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Abstract 

 

The abilities of fungi and bacteria to degrade simple and complex carbon compounds derived from 

different sources, such as root exudates, litter, soil organic matter or fungal mycelium were studied 

in this dissertation. Knowledge of functional traits, especially degradation abilities of fungi and 

bacteria, are important for deciphering the black box of microbial functioning in topsoil and thus 

aiding in modeling and predicting future directions of microbial communities development in face 

of global changes. Among fungal cultures form culture collection representing strains with different 

taxonomy and ecophysiology, the ecophysiology of fungi was more important in manifestation of 

functional traits than taxonomy. Among bacterial isolates from the litter and soil of spruce forest, 

Acidobacteria were confirmed to express multiple decomposition enzymes in high rates in vitro and 

were also abundant and active degraders in acidic spruce forest soil. The expression of degradation 

capacities of both bacteria and fungi were further studied in situ in spruce forest topsoil, that 

represents an important environment due to the ubiquity of coniferous forests on the Northern 

hemisphere. There is an obvious gap of knowledge, when comes to our understanding of seasonal 

effect on microbial functioning, and this is why the effect of seasonality on transcription of all 

functional genes of fungi and bacteria was also addressed. The same experimental set-up was used 

to compare the encoded and transcribed capacity of enzymes involved in carbon cycle as well as 

seasonality of their production by fungi and bacteria including β-glucosidase, the enzyme involved 

in the last step of complete cellulose degradation. The focus on seasonality is motivated by the 

expectation that the seasonal change in the amount of photosynthates produced by trees in forest 

and thus the changes in the amount of root exudates between summer and winter affect diverse soil 

microbiota but mostly ectomycorrhizal fungi (ECM). Indeed, lower transcription activity of ECM 

and higher abundance of bacterial transcripts in metatranscriptome was observed in winter. It was 

shown that summer and winter microbial communities use different enzyme sets, especially in soil, 

which probably reflects distinct C compounds available to microorganisms through the year, 

although microbes did not change their abundance or composition. In winter, the usage of storage 

compounds and higher abundance of bacterial transcripts was observed, while in summer, complex 

C sources were used mostly by Basidiomycota that largely represented ECM members in studied 

soil. When targeting β-glucosidase, PCR amplicons of partial gene sequence were demonstrated to 

be a useful proxy of diversity and the involvement of both bacteria and fungi in cellulose 

degradation and seasonal patterns of enzyme transcription were observed. However, the full 

diversity could not be obtained by amplicon sequencing since amplification primers miss some 
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organisms. Overall, the result indicate that simple C compounds have priming effect on and are 

required for the fungal degradation of recalcitrant soil organic matter.  
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Abstrakt 

 

V této dizertační práci byly studovány schopnosti hub a bakterií degradovat jednoduché i složité 

uhlíkaté sloučeniny získané z různých zdrojů, jako jsou kořenové exsudáty, opad, půdní organická 

hmota nebo houbové mycelium. Znalost funkčních vlastností, zejména degradačních schopností hub 

a bakterií, je důležitá pro dešifrování černé skříňky fungování mikrobů v půdě, a tím pomáhá při 

modelování a předpovídání budoucích směrů vývoje mikrobiálních společenstev tváří v tvář 

globálním změnám. U sbírkových kmenů hub s různou taxonomií a ekofyziologií byla 

ekofyziologie důležitější při projevu funkčních vlastností než taxonomie. U bakteriálních izolátů z 

opadu a půdy smrkového lesa, bylo potvrzeno, že Acidobakterie produkují širokou škálu enzymů ve 

velkém množství in vitro, byly také hojně zastoupeny a také aktivní v procesech rozkladu v kyselé 

smrkové půdě. Exprese degradačních enzymů u bakterií i hub byly dále studovány in situ v půdě 

smrkového lesa, která představuje důležité životní prostředí vzhledem k širokému rozšíření 

jehličnatých lesů na severní polokouli. Naše znalosti, pokud jde o pochopení sezónního vlivu na 

mikrobiální činnost, jsou nedostatečné. To je důvod, proč byl studovaný vliv sezónnosti na 

transkripci všech funkčních genů u hub a bakterií. Stejné experimentální uspořádání bylo použito 

pro srovnání kódovaného a přepisovaného poměru enzymů podílejících se na cyklu uhlíku, jakož i 

na sezónnosti jejich transkripce u hub a bakterií, včetně enzymu β-glukosidázy zapojeného do 

posledního kroku degradace celulózy. Zaměření na sezónnost je motivováno očekáváním, že 

sezónní změny ve množství fotosyntátů produkovaných stromy v lese, a tím i změny v množství 

kořenových exsudátů mezi létem a zimou budou mít vliv na diverzní půdní společenstvo mikrobů, 

ale hlavně na ektomykorhizní houby (ECM). Nižší transkripční aktivita ECM a vyšší množství 

bakteriálních transkriptů bylo skutečně pozorováno v metatranskriptomu v zimě. Ukázalo se, že 

letní a zimní mikrobiální společenstva používají různé sady enzymů. A to zejména v půdě, což 

pravděpodobně odráží odlišné složení C sloučenin, které jsou dostupné mikroorganizmům přes rok, 

i když jsme nepozorovali změny ve složení nebo zastoupení u mikrobiálních společenstev. V zimě 

jsme pozorovali využití zásobních látek a vyšší výskyt bakteriálních transkriptů, zatímco v létě 

spíše využívaní komplexních zdrojů C převážně Basidiomycety, které do značné míry 

reprezentovali ECM houby ve studované půdě. Při zacílení na β-glukosidázu bylo demonstrováno, 

že i PCR amplikony z částečné genové sekvence mohou být užitečným ukazatelem diverzity i 

zapojení bakterií a hub v degradaci celulózy a sezónnosti transkripce tohoto enzymu. Avšak 

kompletní diverzita nemůže být získána amplikonovým sekvenováním, protože amplifikační 

primery v zásadě opomíjejí některé organismy. Celkově náš výsledek naznačuje, že jednoduché C 
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sloučeniny mají tzv. „priming“ efekt, to znamená, že jsou nezbytné pro degradaci komplexní půdní 

organické hmoty houbami. 
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1. Introduction 
 

Forests play an important role in the global carbon balance and fungi are often considered to be the 

key players in decomposition of forest organic matter but this is largely due to the fact that the role 

of bacteria is unknown. The main novelty of my PhD. thesis lies in uncovering the roles of fungi 

and bacteria in decomposition and describing the changes that microbial communities undergo 

through the year with an emphasis on the transcription of enzyme-coding genes. I have investigated 

variety and diversity of microbial enzymes involved in the decomposition of various organic 

substrates found in forest topsoil. I was also curious, whether it is taxonomy or ecophysiology of 

fungi that decides which enzymes will be produced in closely related fungi. Another important 

result of the work was development of methods for metatranscriptomic analyses. I have optimized 

RNA extraction from the forest soil and litter and preparation of shot-gun RNA libraries for next-

generation sequencing with ribosomal RNA removal.  

The aims of my dissertation were: 

1. To characterize fungal strains in terms of their capabilities to produce hydrolytic and 

oxidative enzymes that are involved in obtaining of basic nutrients. Another goal was to 

explore differences in enzyme activities between fungal groups based on distinguishing of 

their ecophysiology and taxonomy. For few species, the relationship between the production 

of the enzyme and the presence of its encoded gene in the genome was examined (paper I). 

2. To isolate abundant bacterial taxa from Picea abies soil and litter and describe their abilities 

to utilize different C sources and thus determine, which roles these taxa play (paper II).   

3. To observe changes in microbial forest soil communities between two contrasting seasons - 

summer and winter - in terms of the overall functional genes transcription and to illuminate 

the effect of seasonal changes on the abundance of fungal and bacterial taxa (paper III). 

4. To get an in-depth information on how carbon utilization works in soil microbial 

communities and to uncover seasonal differences in microbial carbon utilization as the 

carbon cycle changes during the year in temperate spruce forest (paper IV). 

5. To focus on the potential activity (encoded in metagenomic DNA) and its expression in the 

case of the microbial β-glucosidase gene involved in cellulose degradation by targeted 

sequencing and to inspect changes in the gene activity between summer and winter (paper 

V). 

 

1.1 The importance of coniferous forests and microbes in carbon cycle 
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Forests represent large and globally important natural 

habitat covering 30 % of the Earth’s land area (Keenan 

et al., 2015). Forests harbor a huge proportion of the 

global diversity and also store 2/3 of organic carbon 

(Scharlemann et al., 2014). Temperate forests expand 

approximately from latitudes 25°N to 50°N, gradually 

changing into boreal forests further on the north 

(Taggart and Cross, 2009). Distribution of temperate 

and boreal forests is determined by climatic factors, 

including temperature, monthly precipitation, 

seasonality and evaporation. Boreal forests are similar 

to mountain forests in the temperate zone because they 

have coniferous trees as dominant primary producers, 

cold winters, average summer temperatures around 10 °C and lower precipitation (300-900 mm of 

rain per year), although they are typically moist due to lowered evaporation (Baldrian et al., 2012). 

Boreal/mountain forests are characteristic by the accumulation of litter (needles and small branches) 

due to slow decomposition rates, which are the result of the low temperatures and this creates 

characteristic low pH of the forest soil (Brooks et al., 2011). Boreal and temperate forests play 

crucial role in the climate regulation through the exchange of energy, water and CO2. Between 80 % 

to 90 % of the soil carbon cycle is mediated by microorganisms (Coleman and Crossley, 1996; 

Nannipieri et al., 2003), therefore, understanding the role of soil microorganisms in C cycling and 

ecosystem functioning is essential for predicting how ecosystems will react to future conditions in 

environment (Nielsen et al. 2011).  

Earlier, microbial activities in litter and soil in forests have been shown to be greatly shaped by the 

activities of trees, the dominant primary producers. Additionally, trees contribute significantly to 

soil respiration (Hardoim et al., 2015; Hogberg et al., 2010) and deposition of carbon (Fig. 1) 

(Clemmensen et al., 2013) either directly or indirectly through their fungal symbionts. The plant 

photosynthesis is limited to the vegetation period of spring and summer and is associated with the 

rhizodeposition of easily degradable C compounds into deeper soil horizons either directly or 

through the root-associated mycorrhizal fungi (Ekblad and Hogberg, 2001). Approximately 30% of 

the plant net primary production is allocated to roots and soil (Beidler et al., 2015) through root 

exudates. The questions we should ask are not only how does trees affect the C cycling within their 

relationship to microbes but also how do the enzymes activities involved in microbial C cycling 

respond to seasonal changes of the C flow to the soil, especially in winter, when the amount of 

Figure 1. Carbon cycling in forests (adapted from 

Smith and Smith, 1998). 
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photosynthates produced by trees in forest is restricted due to low light and lower temperatures. I 

have tried to find the answers to these questions in papers III, IV and V. 

 

1.2 Soil fungi and bacteria and their ecological strategies and occurrence in 

natural habitats  

 

Bacteria and fungi play a crucial role as decomposers, symbionts or pathogens, influencing the C 

turnover and retention and the availability of other nutrients (Trivedi et al., 2013). Traditional 

emphasis on the studies of fungal mediated processes in ecosystems is shifting towards increased 

appreciation of the role of bacteria as the other main component of forest ecosystems (Hardoim et 

al., 2015). The roles of fungi and bacteria should be viewed in context of their interactions. The 

high abundance of fungal biomass in forest soil has many implications for bacteria, including the 

existence of specific niches created in the mycorrhizosphere and soil mycelial mats (Podila et al., 

2009; Walker et al., 2014), providing nutrients via SOM decomposition (Bonito et al., 2014) or 

increasing soil connectivity by fungal mycelia and allowing some bacterial species to move across 

the environment (Uroz et al., 2007). On the other hand, the functioning of mycorrhiza is affected by 

mycorrhiza helper bacteria as well (Izumi et al., 2006). 

Fungi are the best studied group of the microbes in temperate 

and boreal forest soils that exhibit high abundance and 

diversity of saprotrophic and mycorrhizal fungal taxa (Allison 

and Treseder, 2011; Sterkenburg et al., 2015; Voriskova et al., 

2014).  

Among fungi, saprotrophic species are considered to be the 

most efficient decomposers found in many ecosystem niches 

(Baldrian, 2008; Baldrian et al., 2011; Kjoller and Struwe, 

2002; Steffen et al., 2007; Talbot et al., 2015; Valaskova et 

al., 2007; van der Wal et al., 2013) as their filamentous 

mycelia enable them to translocate nutrients over long 

distances and patches without nutrients (de Boer et al., 2005). 

Litter decomposing cord-forming Basidiomycota, for example Mycena spp., are characterized by 

their saprotrophic lifestyle and occurrence in litter layer of forest topsoil. These litter Basidiomycota 

are similar to white-rot fungi decomposing wood in terms of enzyme spectra they produce, such as 

ligninolytic oxidases and different peroxidases (Hatakka 2001; Martinez et al. 2005; Steffen et al. 

2002) that degrade recalcitrant substrates, including humic and fulvic acids (Baldrian 2008).  

Figure 2. An example of hyphal 

network of ectomycorrhizal fungus with 

pine seedling (www.MPGranch.com). 



 
 

13 

 

Another important ecological group of fungi are saprotrophic microfungi, which are 

nonbasidiomycetous fungi without macroscopic fruiting bodies often members of Ascomycota and 

Zygomycota. When compared to saprotrophic basidiomycetes, saprotrophic microfungi show 

similar cellulolytic activity and higher chitinase production (Baldrian et al., 2011).  

Saprotrophic fungi can be also divided into ecological groups based on their capability to degrade 

lignin. White–rot basidiomycetes are distinguishable by cellulose–enriched white wood material left 

behind after degradation of lignin and hemicelluloses. They possess enzymes such as manganese 

peroxidase, versatile peroxidase and lignin peroxidase that help them to disrupt aromatic rings of 

lignin residues. 

Brown–rot fungi, mostly Basidiomycota, grow mostly on softwoods and modify lignin only 

partially, which results in a wood material brown in the appearance and consisting of oxidized 

lignin (Martinez et al. 2005). The lignin is oxidized by different mechanism than in white rotters, 

namely by Fenton’s reactions (Baldrian and Valaskova 2008). The most important distinction of the 

brown-rot and white-rot fungi is the lack of ligninolytic class II peroxidases in brown-rot fungi 

(Riley et al., 2014). 

Mycorrhizal fungi contrary to saprotrophic ones depend on living host plant for its carbon supply. 

In temperate and boreal forests more than 90% of trees participate in ectomycorrhizal symbiosis 

(Markkola 1996). ECM fungi form hyphal mantels around tree root tips and their mycelia extend 

into surrounding soil as well (Fig. 2), providing mineral nutrients to their hosts (Brooks et al., 2011; 

Churchland and Grayston, 2014; Kluber et al., 2011). Mycorrhizal fungi play a central role in the 

mobilization and sequestration of N and P in the forest soil and in transport of C in soil environment 

(Averill et al., 2014; Clemmensen et al., 2015; van der Heijden et al., 2015; Persoh, 2015). Since 

mycorrhiza developed several times in evolution from saprotrophy (Kohler et al. 2015) it is no 

wonder that some ECM Basidiomycota retained the ability to decompose complex forms of carbon 

using traditional white-rot enzymes and also alternative oxidative mechanisms that are similar to 

brown-rot fungi (Koide et al., 2008; Lindahl and Tunlid 2015; Rineau et al., 2012; Shah et al., 

2016). Some ECM fungi such as Cortinarius spp., Russula spp. and Lactarius spp. are able to 

produce manganese peroxidase – the most potent enzyme for lignin oxidation (Bodeker et al., 2009; 

Chambers et al., 1999; Martin et al., 2008). Some authors propose that ECM fungi may play a 

fundamental role in the utilization of complex organic compounds and thus in nutrient cycling in 

boreal forest (Bodeker et al., 2009 and 2014; Lindahl et al., 2002; Lindahl and Tunlid, 2015; Read, 

1991). 

Bacteria are another important group of the microbiota involved in C cycling in temperate forest 

soils. Bacterial populations can be in ecological theory divided into two extreme poles based on the 

environment they prefer for the living. Bacteria described as r-species are species capable of rapid 
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and massive increase in environments with plenty of nutrients when they not have to compete with 

other residents of the habitat. Transitional or unstable habitats are unpredictable in time and provide 

favorable conditions for r-strategists. The population in such environment varies considerably in 

number with mortality and birth rates not dependent on population density, but on frequent changes 

in conditions. Such sites do not support competition and appear early in succession (Andrews 1991; 

Begon et al., 1986). K-species are more typical for poor environments, where they grow slowly and 

show good competition abilities. Permanent environment with predictable changes, such as 

seasonality, are habitats selecting for K-species because they promote competition and creation of 

stable populations of relatively constant size that environments such as forest soil allows (Andrews 

1991; Begon et al., 1986) . K- and r-strategists can be differentiated by their maximum specific 

growth rate under conditions with excess substrate (Andrews and Harris, 1986). Because both types 

of microorganisms, r- and K-strategists, are abundant in soil, changes in growth rates of the whole 

microbial community after amendment with easily available substrates can reflect the shift toward r 

or K types (Blagodatskaya et al., 2007). Bacterial environmental strategies can be also described 

based on the amount and complexity of nutrients they can use. The term oligotroph indicates an 

organism that can live in an environment with very low concentrations of nutrients, but dies or is 

displaced by other organisms if the concentration of nutrients increase (Paul and Clark, 1996). In 

contrast, the term copiotroph (Poindexter 1981) refers to an organism capable of using the available 

substrate present in high concentrations as quickly as possible and adapt to any other source of the 

nutrient but they can also use low concentration sources (Koch et al., 2001). Autochthonous 

organisms in the soil environment often use resources difficult to metabolize, such as humified 

organic material (Gordienko 1990), with high metabolic efficiency and low turnover of biomass. 

Autochthonous organisms are approximately the same as oligotrophic and K-strategy 

microorganisms. Zymogen organisms are able to ferment simple hydrocarbons and decomposes 

primarily fresh and soluble organics (Gordienko 1990), therefore correspond to copiotrophs and r-

strategists (Koch et al., 2001). 

Another unique feature of bacteria compared to fungi, is their small size that corresponds with the 

size of the microenvironment, which they inhabit. The functioning of bacteria within their 

microenvironment is thus very much affected by physicochemical factors, such as soil moisture that 

influence the physical connectivity of the soil matrix, nutrient dispersion in space into “hot” and 

“cold” spots with excessive and low nutrient availability respectively (Brockett et al., 2012; Lennon 

et al., 2012; Kuzyakov and Blagodatskaya 2015). It was shown that pH is the most important driver 

of the bacterial community composition (Hogberg et al., 2007).  

The high abundance of Acidobacteria, Actinobacteria and Proteobacteria across forest soils 

(Kuffner et al., 2012; Kurth et al., 2013; Lipson 2007; Nacke et al., 2011; Uroz et al., 2013) seems 
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to be the indication of their functional importance. These three phyla also dominate the bacterial 

RNA community of a Picea abies soil, where they represent >80-90% of the active taxa (Baldrian 

et al., 2012). Acidobacteria and Alphaproteobacteria are abundant in acidic soils (Baldrian et al., 

2012; Bryant et al., 2008; Jones et al., 2009; Shen et al., 2013) but the abundance of Bacteroidetes 

and Actinobacteria increases with a rising pH (Lauber et al., 2008; Lauber et al., 2009; Jeanbille et 

al., 2016). The abundance of Acidobacteria also seems to be negatively correlated with the carbon 

availability in soils, suggesting that they are slow-growing oligotrophs adapted to nutrient limitation 

(Garcia-Fraile et al., 2016; Fierer et al., 2007; Naether et al., 2012). They are highly adaptable to 

environmental changes and have a high level of metabolic versatility allowing them to break-down 

complex C substrates derived from SOM pool (Naether et al., 2012; Rasche et al., 2011). Based on 

this attributes of Acidobateria, we can ask how important are they in acidic spruce forest soil and 

what are their metabolic activities? Do they play a major role in soil C turnover? I have tried to fill 

this gap of knowledge in papers II, III, IV. 

Members of the phylum Verrucomicrobia are often abundant in forest soils (Bergmann et al., 2011; 

Lopez-Mondejar et al., 2015; Sun et al., 2014) and increase in abundance with the soil depth (Eilers 

et al., 2012). However, it is unclear whether this increase is due to preference of Verrucomicrobia 

for the oligotrophic environment or the occupation of specific microniches. Bacteroidetes are 

common in forest soils and members genus Mucilaginibacter were found to be potent decomposers 

of cellulose and other biopolymers (Stursova et al., 2012; Lopez-Mondejar et al., 2016). Members 

of the Betaproteobacteria, such as the genera Burkholderia and Collimonas, were described as 

efficient mineral-weathering bacteria and they are common both in coniferous and hardwood forest 

soils (Collignon et al., 2011; Leveau et al., 2010; Lopez-Mondejar et al., 2015; Sun et al., 2014; 

Stursova et al., 2012; Uroz et al., 2010; Uroz et al., 2016). 

Recent studies of rhizosphere from environments such as grasslands (Mao et al., 2014; Shi et al., 

2015) or beech mountainous forest (Gschwendtner et al., 2016) showed a subset of the bulk soil 

microbiome, that is enriched in genera of the Betaproteobacteria, Actinobacteria, and Bacteroidetes 

(Ai et al., 2015; Donn et al., 2015; Lundberg 2012; Shi et al., 2015) considered to be copiotrophic 

(Fierer et al., 2007; Peiffer et al., 2013). The microbiome surrounding the ECM roots and hyphae is 

different from the one in bulk soil as well (Shi et al., 2015; Uroz et al., 2010; Vik et al., 2013) and 

is enriched in species of Proteobacteria (e.g.: Burkholderia, Rhizobium, Pseudomonas) and species 

of Actinobacteria such as Streptomyces (Izumi et al., 2008; Kluber et al., 2011; Tanaka and Nara, 

2009; Uroz et al., 2007; Yu et al., 2013) with either copiotrophic or oligotrophic strategy 

(Marupakula et al., 2016).  
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1.3 Forest floor composition and vertical distribution of the microbiota in litter 

and soil 

 

Acidic spruce forest soils show vertical stratification as a result of litter 

accumulation on top of the soil and its continuous decomposition towards 

deeper soil horizons. Two different habitats can be distinguished on the 

forest floor (first 15cm): litter on the top and organic soil horizon (H) 

beneath it (Fig. 3). Litter is created by the accumulation of tree litter with 

a low abundance of roots, while the H horizon is formed by continual 

litter decomposition and it has a significant amount of the tree roots in it. 

Such vertical stratification of forest floor is possible thanks to low pH 

and thus the lack of organisms mixing the topsoil material, such as 

earthworms.  

Soil is typical by lower ratio of C:N than litter, lower amount of organic 

matter relative to litter and high content of humic material, higher 

resiliency of SOM and smaller amount of microbial biomass and activity (Snajdr et al. 2008). On 

the other hand, litter is low in N and rich in lignin and thus requires additional N for its 

decomposition (Meentemeyer 1978). Decomposition of either spruce needles or SOM are important 

processes in the cycle of C, N and phosphorus and in soil formation. These processes are controlled 

by abiotic factors (temperature, moisture, chemical composition of soil and litter) and by microbial 

activity (Aber et al. 1990; Couteaux et al. 1995; Park and Matzner 2003). Decomposition of spruce 

needles in the coniferous forest floor is especially slow because of the acidic pH and high content of 

recalcitrant compounds such as lignin, cellulose and waxes in the needles.  

Fungi can tolerate low pH and are able to decompose recalcitrant compounds, unlike bacteria, 

which are thought to be limited by low pH, less enzymatic equipment, higher requirements for some 

nutrients and lower tolerance of environmental changes (Allison et al. 2008, Carpenter et al. 1987). 

Due to vertical stratification of the forest floor, fungal communities show vertical stratification 

(Lindahl et al., 2007). ECM basidiomycetes belong to the ‘late’ fungal community of species 

occurring more often in fragmented litter and humus than in the fresh litter (Lindahl et al., 2007). In 

1971 it was suggested by Gadgil and Gadgil that saprotrophic and ectomycorrhizal fungi compete 

for the nutrients such as N and this competition can keep the fungal community partitioned into two 

separate horizons and functionally distinct communities. Saprotrophic fungi utilize and colonize 

fresh litter rich in energy more effectively than mycorrhizal fungi (Colpaert and van Tichelen 1996; 

O’Brien et al., 2005; Lindahl et al., 2007) and that's why they outcompete mycorrhizal fungi in the 

Figure 3. Topsoil spruce 

forest horizons – litter and 

soil. 
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litter horizon. However, C:N ratio decreases with soil depth  and when the substrate becomes more 

depleted in simple C compounds, the saprotrophs become less able to compete with ECM fungi. 

This is in agreement with the observed replacement of saprotrophic fungi by ECM fungi with depth, 

which are not dependent on litter for their C and energy source.  

Although there were many attempts to characterize a specific functional groups of fungi – 

mycorrhizal or saprotrophic ones (Courty et al., 2008, 2010a,b; Koide et al., 2007; Rosling et al., 

2003) concerning vertical fungal distribution in topsoil horizon (Coince et al., 2013; Davey et al., 

2012; Dumbrell et al., 2011; Jumpponen et al., 2010), only few studies addressed vertical 

stratification of bacterial communities in forest soil and their contribution to litter and SOM 

decomposition (Baldrian et al., 2012; Lopez-Mondejar et al., 2015). Differences between bacterial 

abundances in litter or soil horizon were found in 75% of OTUs in temperate Quercus petraea 

forest (Lopez-Mondejar et al., 2015). Inferred from 16S DNA sequencing, Acidobacteria, 

Actinobacteria, Firmicutes, Chloroflexi and Planctomycetes increased with the soil depth, while 

Bacteroidetes and Proteobacteria (except Deltaproteobacteria) were most abundant in the litter 

(Lopez-Mondejar et al., 2015). The most abundant genera described in litter included Bacteroidetes, 

such as Mucilaginibacter, Pedobacter, Ferruginibacter and Proteobacteria, such as 

Bradyrhizobium, Rhizomicrobium, Rhodanobacter, Burkholderia, Rudaea, Luteibacter, 

Sphingobacteria, Pseudomonas and Novosphingobium (Lopez-Mondejar et al., 2015). Some genera 

of Acidobacteria (Granulicella and Edaphobacter) were found in both litter and soil, while in 

mineral soil members of Actinobacteria (Aciditerrimonas), Acidobacteria (Acidobacterium) and 

Alphaproteobacteria (Rhodoplanes) were identified (Lopez-Mondejar et al., 2015). Distinct 

occurrence in one of soil horizons was found also in DNA community of mountain spruce forest, 

where Steroidobacter was the most abundant in litter and RNA pool of community in litter was 

enriched in Acidobacteria and Firmicutes (Baldrian et al., 2012). Highly abundant in the soil 

horizon were Acidobacteria and Actinobacteria in RNA pool of community (Baldrian et al., 2012). 

Although Acidobacteria, Proteobacteria and Actinobacteria are very abundant in organic as well as 

mineral horizons, the organic horizon was richer in Proteobacteria and Bacteroidetes (Baldrian et 

al., 2012; Uroz et al., 2013), which have been proposed to preferentially utilize easily accessible 

carbon substrates (Eilers et al., 2010; Fierer et al., 2007).  

 

1.4 Seasonal changes in abundance and composition of microbial communities 

 

Microbial communities in soil change their abundance and composition within seasons of the year 

and this is caused by the temperature and precipitation changes as well as seasonality in plant 

growth (Fig. 4) (Hogberg et al., 2010; Kaiser et al., 2010; Voriskova et al., 2014). Plant growth 
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seasonality can be seen as a plant carbon 

balance during the year, which is positive in the 

summer due to higher photosynthesis than 

respiration and negative in winter because of 

continuous plant respiration but lack of 

photosynthesis (Ryan 1991). Photosynthetic 

carbon in form of root exudates is consumed by 

heterotrophic respiration rapidly within hours 

or days, which indicates short-term dynamics in 

microbial soil communities (Bellemain et al., 

2013). Rhizodeposition is the release of carbon 

accumulated during the photosynthesis from roots into the soil (Jones et al. 2004; Jones et al. 2009).  

The rise by 250% - 500% in below-ground allocation of plant 14C in the late summer (August) 

against the early season (June) was reflected mainly in fungal fatty acid biomarkers and 

occasionally in bacterial biomarkers (Hogberg et al., 2010; Horwath et al. 1994), which is in 

agreement with the analyses of tree physiology from boreal and temperate forests (Hansen et al., 

1997; Kagawa et al., 2006; Waring and Running, 1998). ECM fungi play a role in soil carbon 

storage because 10 - 50 % of all assimilated tree carbon is translocated into their mycelia. The 

carbon sink in boreal forest is thus driven by ECM fungi (Orgiazzi et al., 2016). This indicates that 

carbon from rhizodeposition is a significant source of carbon in soil (Clemmensen et al., 2013) and 

contributes to vertical stratification in soil, since soil is mostly occupied by ECM fungi and bacteria 

(Baldrian et al., 2012; Lindahl et al., 2007; O'Brien et al., 2005). 

Seasonality in fungal communities has been examined usually by enzyme assays or microbial 

biomass measurements (Baldrian et al., 2013; Berg et al., 1998; Bjork et al., 2008; Snajdr et al., 

2008). A change in the microbial community function and composition was observed between 

summer and winter in mixed temperate forest (Zhang et al., 2014) as well as in an arctic system 

(Mundra et al., 2015). Dominance of saprotrophic fungi in spring and ECM fungi in late summer 

was shown in the case of mycorrhizal root tips of Quercus sp. (Jumpponen et al. 2010), in litter of 

oak forest (Voriskova et al., 2014), in mesh bags burried into soil (Wallander et al., 2001) and in 

boreal forests (Davey et al., 2012; Santalahti et al., 2016). Spring peak in saprotrophic fungi 

occurrence was correlated to spring fine root turnover (Satomura et al., 2006), while ECM 

dominance is thought to be supported by maximal growth of spruce fine roots in summer (Stober et 

al., 2000). 

Fungal richness and diversity declined during the growing season in oak forest (Jumpponen et al. 

2010) but increased more than 3 times between spring and summer in another Quercus petraea 

Figure 4. Difference in seasonal appearance in spruce 

forest, summer season on the left and winter on the right. 

http://d360prx.biomed.cas.cz:2769/article/10.1007%2Fs11104-011-0881-0#CR29
http://d360prx.biomed.cas.cz:2769/article/10.1007%2Fs11104-011-0881-0#CR30
http://onlinelibrary.wiley.com/doi/10.1111/j.1469-8137.2010.03274.x/full#b21
http://onlinelibrary.wiley.com/doi/10.1111/j.1469-8137.2010.03274.x/full#b8
http://onlinelibrary.wiley.com/doi/10.1111/j.1469-8137.2010.03274.x/full#b8
http://onlinelibrary.wiley.com/doi/10.1111/j.1469-8137.2010.03274.x/full#b23
http://onlinelibrary.wiley.com/doi/10.1111/j.1469-8137.2010.03274.x/full#b51
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forest in soil (Voriskova et al., 2014). The increase in fungal richness was found in high arctic to 

correlate with increase in soil temperature (Mundra et al., 2015); temperature was shown to be a 

growth-limiting factor for ECM fungi in these cold arctic environments (Robinson 2001; Timling 

and Taylor 2012).  

In topsoil of Alpine tundra, it was found that spring snowmelt decreased fungal biomass and 

increased the biomass of Gram-positive bacteria and Actinobacteria, while the Gram-negative 

bacteria prevailed in summer (Bjork et al., 2008). In contrast to reports on fungal community in a 

temperate oak forest, bacterial community composition in the mineral soil, responded to the 

seasonal peaks of rhizodeposition in the summer (Lopez-Mondejar et al., 2015). Shifts in bacterial 

community in litter corresponded to seasonal changes representing proceeding succession on this 

substrate (Lopez-Mondejar et al., 2015). Seasonal dynamics as shifts in the relative abundances of 

individual bacterial groups was found in the alpine soils (Lipson, 2007; Kuffner et al., 2012) and 

was interpreted as a reaction to carbon fluctuations in plant roots during the year.  

It is a matter of last years, that seasonality in forest soils is started to be examined by the so called 

“omics”. It was shown by a metaproteomic study in both coniferous and deciduous forest that the 

proportion of fungi and bacteria increased in spring compared to winter in litter of most of the 

studied forests (Schneider et al., 2012). The experiment with the respiration of 13C-substrates 

showed that winter communities of microorganisms had higher capacity for degradation of complex 

carbon substrates such as cellulose and plant cell walls, as indicated by intensified cellulase and 

amylase activities together with decreased mineralization of SOM (Koranda et al., 2013). Summer 

communities were able to utilize glucose more effectively and there was higher availability of 

dissolved organic carbon in summer than in winter (Koranda et al., 2013). Overall, we know from 

previous studies, that there are seasonal changes in abundance of saprotrophic and mycorrhizal 

fungi and also shifts in the bacterial community composition. It is not known, however, whether 

similar changes in microbial community composition, observed in the litter of a deciduous forest 

(Lopez-Mondejar et al., 2015; Voriskova et al., 2014) also occur in coniferous forests. Coniferous 

litter is produced continuously and its decomposition is typically slow so that litter quality does not 

change across seasons. We can imagine that while all microbes are present in topsoil all the year 

round, their activity is likely to change during the year. I have investigated this question in the 

papers III and IV. 

 

1.5 Decomposition of various forms of carbon by microbes during summer and 

winter season 
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1.5.1 Carbon compounds in the forest floor 

 

Carbon can be found in the forest floor in several forms. In 

litter, C pool is represented by dead plant material such as 

twigs and needles. Plant biomass is composed of 

lignocellulose (Fig. 5), a highly organized and interlinked mix 

of different polymers containing mainly cellulose (35–50 %), 

hemicelluloses (20–50 %) and lignin (10–35 %) (Van Dyk 

and Pletschke, 2012).  

It is known that litter is characteristic by higher enzymatic 

activity, high heterotrophic respiration and higher fungal 

biomass than soil (Baldrian et al., 2012; Snajdr et al., 2008). 

Fungal mycelia present another chitin rich source of nutrients in litter, which are used especially by 

bacteria (Brabcova et al. 2016; Tlaskal et al., 2016). Decomposition of mycelia is usually faster 

than that of plant litter and it also depends on the mycelial content of chitin and melanin (Fernandez 

and Koide 2012). An important source of C in soil horizon available for symbiotic fungi and root-

associated bacteria is root deposits, either exudates or C transferred directly to mycorrhizal fungi 

(Baldrian et al., 2012; Clemmensen et al., 2013; Churchland et al., 2012; Lindahl et al., 2007; 

O'Brien et al., 2005). The fraction of assimilates that is exuded directly from roots into the 

rhizosphere is estimated to range from 1–5% and to be composed mainly of carbohydrates, amino 

acids and organic acids, fatty acids, low molecular mass aliphatic and aromatic acids, hormones and 

enzymes (Phillips et al., 2011; Wang et al., 2016; Prescott and Grayston 2013). The allocation of C 

into soil via plant roots exhibits several-fold seasonal differences that correspond to the intensity of 

photosynthesis throughout the year (Hogberg et al., 2010). Fine roots represent another C source 

comparable in quantity to the aboveground litter, but it is more recalcitrant to decay (Xia et al., 

2015). Soil organic matter (SOM) in soil horizon is composed, besides others, of humic and fulvic 

substances and is formed during decomposition of plant, animal and microbial biomass. SOM is 

very complex and contains low-molecular-weight fragments of carbohydrates and polysaccharides, 

proteins, fats such as fatty acids, glycerol and lignin that are the most recalcitrant substances but 

also high-molecular mass compounds composed of the same material (Simpson et al., 2007; 

Schmidt et al., 2011). These molecules associate with each other into supramolecular aggregates 

stabilized by hydrophobic interactions and hydrogen bonds and also by various interactions with 

clay particles (Kleber and Johnson, 2010; Kleber et al., 2015). The structural variability and 

complexity of SOM make it recalcitrant for decomposition. 

 

Figure 5. Arrangement of lignocellulose biomass 
in plant cell wall (Sokan-Adeaga et al., 2016). 
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1.5.2 Carbohydrate active enzymes (CAZymes) involved in degradation of organic matter 

 

Full disintegration of polysaccharides to mono- or disaccharides and of other biopolymers to their 

monomers by extracellular enzymes is essential because fungi and bacteria can only absorb 

nutrients in less complex form that can be transported 

 

Table 1. Functional classification of glycosyl hydrolases and auxilliary used in paper IV based on their  

major catalytic activities according to CAZy (http://www.CAZy.org). 

 

across the cell wall (Burns and Dick 2002; de Vries et al., 2012). The complex organic C 

compounds found in litter and soil are broken down by glycoside hydrolases (GHs), which are the 

primary enzymes that cleave glyosidic linkages (e.g., those in cellulose and hemicellulose) and 

auxiliary activity enzymes (AAs) with redox activity. GH and AA both belong to carbohydrate-

active enzymes (CAZymes) (Lombard et al., 2014). CAZymes have a catalytic domains that 

modify, degrade or create glyosidic bonds and may have carbohydrate-binding domains that ensure 

interaction with the substrate. CAZymes are classified into families by the similarity of their amino 

acid sequence and protein structures (Tab. 1). Enzymes classified into such a family may have 

Group Target GH families 

α-glucosidase/amylase 

(AGL) 

storage 

compounds 

GH119 (amylase), GH122 (α-glucosidase), GH13 (amylase/α-

glucosidase/trehalase), GH14 (amylase), GH31 (α-glucosidase), GH4 (α-

glucosidase), GH57 (amylase), GH63 (α-glucosidase), GH97 (α-glucosidase) 

β-glucosidase (BGL) various GH1 (β-glucosidase/β-xylosidase), GH116 (β-glucosidase/β-xylosidase), GH2 (β-

glucosidase), GH3 (β-glucosidase/β-xylosidase/endoxylanase) 

β-xylosidase (BXL) plant cell wall GH120 (β-xylosidase), GH52 (β-xylosidase), GH54 (β-xylosidase) 

cellulase (CEL) plant cell wall GH10 (endocellulase/endoxylanase), GH12 (endocellulase/endoxylanase), GH124 

(endocellulase), GH26 (endocellulase/endoxylanase), GH44 

(endocellulase/endoxylanase), GH45 (endocellulase), GH48 

(exocellulase/endocellulase/chitinase), GH5 

(exocellulase/endocellulase/endoxylanase/β-glucosidase/β-xylosidase), GH51 

(endocellulase/β-xylosidase/endoxylanase), GH6 (exocellulase/endocellulase), 

GH7 (exocellulase/endocellulase), GH74 (endocellulase), GH8 

(endocellulase/endoxylanase), GH9 (exocellulase/endocellulase/endoxylanase/β-

glucosidase), AA9 (lytic polysaccharide monooxygenase) 

chitinase (CHI) fungal cell wall GH18 (chitinase), GH19 (chitinase), GH23 (chitinase), GH89 (N-

acetylglucosaminidase) 

ligninolytic (LIG) plant cell wall AA1 (laccase), AA12 (oxidase), AA2 (peroxidase), AA3 (oxidase), AA4 

(oxidase), AA5 (oxidase), AA6 (oxidase) 

lysozyme (LYS) bacterial cell wall GH108 (lysozyme), GH22 (lysozyme), GH24 (lysozyme), GH25 (lysozyme) 

trehalose (TRE) storage 

compounds 

GH15 (trehalase), GH37 (trehalase), GH65 (trehalase) 

xylanase (XYL) plant cell wall GH11 (endoxylanase), GH16 (endoxylanase), GH30 (endoxylanase/β-

xylosidase/β-glucosidase), GH43 (endoxylanase/β-xylosidase), GH62 

(endoxylanase), GH98 (endoxylanase) 

http://www.cazy.org/
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narrow or wide substrate preference (Sukharnikov et al., 2011). In turn, biochemical activity, such 

as, e.g., the cleavage of cellobiose by β-glucosidase, can be performed by members of multiple 

CAZy families. Even one single individual enzyme can exhibit multiple activities, for example the 

β-glucosidases often also have minor β-xylosidase, β-mannosidase or β-galactosidase activities 

(Baldrian and Valaskova, 2008).  

Starch and glycogen are storage compounds of plants and fungi respectively and are degraded by 

amylases. On the other hand, polysaccharides as cellulose and hemicellulose provide a structural 

scaffold for plants bodies.  

Cellulose is decomposed by plethora of enzyme 

families. Their activities are described as endo-

cellulases, exo-cellulases, lytic polysaccharide 

monooxygenases and β-glucosidases (Fig. 6). 

Hydrolysis of cellulose usually requires the 

synergistic action of three hydrolytic enzymes: 

endo-β-1,4-glucanase (endocellulase) cleaving 

cellulose filaments in their amorphous regions and 

leaving behind new free ends for cellobiohydrolase 

(exocellulase), which is able to hydrolyze cellulose 

into the disaccharide cellobiose, that is decomposed 

by β-1,4-glucosidase (cellobiase) into two glucose 

molecules. There are two types of cellobiohydrolase, 

cellobiohydrolase I that acts on reducing ends and 

cellobiohydrolase II that breaks down cellulose from 

non-reducing ends. Lytic polysaccharide monooxygenases (LPMO) oxidize the rigid part of the 

cellulose chain leaving behind oligosaccharides of different length, which can be used as substrates 

by cellobiohydolases in consequent hydrolysis (Zifcakova and Baldrian 2012).  

The xylan backbone of hemicellulose is broken down to xylose units by the combined action of 

endo-1,4-beta-xylanase (endoxylanase) and xylan 1,4-β-xylosidase (β-xylosidase). Side chains of 

hemicellulose can contain heteroxylans with e.g. L-arabinose and D-glucuronic acid that are 

cleaved by plethora of enzymes such as β-glucuronidase and α-L-arabinofuranosidase. Similar 

enzymes also cleave another hemicelluloses (Baldrian and Snajdr, 2011; Baldrian and Stursova, 

2011). 

Enzymes decomposing fungal cell walls are chitinases and those ones degrading peptidoglycan 

bonds in bacterial cell walls are termed lysozymes.  

Figure 6. Oxidative and hydrolytic cleavage of 

crystalline cellulose to monomeric sugars (Gupta et 

al., 2016) 
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Lignin is an amorphous, nonlinear heteropolymer of phenylpropane units joined together by 

different types of linkages and its degradation is thus complex, utilizing combination of Fenton and 

enzymatic reactions. Enzymes participating in lignin degradation are Class II peroxidases like 

manganese dependent peroxidase (MnP), lignin peroxidase (LiP), and the oxidase laccase (Baldrian 

and Snajdr, 2011; Baldrian and Stursova, 2011).  

 

1.5.3 Degradation of biopolymers by fungi and bacteria 

 

Fungi in general were identified as sole producers of ligninolytic peroxidases and have the ability to 

produce a wide range of extracellular enzymes allowing efficient degradation of the recalcitrant 

fractions of plant material. They are thus considered to be the major decomposers in forest soils 

(van den Brink and de Vrie, 2011; van der Wal et al., 2013). A plethora of eukaryotic CAZymes 

had a significant share in forest litter metatranscriptome (Damon et al., 2012). In the beech litter, 

fungal CAZymes dominated metaproteome over bacterial ones (Schneider et al., 2012) and fungi 

also produced most of the chitinolytic, ligninolytic and cellulolytic enzymes in transcriptomic 

studies (Kellner et al., 2010; Baldrian et al., 2012). Ascomycota showed cellulolytic and 

hemicellulolytic activities in SIP-DNA studies (Stursova et al., 2012; Leung et al., 2016; Rime et 

al., 2016). Yeasts belonging to Basidiomycota were proven to have cellulolytic and hemicellulolytic 

capabilities by SIP studies (Leung et al., 2016; Stursova et al., 2012). Diverse Ascomycota and 

Basidiomycota were demonstrated to produce variety of laccase, exocellulase, multiple oxidases, 

glycosyl hydrolases as determined by gene-targeted metatranscriptomics (Baldrian et al., 2012; 

Kellner and Vandenbol, 2010; Luis et al., 2005). Basidiomycota were thought to be especially 

important in litter decomposition due to their unique system for lignin decomposition (Baldrian, 

2008; Baldrian and Valášková, 2008; Hofrichter et al., 2010; Martinez et al., 2005; Steffen et al., 

2007), but since the litter degradation is a successive process, where Ascomycota and 

Basidiomycota take turns in the process (Lodge et al., 2008; Lodge et al., 2014; Osono, 2007; 

Rajala et al., 2012; Voriskova and Baldrian, 2013), Ascomycota may play bigger role in 

decomposition as previously thought. The enzymes expressed by fungi acting in the beginning of 

litter degradation are likely to encounter a more complex substrate, which requires a more diverse 

arsenal of enzymes, than the fungi acting in the final stages of litter degradation. Different rates of 

lignocellulose decomposition can be observed in such succession (Snajdr et al., 2011), indicating 

that nonbasidiomycetous fungi may be better equipped for the breakdown of certain compounds. 

Ascomycota and Basidiomycota were isolated in all stages of spruce needle litter decomposition in 

Picea abies forest and there was no difference in enzyme activities between fungi isolated from 

earlier and later stages (Zifcakova et al., 2011), although they have different ecophysiologies. 
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Despite accumulating information, the knowledge of enzyme production in different 

ecophysiological and taxonomical groups of fungi is still limited. Recently, several works have 

attempted to explore the accumulating information, obtained through genome sequencing, to predict 

the physiological traits of bacteria or fungi. In fungal genome analyses, most attention was paid to 

the content of genes encoding ligninolytic enzymes and carbohydrate-active enzymes in species 

with various ecophysiology, such as wood-associated white-rot and brown-rot fungi, mycorrhizal 

fungi, plant pathogens or others, or among phylogenetic ranks (Kohler et al., 2015; Floudas et al., 

2012; Zhao et al., 2013). The limited number of sequenced genomes, however, only allowed 

phylogeny-based comparisons on a coarse level of divisions, and these results seem to be affected 

by various representations of individual ecophysiological groups among divisions (Zhao et al., 

2013). Different fungal taxa encode various complex sets of extracellular enzymes in their genomes 

and the composition of these gene pools differs among taxa (Baldrian, 2008; Zhao et al., 2013). The 

question regarding the relationships between fungal phylogeny and decomposition traits thus 

remain unresolved and the aim of paper I was to increase the present knowledge of this topic. 

Bacteria possess another important, although less explored, reservoir of plant cell wall-degrading 

enzymes (Berlemont and Martiny 2015) and contribute significantly to the decomposition of 

organic matter (Brown and Chang, 2014; Eichorst and Kuske, 2012; Lopez-Mondejar et al., 2016; 

Stursova et al., 2012; Tian et al., 2013). Soil bacteria also contribute to the breakdown of phenolic 

compounds such as lignin, although their efficiency is typically much lower than that of fungi 

(Brown and Chang, 2014; Vetrovsky et al., 2014). Majority of lignin oxidizing bacteria were 

suggested to be members of Actinobacteria and Proteobacteria (Bugg et al., 2011, Vetrovsky et al., 

2014), specificaly the genera of Proteobacteria such as Sphingomonas, Burkholderia, Enterobacter, 

Ochrobacterium,Pseudomonas, or the Actinobacteria Rhodococcus, Mycobacterium, 

Microbacterium and Streptomyces, but also those of Firmicutes such as Bacillus and Paenibacillus 

(Bandounas et al., 2011; Tian et al., 2013). However, the enzymology of bacterial lignin 

degradation is poorly understood, although typical ligninolytic peroxidases were never found in 

bacteria, it is accepted that bacteria may use similar types of extracellular oxidative enzymes, such 

as peroxidases and laccases, which degrade lignin-derived phenolic compounds and reduce their 

toxicity. Bacterial laccases are common and abundant in the soil as suggested by the abundance of 

laccase genes in hardwood forests (Kellner et al., 2008) and high activity of bacterial taxa 

possessing laccases, such as Burkholderia, Bradyrhizobium, Azospirillum in the forest soils (Nacke 

et al., 2014). Although cellulolytic genes are present in 24% of all sequenced bacterial genomes and 

glycosyl hydrolases degrading other plant structural biopolymers are also common (Berlemont and 

Martiny 2015), just some of environmental isolates had the ability to degrade lignocellulose 

(Vetrovsky et al., 2014). Cellulolytic bacteria can be found in all major phyla such as 
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Proteobacteria, Acidobacteria, Actinobacteria, Bacteroidetes and Firmicutes (Berlemont et al., 

2014; Himmel et al., 2010; Jiménez et al., 2014; Koeck et al., 2014; Lopez-Mondejar et al., 2016; 

Sukharnikov et al., 2011). Based on genome sequencing of bacteria, it was shown that some 

functional properties, such as the expression of chitin- or cellulose-degrading enzymes, 

demonstrates different levels of phylogenetic conservation (Berlemont and Martiny, 2013; Martiny 

et al., 2013; Zimmerman et al., 2013). Nevertheless, recent results supports the view that only 

genome analyses alone are not sufficient to predict enzyme production and need to be 

complemented by enzyme assays or substrate degradation tests, although there have been several 

attempts to predict the function based on genomes of uncultured bacteria (Berlemont and Martiny 

2013; Langille et al. 2013). In DNA SIP experiments (Bernard et al., 2007; Eichorst and Kuske, 

2012; Rime et al., 2016), copiotrophs from different taxa of the Bacteroidetes, Proteobacteria and 

Gammaproteobacteria were found to degrade cellulose. Abundance estimates from temperate forest 

litter indicate that cellulolytic bacteria may represent > 15% of the community and their abundance 

increases with the progress of litter decomposition (Lopez-Mondejar et al., 2016; Tlaskal et al., 

2016).  

Detailed information about forest soils bacterial communities composition is in a contradiction with 

the lack of knowledge about their ecology and physiology (Baldrian et al. 2012; Lopez-Mondejar et 

al. 2015). The cause may be that only a small fraction (around 1%) of bacteria known from DNA-

based studies can be cultured with current methods (Vartoukian et al. 2010). This limits studies 

comparing bacterial isolates with the bacterial community composition. In a recent attempt to 

overcome this limitation, it was suggested, that the efficiency of isolation increase with rising 

nutrient limitation in the medium, thus favoring slow and difficult growing species (Van Insberghe 

et al. 2013). 

For the understanding of microbial processes in forest soil, it is necessary to examine the activity of 

both bacteria and fungi at the same time. Although bacteria dominate in the terms of biomass, fungi 

are more active in decomposition processes and create link among soil and plants (Baldrian et al., 

2012; Stursova et al., 2012).  

The new hope in answering the question about bacterial and fungal contribution to C turnover are 

the latest developments of metatranscriptomics together with high throughput sequencing. Whereas 

most species of microbial community have not yet been cultured, straightforward analyses of 

microbial processes are necessary to connect individual taxa to functions and to provide the insight 

into nutrient cycles. 

 

1.5.4 Effect of seasonality on the activity of bacterial and fungal enzymes 
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If we consider that the amount of soil mRNA from total RNA is estimated to be less than 10% 

(Urich et al., 2008) and that transcripts of specific CAZymes may represent as little as 0.8% of the 

soil metatranscriptome (Damon et al., 2012), specific genes are hard to target directly and most 

studies thus used PCR approach so far (e.g. Barbi et al., 2014; Kellner et al., 2010; Kellner et al., 

2014,). One of the approaches to study the seasonality in microbial functioning, is to measure 

enzyme activities in the environment. According to the study of Voriskova et al., (2014), 

endocellulase, endoxylanase, Mn-peroxidase, β-Glucosidase, N-acetylglucosaminidase enzymatic 

activities were highest in winter in litter horizon, while laccase activity was highest in summer in 

the litter of the Quercus petraea forest. In soil, the patterns of enzymatic activities were similar but 

less pronounced. In the same Quercus petraea forest Snajdr et al., (2008) showed that enzymatic 

activities of laccases are higher in summer than in winter, while that of cellobiohydrolase and acid 

phosphatase in spring in litter and the activity of Mn-peroxidase is higher in spring in soil horizon. 

In theory, decrease in the ratio of ECM to saprotrophic fungi in winter should be mirrored by the 

rise in the production of extracellular enzymes decomposing organic matter by saprotrophic fungi. 

In spite of this, neither microbial biomass nor the pools of most enzymes were different across 

seasons in an oak forest (Baldrian et al., 2013). Enzymes decomposing complex polysaccharides 

(endocellulases and endoxylanases) and those indicating fungal cell wall turn-over (N-

acetylglucosaminidases) had higher activity in summer in both litter and soil, while 

cellobiohydrolases were most active in spring (Baldrian et al., 2013). In temperate forest, seasonal 

differences in the enzyme pools with maxima in summer were observed for N-mineralization and 

denitrification enzymes but the pool of frequently occurring β-glucosidases did not show any 

Figure 7. Image representation of seasonal change hypothesis in the spruce forest soil. In summer, ECM fungi feeds on 

plant carbon that is sent to roots thanks to tree photosynthesis but in winter there is no such C flow, so ECM fungi are 

forced to look for another nutrient source. 
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regular seasonal pattern (Bohlen et al., 2001; Rastin et al., 1988). The enzyme pools were not 

affected by seasonality in deciduous forests (Niemi et al., 2007). In the study of enzyme activities in 

beech forest soil, Kaiser et al., (2010) showed that phenoloxidase and peroxidase activities peaked 

in late summer – September, contrary to cellulase and protease activities which were the highest in 

winter – November to December. According to the metaproteome analysis of forest litter, there was 

no seasonality in fungal decomposing enzymes due to stability of proteins in the soil (Schneider et 

al., 2012). When focused on cellulolytic activity, it did not change during the seasons in litter, but 

xylanase activity was higher in May (Schneider et al., 2012). The composition of cellulase-

producing fungi changed over the summer and winter in litter and it was suggested that lignin 

degradation can begin later in summer season due to increase of ligninolytic Basidiomycota in 

metaproteome (Schneider et al., 2012). The main driving factor of seasonal differences in 

enzymatic activities was shown to be temperature in the 

 tundra (Wallenstein et al., 2009). Of the total annual enzyme activity the share of 7 – 32% was 

assigned to the cold season and 68 – 93% to the warm one in a boreal coniferous forest (Wittmann 

et al., 2004). 

It is not known how seasonality affects microbial carbon cycling but we can hypothesize that the 

diminished input of photosynthates to microbes in winter will be compensated by the utilization of 

recalcitrant carbon compounds such as polysaccharides by saprotrophic bacteria and fungi. 

Saprotrophic fungi will thus increase in abundance in winter/spring months as shown by different 

studies (Jumpponen et al. 2010; Koorem et al., 2014; Santalahti et al., 2016; Voriskova et al., 2014; 

Wallander et al., 2001), as the reduction of their activity caused by the competition with ECM 

fungi, the so called the “Gadgill effect” (Fernandez and Kennedy 2016), will be lower in winter due 

to ECM carbon starvation (Fig. 7). Another reason for a higher saprotrophic activity of fungi in 

winter would be the potential ability of ECM to “switch” to saprotrophic lifestyle during C 

limitation as suggested by their ability to produce decomposition enzymes (Baldrian et al., 2012; 

Bodeker et al., 2014; Lindahl et al., 2015). It is still not known how the ECM fungi behave during 

the winter and which alternative carbon source they may use. Will enzymes produced by 

saprotrophic fungi change between two contrasting seasons – summer and winter? How do bacteria 

respond to seasonality and how their “feeding” strategy changes in the course of year? These 

questions were addressed in papers III and IV. 
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Paper I 

 

Eichlerová I., Homolka L., Žifčáková L., Lisá L., Dobiášová P., Baldrian P. (2015): Enzymatic 

systems involved in decomposition reflects the ecology and taxonomy of saprotrophic fungi. 

Fungal Ecology 13: 10-22 

 

One hundred and eleven strains of Basidiomycota, 39 strains of Ascomycota and 2 strains of 

Mucoromycotina belonging to wood decomposers that cause white-rot (WR) or brown-rot (BR), 

other wood associated saprotrophs (WA), litter decomposing cord-forming Basidiomycota (LDF), 

and saprotrophic microfungi (SA), were screened for the production of hydrolytic enzymes and 

laccase. The presence of enzyme-encoding genes was also analysed in the published genomes of 

saprotrophic fungi. Several genes, including those for acidic phosphatase,  

β-glucosidase and N-acetylglucosaminidase, were common in the genomes with enzyme activity 

widely displayed by fungi, while other enzymes, such as certain hemicellulases or laccase, were 

produced less frequently. Enzyme production by saprotrophic fungi was shaped by the combination 

of their ecophysiology and taxonomy. Basidiomycota exhibited higher activities of all enzymes, 

except alkaline phosphatase, α-glucosidase, N-acetylglucosaminidase, α-mannosidase and  

α-fucosidase, than Ascomycota. The SA and BR fungi showed distinct enzyme production patterns, 

while the enzyme production by WR, LDF and WA was similar. Differences among species were 

typically reflected in the level of enzyme activity rather than in the absence of enzymes. Enzyme 

screening results showed that in several cases, fungi exhibited enzyme activity without the presence 

of the corresponding gene and vice versa. This indicates that the use of genome-derived information 

for the prediction of potential enzyme production has substantial limitations and cannot replace 

functional screening of fungal cultures. 
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Paper II 

 

Lladó S., Žifčáková L., Větrovský T., Eichlerová I., Baldrian P. (2016): Functional screening of 

abundant bacteria from acidic forest soil indicates the metabolic potential of acidobacteria 

subdivision 1 for polysaccharide decomposition. Biology and Fertility of Soils 52: 251-260 

 

Coniferous forest soils have an indispensable ecological role in the global cycles of nutrients on 

Earth. Despite the fact that microbial communities in this ecosystem were subject of multiple 

studies, the involvement of individual taxa in the processes of organic matter transformation and the 

functional roles of dominant and active bacteria are largely unknown. Here, we have performed a 

comprehensive isolation effort to obtain multiple dominant bacterial taxa from a Picea abies forest 

soil and provide their physiological characterization. This information allows us to link ecological 

traits with groups of microorganisms. In the study, conventional culture techniques at acidic pH and 

low-nutrient content led to the recovery of 299 bacterial isolates. The isolates represented 

operational taxonomic units (OTUs) that contained 20 and 32 % of all bacterial genomes detected in 

the litter and soil by 16S amplicon analysis, including some of those bacterial strains representing 

the most abundant and active OTUs. These included also several isolates of the still underexplored 

phylum of the Acidobacteria, all of them belonging to the subdivision 1 of the phylum. 

Acidobacterial isolates produced the widest range of enzymes among all isolates and highest 

enzyme activities in acidic conditions. Moreover, members of the Acidobacteria represented more 

than 50 % of the isolates able to grow on disaccharides produced during the breakdown of cellulose, 

chitin, and starch. Our results indicate that Acidobacteria may play an important ecological role by 

degrading polysaccharides of plant and fungal origin in the important ecosystems of acidic 

coniferous forests. 
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Paper III 

 

Žifčáková L., Větrovský T., Howe A., Baldrian P. (2016): Microbial activity in forest soil reflects 

the changes in ecosystem properties between summer and winter. Environ Microbiol 18: 288-301 

 

Understanding the ecology of coniferous forests is very important because these environments 

represent significant global carbon sinks. Metatranscriptomics, microbial community, and enzyme 

analyses were combined to describe the detailed role of microbial taxa in the functioning of the 

Picea abies-dominated coniferous forest soil in two contrasting seasons. These seasons were the 

summer, representing the peak of plant photosynthetic activity, and late winter, after an extended 

period with no photosynthate input. The results show that microbial communities in soil and litter 

were highly diverse both in composition and function and characterized by a high abundance of 

fungi. Differences in ecosystem functions between seasons consisted of a combination of moderate 

changes in microbial community composition and profound changes in taxon-specific microbial 

transcription profiles. Further, these differences were more significant in soil than in litter. Most 

importantly, fungal contribution to total microbial transcription in soil decreased from 33% in 

summer to 16% in winter. In particular, the activity of abundant ectomycorrhizal was reduced in 

winter. Overall, these results indicate that plant photosynthetic production was likely the major 

driver of changes in the functioning of microbial communities in this coniferous forest across 

seasons. 
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Paper IV 

 

Žifčáková L., Větrovský T.,  Lombard V., Henrissat B., Howe A., Baldrian P. (2017): Feed in 

summer, rest in winter: Microbial carbon utilization in forest topsoil. submitted for publication 

 

Evergreen coniferous forests contain high stocks of organic matter. Significant carbon 

transformations occur in these ecosystems, making them important for the global C cycle. Here, we 

show that organisms in topsoil encode a diverse set of carbohydrate active enzymes, including 

glycoside hydrolases and auxiliary enzymes. Microorganisms produce the bulk of these enzymes, 

with fungi strongly dominating transcription in litter and an equal contribution of bacteria and fungi 

in soil. Turnover of microbial biomass appears to be faster in summer than in winter, indicating fast 

growth and seasonal differences in gene transcription especially in soils. While the use of reserve 

compounds, such as starch or trehalose, is high in winter when the rhizodeposition of 

photosynthates is low, summer is characterized by high expression of ligninolytic, cellulolytic and 

xylanolytic enzymes produced mainly by fungi. Our results support the hypothesis that priming by 

photosynthate C aids in the decomposition of recalcitrant biopolymers. 
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Paper V 

 

Pathan S. I., Žifčaková L., Ceccherini M. T., Pantani O. L., Větrovský T., Baldrian P. (2017): 

Seasonal variation and distribution of total and active microbial community of β-glucosidase 

encoding genes in coniferous forest soil. Soil Biology and Biochemistry 105:71-80 

 

Cellulose is the most abundant polysaccharide in the dead plant biomass, and its degradation is an 

important part of global carbon cycle. β-Glucosidases complete the final step of cellulose hydrolysis 

by converting cellobiose to glucose. Genetic potential and expression of β-glucosidase genes were 

studied in the topsoil of a Picea abies forest in two contrasting seasons. These seasons were the 

summer, representing the peak of plant photosynthetic activity, and late winter, after an extended 

period with no photosynthate input. Fungal and bacterial β-glucosidase genes belonging to 

glycoside hydrolase families GH1 and GH3 amplified from DNA and RNA and amplicon pools 

were analyzed. Transcript pool were largely corresponded to gene pools, although some abundant 

transcripts were not found in the gene pool. The major reservoirs of  

β-glucosidase genes were the fungal phylum Ascomycota and Basidiomycota and the bacterial 

phyla Firmicutes, Actinobacteria, Proteobacteria Acidobacteria and Deinococcus-Thermus. This 

indicates that a diverse microbial community utilized cellobiose. Seasonality influenced both 

genetic diversity of β-glucosidase genes and their expression. The results indicate that a complex 

community of bacteria and fungi expresses β-glucosidases in forest soils. Even β-glucosidase genes 

showing low abundance in DNA may be functionally important as revealed by their high expression 

especially in basidiomycota. The functional diversity in the studied ecosystem clearly exhibited a 

seasonal pattern. 
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3. List of methods 
 

Soil sample collection (paper II, III, IV) 

Cultivation of fungi and bacteria (paper I, II) 

Enzyme assays (paper I, II, III) 

Quantification of bacterial and fungal biomass (paper II, III) 

DNA/RNA extraction (paper II, III, IV, V) 

Polymerase Chain Reaction (paper II, III, V) 

Library preparation for DNA/RNA next-generation sequencing (paper III, IV, V) 

Sequencing (paper II, III, IV, V) 

Molecular taxonomical identification of isolated bacterial strains (paper II) 

Primer design (paper V) 

Bioinformatic analyses of amplicon/shot-gun sequencing data (paper II, III, IV, V) 

Statistical and diversity analyses (paper I, II, III, IV, V) 
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4. Results and Discussion 
 

In the paper I, we have used screening of enzyme activity to explore the effects of ecophysiological 

traits and taxonomic placement on enzyme production by saprotrophic fungi. The study considered 

saprotrophic Basidiomycota, where the ecophysiology of individual species can vary among closely 

related taxa, e.g. both brown-rot and white-rot wood decomposers and litter saprotrophs can be 

found within the same order (Hori et al., 2013) and symbiotic ectomycorrhizal and saprotrophic 

species can be also closely related (Floudas et al., 2012). In addition, data from the Basidiomycota 

fungi were complemented by those from the non-basidiomycetous saprotrophic fungi that inhabit 

the same environments: decomposing wood and forest soil or litter. We hypothesized that the 

effects of taxonomic position on enzyme production is of a lesser importance than their 

ecophysiological traits but may be preserved at certain levels of phylogeny or in certain enzymes. 

The enzyme activity results were also compared with the results of fungal genome analysis to 

explore whether genome-derived data can serve as reliable predictors of functional traits. 

We have found many enzymes to be produced by wide range of fungi, such as phosphatases that are 

required for P acquisition, β-glucosidase cleaving disaccharides and oligosaccharides, and N-

acetylglucosaminidases, which help to break down the chitin, a component of fungal cell wall. Most 

of 112 fungal strains also produced lipases that liberate short-chain fatty acids and some 

aminopeptidases mining for N by breaking down proteins. Laccases, hemicelulases and pectinolytic 

enzymes were produced variably by different fungi. 

Generally, Ascomycota and Basidiomycota genomes are often not very different in copy numbers 

of most glycosyl hydrolases encoded in their genomes, although some CAZyme families seem to be 

phylum-specific (Zhao et al., 2013). The clustering of cellulose-degrading species of Ascomycota 

and Basidiomycota in the same group rather than together with the taxonomically more related non-

cellulose-degrading fungi (Floudas et al., 2012; Taylor and Berbee, 2006) indicates that these 

fungal divisions have evolved the same enzymatic solutions for degradation of the cellulose, hence, 

the cellulose-degrading Ascomycota are more related to cellulose degrading Basidiomycota than to 

non-degrading Ascomycota (Busk et al., 2014). Curiously, cellobiohydrolase and LPMO-encoding 

genes were only present in the cellulose-degraders whereas genes encoding endoglucanases and β-

glucosidases were found in many of the non-degraders. The relatively few genes encoding 

cellulose-degrading enzymes in the dedicated white rot fungi suggest that the number of genes 

encoding cellulose-degrading enzymes in a fungal genome is related to the diversity of the 

substrates that the fungus can utilize rather than to the efficiency with which the fungus degrades 

the substrate. However, as expected from their substrate specialization, far fewer genes encoding 

non-cellulolytic glycoside hydrolases were found in the genomes of the white and brown rot fungi 
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than in the saprotrophic microfungi. It was shown, that genomes of plant pathogenic fungi encode 

more CAZymes than of saprotrophic and symbiotic fungi (Zhao et al., 2013) and  genomes of 

saprotrophs also encode more cellulolytic genes than that of ectomycorrhizal fungi, such as 

Laccaria bicolor (Kohler et al., 2015; Floudas et al., 2012; Zifcakova and Baldrian, 2012). It was 

showed that the evolution of ECM parallels that of brown-rot lineages but these guilds have lost 

much of their enzymatic apparatus for plant cell wall degradation that was encoded in their 

ancestors with white-rot ecophysiology (Kohler et al., 2015). 

We found that Ascomycota showed significantly higher gene copy numbers of alkaline 

phosphatase, β-glucuronidase, α-glucosidase and β-glucosidase. Our result was affected by the 

subset of Ascomycota genomes in our paper that were skewed to saprotrophic microfungi, which 

have different ecophysiology than Basidiomycota from the same study represented by brown-rot 

(BR), white-rot (WR) and litter decomposing cord-forming Basidiomycota (LDF) species. When 

fungal decomposition activity is concerned, previous studies have demonstrated higher loss of 

lignocellulose of Fagus crenata wood or of the Betula sp. litter by saprotrophic Basidiomycota 

(Osono and Takeda, 2006) compared to Ascomycota of order Xylariales (Osono and Takeda, 2002). 

These differences in decomposition processes between Asco- and Basidiomycota can be clarified by 

the presence of lignin peroxidases, Mn-peroxidases and versatile peroxidases in the Basidiomycota 

but not in Ascomycota genomes (Martinez et al., 2005). We observed that ligninolytic 

Basidiomycota classified as WR and LDF together with cellulolytic BR were distinct from the 

Ascomycota in higher activity of β-glucuronidases and β-galactosidases. Saprotrophic 

Basidiomycota were demonstrated to produce a lot of hemicellulases on litter (Steffen et al., 2007; 

Valaskova et al., 2007). Starch, protein and chitin degradation was performed by 70 %, 60 % and 

50% of basidiomycetous yeast taxa compared to 22%, 26% and 0% of ascomycotous yeasts, while 

lipase activity was common to nearly all yeast taxa (Buzzini and Martini, 2002). 

In higher taxonomical ranks of orders, different enzymes were produced by different species 

probably because of their different ecophysiology (Fig. 8B). In the agreement with the higher 

impact of ecophysiology than taxonomy on encoded genes, genome and proteome analyses of the 

basidiomycetous order Polyporales showed that WR and BR taxa were different in the amount of 

encoded and produced glycosyl hydrolases, with higher share in WR (Hori et al., 2013).  

In our study the saprotrophic microfungi (SA) and BR fungi had certain enzyme production patterns 

that distinguished them between each other as well as from the other ecological groups, while the 

patterns of enzyme activity in WR and LDF overlapped (Fig. 8A). Our observation agrees with the 

analysis of genomes of WR and BR fungi, that differ in the abundance of cellulolytic families, with 

more genes in found in WR than BR fungi and it was also showed on woody substrate, that 

expression levels of genes differs between WR and BR substantially (Eastwood et al., 2011). 
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Interestingly other wood associated saprotrophs (WA) corresponding to the ascomycetous order 

Xylariales were more similar to basidiomycetous WR than to ascomycetous SA. Since this order 

thrives on wood substrate, it is expected and well known that Xylariales fungi can decompose 

cellulose and xylan but their production of ligninolytic enzymes is low as well as wood mass loss 

compared to basidiomycetes (Pointing et al., 2003). We uncover that this group has also higher 

activity of lipolytic enzymes, β-glucosidases and α-galactosidases than other Ascomycota.  

When phylogenetically close species are examined in terms of enzyme production, it was found that 

various Aspergillus species growing on the same substrate produce different proteins  (Benoit et al., 

2015) and analogous result was achieved by measurement of enzymatic activities in the case of 

different Penicillium species (Baldrian et al., 2011). We found similar results, where 51% of strains 

of the same species produced one and more of different enzymes when growing on the same 

substrate. When three Aspergillus species were compared between each other in terms of numbers 

of relevant CAZy families genes and their growth on polysaccharides, no significant differences 

were found in the growth abilities but the numbers of CAZy families in their genomes differed 

(Coutinho et al., 2009). 

Many studies have revealed some correlation between gene copy number of CAZymes and their 

activity (e.g. Battaglia et al., 2011; Benoit et al., 2012; Coutinho et al., 2009; Suzuki et al., 2012). 

For example, a correlation between pectin related genes in genomes of 11 Ascomycota and 

basidiomycee and their ability to grow on different pectin media was demonstrated in the study of 

Figure 8. Principal component analysis of the activities of the selected extracellular enzymes produced by saprotrophic 

fungi. (A) Principal component loads of individual fungal species; (B) component loads of individual enzymes. Colors 

represent fungal orders: green - Polyporales, light green - Boletales, dark blue - Agaricales, light blue - 

Hymenochaetales, red - Eurotiales, magenta - Xylariales, orange - Helotiales, brown - Hypocreales. Results of paper I 
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Benoit et al., (2012). A correlation between amount of related CAZymes with growth on pectin, 

galactomannan and starch was found in the case of Rhizopus oryzae, but it was also able to grow on 

inulin, although it did not possess any known genes for its degradation (Battaglia et al., 2011).  

Trichoderma reesei is very effective in cellulose degradation but it possesses a relatively small 

number of cellulases in its genome and it seems like it is focused on high production and secretion 

of enzymes rather than expanding its degradation repertoire (Martinez et al., 2008). In our study 

based on genomic potential comparison of 6 Basidiomycota (Agaricus bisporus, Armillaria mellea, 

Fomitopsis pinicola, Phanerochaete chrysosporium, Dichomitus squalens, Trametes versicolor) 

with their respective enzymatic activity, we did found corresponding activity for each gene in case 

of lipases, acid phosphatases, β-glucosidases and N-acetylglucosamindases. Although the α-

glucosidases, α-galactosidases, β-galactosidases, α-mannosidase genes were present in all genomes, 

their activities were not found in all species. In contrast, despite the relatively high activities of 

alkaline phosphatases and β-glucuronidases, the corresponding genes of the former enzyme were 

only present in A. mellea, and the latter were not found in any genome. 

The relationship between activity and encoded potential is not simple for many reasons and 

differences in phenotype are not explained just by genome content but regulation of the gene 

expression plays an important role too. The physiological significance of differences in gene copy 

numbers per genome, which are usually reported in comparative papers, is still not clear. Higher 

copy number of a gene can suggest a more complex regulation of enzyme expression than higher 

activity. Also, no clear correlation was observed when comparing copy number of CAZy genes and 

amounts of secreted proteins, probably because fungal species can produce non-orthologous 

enzymes with the same activity (Benoit et al., 2015). Another explanation why we do not see clear 

correlation between genome content and respective activity is that around 40% of the fungal genes 

are still not associated with a known function or correct substrate specificity (Galagan et al., 2005) 

and genes with a certain activity cluster in the genome together with the genes of different but 

synergetic activity. An example is the cluster for hemicellulose degradation together with cellulose-

active enzymes in fungi and those genes are co-regulated as well (Miyauchi et al., 2016).  

Although, there are many studies about bacterial community composition in the forest floor, we still 

lack the knowledge about physiology and degradation abilities of abundant members of the 

community, thus the aim of paper II was to isolate abundant and active bacterial strains from litter 

and soil of a Picea abies forest, to screen them for traits relevant in organic matter transformation 

and to describe the potential roles of dominant bacterial taxa in this environment.  

We have found altogether 6041 bacterial OTUs, belonging to 18 phyla, in both DNA and RNA in 

litter and soil of a Picea abies forest by amplicon sequencing (paper III). Acidobacteria and 

Proteobacteria were the most dominant at the DNA level in both litter and soil, while Bacteroidetes, 
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Betaproteobacteria, Firmicutes and Verrucomicrobia showed higher relative abundances in the 

RNA pool. Dominance of Acidobacteria and Proteobacteria (especially Alphaproteobacteria) in the 

organic soil horizon can be explained by their adaptation to acidic and low-nutrient environments 

(Eichorst et al. 2007; Nacke et al. 2011) and it is consistent with the previous results from the same 

ecosystem (Baldrian et al. 2012; Stursova et al. 2012). Litter supported the growth of 

Actinobacteria, Bacteroidetes and Verrucomicrobia due to its higher concentration of easily 

available C compounds (Gessner et al. 2010) as a result of decomposition of biopolymers by 

bacteria and fungi (de Boer et al. 2005). Acidobacteria were less dominant in the RNA communities 

but never below a 20 % of relative abundance, confirming their active role in the processes of the 

coniferous forest soil. Members of abundant species recovered by sequencing were Acidobacteria 

genus Candidatus Koribacter, Candidatus Solibacter, Granulicella, Actinobacteria Conexibacter, 

Proteobacteria Beijerinckia, Bradyrhizobium, Phenylobacterium, Pseudomonas, Rhodoplanes. 

Over 12 weeks of incubation, a total of 299 isolates were picked from the GY-VL55 (pH 4.5) 

plates, among them also genera Granulicella, Beijerinckia, Bradyrhizobium and Phenylobacterium. 

Proteobacteria (66 %), Actinobacteria (17 %), and Acidobacteria (13 %) were the predominant 

phyla among the isolates according to 16S rRNA gene sequencing. All isolates clustered into 48 

clusters of 97 % similarity and these OUTs represented 32 and 20% of the estimated numbers of 

bacterial genomes in the litter or organic soil horizon and were represented by 21 and 15 % of 

rRNA sequences, respectively. The most abundant OTU recovered by isolation was affiliated with 

Beijerinckia (Alphaproteobacteria) and represented >5% and >1 % (DNA and RNA, respectively) 

in both the litter and organic soil horizon samples.  

The fastest-growing isolates on the acidic low-nutrient medium belonged to the Betaproteobacteria 

(Burkholderia), Gammaproteobacteria (Dyella), Actinobacteria (Frigoribacterium) and 

Bacteroidetes (Pedobacter and Mucilaginibacter). The Proteobacteria in soil form a highly 

physiologically diverse group, including many fast-growing r-strategists that can colonize plant 

roots and can be highly abundant in various soils (Elsas et al., 2007) but also K-strategists such as 

many members of the Alphaproteobacteria (Lauro et al., 2009). In fact, members of 

Alphaproteobacteria grew at much lower rates comparable to those of the Acidobacteria. Some of 

these slow-growing strains were related to the most abundant OTUs in the litter and organic soil 

horizon of the P. abies forest soil.  

Of the bacterial isolates, 12 strains produced all of the assayed enzymes (Fig. 9). 

Phosphomonoesterases, β-glucosidases and arylsulfatases were the most often produced ones. For 

β-glucosidase, the enzyme involved in the last step of cellulose degradation, significantly high 

enzymatic activity was observed in the slow-growing strains belonging to Acidobacteria 

(Acidobacterium, Bryocella, Terriglobus, Edaphobacter) but some activity was found also in some 
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faster-growing strains belonging to Gammaproteobacteria and Bacteroidetes. Acidobacterial strains 

mentioned above also produced less common enzymes, namely N-acetylglucosaminidases, 

cellobiohydrolases, α-glucosidases, β-glucuronidases, β-xylosidases, α-arabinosidases and β-

galactosidases. Nineteen strains of isolated bacteria were able to grow on Biolog GN2 plates. The 

results showed that the isolated bacteria typically used a wide range of substrates as energy sources. 

We compared the isolates belonging to Proteobacteria, Acidobacteria and Bacteroidetes based on 

their ability to use different categories of substrates. While the fast-growing Proteobacteria (such as 

strains S1 - Burkholderia, S197 - Labrys, and S171 - Burkholderia) were able to utilize several low 

Figure 9. Bacterial isolates from the Picea abies forest litter and soil and their enzyme activities (in a logarithmic scale). 

The data represent means of three replicate cultures from paper II. 
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molecular mass oligosaccharides, amino acids, amines/amides, carboxylic acids or more complex 

substrates, Acidobacteria were mostly able to grow at the expense of monosaccharides, 

disaccharides and certain polymers. It has been hypothesized that K-populations may direct more 

energy resources to extracellular enzyme production than to growth when a higher proportion of 

recalcitrant C sources is available (Fontaine et al., 2003). However, we did not find strong 

correlations (r<0.6) between slow growth and individual enzyme activities. This was caused by the 

low production of extracellular enzymes by Alphaproteobacteria (slow growers) and the high 

production of the Bacteroidetes (fast growers). Despite their slow growth, some Acidobacteria 

showed the widest spectra of enzymatic activities, as well as the highest activities of most enzymes, 

along with the Bacteroidetes (Pedobacter and Mucilaginibacter). Although the use of enzyme 

activities as indicators of soil functionality is still a problem due to spatiotemporal variations in real 

environments and the difficulty to relate activity of individual enzymes and the rates of nutrient 

cycling processes (Nannipieri et al., 2012; Uksa et al., 2015), the production of β-glucosidases, 

cellobiohydrolases and N-acetylglucosaminidases at high rates by the acidobacterial strains and to 

lesser extent by Bacteroidetes, indicates their metabolic capability to degrade plant-derived 

oligosaccharides and chitin under acidic conditions. All three groups were able to utilize multiple 

carbohydrates and polymers. Only 9 strains respired cellobiose that is a cellulose degradation 

product and 8 strains respired N-acetylglucosamine that is a structural component of chitin 

contained in the fungal biomass. The ability to degrade chitin represents an important trait because 

chitin degradation yields both C and N, and the availability of N in soil is often a limiting factor.  

The genus Mucilaginibacter of Bacteroidetes and some members of the subdivision 1 of the 

Acidobacteria have been recently described as cellulose decomposers in acidic environments 

(Haichar et al., 2007; Pankratov et al., 2011; Stursova et al., 2012). GHs, cellulases, hemicellulases 

mannosidases and N-acetylgalactosaminidases were predicted in the genomes of Pedobacter and 

Mucilaginibacter (Bacteroidetes) and were confirmed by proteome analysis as well (Lopez-

Mondejar et al., 2016). The study by Rawat et al. (2012) showed that the genomic machinery 

required for cellulose, hemicellulose and chitin degradation was found in all complete genomes of 

Acidobacteria. We suggest that subdivision 1 Acidobacteria are key players in the C cycle processes 

occurring in the coniferous soil environment and their genomic potential may be indeed realized as 

indicated by our study which is in conflict with the description of Acidobacteria as “cheaters” by de 

Boer et al. (2005).  

Early molecular studies did not differentiate between active and inactive microorganisms but a large 

proportion of the cells in a given environment are inactive at any one time (Bakken 1997). Inactive 

microbial cells and seeds do not contribute directly to ecosystem processes but are important for the 

resilience of a community to perturbation and might become important when environmental 
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conditions change. In paper III, we have explored the effect of seasonal changes on the transcription 

of degradation enzymes in the active part of microbial community using the next-generation 

sequencing of the Picea abies topsoil metatranscriptome. We have confirmed differences in 

enzymatic activities, amount of microbial biomass and microbial community composition (decrease 

of bacterial and fungal biomass and increase of ECM fungi with soil depth) between litter and soil 

horizon, as they were previously described in other studies (Baldrian et al., 2012; Clemmensen et 

al., 2013; Lindahl et al., 2007; Voriskova et al., 2014). In addition to high diversity of both fungi 

and bacteria consistent with previous results (Baldrian et al., 2012), we have also found high 

metabolic diversity in forest topsoil with 4.6 million of identified unique contigs, potentially 

representing individual proteins. If an average bacterium expresses 1000 proteins out of the 5000 

contained within its genome, our results predict that thousands of microbial species are 

transcriptionally active at the same time. Surprisingly, a high proportion of assigned transcripts 

belonged to fungi, especially in the litter (> 70 %), which is in contrast with grassland and forest 

soils studied previously, where over 90 % sequences were assigned to bacteria (Nacke et al., 2014). 

These values provide an evidence of fungal importance in the functioning of the coniferous forest 

ecosystems and are consistent with other forest soil eukaryotic metatranscriptomes (Bailly et al., 

2007; Damon et al., 2012; Takasaki et al., 2013). Diverse metabolic potential of metagenome has 

been described in the soil of a Picea abies forest previously (Uroz et al., 2013). Our study now 

extends these observations beyond microbial structure and gene potential to the functional level.  

We have discovered 74% of functional genes to be differentially expressed between litter and soil. 

Fungal transcripts dominated the litter, while bacterial ones the soil. We saw higher synthesis of 

ribosomal proteins and starch and sucrose metabolism in litter as well as cellulases and ligninases in 

litter (paper IV), that points towards more active metabolism and increased production of 

decomposition enzymes. In soil we seen higher share of enzymes degrading storage compounds of 

ECM fungi (Nehls et al., 2010) such as α-glucosidases and trehalases (paper IV).  

Consistent with previous results (Baldrian et al., 2013), our soils did not exhibit differences in the 

fungal/bacterial biomass across seasons. Within the domains of bacteria, only Actinobacteria 

exhibited seasonal changes in abundance, which is consistent with the increase of their 16S marker 

abundance in alpine and subalpine soils in winter (Kuffner et al., 2012). Broadly, community 

profiles of both soil DNA and RNA were largely consistent across seasons but seasonal changes in 

the activity of individual species, as well as of functional categories, were more pronounced in soil 

compared to litter. Interestingly, we did not observe reduction in the amount of bacterial (16S) or 

fungal biomass (18S, ergosterol) during the winter, so it seems that seasonal differences in soil 

dynamics are result of changes in transcribed functions or the rates of transcription.  
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In winter, we saw the rise of RNA degradation, proteasome and lysosome-derived transcripts, 

which suggests reduced activity of microbial community in winter and recycling of the standing 

biomass. In summer on the other hand, more transcribed genes were involved in signaling (two-

component system, hif-1 signaling pathway) or metabolism (valine, leucine and isoleucine 

degradation, phenylalanine metabolism, methane metabolism), suggesting high activity of the 

microbial community. We have also found the expression of chitin and lysozyme to be higher in 

summer, what indicates higher turnover rates of biomass in this season (paper IV). 

Based on 16S marker sequencing, we have found 27 164 bacterial OTUs all together. Litter 

bacterial community was more diverse than soil one. Proteobacteria, Acidobacteria and 

Actinobacteria dominated both RNA/DNA bacterial communities. 83% of 42 most abundant OTUs 

showed horizon specificity with higher abundance in one of the soil horizons. Soil was dominated 

by Acidobacteria but the diversity of abundant phyla including Actinobacteria, Bacteroidetes, 

Betaproteobacteria and Verrucomicrobia was higher in litter. Generally we did not find differences 

in the abundance of bacterial or fungal markers 

between seasons when DNA amplicons were 

sequenced. Changes between seasons could be 

seen in 26% of bacterial amplicons in litter and 

31% in soil.  

Fungal community represented by 3 942 OTUs 

was dominated by the Basidiomycota and 

Ascomycota, in both litter and soil. Preference for 

one of horizons was observed for 63% of 32 top 

fungal OTUs. Differences between seasons in 

RNA-derived community were obvious in the 

winter in soil for the ECM Boletales, which 

decreased in abundance, while ECM Russulales 

increased.  

The most pronounced differences between seasons in the production of transcripts (meaning 

mRNAs) were recorded in soil, where 33.4% of fungal genes were overexpressed in summer, while 

only 15.7% in winter. When functional transcripts were mapped to those genes of ECM Laccaria 

bicolor involved in mycorrhizal symbiosis, around 60% of transcripts were expressed only in 

summer, while less than 15% were overexpressed in winter (Fig. 10), despite the fact that there was 

no significant change in the share of ECM fungi. The seasonality of root processes, such as C 

limitation in the winter due to restricted photosynthesis and the higher availability of simple C in 

summer, can explain the seasonality in transcription of fungi, which were reported to be more 
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abundant in the rhizosphere than in bulk soils (Turner et al., 2013). The activity of dominant root 

symbionts - ECM fungi - is suggested to inhibit decomposition processes of saprotrophic fungi by 

outcompeting them in the soil in summer by the process called “Gadgil” effect (Gadgil and Gadgil 

1975). Thus we have suggested that in winter when ECM activity is much lower, decomposition 

processes by saprotrophic organisms should be more pronounced. We have investigated this 

question in the paper IV, where we showed that higher activity of cellulose and lignin degradation 

transcripts in winter were found for bacteria such as Acidobacteria but not for fungi.  

Interestingly, enzymatic activity in Picea abies forest soil did not show seasonal differences. This is 

in agreement with some studies from deciduous forests (Baldrian et al., 2013), but not with others 

where differences in enzyme activity across seasons were observed (Kaiser et al., 2010; Voriskova 

et al., 2014). The reports on the seasonality of enzyme activity thus still remain inconclusive, 

although the rates of enzymatic processes are likely higher in summer due to temperature-

dependence of activity (Baldrian et al., 2013).  

Now that we have demonstrated in paper III that seasonality can be seen in microbial functioning 

despite no effect on microbial community composition, we were interested in exploring how it 

affects enzymes involved in C cycle (CAZymes). Another important question was about the share 

of CAZy transcripts belong to bacteria and fungi, respectively. Paper IV thus focused on comparing 

the metagenome-encoded and transcribed activity of CAZymes of bacteria and fungi in the Picea 

abies forest floor. Among 9,178,489 predicted genes from the P. abies topsoil metagenome, 5.5 % 

were annotated as Carbohydrate Active Enzymes – CAZymes, which is double the amount  

compared to the metagenome of a mixed temperate forest (Pold et al., 2016). In total, 91,195 

glycoside hydrolases from 108 families and 7,709 auxiliary enzymes from 11 families were 

identified. Among contigs, 67 % of GH and 46% of AA were assigned to bacteria and 27% and 

24% to fungi. 

The share of CAZY transcription in metatranscriptome was 0.36% that is comparable to their share 

in a maple forest (Hesse et al., 2015). Of 4.5 million metatranscriptome contigs, 42,872 were 

identified as GH from 105 families and 5,111 as AA from 12 families. Fungal origin was predicted 

for 43% of GH and 71% of AA and bacterial origin for 42% of GH and 22% of AA. GH were also 

frequently (> 2.5 %) transcribed by animals and plants, while AA only by plants. The transcription 

of GH represented between 0.26% and 0.34% of the total transcription in both litter and soil. AA 

enzymes were more transcribed in litter than in soil. 

The size and composition of the environmental metagenome gene pool is often regarded to indicate 

its functioning (Fierer et al., 2012) despite the fact that the links between genome content and 

expression were found to be weak in individual bacteria and fungi (Lopez-Mondejar et al., 2016; 

paper I). We have found more bacterial reads in the metagenome than in the metatranscriptome and 
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no clear relationship between gene abundance in the metagenome and its transcription was found. 

The higher ratio of bacterial CAZymes to fungal in the metagenome is 2.5 : 1 can be caused by 

better annotation of bacterial  genes that do not contain introns. The same ratio in the 

metatranscriptome was 1 : 1.9. Both the metagenome and metatranscriptome differed significantly 

in their composition between litter and soil reflecting the composition of communities among 

horizons (Baldrian et al., 2012; Lindahl and Tunlid 2015; Lopez-Mondejar et al., 2015).  

Fungi accounted for a higher share of AA production than bacteria and this was also the case of GH 

production in litter. In soil, GH were produced equally by fungi and bacteria in summer, but 

bacterial GH dominated in winter. The share of fungal transcripts in our study was much higher 

than in metatranscriptomic studies from a maple forest or peatlands, where bacterial CAZmes were 

2.6 to 5-fold more abundant (Hesse et al., 2015; Ivanova et al., 2016), indicating importance of 

fungi in the coniferous forest. High share of fungal CAZymes is in line with the results of beech 

litter proteomic analysis, where fungal proteins also dominated (Schneider et al., 2012). 

Acidobacteria, Proteobacteria, Bacteroidetes and Actinobacteria were the most important bacterial 

producers of CAZymes in our study as well as in acidic boreal peatland (Ivanova et al., 2016). 

Culturing and genome analysis of Acidobacteria, Proteobacteria, Bacteroidetes from coniferous 

forests confirmed the production of a wide range of extracellular enzymes, especially for the 

Acidobacteria and Bacteroidetes (paper II) and also that bacteria can produce a significant share of 

cellulolytic and hemicellulolytic enzymes (Eichorst and Kuske 2012; Lopez-Mondejar et al., 2016; 

Stursova et al., 2012). In our study, most bacteria used labile substrates such as starch, cellobiose or 

other oligosaccharides but they were also important in producing of chitinolytic enzymes, 

Figure 11. Seasonal changes in litter and soil in transcription of CAZymes categorized upon the substrate they 

decompose. Individual CAZy families are introduced between two charts (paper IV). 
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confirming their role in turnover of dead fungal biomass (Brabcova et al., 2016). The 

decomposition of lignin, cellulose, and xylan was dominated by fungi that appeared to be adapted to 

decompose recalcitrant plant-derived biomass (van der Wal et al., 2013). 

GH13 genes, putative α-glucosidases/α-amylases, were the most abundant and transcribed genes of 

bacteria. GH13 genes are commonly present in bacterial genomes (Berlemont and Martiny 2015) 

and were also found to be abundant in another forest soils (Pold et al., 2016) as well as to be highly 

transcribed in peatlands and lignocellulose-degrading consortia in bioreactors (Ivanova et al., 2016; 

Jimenez et al., 2015). Transcripts of β-glucosidases and chitinases were also frequent. Fungi were 

the most important decomposers of plant biomass as concluded from the dominance of transcripts 

of cellulolytic enzymes, such as the GH7 cellulases and the AA9 lytic polysaccharide 

monooxygenases for both Ascomycota and Basidiomycota. 

The transcript pool differed significantly between litter and soil as it reflected the differences in the 

community composition but also differences in gene pools produced by different groups of 

microorganisms among horizons. Litter was richer in transcripts of enzymes degrading cellulose, 

lignin and pectin, indicating decomposition of recalcitrant plant biopolymers. Soil showed an 

increased transcription of enzymes targeting peptidoglycan and reserve compounds such as 

starch/glycogen and trehalose (the storage compounds of fungi) (Nehls et al., 2010). Seasonal 

differences in functional groups of enzymes (such as cellulases) in the metatranscriptome were 

pronounced (Fig. 11) as well as variations in the abundance of producers, while they were 

negligible in the metagenome. The transcript pool differed significantly between summer and 

winter in both horizons but seasonality was more pronounced in the soil. For example, seasonality 

of community composition was observed in the topsoil of temperate deciduous forests for both 

bacteria and fungi (Lopez-Mondejar et al., 2015; Voriskova et al., 2014) and changes occurred 

especially in litter produced each autumn and rapidly degraded. The seasonality of coniferous 

topsoil is different: the litter fall period is not distinct and litter decomposes much more slowly 

(Hanackova et al., 2015) so that community composition in litter and soil is similar in summer and 

winter but ratio of fungi to bacteria and fungal biomass are significantly higher in summer (paper 

III).  

Consistently with the assumption that the nutrient sources in litter remain the same across the year 

while soil experiences the seasonal input of photosynthates, the seasonality of total (paper III) and 

CAZYme transcription was substantially higher in soil. The relative contribution to CAZyme 

expression increased for bacteria and Ascomycota in winter in soil at the expense of ECM fungi. 

This may indicate the relief of inhibition of non-mycorrhizal microorganisms due to the Gadgill 

effect (Fernandez and Kennedy 2016), or simply the decrease of activity of ECM fungi. The fact 

that the use of reserve compounds (glycogen/starch and trehalose) increased in winter samples 
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indicates that biomass needs to be maintained at the expense of metabolic reserves. The use of 

trehalose and mannitol as energy reserves by ECM during winter starvation was already observed 

(Druebert et al., 2009; Nehls 2008). 

Contrary to our expectation, microbial communities in soil did not switch from the utilization of 

simple C compounds in summer to complex carbohydrates in winter. On contrary, enzymes 

degrading lignin, cellulose and xylan were higher in summer. High production of enzymes targeting 

components of fungal and bacterial cell walls such as chitin, peptidoglycan, and selected glucans 

was observed in summer, indicating higher turnover and growth rates.  

Although it was shown that summer microbial community was adapted to utilization of labile C 

sources such as root exudates (Dennis et al., 2010; Jones et al., 2009), there are indications that 

labile C may also prime decomposition of recalcitrant SOM (Kuzyakov 2010; Talbot et al., 2008) 

as in the case of ECM fungi in their search for organic N (Lindahl and Tunlid 2015).  

Our results indicate that C priming may be essential for decomposition of complex biopolymers by 

both Basidiomycete and Ascomycete fungi and this is supported by the results of Stursova et al. 

(2014) showing substantial decrease of decomposition after the termination of rhizodeposition as a 

result of large-scale defoliation of trees by bark beetles. Recently, priming effect of root C on SOM 

decomposition was confirmed for arctic permafrost soils as well (Wild et al., 2016). 

After we have found what are the abilities of fungi and bacteria to degrade C compounds in vitro 

(paper I, II) and in situ (paper III, IV), we were interested how this applies to the transcription of a 

single abundant gene of β-glucosidase. In paper V, we have used PCR-amplicon sequencing to 

investigate the phylogenetic distribution of β-glucosidase gene that is involved in cellulose 

decomposition, in both bacteria and fungi in the same soil studied in papers III and IV. In this study, 

β-glucosidase activity measured by enzyme assay was significantly higher in litter than in the 

organic soil, which indicates more rapid C transformation in the OM rich litter and showed no 

seasonal differences. These results are in agreement with the previous reports (Baldrian et al., 2012; 

paper III).  

The transcript pool of β-glucosidase amplicons was typically less diverse than the gene pool, 

suggesting that just a part of the microbial community was metabolically active. Although we have 

obtained 3x less sequences for GH1 amplicons than GH3, diversity of bacterial and fungal OTUs 

was higher for GH1 gene in DNA pool than GH3, while GH3 gene pool in both metagenome and 

metatranscriptome had 2x more contigs than GH1 in paper IV. In the case of transcript pools, fungal 

GH3 and bacterial GH1 showed higher diversity. The estimates of fungal gene pools sizes for GH1 

and GH3 β-glucosidase were 3x and 17x higher than those of cellobiohydrolase cbhI (exocellulase) 

reported earlier from the same soil (Baldrian et al., 2012) and together with high numbers of 

bacterial β-glucosidases found here (in thousands), supports an idea that cellulose degradation is 
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common to soil and litter-associated fungi and bacteria (Lopez Mondejar et al., 2016; paper I). 

Fungal and bacterial transcripts of GH1 had similar abundance in spruce forest topsoil 

metatranscriptome, while there was 1.5x more of fungal GH3 transcripts than of bacterial ones 

(paper IV). Because most of the analyzed fungi and bacteria harbor more than one cbhI or β-

glucosidase gene (Edwards et al., 2008; Lopez Mondejar et al., 2016), the diversity of the taxa 

possessing these genes in forest topsoil can be estimated only roughly. 

In case of fungal GH1 and GH3, the highest percentage of genes were transcribed in litter and 

lowest in winter in soil (16 - 24 %) (Fig. 12), that is in agreement with metatranscriptomic study of 

the same forest topsoil (paper IV), indicating higher activity of cellulolytic fungi in litterand also 

with the expression of the cbhI exocellulase in the same environment (Baldrian et al., 2012).  

Fungal β-glucosidase genes from the GH1 family were assigned to Ascomycota only, but up to 50% 

of sequences remained unassigned, which is likely due to the limitations of the reference databases. 

In case of fungal GH1 from topsoil metatranscriptome, transcripts from Basidiomycota were 1.5x 

more abundant than that of Ascomycota (paper IV). 

In fungal GH3 family, sequences of Ascomycota dominated the gene pool but the sequences of 

Basidiomycota were abundant in the transcript pool (Fig. 12). Transcripts of Basidiomycota and 

Ascomycota had the similar abundance in metatranscriptome from the same samples (paper IV). 

However, the transcription of fungal GH3 was low in soil in winter (Fig. 12), which can be caused 

by the decline of dominant ectomycorrhizal Basidiomycota encoding β-glucosidases in winter 

(paper III and IV; Tang et al., 2008). The results showed distinct distribution of most abundant β-

glucosidase gene transcripts from fungal community between both horizons in different seasons for 

both, GH1 and GH3 families.  

GH1 GH3 

Figure 12. Distinct distribution of most abundant fungal OTUs of β-glucosidases from GH1 and GH3 families 

between DNA and RNA community in both horizons (paper V). 
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Among bacteria, Actinobacteria and Proteobacteria contributed to most β-glucosidase sequences of 

the GH1 family, comprising together 60-70% of all transcripts. In the GH3 family, most gene 

sequences as well as transcripts belonged to Firmicutes followed by Actinobacteria, Proteobacteria 

and Acidobacteria. Up to 70% of GH3 sequences were not assignable due to the lack of sequence 

information in public databases. Of bacterial GH1, β-glucosidases genes present in DNA, between 

40 and 63% were transcribed and of GH3 it was from 19 % to 52% of transcribed sequences. 

Berlemont and Martiny (2013) reported that β-glucosidase and cellulase genes are present in nearly 

all bacterial phyla. Recent results also emphasize the role of Acidobacteria and Bacteroidetes in 

cellulose decomposition by the observation that the isolates of these phyla show high enzyme 

activities in cultures (paper II). Bacterial β-glucosidase genes were more horizon-specific than 

fungal and more of them appeared in soil, but transcripts were also season-specific, indicating 

changes of bacterial activities in communities across seasons (Lopez-Mondejar et al., 2015; paper 

III). In metatranscriptome, β-glucosidases from GH1 and GH3 were more transcribed in the soil, 

especially in winter, which is thanks to the high activity of Preoteobacteria, Acidobacteria and 

Actionbacteria (paper IV). Seasonality was overall significantly influencing diversity and 

transcription of β-glucosidase producing microorganism in forest litter. Seasons did not have any 

kind of effect on β-glucosidase activity, which points at the limitations of the metatranscriptome 

analysis and suggests that the analysis of metaproteome may be needed. The results also show that 

the whole diversity of a single functional gene such as β-glucosidase cannot be captured by 

amplicon sequencing since it is always biased by primer design and shotgun sequencing is 

irreplaceable in this respect.  
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5. Conclusion 

 

Paper I confirmed the hypothesis that the decomposition traits of saprotrophic fungi are shaped by 

the combination of their ecophysiology and taxonomy, with ecophysiology being more important. 

The occurrence of several genes and their enzymatic activity in fungal genomes is widespread, and 

negative results are mostly found for “dispensable” enzyme activities, such as the production of 

specific hemicellulases. More typically, differences among species are reflected at the level of 

enzyme activity. The inconsistency of genome information and activity measurements in papers I 

and II, points at the importance of the often neglected functional screening of fungi and bacteria, 

which is necessary for the reliable evaluation of their physiological capabilities. 

In the paper II, we followed decomposition of dead biomass of plant and fungal origin, such as 

cellulose, hemicelluloses, and chitin that due to their quantity represent the most important C 

sources in forest litter and soil. Among the isolated strains, members of the Proteobacteria phylum 

showed the widest spectrum of C source utilization. However, our analysis highlights the important 

role of the still unexplored and in acidic spruce forest soil abundant phylum of Acidobacteria 

(subdivision 1) in organic matter decomposition, which members were together with members of 

Bacteroidetes able to grow on fungal and plant cell wall derivatives.  

Paper III provides the first comprehensive analysis of the seasonality of functional genes 

transcription indicating contrasting dynamics in soil and litter as well as between seasons in the 

globally widespread coniferous forest ecosystem. We found that the microbial community 

composition in topsoil of a spruce forest, particularly on the DNA level, is quite stable, but that 

there are profound changes in microbial transcription across seasons. Confirming our hypothesis 

about plant photosynthetic production as the major driver of seasonality in soil, fungal contribution 

to total microbial transcription decreases in winter, because the activity of ECM fungi that are 

dependent on this process is highly affected. It seems that widely used DNA-based community 

surveys or metagenome analyses represent less dynamic picture of studied ecosystems and are thus 

inferior to the metatranscriptomic approaches in describing the ecosystem functioning since there is 

no correlation between gene and transcript abundance. 

In paper IV, we found that microorganisms in coniferous litter and soil possess a diverse set of 

enzymes, especially glycoside hydrolases and auxiliary enzymes that participate in decomposition 

of complex C compounds. Based on the comparison of the results of paper I, II and IV, it seems that 

enzymes degrading chitin of fungal cell walls and those involved in cellulose degradation are found 

to be produced more often by fungi, whereas enzymes involved in degradation of disaccharides or 

side chains of hemicellulose and those degrading starch are more often produced by bacteria. A fact 
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that fungi do decompose more recalcitrant substrate is in line with occurrence of such a substrate in 

litter where fungi strongly dominated in transcription, while in soil bacteria and fungi contribute 

equally to transcription. In contrast to deciduous forest soils, microbial community composition 

remains stable across the year but gene transcription shows seasonality, especially in soil. While the 

use of reserve compounds such as starch or trehalose is high in winter, summer is characterized by 

high expression of ligninolytic, cellulolytic, and xylanolytic enzymes. This supports the hypothesis 

that priming by photosynthesis-derived C is necessary to support fungal decomposition of 

recalcitrant biopolymers.  

Our results in paper V confirmed that microbial β-glucosidase producers are horizon specific and 

there are differences in β-glucosidase transcription among horizons and seasons. Fungi and bacteria 

are both important producers of β-glucosidase genes. We have recorded several genes with low 

abundance that are highly expressed, both in bacteria and fungi, which points at the importance of 

low abundance species in organic matter decomposition. Significance of shot-gun studies, or 

sequencing of all present nucleic acids can be seen in the case of GH1 and GH3 gene transcripts, 

where higher diversity and abundance was found in metratranscriptome/metagenome (paper IV) 

than in amplicon study using primers biased towards species in databases (paper V).  
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a b s t r a c t

One hundred and eleven strains of Basidiomycota, 39 strains of Ascomycota and 2 strains

of Mucoromycotina belonging to wood decomposers that cause white-rot (WR) or brown-

rot (BR), other wood associated saprotrophs (WA), litter decomposing cord-forming Basi-

diomycota (LDF), and saprotrophic microfungi (SA), were screened for the production of

hydrolytic enzymes and laccase. The presence of enzyme-encoding genes was also ana-

lysed in the published genomes of saprotrophic fungi. Several genes, including those for

acidic phosphatase, b-glucosidase and N-acetylglucosaminidase, were common in the

genomes with enzyme activity widely displayed by fungi, while other enzymes, such as

certain hemicellulases or laccase, were produced less frequently. Enzyme production by

saprotrophic fungi was shaped by the combination of their ecophysiology and taxonomy.

Basidiomycota exhibited higher activities of all enzymes, except alkaline phosphatase,

a-glucosidase, N-acetylglucosaminidase, a-mannosidase and a-fucosidase, than Ascomy-

cota. The SA and BR fungi showed distinct enzyme production patterns, while the enzyme

production by WR, LDF and WA was similar. Differences among species were typically

reflected in the level of enzyme activity rather than in the absence of enzymes. Enzyme

screening results showed that in several cases, fungi exhibited enzyme activity without the

presence of the corresponding gene and vice versa. This indicates that the use of genome-

derived information for the prediction of potential enzyme production has substantial

limitations and cannot replace functional screening of fungal cultures.

ª 2014 Elsevier Ltd and The British Mycological Society. All rights reserved.

Introduction

Microbial decomposition of organic matter has recently

received considerable attention due to the potential use of

individual microbial strains or enzymes for the utilization

of renewable resources, such as plant biomass, and the

importance of decomposition processes in the global carbon

cycle. Saprotrophic fungi are considered the most efficient

decomposers in many ecosystem compartments, such as soil,

plant litter or decomposing wood (Baldrian, 2008; Kjoller and

Struwe, 2002; van der Wal et al., 2013), and some authors

hypothesise that the filamentous growth of fungi and their
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ability to translocate nutrients enable them to virtually dom-

inate certain decomposition niches (de Boer et al., 2005).

The identity of fungi as, more or less, the sole producers of

several extracellular enzymes involved in decomposition was

recently demonstrated. Using gene-targeted metatran-

scriptomics, diverse pools of transcribed sequences were

found for laccase, exocellulase,multiple oxidases and glycosyl

hydrolases that were produced by Ascomycota and Basidio-

mycota (Baldrian et al., 2012; Kellner and Vandenbol, 2010;

Luis et al., 2005). Multiple families of fungal glycosyl hydro-

lases were recently demonstrated to represent a significant

share of the eukaryotic metatranscriptome of forest litter

(Damon et al., 2012), and fungal hydrolytic enzymes domi-

nated over bacterial enzymes in the beech litter meta-

proteome (Schneider et al., 2012). The role of fungi in the

natural decay of dead wood is even more important, as

demonstrated by their high biomass and the presence of their

enzymes in wood (Rajala et al., 2011; Val�a�skov�a et al., 2009;

V�etrovsk�y et al., 2011).

Fungi generally possess complex sets of extracellular

enzymes that are encoded in their genomes, and the com-

position of these gene pools differs among taxa (Baldrian,

2008; Zhao et al., 2013). Typically, saprotrophic Basidiomy-

cota are able to break down plant litter andwoodmore rapidly

than other fungi (Osono and Takeda, 2002, 2006), and this is

most likely due to their unique system for lignin decom-

position, which allows them to spread rapidly in substrata, or

the ability to oxidatively decompose plant polymers by cat-

alysis mediated by small molecular mass, diffusible oxidants

(Baldrian, 2008; Baldrian and Val�a�skov�a, 2008; Hofrichter

et al., 2010; Martinez et al., 2005). However, the contribution

of Basidiomycota to litter decomposition may not be domi-

nant. Composition of litter that decomposed in situ differs

significantly from that decomposed by individual litter-

decomposing basidiomycetes (Val�a�skov�a et al., 2007), which

indicates the involvement of other fungi. Litter decom-

position is a successive process, where Ascomycota and

Basidiomycota may dominate certain phases of the process

(Osono, 2007; Lodge et al., 2008, 2014; Vo�r�ı�skov�a and Baldrian,

2013). Such successional patterns involving both Ascomycota

and Basidiomycota have been also reported from dead wood

(Rajala et al., 2011). Successive decomposition phases are

characterised by differential rates of decomposition of poly-

meric lignocellulose components (�Snajdr et al., 2011), which

indicates that nonbasidiomycetous fungi may be better suited

for the decomposition of certain compounds. Profound dif-

ferences in enzyme production also exist between the lig-

ninolytic white-rot fungi and cellulolytic brown-rot fungi that

decompose wood (Eastwood et al., 2011). Only recently, sap-

rotrophic Basidiomycota associated with litter have been the

subject of studies due to their enzymatic systems (Heinonsalo

et al., 2012; Steffen et al., 2007, 2000; Val�a�skov�a et al., 2007).

Despite accumulating information, the knowledge of enzyme

production in different ecophysiological and taxonomical

groups of fungi is limited.

Recently, several works have attempted to explore the

accumulating information, obtained through genome sequenc-

ing, to predict the physiological traits of bacteria or fungi. In

bacteria, itwasdemonstrated that certain functional traits, such

as the production of cellulose- or chitin-degrading enzymes,

shows various levels of phylogenetic conservation in the

genomes of related taxa (Berlemont and Martiny, 2013; Martiny

et al., 2013; Zimmerman et al., 2013). The identification of bac-

terial community structure based on the sequencing of envi-

ronmental DNA may, thus, theoretically predict the ability of

these communities to produce certain enzymes and participate

in specific decomposition processes. However, recent results

show that the ability of soil Actinobacteria to use lignocellulose

as a growth substrate is much more limited than one would

assume from such estimations (V�etrovsk�y et al., 2014). Genome

analysis itself, thus, seems not to be satisfactory for the pre-

diction of enzyme production and must be complemented by

decomposition tests or enzyme assays.

In fungal genome analyses, most attention was paid to

analyses of the differential content of genes encoding lig-

ninolytic enzymes and carbohydrate-active enzymes in spe-

cies with various ecophysiology, such as wood-associated

white-rot and brown-rot fungi, mycorrhizal fungi, plant

pathogens or others, or among phylogenetic ranks (Floudas

et al., 2012; Zhao et al., 2013). The limited number of

sequenced genomes, however, only allowed phylogeny-based

comparisons on a coarse level of divisions, and these results

seem to be affected by various representations of individual

ecophysiological groups among divisions (Zhao et al., 2013).

The question regarding the relationships between fungal

phylogeny and decomposition traits thus remains unresolved.

The aim of this work was to use enzyme activity screening

to explore the relative effects of ecophysiological traits and

taxonomic placement (that indicates phylogenetic relation-

ship) on enzyme production by saprotrophic fungi. The study

considered saprotrophic Basidiomycota, where the ecophysi-

ology of individual species varies among closely related taxa:

both brown-rot and white-rot wood decomposers and litter

saprotrophs can be found within the same order (Hori et al.,

2013), and even symbiotic ectomycorrhizal and saprotrophic

species that are closely related exist (Floudas et al., 2012). In

addition, data from the Basidiomycota were complemented

by those from the nonbasidiomycetous saprotrophic fungi

that inhabit the same environments: decomposing wood and

forest soil or litter. We hypothesised that the effects of taxo-

nomic position on enzyme production is of a lesser impor-

tance than their ecophysiological traits but may be preserved

at certain levels of phylogeny, in certain taxa or in certain

enzymes. The enzyme activity results were also compared

with the results of fungal genome analysis to explore whether

genome-derived data can serve as reliable predictors of

functional traits.

Materials and methods

Fungal strains and maintenance

This study comprised 152 strains of fungi belonging to 112

species (Supplementary Table 1). Wood- and litter-

decomposing Basidiomycota were represented by 111 strains

and were obtained from the Culture Collection of Basidiomy-

cetes of the Institute of Microbiology of the ASCR, v.v.i.

in Prague, and twelve strains of wood-associated non-

basidiomycetous fungi were obtained from the International
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Graduate School Zittau (Prof. Martin Hofrichter). In addition,

data from 29 strains of nonbasidiomycetous, saprotrophic

fungi that were isolated from litter and soil organic horizon

were used from a previous study (Baldrian et al., 2011).

Taxonomic assignment of fungi to higher taxa was based on

the classification provided by Index Fungorum (http://www.

indexfungorum.org/). Fungi were classified into five ecophy-

siological groups: wood decomposers causing white-rot that

decompose both polysaccharides and lignin (WR), wood

decomposers causing brown-rot that decompose wood poly-

saccharides (BR), litter decomposing cord-forming Basidio-

mycota (LDF), wood-associated saprotrophs other than WR

and BR (WA), and saprotrophic microfungi (SA). Of the fungi

studied, WR represented 40 species belonging to 27 genera,

LDF represented 27 species of 15 genera, BR represented 10

species of 7 genera, saprotrophic micromycetes represented

27 species of 11 genera, and wood-associated micromycetes

represented 8 species belonging to 6 genera (Supplementary

Fig 1). Fungal strains were maintained on malt extract agar

(MEA) medium (20 g l�1 malt extract, 20 g l�1 agar) at 25 �C.

Semi-quantitative assay of enzyme production

API ZYM� (Bio Merieux, France), which is a laboratory kit for

semiquantitative analysis of the production of selected

hydrolytic enzymes by microorganisms, was used to compare

enzyme production in the fungal strains. The enzymes

included in the test are listed in Table 1. Fungal strains were

cultured on MEA medium at 25 �C for 14 d. Following incu-

bation, a 1 cm2 portion of agar with approximately 7 d-old

mycelium was removed, supplemented with 2 ml distilled

H2O and homogenised using amortar and pestle. An aliquot of

65 ml of the resulting suspension was then delivered into the

API ZYM cupules and incubated at 37 �C for 4 hr, as described

in the manufacturer’s instructions with slight modifications

(Baldrian et al., 2011; de la Cruz et al., 2006). One drop each of

ZYM A (25 g Tris-hydroxymethyl-aminomethane, 11 ml 37 %

HCl, 10 g sodium lauryl sulfate, 100 ml H2O) and ZYM B (0.12 g

Fast Blue BB, 50 ml methanol, 50 ml dimethyl sulfoxide)

reagents was added to the cupules. The colour reactions were

read after 5 min of incubation and compared to the colour

code provided by themanufacturer. The results were recorded

as 0 (0 nmol of substrate hydrolysed), 1 (5 nmol of substrate

hydrolysed), 2 (10 nmol of substrate hydrolysed), 3 (20 nmol of

substrate hydrolysed), 4 (30 nmol of substrate hydrolysed) or 5

(�40 nmol of substrate hydrolysed).

Eachstrainwas tested inat least twobiological replicates. In

infrequent cases (<5 %) where the colour reactions provided

different results, the highest record was considered. To verify

whether the age of the fungal culture affected the results of the

test, fungal cultures of twelve selected strains (Supplementary

Table 1) were grown for 14 and 60 d, and the results were

compared.

Production of laccase

The production of laccase (phenoloxidase, EC 1.10.3.2) was

followedwith 2,20-azinobis-3-ethylbenzothiazoline-6-sulfonic
acid (ABTS) as the substrate; ABTS was selected due to its

sensitivity and specificity (Eichlerov�a et al., 2012). The

screening proceeded as described previously (Steffen et al.,

2000) using Petri dishes containing MEA supplemented with

0.25 g l�1 ABTS. In addition, laccase activity was measured in

liquid cultures on nitrogen-limited Kirk medium, which was

used for the induction of ligninolytic enzymes (Tien and Kirk,

1988). Static cultivation was performed in 10 ml of media in

100 ml flasks, laccase measurements was performed weekly

during weeks 2e5, and laccase activity was measured by

monitoring the oxidation of ABTS in a citrateephosphate

(100 mM citrate, 200 mM phosphate) buffer (pH 5.0) at 420 nm

(Bourbonnais and Paice, 1990). Due to the high variation of

laccase production depending on substrate, the age of the

culture, closely related strains or even individual cultures of

the same strain (Baldrian and Gabriel, 2002; Heinonsalo et al.,

Table 1 e Overview of the extracellular enzymes included in the API ZYM� test

Enzyme EC Substrate

Alkaline phosphatase 3.1.3.1 2-naphthyl phosphate

Esterase (C 4) 3.1.1.- 2-naphthyl butyrate

Lipase (C 8) 3.1.1.- 2-naphthyl caprylate

Lipase (C 14) 3.1.1.- 2-naphthyl myristate

Leucine aminopeptidase 3.4.11.? L-leucyl-2-naphthylamide

Valine aminopeptidase 3.4.11.? L-valyl-2-naphthylamide

Cysteine aminopeptidase 3.4.11.? L-cystyl-2-naphthylamide

Trypsin 3.4.21.4 N-benzoyl-DL-arginine-2-naphthylamide

Chymotrypsin 3.4.21.1 N-glutaryl-phenylalanine-2-naphthylamide

Acid phosphatase 3.1.3.2 2-naphthyl-phosphate

Acid phosphatase 2 3.1.3.2 Naphthol-AS-BI-biphosphate

a-galactosidase 3.2.1.22 6-Br-2-naphthyl-a-D-galactopyranoside

b-galactosidase 3.2.1.23 2-naphthyl-b-D-galactopyranoside

b-glucuronidase 3.2.1.31 Naphthol-AS-BI-glucuronide

a-glucosidase 3.2.1.20 2-naphthyl-a-D-glucopyranoside

b-glucosidase 3.2.1.21 6-Br-2-naphthyl-b-D-glucopyranoside

N-acetylglucosaminidase 3.2.1.52 1-naphthyl-N-acetyl-b-D-glucosaminide

a-mannosidase 3.2.1.24 6-Br-2-naphthyl-a-D-mannopyranoside

a-fucosidase 3.2.1.51 2-naphthyl-a-L-fucopyranoside
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2012), laccase production was only recorded as positive or

negative.

Genes encoding extracellular enzymes in the genomes of the
Basidiomycota

Annotationsofpublishedgenomes (as to1.2.2014,Table 2)were

screened for thepresenceandcopynumbers of genes encoding

enzymes included in the API ZYM� kit, namely lipase (EC

3.1.1.-), alkaline phosphatase (EC 3.1.3.1), acid phosphatase (EC

3.1.3.2), a-glucosidase (EC 3.2.1.20), b-glucosidase (EC 3.2.1.21),

a-galactosidase (EC 3.2.1.22), b-galactosidase (EC 3.2.1.23),

a-mannosidase (EC 3.2.1.24), b-glucuronidase (EC 3.2.1.31),

a-L-fucosidase (EC 3.2.1.51) and N-acetylhexosaminidase (EC

3.2.1.52). The data were retrieved from published fungal

genomes either directly or through the annotations published

onthe JointGenomeInstituteMycoCosmportal (Grigorievetal.,

2012).

Statistics

Statistical tests were conducted using the software package

Statistica 7 (StatSoft, USA). Differences between groups (either

taxa at various phylogenetic ranks or groups based on fungal

ecophysiology) were tested using the ManneWhitney U test

that assumes the measurements on a rank-order scale but

does not assume normality of data. Principal component

analysis was used to analyse the variability of enzyme pro-

duction among fungi, and source data for the analysis were

the values of the API ZYM� test plus the data from laccase

production (activity present or absent). In all cases, differ-

ences at P < 0.05 were regarded as statistically significant. For

Table 2 e Predicted gene copy numbers of the selected extracellular enzymes in the publicly available genomes of
saprotrophic fungi. The data were compiled from genome descriptions using annotations published by the Joint Genome
Institute (http://genome.jgi.doe.gov/programs/fungi/index.jsf)

Fungal species/strain Class Order Family 3.1.1.-
lipase

3.1.3.1
alkaline

phosphatase

3.1.3.2
acid

phosphatase

3.2.1.20
alpha-

glucosidase

3.2.1.21
beta-

glucosidase

Coniophora puteana Agaricomycetes Boletales Coniophoraceae 10 0 12 12 15

Dacryopinax sp. Dacrymycetes Dacrymycetales Dacrymycetaceae 8 1 11 7 8

Fibroporia radiculosa Agaricomycetes Polyporales Fomitopsidaceae 6 0 9 5 8

Fomitopsis pinicola Agaricomycetes Polyporales Fomitopsidaceae 5 0 12 4 13

Gloeophyllum trabeum Agaricomycetes Gloeophyllales Gloeophyllaceae 12 0 9 6 12

Postia placenta Agaricomycetes Polyporales Fomitopsidaceae 5 0 3 4 8

Serpula lacrymans Agaricomycetes Boletales Serpulaceae 8 0 7 6 13

Wolfiporia cocos Agaricomycetes Polyporales Polyporaceae 4 0 8 5 8

Agaricus bisporus Agaricomycetes Agaricales Agaricaceae 5 0 4 7 8

Leucoagaricus

gongylophorus

Agaricomycetes Agaricales Agaricaceae 2 0 4 2 5

Volvariella volvacea Agaricomycetes Agaricales Pluteaceae 4 1 2 7 12

Aspergillus clavatus Eurotiomycetes Eurotiales Trichocomaceae 11 2 10 10 11

Aspergillus flavus Eurotiomycetes Eurotiales Trichocomaceae 11 3 12 14 23

Aspergillus fumigatus Eurotiomycetes Eurotiales Trichocomaceae 11 2 8 9 18

Aspergillus nidulans Eurotiomycetes Eurotiales Trichocomaceae 11 2 8 11 20

Aspergillus niger Eurotiomycetes Eurotiales Trichocomaceae 11 1 12 6 15

Aspergillus terreus Eurotiomycetes Eurotiales Trichocomaceae 15 2 9 10 20

Myceliophthora

thermophila

Eurotiomycetes Onygenales Incertae sedis 8 2 4 8 10

Neurospora crassa Sordariomycetes Sordariales Sordariaceae 10 4 6 6 11

Penicillium chrysogenum Eurotiomycetes Eurotiales Trichocomaceae 13 2 6 12 16

Penicillium oxalicum Eurotiomycetes Eurotiales Trichocomaceae 6 2 9 8 15

Rhizopus oryzae Mucoromycotina Mucorales Rhizopodaceae 10 4 1 1 1

Thielavia terrestris Sordariomycetes Sordariales Chaetomiaceae 6 1 5 8 12

Trichoderma reesei Sordariomycetes Hypocreales Hypocreaceae 6 2 7 6 13

Ophiostoma piceae Sordariomycetes Ophiostomatales Ophiostomataceae 9 2 10 2 16

Armillaria mellea Agaricomycetes Agaricales Physalacriaceae 3 1 5 4 13

Dichomitus squalens Agaricomycetes Polyporales Polyporaceae 13 0 8 6 10

Fomitiporia mediterranea Agaricomycetes Hymenochaetales Hymenochaetaceae 15 0 7 4 11

Omphalotus olearius Agaricomycetes Agaricales Omphalotaceae 2 0 5 4 10

Phanerochaete carnosa Agaricomycetes Polyporales Phanerochaetaceae 5 0 9 10 10

Phanerochaete

chrysosporium

Agaricomycetes Polyporales Phanerochaetaceae 4 0 11 5 10

Punctularia

strigosozonata

Agaricomycetes Corticiales Corticiaceae 10 0 8 6 14

Stereum hirsutum Agaricomycetes Russulales Stereaceae 15 0 10 9 18

Trametes versicolor Agaricomycetes Polyporales Polyporaceae 27 0 11 5 13
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all comparisons, species-level data were used. In the 27 spe-

cies where multiple strains were analysed (n ¼ 2e5), the

species-level activity of individual enzymes was calculated as

a mean of all strains.

Results

Enzyme activity in fungal strains

Strains belonging to 112 species were included in the enzyme

activity analysis (Supplementary Table 1). Most of the species

exhibited acid phosphatase (111 or 107, i.e., 96e99 %,

depending on the substrate used) and alkaline phosphatase

(107, 96 %) activity. The occurrence of glycosyl hydrolase

activities varied from highly frequent for b-glucosidase (104,

93 % of species) and N-acetylglucosaminidase (100, 89 %), over

b-galactosidase (85, 76 %), a-galactosidase (84, 75 %), a-gluco-

sidase (62, 55 %) and b-glucuronidase (56, 50 %), to the rare

activities of a-mannosidase (37, 33 %) and a-fucosidase (17,

i.e., 15 % of species). While many fungi produced lipolytic

enzymes that were active on short-chained lipids, i.e., ester-

ase (99, 88 %) and C-8 lipase (94, 84 %), none of the strains

produced lipase that liberated C-14 myristate. Amino-

peptidases that cleaved leucine or valine were produced by 92

(82 %) and 49 (44 %) of the species, respectively, while the

activity of cysteine aminopeptidase was not recorded. Pro-

teases with trypsin and chymotrypsin-like activities were also

not detected. Laccase was produced by 62 (55 %) species

(Supplementary Table 1).

The age of the fungal cultures only had limited effects on

the detected enzyme activity, as screened by the API ZYM�
test. In 12 strains of fungi, when the cultures were grown for

14 and 60 d and compared, no significant changes in the

3.2.1.22
alpha-

galactosidase

3.2.1.23
beta-

galactosidase

3.2.1.24
alpha-

mannosidase

3.2.1.31
beta-

glucuronidase

3.2.1.51
alpha-L-

fucosidase

3.2.1.52
N-acetyl

hexosaminidase

Ecophysiology Reference

3 2 1 0 2 4 BR (Floudas et al., 2012)

2 1 1 0 2 2 BR (Floudas et al., 2012)

3 1 1 0 0 1 BR (Tang et al., 2012)

4 2 1 0 0 4 BR (Floudas et al., 2012)

3 2 1 0 1 3 BR (Floudas et al., 2012)

1 2 1 0 0 1 BR (Martinez et al., 2009)

3 3 1 0 1 2 BR (Eastwood et al., 2011)

3 2 1 0 0 2 BR (Floudas et al., 2012)

4 1 1 0 1 4 LDF (Morin et al., 2012)

2 2 1 0 0 1 LDF (Aylward et al., 2013)

2 3 1 0 0 1 LDF (Bao et al., 2013)

2 2 1 1 1 1 SA (Arnaud et al., 2012)

3 4 1 3 0 3 SA (Arnaud et al., 2012)

4 4 1 1 0 4 SA (Nierman et al., 2005)

2 2 1 4 1 2 SA (Arnaud et al., 2012)

5 5 1 3 1 4 SA (Arnaud et al., 2012)

2 3 1 3 2 3 SA (Arnaud et al., 2012)

2 0 0 1 1 2 SA (Berka et al., 2011)

0 0 1 1 0 3 SA (Galagan et al., 2003)

2 3 1 2 0 3 SA (van den Berg et al.,

2008)

2 3 1 2 0 3 SA (Liu et al., 2013)

0 0 2 0 0 4 SA (Ma et al., 2009)

1 2 1 2 0 2 SA (Berka et al., 2011)

6 1 1 1 0 3 SA (Martinez et al., 2008)

1 1 1 1 1 2 WA (Haridas et al., 2013)

5 3 1 0 2 2 WR (Collins et al., 2013)

6 3 1 0 0 4 WR (Floudas et al., 2012)

4 2 1 0 0 7 WR (Floudas et al., 2012)

3 3 1 0 1 2 WR (Wawrzyn et al., 2012)

3 3 0 0 0 3 WR (Suzuki et al., 2012)

2 3 1 0 0 3 WR (Martinez et al., 2004)

5 4 1 0 1 5 WR (Floudas et al., 2012)

5 7 1 0 3 4 WR (Floudas et al., 2012)

3 2 1 0 0 3 WR (Floudas et al., 2012)
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spectra of the produced enzymes were observed. In seven

strains, the enzyme activities were equal in both cultures,

while in the remaining five strains, a slight increase or

decrease was observed, always for one or two of the tested

enzymes.

Of the enzymes detected, all were recorded inWR, LDF and

SA, while all BR lacked a-fucosidase, and WA lacked a-fuco-

sidase and b-glucuronidase. However, many enzymes were

produced by only a limited number of species within a par-

ticular group, so that laccase was produced by >80 % of LDF,

but by less than 40% of SA; and b-glucuronidasewas produced

by most BR, but by less than 20 % of SA (Supplementary Fig 1).

The presence and activity of the enzymes differed sig-

nificantly among ecophysiological groups (P < 0.001; Fig 1).

White-rot fungi typically showed high activity of both ami-

nopeptidases and of b-glucuronidase; the activity of other
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Fig 1 e Activity of extracellular enzymes in fungi belonging to various ecophysiological groups. WR e white-rot fungi, LDF e

litter-decomposing Basidiomycota, BR e brown-rot fungi, WA e wood-associated Ascomycota, and SA e saprotrophic

micromycetes. The data represent the means, standard errors and standard deviations. Within groups, each species is

represented by the mean of the strains. Different letters indicate significant differences in enzyme activity among groups

(P < 0.05).
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glycosyl hydrolases was typically intermediate; and most

species produced laccase. Litter-decomposing cord-forming

fungi were similar to WR, and laccase was produced by the

vast majority of the species. Brown-rot fungi generally

showed high production of glycosyl hydrolases, in particular,

of b-galactosidase, N-acetylglucosaminidase, b-glucosidase

and b-glucuronidase, while their production of alkaline

phosphatase, esterase and lipase was low, and none of

the species produced laccase. Wood-associated non-

basidiomycetous fungi typically showed high production of

esterase and lipase, low b-galactosidase activity and the

absence of b-glucuronidase and laccase. SA showed lower

activities of all enzymes, except for N-acetylglucosaminidase

and a-glucosidase. The production of acidic phosphatase and

b-glucosidase was relatively high in all groups of fungi (Fig 1,

Supplementary Fig 1).

Twenty-seven species in the screening were represented

bymore than one strain. The variability in enzyme production

within a species was relatively low: in 34 % of 27 species, all

strains produced the same enzymes; another 37 % only dif-

fered in the production of one enzyme; and 14 % differed in

the production of two enzymes, typically those that were

produced at low activities. This finding was confirmed by a

principal component analysis that showed close clustering of

strains belonging to the same species (data not shown). Dif-

ferences in enzyme production among groups of taxonomi-

cally related species were observed at multiple levels of

classification (division, class and order, P < 0.001 in all cases).

Significant differences in enzyme production were found in 9

of 16 enzymes at the division level, in 12 at the class level and

in all at the order level. The samewas true for enzyme activity

(P < 0.001 in all cases): significant differences in enzyme

activity were found in 10 of the 16 enzymes at the division

level, in 11 at the class level and in 13 at the order level.

At the division level, Basidiomycota exhibited higher

activities than Ascomycota of all enzymes, except alkaline

phosphatase, a-glucosidase, N-acetylglucosaminidase, a-

mannosidase and a-fucosidase, where no significant

difference was observed. This was most apparent in b-glu-

curonidase and b-galactosidase, whose activities were high in

Basidiomycota but low to zero in Ascomycota (Fig 2,

Supplementary Fig 1). The production of individual enzymes

by the members of various fungal orders was frequently

significantly different but highly variable in other cases.

Laccase was highly produced by the Agaricales but absent in

the Boletales, Xylariales and Mucorales. Esterase and lipase

were highly produced by the Xylariales and low in the Euro-

tiales, Hypocreales and Mucorales. Acidic phosphatase was

produced highly by all fungi, except by the Mucorales. Inter-

estingly, a-fucosidase activity was high in the Boletales

(Fig 2).

The principal component analysis of enzyme activity in

individual fungal species showed that activity was deter-

mined by a combination of fungal ecophysiology and taxo-

nomic placement, with a more dominant role of

ecophysiology (Fig 3). Saprotrophic micromycetes typically

exhibited low production of most enzymes and were sepa-

rated along the first canonical axis, while brown-rot fungi

were separated along the second canonical axis. The mem-

bers of the Agaricales and Polyporales were phenotypically

diverse, partly because they contain white-rot and brown-rot

species. The LDF (all belonging to the Agaricales) tended to

share properties with the WR. The Hymenochaetales and

Xylariales seemed to be less phenotypically diverse, being

restricted to a narrow span of the first PC axis, much more

than saprotrophic Basidiomycota, which belonged to other

orders.

Decomposition-related genes in the genomes of saprotrophic
fungi

The genomes of thirty-four saprotrophic fungi (8 BR, 3 LDF, 13

SA, 1WA and 9WR) were available for the comparison of their

gene content (Table 2). Genes encoding lipase, acidic phos-

phatase, a-glucosidase, b-glucosidase and N-acetylhex-

osaminidase were found in all genomes. The vast majority of

genomes contained the genes encoding a-galactosidase (only

absent in Neurospora crassa and Rhizopus oryzae), a-man-

nosidase (absent in Myceliophthora termophila and Phaner-

ochaete carnosa) and b-galactosidase (not present in M.

termophila, N. crassa and R. oryzae). The alkaline phosphatase

gene was identified in 50 % of the genomes, a-fucosidase was

found in 44 %, and b-glucuronidase was present in 38 % of

genomes (Table 2). Most geneswere present inmultiple copies

per genome, with numbers exceeding ten for lipases, acid

phosphatase, a-glucosidase and b-glucosidase. N-acetylglu-

cosaminidase was found in fewer copies, typically 1e4; and

the widespread a-mannosidase gene was typically present as

a single copy. The differences in gene content among groups

of fungi were only minor with two exceptions: alkaline

phosphatase and b-glucuronidase were generally present in

SA, but absent in most WR and BR. SA also contained sig-

nificantlymore copies of a-glucosidase genes than BR andWR.

When Ascomycota and Basidiomycota were compared, the

former showed significantly higher gene copy numbers of

alkaline phosphatase, b-glucuronidase, a-glucosidase and b-

glucosidase. The former two enzymes were moreover absent

in most genomes of the Basidiomycota (Table 2).

The data on both gene content and enzyme activity was

available for six species (all Basidiomycota): Agaricus bisporus,

Armillaria mellea, Fomitopsis pinicola, Phanerochaete chrys-

osporium, Dichomitus squalens and Trametes versicolor (Table 2,

Supplementary Table 1). Good correspondence of genome and

activity data was found for lipases, acid phosphatase, b-glu-

cosidase and N-acetylglucosamindase, where all species pro-

duced the enzyme and exhibited the corresponding activity. a-

Fucosidase was found in the genomes of A. bisporus and A.

mellea and was produced by A. bisporus. Although the a-glu-

cosidase, a-galactosidase and b-galactosidase genes were

present in all genomes, the corresponding activity was only

found in 3e4 species. Despite the fact that a-mannosidasewas

present in all genomes, only A. bisporus showed its corre-

sponding activity; and, in contrast, despite the relatively high

activities of alkaline phosphatase and b-glucuronidase, the

corresponding gene of the former enzymewas only present in

A. mellea, and the latter was not found in any genome.

Although the number of taxa available for this comparison

was low, the results show that the presence of the corre-

sponding gene in a fungal genome is not sufficient to predict

its expression.
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Discussion

We have used a relatively simple test for the detection of

fungal enzyme activity, which had proved to be useful in

previous studies and delivered sufficient data for the com-

parison of strains (Baldrian et al., 2011; de la Cruz et al., 2006;
�Zif�c�akov�a et al., 2011). The use of agarmedia withmalt extract

as a substrate was chosen because it supports the growth of a

wide range of fungal taxa. A previous study indicated that, due

to the content of various plant-derived compounds, malt

extract medium supports the production of similar enzymes

as other lignocellulose substrates such as plant litter

(�Zif�c�akov�a et al., 2011). It should be noted, however, that

enzyme production is always more or less modulated by

substrate and that data obtained from a common medium
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may not reflect real expression precisely. The use of agar

media for studying enzyme production has the advantage that

produced enzymes accumulate over time and this accumu-

lation buffers temporal differences in enzyme production

(Heinonsalo et al., 2012), which we confirmed by the obser-

vation that fungal cultures grown for various times showed

similar activity.

Among the enzymes studied, the phosphatases that were

required by the fungi for P acquisition were generally pro-

duced as well as b-glucosidase, which cleaves disaccharides

and oligosaccharides, and N-acetylglucosaminidase, which is

involved in the degradation of chitin, a component of the cell

walls of many fungi. Most fungi also produced lipolytic

enzymes, which liberate short-chain fatty acids, and at least

one aminopeptidase, which produces amino acids from pro-

teins. Laccase production was more selective, and enzymes

that were active on hemicellulose and pectin showed highest

variability in production, which indicates that they are dis-

pensable for several groups of fungi.

Multiple studies have demonstrated a more rapid loss of

lignocellulose mass by Basidiomycota than by Ascomycota.

For example, the observed loss of Fagus crenatawood drymass

ranged between 15 and 57 % in the saprotrophic Basidiomy-

cota and between 4 and 14 % in the wood-associated Asco-

mycota belonging to the Xylariales (Osono and Takeda, 2002).

In another study using Betula litter, 15e60 % mass loss was

observed for the Basidiomycota compared to <10 % in the

most active ascomycetous decomposers of the study, Pen-

icillium glabrum and Trichoderma viride (Osono and Takeda,

2006). These differences were typically explained by the

presence of ligninolytic Class II peroxidases, such as the lignin

peroxidase, Mn-peroxidase, and versatile peroxidases in the

Basidiomycota and their absence from the Ascomycota

(Martinez et al., 2005). Here, we demonstrate that ligninolytic

Basidiomycota belonging to WR and LDF as well as the cellu-

lolytic BR wood decomposers differ from the Ascomycota in

the production of several enzymes, which is typically higher,

especially in the case of b-glucuronidase and b-galactosidase

(Supplementary Fig 1). The high production of hemicellulases

by saprotrophic basidiomycetes was also observed previously

on litter (Steffen et al., 2007; Val�a�skov�a et al., 2007). Interest-

ingly, when the decomposition abilities of the environmental

isolates of basidiomycetous and ascomycetous yeasts were

compared, taxa belonging to Basidiomycota harboured

decomposition traits more frequently: starch, protein and

chitin degradation was performed by 70 %, 60 % and 50 % of

basidiomycetous species compared to 22 %, 26 % and 0 % of

ascomycetous yeasts. The production of lipases was common

to most taxa, and pectin breakdown was rare in both groups

(Buzzini and Martini, 2002).

The similarity of decomposition traits at lower taxonomic

levels was also apparent, although mostly for individual

enzymes. On the other hand, orders of fungi that harboured

taxa with different ecophysiologies were phenotypically more

diverse (Fig 3). This finding is in line with the genome and

proteome analyses of the Polyporales, where the WR and BR

taxa differed in their gene numbers of glycosyl hydrolases

(GH), being higher in the former, and the protein production of

certain GH families being increased as well (Hori et al., 2013).

We have recorded a high level of similarity in enzyme

production by strains of the same fungal species. The previous

study by Baldrian et al. (2011) also showed that closely phy-

logenetically related strains (demonstrated as ITS or b-tubulin

sequence similarity) show similar carbon utilisation patterns.

However, this finding was not valid at greater taxonomic

distances, and the genus Penicillium was metabolically varia-

ble, most likely due to niche differentiation (Baldrian et al.,

2011). Unfortunately, the limitation of our present dataset
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did not allow us tomake conclusions on the similarity of traits

at the genus level. Still, there is a good chance that species-

level identification of fungi may represent a reliable pre-

dictor of their enzyme production.

The present study identified that fungal ecophysiology is

the most important predictor of a species’ enzyme pro-

duction. In particular, the SA and BR showed specific

enzyme production patterns, while the enzyme production

of WR and LDF overlapped. This finding is in agreement

with the analyses of the WR and BR fungal genomes, which

differ in the abundance of certain gene families, such as

those of the glycosyl hydrolases, where more genes and

gene families (61e148 in 14e17 families) are present in the

former than in the latter (32e68 genes in 9e12 families). The

genome of the ectomycorrhizal Laccaria bicolor contains

even fewer of these genes (Floudas et al., 2012; �Zif�c�akov�a

and Baldrian, 2012). Moreover, the expression levels of

genes present in WR and BR differ substantially in wood

(Eastwood et al., 2011). The enzyme production of WA

(corresponding to the ascomycetous order Xylariales) is

more similar to WR than to SA. The members of this order

were previously demonstrated to generally decompose

cellulose and xylan, but the production of ligninolytic

enzymes was low. The loss of wood mass was lower than in

basidiomycetes and depended on the wood type (Pointing

et al., 2003). Here, we show that this group also shows

high production of lipolytic enzymes, and some glycosyl

hydrolases, such as b-glucosidase and a-galactosidase, are

more active than in the other Ascomycota.

With the increasing number of genome sequences

(Grigoriev et al., 2012), it is tempting to try to use this infor-

mation for the prediction of functional traits of micro-

organisms. In prokaryotic microbial ecology, the prediction of

functional traits of individual taxa based on the gene content

in the genome of their closest relative has started to be used

and bioinformatics tools to perform such inferences were

developed (e.g., Langille et al., 2013). In fungi, the applicability

of such approaches has not yet been tested but it is a serious

subject to discuss considering the accumulating genome

information from large scale sequencing projects (Spatafora

et al., 2013). At this moment, the applicability of these

approaches in fungi is not clear: all major families of glycosyl

hydrolases are present in multiple Ascomycota and Basidio-

mycota genomes, and, most often, copy numbers per genome

do not differ largely (Zhao et al., 2013). The same is docu-

mented also here in the analysis of the genomes of decom-

poser Basidiomycota and Ascomycota that did not show

major differences (Table 2).

To have some relevance, the information on gene pres-

ence should at least correspond to the physiological capa-

bilities of fungi on the level of fungal species. Indeed, in

certain cases, such genome-derived information shows good

agreement with the actual decomposition abilities of fungi,

such as demonstrated for the decomposition of pectins

(Benoit et al., 2012). However, in the present study we show

that gene presence or absence is not always a reliable indi-

cator of the metabolic potential of the corresponding fungal

species. This is because the assignment of functions to genes

is not simple for several reasons. Many GH families have

gene products with preference for various substrates

(Levasseur et al., 2013) and even individual enzyme mole-

cules often show several activities, such as the b-glucosi-

dases showing b-xylosidase, b-mannosidase and b-

galactosidase activity (Baldrian and Val�a�skov�a, 2008). Addi-

tionally, the physiological importance of the differences in

gene copy numbers per genome, that is typically reported in

comparative papers, is also unclear. Higher copy numbers

may indicate more complex regulation of expression rather

than predict higher activity. On the other hand, genome or

transcriptome-derived data may sometimes provide infor-

mation that is difficult to access by biochemical assays. For

example, the measurement of activity of the widespread

fungal lytic polysaccharide monooxygenase (the AA9 CAZY

family, formerly GH61) is impossible without sophisticated

analytical equipment and the same applies for those

enzymes, often intracellular or membrane-bound, that are

involved in decomposition indirectly by the action of low-

molecular-mass mediator molecules that cause oxidative

cleavage of polysaccharides (Baldrian and Val�a�skov�a, 2008;

Eastwood et al., 2011; Rineau et al., 2012). Their activity is

difficult to quantify (Suzuki et al., 2006) and the information

about gene presence may be a valuable indicator of the

potential activity for these enzymes. Further research is

definitely needed in the future to establish better links

between genomic information and physiological traits of

fungi.

The results of the present study show that for several

genes, their presence in fungal genomes and the presence of

enzyme activity are relatively widespread. Most differences

among taxa are due to differences in enzyme activity, possibly

due to differential expression on the same substrate

(Heinonsalo et al., 2012; V�etrovsk�y et al., 2013; �Zif�c�akov�a et al.,

2011) or differences in the catalytic efficiency of enzyme

molecules produced by different fungi that can be higher than

tenfold (Baldrian, 2006; Baldrian and Val�a�skov�a, 2008).

This study also shows that the decomposition traits of

saprotrophic fungi are shaped by the combination of their

ecophysiology and taxonomy, with the former being more

important. The occurrence of several genes and their enzy-

matic activity in fungal genomes is widespread, and negative

results are mostly found for “dispensable” enzyme activities,

such as the production of specific hemicellulases. More typi-

cally, differences among species are reflected at the level of

enzymeactivity.The inconsistencyof genomeinformationand

activity measurements points at the importance of the often

neglected functional screening of fungi, which is necessary

for the reliable evaluation of their physiological capabilities.
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Functional screening of abundant bacteria from acidic forest soil
indicates the metabolic potential of Acidobacteria subdivision 1
for polysaccharide decomposition
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Abstract Coniferous forest soils have an indispensable eco-
logical role in the global cycles of nutrients on Earth. Despite
the fact that microbial communities in this ecosystem were
subject of multiple studies, the involvement of individual taxa
in the processes of organic matter transformation and the func-
tional roles of dominant and active bacteria are largely un-
known. Here, we have performed a comprehensive isolation
effort to obtain multiple dominant bacterial taxa from a Picea
abies forest soil and provide their physiological characteriza-
tion. This information allows us to link ecological traits with
groups of microorganisms. In the study, conventional culture
techniques at acidic pH and low-nutrient content led to the
recovery of 299 bacterial isolates. The isolates represented
operational taxonomic units (OTUs) that contained 20 and
32 % of all bacterial genomes detected in the litter and soil
by 16S amplicon analysis, including some of those bacterial
strains representing the most abundant and active OTUs.
These included also several isolates of the still underexplored
phylum of the Acidobacteria, all of them belonging to the
subdivision 1 of the phylum. Acidobacterial isolates produced
the widest range of enzymes among all isolates and highest
enzyme activities in acidic conditions. Moreover, members of
the Acidobacteria represented more than 50 % of the isolates
able to grow on disaccharides produced during the breakdown

of cellulose, chitin, and starch. Our results indicate that
Acidobacteria may play an important ecological role by
degrading polysaccharides of plant and fungal origin in the
important ecosystems of acidic coniferous forests.

Keywords Coniferous forest . Bacterial ecology .

Acidobacteria . Decomposition . Extracellular enzymes .

Cellulose

Introduction

Microbial communities of forest soil provide critical services,
having an essential role in decomposition and thus the C bud-
get of the ecosystems. This is of great importance, considering
the consequences of C storage or release, especially given the
anticipated changes in the global climate (van der Heijden
et al. 2008). Therefore, the understanding of the role of abun-
dant soil microorganisms in the ecosystem functioning and C
cycling in particular is indispensable for the prediction of how
ecosystems will respond to future environmental conditions
(Nielsen et al. 2011). Coniferous forests, often dominated by
Picea spp., represent a large biome in the boreal zones as well
as climax vegetation in the higher altitudes of mountains of the
northern temperate zone. They thus represent a C sink of
global importance (Myneni et al. 2001).

Several studies have already been performed, aiming to
describe the bacterial community composition of the soils of
coniferous forests using DNA sequencing (Lin et al. 2010;
Nacke et al. 2011; Baldrian et al. 2012; Hartmann et al.
2012). For example, Baldrian et al. (2012) characterized the
total bacterial and fungal communities of Picea abies forest
sites in central Europe and identified their metabolically active
members using DNA and RNA sequencing. They found that
this ecosystem is highly diverse, harboring bacterial

Electronic supplementary material The online version of this article
(doi:10.1007/s00374-015-1072-6) contains supplementary material,
which is available to authorized users.

* Salvador Lladó
llado@biomed.cas.cz1

1 Laboratory of Environmental Microbiology, Institute of
Microbiology of the ASCR, Vídeňská 1083, 14220 Praha
4, Czech Republic

Biol Fertil Soils
DOI 10.1007/s00374-015-1072-6

http://orcid.org/0000-0003-1130-3448
http://dx.doi.org/10.1007/s00374-015-1072-6
http://crossmark.crossref.org/dialog/?doi=10.1007/s00374-015-1072-6&domain=pdf
https://www.researchgate.net/publication/50228276_Pyrosequencing-Based_Assessment_of_Bacterial_Community_Structure_Along_Different_Management_Types_in_German_Forest_and_Grassland_Soils?el=1_x_8&enrichId=rgreq-2d2e273a89d34bb6f5b6cd525037b983&enrichSource=Y292ZXJQYWdlOzI4MzI3ODg5OTtBUzoyOTIwMTYwOTAwNDIzNzBAMTQ0NjYzMzQ2OTk1MQ==
https://www.researchgate.net/publication/50228276_Pyrosequencing-Based_Assessment_of_Bacterial_Community_Structure_Along_Different_Management_Types_in_German_Forest_and_Grassland_Soils?el=1_x_8&enrichId=rgreq-2d2e273a89d34bb6f5b6cd525037b983&enrichSource=Y292ZXJQYWdlOzI4MzI3ODg5OTtBUzoyOTIwMTYwOTAwNDIzNzBAMTQ0NjYzMzQ2OTk1MQ==
https://www.researchgate.net/publication/50228276_Pyrosequencing-Based_Assessment_of_Bacterial_Community_Structure_Along_Different_Management_Types_in_German_Forest_and_Grassland_Soils?el=1_x_8&enrichId=rgreq-2d2e273a89d34bb6f5b6cd525037b983&enrichSource=Y292ZXJQYWdlOzI4MzI3ODg5OTtBUzoyOTIwMTYwOTAwNDIzNzBAMTQ0NjYzMzQ2OTk1MQ==


communities composed predominantly of Acidobacteria,
Proteobacteria, and Actinobacteria. They also found that the
bacterial community shows high evenness since the most
abundant OTUs represent low percentages of the total com-
munity; on average, 1–3 % of all sequences are also reported
from other studies of the same environment (Nacke et al.
2011; Singh et al. 2014).

The comprehensive information about the composition of
bacterial communities in forest soils that is currently available
is in a sharp contrast with our ignorance of the ecology and
physiology of individual taxa, including those dominating the
environment (Baldrian et al. 2012; López-Mondéjar et al.
2015). This is caused by the fact that only a minority of bac-
teria known from DNA-based surveys, often as little as 1 %,
can be cultured in vitro using current methods (Vartoukian
et al. 2010) and their unculturability prevents the exploration
of their traits. Despite the recent trials to use genomic infor-
mation to predict the functional traits of uncultured bacteria
(Berlemont and Martiny 2013; Langille et al. 2013), the rele-
vance of such predictive approaches is questionable and needs
to be verified by cultivation approaches. As a consequence,
research on environmental isolates of bacterial taxa remains
the main approach used to describe their ecophysiological
traits (Zimmerman et al. 2013; Větrovský et al. 2014).
Recently, the use of new culture media and extended incuba-
tion times have been described to increase the probability of
isolating additional bacteria, especially slow-growing species,
from soils (Davis et al. 2005; Stewart 2012). This offers some
hope that improvements in the isolation methods may increase
our ability to obtain and characterize relevant soil bacteria.
Very few studies have compared the isolation efforts with
bacterial community compositions as revealed by molecular
techniques. One recent study (VanInsberghe et al. 2013) sug-
gested that the efficiency with which abundant community
members are recovered increases as the nutrient limitation in
culture media increases, favoring slower growth. They also
found that standard media have the potential to isolate some
members of forest soil communities that are abundant based
on molecular surveys. Unfortunately, this study was not ex-
tended to include the characterization of the physiology and
ecology of the bacterial isolates.

The aim of the present study was to isolate abundant and
active bacterial strains from litter and soil of a P. abies forest,
screening them for those traits relevant to their involvement in
organic matter transformation and, consequently, to describe
the potential roles of dominant bacteria in the soil environ-
ment. The screening of a strain collection composed by bac-
teria belonging to different phyla may also indicate the con-
nection of the metabolic potential of individual taxa or phylo-
genetic groups with ecosystem functionality. An acidic, low-
nutrient medium (GY-VL55), designed with the consideration
of the properties of the litter and soil matrices, was used to
isolate bacterial strains, with an expectation that it can help to

yield an increased share of isolates belonging to slow-growing
bacterial taxa such as the Acidobacteria, the dominant phylum
in this ecosystem but still very recalcitrant to culture (Ward
et al. 2009). The 16S ribosomal ribonucleic acid (rRNA) gene
sequences of the isolates were compared with the dataset of
16S rRNA sequences from the same environment that charac-
terize the total (DNA) and active (RNA) community members
(Žifčáková et al. 2015). Those isolates that corresponded to
bacterial OTUs recovered by the sequencing of environmental
DNA and RNAwere screened for the production of enzymes
involved in the decomposition of organic matter and for the
utilization of relevant nutrient sources in the forest soil.
Previous studies have revealed that fungi are highly important
in forest soil decomposition processes, and it was suggested
that bacteria may act as cheaters supported by the degradation
products liberated by fungi (de Boer et al. 2005), while only a
few bacterial taxa seem to be involved in cellulose decompo-
sition (Eichorst et al. 2012; Štursová et al. 2012). It was also
demonstrated that even among Actinobacteria where the oc-
currence of decomposition-related genes is widespread
(Berlemont and Martiny 2013, 2015), the ability to decom-
pose biopolymers efficiently is only possessed by a limited
number of strains, representing minor fraction of their com-
munity (Větrovský et al. 2014). For these reasons, we hypoth-
esized that the decomposition of simple C compounds in for-
est soil is a widespread trait but that complex polymeric sub-
strates, such as cellulose, can be only utilized by a small frac-
tion of the bacterial community.

Materials and methods

Study site, sample collection, and soil analysis

The study area was located in the highest altitudes of the
Bohemian Forest National Park, Czech Republic (central
Europe, 49° 2′ 38″N, 13° 37′ 2″ E), covered by an unmanaged
spruce (P. abies) forest. Sampling for DNA and RNA-based
bacterial community analyses was performed in July 2012 and
was a subject of another study (Žifčáková et al. 2015). Briefly,
samples of litter horizon (L) and organic soil horizon (H) ma-
terials from each of the six study sites were separately pooled.
After the removal of roots, the L horizon material was cut into
0.5-cm pieces and mixed. The H horizon material was passed
through a 5-mm sterile sieve and homogenized. Samples for
nucleic acid extraction were frozen and stored at −45 °C until
analysis. Physicochemical parameters properties of the L and H
materials from the study sites were measured and published
previously (Baldrian et al. 2012). The collection of the L and
H materials for the isolation of bacteria was performed at the
same study sites during the summer period in 2014. Fresh
samples were transferred to the laboratory and kept at 4 °C.
The bacterial isolation was carried out within 48 h.

Biol Fertil Soils

https://www.researchgate.net/publication/260254829_Potential_of_Cometabolic_Transformation_of_Polysaccharides_and_Lignin_in_Lignocellulose_by_Soil_Actinobacteria?el=1_x_8&enrichId=rgreq-2d2e273a89d34bb6f5b6cd525037b983&enrichSource=Y292ZXJQYWdlOzI4MzI3ODg5OTtBUzoyOTIwMTYwOTAwNDIzNzBAMTQ0NjYzMzQ2OTk1MQ==
https://www.researchgate.net/publication/260254829_Potential_of_Cometabolic_Transformation_of_Polysaccharides_and_Lignin_in_Lignocellulose_by_Soil_Actinobacteria?el=1_x_8&enrichId=rgreq-2d2e273a89d34bb6f5b6cd525037b983&enrichSource=Y292ZXJQYWdlOzI4MzI3ODg5OTtBUzoyOTIwMTYwOTAwNDIzNzBAMTQ0NjYzMzQ2OTk1MQ==
https://www.researchgate.net/publication/259094149_Strong_elevational_trends_in_soil_bacterial_community_composition_on_Mt_Halla_South_Korea?el=1_x_8&enrichId=rgreq-2d2e273a89d34bb6f5b6cd525037b983&enrichSource=Y292ZXJQYWdlOzI4MzI3ODg5OTtBUzoyOTIwMTYwOTAwNDIzNzBAMTQ0NjYzMzQ2OTk1MQ==
https://www.researchgate.net/publication/259094149_Strong_elevational_trends_in_soil_bacterial_community_composition_on_Mt_Halla_South_Korea?el=1_x_8&enrichId=rgreq-2d2e273a89d34bb6f5b6cd525037b983&enrichSource=Y292ZXJQYWdlOzI4MzI3ODg5OTtBUzoyOTIwMTYwOTAwNDIzNzBAMTQ0NjYzMzQ2OTk1MQ==
https://www.researchgate.net/publication/50228276_Pyrosequencing-Based_Assessment_of_Bacterial_Community_Structure_Along_Different_Management_Types_in_German_Forest_and_Grassland_Soils?el=1_x_8&enrichId=rgreq-2d2e273a89d34bb6f5b6cd525037b983&enrichSource=Y292ZXJQYWdlOzI4MzI3ODg5OTtBUzoyOTIwMTYwOTAwNDIzNzBAMTQ0NjYzMzQ2OTk1MQ==
https://www.researchgate.net/publication/50228276_Pyrosequencing-Based_Assessment_of_Bacterial_Community_Structure_Along_Different_Management_Types_in_German_Forest_and_Grassland_Soils?el=1_x_8&enrichId=rgreq-2d2e273a89d34bb6f5b6cd525037b983&enrichSource=Y292ZXJQYWdlOzI4MzI3ODg5OTtBUzoyOTIwMTYwOTAwNDIzNzBAMTQ0NjYzMzQ2OTk1MQ==
https://www.researchgate.net/publication/44615686_Strategies_for_culture_of_'Unculturable'_bacteria?el=1_x_8&enrichId=rgreq-2d2e273a89d34bb6f5b6cd525037b983&enrichSource=Y292ZXJQYWdlOzI4MzI3ODg5OTtBUzoyOTIwMTYwOTAwNDIzNzBAMTQ0NjYzMzQ2OTk1MQ==
https://www.researchgate.net/publication/44615686_Strategies_for_culture_of_'Unculturable'_bacteria?el=1_x_8&enrichId=rgreq-2d2e273a89d34bb6f5b6cd525037b983&enrichSource=Y292ZXJQYWdlOzI4MzI3ODg5OTtBUzoyOTIwMTYwOTAwNDIzNzBAMTQ0NjYzMzQ2OTk1MQ==
https://www.researchgate.net/publication/221788648_Identification_of_Cellulose-Responsive_Bacterial_and_Fungal_Communities_in_Geographically_and_Edaphically_Different_Soils_by_Using_Stable_Isotope_Probing?el=1_x_8&enrichId=rgreq-2d2e273a89d34bb6f5b6cd525037b983&enrichSource=Y292ZXJQYWdlOzI4MzI3ODg5OTtBUzoyOTIwMTYwOTAwNDIzNzBAMTQ0NjYzMzQ2OTk1MQ==
https://www.researchgate.net/publication/276486864_The_bacterial_community_inhabiting_temperate_deciduous_forests_is_vertically_stratified_and_undergoes_seasonal_dynamics?el=1_x_8&enrichId=rgreq-2d2e273a89d34bb6f5b6cd525037b983&enrichSource=Y292ZXJQYWdlOzI4MzI3ODg5OTtBUzoyOTIwMTYwOTAwNDIzNzBAMTQ0NjYzMzQ2OTk1MQ==
https://www.researchgate.net/publication/276486864_The_bacterial_community_inhabiting_temperate_deciduous_forests_is_vertically_stratified_and_undergoes_seasonal_dynamics?el=1_x_8&enrichId=rgreq-2d2e273a89d34bb6f5b6cd525037b983&enrichSource=Y292ZXJQYWdlOzI4MzI3ODg5OTtBUzoyOTIwMTYwOTAwNDIzNzBAMTQ0NjYzMzQ2OTk1MQ==
https://www.researchgate.net/publication/234124643_Isolation_of_a_Substantial_Proportion_of_Forest_Soil_Bacterial_Communities_Detected_via_Pyrotag_Sequencing?el=1_x_8&enrichId=rgreq-2d2e273a89d34bb6f5b6cd525037b983&enrichSource=Y292ZXJQYWdlOzI4MzI3ODg5OTtBUzoyOTIwMTYwOTAwNDIzNzBAMTQ0NjYzMzQ2OTk1MQ==


Extraction and analysis of environmental RNA and DNA

RNA and DNA isolation, 16S rDNA amplification, sequenc-
ing, and data analysis were the subject of another study
(Žifčáková et al. 2015). Briefly, three replicate RNA extracts
were pooled, purified, and treated with DNAase I. RNAwas
reverse transcribed, and total DNA was extracted from all
samples using a modified Miller method (Sagova-
Mareckova et al. 2008). PCR amplification of the bacterial
16S rRNAV4 region from DNA and cDNAwas carried out
with the barcoded primers 515F and 806R (Caporaso et al.
2012). Amplicons were sequenced on an Illumina MiSeq.

Sequence data processing and analysis

The amplicon sequencing data were processed with SEED
1.2.1 (Vetrovsky and Baldrian 2013a) as described in
Žifčáková et al. (2015). DNA sequence abundances were
expressed as the relative abundances of bacterial genomes.
To achieve this, abundances of sequences belonging to each
OTUwere divided by the count of 16S rRNA sequences in the
genome of the most closely related bacterium with a se-
quenced genome prior to diversity analyses, as described pre-
viously (Větrovský and Baldrian 2013b). This procedure was
demonstrated to result in a more realistic estimate of the rela-
tive abundances of the bacterial taxa, as it takes into account
the variation of 16S copy numbers among taxa (Větrovský
and Baldrian 2013b). The Shannon-Wiener index was calcu-
lated using EstimateS 9.1.0 (http://viceroy.eeb.uconn.edu/
estimates). Data are available in MG-RAST (4603354.3,
Meyer et al. 2008).

Isolation of bacterial strains

To isolate bacteria from forest topsoil, 5 g of litter or soil from
each of six study sites was diluted with 45 mL of sterile
0.25 % Ringer ’s solution (NaCl 2.25 g L−1, KCl
0.105 g L−1, CaCl2 0.045 g L−1, and NaHCO3 0.05 g L−1)
and agitated for 30 min. After agitation, the flasks were
allowed to settle for 5 min, and 1 mL of the supernatant was
serially diluted with sterile 0.25 % Ringer’s solution to 10−4

and plated on GY-VL55 medium (glucose 1 g L−1, yeast ex-
tract 0.5 g L−1, and VL55 mineral medium (pH 4.5; Sait et al.
2002)) in triplicate. The medium contained 50 mg L−1 cyclo-
heximide and was solidified using 15 g L−1 agar.

All plates were incubated at 12 °C (12 h/day) and 22 °C
(12 h/day) in the dark to mimic the conditions of a typical
summer day in the sampling area. Cultivation proceeded for
up to 12 weeks because long-term culturing was previously
demonstrated to yield slow-growing bacteria from nutrient-
limiting environments (George et al. 2011). Randomly select-
ed colonies were transferred from incubation plates to plates
with the same medium. These plates were incubated at 25 °C

until enough biomass for colony PCR was produced. The
strains were stored in a sterile 20 % glycerol solution at
−80 °C and subcultured on agar plates at 25 °C.

16S rRNA amplification and sequence analysis
of bacterial isolates

The V4–V6 hypervariable regions of the 16S rRNA gene of
each bacterial isolate were amplified using the eubacterial
primers eub530F/eub1100aR, modified from Dowd et al.
(2008). All PCR react ions were performed on a
Mastercycler personal thermocycler (Eppendorf, Hamburg,
Germany). A 50 μL PCR mixture contained 5 μL of 10×
polymerase buffer, 3 μL of 10 mg mL−1 bovine serum albu-
min, 2 μL of each primer (0.01 mM), 1 μl of PCR Nucleotide
Mix (10 mM), 1.5 μL of polymerase (2 U μL−1; Pfu DNA
Polymerase:DyNAzyme II DNA polymerase, 1:24), and the
biomass from an individual isolated colony as the DNA tem-
plate. The cycling conditions were 94 °C for 5 min, 35 cycles
of 94 °C for 1 min, 62 °C for 50 s, 72 °C for 30 s, and 72 °C for
10 min. Sanger sequencing was performed by Macrogen
(Korea).

Sequences were clustered at a 97 % similarity. The
Ribosomal Database Project (Cole et al. 2014) and
BLASTN hits against GenBank were used to generate the best
hits (Altschul et al. 1997), and one representative strain per
cluster was used in subsequent analyses. Sequences of isolates
were compared to the Illumina OTU dataset. Those isolates
that were clustered into OTUs obtained in the analysis of
environmental amplicons (97 % similarity) were selected for
physiological characterization (Table 1), and their nucleotide
sequences were deposited in the GenBank database under the
accession numbers KR090681–KR090705.

Growth and enzyme production of the bacterial isolates

To screen for the production of enzymes involved in the deg-
radation of cellulose, hemicelluloses, and other polysaccha-
rides and in the acquisition of N, P, and S, 25 selected bacterial
strains were cultivated in 100-mL flasks with 20 mL of liquid
GY-VL55 medium (pH 4.5) for 15 days in the dark at 25 °C
with agitation (200 min−1). Triplicate flasks were inoculated
with 1 mL of cell suspension adjusted to optical density
(OD)600=0.1. After 15 days of incubation, 1 mL of the culture
supernatant was used for the enzyme activity measurements.

The activities of β-glucosidase (BGL; Enzyme
Commission (EC) 3.2.1.21), acid phosphomonoesterase
(PME; EC 3.1.3.2), N-acetylglucosaminidase (NAG;
3.1.2.14), cellobiohydrolase (CBH; EC 3.2.1.91), α-
glucosidase (AGL; EC 3.1.2.20), β-glucuronidase (BGU;
EC 3.2.1.31), arylsulfatase (ARYL; EC 3.1.6.1), β-
xylosidase (XYLA; EC 3.2.1.37), α-arabinosidase (ABF;
EC 3.2.1.55), and β-galactosidase (B-GAL; EC 3.2.1.23)
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were assayed as previously described (Baldrian 2009) using
methylumbelliferyl-based fluorescent substrates. One-way
analysis of variance (ANOVA) with Tukey’s HSD post hoc
test (STATISTICA 10.0; StatSoft, Inc., Tulsa, OK, USA) was
used to analyze the significance of differences in the measured
variables.

Substrate utilization by bacterial isolates

The utilization of relevant substrates by the same isolates as in
the former section (carbohydrates, carboxylic acids, amines/
amides, aminoacids, and other compounds) was assessed
using the Biolog system (Biolog Inc., Hayward, CA, USA).
Biolog GN2 plates were used for the analysis. Suspensions of
the 25 isolated strains (OD600=0.1) were inoculated into the
microwell plates and incubated for 1 week. After the incuba-
tion period, color development was detected at 590 according
to the suppliers’ instructions. OD was measured again after 2
and 3 weeks to validate the first results for slow-growing

bacteria, but no changes in color development were detected.
Principal component analysis (PCA) was performed using the
Canoco 4.5 package (Microcomputer Power, Ithaca, NY,
USA) to ordinate the strains depending on the C sources they
were able to metabolize.

Results

Bacterial community composition

The sequences obtained in the study of Žifčáková et al. (2015)
by the Illumina MiSeq sequencing of amplicons derived from
total environmental DNA and RNA from the sites of this study
clustered into 6041 OTUs at a 97 % similarity threshold, after
excluding global singletons. The bacterial communities, as
expressed by the Shannon-Wiener index, were significantly
more diverse (p<0.001) in the litter than in the organic soil

Table 1 The taxonomic identity of bacterial isolates from the Picea abies forest litter and soil that belonged in operational taxonomic units obtained by
clustering pyrosequencing-derived environmental 16S DNA sequences at a 97 % similarity threshold

Isolate Closest GenBank hit (accession) Similarity (%) Phylogenetic group Relative abundance (‰) Doubling rates (d)

– – – – DNA H DNA L RNA H RNA L

L21 Acidisphaera sp. (AF376024) 95.8 α-Proteobacteria 1.1±0.6 0.6±0.3 11.6±4.3 1.8±0.6 –

L27 Burkholderia sp. (JF763852) 100 β-Proteobacteria 0.1±0.1 1.5±0.5 0.8±0.4 6.9±5.1 0.59e

L33 Variovorax sp. (KC252935) 99.8 β-Proteobacteria 0.0±0.0 1.3±0.6 0.2±0.1 5.0±4.3 –

L36 Frigoribacterium sp. (JQ977229) 100 Actinobacteria 0.1±0.1 3.0±1.1 0.1±0.1 1.6±0.5 0.81d

L45 Beijerinckia sp. (FR874230) 100 α-Proteobacteria 12.4±7.6 4.5±1.4 2.9±1.7 1.3±0.5 –

L46 Granulicella sp. (KC924939) 99.2 Acidobacteria 5.2±3.6 11.9±2.7 2.0±1.2 4.7±1.0 3.13a

L56 Terriglobus sp. (HM214537) 98.3 Acidobacteria 11.7±5.6 17.6±3.8 4.6±2.4 5.1±1.8 2.04ab

L60 Granulicella sp. (HQ687089) 98.2 Acidobacteria 11.0±6.5 31.3±3.9 5.3±2.2 12.6±1.7 1.85ab

L85 Acidisoma sp. (HF568986) 98.6 α-Proteobacteria 0.1±0.2 4.1±0.9 0.1±0.1 4.9±1.1 4.01a

L105 Pedobacter sp. (HE814666) 100 Bacteroidetes 0.0±0.0 0.5±1.0 0.1±0.1 1.3±2.3 0.38g

L154 Jiangella sp. (GQ485553) 95 Actinobacteria 5.1±1.6 10.6±3.0 0.2±0.2 1.3±0.9 –

L196 Mucilaginibacter sp. (HM204918) 99.2 Bacteroidetes 0.1±0.1 3.1±0.6 0.4±0.3 12.4±4.2 0.52ef

S1 Burkholderia sp. (AJ704384) 99.6 β-Proteobacteria 0.1±0.1 1.5±0.5 0.8±0.4 6.9±5.1 0.48ef

S8 Acidobacterium sp. (CP001472) 98 Acidobacteria 55.8±9.6 66.5±7.7 19.9±3.4 17.9±1.3 2.94a

S15 Acidobacterium sp. (AB669481) 98.1 Acidobacteria 35.2±4.4 41.2±5.4 15.0±3.1 12.9±1.2 1.64b

S45 Caulobacter sp. (AB552896) 96.9 α-Proteobacteria 1.4±0.8 3.9±0.8 2.1±0.6 3.9±1.3 1.96ab

S55 Bryocella sp. (FR666706) 95.4 Acidobacteria 19.8±4 15.5±4.5 7.9±1.9 3.8±1.2 2.17ab

S69 Bradyrhizobium sp. (HQ698279) 100 α-Proteobacteria 23.6±10.1 44.0±6.0 24.1±12.1 13.9±3.8 2.22ab

S92 Acidisphaera sp. (AF376024) 98.1 α-Proteobacteria 2.1±0.5 5.4±0.9 8.1±1.0 14.2±2.1 6.25a

S103 Phenylobacterium sp. (JX949351) 98.4 α-Proteobacteria 2.2±1.1 10.0±3.1 7.5±1.9 19.6±8.5 3.85a

S129 Methylocapsa sp. (FN433469) 97.4 α-Proteobacteria 62.2±13.4 74.3±7.1 37.2±4.8 16.4±7.5 2.63a

S171 Burkholderia sp. (KC252619) 100 β-Proteobacteria 0.7±0.5 6.3±2.0 12.9±10.8 27.1±6.5 0.46f

S184 Dyella sp. (AM086248) 100 γ-Proteobacteria 0.3±0.2 6.5±2.6 2.8±2.9 3.3±1.6 0.30h

S190 Edaphobacter sp. (DQ528760) 97.1 Acidobacteria 4.9±2.8 12.5±1.8 2.4±0.7 3.6±1.0 1.06c

S197 Labrys sp. (AB647348) 99.4 α-Proteobacteria 0.0±0.1 0.8±0.4 0.1±0.1 0.2±0.2 0.36g

Different letters indicate a statistically significant difference in the growth rates among isolates (P<0.05)
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horizon for both DNA (L 5.07, H 4.54) and RNA (L 5.21, H
4.99) samples.

Bacterial sequences belonged to 18 phyla, but only 11 were
recovered with abundances over 0.1 % (Fig. 1) in at least one
of the DNA or RNA samples. In both horizons, Acidobacteria
and Proteobacteria were dominant at the DNA level, compris-
ing 70–80 % of all bacteria. However, in RNA samples, reads
of severa l bacter ia l taxa such as Bacteroidetes ,
Betaproteobacteria, Firmicutes, and Verrucomicrobia showed
higher relative abundance (Fig. 1).

Members of 643 genera were found in the DNA/RNA litter
and soil communities combined, with most sequences belong-
ing to the Acidobacteria genus Candidatus Koribacter (H
20.9 %, L 7.2 %). Other abundant Acidobacteria genera were
Candidatus Solibacter (H 3.0 %, L 3.5 %) and Granulicella
(H 1.3 %, L 3.5 %). Other abundant genera included the
Actinobacteria Conexibacter (H 2.1 %, L 6.1 %) and the
Proteobacteria Beijerinckia (H 6.3 %, L 7.0 %),
Bradyrhizobium (H 2.7 %, L 4.8 %), Phenylobacterium (H
0.7 %, L 2.6 %), Pseudomonas (H 4.4 %, L 7.3 %), and
Rhodoplanes (H 6.6 %, L 3.6 %). Several taxa showed pref-
erential associations with either the litter or the organic soil
horizon (Table S1).

Culturable bacterial communities

Over 12 weeks of incubation, a total of 299 isolates were
picked from the GY-VL55 (pH 4.5) plates. According to
16S rRNA gene sequencing, all of these isolates clustered into
48 clusters of 97 % similarity. Proteobacteria (66 %),
Actinobacteria (17 %), and Acidobacteria (13 %) were the
predominant phyla among the isolates (Fig. 1).

The phylogenetic placement of those isolates belonging to
the OTUs constructed by clustering sequences from the envi-
ronmental DNA and RNAwith relative abundance >0.5 % in
at least one sample is shown in Fig. S1. These OTU represent-
ed 32 and 20% of the estimated numbers of bacterial genomes
in the litter or organic soil horizon and were represented by 21
and 15 % of rRNA sequences, respectively. Of the 72 OTUs
with a relative abundance of >0.5 % (at least one sampling
site) in the litter (DNA), 23 were isolated, while of the 56
OTUs with a relative abundance of >0.5 % (at least one sam-
pling site) in the organic soil horizon (DNA), 12were isolated.
Of the 75 OTUs with a relative abundance of >0.5 % (at least
one sampling site) in the litter (RNA), 19 were isolated, while
of the 77 OTUs with a relative abundance of >0.5 % (at least
one sampling site) in the organic soil horizon (RNA), 12 were
isolated. The most abundant OTU recovered by isolation was
OTU4, which was af f i l i a t ed wi th Be i j e r inck ia
(Alphaproteobacteria) and represented >5 and >1 % (DNA/
RNA, respectively) in both the litter and organic soil horizon
samples (Table S1).

Growth, substrate utilization, and enzyme production
by bacterial isolates

The fastest-growing isolates on the acidic low-nutrient medi-
um (GY-VL55) be longed to the Pro teobac te r i a
(Betaproteobacter ia and Gammaproteobacter ia) ,
Actinobacteria, and Bacteroidetes (Table 1). On the other
hand , s t r a i n s be long ing t o Ac i dobac t e r i a and
Alphaproteobacteria grew significantly slower in the same
medium. Some of these slow-growing strains (S8, S69, and
S129) are related to some of the most abundant OTUs in the
litter and organic soil horizon of the P. abies forest soil (OTUs
14, 2, and 4, respectively). Strains L21 and L45
(Alphaproteobacteria) were not able to grow under the select-
ed conditions. In addition, strains L33 (Betaproteobacteria)
and L154 (Actinobacteria) formed pellets, and it was not pos-
sible to measure changes in the OD of the medium during the
incubation time. Nevertheless, the pellets from L33 appeared
during the first days of incubation, while L154 only appeared
after 2 weeks.

Strains L21 and L45 (both Alphaproteobacteria) were not
included in the study due to their lack of growth in the GY-
VL55 medium. Among the other bacterial isolates, 12 strains
produced all of the assayed enzymes (Table S2).
Phosphomonoesterase, β-glucosidase, and arylsulfatase
(72 %) were the most generally produced enzymes, produced
by 96, 78, and 78 % of tested isolates. For β-glucosidase, an
enzyme involved in the last step of cellulose degradation,
significantly higher enzyme activities were observed in the
slow-growing strains belonging to Acidobacteria
(Acidobacterium, Bryocella, Terriglobus, and Edaphobacter)
but also in some faster-growing strains belonging to
Gammaproteobacteria and Bacteroidetes (Fig. 2). For the less
commonly produced enzymes, i.e., N-acetylglucosaminidase,
cellobiohydrolase, α-glucosidase, β-glucuronidase, β-
xylosidase, α-arabinosidase, and β-galactosidase, the strains
with high production belonged to the same taxa as above.

Nineteen strains of isolated bacteria were able to grow on
Biolog GN2 plates; however, strains L21, L45, L46, L154,
S92, and S103 failed to grow. The results showed that the
isolated bacteria used a wide range of substrates as energy
sources (Table S3). Strains belonging to Proteobacteria were
able to use the highest numbers of substrates. Among them,
S1 (Burkholderia), S197 (Labrys), and S171 (Burkholderia)
were able to grow with 90, 84, and 72 different C sources,
respectively. The most frequently metabolized substrates were
α-D-glucose (95% of strains), D-fructose (79%), D-galactose
(74 %), D-mannose (74 %), D-trehalose (74 %), and dextrin
(74 %). The utilization of amino acids, organic acids, amines,
amides, and more complex substrates was less widespread
among the isolates. We compared the isolates belonging to
Proteobacteria, Acidobacteria, and Bacteroidetes phyla based
on their ability to use different categories of substrates.
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Proteobacteria were able to utilize more sources among
amines/amides (47 % of all sources, in average, compared to
3 and 0 %), amino acids (47, 5, and 5 %), and carboxylic acids
(56, 11, and 8 %). All three groups were able to utilize multi-
ple carbohydrates (50, 49, and 43 %) and polymers (50, 40,
and 50 % of substrates included in the assay). Only 47 % of
the strains respired cellobiose (cellulose degradation product)
exceeding the detection threshold. Five of these nine strains
belonged to Acidobacteria. Eight strains (42 %) were able to
respire N-acetylglucosamine, the structural component of chi-
tin contained in the fungal biomass—these included four of
the six strains of Acidobacteria (Table S3). PCA showed that
members of the Acidobacteria and Bacteroidetes group to-
gether mostly due to their ability to degrade the disaccharides
D-cellobiose, gentibiose, and maltose (Fig. S2).

Discussion

Phylogenetically diverse bacterial community was found in
the P. abies forest soil using both analyses of environmental

nucleic acids (DNA and RNA) and isolation of strains. In
terms of relative abundance, DNA analyses showed that
Ac i doba c t e r i a a nd P r o t eob ac t e r i a ( e s p e c i a l l y
Alphaproteobacteria) were the most prominent, particularly
in the organic soil horizon. This fact can be explained by their
well-known adaptation to acidic and low-nutrient environ-
ments (Eichorst et al. 2007; Nacke et al. 2011), and it is con-
sistent with the results of previous studies focusing similar
ecosystems (Baldrian et al. 2012; Štursová et al. 2012).
Other phyla, such as Actinobacteria, Bacteroidetes, and
Verrucomicrobia, were more abundant in the litter. Litter can
better support growth due to its higher concentration of easily
available C compounds (Gessner et al. 2010) that can either be
obtained from the decomposition of biopolymers by bacteria
or by soil fungi, which are efficient decomposers of recalci-
trant organic matter (de Boer et al. 2005). The most abundant
bacterial OTUs accounted for 2–9 % of all sequences,
confirming the previously described evenness of the commu-
nity of the bacterial community in this ecosystem (Baldrian
et al. 2012). Acidobacteria were less dominant in the RNA
communities but never below a 20 % of relative abundance,
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confirming also their importance in the active processes oc-
curring in the coniferous forest soil. The ubiquity in soil envi-
ronments of the phylum Acidobacteria indicates their impor-
tance in the functioning of soil ecosystems. Unfortunately,
very little is known about their individual physiology and
potential functions (Ward et al. 2009). Due to its relevance
in the P. abies soil, it was important in the present work to
select the correct medium in order to try to increase the isola-
tion of members of the Acidobacteria without losing the pow-
er to isolate a wide range of members from other phyla. This
fact allowed us to study them in more depth and relate their
metabolic capabilities to environmental processes.

Despite the profound differences among the analyses of the
bacterial communities based on molecular versus culture-

based approaches, the recent isolation efforts show that a rea-
sonable proportion of members of the most abundant taxa
present in a particular soil bacterial community can be isolated
and studied in the laboratory (Davis et al. 2005; Stewart 2012;
VanInsberghe et al. 2013, 2015). The use of low-nutrient-
content media combined with long incubation periods has
been widely proposed to increase the isolation of slow-
growing bacteria from soils (Janssen et al. 2002; George
et al. 2011). Our results extend this observation by showing
that the use of a minimal agar medium with glucose and yeast
extracts, at very low concentrations as growth substrate, and
low pH (4.5) can successfully deliver bacterial strains belong-
ing to the most abundant and active OTU obtained for the
acidic coniferous forest soil by the amplicon analysis of total
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DNA and RNA. Moreover, the fact that some of these repre-
sentedOTUs are abundant in the DNA andRNA communities
makes this strain collection representative of the bacterial di-
versity present in the coniferous soil environment and allowed
us to describe the ecophysiology of soil bacteria including
those characterized so far by a high recalcitrance to isolation,
such as the members of Acidobacteria.

Members of Gammaproteobacteria, Betaproteobacteria, and
Bacteroidetes (Dyella, Burkholderia, Pedobacter, and
Mucilaginibacter) showed the highest growth rates among iso-
lates. The Proteobacteria in soil form a highly physiologically
diverse group, including many fast-growing r-strategists that
can colonize plant roots and can be highly abundant in various
soils (Elsas et al. 2007) but also K-strategists such as many
members of the Alphaproteobacteria (Lauro et al. 2009). In
fact, members of Alphaproteobacteria grew at much lower rates
(except strain S197), concomitantly with the members of the
Acidobacteria. According to the Biolog results (Table S3), the
strains exhibiting fast growth in the liquid medium GY-VL55
such as the members of the Proteobacteria, mostly belonging to
the Betaproteobacteria (except the Alphaproteobacterium S197
and the Gammaproteobacterium S184), exhibited significantly
higher metabolic versatility (p=0.004) when compared to the
slow growers. Fast-growing Proteobacteria were able to utilize
several low molecular mass oligosaccharides, amino acids,
amines/amides, carboxylic acids, or more complex substrates,
while the strains belonging to Acidobacteria were mostly able
to grow at the expenses of monosaccharides, disaccharides, and
certain polymers. It has been hypothesized that K-populations
may direct more energy resources to extracellular enzyme pro-
duction than to growth when a higher proportion of polymeric
more recalcitrant C sources remain in the soil (Fontaine et al.
2003). However, in the present study, we did not find strong
correlations (r<0.6) between slow growth and individual en-
zyme activities. This was caused by the low production of
extracellular enzymes by Alphaproteobacteria (slow growers)
and the high production of the Bacteroidetes (fast growers).
Despite their slow growth, some Acidobacteria showed the
widest spectra of enzymatic activities, as well as the highest
activities of most enzymes, along with the two members of
Bacteroidetes (Pedobacter and Mucilaginibacter). Moreover,
the enzymatic production of the seven isolated strains of
Acidobacteria was significantly higher when compared to the
strains belonging to other phyla for β-glucosidase (p=0.023),
β-glucuronidase (p=0.03), β-xylosidase (p=0.003), α-
arabinosidase (p=0.026), β-galactosidase (p=0.006), and
cellobiohydrolase (p=0.03). Although the use of enzyme activ-
ities as indicators of soil functionality is still a problem due to
spatiotemporal variations in real environments and the difficul-
ty to relate activity of individual enzymes and the rates of
nutrient cycling processes (Nannipieri et al. 2012; Uksa et al.
2015), the production of β-glucosidase, cellobiohydrolase, and
N-acetylglucosaminidase at high rates by the acidobacterial

strains (especially strains S15 and S55), and at a lesser extent
by Bacteroidetes, indicates their metabolic capability to de-
grade plant-derived oligosaccharides and chitin, the major
component of fungal cell walls, under acidic conditions.

We suggest that Acidobacteria (subdivision 1) are a key
player in the C cycle processes occurring in the coniferous
soil environment. The ability to degrade chitin represents an
important trait because chitin degradation yields both C and
N, and the availability of N in soil is often a limiting factor. Of
these, the genera Mucilaginibacter and some members of the
subdivison 1 of the Acidobacteria have been recently de-
scribed as cellulose decomposers in acidic environments
(Haichar et al. 2007; Pankratov et al. 2011; Štursová et al.
2012). Degradation of cellulose requires endoglucanase,
exoglucanase, and β-glucosidase activities. These cellulases
are distributed in different families of glycosiyl hydrolases
(GHs). The study by Rawat et al. (2012) showed that the
genomic machinery required for cellulose degradation was
found in all the complete genomes of Acidobacteria,
encompassed in GH belonging to five different families
(GH5, GH8, GH9, GH12, and GH51). The genes contributing
to the decomposition of other important polysaccharides like
hemicellulose and chitin were identified as well.

Even though it is difficult to extrapolate genomic and
in vitro results to real soil environments, our results
confirmed that this genomic potential may be indeed
realized, at least in the Acidobacteria and Bacteroidetes
(at a lesser extent) isolated in this study, since they
present an active cellulolytic and chitinolytic machinery
to grow on the saccharides produced during the cellu-
lose and chitin breakdown. In general terms, the Biolog
results showed that N-acetylglucosamine, a monosaccha-
ride originating from chitin, and cellobiose, the disac-
charide product of cellulose breakdown, were used by a
narrow set of strains. Among them, four in the case of
N-acetylglucosamine and five in the case of cellobiose
belonged to Acidobacteria. This fact, concomitantly with
the enzymatic assays where Acidobacteria produced sig-
nificantly more β-glucosidase and cellobiohydrolase and
were also among the most active producers of N-
acetylglucosaminadase, is not in line with the descrip-
tion of their ecology as a Bcheater^ behavior and further
supports the view that Acidobacteria may play a prom-
inent role in cellulose and chitin degradation in a conif-
erous forest soil.

Conclusions

Decomposition of dead biomass of plant and fungal origin,
such as cellulose, hemicelluloses, and chitin, that due to their
quantity represent the most important C sources in forest litter
and soil are—in addition to fungi—also performed by bacteria
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of various phylogenetic origin, but their potential to perform
these functions differs substantially. Our analysis highlights
the important role of the still unexplored phylum of
Acidobacteria in organic matter decomposition. Among the
isolated strains, members of the Proteobacteria phylum
showed the widest spectrum of C source utilization.
However, a much narrow set of strains, mostly belonging to
the Acidobacteria (subdivision 1) and Bacteroidetes, was able
to grow on oligosaccharides derived from the plant or fungal
cell wall such as D-cellobiose and N-acetyl-D-glucosamine
and to produce the enzymes required for cellulose and chitin
breakdown. This highlights that in acidic conditions similar to
the real soil environment, Acidobacteria members present the
capability to degrade the most abundant polysaccharides pres-
ent in soil organic matter and, consequently, to play a very
important role in the C cycle.
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4 14220, Czech Republic.
2Department of Agricultural and Biosystems
Engineering, Iowa State University, Ames, IA 50011,
USA.

Summary

Understanding the ecology of coniferous forests is
very important because these environments represent
globally largest carbon sinks. Metatranscriptomics,
microbial community and enzyme analyses were com-
bined to describe the detailed role of microbial taxa in
the functioning of the Picea abies-dominated conifer-
ous forest soil in two contrasting seasons. These
seasons were the summer, representing the peak of
plant photosynthetic activity, and late winter, after an
extended period with no photosynthate input. The
results show that microbial communities were charac-
terized by a high activity of fungi especially in litter
where their contribution to microbial transcription was
over 50%. Differences in abundance between summer
and winter were recorded for 26–33% of bacterial
genera and < 15% of fungal genera, but the transcript
profiles of fungi, archaea and most bacterial phyla
were significantly different among seasons. Further,
the seasonal differences were larger in soil than in
litter. Most importantly, fungal contribution to total
microbial transcription in soil decreased from 33% in
summer to 16% in winter. In particular, the activity of
the abundant ectomycorrhizal fungi was reduced in
winter, which indicates that plant photosynthetic pro-
duction was likely one of the major drivers of changes
in the functioning of microbial communities in this
coniferous forest.

Introduction

Coniferous forest ecosystems represent significant global
carbon sinks, especially in the boreal and temperate

zones of the Northern Hemisphere. Consequently, under-
standing their ecology is essential for predicting and man-
aging C-cycling processes and their impacts on climate
change. We currently lack fundamental knowledge on
how microorganisms function as key mediators of
C-cycling processes in these ecosystems as well as the
identification of the specific roles of individual taxa. Pre-
viously, litter and soil activity in forest ecosystems has
been shown to be largely shaped by the activity of trees,
which are the dominant primary producers. Trees affect
the inflow and quality of complex organic compounds in
the form of leaf and root litter, and provide root exudates
(Prescott and Grayston, 2013). Additionally, trees contrib-
ute significantly to soil respiration (Högberg et al., 2010)
and deposition of carbon (Clemmensen et al., 2013)
either directly or indirectly through their fungal symbionts.

The concomitant production of aboveground litter
and root exudates results in vertical stratification of
forest soils. The accumulation of recalcitrant litter, as well
as the absence or low abundance of roots on the soil
surface, results in the formation of the litter horizon.
This litter is characterized by a high activity of
extracellular enzymes produced by fungal and bacterial
decomposers, high heterotrophic respiration and high
decomposition rates (Šnajdr et al., 2008; Baldrian et al.,
2012). Ectomycorrhizal fungi (ECM; the plant root
symbionts belonging to Dikarya) grows on the soil surface
and are sustained at the cost of C that is allocated via
plant roots to deeper soil and transported by their mycelia
(Lindahl et al., 2007; Voříšková et al., 2014). In contrast,
in deeper organic layers of coniferous forest soils, most of
the C originates from rhizodeposition (Clemmensen et al.,
2013), and the microbial community is generally richer in
ECM fungi and bacteria (O’Brien et al., 2005; Lindahl
et al., 2007; Baldrian et al., 2012).

Seasonally, temperate and boreal zone forests are
characterized by the photosynthetic activity of trees
during a vegetation period (with favourable temperature
and light conditions) and during winter (with little light and
temperatures below the freezing point) (Voříšková et al.,
2014). The seasonality of photosynthetic production and
its resulting carbon allocation can dramatically affect the
availability of C to soil biota (Högberg et al., 2010; Kaiser
et al., 2010), with belowground carbon allocation via plant
roots limited to the vegetation period (Högberg et al.,
2010). Previous observations from deciduous forest soils

Received 19 February, 2015; revised 13 August, 2015; accepted 13
August, 2015. *For correspondence. E-mail baldrian@biomed.cas
.cz; Tel. +420 723 770 570; Fax +420 241 062 384.

bs_bs_banner

Environmental Microbiology (2016) 18(1), 288–301 doi:10.1111/1462-2920.13026

© 2015 Society for Applied Microbiology and John Wiley & Sons Ltd

mailto:baldrian@biomed.cas.cz
mailto:baldrian@biomed.cas.cz


suggest that these changes in rhizodeposition, along with
changing temperature and seasonal litter input, may be
the most important factors affecting microbial community
composition and activity (Kaiser et al., 2010; Kuffner
et al., 2012; Voříšková et al., 2014).

To understand microbial processes in forest ecosys-
tems, it is essential to address the activity of both bacteria
and fungi. Although bacterial biomass is quantitatively
dominant, fungi have been shown to be more important in
decomposition processes and link soil and plant interac-
tions (Baldrian et al., 2012; Štursová et al., 2012). Given
that the bulk of microbial community members have not
yet been cultured, direct analysis of microbial processes
is necessary to link community structure to specific func-
tions and to provide insight into the contribution of indi-
vidual microbial taxa to biogeochemical processes. The
development of metatranscriptomic approaches and high-
throughput sequencing offers the tools to address these
questions. Metatranscriptomics has proven to be well
suited for the identification of functional traits of
various microbial taxa, especially in the oceans (Gilbert
et al., 2010; Shi et al., 2011; Gifford et al., 2013)
where it has successfully been used to demonstrate
seasonal changes in microbial activity (Gilbert et al.,
2010; Hewson et al., 2014; Hollibaugh et al., 2014). Com-
pared with marine environments, the development of soil
metatranscriptomics is much less advanced, mainly due
to the difficulty of obtaining RNA in sufficient amounts and
quality. These limitations, however, have recently been
overcome (Urich et al., 2008), and extracted RNA has
been shown to identify the activity of various microbial
taxa as well as specific genes (Baldrian et al., 2012).
Currently, however, there exist only few published
metatranscriptomic studies on soils (Tveit et al., 2013;
2014; Nacke et al., 2014), and the understanding of soil
functioning based on these studies is still fragmentary.

This work combines metatranscriptomics, microbial
community analysis and enzyme activity measurements
to investigate the influence of seasonality on forest top
soil microbial activity. We investigate two seasons: the
summer peak of plant photosynthetic activity and late
winter with no photosynthate input in soil where we have
previously observed high microbial activity, especially of
fungi (Baldrian et al., 2012). We also explore the extent of
seasonal differences in ecosystem functioning and indi-
cate whether these changes are due to differences in
microbial community composition among seasons, differ-
ential transcription of the microbes, or both. Our over-
arching hypothesis is that observed seasonal differences
in soil microbial activity are driven by changes in the
availability of plant photosynthesis products and conse-
quently that seasonality is soil horizon-specific. In winter,
as decreases in the nutrient supply to root-symbiotic ECM
fungi occur due to absent photosyntate allocation, we

expect that ECM fungi abundance and activity will
decrease. Moreover, because previous studies have
shown that ECM fungi decrease the rates of organic
matter decomposition (Gadgil and Gadgil, 1975; Ekblad
et al., 2013), it can be assumed that winter will be char-
acterized by a relative increase of abundance and activity
of decomposer microorganisms. Further, it was demon-
strated that both fungi and selected bacteria are involved
in decomposition in coniferous forests (Štursová et al.,
2012), and we will specifically investigate the relative con-
tribution of the members of these two groups.

Results

Site and soil properties

Mean annual temperature in the year of sampling was
4.8°C and was the same for air on the soil surface and in
litter and soil. The warmest month was August, with an air
temperature of 13.4°C, litter temperature of 12.3°C and
soil temperature of 12.2°C; the coldest month was Feb-
ruary, with temperatures of −1.1°C, −0.4°C and −0.3°C in
air, litter and soil, respectively (Fig. S1). The temperatures
in litter and soil during the 14 days before sampling were
9.7°C in summer and −0.3 to −0.4°C in winter. Additionally,
the summer sampling time was representative of the peak
of the vegetative season, whereas the soil in winter was
covered by 50 cm of snow for longer than 3 months
(Fig. S1). Despite temperatures being slightly below 0°C
in the winter, the water in litter and soil was never frozen.

Soils were characterized by high content of organic
matter and low pH. The chemical properties of litter and
soil differed dramatically, with the litter horizon containing
significantly more organic matter, as well as nutrients (C,
N and P) and exhibiting slightly but significantly higher pH
and moisture content (Table 1). Litter also contained
approximately twice as much bacterial biomass and
approximately fourfold more fungal biomass than soil. The
activity of all extracellular enzymes was higher in litter
than in soil, with the exception of Mn-peroxidase and
β-xylosidase. Seasonal differences within horizons were
most apparent in the bacterial/fungal rDNA ratio, which
was higher in winter than in summer in both horizons. In
litter, the activity of the endocellulase and ergosterol
content was higher in summer, whereas Mn-peroxidase
activity was higher in winter. In soil, endocellulase activity
was higher in summer, whereas endoxylanase activity
was higher in winter (Table 1).

Composition and activity of the microbial community

Gene-targeted sequencing was performed to characterize
the composition of the soil microbial community (16S
rRNA gene amplicons, DNA) and activity (16S rRNA
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amplicons, RNA). We detected a total of 27 164 bacterial
operational taxonomic units (OTU) with best hits to 1005
genera. Soil biodiversity was observed to be between
4.54 and 5.21 (Shannon index) and evenness between
0.80 and 0.87. DNA and RNA communities from litter were
significantly more diverse than those from soil (P < 0.001),
and RNA-derived communities exhibited higher values of
biodiversity (Shannon index) than those of DNA commu-
nities (P < 0.02; Table S1).

In both DNA- and RNA-derived communities, bacterial
communities were dominated by Proteobacteria, followed
by Acidobacteria and Actinobacteria. Although
Acidobacteria were more abundant in soil, several bacte-
rial taxa, including Actinobacteria, Bacteroidetes,
Betaproteobacteria and Verrucomicrobia, were more
abundant in litter. Bacterial OTUs were more horizon-
specific than fungi, with 83% of the top 42 OTU showing
preferential localization in one horizon. The most abun-
dant bacterial genera in litter were Pseudomonas (7.5% of
all sequences), Beijerinckia (7.2%) and Acidiphila (7.0%).
The soil was especially rich in candidatus Koribacter
(24%), Beijerinckia (6.3%) and Rhodoplanes (6.2%)
(Table S2). Seasonal differences in abundance within
each horizon were limited to a small number of taxa in the
DNA community. Seasonal differences in rRNA content
were more pronounced than in fungi, with 26% and 31%
of genera showing seasonal differences in the litter and
soil respectively (Table S2). Genome count estimates
(based on the total number of associated rRNA
amplicons), ribosome content (rRNA), ribosome produc-
tion (mRNA reads of ribosomal proteins) and total activity

(all mRNA reads) were used as proxies of bacterial com-
munity composition and activity. For example, although
Acidobacteria-associated DNA was common, this bacte-
rial taxon exhibited lower proportions of associated rRNA
content and transcripts. In contrast, Actinobacteria were
associated with a higher share of mRNA reads than of
genomes or ribosomes, whereas Verrucomicrobia were
abundant in DNA and RNA, but mRNA reads assigned to
this phylum were rare (Fig. 1).

Amplicon sequencing of fungal internal transcribed
spacer (ITS) sequences resulted in the identification of a
total of 3942 fungal OTUs, with best hits to 424 genera.
No significant differences were found in fungal OTU diver-
sity between DNA and RNA samples, horizons and
seasons. The species richness was 132–175, the biodi-
versity was 3.29–3.53 (Shannon index) and the evenness
was 0.68–0.70 (Table S1). In both litter and soil, the fungal
community was dominated by the Basidiomycota and
Ascomycota, which represented 87–97% of sequences.
The remaining sequences belonged primarily to the
Mortierellomycotina (2% in litter, 12% in soil). The com-
position of fungal communities in litter and soil differed
substantially, with 20 of 32 of the most abundant fungal
OTU (63%) showing preferential localization in one
horizon. The most abundant fungal genera in litter were
Mycena (18%), Tylospora (16%) and Cladophialophora
(9%), whereas in soil, Russula (17%), Tylospora (13%),
Mortierella (12%) and Piloderma (11%) were the most
abundant (Table S3). Seasonal differences in abundance
within each horizon were limited to a small number of taxa
in both DNA and RNA communities (Table S3). Moderate

Table 1. Characteristics of Picea abies forest litter and soil in summer and winter.

Litter Soil Litter summer Litter winter Soil summer Soil winter

Dry mass (%) 25.3 ± 2.2 35.4 ± 1.8 31.8 ± 1.7 18.9 ± 1.0 36.2 ± 2.9 34.7 ± 2.5
Organic matter (%) 94.6 ± 0.7 60.0 ± 3.6 94.1 ± 1.1 95.0 ± 1.0 64.0 ± 5.3 56.0 ± 4.8
pH 3.4 ± 0.0 3.2 ± 0.1 3.4 ± 0.1 3.4 ± 0.1 3.1 ± 0.1 3.2 ± 0.1
Cox (%) 40.5 ± 0.6 29.7 ± 0.9 40.9 ± 0.5 40.1 ± 1.0 30.0 ± 1.6 29.5 ± 1.0
Ntot (%) 1.8 ± 0.0 1.5 ± 0.1 1.8 ± 0.0 1.7 ± 0.1 1.5 ± 0.1 1.5 ± 0.1
Poxalate (μg g−1) 111 ± 6 69 ± 3 110 ± 9 113 ± 9 72 ± 2 68 ± 5
Bacterial rDNA (108 copies g−1) 6.7 ± 0.6 3.9 ± 0.4 7.6 ± 0.7 5.8 ± 0.9 4.1 ± 0.7 3.6 ± 0.6
Fungal rDNA (106 copies g−1) 35.5 ± 7.7 8.1 ± 1.6 60.6 ± 2.4 10.5 ± 1.5 12.2 ± 1.9 4.0 ± 0.5
B/F ratio 34 ± 7 63 ± 11 13 ± 1 56 ± 4 33 ± 2 92 ± 14
Ergosterol (μg g−1) 164 ± 7 48 ± 3 180 ± 10 147 ± 6 50 ± 5 46 ± 4
Laccase (μmol min−1 g−1) 2.9 ± 0.6 0.5 ± 0.1 3.4 ± 0.9 2.4 ± 0.9 0.7 ± 0.1 0.4 ± 0.2
Mn-peroxidase (μmol min−1 g−1) 0.2 ± 0.1 0.4 ± 0.2 0.1 ± 0.1 0.4 ± 0.1 0.6 ± 0.4 0.2 ± 0.1
Endocellulase (μmol min−1 g−1) 13.5 ± 1.5 7.4 ± 0.6 16.7 ± 2.2 10.4 ± 1.2 9.0 ± 0.6 5.9 ± 0.4
Endoxylanase (μmol min−1 g−1) 13.6 ± 1.3 4.5 ± 1.0 12.8 ± 2.0 14.4 ± 1.8 1.4 ± 0.4 7.7 ± 0.4
Exocellulase (μmol min−1 g−1) 10.6 ± 2.0 3.7 ± 0.6 11.8 ± 2.5 9.5 ± 3.1 4.1 ± 1.2 3.2 ± 0.5
β-glucosidase (μmol min−1 g−1) 34.5 ± 4.0 12.8 ± 1.2 34.6 ± 5.5 34.4 ± 6.5 12.4 ± 1.4 13.3 ± 1.9
β-xylosidase (μmol min−1 g−1) 6.9 ± 0.6 8.6 ± 0.8 6.9 ± 1.0 7.0 ± 0.8 8.0 ± 1.2 9.2 ± 1.2
β-galacturonidase (μmol min−1 g−1) 1.7 ± 0.2 0.5 ± 0.1 1.8 ± 0.2 1.6 ± 0.3 0.5 ± 0.1 0.4 ± 0.2
α-glucosidase (μmol min−1 g−1) 4.0 ± 0.4 1.7 ± 0.3 4.1 ± 0.8 3.9 ± 0.2 1.9 ± 0.4 1.5 ± 0.4
N-acetylglucosaminidase (μmol min−1 g−1) 6.9 ± 0.4 1.4 ± 0.3 6.6 ± 0.7 7.2 ± 0.3 1.6 ± 0.4 1.2 ± 0.4
Lipase (μmol min−1 g−1) 257 ± 12 159 ± 12 251 ± 20 263 ± 14 152 ± 16 165 ± 18
Phosphomonoesterase (μmol min−1 g−1) 105 ± 4 47 ± 4 103 ± 7 106 ± 4 48 ± 7 47 ± 4

The data represent the means and standard errors of six replicates for each horizon and season (horizon averages are based on data from both
summer and winter). Significant differences (P < 0.05) among horizons and among seasons within each horizon are indicated in bold script.
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seasonal differences were observable in the active RNA
community (Fig. 1), such as a decrease of the Boletales
and increase of the Russulales in soil during the winter.
The DNA and RNA abundances frequently coincided,
especially in soil: 30 of 39 dominant OTU in soil (77%) and
24 of 39 OTU in litter (62%) showed higher abundance in
DNA and RNA in the same season.

The fungal community was significantly more variable
than the bacterial community within the study area. The
Bray–Curtis similarity values of community composition
among the six study sites were similar in litter and soil,
ranging from 0.48 to 0.60 in fungi and from 0.80 to 0.87 in
bacteria. The difference in activity of bacterial and fungal
genera between summer and winter were analysed by
comparing the abundance ratios of RNA/DNA. Generally,
for both bacteria and fungi, soil showed substantially
higher differences in activity among seasons than did
litter. Contrary to our hypothesis, ECM fungi did not show
RNA enrichment in summer. Interestingly, all abundant
soil Actinobacteria showed higher RNA/DNA ratios in
winter (Fig. S2).

Microbial mRNA transcription in litter and soil

Metatranscriptomes were also obtained from the study
site, providing broader insights for comparisons of
expressed functions between horizons and seasons.
Features identified as microbial (i.e., those assigned to
either bacteria, fungi or archaea) represented a vast
majority (83.4%) of annotated contigs. Of the other
contigs, most had hits to the Streptophyta (4.2%),
Arthropoda (3.7%), Nematoda (0.8%) and Chlorophyta
(0.4%), whereas contigs identified as viral represented
0.2%. Overall, a total of 17 552 species were identified in
assembled contigs. The contribution of microbial taxa to
transcription differed widely between horizons. In litter,
69.9% of microbial transcripts were assigned to fungi,
28.9% to bacteria and 1.1% to archaea. However, in the
soil, bacterial transcripts dominated at 74.1%, whereas
fungal transcripts made up 24.6% and archaeal 1.3% of
the total (Fig. 2A). The fraction of reads with functional
classification associated with bacteria was high (72%)
compared with those of archaea (26%) and fungi (only
19%).

The transcription profiles of selected microbial groups
(Archaea, Fungi, Acidobacteria, Actinobacteria, Bacteroi-
detes, Cyanobacteria, Firmicutes and Proteobacteria) at
level 3 of the Kyoto Encyclopedia of Genes and Genomes
(KEGG) classification database were taxon-specific and
differed significantly between all pairs of taxa (P < 0.003,
analysis of similarities (ANOSIM) on Bray–Curtis distances
with 9999 permutations). Fungal and archaeal transcrip-
tion profiles also clearly separated from the bacterial tran-
scription profiles (non-metric multidimensional scaling

(NMDS); Fig. 2B). There were processes strongly domi-
nated by bacteria (e.g., metabolism of terpenoids and
polyketides), as well as those with a strong involvement of
fungi, such as glycan biosynthesis and lipid metabolism
(Fig. 2C). To evaluate phyla-specific processes (e.g., con-
tribution of Cyanobacteria to photosynthesis), the total
transcripts involved in a specific process (e.g.,
Cyanobacteria-associated photosynthesis transcripts)
was compared with total transcripts associated with a
specific phyla (e.g., all Cyanobacteria-associated tran-
scripts). Broadly, specific taxa were observed to be highly
enriched for group-specific processes (Table 2).

Comparing the transcripts between horizons, there was
a significant difference between litter and soil in the rela-
tive abundance of observed functional assignments
(P = 0.0003, ANOSIM on Bray–Curtis distances with 9999
permutations on KEGG level 3). Reads belonging to 132
out of 178 functional KEGG categories (74.1%) were
observed to be significantly different in abundances
between litter and soil (Table S4). The most highly
expressed KEGG categories in litter relative to soil were
ribosome (+45% compared with soil), fatty acid
biosynthesis (+277%), starch and sucrose metabolism
(+105%), protein processing in endoplasmic reticulum
(+145%), RNA transport (+135%) and proteasome
(+201%). In soil, significantly higher expression was
recorded for oxidative phosphorylation (+57%), ATP-
binding casette (ABC) transporters (+97%), glycolysis/
gluconeogenesis (+29%), aminoacyl tRNA biosynthesis
(+76%), purine metabolism (+67%) and pentose phos-
phate pathway (+67%) (Tables S5 and S6). Transcript
abundances associated with all microbial phyla, with the
exception of Archaea, were also significantly different
between litter and soil (P < 0.0011, ANOSIM on Bray–
Curtis distances with 9999 permutations). Together, the
observed contrasting transcription abundance profiles
between these two horizons suggest differences in their
metabolism.

Seasonality of microbial transcription

In addition to the differences in transcription profiles
among horizons, significant differences among transcrip-
tion across seasons were also observed at this study site.
Considering the taxonomic classification of reads, sea-
sonality was much more pronounced in the soil, where the
share of fungal transcripts was 33.4% in summer and
only 15.7% in winter. Additionally, transcripts from
Actinobacteria, Planctomycetes and Proteobacteria were
significantly more frequent in summer, whereas those of
the Bacteroidetes and Chlorobi were more than twofold
higher in winter. In litter, only Proteobacteria and Chlorobi
showed significantly different transcript abundances
between summer and winter (Fig. 2A; Table S4).
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Functions associated with transcripts in litter and soil
were also observed to be significantly different between
summer and winter (P < 0.005, ANOSIM on Bray–Curtis
distances with 9999 permutations, KEGG level 3). In litter,
26 functional KEGG categories (14.6%) were identified to
be differentially expressed between seasons, including
the two-component system (+60% in summer compared
with winter), valine, leucine and isoleucine degradation
(+66% in summer), phenylalanine metabolism (+293% in

summer), RNA degradation (+65% in winter), proteasome
(+88% in winter) and lysosome (+77% in winter). In soil,
24 categories (13.5%) showed differential expression
between seasons, including valine, leucine and isoleucine
degradation (+39% in summer), phenylalanine metabo-
lism (+113% in summer) and proteasome (+92% in
summer) (Tables S5 and S6). The seasonal differences in
transcript functional profiles in soil were also significant
within each single phylum of microbes except Archaea
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(P < 0.018, ANOSIM on Bray–Curtis distances with 9999
permutations, KEGG level 3), and in litter for all except
Bacteroidetes and Cyanobacteria. The share of KEGG
categories responding to seasonality was 2–10% in litter
and 10–29% in soil. In Acidobacteria, Proteobacteria and

Fungi, more than 20% of KEGG groups in soil showed
significant seasonal trends.

We also identified representative assembled contigs
from the transcriptome that were broadly present in our
study area. This core metatranscriptome, defined as
those contigs that represented > 0.001% of total transcrip-
tion in each microbial domain (Archaea, Bacteria, Fungi)
and that were observed in at least five samples from litter
or from soil, had contrasting expressions in between hori-
zons and seasons. The difference in relative transcription
among seasons was at least 3-fold for 28–50% of the core
contigs and at least 10-fold for 5–21% of the core contigs.
More season-responding transcripts were found in soil
than in litter for all domains (Fig. 3).

As root photosynthate allocation only occurs during the
growing season, we expected that the abundance and
activity of mycorrhizal fungi, depending on photosynthesis-
derived carbon, will decrease between summer and winter.
Based on the relative abundance of fungal ITS sequences
belonging to mycorrhizal taxa in litter, we observed that this
group was slightly but not significantly smaller in winter
than in summer (46% and 51%), and the same was found
for ITS transcripts (46% and 53%). In soil, the DNA and
RNA abundance of mycorrhizal ITS sequences was not
significantly different between seasons and was approxi-
mately 78–80%. Individual ECM, however, showed distinct
seasonal patterns of abundance and activity that in some
cases largely increased (Russula) and in other cases
decreased (Xerocomus, Amanita) in winter in both hori-
zons. Further, significant decrease in β-tubulin transcripts
of Basidiomycota relative to those assigned to other fungi
was observed from summer to winter; they represented
73.5 ± 3.6% in litter in summer, 57.1 ± 6.3% in winter,

Table 2. Selected processes in the Picea abies forest litter and soil
where the contribution of microbial taxa to transcription (percentage
of all reads assigned to each process) highly exceeds their contribu-
tion to general transcription.

Archaea Arginine and proline metabolism (5.6%)
N-glycan biosynthesis (3.2%)
Chemotaxis (3.0%)

Fungi Steroid biosynthesis (92%)
Biosynthesis of various n-glycans (> 78%)
Phenylalanine metabolism (70%)
Fatty acid biosynthesis (62%)
Starch and sucrose metabolism (52%)
Amino sugar and nucleotide sugar metabolism

(50%)
Acidobacteria Synthesis of sesquiterpenes, triterpenes,

flavonoids and carotenoids (> 60%)
Fatty acid metabolism (43%)

Actinobacteria Synthesis of type II polyketides (100%)
Synthesis of macrolides (93%)
Glycolysis/gluconeogenesis (29%)

Bacteroidetes Biosynthesis of linoleic acid (62%)
Metabolism of pyruvate, biotin and lipoic acid

(> 19%)
Prokaryotic C fixation (13%)

Cyanobacteria Photosynthesis (80%)
Photosynthetic C fixation (34%)
Pentose phosphate pathway (9%)

Firmicutes Methane metabolism (52%)
Siderophore biosynthesis (23%)
Cysteine and methionine metabolism (19%)

Proteobacteria Steroid hormone biosynthesis (87%)
Tetracycline biosynthesis (73%)
Steroid degradation (69%)
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No change
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Summer only

Archaea                      Bacteria                        Fungi

Fig. 3. The share of transcripts of Archaea,
Bacteria and Fungi and of transcripts related
to genes involved in the ectomycorrhizal
symbiosis between summer and winter in the
Picea abies forest litter and soil. The data
represent the means of six replicates for each
horizon. 3×, 5× and 10× indicate fold-change
of transcript abundance among seasons.
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83.4 ± 3.7% in soil in summer and 70.0 ± 2.5% in winter.
The bulk of the remaining sequences belonged to the
Ascomycota, with other fungi representing < 2.5% of tran-
scripts. This may be due to the relative decrease in the
transcription of the plant root-symbiotic ECM taxa because
most of them belonged to the Basidiomycota.

To assess the seasonality of transcription of genes
specific to mycorrhizal fungi, transcripts with high simi-
larity to those induced during mycorrhizal symbiosis of
Laccaria laccata with a plant host were identified. From
a total of 19 969 of such putative ECM transcripts,
27.9% did not show difference in relative expression
between seasons, whereas 51.4% showed expression
exclusively in summer and another 7.2% showed a more
than threefold increase in relative expression in summer.
In contrast, only 1.5% and 12.0% of contigs were
exclusively transcribed or increased in winter (Fig. 3)
respectively.

Oxygen limitation has previously been reported as a
major driver of soil activity in soils under snowpack
(Robinson, 2001). In order to explore whether such anoxic
conditions developed in our study area, we compared the
relative summer and winter abundance of transcripts
assigned to enzyme classes in anaerobic respiration, fer-
mentation and fermentative pathways. These pathways
included nitrate reduction, nitric and nitrous oxide
reduction, sulphate reduction, homoacetogenesis,
methanogenesis and synthesis of fermentation products.
We observed no significant differences in transcripts
associated with these functions between seasons, sug-
gesting that seasonal oxygen limitation does not take
place. Between soil and litter, however, we did observe
higher abundance of anaerobic pathways in the soil com-
pared with litter, suggesting that anaerobic niches may be
present and influence microbial activity.

Discussion

Microbial transcription in forest litter and soil

Unlike many other soils, the soils of coniferous forests
are unique in that they contain a high amount of fungal
biomass in the soil, where root-symbiotic fungi prolifer-
ate because of their access to plant-produced C (Lindahl
et al., 2007; Clemmensen et al., 2013). The litter of
these soils also contains recalcitrant organic polymers
that can be efficiently decomposed primarily by
saprotrophic fungi (de Boer et al., 2005; Štursová et al.,
2012). In this study, we show that not only are these
soils characterized by high diversity of both fungi and
bacteria, consistent with previous results (Baldrian et al.,
2012), but also high metabolic diversity. The soil
metatranscriptome identified over 4.6 million unique
protein predictions in its assembled contigs. Assuming
that a thousand expressed proteins are present in a

single bacterial genome, this result suggests that thou-
sands of microbial species are transcriptionally active at
the same time.

Within these soils, a high proportion of assigned reads
belonged to fungi, especially in the litter (Fig. 2). This
result is much higher than previous estimates in both
grassland and forest soils, where more than 90%
sequences were assigned to bacteria and only 4% and
0.5% were fungal or archaeal respectively (Nacke et al.,
2014). The values observed here provide evidence to
the importance of fungi in the functioning of the conifer-
ous forest ecosystems (Fig. 2) and are consistent with
other forest soil eukaryotic metatranscriptomes (Bailly
et al., 2007; Damon et al., 2012; Takasaki et al., 2013),
where fungal reads were found to dominate among
those of the eukaryota. In general, it is more challenging
to reliably annotate fungal sequences relative to those of
bacterial origin because of the lack of available refer-
ence genomes and performance of annotation tools
(Meyer et al., 2008). For example, it is challenging even
to distinguish the genes of the Ascomycota and the
Basidiomycota, the two most abundant fungal divisions.
Despite these challenges, this study demonstrates that
metatranscriptomics can provide insight into contrasting
fungal and bacterial dynamics between soil horizons and
seasons.

Forest topsoils have been previously demonstrated to
exhibit vertical stratification of composition resulting from
the different processes in litter and soil, as well as the
stratification of organic matter in soil. This study confirms
the differences in enzyme activities, microbial biomass
and community composition previously observed with
the decreasing content of bacterial and fungal biomass
and increasing content of ECM with depth (Lindahl et al.,
2007; Baldrian et al., 2012; Clemmensen et al., 2013;
Voříšková et al., 2014). Metabolic potential has also
been observed with metagenomics in the soil horizons
of a Picea abies forest (Uroz et al., 2013). This study
extends these observations beyond microbial structure
and gene potential to the functional level. We found that
as many as 74% of functions were differentially
expressed between horizons. In litter, this activity was
dominated by fungi, whereas in soil, bacteria dominated.
Increased synthesis of ribosomal proteins in litter sug-
gests more active metabolism in this horizon, along with
increased share of starch and sucrose metabolism
(+105% compared with soil) suggesting higher produc-
tion of decomposition-related enzymes. Differences in
microbial transcription among soils from various depths
has also been previously observed in Svalbard peat
soils, but this environment is quite different and is also
characterized by low fungal biomass and oxygen limita-
tion (Tveit et al., 2013; 2014), which our soils did not
have.
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Seasonal changes of microbial activity

Microbial communities in forest ecosystems were also
demonstrated to change across seasons, likely due to
seasonality of photosynthesis. In a deciduous temperate
forest, the fungal community in litter exhibits profound
seasonal changes: saprotrophic taxa reach their seasonal
maxima on freshly fallen litter in autumn, whereas
summer typically is characterized by the highest abun-
dance of ectomycorrhizal taxa (Baldrian et al., 2013;
Voříšková et al., 2014). In deeper soils, less change in
fungal community composition is likely, but trends for
minimum biomass in winter and peaks in summer are
most likely due to rhizodeposition (Voříšková et al., 2014).
Consistent with previous results (Baldrian et al., 2013),
our soils did not exhibit differences in the fungal/bacterial
biomass across seasons. Within the bacteria domain,
only Actinobacteria exhibited seasonal changes in abun-
dance in a forest soil while other groups did not (Kuffner
et al., 2012). Broadly, community profiles of both soil DNA
and RNA were largely consistent across seasons (Fig. 1).
The seasonal changes in the activity of individual micro-
bial species (RNA/DNA of OTUs) were much more pro-
nounced in soil compared with litter (Fig. S2), with soil
also exhibiting a higher share of functional categories with
seasonal differences in expression (Figs 2 and 3). The
increase of RNA degradation, proteasome and lysosome-
related transcripts suggest reduced microbial biomass
and activity in winter. Interestingly, we observed no reduc-
tion in the amount of bacterial biomass (16S) or that of
fungal biomass (ergosterol) during the winter. Seasonal
differences in soil dynamics could be the result of both
changes in the abundance of microbial taxa as well as
expression of transcribed functions. We also observed
significant differences in genes expressed between
seasons that exhibited very high sequence similarity
(E < 10−100) to the genome of Solibacter usitatus, support-
ing the idea that even individual microbial species change
the repertoire of their transcribed genes among seasons.

Seasonal differences in the contribution of microbial
groups to transcription were most markedly demonstrated
in the soil relative to litter, where the share of fungal
transcripts was 33.4% in summer but only 15.7% in winter.
This corresponded to an observed increase in bacterial/
fungal rRNA ratios in winter. No difference in total fungal
biomass (ergosterol) was recorded between seasons, sug-
gesting that possibly only the active part of fungal mycelial
structures may be reduced during the winter. Because
fungi are reported to be more abundant in the rhizosphere
than in bulk soils (Turner et al., 2013), the seasonality of
root processes that take place in soil and not in litter, such
as the rhizodeposition of photosynthetically fixed C, may
plausibly explain the decrease of fungal activity in winter
where the system is dominated by ECM fungi. This result

would be consistent with our observations that there is no
significant difference in the relative amount of mycorrhizal
fungi, but their activity in winter is reduced significantly.
In the summer, we observed increases in the activity of
genes associated with Ectomycorrhiza-specific transcripts
(> 50% genes exclusively transcribed in that season;
Fig. 3) as well as increased activity of Basidiomycota
(which are mostly ECM), espsecially its housekeeping
gene for β-tubulin. The higher ECM activity in summer was
also accompanied by the increase of abundance of
Planctomycetes, which were previously reported in asso-
ciation with functioning ECM hyphal networks (Lindahl
et al., 2010), and higher activity of selected bacterial taxa
that harbour mycorrhiza-helper bacteria such as
Burkholderia spp., Streptomyces spp. or Sphingomonas
wittichii (Churchland and Grayston, 2014).

The observed reduction of ECM activity in winter should
theoretically decrease their inhibitory effects on decompo-
sition of organic matter (Ekblad et al., 2013) and conse-
quently lead to increased abundance of extracellular
enzymes. Contrary to this expectation, enzymes in our soil
did not show differences in activity between seasons.
Reports from other deciduous forests are so far inconclu-
sive, with some studies showing seasonality of enzymatic
processes (Kaiser et al., 2010; Voříšková et al., 2014) and
others observing no significance between seasons
(Baldrian et al., 2013). Considering the temperature
dependence of activity (Baldrian et al., 2013), the rates of
enzymatic processes are likely to be higher in summer,
supported by results from a recent study from another
Picea abies forest where enzyme activity decreased with
the reduction of C allocation by tree roots belowground
(Štursová et al., 2014). Our results suggest that activity of
enzymes involved in decomposition is promoted by the
availability of simple C compounds, which is higher in
summer. Our study has also excluded the possible oxygen
limitation in unfrozen soil below deep snowpack in winter.

This paper provides the first comprehensive analysis of
the seasonality of soil transcription that indicates contrast-
ing dynamics in soil function both between litter and soils
as well as between seasons. We find that the microbial
community composition in soil of a coniferous forest, par-
ticularly on the DNA level, is quite stable, but that there
are profound changes in microbial transcription across
seasons. Most importantly, fungal contribution to total
microbial transcription decreases in winter, especially in
soil. Plant photosynthetic production seems to be the
major driver of seasonality in the studied ecosystem
because the activity of ECM fungi that are dependent on
this process is highly affected. The results also indicate
that the widely used DNA-based community surveys or
metagenome analyses may represent less dynamic
picture of studied ecosystems and to be thus inferior to
the metatranscriptomic approaches in describing the
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ecosystem functioning. Despite the potential of
metatranscriptomics to reveal the dynamics of soil func-
tioning, the results of this method should be in the future
verified by complementary approaches, such as, for
example, metaproteomics, metabolomics or direct iso-
topic labelling.

Experimental procedures

Study area, sample collection and characterization

The study area was located at high altitudes (1170–1200 m)
of the Bohemian Forest mountain range (Central Europe;
49°02 N, 13°37 E) and was covered by an unmanaged
Norway spruce (Picea abies) forest. The mean annual tem-
perature was 5°C, and the mean annual precipitation was
1000 mm. The understory was either missing or composed of
grasses (Avenella, Calamagrostis), bilberries (Vaccinium),
mosses and ferns. The same study area was explored pre-
viously to identify the total and active microbial communities
(Baldrian et al., 2012). Samples were collected on 24 July
2012 (summer, the peak of the vegetation period) and on 27
March 2013 (late winter, under a 50 cm snowpack after a long
period of constant environmental conditions with uniform
temperature and lack of daylight due to snow cover; Fig. S1).
At six sites, located approximately 250 m from each other,
eight soil cores (4.5 cm diameter) were collected from around
the circumference of a 3 m diameter circle. Litter horizon (L,
2–4 cm) and organic soil horizon (S, 3–6 cm) materials were
separately pooled within each site. After removal of roots, L
material was cut into 0.5 cm pieces and mixed, whereas S
material was passed through a 5 mm sterile mesh and mixed.
A total of 24 samples were collected (6 sites × two
seasons × 2 horizons). Soil and litter samples were immedi-
ately frozen in liquid nitrogen and stored on dry ice. Samples
for nucleic acid extraction were stored at −80°C, samples for
ergosterol quantification, chemical analysis and enzyme
activity measurements were freeze-dried and stored at
−45°C. Enzyme assays were performed in soil homogenates
(Štursová and Baldrian, 2011).

Dry mass content was measured as a loss of mass during
freeze-drying, organic matter content was measured after
combustion at 650°C and pH was measured in distilled water
(1:10). Soil C, N and extractable P content was measured in
an external laboratory. Total ergosterol was extracted with
10% KOH in methanol and analysed by high-performance
liquid chromatography (Šnajdr et al., 2008). Air temperature
and soil temperatures at 2 cm and 5 cm depths were
recorded hourly from 1 July 2012 until 30 June 2013 at all
sampling sites.

Extraction and analysis of environmental RNA and DNA

For the metatranscriptome analysis, RNA was extracted using
the RNA PowerSoil Total RNA Isolation Kit (MoBio Laborato-
ries) combined with the OneStep PCR Inhibitor Removal Kit
(ZymoResearch). Three aliquots (3 × 1 g of material) were
extracted per sample. Triplicate RNA extracts were pooled,
and RNA was purified using the RNA Clean and Concentrator
Kit (ZymoResearch) on a column treated with DNase I

(Fermentas) according to manufacturer’s instructions. This
product was checked for quality (RNA integrity number) and
length distribution on an Agilent 2100 Bionalyser (Agilent
Technologies).Approximately 1 μg of RNAwas treated with an
equimolar mixture of RiboZero rRNA Removal Kits Human-
Mouse-Rat and Bacteria (Epicentre) to remove both
prokaryotic and eukaryotic rRNA. rRNA removal was checked
on an Agilent 2100 Bionalyser. A total of 50 ng of treated RNA
served as the input for the ScriptSeq v2 RNA-Seq Library
Preparation Kit (Epicentre), and the library size-distribution
was re-checked on an Agilent 2100 Bionalyser (Agilent Tech-
nologies). Libraries were sequenced on an ILLUMINA

HISEQ2000 at the Argonne National Laboratory, USA, to gen-
erate 150-base paired-end reads.

To analyse microbial community composition, 1 μg of total
RNA was reverse transcribed using SUPERSCRIPT III REVERSE

TRANSCRIPTASE (Life Technologies) using random hexamer
primers. Total DNA was extracted in triplicate from all
samples using a modified Miller method (Sagova-Mareckova
et al., 2008) and cleaned with a Geneclean Turbo Kit (MP
Biomedicals). Bacterial and fungal rDNAs were quantified by
quantitative polymerase chain reaction (qPCR) using the
1108f and 1132r primers for bacteria (Wilmotte et al., 1993;
Amann et al., 1995) and the FR1/FF390 primers for fungi
(Prévost-Bouré et al., 2011).

For the microbial community analysis, PCR amplification of
the fungal ITS2 region from DNA and cDNA was performed
using barcoded gITS7 and ITS4 (Ihrmark et al., 2012) in three
PCR reactions per sample. PCR reactions contained 2.5 μl of
10× buffer for DyNAzyme DNA Polymerase, 0.75 μl of BSA
(20 mg ml−1), 1 μl of each primer (0.01 mM), 0.5 μl of PCR
Nucleotide Mix (10 mM each), 0.75 μl polymerase (2 U μl−1

DyNAZyme II DNA polymerase 1: 24 Pfu DNA polymerase)
and 1 μl of template DNA or cDNA. Cycling conditions were
94°C for 5 min, 35 cycles of 94°C for 1 min, 62°C for 1 min,
and 72°C for 1 min, and a final extension at 72°C for 10 min.
The V4 region of bacterial 16S rRNA was amplified using the
barcoded primers 515F and 806R (Argonne National Labo-
ratory) as described previously (Caporaso et al., 2012).
Sequencing of fungal and bacterial amplicons was performed
on ILLUMINA MISEQ.

Sequence data processing and analysis

The amplicon sequencing data were processed using the
pipeline SEED 1.2.1 (Větrovský and Baldrian, 2013a). Briefly,
pair-end reads were merged using FASTQ-join (Aronesty,
2013). Whole amplicons were processed for bacterial 16S,
whereas the ITS2 region was extracted using ITS EXTRACTOR

1.0.8 (Nilsson et al., 2010) before processing. Chimeric
sequences were detected using USEARCH 7.0.1090 (Edgar,
2010) and deleted, and sequences were clustered using
UPARSE implemented within USEARCH (Edgar, 2013) at a 97%
similarity level. Consensus Sequences were constructed for
each cluster, and the closest hits at a genus or species level
were identified using BLASTn against the Ribosomal Database
Project (Cole et al., 2014) and Genbank databases (for bac-
teria) or UNITE (Koljalg et al., 2013) and GenBank for fungi.
Sequences identified as nonbacterial or nonfungal were dis-
carded. From 16S rRNA in DNA, bacterial genome count
estimates were calculated based on the 16S copy numbers in
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the closest available sequenced genome as described pre-
viously (Větrovský and Baldrian, 2013b). Sequence data
have been deposited in the metagenomics Rapid Annotation
using Subsystem Technology (MG RAST) public database
(Meyer et al., 2008), data set number 4603354.3 for bacteria
and 4603355.3for fungi). Shannon–Wiener Index, species
richness and evenness were calculated for 1250 randomly
chosen sequences per sample. The pipeline SEED 1.2.1
(Větrovský and Baldrian, 2013a) was used for data pre-
processing and diversity calculations.

Metatranscriptome reads were quality trimmed by remov-
ing adapters with Trimmomatic (v 0.27) using ILLUMINA

TRUSEQ2-PE adapters with a seed mismatch threshold, pal-
indrome clip threshold, and simple clip threshold set at 2, 30,
and 10 respectively (Bolger et al., 2014). Furthermore,
sequencing reads were filtered by base call quality using
the FASTX-TOOLKIT (http://hannonlab.cshl.edu/fastx_toolkit/
index.html), specifically fastq_quality_filter, with the following
parameters: −Q33 −q 30 −p 50. Resulting sequences were
normalized using methods previously described in (Pell et al.,
2012; Howe et al., 2014) and Khmer (v 0.7.1) and command
normalise-by-median.py with the following parameters: −k 20
−C 20 −N 4 −x 50e9. Next, errors were trimmed by removing
low abundance fragments of high coverage reads with Khmer
and command filter-abund.py −V. The paired-end assembly
of the remaining reads was performed with the VELVET ASSEM-
BLER (v 1.2.10, -exp_cov auto -cov_cutoff auto -scaffolding
no; Zerbino and Birney, 2008) using odd k-mer lengths
ranging from 33 to 63. Resulting assembled contigs were
merged using CD-HIT v4.6 (Li and Godzik, 2006; Fu et al.,
2012) and MINIMUS2 AMOS v3.1.0 (Sommer et al., 2007).
Broadly, protocols for this metatranscriptome assembly
can be found at https://khmer-protocols.readthedocs.org/en/
latest/mrnaseq/index.html. Sequence data of all contig
sequences have been deposited in the MG RAST data set
number 4544233.3).

Contig annotation was performed in MG RAST with an E
value threshold of 10−4 while also considering the representa-
tive hit option (i.e., single best annotation for each feature).
For contigs where multiple KEGG categories were assigned
(< 2%), all categories were counted as additional hits.
Anoxia-induced reads were classified as those belonging to
corresponding functions defined by Tveit and colleagues
(2013). Transcripts of the putative mycorrhiza-related genes
were identified as those contigs giving TBLASTX hits with E
values of < 10−50 to those genes of Laccaria bicolor, prefer-
entially expressed in mycorrhizal symbiosis compared with
free mycelial growth (Larsen et al., 2010; Kohler et al., 2015).
Because reliable assignment of most fungal transcripts to
divisions (such as Ascomycota or Basidiomycota) was not
possible, the relative contribution of fungal divisions to tran-
scription was quantified based on the abundance of tran-
scripts of β-tubulin, a housekeeping gene whose sequences
can be reliably assigned thanks to sufficient coverage in
GenBank (Begerow et al., 2010).

For the metatranscriptomic data, individual sequence reads
from each sample were mapped onto contigs using BOWTIE 2.2.1
(Langmead et al., 2009) with the default settings of: end-to-end
alignment – sensitive. The mapping was used to calculate
transcript abundance, and data were expressed as: per base
coverage = read count × read length / contig length. Abun-

dances were always reported as normalized values, i.e., shares
of all transcripts in given sample, or, where indicated, shares of
all transcripts of a selected microbial taxon. For the analysis of
functional features, such as the KEGG categories (cf. Table S6),
only those contigs belonging to archaea, bacteria and fungi and
belonging to cellular processes, environmental information pro-
cessing, genetic information processing and metabolism at the
KEGG level 1 were considered.

Sequencing yielded 674 × 106 reads (28 × 106 ± 3 × 106

reads per sample) that were assembled into 4 522 875
contigs over 200 bases, including 645 342 contigs over 500
bases and 98 246 over 1000 bases (mean length was 362
bases). The longest contig had a length of 33 888 bases.
Protein prediction yielded a total of 4 662 356 predicted
coding regions, of which 1 859 087 (39.9%) have been
assigned an annotation. A total of 1 311 357 features (70.5%
of annotated features, 28.1% of all features) were assigned to
functional categories. In terms of reads, 327 × 106 reads
(48.5%) mapped to contigs. Of the mapped reads, 24% had
hits to contigs annotated with taxonomy, and 13.4% to contigs
annotated with both taxonomy and function.

Statistical analysis

STATISTICA 7 (Statsoft, USA) or PAST 3.03 (http://folk.uio.no/
ohammer/past/) were used for statistical analysis. Bray–
Curtis distance was used as a metric of similarity between
samples. Differences in soil variables were tested using
ANOVA, and differences in relative abundances of individual
features (transcripts or microbial taxa) were tested using the
Mann–Whitney U-test, which assumes the measurements on
a rank-order scale but does not assume normality of data.
ANOSIM on Bray–Curtis distances was used for the analysis
of differences among communities or transcript pools. Differ-
ences at P < 0.05 were considered to be statistically signifi-
cant. NMDS on Bray–Curtis distances was used to visualize
differences among the transcription profiles of microbial taxa.
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Fig. S1. Daily mean air and soil temperatures in the Picea
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Fig. S2. The ratio of sequences of the most abundant fungal
and bacterial genera derived from RNA and DNA in the Picea
abies forest litter and soil in summer and winter. Bacterial
RNA/DNA ratio was calculated as a ratio of 16S rRNA (ribo-
somes) and bacterial genome counts estimated by 16S
sequencing. Fungal RNA/DNA ratio represents the ratio of
the ITS2 sequence abundance in PCR amplicons derived
from RNA (transcripts leading to rRNA synthesis) and DNA
(rDNA copies).
Table S1. Diversity of bacterial and fungal rDNA and rRNA
sequences obtained from Picea abies forest litter and soil.
The data were obtained for a sampling depth of 1250
sequences per sample and represent means and standard
errors. Significant differences are indicated by different letters
(Mann–Whitney U-test, P < 0.05).
Table S2. Overview of the abundance of bacterial taxa in a
Picea abies forest litter and soil in summer and winter
(mean abundance > 0.5%) based on 16S amplicon
sequencing. The data are means of data from six sites and
represent estimated relative abundances of bacterial
genome counts (for DNA) or rRNA molecules (for
RNA). Statistically significant differences in abundance
between horizons or between seasons within a horizon
are indicated in bold script. Bacterial phyla/classes:
Aci – Acidobacteria, Act – Actinobacteria, Alp –
Alphaproteobacteria, Arm – Armatimonadetes, Bac –
Bacteroidetes, Bet – Betaproteobacteria, Del – Deltapro-
teobacteria, Fir – Firmicutes, Gam – Gammaproteobacteria,
Pla – Planctomycetes, Ver – Verrucomicrobia.
Table S3. Overview of the abundance of fungal taxa in a
Picea abies forest litter and soil in summer and winter (mean

abundance > 0.5%) based on ITS amplicon sequencing. The
data are means of data from six sites and represent relative
abundances of ITS2 sequences derived from DNA and RNA
respectively. Statistically significant differences in abundance
between horizons or between seasons within a horizon are
indicated in bold script. Fungal divisions/subdivisions: A –
Ascomycota, B – Basidiomycota, M – Mortierellomycotina;
ecology: ECM – ectomycorrhizal, ERM – ericoid mycorrhizal,
SAP – nonmycorrhizal.
Table S4. Assignment to metatranscriptomic contigs and
reads from Picea abies forest litter and soil to microbial taxa.
The data represent means and standard errors of six repli-
cates for each horizon and season. Differences among pairs
of treatments were tested for statistical significance using
Mann–Whitney U-test, differences at P < 0.05 are indicated
in bold script. Relative contributions of fungi, archaea and
bacteria are expressed as a share of all microbial reads,
relative contributions of bacterial phyla as a share of all
bacterial reads.
Table S5. Relative abundance KEGG all reads: Assignment
of identified metatranscriptomic reads from the Picea abies
litter and soil to KEGG classes. The data represent means of
six replicated sites per horizon and season. Differences
among pairs of treatments were tested for statistical signifi-
cance using Mann–Whitney U-test, differences at P < 0.05
are indicated in bold script.
Table S6. KEGGs all samples: Assignment of identified
metatranscriptomic reads from the Picea abies litter and soil
to KEGG classes for all samples. Abbreviations: LS – litter
summer, LW – litter winter, SS – soil summer, SW – soil
winter, numbers indicate sampling sites.
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2 
 

Abstract 18 

 19 

Background: Evergreen coniferous forests contain high stocks of organic matter. Significant carbon 20 

transformations occur in these ecosystems, making them important for the global C cycle. Due to 21 

different organic matter content and in the seasonal allocation of photosynthates to roots, carbon 22 

availability in litter and soil changes seasonally. The aim of this paper was to describe the seasonal 23 

differences in C source utilization and the involvement of various members of soil microbiome in this 24 

process.  25 

Results: Here, we show that microorganisms in topsoil encode a diverse set of carbohydrate active 26 

enzymes, including glycoside hydrolases and auxiliary enzymes. Fungi strongly dominated the 27 

transcription in litter and an equal contribution of bacteria and fungi was found in soil. In each 28 

enzyme family, hundreds to thousands genes were typically transcribed simultaneously. The turnover 29 

of microbial biomass appeared to be faster in summer than in winter, due to high activity of 30 

chitinases and lysozyme, indicating fast growth in both litter and soil. While the transcription of 31 

genes coding for enzymes degrading reserve compounds, such as plant starch or fungal trehalose, 32 

was high in soil in winter, summer was characterized by high transcription of ligninolytic, cellulolytic 33 

and xylanolytic enzymes produced mainly by fungi.  34 

Conclusions: Transcripts of genes encoding enzymes targeting plant biomass biopolymers, reserve 35 

compounds and fungal cell walls were especially abundant in the coniferous forest topsoil. Seasonal 36 

differences in gene transcription are more pronounced in soil than in litter. Our results suggest that 37 

priming by photosynthate root carbon may aid in the microbial decomposition of recalcitrant 38 

biopolymers.  39 

 40 

Key words: auxiliary enzymes; bacteria; carbohydrate-active enzymes; coniferous forests; 41 

decomposition; fungi; glycoside hydrolases; seasonality 42 
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Background 44 

 45 

Coniferous forests ecosystems in the boreal and temperate zones of the Northern Hemisphere 46 

represent significant global carbon pools and sinks [1]. Consequently, understanding the processes of 47 

the carbon (C) cycle in these ecosystems is essential for modelling potential impacts of global climate 48 

change. Forest ecosystems are under strong influence of trees that mediate the influx of C into the 49 

ecosystem pool by producing both complex organic compounds in the form of leaf and root litter and 50 

dead wood, as well as labile ones in the form of root exudates [2]. Trees thus directly affect and 51 

contribute to soil respiration and carbon deposition, both important microbial-mediated processes 52 

[3, 4].  53 

In the coniferous forest floor, litter and soil represent largely different compartments when 54 

considering C cycling processes. The litter layer is mostly derived from plant biopolymers and tree 55 

roots are scarce, resulting in the main C cycle process being the efficient decomposition of 56 

recalcitrant plant residues. In contrast, soil is a mixture of highly recalcitrant materials and has a low 57 

abundance of plant biopolymers. The presence of roots makes simple, photosynthesis-derived C 58 

compounds the most important C source that enters soil both directly and through root-associated 59 

ectomycorrhizal fungi (ECM) [3, 5]. Fungi are abundant in both compartments, but litter is richer in 60 

saprotrophic taxa while ectomycorrhizal fungi largely dominate soil [5, 6]. The relative abundance of 61 

bacteria increases with depth and the composition of their communities differs in litter and soil as 62 

well [5]. 63 

Despite the differences among litter and soil, the C sources in both compartments are the same, 64 

though with differing relative proportions. The most of C in both horizons originates form 65 

biopolymers composed of dead plant debris (cellulose, hemicelluloses, lignin), living and dead 66 

bacterial and fungal biomass (peptidoglycan, chitin, and other polysaccharides) but photosynthesis-67 

derived C compounds are important as well. The turnover of these compounds is essential for 68 

microbial activity (resulting in CO2 respiration) and biomass growth and metabolism. All of these 69 
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4 
 

processes can be tracked by the analysis of enzymes that mediate them – the carbohydrate active 70 

enzymes (CAZymes). Specifically, glycoside hydrolases (GH) and selected auxiliary carbohydrate-71 

active enzymes (AA) are associated with the decomposition of polysaccharides and lignin [7]. The 72 

classification of GH and AA proteins or genes into families that contain structurally similar proteins, 73 

makes it possible, to some extent, to assign catalytic functions to sequences [7]. CAZymes have 74 

previously been studied in forest soil transcriptomes, though only by approaches targeting individual 75 

genes [5, 8] or exclusively eukaryotic transcripts at low resolution [9]. Proteomic studies of these 76 

enzymes have also been performed in beech litter [10] but suffered from the limited resolution of 77 

soil protein characterization.  78 

So far, much of our present knowledge of the C cycle in forest soils originates from culture-based 79 

studies and genomics. The traditional view derived from these studies, is that saprotrophic cord-80 

forming Basidiomycota are best suited and thus most involved in the decomposition of biopolymers 81 

[11]. However, it is increasingly apparent that several other groups of organisms are involved as well. 82 

For example, saprotrophic ascomycetous “microfungi” possess a wide array of CAZymes even though 83 

they lack ligninolytic peroxidases [12]. These organisms may be interacting with root-symbiotic ECM 84 

fungi that aid in decomposition [13], with some taxa even producing ligninolytic peroxidases [14]. In 85 

general, ECM genomes are less rich in CAZymes, especially GHs and AAs than saprotrophic ones [15]. 86 

It was suggested that the reason for the decomposition of recalcitrant soil organic matter (SOM) by 87 

ECM fungi is the mining for organic N [14]. It has previously been observed that ECM decomposition 88 

is often dependent on “priming,” or the availability of simple C compounds [13]. Additionally, 89 

bacteria may interact with decomposition communities as GHs, including cellulases and 90 

hemicellulases, are identified as widespread in bacterial genomes [16] along with genes associated 91 

with cellulose decomposition being a common trait in soil and litter bacteria [17]. While previous 92 

studies of litter proteomes have indicated the dominance of fungal decomposition enzymes over 93 

bacterial ones [10], the results of stable isotope probing experiments indicate that fungi and bacteria 94 

are both involved significantly in cellulose and hemicelluloses utilization in forest soils [18-21]. In the 95 
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utilization of dead fungal biomass, a quantitatively highly important pool of C in forest topsoil, 96 

bacteria were even indicated to dominate over fungi [22]. The relative importance of fungi, bacteria, 97 

and other groups of organisms in the soil C cycle processes, however, remains largely undisclosed. 98 

The aim of this study was to explore the drivers of C cycling in a coniferous forest topsoil ecosystem 99 

by using a combination of metagenomics and metatranscriptomics. C cycling in soil is expected to 100 

largely respond to seasonal climatic conditions in temperate and boreal zones. The high 101 

photosynthetic activity of trees during the summer period (with favorable temperature and light 102 

conditions) is minimal in winter, when it is reduced by light limitations and temperatures below the 103 

freezing point. Consequently, carbon allocation belowground varies dramatically and directly impacts 104 

soil biota [4, 23]. In our previous study, we have demonstrated that the presence of microbial 105 

communities in the coniferous Picea abies forest topsoil are similar among seasons, but their 106 

activities differ dramatically [24]. The pool of transcripts differs among seasons, especially in the soil 107 

where fungal transcripts were observed to significantly decrease (by 50%) in winter, with ECM-108 

associated activity being particularly reduced [24]. The consequences of seasonality on the C cycle 109 

are not known, but it can be hypothesized that the reduced input of photosynthate C in winter can 110 

be replaced by more intensive utilization of recalcitrant C compounds, especially polysaccharides, in 111 

winter by saprotrophic bacteria and fungi. These organisms should also benefit from the reduced 112 

competition with the starving ECM fungi. The reduction of saprotrophic activity by ECM, called the 113 

“Gadgill effect” was frequently addressed but its existence and extent are still under debate [25] 114 

In this study, we leverage the power of metagenomics to characterize the community composition 115 

and the functional potential of individual taxa combined with metatranscriptomic datasets to predict 116 

C-cycling GH- and AA-associated activities with sufficient reliability and resolution using a 117 

comprehensive database of available fungal genomes. Assuming that there is an absence of simple C 118 

compounds in form of root exudates in winter and still a demand for C by microorganisms, we 119 

hypothesize to see an increase of enzymes degrading other C sources, namely plant polysaccharides 120 

(cellulose, pectin and hemicellulose) and fungal biomass from decomposing ECM mycelia. The 121 
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reduction of fungal activity in winter in general and of ECM in particular that was observed previously 122 

[24] is expected to increase the share of bacteria and saprotrophic fungi in decomposition. Here, we 123 

identify which sources of C are used, who is associated with their metabolism, how C cycling varies 124 

with changing labile C abundance between summer and winter. 125 

 126 

Methods 127 

 128 

Sampling area and sample collection 129 

 130 

The study sites were located in the highest altitudes of the Bohemian Forest National Park, Czech 131 

Republic (49° 2′ 38″ N, 13° 37′ 2″ E), covered by an unmanaged Norway spruce (Picea abies) forest. 132 

The mean annual temperature was 5 °C, and the mean annual precipitation was 1000 mm. The 133 

understory was either missing or composed of grasses (Avenella, Calamagrostis), bilberries 134 

(Vaccinium), mosses, and ferns. This study used the samples of DNA and RNA collected in July 2012 135 

and March 2013 previously described in the study of [24]. Briefly, samples were taken from the litter 136 

layer (L) and the organic horizon of soil (S). Material from each of six study sites were pooled 137 

separately for each site and horizon. After removal of roots, L material was cut into 0.5 cm pieces and 138 

mixed while S material was passed through a 5-mm sterile mesh and mixed. A total of 24 samples 139 

were collected (6 sites × two seasons × two horizons). Samples were immediately frozen in liquid 140 

nitrogen and stored at −80 °C until analysis.  141 

 142 

Extraction and analysis of environmental RNA and DNA 143 

 144 

RNA and DNA extraction and the metatranscriptome sequencing and assembly were described 145 

previously by [24]. Briefly, RNA was extracted using the RNA PowerSoil Total RNA Isolation Kit (MoBio 146 

Laboratories) combined with the OneStep PCR Inhibitor Removal Kit (ZymoResearch) from three 1-g 147 
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aliquots per sample, pooled, and RNA purified using the RNA Clean & Concentrator Kit 148 

(ZymoResearch) on a column treated with DNase I (Fermentas). Approximately 1 μg of RNA was 149 

treated with an equimolar mixture of RiboZero rRNA Removal Kits Human-Mouse-Rat and Bacteria 150 

(Epicentre) and a total of 50 ng of treated RNA served as the input for the ScriptSeq v2 RNA-Seq 151 

Library Preparation Kit (Epicentre) that was used for library construction. Total DNA was extracted in 152 

triplicate from all samples using a modified Miller method [26] and cleaned with a Geneclean Turbo 153 

Kit (MP Biomedicals). DNA samples were fragmented to reach the mean fragment lengths around 154 

400 bp and libraries were prepared using TruSeq PCR Free Kit (Illumina). Metatranscriptome and 155 

metagenome libraries were sequenced on an Illumina HiSeq2000 to generate 150-base paired-end 156 

reads. 157 

Metagenome reads were processed in the same way as originally described for the 158 

metatranscriptome [24]. The reads were quality trimmed by removing adapters with Trimmomatic (v 159 

0.27) using Illumina TruSeq2-PE adapters with a seed mismatch threshold, palindrome clip threshold, 160 

and simple clip threshold set at 2, 30, and 10, respectively [27]. Furthermore, sequencing reads were 161 

filtered by base call quality using the FASTX-Toolkit 162 

(http://hannonlab.cshl.edu/fastx_toolkit/index.html), specifically fastq_quality_filter, with the 163 

following parameters: -Q33 -q 30 -p 50. Resulting sequences were normalised using methods 164 

previously described in [28, 29] and Khmer (v 0.7.1) and command normalise-by-median.py with the 165 

following parameters: -k 20 -C 20 -N 4 -x 50e9. Next, errors were trimmed by removing low 166 

abundance fragments of high coverage reads with Khmer and command filter-abund.py -V. The 167 

paired-end assembly of the remaining reads was performed with the Velvet assembler (v 1.2.10, -168 

exp_cov auto -cov_cutoff auto -scaffolding no [30]) using odd k-mer lengths ranging from 33 to 63. 169 

Resulting assembled contigs were merged using CD-HIT v4.6 [31, 32] and minimus2 Amos v3.1.0 [33].  170 

Assembly of metagenomic reads was performed in the same way as described for the 171 

metatranscriptome and sequence data of all contig sequences have been deposited in the MG RAST 172 

public database [34] under the dataset number 4627252.3; metatranscriptome contigs are available 173 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



8 
 

as 4544233.3. Metagenome sequencing yielded 567 x 106 reads (24 x 106 ± 2 x 106 reads per sample) 174 

that were assembled into 9,380,309 contigs over 200 bases, including 1,882,204 contigs over 500 175 

bases, 569,720 over 1000 bases and 6,665 over 10,000 bases (mean length was 454 bases). The 176 

longest contig had a length of 179,090 bases. Protein prediction in MG-RAST yielded a total of 177 

9,178,489 predicted coding regions, of which 4,355,554 (47.5%) have been assigned an annotation by 178 

MG RAST.  179 

 180 

Annotation of the metagenome and metatranscriptome 181 

 182 

Contig annotation was first performed in MG RAST with an E value threshold of 10-5 while also 183 

considering the representative hit option (i.e., single best annotation for each feature) and 184 

taxonomic information was retrieved for each identified contig. Because MG RAST is not suitable for 185 

annotation of fungal proteins, predicted proteins were subsequently annotated by finding the best 186 

protein match in an in-house database containing protein predictions from all publicly available 187 

fungal genomes available at the time of analysis (155 genomes). For all hits that received closer hit in 188 

terms of E value to the fungal predicted protein database (FPPD) then using MG RAST, taxonomic 189 

information was retrieved from the FPPD. 190 

Glycoside hydrolases (GH) and auxiliary enzymes (AA) were identified among the metagenome and 191 

metatranscriptome contigs using the CAZy pipeline [7], which combines Blast and HMM tools with 192 

the manual curation of CAZy database (http://www.CAZy.org). Protein models are compared with 193 

the sequence and profile libraries created from catalytic and non-catalytic modules of the CAZy 194 

database. Based on the major reported activities of GH and AA families according to the CAZy 195 

database, families were grouped according to function (Table 1). 196 

To assess the abundance in the metagenome and the relative rate of transcription in the 197 

metatranscriptome, individual sequence reads from each sample were mapped onto contigs 198 

identified as GH or AA using bowtie 2.2.1 [35] with the default settings of: end to end alignment –199 
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sensitive. To calculate gene or transcript abundance, data were expressed as: per base coverage = 200 

read count x read length / contig length. Abundances were always reported as normalised values, 201 

i.e., shares of all transcripts in given sample, or, where indicated, shares of all transcripts of a 202 

selected microbial taxon.  203 

 204 

Statistical analysis 205 

 206 

R [36] and PAST 3.03 (http://folk.uio.no/ohammer/past/) were used for statistical analysis. 207 

Differences in relative abundances of gene or transcript abundances were tested using the Mann-208 

Whitney U test, which assumes the measurements on a rank-order scale but does not assume 209 

normality of data. One-way or two-way PERMANOVA on Bray-Curtis distances with 99999 210 

permutations was used to analyze differences among communities or transcript pools. Two-211 

dimensional non-metric multidimensional scaling (NMDS) ordination analysis on Bray-Curtis 212 

distances was performed in R with package vegan [36, 37]. In all cases, differences at P < 0.05 were 213 

considered to be statistically significant. 214 

 215 

Results 216 

 217 

Gene pool of auxiliary enzymes and glycoside hydrolases  218 

 219 

Among genes predicted in soil metagenomes, 5.5 % of genes were annotated as Carbohydrate Active 220 

Enzymes - CAZymes. In total, 91,195 GH from 108 families and 7,709 AA from 11 families were 221 

identified among the protein predictions of the Picea  abies topsoil metagenome. GH13 (amylase) 222 

was the most diverse family with 16,412 contigs followed by GH3 (-glucosidase) and GH15 223 

(trehalase), another 29 GH families and the family AA3 were identified in >1,000 contigs (Additional 224 
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file 1: Supplementary Table 1). Among contigs identified as GH, 67 % were of assigned to bacteria 225 

and 27% to fungi and of AA 46% were of bacterial and 24% of fungal origin. 226 

Considering the frequency of occurrence, 66.2% of glycoside hydrolase reads were assigned to 227 

bacteria (Proteobacteria 20.0%, Acidobacteria 20.9%, Actinobacteria 13.4%, Bacteroidetes 4.9%), 228 

24.9% to fungi (Ascomycota 14.1%, Basidiomycota 6.1%). Of auxiliary enzyme reads 61.8% were 229 

assigned to bacteria (Proteobacteria 43.2%, Acidobacteria 6.3%, Actinobacteria 7.6%), 37.5% to fungi 230 

(Ascomycota 26.1%, Basidiomycota 9.1%). Reads assigned to other organisms were rare (Fig. 1 C). 231 

Most reads mapped to GH13 (-glucosidase), GH3 (-glucosidase), GH23 (chitinase), GH15 232 

(trehalase), AA3 (ligninolytic oxidase), GH2 (-glucosidase), GH18 (chitinase), GH5 (cellulase), and 233 

GH1 (-glucosidase) in total representing approximately one half of all reads (Fig. 2). The gene pool 234 

differed significantly between litter and soil, but not between seasons (Fig. 3 B). Among 120 235 

individual gene families, abundance was significantly different among horizons for 72 gene families, 236 

among season for 9 gene families in litter and 2 gene families in soils indicating that the community 237 

composition is horizon-specific but similar in both seasons (Additional file 1: Supplementary Table 1). 238 

 239 

Transcription of genes encoding auxiliary enzymes and glycoside hydrolases  240 

 241 

Of 4.5 millions contigs of the P. abies topsoil metatranscriptome, 42,872 (0.83%) were identified as 242 

GH from 105 families and 5,111 (0.11%) as AA from 12 families. GH13 (amylase) was the most diverse 243 

family with 4,574 contigs followed by GH5 (2,011 contigs, cellulase), GH3 (1,707 contigs, -244 

glucosidase) and AA3 (1,683 contigs, ligninolytic oxidase), and additional six GH families and the 245 

family AA1 were identified in >1,000 contigs (Additional file 1: Supplementary Table 1). GH and AA 246 

transcripts were more frequently of fungal origin (43% GH and 71% AA) then of bacterial origin (42% 247 

and 22%). 248 

The transcription of GH represented between 0.26% and 0.34% of the total transcription in both 249 

litter and soil. AA were more transcribed in litter (0.07-0.08% of total transcription) than in soil (0.03-250 
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0.04%; Fig. 1 A). Most GH and AA transcripts were transcribed by fungi that accounted for 51.6% of 251 

GH reads (27.6% Basidiomycota, 19.3% Ascomycota) and as much as 81.5% of AA reads (44.7% 252 

Ascomycota, 35.1% Basidiomycota). Bacteria were responsible for 34.7% of GH transcription 253 

(Acidobacteria 13.7%, Proteobacteria 7.6%) and 13.1% of AA transcription. GH were also frequently 254 

transcribed by animals (3.7%) and plants (2.6%) and AA by plants (3.3%; Fig. 1 A, B).  255 

Most metatranscriptome reads were associated to the -glucosidases of the GH13 family, to the 256 

cellulolytic enzymes in GH5, GH7, and AA9, ligninolytic oxidases AA3, to the 257 

endoglucanase/endogalactanase GH16 and to the chitinase GH18. Although the most transcribed GH 258 

family was also the one most abundant in the metagenome, there was no correlation between gene 259 

abundance in metagenome and its transcript abundance in metatranscriptome (Fig. 2).  260 

It was apparent that groups of organisms are significantly different in enzyme sets they produce (Fig. 261 

3 C). In all taxa, -glucosidases and cellulases belonged to the most transcribed genes, however, for 262 

dikaryotic fungi, cellulases and ligninolytic enzymes were the most transcribed groups. -263 

Glucosidases and chitinases were also often among the most transcribed CAZymes while xylanases 264 

were missing in archaea and rare in Proteobacteria (Additional file 1: Supplementary Table 2). The 265 

contribution of individual groups to the production of CAZymes was highly variable with a high 266 

contribution of fungi to the production of the dominant plant cell wall-degrading enzymes – 267 

cellulases, ligninases (up to 90% of fungal transcripts in both groups), and xylanases (up to 70%); all 268 

other enzyme groups are produced by a wide range of taxa (Fig. 2, 4). 269 

The transcript pool differed significantly between litter and soil: 86 gene families showed significantly 270 

different transcription rate between horizons (Additional file 1: Supplementary Table 1). This partly 271 

reflects the differences in the metagenome and thus of the community composition. The gene pools 272 

produced by different groups of microorganisms differed significantly among horizons as well (Fig. 3 273 

C). Among the functional groups of enzymes, CAZymes targeting cellulose were the most transcribed 274 

followed by those acting on lignin, fungal cell wall, and starch and glycogen indicating the importance 275 

of plant and fungal biomass as nutrient sources. Soil samples showed higher transcription of 276 
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CAZymes targeting reserve compounds (starch/glycogen and trehalose) and peptidoglycan while the 277 

genes encoding enzymes degrading cellulose and lignin and pectin were more transcribed in litter 278 

(Fig. 4). 279 

 280 

Seasonality of transcription 281 

 282 

The transcript pool differed significantly between summer and winter in both horizons but was more 283 

pronounced in soil, where it affected 60 gene families compared to 18 gene families in litter (Fig. 3 A, 284 

Additional file 1: Supplementary Table 1). At the level of functional groups of enzymes, differences in 285 

their metagenome content among seasons was negligible as well as the variation in the taxonomic 286 

groups that produced them (Additional file 2: Supplementary Figure 1). Most functional groups of 287 

CAZymes showed seasonal differences in transcription and the shift in the contribution of taxa to 288 

their production (Fig. 4), especially in soil. Winter samples were associated with an increase in the 289 

use of reserve compounds (glycogen/starch and trehalose) while the share of CAZymes targeting 290 

recalcitrant plant biomass (cellulose, and lignin) decreased. Significantly higher transcription of 291 

CAZymes targeting fungal and bacterial cell wall components such as chitin, peptidoglycan, and 292 

selected glucans was observed in summer compared to winter indicating higher turnover and growth 293 

rates in the warm season (Fig. 4). For all enzyme groups, the share of CAZymes transcribed by fungi in 294 

soil decreased in winter while the contribution of bacteria increased. For example, fungi transcribe 295 

62% of cellulases in soil in summer but only 29% in winter (Fig. 4). 296 

Of 2,836 CAZyme-associated transcripts that appeared in at least five litter samples, 219 (7.7%) were 297 

significantly increased in summer and 103 (3.6%) in winter. In soil, of 2,119 transcripts, 287 (13.5%) 298 

were increased in summer and 215 (10.1%) in winter confirming more dramatic change in 299 

distribution of trancripts in soil than in litter. It was especially the CAZymes targeting cellulose, lignin 300 

and microbial cell walls that were significantly more transcribed in soil in summer while CAZymes 301 

targeting starch, glycogen and trehalose were often more frequently transcribed in winter (Fig. 5). 302 
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 303 

Discussion 304 

 305 

Gene pool of carbohydrate-active enzymes and its expression 306 

 307 

Although our metagenome and metatranscriptome datasets are not exhaustive, they confirm that 308 

the share of bacterial reads in the metagenome is higher than in the metatranscriptome, while the 309 

opposite is true for fungal genes and transcripts (Fig. 2). The low representation of eukaryotic genes 310 

that is generally reported from metagenomic studies [38, 39] is caused by the high abundance of 311 

noncoding DNA in eukaryotic sequences, the occurrence of introns as well as by the fact that fungal 312 

and other eukaryotic genomes are so far underrepresented in genomic databases [40]. However, 313 

correlations between gene and transcript abundances were also weak if exclusively bacterial genes 314 

were considered, which indicates that the genomic potential is a poor predictor of transcription, thus 315 

this study clearly demonstrates that there is no clear relationship between gene abundance in the 316 

metagenome and its transcription. The size and composition of the gene pool encoded in the 317 

environmental metagenome was often regarded to indicate the functional properties of a specific 318 

ecosystem or habitat [38] despite the fact that the links between genome content and expression 319 

were found to be weak in individual bacteria and fungi [12, 17]. It is apparent that transcription of 320 

individual gene families is a concerted action of many individual taxa, though the diversity of contigs 321 

does not numerically correspond to diversity of microbial taxa (since some of them express multiple 322 

genes encoding for the same enzyme), neither of genes (since, theoretically, multiple shorter contigs 323 

may be derived from the same gene). The high diversity of contigs for many genes indicate high 324 

functional redundancy of the microbial community confirming the observations previously made for 325 

individual genes [5].  326 

Both the metagenome and metatranscriptome differed significantly in their composition between 327 

litter and soil (Fig. 3 A, B). This is consistent with the fact that the composition of bacterial and fungal 328 
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communities differs among these horizons in the studied ecosystem [5] as well as elsewhere [13, 41], 329 

reflecting the properties of these habitats [42].  330 

Litter was enriched in transcripts associated with cellulases and ligninases (Fig. 4), indicating the 331 

importance of decomposition of recalcitrant plant biopolymers. Soil showed an increased share of 332 

enzymes acting of α-glucosidases and especially trehalases, the reserve compounds of ECM fungi [43] 333 

that represents a major part of fungal community in soil [5]. The share of AA and GH reads in the 334 

total metagenome (5%) was approximately double compared to 1.6-2.1% in the metagenome of a 335 

mixed temperate forest [39] and the share of their transcription (0.36%) was comparable to the 336 

share of CAZymes in the metatranscriptome of a maple forest [44], indicating comparable 337 

importance. 338 

 339 

Involvement of soil organisms in C transformation 340 

 341 

The vast majority of GH and AA (83-92% and 93-95%, respectively) were produced by 342 

microorganisms, i.e. fungi, bacteria and archaea, which was slightly more than their share on the 343 

overall transcription (83%; [24]). Of these, the share of archaea was negligible. Fungi accounted for 344 

the higher share of AA transcription then bacteria and this was also the case of GH transcription in 345 

litter; in soil, GH were produced equally by fungi and bacteria in summer, but bacteria largely 346 

dominated GH transcription in soil in winter (Fig. 1 B). The share of fungi in our metatranscriptome is 347 

2x higher than bacteria, while in metatranscriptomic studies from a maple forest or in peatlands, 348 

bacterial CAZy transcripts were 2.6 to 5-fold more abundant then eukaryotic ones [44, 45]. This 349 

indicates high importance of fungi in coniferous forests, although the comparison may be biased by 350 

the fact that previous studies annotated short reads and used a limited reference database for fungi 351 

so that relevant transcripts might have been overlooked. The observed dominance of fungal-352 

associated CAZymes is consistent with previous results obtained by proteomic analysis of 353 

decomposing beech litter, where fungal transcripts also dominated the enzyme pool [10]. Compared 354 
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to this study, we have observed a much higher share of transcripts from Basidiomycota which is also 355 

consistent with their higher abundance in the coniferous forest soil [24]. The share of bacterial 356 

transcription of GH and AA, however, was substantial, especially in soil, and bacteria produce a 357 

significant share of CAZymes that allow them to access C in cellulose or hemicelluloses [17, 18, 21]. 358 

Acidobacteria, Proteobacteria, Bacteroidetes and Actinobacteria were the most important bacterial 359 

producers of CAZymes (Fig. 1 C). These groups are known to be abundant in acidic forest topsoils [24] 360 

and have also been found to be dominant in CAZy production in another acidic environment – the 361 

boreal peatland [45]. The culturing and analysis of Acidobacteria, Proteobacteria, Bacteroidetes from 362 

coniferous forests has also previously confirmed the production of a wide range of extracellular 363 

enzymes by the individual members of these phyla, especially the Acidobacteria and Bacteroidetes 364 

[46]. 365 

Litter and soil transcription was associated with contrasting groups of organisms, reflecting carbon 366 

availability in these systems (Fig. 3 C). Although bacteria were associated with all GH and AA 367 

transcripts, the majority of these CAZymes are associated with labile substrates such as starch, 368 

cellobiose or other oligosaccharides (Fig. 4). Importantly, bacteria were also important producers of 369 

chitinolytic enzymes, confirming their important role in the turnover of dead fungal mycelia [22]. The 370 

decomposition of lignin, cellulose, and xylan was, on the other hand, dominated by fungi that appear 371 

to be better adapted to decompose recalcitrant plant-derived biomass components [47]. GH13 372 

genes, putative α-glucosidases/α-amylases, were the most abundant present (in metagenomes) and 373 

transcribed gene of bacteria (in metatranscriptomes). These genes, commonly present in bacterial 374 

genomes [16], were also found abundant in another forest soils [39] and to be highly transcribed in 375 

peatlands and lignocellulose-degrading consortia in bioreactors [45, 48]. Additional CAZymes that 376 

were associated with plant biomass decomposition for fungi were identified in dominant transcripts 377 

of both Ascomycota and Basidiomycota related to cellulolytic enzymes, namely the GH7 cellulases 378 

and the AA9 lytic polysaccharide monooxygenases (Additional file 1: Supplementary Table 2). 379 

 380 
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Seasonality of carbon utilization 381 

 382 

In this study, we observed that microbial communities in litter and soil in both seasons remain 383 

similar, as summer and winter metagenomes were not significantly different (Fig. 3 B). The same was 384 

observed in the previous study [24] and is connected to the seasonality of coniferous topsoil, where 385 

the litterfall period is not distinct and litter decomposes much more slowly throughout the year [49]. 386 

However, while community composition remains stable, the ratio of fungi to bacteria and fungal 387 

biomass are significantly higher in summer than in winter [24]. Our findings also support a higher 388 

utilization of fungal and bacterial biomass, as the transcription of genes encoding enzymes for chitin 389 

and lysozyme degradation are higher in summer then in winter (Fig. 4), which may indicate higher 390 

growth rates in summer then in winter. Seasonality of community composition was observed in the 391 

topsoil of temperate deciduous forests for both bacteria and fungi as well [41, 50]. The seasonal 392 

changes occurred in soil and especially in litter that is produced each autumn and rapidly degraded, 393 

resulting in litter-decomposing bacteria and fungi undergo successional changes [51, 52].  394 

The seasonality of transcription was substantially higher in soil, which applies both for total 395 

transcription [24] and transcription of CAZymes. This is consistent with the assumption that the 396 

nutrient sources in litter (mainly plant biomass) remain the same across the year while soil 397 

experiences the seasonal input of photosynthates. The observed decrease in the transcription of GH 398 

and AA by Basidiomycota in winter in soil (Fig. 1 C) is consistent with the decrease of transcription of 399 

genes related to ECM symbiosis [24], indicating lower activity of the ECM fungi, mainly 400 

Basidiomycetes. Additionally, the relative contribution to CAZyme transcription increased in soil in 401 

winter for presumed saprotrophs such as Ascomycota and bacteria. This observation may either 402 

indicate the relief of inhibition of nonmycorrhizal microorganisms due to the Gadgill effect [25] or 403 

simply the decrease of activity of ECM fungi. The observation of the increase in transcription of 404 

CAZymes associated with mobilizing reserve compounds – starch, glycogen and trehalose in winter 405 

soil (Fig. 4) indicates that this is likely a time of nutrient limitation and biomass may need to be 406 
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maintained at the costs of metabolic reserves. Starch from plant roots [53] and glycogen from 407 

bacteria/fungi [54] was utilized mainly by bacteria in soil during the winter, which is in line with the 408 

finding that bacteria were the main starch consumers in SIP experiment [55]. The use of trehalose 409 

and mannitol as energy reserves by ECM during winter starvation has been observed in previous 410 

studies [43, 56]. 411 

Contrary to expectations, the microbial communities in soil did not switch from the utilization of 412 

simple C compounds in summer to complex carbohydrates in winter. Instead, the transcription of 413 

genes involved in lignin, cellulose and xylan degradation was increased in the summer. Although it 414 

was shown that summer microbial community is more adapted to utilization of labile C sources such 415 

as root exudates [57, 58], experiments indicate that labile substrates may prime decomposition of 416 

recalcitrant SOM [59]. Simple C probably fuel the decomposition of organic matter by ECM fungi in 417 

their search for organic N [13] and is consistent with the hypothesis that there is a priming effect of 418 

rhizodeposited C on OM decomposition [60]. Our results further support that C priming may be 419 

essential for the decomposition of complex biopolymers by both Basidiomycete and Ascomycete 420 

fungi. The existence of this C priming effect is further supported by the results of [61], who showed 421 

substantial decrease of decomposition following the termination of rhizodeposition as a result of 422 

large-scale defoliation of trees by bark beetles.  423 

 424 

Conclusions 425 

 426 

Organisms in coniferous litter and soil possess a diverse set of enzymes that participate in 427 

decomposition of complex C compounds. Microorganisms are the most important producers of these 428 

enzymes, especially GH and AA CAZymes, with fungi strongly dominating transcription in litter and 429 

equal contributions of bacteria and fungi in soil. In contrast to deciduous forest soils, composition of 430 

microbial community as far as phyla representations remains stable across the year but gene 431 

transcription shows seasonality. Our results indicate that microbial biomass turnover is faster in 432 
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summer than in winter, and seasonality of gene transcription is especially high in soil. While the use 433 

of reserve compounds such as starch or trehalose is high in winter, summer is characterized by high 434 

transcription of ligninolytic, cellulolytic, and xylanolytic CAZymes. This supports the hypothesis that 435 

priming by photosynthesis-derived C is likely necessary to support fungal decomposition of 436 

recalcitrant biopolymers. This paper also shows that metagenomics is not suitable for the analysis of 437 

ecosystem functioning since there is no correlation between gene and transcript abundance. 438 
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Figure legends 635 

 636 

Figure 1.: Contribution of taxa to the transcription and gene pool in the Picea abies topsoil. 637 

Auxilliary enzymes (A), glycoside hydrolases (B) and the share of AA and GH reads in the total 638 

metatranscriptome (C). Abbreviations: LS – litter summer, LW – litter winter, SS – soil summer, SW – 639 

soil winter. 640 

 641 

Figure 2.: Share of AA and GH on total transcription and metagenome in the Picea abies topsoil. 642 

Read abundances are in parts per million. Colors indicate taxonomic affiliation of transcripts and 643 

genes, functional groups of CAZymes are colours-coded. 644 

 645 

Figure 3.: Nonmetric multidimensional scaling of the of GH and AA in the Picea abies topsoil. (A) 646 

transcript counts and (B) gene pools by horizons and seasons and the composition of the pool of GH 647 

and AA transcribed by topsoil organisms in litter and soil (C). Abbreviations: LS – litter summer, LW – 648 

litter winter, SS – soil summer, SW – soil winter. 649 

 650 

Figure 4.: Transcription of GH and AA by functional groups in Picea abies forest topsoil by seasons. 651 

Numbers indicate the share of reads in the total metatranscriptome in ppm. Significant differences in 652 

read abundances among seasons are indicated by different letters. Abbreviations: LS – litter summer, 653 

LW – litter winter, SS – soil summer, SW – soil winter. 654 

 655 

Figure 5.: Season-specific transcripts of GH and AA in the Picea abies forest topsoil. Transcripts with 656 

significant difference of transcription among seasons. 657 
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Table 1.: Functional classification of glycosyl hydrolases and auxilliary used in this paper based on their major catalytic activities according to CAZy 658 

(http://www.CAZy.org). 659 

 660 

Target  GH families 

cellobiose  cellooligosaccharides GH1 (β-glucosidase/β-xylosidase), GH3 (β-glucosidase/β-xylosidase/endoxylanase), GH116 (β-glucosidase/β-

xylosidase) 

cellulose plant cell wall GH5 (exocellulase/endocellulase/endoxylanase/β-glucosidase/β-xylosidase), GH6 

(exocellulase/endocellulase), GH7 (exocellulase/endocellulase), GH8 (endocellulase/endoxylanase), GH9 

(exocellulase/endocellulase/endoxylanase/β-glucosidase), GH12 (endocellulase/endoxylanase), GH44 

(endocellulase/endoxylanase), GH45 (endocellulase), GH48 (exocellulase/endocellulase/chitinase), GH74 

(endocellulase), AA9 (lytic polysaccharide monooxygenase) 

chitin, glucans fungal cell wall GH16 (endo-1,3-β-glucanase/endo-1,3-β-galactanase), GH17 (endo-1,3-β-glucosidase/ β-1,3-β-glucosidase), 

GH18 (chitinase), GH19 (chitinase), GH20 (β-hexosaminidase), GH72 (β-1,3-glucanosyltransglycosylase) 

lignin plant cell wall AA1 (laccase), AA2 (peroxidase), AA3 (oxidase), AA4 (oxidase), AA5 (oxidase), AA6 (oxidase), AA12 (oxidase) 

pectin plant cell wall GH28 (polygalacturonase/rhamnogalacturonase), GH62 (α-L-arabinofuranosidase), GH78 (α-L-

rhamnosidase), GH88 (β-glucuronyl hydrolase), GH105 (glucuronyl hydrolase/galacturonyl hydrolase), 

GH106 (α-L-rhamnosidase) 

peptidoglycan bacterial cell wall GH22 (lysozyme), GH23 (lysozyme), GH24 (lysozyme), GH25 (lysozyme), GH108 (lysozyme) 

starch/glycogen  storage compounds GH13 (amylase/α-glucosidase/trehalase), GH14 (amylase), GH15 (glucoamylase/glucodextranase), GH31 (α-

glucosidase), GH57 (amylase), GH77 (amylomaltase), GH119 (amylase) 

trehalose storage compounds GH37 (trehalase), GH65 (trehalase) 

xylan plant cell wall GH10 (endo-1,4-β-xylanase/endo-1,3-β-xylanase), GH11 (endoxylanase), GH30 (endoxylanase/β-

xylosidase/β-glucosidase), GH67 (xylan α-1,2-glucuronidase), GH115 (xylan α-1,2-glucuronidase), GH120 (β-

xylosidase) 

 661 
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a b s t r a c t

Cellulose is the most abundant polysaccharide in the dead plant biomass, and its degradation is an
important part of global carbon cycle. b-Glucosidases complete the final step of cellulose hydrolysis by
converting cellobiose to glucose. Genetic potential and expression of b-glucosidase genes were studied in
the topsoil of a Picea abies forest in two contrasting seasons. These seasons were the summer, repre-
senting the peak of plant photosynthetic activity, and late winter, after an extended period with no
photosynthate input. Fungal and bacterial b-glucosidase genes belonging to glycoside hydrolase families
GH1 and GH3 amplified from DNA and RNA and amplicon pools were analyzed. Transcript pool were
largely corresponded to gene pools, although some abundant transcripts were not found in the gene
pool. The major reservoirs of b-glucosidase genes were the fungal phylum Ascomycota and Basidiomy-
cota and the bacterial phyla Firmicutes, Actinobacteria, Proteobacteria Acidobacteria and Deinococcus-
Thermus. This indicates that a diverse microbial community utilized cellobiose. Seasonality influenced
both genetic diversity of b-glucosidase genes and their expression. The results indicate that a complex
community of bacteria and fungi expresses b-glucosidases in forest soils. Even b-glucosidase genes
showing low abundance in DNA may be functionally important as revealed by their high expression
especially in basidiomycota. The functional diversity in the studied ecosystem clearly exhibited a sea-
sonal pattern.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

The coniferous forest soils contain more than one third of all
carbon stored in terrestrial ecosystems. Hence, understanding
organic matter decomposition in the coniferous forest ecosystem is
crucial for estimating global C fluxes and their potential future
changes (�Stursov�a et al., 2012; Baldrian et al., 2012). Dead plant
biomass accumulating on the forest floor is mostly composed of
cellulose, hemicellulose and lignin. Cellulose, a glucose polymer
linked by b-1,4-glycosidic bonds, is the most abundant poly-
saccharide in terrestrial environments and its degradation was the
subject of research for decades. This research revealed that mi-
croorganisms have the dominant role in this process in soils (Lynd
et al., 2002; Baldrian and Val�a�skov�a, 2008).

Enzymatic hydrolysis of cellulose typically requires the synergic

action of three groups of hydrolytic enzymes: endo-b-1,4-
glucanases (endocellulases, EC 3.2.1.9.1), cellobiohydrolases (exo-
cellulases, EC 3.2.1.91) and b-1,4-glucosidases (cellobiases, EC
3.2.1.21). Among them, b-glucosidases complete the final step of
cellulose hydrolysis by converting the disaccharide cellobiose to
glucose molecules and deliver glucose for the central metabolism
(Alef and Nannipieri, 1995). Their activity thus plays a vital role in
the global C cycle (Knight and Dick, 2004). b-Glucosidases have also
attracted considerable attention in recent years due to their
important role in diverse biotechnological processes such as bio-
ethanol production, hydrolysis of isoflavone glucoside, detoxifica-
tion of cassava, elimination of bitter components from citrus
products etc. (Singhania et al., 2012; Li et al., 2013).

Large microbial diversity in soils implies various carbon hy-
drolyzing activities (Nannipieri et al., 2012). In spite of the funda-
mental role of glycoside hydrolases in nature, their diversity is still
poorly understood (Pathan et al., 2015). Recently, Bao et al. (2012)
obtained several b-glucosidases from yak rumen metagenome.* Corresponding author.
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Several sets of degenerate primers have been designed to analyze
b-glucosidase gene diversity in soils (Kellner and Vandenbol, 2010;
Ca~nizares et al., 2011; Li et al., 2013). Unfortunately, none of these
studies used sufficient sequencing depth and only Li et al. (2013)
covered both fungi and bacteria using a PCR-DGGE approach to
analyze potential diversity of b-glucosidase genes in DNA. Baldrian
et al. (2012) expressed the need to analyze the DNA and RNA gene
pools to quantify the proportion of expressed genes, and demon-
strated this approach on fungal cellobiohydrolase cbhI gene. Cel-
lulose is available in both litter and the organic horizon of forest
soils (�Snajdr et al., 2011), hence similar cellulose degraders can be
present and potentially active in both horizons. However, litter
contains higher amounts of cellulose and likely supports a higher
diversity of cellulose degraders (Baldrian et al., 2012).

It has been demonstrated that the seasonal variation of climatic
conditions and consequent differences in tree physiology in
temperate and boreal zone forests are accompanied by changes in
microbial biomass content and composition of fungal and bacterial
communities, which is a consequence of limitation of the photo-
synthetic activity to the growing season with optimal temperature
and light (Vo�rí�skov�a et al., 2014; L�opez-Mond�ejar et al., 2015;
�Zif�c�akov�a et al., 2016). Some previous studies suggest that C allo-
cation through rhizodeposition, during the growing season, shows
profound influence on soil microbiota. Seasonality of enzyme
processes and plant photosynthate production were also demon-
strated to greatly affect microbial expression in temperate conif-
erous forests (�Zif�c�akov�a et al., 2016).

This study was performed in two contrasting seasons; summer
(July) when plant photosynthetic activity peaks, and late winter
(March) after a prolonged period with no photosynthate input. The
aim was to demonstrate how the b-glucosidase genes and tran-
script pools of bacteria and fungi differ among horizons with
different cellulose content, and which members of the soil micro-
bial community express the corresponding genes in the two
different seasons. Kellner and Vandenbol, 2010 reported that b-
glucosidase genes are expressed in forest soils by both the Asco-
mycota and Basidiomycota. Berlemont and Martini (2013) reported
that b-glucosidase genes are present in nearly all bacterial phyla,
and recently L�opez-Mond�ejar et al. (2016) showed that cellulolytic
bacteria are common in forest litter and soil. These facts demon-
strate that both bacteria and fungi likely participate in the last step
of enzymatic cellulose hydrolysis, but it is unclear, what is the
relative contribution of the various taxa to this process.

2. Materials and methods

2.1. Study site, sample collection

Study area was located in the highest altitudes (1170e1200 m)
of the Bohemian Forest mountain range (Central Europe) and was
covered by an unmanaged spruce (Picea abies) forest (49 �02.64 N,
13 �37.01 E). The mean annual temperature is 5 �C, and the mean
annual precipitation is 1000 mm. The site was previously studied
with respect to the composition of total and active microbial
community in the soil and differences in gene expression in litter
and soil among seasons (Baldrian et al., 2012; �Zif�c�akov�a et al., 2016).
Samples used here were from the study of �Zif�c�akov�a et al. (2016)
which also provide the information about the composition of
fungal and bacterial communities in the studied samples. Samples
were processed as described previously (�Zif�c�akov�a et al., 2016).
Briefly, sampling was done in two contrasting seasons, summer
(July) when plant photosynthetic activity peaked and late winter
(March) after a prolonged period with low photosynthate input and
soil being insulated by a deep snow cover. Soil temperature was
around 15 �C during July and 2 �C in March. Soil samples were

collected from 6 sites, located 250 m from each other, and eight soil
cores (4.5 cm diameter) were collected from around the circum-
ference of a 3 m diameter circle. The Litter horizon (2e4 cm) and
the organic horizon of soil (3e6 cm) were pooled separately. After
removal of roots, litter was cut into 0.5 cm pieces and mixed; soil
was passed through a 5-mm sterile mesh and mixed. A total of 24
samples were collected (six sites � two seasons � two horizons).
Aliquots for nucleic acids extraction were immediately frozen and
stored at�80 �C, samples for chemical analysis and enzyme activity
measurement were freeze-dried and stored at �45 �C. Enzyme
assays were performed in soil homogenates (�Stursova and Baldrian,
2011).

2.2. Nucleic acid extraction and reverse transcription

Total DNA was extracted in triplicate from all samples using a
modified Miller method (Sagova-Mareckova et al., 2008) and
cleaned with a Geneclean Turbo kit (MP Biomedicals). RNA was
extracted using RNA PowerSoil Total Isolation Kit (MoBio Labora-
tories, Carlsbad, CA, USA) combined with the OneStep PCR Inhibitor
Removal Kit (Zymo Research, Irvine, CA, USA). Three soil aliquots
(3 � 2 g of material) were extracted per sample. Triplicates of
extracted RNA were pooled and RNA was purified using the RNA
Clean & Concentration kit (ZymoResearch) on a column treated
with DNase I (Fermentas) according to manufacturer's instructions.
These products were checked for quality (RIN number) and length
distribution on an Agilent 2100 Bionalyser (Agilent Technologies).
Approximately 1 mg of RNA was reverse transcribed using Super-
Script III Reverse Transcriptase (Life Technologies) using random
hexamer primers. Samples were designated as LSD¼ litter summer
DNA, LWD¼ litter winter DNA, SSD¼ soil summer DNA, SWD¼ soil
winter DNA, LSR ¼ litter summer cDNA, LWR ¼ litter winter cDNA,
SSR ¼ soil summer cDNA, DWR ¼ soil winter cDNA.

2.3. Primer design and tag-encoded amplicon sequencing

To identify b-glucosidase genes, two sets of degenerate primers
were designed based on the sequences of b-glucosidase genes from
a broad spectrum of soil fungi. All protein sequences annotated as
b-glucosidase in the glycoside hydrolase (GH) families GH1 and
GH3 in the CAZy database (http://www.cazy.org/) were selected,
and their nucleotide counterparts were retrieved from the GenBank
(http://www.ncbi.nlm.nih.gov/). All nucleotide and protein se-
quences were de-replicated, multiple sequence alignments were
conducted with MAFFT (Katoh et al., 2002) and alignments curated
manually. The primer pairs bglFGH1F/bglFGH1R and bglFGH3F/
bglFGH3R were designed to amplify partial conserved fragments of
GH1 and GH3 b-glucosidase genes from fungi, respectively
(Table 1). Designed primers were tested in silico in SEED 1.2.1
(V�etrovský and Baldrian, 2013). Against available metatran-
scriptomic data from the same soil. The specificity of primers was
tested using the Primer-Blast tool from NCBI against the GenBank
dataset. The primer pairs bgluF2/bgluR4 (Ca~nizares et al., 2011) and
GH3BF/GH3BR (Li et al., 2013) were used to amplify partial
conserved fragments of GH1 and GH3 b-glucosidase genes from
bacteria, respectively. Primers for tag-encoded sequencing con-
tained, in addition, sample tags separated from primers by spacers.
Spacer sequences were designed to have a trinucleotide, which was
absent in all GenBank sequences at this position to avoid over-
representation of some target sequences (Parameswaran et al.,
2007). Tagged primers were tested for self-dimmer, hetero-dimer
and hairpin formation using the online tool OligoAnalyzer 3.1
(http://eu.idtdna.com/calc/analyzer).

All PCR amplificationswere performed in five replicate 25 ml PCR
reactions. Reaction mixtures contained 1 ml of template DNA/cDNA,
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2.5 ml of 10 � polymerase buffer, 1 ml of each primer (0.01 mM),
1.5 ml of 10 mgml�1 of BSA, 1 ml of PCR Nucleotide Mix (10 mM) and
0.75 ml of polymerase (2U ml�1; Pfu DNA polymerase:DyNAZyme II
DNA Polymerase, 1:24). Cycling conditions were 94 �C for 5 min; 35
cycles of 94 �C for 45 s, 53 �C for 45 s, 72 �C for 1 min, followed by
72 �C for 10 min for the primers bglFGH1F/bglFGH1R; 94 �C for
5 min; 35 cycles of 94 �C for 45 s, 50 �C for 45 s, 72 �C for 1 min,
followed by 72 �C for 10 min for the primers bglFGH3F/bglFGH3R;
94 �C for 5 min; 35 cycles of 94 �C for 1 min, 53 �C for 1 min, 72 �C
for 1 min, followed by 72 �C for 10 min for the primers bgluF2/
bgluR4 and 94 �C for 5 min; 35 cycles of 94 �C for 1 min, 53 �C for
1 min, 72 �C for 1 min, followed by 72 �C for 10 min for the primers
BGH3BF/BGH3BR. PCR products were separated by electrophoresis
and gels purified using theWizard SV Gel and PCR Clean-Up System
(Promega, Madison, WI, USA). DNA was quantified using a Qubit®

2.0 fluorometer (Invitrogen, USA), an equimolar mix of PCR prod-
ucts from all samples wasmade for each primer pair and the pooled
products mixed and subjected to paired-end sequencing
(2 � 250 bp) on the Illumina Miseq sequencer.

2.4. Sequence analysis and statistics

Paired reads were assembled, quality-filtered and analyzed us-
ing the pipeline SEED 1.2.1 (V�etrovský and Baldrian, 2013). Briefly,
chimeric sequences were detected using the UCHIME algorithm
and removed from the dataset. Sequences were then clustered into
operational taxonomic units (OTUs) at a 97% sequence identity
threshold using the UPARSE algorithm, implemented in USEARCH
v7.01.100,1 and consensus sequences were constructed for all
clusters (V�etrovský and Baldrian, 2013). For identification and
taxonomic assignment, representative sequences were retrieved
from the CAZy database (http://mothra.ornl.gov/cgi-bin/cat/cat_v2.
cgi?tab¼ORTHOLOGS, www.cazy.org) and the JGI (Joint Genome
Institute) (http://genome.jgi.doe.gov/programs/fungi/GE_Fungi.
jsf#diversity) using a 10�4 E value threshold. Five hits including
best hit per sequences were taken into account for accurate clas-
sification. Sequences identified other than b-glucosidase genes of
fungi or bacteria were discarded. Sequence data have been depos-
ited in the MG RAST public database (Meyer et al., 2008), data set
number 4709325.3 for GH1 Fungi, 4709326.3 for GH1 Bacteria,
4709327.3 for GH3 Fungi and 4709324.3 for GH3 Bacteria)).

Rarefaction and diversity analyses on OTUs were performed on
resampled datasets with the same number of sequences randomly
selected from all samples. Richness, diversity indices and Chao-1
estimates were calculated using SEED 1.2.1 (V�etrovský and
Baldrian, 2013). ANOVA followed by the Tukey post hoc test was
also performed on diversity indices to evaluate statistical differ-
ences among all different treatments using the R Statistics Envi-
ronment (R Development CoreTeam, 2008). Global singletons were
excluded from further analyses and for GH3 Bacteria sequences,
doubletons were excluded due to very high number of sequences

from this set. Relative abundance of DNA and RNA were calculated
as the sum of sequences derived from DNA and RNA divided by the
sum of all sequences. These relative abundances values were used
to calculate DNA/RNA ratio. Litter/soil and summer/winter ratios
were also calculated in the same way. Nucleotide sequence of OTUs
with an abundance over 0.3% were also translated into amino acid
sequences using BioEdit 7.2.5 (Ibis BioScience, Carlsbad, CA) and
curated manually.

Phylogenetic assignment to microbial phyla was estimated
based on best hits, by dividing the number of sequences belonging
to each phylogenetic group by the total number of sequences in the
given sample. PCoA (Principal Coordinate Analysis) was also per-
formed based on Bray-Curtis similarity distance (Bray and Curtis,
1957) on abundance data of all OTUs with >0.3% abundance to
visualize differences among b-glucosidase gene pools of different
treatments. PCoA was performed in PAST 3.06 (Hammer et al.,
2001).

Phylogenetic tree analyses were performed on translated amino
acid sequences of OTUs with abundance over >0.3%. Sequences
were aligned using MAFFT (Katoh et al., 2002) to all homologous
sequences retrieved from the CAZy database. Maximum-Likelihood
(ML) trees were generated by MEGA 6 (Tamura et al., 2013) using
the JTT model (Jones et al., 1992). Robustness of the tree topology
was tested by bootstrap analysis (100 replicates).

3. Results

3.1. Soil chemical properties and enzyme activity

The soil was characterized by high content of organic matter and
low pH (Supplementary Table 1). The chemical properties of litter
and soil differed dramatically, with the litter horizon containing
significantly more organic matter, as well as nutrients (C, N, and P),
and exhibiting slightly but significantly higher pH and moisture
content (Supplementary Table 1), (�Zif�c�akov�a et al., 2016). b-gluco-
sidase activity was significantly higher in litter than in soil, but
there were no significant differences among seasons in each hori-
zon (Supplementary Fig. 1).

3.2. Metagenomic potential and expression of GH1 b-glucosidase
genes

For bacteria, sequencing yielded a total of 563 763 sequences
with a total number of 14 689 OTUs. Shannon index was 2.25e3.24
and species richness 11e36 (Supplementary Table 3). RNA and DNA
gene pools from winter soil samples were significantly more
diverse than those from summer soil and those from litter
(Supplementary Table 3). Chao 1 sequence richness was signifi-
cantly higher for the DNA derived samples than for RNA derived
samples (Supplementary Table 3). Of bacterial b-glucosidase, genes
present in DNA, between 40 and 63% were transcribed (Table 2).

Table 1
List of PCR primers targeting b-glucosidase used in this study.

Target Primer name/Sequence (50-30) Amplicon length
(bp)

Reference

GH1-Bacteria b-gluF2: TTCYTBGGYRTCAACTACTA
b-gluR4: CCGTTYTCGGTBAYSWAGA

180 Ca~nizares et al., 2011

GH3-Bacteria BGH3BF: TTCGGCGAAGAYCC
BGH3BR: ACGCCTTYRWARCC

200e300 Li et al., 2013

GH1-Fungi bglFGH1F: TGGATCNTTCAAYGARCC
bglFGH1R: GTAGTGGTTCAGCCRWARAA

350e500 This study

GH3-Fungi bglFGH3F: GTTCCGTCATGTGCTCYTAYAA
bglFGH3R: CATGATACGGGTAGCCATRTC

300 This study
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PCoA results showed that RNA samples clustered separately from
DNA samples, but there was no separation caused by seasonality in
each horizon (Supplementary Fig. 6).

We observed that for 90e95% of OTUs, five top hits belonged to
the same phylum and 110 clusters showed >90% similarity with an
identified reference sequence. Actinobacteria followed by Proteo-
bacteria were the most abundant phyla carrying GH1 bacterial b-
glucosidase genes, but clusters belonging to Bacteriodetes, Chlor-
oflexi, Deinococcus-Thermus, Dictyoglomi, Firmicutes, Nitrospiare,
Spirochaetes, Thermotogae and Verrucomicrobia were also detec-
ted (Fig. 1). Bacterial genes were more horizon-specific than fungal,
and more of them appeared in soil (Fig. 3). In DNA, gene pools were
mostly overlapping in soil and litter during both seasons
(Supplementary Figs. 2 and 3). In RNA, strict differentiation of
transcript pools was observed between winter and summer in soil
as well as in litter. (Supplementary Figs. 2 and 3). According to
phylogenetic placement of taxa, 72% belonged to Actinobacteria
and 19% to the Proteobacteria in both horizons during the both
seasons (Supplementary Fig. 8a and Supplementary Table 4).

Sequencing of GH1 amplicons yielded a total of 11 443 fungal
sequences with 1166 OTUs. Shannon index was within the range
0.91e3.26 and species richness was within the range of 6e33.
Transcript pools were significantly less diverse than gene pools, and
the same was observed for Chao1 (Supplementary Table 3). Of the
predicted genes, 16e30% were transcribed (Table 2). PCoA results
showed that RNA samples clustered separately from DNA samples
(Supplementary Fig. 6).

We observed that for all clusters, all five top hits belonged to the
same phyla.13 OTUs showed 100% similarity and 23 OTUs had>90%
similarity with identified reference sequences. Ascomycota was the
sole fungal phylum carrying GH1 genes, but up to 50% of sequences
remained unassigned. In RNA 92e97% of sequences belonged to the
Ascomycota (Fig. 1). Fungal b-glucosidases showed a distinct dis-
tribution of the most abundant gene pools between DNA and RNA
communities in both horizons (Fig. 3). In the DNA community, the
most abundant clusters were overlapping, while clear separation of
clusters was observed in the RNA community in soil and litter
during both seasons (Supplementary Figs. 2 and 3). Phylogenetic
trees of fungal b-glucosidase genes confirmed that the most
abundant sequences belonged to Ascomycota (Supplementary
Fig. 9a and Supplementary Table 5).

3.3. Metagenomic potential and expression of GH3 b-glucosidase
genes

Sequencing yielded a total of 11 766 416 bacterial GH3 b-
glucosidase with 63 325 OTUs. The Shannon index was within the
range of 2.04e3.18 and species richness was 21e33
(Supplementary Table 3). The gene and transcript pools were
significantly different from each other, the former being signifi-
cantly more diverse (Supplementary Table 3). The gene pool
exhibited significant differences between horizons (Supplementary
Table 3). Approximately 40% and 52% of DNA sequences were

transcribed in soil during summer and winter, respectively, while
30% and 19% of DNA sequences were transcribed in litter during
summer and winter (Table 2). Significantly, higher shares of OTUs
were transcribed in soil in winter compared to summer (Table 2).
PCoA results showed that the gene and transcript pools clustered
separately from each other, while seasonality caused no separation
(Supplementary Fig. 7).

We observed that for up to 90% of OTUs, all five top hits
belonged to the same phylum. Eleven clusters were showing �90%
similarity with identified reference sequences. Firmicutes se-
quences were the most abundant, followed by Proteobacteria,
Actinobacteria and Acidobacteria (Fig. 2). Up to 50% of genes and
70% of transcripts were unassigned at a phylum level (Fig. 2).
Bacterial b-glucosidases showed distinct differences in composition
among seasons and horizons (Fig. 4, Supplementary Figs. 4 and 5).
Phylogenetic tree showed that 69% of the most abundant b-gluco-
sidase sequences clustered into Firmicutes, although 11%, 8% and 5%
of sequences belonged to Acidobacteria, Proteobacteria and Acti-
nobacteria, respectively (Supplementary Fig. 8b and
Supplementary Table 6).

For fungi, sequencing yielded 634 236 sequences with 7178
clusters. The Shannon index was within a range of 1.7e2.9 and
species richness was 7e27. The gene pool was significantly more
diverse than the transcript pool (Supplementary Table 3).
Approximately 33% and 23% of gene sequences were transcribed in
soil during summer and winter, respectively, while in the litter, the
share of transcribed genes was significantly higher, 69% and 44%
(Table 2). PCoA results showed that the gene and transcript pools
clustered separately from each other, while seasonality only caused
separation in transcript pools in the both horizons (Supplementary
Fig. 7.)

For 95% of OTUs, all five top identifications belonged to the same
phylum, seven clusters showed > 97% and 170 OTUs showed � 90%
similarity with identified reference sequences. Up to 93% of DNA
sequences were identified as Ascomycota and only a few as Basi-
diomycota and Zygomycota, however, many more transcripts
belonged to Basidiomycota (Fig. 2). Dominant transcripts were
clearly separated between summer and winter seasons in both
horizons, while the abundance of genes was affected neither by
horizon, nor by seasonality (Supplementary Figs. 4 and 5). Phylo-
genetic trees confirmed the identification of most transcripts as
belonging to Ascomycota followed by Basidiomycota
(Supplementary Fig. 9b and Supplementary Table 7).

4. Discussion

Forest soils represent an environment that exhibits distinct and
sharp vertical stratification. The ultimate cause is likely the
decrease of organic matter content with soil depth as a result of the
accumulation of litter on the soil surface (�Snajdr et al., 2008;
Vo�rí�skov�a et al., 2014), and b-glucosidase activity is known to in-
crease with increasing organic matter content (Williams and
Jochem, 2006). In this study, b-glucosidase activity was signifi-
cantly higher in litter than in the organic soil, which indicates more
rapid organic matter transformation in the organic matter-rich
litter, in agreement with previous reports (Baldrian et al., 2012;
�Zif�c�akov�a et al., 2016). There were no seasonal differences in
enzyme activity, which supports previous studies showing that the
effects of seasonality on enzyme activity is not significant (Baldrian
et al., 2013; �Zif�c�akov�a et al., 2016).

We have studied for the first time the phylogenetic distribution
of a single functional gene, common to bacteria and fungi, which is
involved in cellulose decomposition, with sufficient resolution of b-
glucosidases gene diversity. The transcript pool of b-glucosidases
was typically less diverse than the gene pool, especially for GH3,

Table 2
Percentage of expressed b-glucosidase gene sequences in fungi and bacteria in litter
and humic horizon during the winter and summer. The data represent means from
six studied sites. Different letters indicate differences among mean values in col-
umns. (One way ANOVA followed by Tukey post hoc test, p < 0.05).

GH1_Bacteria GH3_Bacteria GH1_Fungi GH3_Fungi

SS 57.53a 39.46b 24.17a 32.58b

SW 40.06a 51.54a 16.05a 23.37b

LS 62.87a 29.91c 23.42a 69.72a

LW 56.70a 19.23c 30.07a 43.99a
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suggesting that just a part of the microbial community was meta-
bolically active and using available cellobiose at the forest surface at
the given time. The numbers of transcribed fungal and bacterial
genes typically ranged in tens, and the Chao 1 estimates were often
above 100, which suggests that cellobiose utilization is common to
multiple fungal and bacterial taxa. The estimates of the sizes of
gene and transcript pools are similar to those of cellobiohydrolase

(exocellulase) reported earlier from the same soil (Baldrian et al.,
2012; �Stursov�a et al., 2012) and support the observation that the
ability to decompose cellulose is relatively common to soil and
litter-associated bacteria and fungi (Eichlerov�a et al., 2015; L�opez-
Mond�ejar et al., 2016).

Among fungi, b-glucosidase genes from the GH1 family were
only present in Ascomycota. Because the sequences of

Figure 1. Taxonomic assignment of b-glucosidase genes and transcripts of bacterial and fungal b-glucosidase genes from GH1 family in the Picea abies forest litter and soil in
summer and winter. Unassigned sequences belong to bacteria or fungi, but their identification at a phylum level is unclear.
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Basidiomycota were also rare in the reference database, it seems
that the gene is more common in Ascomycota. In the GH3 family,
sequences of Ascomycota dominated the gene pool, but the se-
quences of Basidiomycota were much more abundant in the tran-
script pool except in soil in winter. This may be due to the higher
activity of saprotrophic fungi, both Asco- and Basidiomycota, in
litter, and the dominance of ectomycorrhizal Basidiomycota in soil
(Lindahl et al., 2007; Edwards and Zak, 2010). It was previously

reported that saprotrophic fungi are mainly associated with litter
decomposition (V�etrovský and Baldrian, 2013). In total from GH1
and GH3, 50% and 40% of fungal b-glucosidase genes were tran-
scribed in litter, while in soil the share of transcribed genes was
only 30% in summer and 20% inwinter. This clearly indicates higher
diversity of cellulolytic fungi in litter compared to soil.

Within the fungal GH3 family, OTU0 (Glaciozyma sp) belonging
to an Ascomycete was particularly highly expressed, especially in
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Figure 2. Taxonomic assignment of b-glucosidase genes and transcripts of bacterial and fungal b-glucosidase genes from GH3 family in the Picea abies forest litter and soil in
summer and winter. Unassigned sequences belong to bacteria or fungi, but their identification at a phylum level is unclear.
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litter in summer. From the fungal GH1 family, OTU0 (Magnaporthe
sp.) was also highly expressed, especially in soil in winter. The re-
sults showed a distinct distribution of the most abundant b-
glucosidase gene pools from the fungal community between both

horizons in different seasons, and between DNA and RNA for both
GH1 and GH3 families. In both families, gene pools were more or
less shared among horizons and among seasons, especially in litter.
On the other hand, transcripts appeared to be largely horizon

Figure 3. Distribution of major bacterial and fungal b-glucosidase gene OTUs from GH1 family in the Picea abies forest between litter and soil.
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specific, and to differ among seasons, especially in litter.
Among bacterial phyla, Actinobacteria and Proteobacteria

contributed most b-glucosidase sequences of the GH1 family, but
30e40% of transcripts originated from minor phyla such as

Deinococcus-Thermus, Bacteroidetes, Firmicutes, or Thermotogae.
In the GH3 family, most gene sequences as well as transcripts
belonged to Firmicutes followed by Actinobacteria, Proteobacteria
and Acidobacteria. Up to 70% of GH3 sequences were not assignable

Figure 4. Distribution of major bacterial and fungal b-glucosidase gene OTUs from GH3 family in the Picea abies forest between litter and soil.
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due to the lack of sequence information in public databases. Iden-
tified cellulolytic bacterial taxa from this studywere also previously
recorded as such in agricultural and forest soils (Wirth and Ulrich,
2002; Haichar et al., 2007; Ulrich et al., 2008; Schellenberger et al.,
2010; �Stursov�a et al., 2012; Baldrian et al., 2012). Berlemont and
Martini (2013) reported that b-glucosidase and cellulase genes
are present in nearly all bacterial phyla, which shows the impor-
tance of bacteria in cellulose degradation. In Actinobacteria,
Streptomyceswas themost abundant genus coding and transcribing
b-glucosidase. Genome sequencing of Streptomyces (de Oliveira
et al., 2014) and isolation culturing (Perez-Pons et al., 1994)
showed that Streptomyces spp. are involved in cellulose degrada-
tion. Recent results also emphasize the role of Acidobacteria and
Bacteroidetes in cellulose decomposition by the observation that
the isolates of these phyla show high enzyme activity in cultures
(Llad�o et al., 2016). Bacterial transcripts were season-specific,
especially in soil, possibly indicating the turnover of bacterial
communities across seasons (L�opez-Mond�ejar et al., 2015;
�Zif�c�akov�a et al., 2016).

Some genes with low abundance in DNA showed high tran-
scriptional activity, which indicates the importance of these low
abundant taxa in cellobiose utilization. The consensus sequences of
bacterial and fungal b-glucosidase genes derived from this study
were more diverse than previously published sequences (Kellner
and Vandenbol, 2010; Ca~nizares et al., 2011; Li et al., 2013).
Hence, the depth of environmental amplicon sequencing may
contribute to better evaluation of targeted functional gene di-
versity. However, seasonality is significantly influencing diversity
and expression of b-glucosidase producing microorganism in forest
litter. Seasons did not have any kind of effect on b-glucosidase ac-
tivity, which suggests that analysis of gene expression at protein
level is needed to understand the link between diversity of b-
glucosidase encoding genes and expressed b-glucosidase protein.

5. Conclusions

Our results confirmed that microbial b-glucosidase producers
are horizon specific and seasonality is likely an important driver of
community composition and thus the composition of the b-
glucosidase gene pool. Importantly, differences in b-glucosidase
expression among horizons and seasons were even more pro-
nounced. Fungi and bacteria were both important producers of b-
glucosidase genes. We recorded several genes with low abundance
that were highly expressed, both in bacteria and fungi, which
points to the importance of low abundance species in organic
matter decomposition. Future research is needed to characterize
the actual activity of individual microbial taxa, e.g. by the analysis
of expressed b-glucosidase proteins using proteomics.
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