napa-alueilla maan orgaanisen 

aineksen nopeampaan hajotukseen mikrobien toimesta. Jotta lämpenemisen kokonaisvaikutus 

ravinteiden kiertoon ja kasvihuonekaasujen määrään voidaan ennustaa, on huomioitava 

maaperämikrobien toiminnot. Tavoitteenani oli selvittää, mitkä mikrobit ovat aktiivisia 

subarktisessa maassa ja mitkä ovat niiden tärkeimmät energianlähteet. 

Tutkin mikrobiyhteisöjen toimintaa ja aktiivisuutta 

metatranskriptomiikkamenetelmällä maanäytteistä, jotka keräsin subarktiselta Kilpisjärveltä 

luonnollisen ilmastogradientin muodostavalta tutkimusalueelta. Gradientti edustaa mahdollisia 

oloja, joissa maaperän mikrobiyhteisöt elävät ilmaston muuttuessa. Tutkin useiden 

ympäristömuuttujien, kuten pH-arvojen ja orgaanisen aineksen määrän suhdetta mikrobien 

toimintaan. Tutkielman tulokset osoittivat, että subarktisen maan aktiiviset mikrobiyhteisöt ovat 

monimuotoisia niin lajistoltaan kuin energia-aineenvaihdunnaltaankin, ja että pH, maan 

orgaanisen aineksen määrä sekä kosteus ovat tärkeimpiä tekijöitä, jotka määrittävät 

mikrobiyhteisöjen aktiivisuutta ja toimintoja. 
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Abstract  

Soil microbial communities have a critical role in the biogeochemical processes on Earth, but 

their response to the ongoing climate change is poorly understood. Arctic permafrost harbors 

approximately 50% of Earth’s below ground carbon, and warmer climate leads to increased 

rate of microbial decomposition of soil organic matter in polar regions. Without a 

comprehensive understanding of the soil microbial ecology, the overall impact of climate 

change to nutrient cycles and greenhouse gas emissions is difficult to predict. My aim was to 

improve the knowledge of active microbes and their energy sources in subarctic soil.   

I studied the activity and functions of soil microbial communities by applying 

metatranscriptomics to soils along a natural climate gradient in subarctic Kilpisjärvi, 

northwestern Finland. The gradient represents the possible soil conditions, that microbial 

communities live in as the climate changes. Additionally, I studied the relationship of 

microbial activity and various environmental factors, including pH and soil organic matter. 

Results of the thesis showed that the active microbial communities in subarctic soils are diverse 

taxonomically and by their energy metabolism, and that pH, soil organic matter content and 

moisture are the main drivers of soil microbial activity and functions. 
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1 INTRODUCTION    
  

Microbes inhabit virtually all places on Earth. Even though their significance may be hard to 

understand because we cannot see them, all life is dependent and affected by microbes. Global 

biogeochemical cycles of the key nutrients, such as carbon and nitrogen depend greatly on microbes, 

especially ones living in soil (Falkowski et al. 2008). In the history of Earth, microbes have had a 

crucial role in the events modifying atmosphere and enabling diverse forms of life and it is clear that 

microbial action has a response and consequences in the ongoing climate change. Warming is fastest 

in the polar areas (IPCC 2013), which also harbor vast amounts organic carbon and other nutrients 

(Tarnocai et al. 2009). Warming accelerates the activity of soil microbes followed by faster 

decomposition of soil organic matter (SOM), which create feedback cycles with unknown effect in 

global scale (Heimann & Reichstein 2008). One of the biggest questions is the fate of the carbon 

stored in permafrost after thawing, how much of it is released as greenhouse gases, such as carbon 

dioxide and methane (Schuur & Abbott 2011, Koven et al. 2011). Without a comprehensive 

knowledge of the microbial processes and the environmental factors affecting them, it is impossible 

to predict what kind of feedback effect the soil microbiomes have globally.  

 

1.1 Soil microbes and their significance 

1.1.1 Soils as microbial habitats 

Soil, the loose material on top of the bedrock, is an extremely complex environment with various 

factors, such as pH and soil structure affecting to the organisms living in there (Nannipieri et al. 

2003). Soil consists of organic matter and minerals (solids), but also the gases and liquids in between 

the soil particles (voids). Soil is mainly constituted of minerals, which are different sizes and types 

of weathered rock. Soil organic matter (SOM) constitutes smaller part of the soil, but its importance 

for ecosystems and as a carbon storage is significant. Soil structure influences the microbes because 

it determines the distances and how water, nutrients and gases move in the soil. 

From microbes’ point of view, soil is a mosaic of microsites, where spatial and temporal 

distances are short, and conditions may change fast. Microbial communities inhabit the microsites, 

where each population has its microniche. Each population is best adapted to the microniche and use 

its available resources to conduct biochemical processes for maintaining life. Soil is a very 

competitive environment with several biotic and abiotic factors contributing to the local conditions. 
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The complexity of soil leads to taxonomic and functional diversity of soil microbiota that has equal 

only in sediments. Unlike higher organisms, soil bacterial communities have similar levels of 

diversity and richness in different geographical locations across the globe, even in the Arctic (Neufeld 

& Mohn. 2005; Chu et al. 2010). In soil, the local conditions determine the microbial life. In arctic 

and subarctic soils microbial communities are exposed to extreme environmental stresses such as 

fluctuating temperatures, long periods of darkness or extensive UV-radiation and draught, which 

affect the microbial diversity and functions. 

pH is the major factor affecting the microbial community diversity, composition and 

activity (Chu et al. 2010) and it is determined by the type of rock and mineral weathering along with 

the biological processes in soil. Microbes have their pH optima and varying ability to tolerate acidity 

or alkalinity. Tundra soil pH varies between generally between 4 and 6 (Männistö et al. 2007, Hobbie 

& Gough 2002). For microbes, SOM is the principal source of nutrients, such as carbon (C) and 

nitrogen (N) used for energy acquisition and biosynthesis (Dungait et al. 2012). SOM originates 

mainly from vegetation, microbial debris and soil microfauna, and occurs in different chemical forms 

and in different levels of persistence. Fast-growing microbes utilize readily decomposable SOM, 

whereas difficultly decomposable (often referred as recalcitrant) SOM, for example in humus and 

lignin, takes longer period and influence of several organisms to decompose. Additionally, priming 

effect can occur, when availability of easily utilized carbon sources increases decomposition of more 

recalcitrant compounds (Bingeman et al 1953, Fontaine et al. 2003). SOM persistence is not only a 

matter of SOM molecular structure but depends more on the ecosystem living in soil (Schmidt et al. 

2011). Fungi are important SOM decomposers, as they can decompose complex structures such as 

lignin and make the more decomposable compounds available for other organisms. Protozoa, 

arthropods and annelids as well have a role as SOM decomposers and soil structure shapers. The 

quantity and quality of SOM is affecting the microbial diversity in soil, and N availability has been 

shown to play an important role in SOM decomposition and primary production in Arctic tundra soils 

(Koyama et al. 2014). 

Water is essential to all life forms, but in soil, it has moreover an important role as a 

carrier of nutrients, gases, ions, heat, and microbes. Thus, it affects the soil structure, redox potential 

and atmosphere, which all contribute to soil microbes. In polar areas, precipitation is in form of snow 

for considerable time of year. In microbial ecology perspective snow is a proxy variable, which means 

it has only indirect impacts on the soil microbial communities. Snow insulates the soil hence it 

prevents ground frost and protects microbes from freeze-thaw cycles (Zhang, 2005; Schimel & Clein 

1996). Snow also protects the vegetation (Niittynen et al. 2018), which has an indirect impact on soil 

microbiome. In addition, amount of snow influences the soil moisture during spring. In tundra 



4 

 

ecosystems majority of carbon dioxide emissions are released in summer, and deeper snow cover 

during winter decreases the summertime carbon dioxide efflux (Welker et al. 2000). 

Temperature determines the activity of soil microbes and has a clear relation with 

microbial respiration in arctic tundra soils (Mikan et al. 2002). Temperature also determines whether 

microbes are in dormant, growing or active state in soil, and microbes can stay active even in subzero 

temperatures (Steven et al. 2006). Instead of current temperatures, degree-days can be used for 

assessing the long-term impact of temperature. Thawing degree-days (TDD) and freezing degree-

days (FDD) are measures of how long and much above or under 0 °C the temperature has been. 

Furthermore, other organisms competing for nutrients or secreting inhibitive compounds such as 

antibiotics, predatory protozoa and infecting viruses, also contribute the soil microbial communities.  

Also, horizontal gene transfer between microbes plays an important role in ecology and in evolution 

of bacteria and archaea in soils.  

 

1.1.2 Microbes and nutrient cycles 

As mentioned above, microbes’ role in nutrient cycling on the globe is important. Sediments and 

rocks are biggest carbon reservoirs, but from there carbon moves extremely slowly. Carbon exists in 

high amounts in plants, but even more in humus, the complex mixture of chemical compounds in 

dead organic material. Organic matter has complex structure, and microorganisms easily decompose 

some of it; some is more recalcitrant and requires more time and several different organisms to 

decompose it. Microbial decomposition of organic matter is important means of carbon transfer to 

atmosphere as CO2.  

Plants and autotrophic microbes are called primary producers, since they fix CO2 to 

produce organic matter. Phototrophs obtain energy from light and chemolitotrophs from inorganic 

chemical compounds. Autotrophic organisms acquire carbon via carbon fixation pathways, such as 

Calvin cycle and 3-hydroxypropionate bi-cycle (for review, see Berg 2011). Majority of the organic 

matter is produced in oxygenic conditions, both in light and dark conditions, and to less extent in 

anoxygenic reactions. Organic matter is used by heterotrophic organisms in respiration, and 

accumulation of organic matter requires that rate of photosynthesis exceeds rate of respiration.  The 

net effect of carbon cycling is considerably dependent on respiration and photosynthesis. In anoxic 

environments, methanogenic microbes produce methane by reducing CO2 with hydrogen or split 

acetate to CH4 and CO2 (Figure 1). Known methanogens, such as Methanococcus and 

Methanosarcina are all Archaea, but there is also recent evidence of methanogenic Cyanobacteria 

(Bižić et al. 2019). Methane is mostly diffused to oxic environments, where it can be oxidized to CO2 
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by methanotrophic bacteria and archaea, released to atmosphere, or stay trapped in soil or sediments. 

The role of carbon dioxide and methane as greenhouse gases is covered in chapter 1.3. Some of the 

organic matter from plant material and microbial debris is not (fully) decomposed but stays stabile 

because of because of soil conditions or packing into recalcitrant aggregates. This way SOM can 

accumulate in soil. 

  Living organisms contain high amounts of carbon and nitrogen, thus their global cycles 

are closely interconnected. Microbial nitrogen fixation rate is higher when high amounts of organic 

carbon is available, whereas nitrification and primary production are stimulated by ammonia (NH3). 

Nitrification has a key role in global nitrogen cycle and is common in terrestrial ecosystems 

(Kowalchuk & Stephen 2001). It is a two-step process, where ammonia is first oxidized to nitrite 

(NO2
-), which is then oxidized to nitrate (NO3

-). Ammonia-oxidizing bacteria (AOB) or ammonia-

oxidizing archaea (AOA) conduct the first step, and bacteria from genera such as Nitrobacter perform 

the second step, nitrite oxidation. Ammonia oxidation is predominated by Archaea in soil (Leininger 

et al. 2006). Comammox (complete ammonia oxidation) is a process where ammonia is oxidized to 

nitrate by single organism, and Nitrospira is the only known genus to conduct this reaction (Daims 

et al. 2015, van Kessel et al. 2015). High levels of nitrate stimulate primary production, since it is an 

N source for plants and aquatic phototrophic organisms. Denitrification is a microbe-driven process 

where nitrate is reduced stepwise to nitrite and gaseous nitrogen compounds nitrite oxide, nitrous 

oxide and finally to dinitrogen to complete the nitrogen cycle. Denitrifiers are diverse variety of 

mainly heterotrophic bacteria, such as Pseudomonas and Bacillus, but also archaea and fungi conduct 

denitrification (for review, see Hayatsu et al. 2008). Dissimilatory nitrate reduction to ammonium 

(DNRA) is an anaerobic process where nitrate is used as an electron acceptor to produce ammonia, 

which stays in the system, available to other organisms, unlike in denitrification. Bacteria able to 

carry out DNRA are phylogenetically diverse, such as in Proteobacteria and Bacteroidetes (Smith et 

al. 2006, Mohan et al. 2004). 

 

1.2 Global warming and soil microbial communities 

1.2.1 Climate change and greenhouse gases 

Between 1880-2012 global average surface temperature has risen 0.85 °C, and by the end of this 

century is likely to exceed 1.5°C relative to late 19th century level (IPCC 2013). The phenomenon 

behind the global warming is greenhouse effect, where atmospheric greenhouse gases (GHG) are 

absorbing and emitting infrared radiation back to earth. Greenhouse effect is crucial for life on Earth, 

but human activities that enhance sources or reduce sinks of GHGs have turned greenhouse effect 
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more of a threat for life. The essential GHGs are water vapor, carbon dioxide (CO2), methane (CH4), 

nitrous oxide (N2O) and ozone (O3), which are derived from both natural and anthropogenic sources. 

In addition, there are several human-induced GHGs, such as chlorofluorocarbons and 

hydrofluorocarbons, which use has been widely reduced along the Montreal Protocol. Fossil fuel 

burning and land use including deforestation and agriculture are main causes for increased GHGs in 

atmosphere (IPCC 2013). The contribution of each GHG to climate warming can be compared with 

emission metrics such as Global Warming Potential (GWP) and Global Temperature change Potential 

(GTP) (Myhre et al. 2013). For example, methane and nitrous oxide are more potent greenhouse gases 

than CO2, but less potent than chlorofluorocarbons. 

Much can be done to reduce the human derived GHG emissions, but the efficiency of 

the effort to mitigate climate warming is uncertain. The difficulty in creating reliable climate models 

results from inadequate knowledge on feedback effects of climate warming (Wolff et al. 2014). 

Feedbacks are warming-derived phenomena, such as ice melting, cloud formation and forest fires, 

that weaken or strengthen further warming. Microbial activity in soils, seas and sediments is 

undoubtedly responding to warming, but its feedback effect is difficult to predict (Allison et al. 2010). 

Warming will be faster in the Arctic region than other areas on the globe, and mean warming will be 

more intense over land than over ocean (IPCC 2013). Approximately half of the global below ground 

organic carbon is in the northern circumpolar permafrost region soils, which cover 16% of Earth’s 

surface (Tarnocai et al. 2009). Permafrost is soil, which has been frozen for at least two years. In 

Arctic tundra permafrost is covered by active layer, which freezes and thaws periodically. 

Decomposition of organic matter is extremely slow in frozen soil, which has led to the accumulation 

of the soil carbon pools in northern latitudes. Permafrost thawing leads to higher activity of microbial 

decomposition, having potentially decisive impact on climate change (McGuire et al. 2009). A large 

fraction of C is labile and stored in deep soil layers (Balesdent et al. 2018), and it can be mobilized 

as the result of a change in temperature, soil redox status or thawing. Thawing permafrost could cause 

a positive feedback to climate warming, because increased microbial activity on carbon-rich high 

latitudes might act as carbon dioxide and methane sources (McGuire et al. 2009, Koven et al. 2011). 

However, plant productivity can be stimulated by the warming, and thereby have a negative feedback 

effect as carbon sink (Friend et al. 2014). On the other hand, deforestation decreases the plant intake 

of CO2 (Pan et al. 2011). 
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1.2.2 Soil microbial activity in changing Polar Regions 

The most important GHGs concerning soil microbial activity and its possible feedbacks are CO2, 

CH4, carbon monoxide (CO) and nitrogen oxides nitrous oxide (N2O) and nitric oxide (NO). GHGs 

produced in other environments, such as sediments and animal gut are not discussed here. Climate 

warming changes the soil conditions severely in Polar Regions, which leads to increased activity of 

soil microbes (Bardgett et al. 2008). Activity is due to physical changes, such as temperature, moisture 

and SOM availability, but also increased amount of SOM from atmospheric CO2-induced primary 

production. Soil microbes decomposing soil organic matter produce GHGs in their metabolism, but 

part of the gases is utilized by other microbes and thus is not released in atmosphere. GHG emissions 

from soil are measurable, but lacking information on the soil microbial communities and functions 

prevents a comprehensive assessment and prediction of their net contribution and feedback effects to 

climate change.  

 In current conditions, cold-adapted microbes inhabit and are active in permafrost soils 

(Rivkina et al. 2000, Hultman et al. 2015). Along thawing, permafrost community structure changes 

significantly. Increased SOM and moisture likely lead endemic taxa to be replaced with fast-growing 

copiotrophic microbes (Buelow et al. 2016) which again leads to increased decomposition and CO2 

efflux from soils (Mikan et al. 2002). Increased CO2 in atmosphere increases primary production, 

which results in larger amount of plant litter for soil microbes to decompose.  

Methane is produced by methanogens in anoxic soils, typically wet and peatlands and 

this type of soils increase along permafrost thaw (Knoblauch et al. 2018). Methane is an important 

source of energy to terrestrial and aquatic methanotrophic microbes. Anaerobic methane oxidation is 

coupled to reduction of sulfate, nitrate and oxides of iron and manganese, and these processes reduce 

the amount of free methane escape (Boetius et al. 2000, Raghoebarsing et al, 2006, Oni & Friedrich 

2016). Coupled processes are usually conducted by consortium of two or more microbial groups. As 

mentioned in chapter 1.1.2, methane can stay trapped in soils or sediments. This frozen CH4 is called 

methane hydrates and forms major deposit of methane in Arctic permafrost and marine sediments 

(Kvenvolden 1988). Changes in physical conditions, as temperature or pressure in soil induce 

methane release or absorption. It is a concern that climate change will cause abrupt escape of methane 

from the hydrates to atmosphere, even though methanotrophic microbes could consume part of it. 

Reservoir of global methane hydrates is a mere estimate, which increases the uncertainties of the 

contribution to climate change.  

Living organisms contain large amounts of carbon and nitrogen, and therefore the cycles 

of these elements are closely interconnected. Increased levels of CO2 in atmosphere increase the rate 

of photosynthesis, a phenomenon referred as CO2 fertilization. Limited nitrogen in soil reduces the 
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fertilization effect, since plants need N for growth (Reich et al. 2006). Furthermore, N2 fixation by 

soil microbes is stimulated by high levels of organic C. Because of the close interconnection of the 

cycles and many oxidation states of N, it is challenging to predict the how climate change affects to 

the emissions of N containing GHGs, such as (N2O). N2O is a potent greenhouse gas that also depletes 

stratospheric ozone (Ravishankara et al. 2009). Majority of N2O emissions to atmosphere are from 

microbe-derived nitrification and denitrification processes in soil, with use of nitrogen fertilization in 

agriculture as a significant accelerator. Permafrost soils and wetlands are a notable N2O emission 

source (Elberling et al. 2010, Marushchak et al. 2011). 

 

 

Figure 1. Simplified illustration of carbon and nitrogen cycles in soil. Black arrows denote microbial uptake 

or emission, green arrows denote plant CO2 and N uptake. Note that the division to organic and mineral layer 

is coarse, and the processes in soil can be conducted in both soil layers, depending on the conditions of the 

microsites. 

 

1.3 Studying soil microbiomes  

Most of the microbial species in soil cannot be isolated and cultivated. It is not only because we do 

not know how, but also because microbes live in complex communities and some may live only in 

presence of other species. Until the last century, our knowledge of soil microbes was based on culture-

based techniques and therefore skewed. Staley and Konopka (1985) described this bias with the term 

“the great plate count anomaly”, as the number of colony-forming cells on agar media is several 
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orders of magnitude lower than the number of cells seen in microscope. Analyzing microbes directly 

from the environment by sequencing or using methods such as fluorescence in situ hybridization 

(FISH) or denaturing gradient gel electrophoresis (DGGE) allowed scientists to avoid the great plate 

anomaly. The recent developments in high-throughput sequencing of microbial nucleic acids have 

enabled more comprehensive exploration of the life in soil (Handelsman et al. 1998, Kozich et al. 

2013, Hultman et al. 2015). Genomic studies with different approaches provide information on so-

called microbial dark matter and help building the tree of life (Rinke et al. 2013). Bacterial and 

archaeal organisms that have no cultivated representatives are placed into the tree as candidate 

divisions, and as knowledge accumulates, the tree of life expands rapidly (Hug et al. 2016). In 

literature these uncultivated bacterial and archaeal lineages might be with other names, such as 

candidate phylum (Hugenholtz et al. 1998), but here they are referred as candidate divisions. 

Metaomics (metagenomics, -transcriptomics, -proteomics etc.) are useful and efficient 

methods in studying the biological molecules produced collectively by a community of organisms in 

an environment. In metagenomics, all DNA content in certain community is pooled, sequenced and 

analyzed. Metagenomics provide information on the species and their abundances, but also 

information on functional potential: what microbes in theory can do in favorable conditions. In 

metatranscriptomics the target molecule is RNA, so it characterizes gene expression in the 

community. Metatranscriptomics analyses the function and activity of organisms at the time of 

sampling. Metatranscriptomes provide information on the major metabolic processes in certain time 

in a certain environment. However, it has to be stated that transcripts are not necessarily translated to 

proteins. Metaproteomics measures the abundance and diversity of translated proteins in a 

community, thus it reveals the proteins produced or stabilized in the soil. Altogether, comprehensive 

knowledge on the microbial communities, their potential and activity and further on their share in 

environmental processes can be built with metaomics. However, metaomic research of soil 

microbiomes require careful design and produce great amount of data that need proper computational 

and statistical methods for analyzing. 

 

1.4 Current state of research on Arctic and Subarctic soil microbial 

communities 

Without comprehensive knowledge on soil microbial communities and their functions it is impossible 

to fully understand what kind of feedback effect they have on the ongoing climate warming. By using 

modern, high-throughput molecular microbiology methods it is possible to build adequate knowledge 

on these processes. Now, omics data accumulates at great rate, but it is challenging to link the genes 

with the biochemical traits. In microbe-scale distances are short and nutrients move fast from one 
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microbe to other, changing the nutrients chemical state. Thus, parts of biogeochemical processes 

cannot be measured chemically, but genomic data can give information on these gaps and how the 

fate of molecules changes along changing conditions. Promising research has been done to 

incorporate microbial data into biogeochemical models (Reed et al. 2014), and this kind of integrated 

modeling approach provides information on the biogeochemical dynamics of the ecosystems and 

helps to build better predictive models on global scale. Indeed, the models are not complete without 

the microbial data. In addition, biome definitions used for macroorganisms cannot be used in 

predicting soil microbial communities, because the factors contributing to their composition and 

activity are very local (Chu et al. 2010). To predict the functions, microbial data of various soil 

conditions needs to be collected. 

 Along thawing, current permafrost soils will have thicker active layer (Åkerman & 

Johansson 2008, Koven et al. 2011) and slowly become more like subarctic soils, such as tundra and 

peatlands, depending on the topography, ice content, precipitation and vegetation, among others. 

Information on microbial communities living in the subarctic regions can therefore be used for 

predicting the future state of permafrost soils. Both feedback effect of microbial functions and the 

rate of their response to climate change are unknown. Metatranscriptomics provides a tool to 

understand these processes, because it gives snapshots of the soil microbes’ prevailing metabolic 

state. 

Multiple metatranscriptomic studies on (sub)arctic soil microbial communities have 

been done with very small number of samples (eg. Tveit et al. 2013, Schostag et al. 2015, Žifčáková 

et al. 2015), but complexity of soil microbial communities and soil matrix itself requires larger 

datasets to be studied to obtain truly ecologically meaningful and statistically significant results. 

Several researchers have used laboratory incubations to mimic climate warming by warming soil 

cores from arctic and/or permafrost in a laboratory conditions and analyzed microbes from them 

(Mackelprang et al. 2011, Tveit et al. 2015). However, in incubations it is extremely difficult to mimic 

the natural conditions with varying moisture, vegetation and microdiversity of nutrients. 

In subarctic Fennoscandic tundra, wide annual and even diurnal temperature fluctuation 

lead to freeze-thaw cycles and variation in soil wetness. In addition, plant growing season is relatively 

short, snow accumulation and photoperiods vary seasonally. Thus, tundra soil provides a selection of 

different natural conditions that soil microbial communities might experience in the future. In Finnish 

subarctic, microbial communities have been studied with phospholipid fatty acid analysis (PLFA) 

and terminal restriction fragment analysis (T-RFLP, Männistö et al. 2007, 2009). In Sweden, 

metatranscriptomic approach has been used for research on methanotrophy in permafrost thaw 
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(Singleton et al. 2018). Microbial community structure in Fennoscandic tundra has not been so far 

studied with modern omics methods.  

 

 

 

2 AIMS  
  

The aim of my master’s thesis is to understand the activity of the soil microbial communities and 

processes in SOM decomposition, since these processes, including methanogenesis, methanotrophy 

and nitrate reduction, define the GHG emissions from the soil. For this study, a large number of soil 

samples from total 73 sites were collected along a natural climatic gradient from fell Saana area in 

Kilpisjärvi, Finland. The gradient represents the possible scenarios of the impact of climate change 

to soils. 

The metatranscriptomic content of microbes were analyzed together with data on 

environmental factors soils to achieve understanding of how changes affect to the activity and 

functions of soil microbial communities. The research area and collected data covers gradients in pH, 

moisture, SOM, snow cover and nutrient content, which are expected to alter as climate changes. I 

hypothesize that change in environmental conditions will affect the energy sources of microbes and 

to understand this my focus was in energy metabolism of the bacterial and archaeal communities. In 

addition, this work will characterize the soil microbial communities in Finnish subarctic tundra and 

produce an exceptionally large metatranscriptional dataset, which will be deposited to a public 

database where it is freely available for further research. 
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3 MATERIALS AND METHODS  
 

  

 

Figure 2. Workflow of the methods used in this study. Starting from sampling, to extraction of RNA and 

construction of the cDNA library, sequencing and data-analysis. Environmental data was collected and 

analyzed with metatranscriptomic data. 

 

3.1 Study setting and sampling 

The study included analysis of microbial RNA and soil conditions (environmental data) (Figure 2). 

The study area is located in Kilpisjärvi region in northwestern Finland and extends to the 

Scandinavian Mountain range. The 3 km2 area covers parts of two fells, Saana (69°02′N, 20°51′E and 

Korkea-Jehkas (69°04′N, 20°79′E) and a valley between them (Figure 3). The biome is arctic–alpine-

tundra, but the geographic conditions vary and form several environmental gradients. The vegetation 

type is mainly mountain heath dominated by dwarf shrubs (Kemppinen et al. 2018). The measured 

July average temperature has been 11.2°C and precipitation 73 mm in 1981-2010 at Kilpisjärvi 

meteorological station (69°05′N 20°79′E, 480 m above sea level [a.s.l], Pirinen et al. 2012).  

Samples were collected in July 2017. All sampling equipment was disinfected with 70% 

ethanol before and between samples to avoid contamination. Soil was bored with a 50-mm diameter 

stainless steel soil corer with plastic inner casing. The sampling depth was measured after boring 

from the soil core inside the plastic casing. When available, both organic and mineral layer sub-
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samples were collected. The samples were 

collected below the rhizosphere, with 5 cm 

target depth for organic layer sample, whereas 

mineral layer sample was taken from the 

lowest part of the core. The samples were 

deposited into a Whirl-pak sampling bag 

(Nasco, Fort Atkinson, WI, USA) with a 

metallic spoon and immediately frozen in dry 

ice or liquid nitrogen and kept frozen in −80°C 

until nucleic acid extraction to prevent RNA 

degradation.  

 

3.2 Nucleic acid extraction and 

preparation of sequencing library 

For each sample, three replicate DNA/RNA 

extractions were conducted for an inclusive 

sample. Nucleic acids were extracted in a 

modified hexadecyltrimethyl ammonium 

bromide (CTAB), phenol–chloroform, and 

bead beating protocol (DeAngelis et al. 2009, 

Griffiths et al. 2000). The samples were kept on 

ice and all steps were performed promptly to avoid RNA degradation. In addition, certified RNAse 

free disposables, reagents and filter tips were used and surfaces wiped with RNase AWAY (Life 

Technologies, Grand Island, NY, USA). Solutions and water were treated with 0.1% 

diethylpyrocarbonate. 

  On dry ice, ~0.5 g of frozen soil was weighted to a 2 mL Lysing Matrix E tube (MP 

Biomedicals, Heidelberg, Germany) and 0.5 mL of CTAB buffer (consisting equal amounts of 10% 

CTAB in 1 M NaCl and 0.5 M phosphate buffer in 1 M NaCl), 50 µl 0.1 M ammonium aluminum 

sulfate (NH4(SO4)2 ·12 H2O) and 0.5 mL phenol:chloroform:isoamylalcohol (25:24:1) was added. 

After bead-beating with FastPrep (MP Biomedicals, Heidelberg, Germany) at 5.5 m s-1 for 30 s, 0.5 

mL chloroform was added. Nucleic acids were precipitated with PEG6000 (30% in 1.6 M NaCl) and 

washed with ethanol. Nucleic acids were extracted twice for each soil to maximize RNA yield from 

recalcitrant soils. Pellets were resuspended in 25 µl of Buffer EB and 250 µl Buffer RLT with β-

mercaptoethanol was added. All the centrifugations were done in +4°C. 

Saana 

Korkea-Jehkas 

Figure 3. Map showing the 73 sites where samples 

were collected.  Fell Saana is located in 

northwesternmost Finland (69°02′N, 20°51′E) 
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Finally, RNA and DNA were purified with AllPrep DNA/RNA Mini Kit (Qiagen, 

Hilden, Germany), where RNA was treated with DNAse I (Qiagen, Hilden, Germany). DNA was 

stored in -20°C and further sequenced and analyzed in a metagenomics study (Pessi et al. 

unpublished) The quantity and integrity of RNA was assessed on a Bioanalyzer RNA 2100 Nano/Pico 

Chip with Total RNA Assay (Agilent, Santa Clara, CA, USA). To ensure RNA was DNA free, a 

check-up PCR with universal primers and gel-electrophoresis was conducted. Triplicates were pooled 

by combining equal amounts of RNA from each triplicate. Complementary DNA (cDNA) libraries 

were constructed from the pooled RNAs with Ultra II RNA Library Prep Kit for Illumina (New 

England Biolabs, Ipswich, MA, USA). cDNA concentrations were measured using Qubit fluorometer 

with dsDNA BR/HS kit (Invitrogen, Carlsbad, CA, USA). 

 

3.3 Sequencing 

The cDNA libraries were sequenced with Illumina platform at the Institute of Biotechnology, 

Helsinki, Finland. Before sequencing, the libraries were analyzed with Fragment analyzer (Advanced 

Analytical, Ames, IA) and small cDNA fragments were removed to avoid primer binding to flowcell 

and reduce cluster density. Single-end sequencing was performed with NextSeq 500 (Illumina, San 

Diego, CA, USA) with 150 cycles.  

 

3.4 Environmental data 

Several features of the soils were collected: pH, soil organic matter (SOM) content, carbon, nitrogen, 

sulfur (CNS) content, gravimetric soil water content (moisture) and mineral (Na, Mg, Al, P, Ca, Mn, 

Fe) content. In addition, elevation, soil thawing degree days (TDD) and freezing degree days (FDD) 

data was collected. These were measured from both layers. This data was collected and analyzed by 

BioGeoClimate Modelling lab (PI Miska Luoto) in the Department of Geosciences and Geography, 

University of Helsinki. 

  For the environmental data, approximately 0.2 dm3 of soils were collected with a steel 

cylinder (diameter 5.5 cm, height 7.5) and stored in +4 °C. The soils were lyophilized according 

Finnish standard SFS300. Mineral samples were sieved through 2 mm plastic sieve and the organic 

samples for the CNS- and ICP-MS-analysis were homogenized by hammering the material into 

smaller pieces. pH analysis was done according to the international standard ISO 10390. SOM content 

was analyzed by loss on ignition analysis according to standard SFS 3008. CNS analysis was 
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conducted with Vario Micro Cube (Elementar, Langenselbold, Germany) and mineral content by 

ICP-MS according to standard protocols. 

 

3.5 Data processing and analysis   

Total RNA approach (Urich et al. 2008, Schostag et al. 2015) was used as the ribosomal RNA was 

not depleted after RNA extraction but all RNA transcripts were sequenced. The quality of the 

sequences was assessed using default settings with FastQC (version 0.11.5, Andrews 2010) and 

MultiQC (version 1.3, Ewels et al. 2016) before and after trimming with Cutadapt (version 1.10, 

Martin 2011) with quality cutoff 25 and minimum adapter overlap 10. Metaxa2 (version 2.1.3, 

Bengtsson-Palme et al. 2015) was used to extract small subunit (SSU) rRNA reads from the 

metatranscriptomes. The collected sequences were classified using mothur’s (version 1.40.5, Schloss 

et al. 2009) classify.seqs command with the cutoff  60 and SILVA 132 (Quast et al. 2013) as the 

reference database.  

 The cDNA reads were mapped onto the Kyoto Encyclopedia of Genes and Genomes 

(KEGG) Orthology database (Kanehisa & Goto 2000) using Diamond blastx (version 2.1.3, Buchfink 

et al. 2015) with E-value 0.001 and maximum number of target sequences value 1. Blast results were 

parsed with KEGG-tools (version 1.3, Pessi 2018) using MinPath (version 1.4, Ye & Doak 2009). 

The cDNA sequences assigned as rRNA and protein-coding RNA were analyzed as relative 

abundances, because samples were not quantified. Relative abundances were calculated by sample 

read number. Statistical analyses were done with R (version 3.5.2, R Core Team 2018) 

PCO was done to analyze the differences between the communities, using vegan 

package (version 2.5-3, Oksanen et al. 2018). Due to notable difference between communities in 

organic and mineral layers, further analyzes were done separately to both layers. Distance-based 

redundancy analysis (dbRDA) with forward selection was done to investigate the relationship 

between community structure and environmental variables. Permutational multivariate analysis of 

variance (PERMANOVA) for the environmental factors was done with adonis in vegan. These 

analyses were done using dissimilarity index Bray–Curtis. DEseq2 (version 1.22.2, Love et al. 2014) 

was used for data normalization and negative binomial tests. Results of the analyses were visualized 

with ggplot2 (version 3.1.0, Wickham 2016) and pheatmap (version 1.0.12, Kolde 2015). 
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4 RESULTS  
 

In total, 119 samples were collected from 73 sites: 46 sites had both organic and mineral, 24 only the 

organic and three only mineral soil layer sample. Full metadata was available for 108 samples, 

nitrogen was analyzed only from organic layer. Since sulfur could be analyzed from only 33 organic 

layer samples, it was excluded from the further data analyses. The elevation range in the study area 

is 320 m, with highest point on Mount Saana reached 903 m a.s.l. Among all samples collected, soil 

SOM content varied from 2 to 92%, gravimetric soil water concentration from 9 to 432% and pH 

from 3.9 to 5.8. 

 

4.1 Sequence metrics 

Metatranscriptomic sequencing yielded 2.4 ± 3.7 million reads range of 150 nt single-end reads per 

sample. Mean quality (phred) scores were over 20 before and after trimming and adapters were fully 

removed. One sample (site 11202, organic layer) yielded 80.4 million reads, and it was reduced 

randomly with seqtk command (Li 2016) with random seed 100 to a 4 million read subset. Mineral 

soil sample from site M11210 was discarded due to low number of reads. On average 35% of the 

reads were identified as SSU rRNA (Table 1). Approximately 40% of the reads were identified as 

protein coding RNA, and of those 2-4% could be annotated in the KEGG database. On average 25 ± 

5% of reads per sample could not be assigned as rRNA or protein coding RNA. 

  

Table 1. Sequencing and annotation metrics for all samples. 

 

4.2 Microbial communities 

On average, over 80% of the assigned SSU rRNA was bacterial, and circa 18% was eukaryal (Figure 

4) from which fungal SSU rRNA representing circa 11% of the sequences. Archaea represented 0.1% 

of the identified community members in organic layer and 0.2% in mineral layer. Also, 0.2% of the 

sequences in both soils were recognized as SSU rRNA but could not be assigned to domain level. 
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Figure 4. Pie chart showing the average relative abundances of different domains based on the rRNA 

sequences in the organic and mineral soil metatranscriptomes. Taxonomic composition in domain level 

was similar in both soil layers with over 80% of identified taxa being bacteria. 

 

According to the analysis of bacterial and archaeal SSU rRNA, Actinobacteria (30% in organic [O], 

21% in mineral [M] layer), Acidobacteria (17% O, 18% M), Alphaproteobacteria (16% O, 18% M), 

and Planctomycetes (13% O, 15% M) were the dominant active phyla in the microbial communities 

in both soil layers (Figure 5). Actinobacteria, Acidobacteria, Deltaproteobacteria, Verrucomicrobia, 

and Bacteroidetes were significantly (p < 0.05; negative binomial test) more abundant in organic layer 

than in mineral layer (Figure 6). Chloroflexi were more abundant in mineral soil communities. 

Thaumarchaeota was the most abundant archaeal phylum with 1.05×10-3 average relative abundance, 

followed by Euryarchaeota (7.72×10-5). In addition, archaea from phyla Diapherotrites, 

Nanoarchaeaeota, and Crenarchaeota were identified.  Two thaumarcheal genera, Nitrososphaera and 

Nitrosotalea and one candidate division Group 1.1c were significantly more abundant in mineral soil 

layer (p < 0.01; negative binomial test). 
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Figure 5. Bacterial and archaeal composition of the two studied soil layers. Out of the ten most abundant 

phyla Actinobacteria, Acidobacteria, Alphaproteobacteria and Planctomycetes were the most active in both 

soil layers. Phyla with low abundances as well as unclassified bacterial and archaeal phyla are summed in the 

category “Other”. 

 

 

 

Figure 6. Most abundant phyla in organic and mineral layer. Significance was tested with negative 

binomial test. In organic soil, the abundance of Actinobacteria, Acidobacteria, Deltaproteobacteria, 

Verrucomicrobia, and Bacteroidetes was significantly higher than in mineral soil, while Chloroflexi were more 

abundant in mineral soils.  
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Figure 7. Principal Coordinate Analysis (PCO) shows the difference in microbial 

community composition in organic and mineral layer. The two layers formed distinct 

clusters with a small overlap. Ellipse shows the standard deviation from the centroid of each 

soil type. 

 

 According to a Principal Coordinate Analysis (PCO), active microbial communities in organic and 

mineral differed from each other (Figure 7). Most abundant identified genera or candidate divisions 

in the soil communities were Acidothermus (Actinobacteria), Candidatus Solibacter, Subgroup 2, 

Bryobacter (Acidobacteria), WD260 (Gammaproteobacteria) Pajaroellobacter 

(Deltaproteobacteria), Roseiarcus (Alphaproteobacteria) and Aquisphaera (Planctomycetes) (Figure 

8). Acidothermus, Pajaroellobacter, Roseiarcus, WD2101 soil group, Acidipila, Acidicaldus, 

Pedosphaeraceae, Occallatibacter, Gemmata, and Chthoniobacter were more abundant in organic 

soil layer (p < 0.01; negative binomial test), whereas RCP-54, AD3, Subgroup 6, TK10, 

Methylocapsa, Subgroup 5, Candidatus Udaeobacter, Anaeromyxobacter and KF-JG30-B3 were 

more abundant in mineral soil layer (p < 0.01; negative binomial test). pH and moisture were 

significantly (p < 0.05; PERMANOVA) correlated the microbial community composition on family 
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level in both soil layers (Table 2). In addition, SOM, nitrogen (in organic layer only), manganese 

content and FDD (in mineral layer only) correlated with active microbial community composition. 

 

 

Figure 8. Heatmap showing the relative abundance of 50 most abundant genera candidate divisions in 

soils. Columns represent each sample. The most abundant prokaryotic genus in soil communities was 

Acidothermus (13 ± 5.7%), followed by taxa with abundance less than 4%.  To emphasize the differences, 

square root transformed data was used to produce this heatmap. 
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Table 2. Environmental factors significantly affecting the community composition on family level. 

According to a PERMANOVA test, in both layers the significant variables explained >30% of the effects. 

 

 

In organic soil layer, families or candidate divisions such as Subgroup 6 (phylum Acidobacteria), 

Gemmataceae (Planctomycetes), Xanthobacteraceae (Alphaproteobacteria) and 

Ktedonobacteraceae (Chloroflexi) were active in high pH and low moisture and SOM content (Figure 

9).  Acidothermaceae (Actinobacteria) were active in low pH and high SOM and nitrogen content, 

whereas low nitrogen and SOM content with higher moisture and pH increased the activity of 

Haliangiaceae (Deltaproteobacteria), Chthoniobacteraceae and Pedosphaeraceae 

(Verrucomicrobia). Several families, including WD2101 soil group (Planctomycetes), 

Acidobacteriaceae (Acidobacteria) and Caulobacteraceae, Acetobacteraceae, and Beijerinckiaceae 

(Alphaproteobacteria) were active in high moisture and SOM content and low pH. In mineral soil, 

same trends concerning pH could be seen for the above-mentioned families. In addition, 

Actinobacterial candidate division IMCC26256 was active in soil with high pH and moisture, whereas 

candidate division WPS-2 was active in high pH and low moisture.  

 

 

Organic Mineral

R2 Pr(>F) Significance R2 Pr(>F) Significance

Moisture 0.02444 0.0481 * Moisture 0.12383 0.0002 ***

pH 0.19774 0.0001 *** pH 0.12327 0.0001 ***

SOM 0.03717 0.0079 ** Mn 0.03831 0.0448 *

N 0.04429 0.0033 ** FDD 0.03744 0.0455 *

0.30364 0.32285

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05
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Figure 9. Distance-based redundancy analysis (dbRDA) shows the differences 

between most abundant families (with p < 0.01) and how soil pH, organic matter and 

moisture content affect to the abundances. Significances of the environmental variables 

are shown in table 2.  
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According to a negative binomial test pH, SOM content and moisture correlated significantly with 

the abundance of several microbial genera in organic (Figure 10) and mineral (Figure 11) soil layers. 

However, in organic layer more genera were associated with lower SOM concentration whereas in 

mineral layers more genera were associated with higher amount of SOM. In both layers, more genera 

were associated with higher pH, but in mineral layer, active taxa were mostly associated with high 

moisture. 

 

Figure 10. Heatmaps showing how the abundance of genera correlates with pH, SOM and moisture in 

organic layer based on the negative binomial test. a) pH, p < 0.001 b) SOM (%), p < 0.01 c) Moisture (%), 

p < 0.05. 
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Figure 11. Heatmaps showing the correlations between the abundance of genera and pH, SOM and 

moisture in mineral layer based on the negative binomial test. a) pH, p<0.001 b) SOM (%), p < 0.05 c) 

Moisture (%), p < 0.001. 

 

4.3 Microbial functions 

Of the identified protein-coding transcripts, on 77 ± 3% were associated to metabolism according to 

the highest KEGG classification (level 1). Most abundant transcribed metabolism genes of known 

function were involved in biosynthesis of other secondary metabolites (24 ± 7%) and metabolism of 

terpenoids and polyketides (20 ± 9%) (Figure 12). Vast majority of genes expressed in these two 

categories were threonine synthase (thrC) and glucose-1-phosphate thymidylyltransferase (rfbA, 

rffH), respectively.  Energy metabolism genes represented 4 ± 1% of the transcribed genes of known 

function and there was difference in expression between organic and mineral layer. On average 97% 

of all the identified protein-coding RNA could not be functionally assigned to KEGG database.  
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Figure 12. Heatmap showing the relative abundances of expressed metabolism gene classes according to 

KEGG classification. To emphasize the differences, square root transformed data was used to produce this 

heatmap. 

 

In this thesis, focus was on the energy metabolism of the microbes. According to permutational 

multivariate analysis of variance nitrogen, Mn and SOM were significantly affecting the expression 

of genes classified to KEGG modules of energy metabolism in organic layer (Table 3). In mineral 

layer moisture, pH and FDD were significant. dbRDA showed that in organic layer genes involved 

in nitrification, denitrification, methane oxidation and thiosulfate oxidation were expressed more in 

low moisture content, high nitrogen content and high pH (Figure 13). In high moisture content, genes 

involved in dicaboxylate-hydroxybutyrate cycle, incomplete reductive citrate cycle, reductive 

pentose phosphate cycle, as well as methanogenesis and nitrogen fixation were expressed more. In 

high SOM content and low pH oxidative phosphorylation, formaldehyde assimilation and 

assimilatory sulfate reduction genes were expressed. Similar trends could be seen in mineral layer, 

but in addition Photosystem I and II gene expression was significantly correlating with high pH and 

low moisture. 

 

Table 3. Environmental factors significantly affecting the expression of genes classified to KEGG energy 

metabolism modules. The significant variables accounted 17% of the effects in organic layer and 25% in 

mineral layer. 

 

 

Organic Mineral

R2 Pr(>F) Significance R2 Pr(>F) Significance

Moisture 0.02417 0.0713 . Moisture 0.08245 0.0061 **

SOM 0.02951 0.0262 * pH 0.05722 0.0093 **

N 0.07431 0.0001 *** K 0.05204 0.0365 *

Mn 0.04618 0.0048 ** FDD 0.06162 0.0092 **

0.17417 0.25333

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1
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Figure 13. Ordination of KEGG modules (with p < 0.01) and selected environmental factors based on 

dbRDA. Significances of the environmental variables are shown in Table 3. 
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Transcription of methane and nitrogen metabolism and carbon fixation genes were analyzed in more 

detail. Expression of particulate methane/ammonia monooxygenase genes (pmo-amo), involved in 

methane oxidation and first step of nitrification, was notable and varied among the samples from high 

to nonexistent but was stronger in mineral soils (Figure 14a). Expression of soluble methane 

monoxygenase genes (mmo) and methanol dehydrogenase gene (mdh1, mxaF) were hardly 

detectable, although more expressed in mineral soils. Genes encoding enzymes in formaldehyde 

assimilation in serine pathway were expressed widely in soils. The functional marker gene of 

methanogenesis, methyl-coenzyme M reductase (mcrA) was not expressed, but other genes involved 

only in methanogenesis were, such as genes coding formylmethanofuran dehydrogenase subunits 

(fwd) and trimethylamine---corrinoid protein co-methyltransferase (mttB), as well as genes involving 

coenzyme M biosynthesis.  

Nitrate reductase/nitrite oxidoreductase functions in nitrate reduction pathways 

(denitrification and DNRA) and nitrification, and genes narG and narH encoding subunits of this 

enzyme were expressed particularly in mineral soils (Figure 14b). Gene hao, which encodes 

hydroxylamine dehydrogenase needed in oxidation of ammonia to nitrite, was not expressed in either 

layer. Denitrification genes were expressed in both layers: NO-forming nitrite reductase (nirK), and 

nitric oxide reductase subunit B (norB). Gene nosZ, encoding nitrous-oxide reductase was expressed 

to lesser extent. Genes encoding nitrite reductase nirB and nirD for dissimilatory nitrate reduction to 

ammonium (DNRA) were expressed in both layers. In addition, genes involved in assimilatory nitrate 

reduction were expressed (nirA, narB and nasA).  

  When focusing on C fixation, genes involved in 3-hydroxypropionate bi-cycle, 

hydroxypropionate-hydroxybutylate cycle, reductive acetyl-CoA pathway (Wood-Ljungdahl 

pathway) reductive citrate cycle (Arnon-Buchanan cycle) and reductive pentose phosphate cycle 

(Calvin cycle) were expressed widely in studied soils (Figure 15). Energy metabolism pathways 

utilizing sulfur compounds were also examined, but only assimilatory sulfate reduction genes were 

expressed widely in soils (data not shown). Expression of genes involved in dissimilatory sulfate 

reduction and thiosulfate oxidation was sporadically and in low levels, although gene soxC encoding 

a subunit of SOX complex in the latter pathway, was widely expressed in both layers. 
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Figure 14. Heatmaps showing the relative abundances of a) methane b) nitrogen transcripts that belong 

to KEGG modules in organic and mineral layers. To emphasize the differences, square root transformed 

data was used to produce this heatmap.  



29 

 

 

Figure 15. Heatmap showing the relative abundances of transcripts that belong to carbon fixation 

KEGG modules. Each column represents a sample. To emphasize the differences, square root transformed 

data was used to produce this heatmap. 
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Map visualization of expressed mRNA and 16s RNA transcripts of interest showed geographical 

variation in active genera and functions along the climatic gradient (Figure 16). When the transcribed 

genes from a subset of the metatranscriptomes were compared to genes coding mRNA obtained from 

metagenomes of the same soils, it could be seen that the variation in the expressed genes was 

considerably wider than in the encoding genes (Figure 17). 

 

 

Figure 16. Maps showing the expression of methane oxidation and formaldehyde assimilation via serine 

pathway and nitrogen reduction in mineral layer (a), carbon fixation pathways 3-hydroxypropionate 

bi-cycle and reductive acetyl-CoA pathway in organic layer (b), genera Methylocapsa and Nitrobacter in 

mineral layer (c) and genera Roseiarcus and Granulicella in organic layer. Size of colored spot depicts the 

relative abundances, and the two maps within each letter are comparable between each other. 
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Figure 17. Principal Coordinate Analysis ordination plot showing the difference 

between mRNA transcripts and genes coding mRNA. The mRNA transcripts showed 

more variation than the functional genes from the same soils. 

 

5 DISCUSSION  

5.1 Energy sources and drivers for functional activity 

This study represents one of the largest RNA based studies in the arctic soils with 73 sampled sites 

along the climate gradient and total of 118 samples from two soil layers. Compared to previous studies 

with thaw gradient of 12 samples (Hultman et al. 2015) and 24 thermokarst bog samples (Woodcroft 

et al. 2018), in present study the focus was creating novel understanding on subarctic soil bacterial 

and archaeal energy metabolism in active growing season and build overall understanding of their 

activity.  

  Basic metabolism, including carbohydrate and amino acid metabolism genes were 

expressed widely, which indicates that microbial communities were active. In addition, RNA yields 

were high, up to 45 µg/g soil. This can be considered as indication of microbial activity in soil, since 
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mRNA degrades fast when it’s not needed and outside the cell. However, this study is not quantitative 

and therefore it does not describe the absolute activity, but the relative activity of microbial 

communities in the soil. Primary decomposition on SOM was not studied here in detail, but the 

emphasis was on how the nutrients are recycled within the communities in microbial energy 

acquisition. Based on the results methane, nitrogen and carbon fixation metabolisms were of 

importance in studied sites. 

 

5.1.1 Methane oxidation, nitrate reduction and carbon fixation important sources of energy 

and carbon for soil microbes 

  Genes pmo-amo, encoding the subunits for enzymes particulate methane 

monooxygenase (pMMO) and ammonia monooxygenase (AMO, Figure 18), were expressed in both 

organic and mineral layers. These genes have high sequence identity and they are thought to be 

evolutionarily related (Holmes et al. 1995, Lawton et al. 2014). Method and database used in this 

study does not distinct these two genes with such a resolution, that the expressed pmo-amo genes 

in these soils could be depicted to methane oxidation or nitrification. For PCR assays primers are 

available for both pmoA and amoA to be used as indicator of methane and ammonia oxidation 

(Tuomivirta et al. 2009, Ward et al. 1997), thus it is possible to distinct these two genes. The gene 

encoding methanol dehydrogenase (mdh1/ mxaF) was expressed in some, particularly mineral soils, 

indicating active methane oxidation in these soils. Of genes encoding the soluble methane 

monooxygenase (sMMO), only mmoX was expressed.  
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Figure 18. Nitrification and methane oxidation pathways. a) Methane can be oxidized to methanol either 

by particulate methane monooxygenase (pMMO) or soluble methane monooxygenase (sMMO), and further to 

formaldehyde by methanol dehydrogenase. In these soils, formaldehyde is further assimilated to carbon 

Intermediates via serine pathway and used in biosynthesis.  b) Ammonia oxidation to nitrate can be conducted 

together by ammonia oxidizers (enzymes AMO and HAO) and nitrite oxidizers (NAR) in nitrification or in 

comammox (all enzymes in one organism), see chapter 1.1.2. 

 

Among the most active genera were bacteria capable of methane oxidation. Based on rRNA 

transcripts Methylocapsa (Alphaproteobacteria) were active especially in mineral soils. This genus 

has few described species, including M. acidiphila found in Siberian acidic Spaghnum bog (Dedysh 

et al. 2002), M. palsarum isolated in subarctic palsa soil (Dedysh et al. 2015) and M. gorgona from 

subarctic soil (Tveit et al. 2019). All known Methylocapsa possess pMMO and use serine pathway 

for one-carbon compound utilization. Methanotroph, including genus Methylocapsa, activity has 

been showed in permafrost (Barbier et al 2012, Singleton et al. 2018), and based on the results shown 

here Methylocapsa could have a significant role as methane oxidizer also in subarctic tundra soils. 

Methanogenesis is not observed in these soils, at least in the shallow depths sampled. Here samples 

were collected from relatively dry arctic soils, from top 10-20 cm. Methanogenesis is typical in 

wetlands, such as bogs and mires, where anoxic conditions prevail. Results indicate that the active 

methanotrophic bacteria have a role in these communities as oxidizers of methane that comes from 

lower soil layers or from geological sources.  

  Gene hao encoding hydroxylamine dehydrogenase, the last enzyme in nitrification, was 

not detected in these soils (Figure 18b.), and role of ammonia oxidation in these soils is not clear. 

However, Nitrobacter, a genus of nitrite-oxdizing Alphaproteobacteria were active in Kilpisjärvi 

soils. Nitrobacteria were active in both layers, but it was significantly more active in higher pH, low 

SOM and low moisture in organic layer. Altogether, nitrite oxidoreductase gene (narG) was 
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expressed in both soil layers and pmo-amo genes are highly expressed in Kilpisjärvi soils, indicating 

that both methane oxidation and nitrification are active in these soils. 

  Nitrate reduction pathways were the most active nitrogen metabolism pathways in the 

soils. Denitrification (genes narGHI, napAB, nirK, norB and nosZ) and DNRA (genes narGHI, nirB 

and nirD) pathways reduce NO3
- for energy, and these were expressed particularly in mineral soils 

(Figure 19). Assimilatory nitrate reduction is used for nitrogen supply in cells, and genes narB, nasA 

and nirA encoding enzymes in this pathway were also active in both layers. In denitrification, nitrogen 

is lost from the system by producing gaseous nitrogen compounds in atmosphere, whereas in DNRA 

pathway nitrogen stays in the system as bioavailable NH3.   

 

 

 

Figure 19. Nitrate reduction for energy can occur in two pathways, a) DNRA or b) denitrification. Both 

pathways were active in Kilpisjärvi soils. In DNRA pathway, NADH dependent nitrate reductase (NIR 

[NADH]) genes nirB and nirD were expressed, and cytochrome c dependent (NIR [cyt c]) was not. 

 

Although thawing permafrost soils are acknowledged as significant sources of N2O emissions, 

microbial communities conducting the biochemical processes are poorly known. In a study on Finnish 

palsa peat, actinobacterial nitrate reducers and proteobacterial denitrifiers were abundant (Palmer & 

Horn 2012). In this nitrate-stimulated microcosm study, nirS-type denitrification was more common 

than nirK-type, whereas in Kilpisjärvi soils nirS was the dominating expressed gene encoding nitrite 

reductase. Another study on cryoturbated peat showed N2O emissions originating from nirS-type 

denitrification by Alphaproteobacteria (Palmer et al. 2012).  Diversity of nitrate reducing microbes 

and their role in larger microbial consortia conducting coupled nutrient cycles make them a 

challenging, yet important target of research. Although sulfate was not an important source of energy 

in these soils, microbes in these soils reduce sulfate to acquire sulphur, essential element for life. 
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However, one gene encoding a subunit of the SOX complex was expressed widely in soil, which 

indicates some activity on thiosulfate oxidation in these soils. 

  Five carbon fixation pathways were active in these soils. i) Reductive pentose phosphate 

cycle (Calvin cycle), active in Kilpisjärvi soils, is used for CO2 fixation by most phototrophs, such as 

cyanobacteria, and considered as the most important carbon fixation pathway. ii) Genes in 3-

hydroxypropanoate cycle were expressed widely in both soil layers. The enzymes in this cycle were 

discovered in phototrophic, hot spring-inhabiting green nonsulfur Chloroflexus aurantiacus, which 

is the only known organism using this cycle (Holo 1989, Alber BE & Fuchs 2002, Zarzycki et al. 

2009). iii) 3-hydroxypropanoate/4-hydroxybutanate cycle is a variant of the 3-hydroxypropanoate 

cycle and operates in some acidophilic Crenarchaeota and Euryarchaeota during growth on H2 and 

oxygen as the energy source (Berg et al. 2007). iv) Reductive acetyl coenzyme A pathway I (Wood-

Ljungdahl pathway) is used by anaerobic organisms, such as acetogenic bacteria and methanogenic 

archaea, and in addition to CO2 fixation it is used for energy conservation (Biegel & Müller 2010, 

Ragsdale & Pierce 2008, Thauer et al. 2008). All genes in this pathway were not expressed, but the 

ones that were, were in both soil layers. v) Expression of the genes aclaA, aclB and ccsA, exclusive 

to reductive citrate cycle (Arnon-Buchanan cycle), indicates the activity of this pathway in both soil 

layers. Reductive citrate cycle operates mainly in microaerophilic and anaerobic mesophiles from 

several phyla. Overall, carbon fixation is mainly used for biosynthetic purposes in autotrophic 

organisms using different energy sources. Wide expression of genes of these pathways indicate that 

autotrophic bacteria and archaea with diverse metabolisms and life strategies are active in Kilpisjärvi 

soils.  

  In addition to energy metabolism genes, secondary metabolism genes were highly 

expressed. Genes encoding terpenes, a diverse group of antimicrobials, hormones, pigments etc., are 

widespread in Actinobacteria, but also in α-, β- and γ-proteobacteria, Chloroflexi, Cyanobacteria and 

Bacteroidetes (Yamada et al. 2015). Ivanova et al. (2017) found genes encoding terpenes and other 

secondary metabolites from Planctomycetes species, particularly from Singulisphaera acidiphila. 

Singulisphaera was among the most active genus in Kilpisjärvi soils. These acidophilic bacteria have 

been isolated from northern Russian peatlands (Kulichevskaya et al. 2008, Kulichevskaya et al. 2012), 

and they are able to degrade several biopolymers under acidic, microaerobic and cold conditions. 

Singulisphaera might have an important role as a primary degrader of plant-litter in tundra soils, and 

the secondary metabolites could be significant for its survival in these harsh conditions. 
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5.1.2 pH, moisture and soil organic matter content were the main drivers of microbial 

activity and functions 

The environmental factors correlating significantly with the activity of microbial families, explained 

approximately 30% of the activity both soil layers. In organic soils, pH was clearly the most important 

factor shaping the active communities, with N, SOM, and moisture having also a significant effect. 

Moisture content and pH were the most important factors in mineral soils, although FDD and 

manganese content also had significance. The environmental factors affecting significantly to the 

expression of energy metabolism genes, explained 17% of the activity in organic soil and 25% in 

mineral soil. Surprisingly, pH was not significant factor in organic soil, but in mineral soil pH had 

significant contribution as well as moisture and FDD. McMahon et al. (2011) found that in Arctic 

tundra soil communities, different bacteria were active in summer than in winter. They also showed 

evidence that the active microbes are not necessary the most abundant ones. Similarly, in Kilpisjärvi 

soils, the expressed functional genes were more diverse than the abundant genes analyzed from 

metagenomes. Interestingly, winter conditions (FDD) influenced the active community composition 

in summer in mineral soil. In organic soil, nitrogen content was the most important factor affecting 

the functions. The primary SOM decomposers in these acidic soils are undoubtedly adapted to low 

pH and its changes, thus SOM and N (in certain form) availability might be more limiting for their 

activity. Based on the result that methane and nitrate utilization were more common the mineral layer, 

pH significantly affects the microbes competing for these resources.  

  Other environmental variables that were not considered in this study, may have a 

significant effect on soil microbial communities as well.  Proxy variables such as snow cover, FDD 

and can be used to patch up the gap in the knowledge only to a certain limit, but the more detailed 

data of the soil conditions is collected, the better conclusions can be done from the datasets. Gas 

fluxes, temperature, soil structure, and SOM quality could be informative variables to measure. In the 

organic soils of this study, SOM quality and soil structure are possibly important environmental 

drivers of microbial functions. In addition, using modern statistics and modelling methods can 

provide more sophisticated predictions on the overall effect of multiple environmental factors. 

   

5.2 Actinobacteria, Acidobacteria and Alphaproteobacteria were most active 

phyla in subarctic soils 

Active community composition in phylum level was similar to relative abundances of soil microbial 

communities in other studies based on 16S rRNA genes or 16S rRNA (Battistuzzi et al. 2004, Janssen 

2006). Active phyla Actinobacteria and Chloroflexi belong to so-called Terrabacteria superphylum, 
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with its members common in all soils and associated with early colonization of land (Battistuzzi et 

al. 2004). In this study it was shown that the activity of various genera of different phyla are dependent 

on pH. In a PLFA study on from the same area as studied here Acidobacteria was the most abundant 

phylum in low pH 4.6–5.2 (Männistö et al. 2007).   

 The most abundant active genus found in soils was Acidothermus (Actinobacteria), 

which is the only described genus in the family Acidothermaceae, with one described species, 

Acidothermus cellulolyticus (Mohagheghi et al. 1986). This thermophilic, acidophilic and cellulolytic 

species was first isolated from acidic hot springs and has been studied mostly because of its 

endoglucanase for biotechnological applications. Members of Acidothermus in this study are likely 

psychrotolerant and have a role as a degrader of cellulose from plant litter. Genus Granulicella 

(Acidobacteria) was active particularly in organic soils with high SOM content. Granulicella are 

chemoorgatrophic bacteria capable of degrading various heteropolysaccharides, and several 

described species have been found in acidic northern soils (Pankratov & Dedysh 2010, Männistö et 

al. 2012). To conclude, Acidothermus, Granulicella, and previously mentioned Singulisphaera 

(Planctomycetes) were active in Kilpisjärvi soils and most probably have a significant role as 

degraders of plant material and are important in nutrient cycling in tundra soil. 

  Roseiarcus (Alphaproteobacteria) was among the most active genera in Kilpisjärvi 

soils, and more active in organic than mineral layer. Bacteria of this genera were more active in low 

pH in both layers and in high SOM in organic layer. This genus has single describes species, 

Roseiarcus fermentas which has been found in a methanotrophic consortium enriched from acidic 

Sphagnum peat (Kulichevskaya 2014). These bacteria belong to a cluster of environmental sequences, 

which have been obtained from wetlands and forest soils by molecular methods. These 

bacteriochlorophyll a-containing bacteria grew best under micro-oxic conditions, fermenting sugars 

and organic acids to propionate, acetate and hydrogen, and with light stimulating growth, but were 

able to grow slowly in dark or in in fully oxic conditions. These bacteria are probably adapted to live 

in acidic soils in alternating high UV-radiation and dark periods and varying levels of oxygen. 

  Many candidate divisions of phylum Chloroflexi were detected in Kilpisjärvi soils. 

Members of WPS2 and AD3 were active in mineral soil layer and have been found in extreme 

conditions. Mukan et al. 2017 reconstructed genomes of WPS2 and AD3 from Antarctic desert 

surface soil and suggest these could be primary producers alongside with Actinobacteria. 

Atmospheric H2, CO2 and CO could be a sufficient source of energy and carbon for these bacteria 

instead of geological or solar energy sources. The suggested names Candidatus Eremiobacteraeota, 

“desert bacterial phylum” for WPS-2 and Candidatus Dormibacteraeota “dormant bacterial phylum” 



38 

 

for AD3 describe the lifestyle of these candidate divisions. Candidate division TK10 has been found 

in Arctic ocean (Colatriano et al. 2018) and marine sponge microbiome (Burgsdorf et al. 2014).  

  In this study, relative abundance of Archaeal 16S rRNA was only 0.2%, and 

Thaumarchaeota were the most abundant phylum. In a study based on relative abundances of 16S 

rRNA gene sequences in various soil types around the globe, Archaea represented on average 2% of 

sequences (Bates et al. 2011). This study still included Thaumarchaeota within Crenarchaeota, 

although Brochier-Armanet et al. suggested already in 2008, that mesophilic Crenarchaeota should 

be considered as their own phylum, Thaumarchaeota. The Bates study found that relative abundances 

of archaea varied greatly, but the variation could not be explained by vegetation or biome type. Most 

likely archaea are as dependent of local conditions as bacteria. Bates study also emphasized that 

archaea were more abundant in soils with lower C:N ratios. In my study, no such correlation was 

found in organic soils, where nitrogen content data was available.   

  Thaumarchaeal genera Nitrosophaera and Nitrosotalea and candidate division Group 

1.1c were the most active Archaea in the soils and were significantly more active in mineral soils. 

Nitrosophaera and Nitrosotalea are capable of ammonia-oxidation but suspected of mixotrophic or 

even heterotrophic lifestyle (Tourna et al 2011, Lehtovirta-Morley et al. 2014). The studied strains 

were isolated from temperate soils and their temperature optima were at mesophilic scale. Studies 

based on 16s rRNA genes have shown Group 1.1c is the dominating archaeal taxa in temperate acidic 

forest and forest peat soils (Kemnitz et al. 2007, Stopnišek et al. 2010). These bacteria grow in low 

pH (Lehtovirta et al. 2009) with optimal temperature of 30°C (Weber et al. 2015). Group 1.1c does 

not oxidize ammonia or carry the gene amoA, as the cultured relatives from groups 1.1a and 1.1b do, 

which is why they are suspected to be heterotrophic (Weber et al. 2015). Temperature might be the 

growth-limiting factor of these archaea, and their activity in carbon-rich northern soils can be higher 

as the climate warms. Indeed, they do have a role in the tundra soil ecosystem, that is yet to be 

discovered.  

 

5.3 Evaluation and suggestions for future studies 

Critic of using rRNA as an indicator of microbial activity has been stated (Blazewicz et al. 2013). For 

example, the high number of ribosomes in dormant cells can cause bias. In addition, the rate of rRNA 

degradation, especially in arctic soils, should be investigated in detail. Even though relationship 

between rRNA transcripts and activity is not straightforward, it is currently the best means to 

investigate the activity and provides valuable information on the microbes’ metabolism and responses 
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to soil conditions. Using metagenomics and proteomics or other, more specified methods combined 

with metatranscriptomics can give a more comprehensive information on the activity. 

  Out of all reads less than 3% were assigned to KEGG modules. Despite deep sequencing 

(2.4± 3.7 M reads/sample) even deeper sequencing could provide enough data to catch the complete 

active pathways. However, key genes can be considered to indicate activity of these pathways. In 

addition, lot of predicted proteins (gene calls in DIAMOND) that could not be annotated to KEGG 

database, were identified in these soils. KEGG is currently most comprehensive, and regularly 

updated, database of microbial functions. It is reasonable to assume that many of these unknown 

genes are involved in energy metabolism. More research with both traditional and modern methods 

is needed to identify the functions and the microbes conducting the functions related to them. 

However, large-scale metatranscriptomic examination of the common, well-known pathways related 

to global nutrient cycles gives valuable information on microbial responses, as is shown in this study. 

 Although this study did not examine fungi’s role in soil, it must be considered that they 

are important members of soil communities. Studies using 16S rRNA genes disregard eukaryotes, 

but omics enable more comprehensive examination of the organisms and their activities, not to 

mention symbiontic relationships in soils. These soils were collected below the rhizosphere, so the 

effect of roots is minimized. As statistics and modelling methods develop, they will ease the 

examination of each variable’s role in these complex communities. 

The study site is reindeer (Rangifer tarandus) grazing area, which is known to increase 

the microbial nutrient cycling rates in tundra heaths (Stark et al. 2002). This is due to the changes in 

the vegetation and the grazers urine and fecal input, which affect to the composition and amount of 

organic matter and litter. Grazing likely has an impact on the soils in this study. However, the most 

important factors affecting directly to the microbial microsites are considered. Reindeer grazing, 

widespread in the Arctic, can have larger-scale impact to Arctic tundra as a carbon sink (Väisänen et 

al. 2014), hence it is a factor worth considering while studying the global nutrient cycles. 

Research on soil microbial communities in Kilpisjärvi region continues with 

metatranscriptomic datasets from two more consecutive years, and in these studies, the measurements 

of CH4, CO2, and N2O are conducted to obtain more information on the soil microbial processes 

contributing greenhouse gas emissions. For even more comprehensive study setting, sampling sites 

from wetlands are added to the gradient. Furthermore, single-cell genomics will be applied for these 

soils for high-quality genomes and to connect phylogeny with function. Also, modelling methods will 

be used for a comprehensive understanding of the subarctic soil microbial communities. 
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6 CONCLUSIONS 
 

Analyzing metatranscriptomes with environmental data gave valuable insight to microbial 

community functions and activity in subarctic tundra soils. Methane oxidation, nitrate reduction in 

denitrification and DNRA pathways are important means of energy acquisition in Kilpisjärvi soils. 

Expression of carbon fixation pathways indicated that these soil communities include active 

autotrophs of various life strategies. Based on the results shown here, changes in SOM, moisture and 

pH shape the active soil communities and their functions. In mineral soils also winter conditions 

influenced microbial activity in active growing season. This type of data should be used in 

constructing biochemical models and climate models to obtain better understanding of the complex 

relationships of environmental factors and microbial functions and the microbial response to climate 

change. 
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