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Abstract  
 

Actinobacteria are important bacterial group participating in various ecosystem 

processes particularly in the decomposition of complex organic compounds. Their abilities 

enable them to surviving in harsh conditions of oligotrophic habitats like lakes, deserts, cave 

walls or recalcitrant and resistant litter in soil, where Actinobacteria often dominate. Although 

certain biotic and abiotic factors were recognized to modulate Actinobacteria incidence in such 

habitats, the influence of anthropogenic pressure on their communities is scarcely known. The 

main objective of this thesis is therefore to determine differences of Actinobacteria 

communities under the direct (the human visitors changing microenvironment of caves, part 

1) and indirect (climate change factors like altered precipitation or plant litter quality, part 2) 

anthropogenic influence in two habitats, plant litter in soil and cave walls, where Actinobacteria 

play important roles and dominate. 

In a first part of the thesis we monitored Actinobacteria communities in French 

limestone caves walls differently affected by humans (pristine versus anthropized caves). For 

identification of important species like potential pathogens or pigments producing 

Actinobacteria using amplicon sequencing of environmental DNA (Illumina MiSeq), we firstly 

used a molecular marker gene hsp65 coding for heat shock protein specific for Actinobacteria. 

Special attention was payed to anthropogenically most affected Lascaux Cave with Paleolithic 

paintings. There, a comparison of different rooms differently affected by a human-derived 

intervention as well as between visual dark marks and unmarked areas on the wall paintings 

were compared (paper I).  In the second part, we monitored litter Actinobacteria communities 

during a decomposition process under manipulated precipitation (paper IV), on different litter 

type, quality and origin (papers II, III, IV) in different forests including Mediterranean oak 

and pine forests (paper IV), mountainous spruce and beech forests (paper III), a beech 

temperate forest (paper II)) and also one grassland (paper II). 

Our results show that Actinobacteria communities were strongly dependent to 

anthropized/pristine status of caves (Part 1) as well as climatic and litter quality changes during 

the decomposition (Part 2). In caves (Part 1), Actinobacteria community structure indicated 

the anthropogenic disturbance, because typical pristine and anthropogenic taxa identified 

according to the hsp65 marker were recovered in relation to an anthropization status (paper I). 

Moreover, the dominance of Streptomyces was found in the area with visual dark marks 
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suggesting the marked areas were factor influencing this group (paper I). During 

decomposition (part 2), we found that Actinobacteria were i) affected by litter type regardless 

its origin but their dominance on recalcitrant litter type did not result in faster decomposition 

(papers II, III, IV), ii) not directly affected by climatic conditions (paper III, IV) but were 

site-specific (papers II, III, IV) with a potential to dominate introduced coniferous forests 

(papers III, IV), and iii) in decomposition process had opposite strategies to fungi, since were 

influenced by different conditions than fungi (papers II, III, IV). Overall, Actinobacteria 

respond to anthropogenic pressure on a community and species level and are also able to adapt 

to harsh conditions and thus, these changes leading to Actinobacteria persistence in ecosystems. 

Consequently, Actinobacteria might be considered as stress-tolerant microbes, which may also 

benefit from man-made disturbances.  

Key words: Actinobacteria, caves, decomposition of plant litter, climate change, 

anthropization, hsp65 marker, fungi 
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Abstrakt (In Czech) 
 

Actinobacteria jsou významnou bakteriální skupinou účastnící se různých 

ekosystémových procesů, zejména při rozkladu komplexních organických sloučenin. Jejich 

schopnosti jim umožňují přežít v drsných podmínkách oligotrofních habitatů, jako jsou jezera, 

pouště, stěny jeskyní nebo odolný a nerozložitelný rostlinný opad v půdě, kde aktinobakterie 

často dominují. Ačkoliv jsou známy určité biotické a abiotické faktory ovlivňující výskyt 

aktinobakterií v těchto habitatech, vliv antropogenního tlaku na jejich společenstvo je zřídka 

znám. Hlavním cílem této práce je tedy určit rozdíly v aktinobakteriálních společenstvech pod 

přímým (lidští návštěvníci měnící mikroenvironmentální prostředí jeskyň, část 1) a nepřímým 

(faktory klimatické změny jako jsou změny srážek nebo kvality rostlinného opadu, část 2) 

vlivem člověka ve dvou habitatech, rostlinném opadu v půdě a stěnách jeskyň, kde 

aktinobakterie hrají významnou roli a kde dominují. 

V první části disertace jsme sledovali aktinobakteriální společenstva na zdech 

francouzských vápencových jeskyní odlišně ovlivněných člověkem (přírodní versus 

antropizované jeskyně). K identifikaci významných druhů (např. potenciálních patogenů nebo 

pigmenty produkujících aktinobakterií) pomocí amplikonového sekvenování environmentální 

DNA (Illumina MiSeq), jsme poprvé použili gen molekulárního markeru hsp65 kódující protein 

teplotního šoku (heat shock protein) specifický pro aktinobakterie. Zvláštní pozornost byla 

věnována antropogenně nejvíce zasažené jeskyni Lascaux s Paleolitickými malbami. V této 

jeskyni byly porovnány různé místnosti odlišně ovlivněné zásahem člověka a také byly 

porovnány tmavá místa mikrobiálního původu nacházející se na nástěnných malbách (článek 

I). Ve druhé části jsme se zaměřili na společenstva aktinobakterií během rozkladného procesu 

pod vlivem změny srážek (článek IV), na různém typu opadu s odlišným původem a s různou 

kvalitou (články II, III, IV) v různých lesích včetně středozemního bukového a borového lesa 

(článek IV), horského smrkového a bukového lesa (článek III), bukového lesa mírného pásma 

(článek II) a také stepi (článek II). 

Naše výsledky ukazují, že aktinobakteriální společenstvo bylo silně závislé na 

antropogenním/přirodním stavu jeskyň (část 1) stejně jako na klimatických změnách a změnách 

v kvalitě opadu během rozkladu (část 2). Struktura společenstva aktinobakterií v jeskyních 

(část 1) indikovala antropogenní narušení, protože typické přírodní a antropogenní skupiny 

byly identifikované (pomocí hsp65 markeru) právě ve vztahu k antropogennímu/přírodnímu 
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stavu jeskyň (článek I). Navíc bylo zjištěno, že Streptomyces dominují v oblastech s tmavými 

místy což naznačuje, že tato tmavá místa jsou faktorem ovlivňujícím tuto skupinu aktinobakterií 

(článek I). Během rozkladného procesu (část 2) jsme zjistili, že aktinobakterie i) byly 

ovlivněny typem opadu nehledě na jeho původu, ale jejich dominance na nerozložitelném 

opadu nevedla k rychlejšímu rozkladu (články II, III, IV), ii) nebyly přímo ovlivněny 

klimatickými podmínkami (články II, IV), ale byly habitat-specifické (články II, III, IV) 

s potenciálem dominovat zavlečeným jehličnatým lesům (články III, IV), a iii) během 

rozkladného procesu měly opačné strategie než houby, jelikož byly ovlivněny jinými 

podmínkami prostředí (články II, III, IV). Aktinobakterie reagují na antropogenní tlak na 

úrovni společenstva i druhu a jsou také schopné adaptovat se na nehostinné podmínky, a proto 

tyto změny vedou k perzistenci aktinobakterií v ekosystémech. V důsedku toho mohou být 

aktinobakterie považovány za mikroorganismy tolerantní vůči stresu, které mohou mít výhodu 

ze změn způsobených člověkem. 

Klíčová slova: Actinobacteria, jeskyně, rozklad rostlinného opadu, klimatická změna, 

antropogenní vliv, hsp65 marker, houby 
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Résumé (In French) 
 

Les actinobactéries sont un groupe bactérien important participant dans plusieurs 

processus écosystémiques comme la décomposition de composés organiques. Les 

actinobactéries possèdent des nombreuses capacités leur permettant de survivre dans des 

conditions difficiles comme celles retrouvées dans des habitats oligotrophes tels que les lacs, 

déserts, parois des grottes ou la litière végétale récalcitrante du sol où les actinobactéries 

dominent. Bien que certains facteurs biotiques et abiotiques ont été reconnus comme 

modulateurs de l'incidence des actinobactéries dans ces écosystèmes, l'influence des conditions 

changeantes provoquées par la pression anthropique sur leurs communautés reste inconnue. 

L´objectif principal de cette thèse est donc de déterminer des différences dans les communautés 

d’actinobactéries sous l’influence anthropique directe (visiteurs humains modifiant le 

microenvironnement des grottes, partie 1) et indirecte (facteurs liées à des changements 

climatiques : précipitations ou qualité de la  litière végétale, partie 2) dans deux habitats : litière 

végétale du sol et parois des grottes, où les actinobactéries jouent un rôle important et 

prédominent.  

Dans une première partie de la thèse, nous avons suivi les communautés 

d´actinobactéries dans des parois de grottes calcaires françaises affectées différemment par 

l´homme (grottes vierges ou anthropisées). Pour la détection d´espèces potentiellement 

pathogènes ou productrices de pigments à partir d´ADN environnemental (Illumina MiSeq), 

nous avons utilisé le marqueur moléculaire hsp65 spécifique pour le genre Actinobacteria. Une 

attention particulière a été portée á la grotte de Lascaux, abritant des peintures paléolithiques et 

étant une des plus affectées d’un point de vue anthropique. Une comparaison  au niveau de 

plusieurs salles affectées de façon différente par l’intervention humaine ainsi qu´entre zones 

des mêmes salles avec des marques visuelles d´origine microbienne sur les peintures murales a 

été faite dans cette grotte (article I). Dans la deuxième partie, nous avons surveillé les 

communautés d’actinobactéries de la litière végétale au cours d´un processus de décomposition 

sous conditions modifiées prévues (précipitation modifiée (article IV), différents types, 

qualités et origines de litière, (articles II, III, IV) dans différentes forêts (chêne méditerranéen 

et pin (article IV)), épicéa de montagne et hêtre (article III), forêt tempérée de hêtre (article 

II) et prairie (article II)). 
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Nos résultats montrent que les communautés d’actinobactéries étaient fortement 

dépendantes du statut anthropisé/vierge des grottes (partie 1) ainsi que des changements 

climatiques et de qualité des litières pendant la décomposition (partie 2). Dans les grottes 

(partie 1), la structure des communautés d’actinobactéries a indiqué des perturbations 

anthropiques, où des taxons typiques d’environnements vierges ou anthropiques comprenant 

des espèces potentiellement pathogènes (identifiées selon le marqueur hsp65) ont été trouvés 

ayant un rapport avec l’anthropisation (article I). De plus, la domination du genre Streptomyces 

a été trouvée dans les zones avec des marques visuelles suggérant que les zones marquées sont 

un facteur affectant ce groupe (article I). Lors de la décomposition (partie 2), nous avons 

constaté que les actinobactéries i) étaient affectées par le type de litière quel que soit son origine, 

mais leur dominance sur de la litière récalcitrante n´a pas entraîné une décomposition plus 

rapide (articles II, III, IV), ii) n´étaient pas directement affectés par les conditions climatiques 

(article III, IV) mais plutôt spécifiques au site (articles II, III, IV) avec du potentiel  pour 

dominer dans des forêts de conifères introduites (articles III, IV), et iii) étaient influencées par 

des conditions différentes à celles des champignons (articles II, III, IV). Dans l´ensemble, les 

actinobactéries répondent principalement aux changements anthropiques au niveau de 

communautés ou d’espèces et sont capables de s 'adapter á ces changements conduisant á leur 

persistance dans les écosystèmes. Les Actinobactéries peuvent être mentionnées comme des 

microorganismes tolérants au stress et, dans une certaine mesure, comme bénéficiant des 

perturbations d´origine humaine. 

 

Mots clés: Actinobactéries, grottes, décomposition des litières végétales, changement 

climatique, anthropisation, marqueur hsp65, champignons 
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Aim and outline of the thesis 
 

The thesis focuses on communities of terrestrial Actinobacteria under the anthropogenic 

influence in French caves and during plant litter decomposition in forests and grassland habitats 

in the Czech Republic, France and Austria. The first part describes the direct influence of 

humans on Actinobacteria inhabiting wall surfaces of caves in France under different human 

impact. The aim was to show how Actinobacteria react to human disturbance and coincide with 

the stability of these habitats. Such intervention as a biocide treatment but also the high 

frequency of visitors, which represent the alteration of microclimate due to their metabolism 

and introduction of allochthonous microbes and nutrients, represent direct anthropogenic 

factors affecting autochthonous microbial inhabitants. The second part focuses on the indirect 

consequences of global climate changes on communities of soil and litter Actinobacteria. The 

aim was to show how forest and grassland Actinobacteria, as an important part of soil 

decomposer community, will respond to changes in litter quality and habitat properties but also 

to the reduction of rainfall as expected from the climate change. For more complex insight, the 

other important microbial decomposers within the community were also analyzed to see 

possible relationships typical for the respective environmental and substrate conditions.  

The overall aim of the thesis was to uncover the ecology of Actinobacteria in habitats 

modified by human activities directly or indirectly. Using a combination of environments, 

where Actinobacteria play the dominant role we were able to determine the sensitivity of this 

group to anthropogenic changes in open and less stable (plant litter) versus isolated and 

relatively more stable (caves) habitats. Using the novel marker gene hsp65 for analysis of 

Actinobacteria communities from eDNA, we were able to overcome the problem of 

unculturable strains in identifying the cave Actinobacteria to the species level in French caves, 

Lascaux, Rouffignac, Mouflon and Reille. That helped us to identify in detail the part of the 

community that was affected by human interventions or by the presence of visual dark marks 

(black stains and dark areas on cave walls) of microbial origin in the Lascaux Cave (part 1). In 

the part two, where we quantitatively and qualitatively measured the reaction of Actinobacteria 

to other decomposers and environmental factors, we firstly showed the abiotic but also biotic 

ones driving Actinobacteria activities during decomposition (part 2). The work further 

demonstrates the necessity to include Actinobacteria into environmental monitoring and 

prediction models as a one of the indicative microbial groups. 
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We focus on the following subjects: 

1) Detailed analysis of Actinobacteria communities of four French caves and also 

individual rooms within the –Lascaux Cave. The questions were: 1) Are Actinobacteria 

in caves shaped according to the anthropization status (presence of visitors, application 

of chemicals)? 2) Can we identify with a novel marker (hsp65) Actinobacteria species 

related specifically to anthropized/pristine habitats, for example potentially pathogenic 

and novel species?  

2) Comparison of Actinobacteria between dark visual marks and unmarked areas on wall 

paintings within the Lascaux Cave. The questions were: Are visual marks in the highly 

anthropized Lascaux Cave a factor affecting Actinobacteria communities? 

3) Quantitative and qualitative analysis of changes in Actinobacteria communities in 

relation to altered litter type in different forests and grassland. The questions were: Are 

Actinobacteria affected by changes in precipitation, litter quality and origin at the 

studied sites? Are Actinobacteria able to adapt to altered litter quality regardless of the 

environment or time of decomposition?  

4) Determination of Actinobacteria successional patterns over the decomposition process 

and comparison with the other important microbial decomposers, especially fungi. The 

questions were: Are Actinobacteria initial, middle or late-stage decomposers? Do they 

have similar or opposite colonization patterns to other decomposers? Could be these 

patterns affected with changes in litter and environmental conditions? 

 

After a short introduction which is divided into two sections (part 1, part 2), the thesis is 

concluded by general summary and conclusions of the obtained results. The main part of the 

thesis is also divided into two sections (part 1, part 2) and consists of four original research 

papers. In the appendix, my curriculum vitae containing all my publications and trainings can 

be found. 
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Outline of the original papers 

 

This thesis consists of four papers (I-IV). The paper I focused on communities of 

Actinobacteria in French caves differently affected by anthropization (visited versus non-

visited caves) with closer focus on Lascaux cave, which was disturbed to a high extent and thus 

already closed to visitors. Three papers (II-IV) focused on microbial communities during litter 

decomposition with closer focus on Actinobacteria. Within that, paper II describes one-year 

decomposition experiment with litters of different origin and quality at beech forest and 

grassland sites, while the paper III is focused on later stage decomposition (15 to 29 months 

of decomposition) of two highly recalcitrant litters in beech (native) and spruce (introduced) 

mountainous forests. The paper IV describes recalcitrant oak (native) and pine (introduced) 

litter decomposition under the altered precipitation conditions in Mediterranean forests. 

 

Paper I (Buresova et al., in prep, Molecular Ecology) focused on Actinobacteria 

communities colonizing walls in French caves differently affected by humans (Lascaux, 

Rouffignac – anthropized, Mouflon, Reille – pristine). In addition, in Lascaux cave, samples of 

different rooms (entrance Sas-1, Passage banks, Passage inclined planes, Apse, Diaclase) were 

picked wall from visual marks (black stains and dark area) and unmarked area. DNA was 

extracted and amplicons of heat shock protein gene hsp65 and 16S rRNA gene fragments were 

sequenced (Illumina MiSeq). The taxonomical database for assignment of hsp65 amplicons was 

designed. Comparison of 16S rRNA and hsp65 markers showed higher variability of hsp65 

than 16S rRNA gene enabling higher resolution of Actinobacteria at species level especially 

for Nocardia, Mycobacteria, Streptomyces and others. Actinobacteria communities differed 

between Lascaux, Rouffignac and both pristine caves. The results showed that anthropization 

level affected Actinobacteria community structure where high diversity of Nocardia was 

typical for visited Rouffignac and Mycobacteria for already closed Lascaux cave. Both caves 

contained potentially pathogenic species which were identified thanks to the hsp65 reference 

database. Pristine caves harbored high proportions of typical pristine caves dwellers Gaiellales 

similarly to Diaclase, which is considered as pristine part within the anthropized Lascaux cave. 

Concerning the visual marks in Lascaux cave, Actinobacteria were shaped according to these 

micro-habitats and domination of Streptomyces were the predominating group in the visual 

marks. 



 
 

 

19 
 

 

Paper II (Buresova et al. 2019, Applied and Environmental Microbiology) described 

Actinobacteria communities over the decomposition process of autochthonous and 

allochthonous litter at beech forest and grassland sites. Over the transplant litterbag 

decomposition experiment the mass loss of litter (Fagus sylvatica  - lowest quality defined by 

C, N, P, autochtonous in beech forest and allochtonous in grassland; Carex humilis and 

Astragalus exscapus - middle and highest litter quality, respectively, autochtonous in grassland 

and allochtonous in beech forest), C, N and P changes, and hydrolytic and oxidative 

extracellular enzymes activities were measured. Bacterial community structure was determined 

by 16S rRNA gene amplicon sequencing (Illumina MiSeq), and quantities of fungi ( as 18S 

rRNA gene copy numbers), Actinobacteria (16S rRNA gene), Alphaproteobacteria (16S rRNA 

gene) and Firmicutes (16S rRNA gene) were measured using quantitative real-time PCR.  

Extracellular enzyme activities were higher at forest site, where also decomposition was faster, 

but where Actinobacteria 16S rRNA genes were less abundant. Actinobacteria, contrary to 

fungi, preffered the litter regardless its quality and origin. The fastest decomposed litter at both 

sites was the most nutritious one, which however was not the preferred one for neither fungi 

nor Actinobacteria. Dynamics (i.e. variation over time) of Actinobacteria and fungi was highly 

litter specific but not site specific. Actinobacteria 16S rRNA gene abundance increased in later 

stages, similarly as for Firmicutes, and differing from fungi and Alphaproteobacteria. 

Actinobacteria and fungi were differently influenced by litter or site conditions, but had similar 

strategies in colonizing the litter over time. Actinobacteria should be more and fungi less 

affected by changes in complex site conditions, because Actinobacteria were site specialists 

and fungi site generalists. But Actinobacteria adapted to decompose the litter regardless its 

quality, and may be potentially less affected by changes in vegetation cover and resulting litter 

quality.  

Paper III (Buresova et al., under revision, European Journal of Soil Biology) built on our 

previous results where Actinobacteria increased over the decomposition. This paper focused on 

late stage decomposition of recalcitrant beech (native) and spruce (introduced) litter under the 

mountainous climate. All abiotic conditions like a parent rock and climate were identical at for 

both sites since the forests were located next to each other on the hillside. A litterbag experiment 

was set and a later stage was determined to months 15, 19 and 29. Bacterial community structure 

(16S rRNA gene, Illumina Miseq), fungal and bacterial abundance (ITS region and 16S rRNA 
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gene, respectively, ddPCR), micronutrients, macronutrients and characteristics of organic 

matter were measured over that period in the litter. Nutrients were also measured in soil profiles. 

Our results showed that fungal and bacterial abundance did not change between the sites with 

different litter and was therefore affected by other than litter characteristics, for example site 

conditions. Contrary to Proteobacteria, Actinobacteria dominated in late stages on the more 

recalcitrant introduced spruce litter which however did not lead to a higher decomposition rate.  

 

Paper IV (Pereira et al 2019, FEMS Microbiology Ecology) focused on Actinobacteria 

community changes under the reduction of rainfall during decomposition of allochtonous and 

autochtonous litter in Mediterranean two deciduous and one coniferous forests. The results 

show that, contrary to fungi, Actinobacteria abundances (16S rRNA gene, qPCR) were not 

affected by reduced precipitation. Actinobacteria dominated at each site in deciduous litter, 

while coniferous litter was colonized by fungi with higher preference, especially in deciduous 

forests (18S rRNA gene, qPCR). In coniferous forest, both microbial groups dominated on 

deciduous litter with lower lignin content and the highest availability of nutrients. It suggests 

that in coniferous forest both groups had similar strategies and colonized the more nutritious 

deciduous litter. Actinobacteria were not affected by rainfall reduction but were affected by 

litter quality. 
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Introduction 
 

Microbes in a changing world 
 

Human derived changes on earth resulted in a new geological epoch called the 

Anthropocene, which consists of three stages called paleoanthropocene, industrial revolution 

and great acceleration (Gillings and Paulsen, 2014). During those stages the widespread of 

agriculture and industry together with the high population growth, consumption of energy and 

resources represented a new selection pressure for the natural ecosystems. Consequently, the 

loss of biodiversity, elevated production of greenhouse gases and chemical pollution are some 

of the main outcomes challenging the stability of the nature nowadays (Gillings and Paulsen, 

2014; Zhu and Penuelas, 2020). 

The human impact influenced microbial communities across many biomes and might 

be reflected in various measures, such as stability, diversity and functioning of microbial 

communities (Zhu and Penuelas, 2020). Such human impacts might have direct and indirect 

influences. For example, the pollution of environment by toxic substances (Abdu et al., 2017) 

and eutrophication (Schobben et al., 2016) can directly negatively affect microbes. On the 

contrary, the changes in vegetation cover (Prieto et al., 2019), precipitation events and 

temperature (Suseela et al., 2014) due to a climate changes like increase CO2 production are 

examples how human affect microbes indirectly. 

The alteration of temperatures and precipitation regimes represented one of the 

predicted effects of climate change with direct consequences to microbes. It was suggested that 

the warming and higher frequencies of freeze/thaw cycles might promote animal and plant 

pathogens and suppress decomposers of organic carbon compounds as well as those involved 

in N-cycling (Garcia et al., 2020). Another finding revealed that thawing of permafrost might 

unleash danger pathogens and promote carbon release from soil, which has in turn a negative 

feedback for the climate change (Gross, 2019). The promotion of long drought with more 

intense rain events were expected also in arid habitats and might promote further soil 

degradation together with decrease of microbial diversity ( Maestre et al., 2012; Meisner et al., 

2018).  
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On the other hand, plant diversity and biomass alteration changes are another indirect 

consequences of climate change which can modulate the activity, biomass and structure of 

microbial communities (Lange et al., 2015). The plant diversity decreased and proportions of 

structural components of plant tissues might slow down the decomposition. The climate change 

scenarios through warming and drought might affect the nutrient content in plant tissues and 

thus palatability for microbes (Rosenblatt, 2018). These and other climate-related changes 

might in turn result in settlement of stress tolerance communities (Garcia et al., 2020).  

Human activity might directly affect microbial communities by organic and inorganic 

pollution by biocides, heavy metals but also excess of nutrients. The high concentration of 

heavy metals (Lee et al., 2002; Száková et al., 2016) or pesticides (Pose-Juan et al., 2017) in 

soil might decrease of microbial biomass together with enzymatic activities as a reaction to 

toxic stress. However, although some microbes might be sensitive to heavy metals, others are 

resistant or adapt over time (Chen et al., 2020). Simultaneously, pesticide amendments might 

shift microbial community towards high proportions of microbes capable to degrade the 

respective organic pollutant (Bragança et al., 2019). Also, the excess of nutrients reached by 

fertilization was associated with shifts in microbial diversity as a reaction to eutrophication. In 

soil, nitrogen fertilization might shift the microbial community towards dominance of 

copiotrophic microbial taxa like Firmicutes, Proteobacteria and Zygomycota contrary to the 

oligotrophic like Acidobacteria (Francioli et al., 2016). Moreover, high nutrient amendments 

might promote mineralization of stable and recalcitrant organic matter, which is known as a 

“priming effect”, (Meier and Bowman, 2008) and thus promote emission of  CO2 and CH4 to 

the atmosphere.  

Some studies focused only on diversity indices of bacterial or fungal community or 

overall microbial biomass (Száková et al., 2016; Wagg et al., 2019), which however could not 

be a sufficient indicator of which changes we can expect in relation to anthropogenic pressure. 

We apply as a fact, that more diverse community maintain more functions (Delgado-Baquerizo 

et al., 2016) but since microbes are not functionally equivalent (Bray et al., 2012; Wertz et al., 

2006) the crucial question should be, if such diverse community contain specific taxa 

responsible for respective modulations in ecosystems. Moreover in this context arise a question 

what are the main microbial groups to which these changes are significant (McGuire and 

Treseder, 2010). At the same time, does these groups maintain key roles in ecosystems? If so, 

which feedbacks can be expected through modulation of their abundances, proportions and 
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interactions in community and activity? Then, we have to consider such key groups jointly with 

other community members, since with the interactions in the community we can completely 

gain the biotic and abiotic factors affecting their functioning (Bani et al., 2018).  

 

Actinobacteria in terrestrial ecosystems 
 

Actinobacteria are phylogenetically diverse and ubiquitous gram positive class of 

bacteria further characterized by high content of cytosine a guanine in their genomic DNA  

(Barka et al., 2016). Actinobacteria sustain important ecosystem functions since among other 

activities they participate in carbon cycling and nutrient transformation. They possess useful 

enzymes and also produce metabolites of various functions, for example antiobitics and thus 

have broad applications in biotechnology and biomedicine (Sharma et al., 2014). Since we face 

the problems of antibiotic resistance and new diseases, which call for exploration of novel 

searching for unknown Actinobacteria especially from underexplored habitats with capacity to 

produce new metabolites are one of the main goals nowadays (Rangseekaew and Pathom-Aree, 

2019).  Due to Actinobacteria high application potential many studies focus on Actinobacteria 

production of therapeutics, antifungal substances, enzymes or degradation of pollutants but 

much fewer are concerned about their ecological demands affecting their distribution and 

functioning in natural habitats.  

High frequencies of Actinobacteria were monitored in various types of terrestrial, 

aquatic ecosystems and in the atmosphere. In terrestrial ecosystems, free living Actinobacteria 

are highly abundant especially in soil, where they count 10 6 to 10 9 cells per gram (Barka et 

al., 2016). Since Actinobacteria have broad adaptations to live in oligotrophic conditions 

Actinobacteria live epilithically and endolithically on building surfaces, rocks, stone 

monuments and statues (McNamara et al., 2006; Mihajlovski et al., 2017). Their advantages 

include the capability to produce resistant spores as a reaction to harsh conditions (B.-Z. Fang 

et al., 2017; Makhalanyane et al., 2015). Moreover, Actinobacteria produce pigments like 

melanin to be protected against high radiation, temperature extremes and free radicals 

(Manivasagan et al., 2013). That enables their survival in extreme habitats such as deserts and 

semideserts (Makhalanyane et al., 2015), alkaline saline soils (Shi et al., 2019), polluted soils 

(Alvarez et al., 2017), permafrost soils (Aszalós et al., 2020; Hansen et al., 2007), subterranean 

habitats (De Mandal et al., 2017; Hershey et al., 2018).  
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Besides that, Actinobacteria are important symbionts but also pathogens of plants and 

humans. In plants they can for example caused potatoes common scabs for which the 

Streptomyces genera are responsible (Marketa Sagova-Mareckova et al., 2015). Within the 

Clavibacter genera are plant pathogenic species like C. michiganensis subsp. sepedonicus 

causing bacterial root rot of potatoe or C. michiganensis subsp. michiganensis causing bacterial 

wilt and canker of tomato (Bentley et al., 2008). For humans, many diseases including 

tuberculosis, cystic fibrosis, pulmonary disease, nocardiosis and others caused Actinobacteria 

genera like for example Nocardia (N. pneumoniae, N. farcinica, N. asteroides) (Boiron et al., 

1992; Taj-Aldeen et al., 2013) and Mycobacterium (M. tuberculosis, M. abscessus, M. avium) 

(Gagneux, 2018; To et al., 2020). Rhodococcus equi is an example of animal pathogen, namely 

of horses, ruminants and pigs, that might causes opportunistic infections for humans (Vázquez-

Boland and Meijer, 2019). 

 

Environmental factors driving Actinobacteria communities 
 

Actinobacteria, their diversity, activity and abundance are highly dependent on pH, 

moisture and temperature. The pH was considered to be the main factor affecting 

Actinobacteria community. In the study performed in different soils of temperate forest and 

meadow Actinobacteria abundance negatively correlated to pH (Sagova-Mareckova et al., 

2011). Some Actinobacteria were considered acidophilic including the new species Trebonia 

kvetii isolated from highly acidic soil (Rapoport et al., 2020). Similarly, acidic soil pH favorited 

some Actinobacteria genera for example Acidimicrobium, but alkaline soil pH favorited genera 

such as Nocardia, Micrococcus and Mycobacterium (Jenkins et al., 2009). In addition, another 

study based on Actinobacteria from rock surfaces suggested they most grew on media with 

neutral pH (B.-Z. Fang et al., 2017).  

Aquatic Actinobacteria were found in free water and sediments of saline and fresh water 

habitats where pH (Newton et al., 2007), UV-radiation (Rasuk et al., 2017), nutrients 

(Holmfeldt et al., 2009) and various other factors affected their community structure (Kurtbóke, 

2017; Sharma et al., 2014). Therefore, Actinobacteria have also adaptation to live in aquatic 

ecosystems, but these are not the subject of the thesis. Terrestrial Actinobacteria prefer humid 

habitats but well oxidized since they are generally considered as aerobes or microaerophiles 

since their counts in waterlogged habitats declined to about 102 or 103 per dry gram of soil 



 
 

 

25 
 

(Kurtbóke, 2017). Yet, hydration of arid soil after the dry period was linked to Actinobacteria 

abundance decline with subsequent increase after the habitat recovery as the oxygen availability 

increased (Št’ovíček et al., 2017). Similarly in the Mediterranean forest, Actinobacteria 

abundance were not influenced by the rainfall exclusion (Pereira et al., 2019).  That suggested 

terrestrial Actinobacteria were well adapted to dry conditions because their proportions 

significantly increased with dryness but not only in warm but also in cold climates including 

Arctic soil (Rego et al., 2019). Yet, some Actinobacteria dominated waterlogged habitats 

(Kopecky et al., 2011). 

Optimal growth temperature for Actinobacteria is between 25 – 30°C however, 

thermophilic and psychrophilic Actinobacteria also exist (Barka et al., 2016; Li et al., 2010). 

The temperatures might have determining effect on the size and composition of Actinobacteria 

communities not only directly but also indirectly through the litter quality and substrate 

availability (Jenkins et al., 2009; Kurtbóke, 2017). Actinobacteria seasonal changes between 

winter and summer showed, that higher diversity with higher proportions of unknown taxa were 

found in winter (M. Sagova-Mareckova et al., 2015). Similar results were found in deciduous 

forest, where the known Actinobacteria taxa were higher in winter in upper horizons where the 

highest amount of organic matter was located (Kopecky et al., 2011). For example, in the 

grassland and forest sites Actinobacteria proportions increased especially in July and then in 

January more visibly in grassland, however it again seemed to be dependent on nutrients 

availability (Buresova et al., 2019). Actinobacteria might dominate high nutritious habitat 

(Francioli et al., 2016), but as was mentioned earlier, their competitive advantage represented 

also the capability to overcome oligotrophic conditions and to utilize recalcitrant substrates 

(Barton and Jurado, 2007). 

Although it is certain that Actinobacteria communities are driven by environmental 

forces, different factors affect Actinobacteria and a single resolute pattern cannot be recognized. 

Above that Actinobacteria participated in many biotic interactions so might be suppressed by 

fungal pathogen or facilitated by the assembly of microbes or plants, for which Actinobacteria 

mediated available sources of energy by degradation of resistant compounds (Radha et al., 

2017). Cooperation or competition of Actinobacteria with other microbial community members 

might be mediated by secondary metabolites production, however in nature has been scarcely 

investigated (Miao and Davies, 2010).  
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Techniques for in situ Actinobacteria determination 
 

Culture dependent analyses of microbial diversity represented a big problem in the past 

since only the cultivable bacteria were recovered (Penny R. Hirsch et al., 2010). The cultivation 

approach is limited not only due to missing knowledge on requirements of the microbes for 

growth conditions and nutrients but also for the absence of cooperating microbes or their 

metabolites, which allow growth of the other ones (Lewis, 2009). Moreover, these techniques 

are time-consuming contrary to culture independent methods (Penny R. Hirsch et al., 2010).  

With the expansion of in situ molecular techniques,  the ecological role and community 

structure of microorganisms including Actinobacteria can be done in situ (Barka et al., 2016).  

The gene coding the small ribosomal subunit (16S rRNA gene) is the most frequently used 

molecule for description of prokaryotic microbial communities and molecular taxonomy. 

Currently, the next generation sequencing is the preferred sequencing method but even its high 

throughput capacities generally cannot resolve individual sequences at the species level (Fox et 

al., 1992; Penny R Hirsch et al., 2010). Moreover, this gene cannot be used for issuing 

abundance because for example in Actinobacteria there are on average  3.1±1.7 16S rRNA 

copies per genome depending on the particular genus/species, while in Firmicutes it is on 

average 5.8±2.8 copies and in Proteobacteria from 2.2±1.3 copies in Alphaproteobacteria to 

5.8±2.8 copies in Gammaproteobacteria (Větrovský and Baldrian, 2013). Above that a single 

bacterium can harbor diverse copies of the gene, while identical gene copies can be found in 

different bacteria, which complicates the molecular taxonomical identification especially to the 

species level (Pei et al., 2010). 

Alternatively, highly conserved protein coding genes from primary metabolism were 

proposed for identification of closely related bacteria including Actinobacteria. Generally, 

genes coding rpoB (beta subunit of RNA polymerase), gyrA, gyrB (A, B subunit of DNA 

gyrase), secA (ATPase secretory preprotein translocase), atpD (beta subunit of ATP synthase 

F1), gap (glyceraldehyde-3-phosphate dehydrogenase), pnp (polyribonucleotide 

nucleotidyltransferase), ftsZ (tubulin-like GTP-binding protein) or dnaK (chaperone Hsp70 in 

DNA biosynthesis), as well as the 23S rRNA gene are used (Gtari et al., 2015; Martens et al., 

2008). rpoB coding beta subunit of DNA polymerase exists in a single copy, but it is not 

conserved enough to be amplified by universal primers (Ogier et al., 2019; Vos et al., 2012). 

For Actinobacteria,  sodA, hsp65, the recA gene encoding DNA recombination and repair 



 
 

 

27 
 

systems were used (Adékambi and Drancourt, 2004). DNA gyrase subunit B encoding gene 

gyrB was used for differentiation of Nocardia species, however only some species were more 

distinct according to gyrB than 16S rRNA (Takeda et al., 2010). Simultaneously, hsp65 gene 

coding heat shock protein is present in genome in a single copy and has been used as a molecular 

marker for identifying a large number of Actinobacteria isolates (Rodríguez-Nava et al., 2007, 

2006), but has never been sequenced from in situ samples (from environmental DNA). 

Although such markers might employed drawbacks like lacking databases for assigning the 

taxonomy, they might be used in combination with other housekeeping genes in Multi Locus 

Sequence Analysis (MLSA) studies (Diancourt et al., 2005; Ogier et al., 2019). Usually five or 

more genes were sequenced for definition species within the genus as for example for Frankia 

alni gene markers atp1, ftsZ, dnaK, gyrA and secA were used (Nouioui et al., 2019). For genetic 

relatedness between Ensifer species (Alphaproteobacteria) ten genes encoding atpD, dnaK, 

gap, glnA, gltA, gyrB, pnp, recA, rpoB and thrC were used (Martens et al., 2008). However, 

recently is more reliable method for species identification the whole genome sequencing 

(Verma et al., 2013).  
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Part 1: Cave environments and microbial inhabitants 
 

Caves are underexplored habitats unique in its stable microclimatic conditions and 

isolation from the surrounding environment. The isolation from the sunlight results in the 

absence of phototrophic primary production (Tomczyk-Żak and Zielenkiewicz, 2015). The 

chemoheterotrophic or chemolithotrophic microbes living in caves are under the pressure due 

to nutrient deficit, to which they are adapted by alternative nutrient acquisition strategies 

(Barton and Jurado, 2007; Ortiz et al., 2014). This selective pressure consequently resulted  in 

unique microbial communities (De Mandal et al., 2017). Microbes might face harsh conditions, 

which might cause high DNA damage due to high calcium content, which resulted in 

overabundance of DNA-repair enzymes (Ortiz et al., 2014).  Cooperative microbiological 

interactions predominate over competition in such habitats, since the limited inorganic and 

complex organic nutrients are unlikely to be acquired by a single organism due to high energy 

demand versus little energy gain in those processes. Those living conditions consequently 

explain the high microbial diversity (Barton and Jurado, 2007), and low microbial biomass 

(<106 cells/g) observed in caves (Hershey and Barton, 2018).  

In caves, the microbial communities are driven by the type of habitat like the rock wall, 

sediment, water, air (Wu et al., 2015). It was even suggested that the sample type is a stronger 

determinant of the variability of cave microbial communities than the differences between caves 

(Zhu et al., 2019). The most ubiquitous bacterial phyla in caves were found Proteobacteria and 

Actinobacteria (Tomczyk-Żak and Zielenkiewicz, 2015) while other highly abundant groups 

were Firmicutes, Verrucomicrobia or Acidobacteria (De Mandal et al., 2017; Zhu et al., 2019). 

The presence of Archaea were frequently found in caves, such as Thaumarchaeota, most likely 

thanks to their various CO2 fixation pathways (Ortiz et al., 2014). Fungi in caves were found to 

be parasites of animals or decomposers especially of organics, which entered the cave 

externally. In that case, the organics were covered by conidia of such fungi like Aspergillus, 

Penicillium or Mucor, which were at the same time generally the most frequently reported 

genera from caves together with Histoplasma or Geomyces (Vanderwolf et al., 2013).  

Some of the most ubiquitous cave taxa could be also found in soil, which is explained 

by the seeding hypothesis suggesting that these microbes were carried by the percolating water 

into a newly created cave. However, the long-time impact and selective pressure sorted for 
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microbes with unique adaptations (Hershey and Barton, 2018) and precisely those adaptations 

lead to the high proportions of unknown and endemic microbes observed in caves (Lavoie et 

al., 2017). Those included for example Actinobacteria species Hoyosella altamirensis and 

Nocardia altamirensis, which were firstly isolated from Altamira cave wall (Jurado et al., 2009, 

2008) and Nocardia jejuensis from a Korean cave (Lee, 2006). More recently, Nonomurea 

cavernae and Bacillus antri were examples of bacteria isolated from a karst cave of China (B. 

Z. Fang et al., 2017; Rao et al., 2019). Also, novel fungal species were isolated from caves like 

three highly oligotrophic fungal species Cephalotrichum guizhouense, Cephalotrichum laeve 

and Cephalotrichum oligotriphicum (Jiang et al., 2017) or filamentous fungi with high 

cellulolytic activity (Paula et al., 2019).  

Some cave microbes represent a source of novel secondary metabolites used as 

therapeutics. Cervimyxin, Xiakemycin, Hypogeamicin and Huanglongmycin are examples of 

new antibiotic and anticancer metabolites produced by Actinobacteria (Rangseekaew and 

Pathom-Aree, 2019). Interestingly, some caves are also reservoirs of antibiotic resistance or 

pathogenic microbes. Their presence was in the past attributed to the human activity, which 

later became controversial since they were found also in natural and isolated caves without any 

human intervention (Bhullar et al., 2012; Jurado et al., 2010). 

The microbial inhabitants of caves are driven by biotic and abiotic conditions and in 

turn modify the inner environment since some act as constructive or destructive agents. More 

specifically, microbial mineral precipitation in caves resulted in the formation of speleothems, 

calcium carbonate, iron precipitation and others are driven by number of processes (Banerjee 

and Joshi, 2013; Tomczyk-Żak and Zielenkiewicz, 2015).  In the Altamira cave, the mineral 

deposits were found to be associated with microbial colonies, while the biomineralization was 

driven by microenvironmental conditions like high humidity, temperature and CO2 production 

(Cuezva et al., 2009). Also, the pH of biofilm strongly influenced calcium carbonate dissolution 

and precipitation. The pH increase was associated with precipitation and thus carbonate 

formation, while pH decrease caused carbonate dissolution (Banerjee and Joshi, 2013).  

Some studies suggest Actinobacteria and fungi to be one of the crucial microbes 

inducing mineral deposition (Tomczyk-Żak and Zielenkiewicz, 2015; Vanderwolf et al., 2013). 

However, although Actinobacteria and Proteobacteria dominated speleothems of Karstic 

caves, metabolically dominating groups associated with calcium carbonate precipitation were 
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Proteobacteria and Firmicutes (Dhami et al., 2018). Another study pointed on the most 

important role in mineral deposition of those cyanobacteria, algae and fungi able to create 

biofilms and mats (Banerjee and Joshi, 2013).  

Microbes might colonize cave surfaces and create a biofilm, which is  made of microbial 

consortia held together by polymers leading to their protection and effective use of energy 

sources (Mulec et al., 2015). The biofilms may be colorless but also highly pigmented, which 

might indicate its functional composition and reflect the microenvironmental factors driving its 

creation (Banerjee and Joshi, 2013). The green biofilm consists of green algae and 

cyanobacteria in the areas where light, artificial or natural light in the entrance of cave are 

present (Urzì et al., 2010). The yellow biofilm in lava tubes was linked to percolation of organic 

matter originated from lignin degradation containing yellow colored phenolic compounds. In 

this type of biofilm, Proteobacteria followed by Actinobacteria dominated, however, the latter 

group was metabolically more active (Gonzalez-Pimentel et al., 2018). Black and white 

pigmented biofilms were found to have alkaline pH and thus, are contrary to yellow biofilms 

responsible for speleothems induced by precipitation (Portillo and Gonzalez, 2010). Dark color 

of biofilms might be caused by algae producing black pigments like Nostoc and melanized fungi 

like Aspergillus niger, Acremonium or Ochroconis (Alonso et al., 2018; Popović et al., 2015). 

Althought these dark pigments like melanin might have protective functions for example 

against free radicals their roles in cave biofilms are not completely clear (Agustinho and 

Nosanchuk, 2017; Mulec et al., 2015).  

 

Human derived changes in show caves 
 

Pristine caves are fragile habitats, where human derived intervention might cause 

disruption of structure and functioning of microbial communities. However, microbes are to 

some extend resilient to the influence from human activity and are able to mitigate the impact 

(Tomczyk-Żak and Zielenkiewicz, 2015). That was demonstrated for  example by the effect of 

human urine, which represented enrichment of nitrogen as well as introduction of commensal 

organisms (Johnston et al., 2012). As a result, the indigenous cave microbiome including the 

endemic species took an advantage of nitrogen and organic compounds enrichment without 

alteration of their community composition (Johnston et al., 2012). Another study suggested, 
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that microbial community composition remained unchanged, but the enrichment by exogenous 

nutrients in show caves increased microbial biomass (Adetutu et al., 2012).  

Unfortunately, the situation was changing rapidly once the cave became open to public 

suggesting that the level of anthropization might be the crucial determinant of the cave 

microbiome over other environmental factors (Moldovan et al., 2020). Extensive physical 

human impact can also began with installation of walkways, lights and other utilities and more 

drastically continued with high frequency of visitors (Bercea et al., 2019). The visitors directly 

changed the inner microclimate by their metabolism, including production of CO2, H2O, and 

heat and by consumption of O2 (Hoyos et al., 1998). Moreover, each visitor brought to a cave 

not only external organic and inorganic matter on their shoes or clothes but also exogenous 

microbes like human or animal-associated commensals or pathogens, representing new 

potential colonisators and thus, aliens for true microbial cave dwellers (Leuko et al., 2017). At 

the end, the remediation of human impact by physico-chemical and biological treatments might 

even more drastically affect the cave microbiome in a negative way (Martin-Sanchez et al., 

2015). 

Some cave microbes might react to the human induced changes by coloration, creation 

of microbial mats and by deterioration of rock walls and historical paintings induced by pH 

decrease, production of acids and enzymes (Banerjee and Joshi, 2013; Carlo et al., 2016). 

Indeed, the problem with wall paintings endanger by bacteria and fungi try to deal with such 

world renowned caves like Altamira, Roman tombs, Lascaux and others (Martin-Sanchez et al., 

2015; Schabereiter-Gurtner et al., 2002). The secondary calcium deposits of white color 

(moonmilk) endangered the Etruscan wall paintings in Italian tomb, where Proteobacteria, 

Acidobacteria and Actinobacteria dominated (Cirigliano et al., 2018). It was a similar case for 

moonmilk deposits on wall paintings of Altamira cave, where Proteobacteria and 

Actinobacteria dominated (Portillo and Gonzalez, 2011). The paintings of ancient Egyptian 

tombs suffered from color changes performed by Actinobacteria species, namely Streptomyces, 

by oxalic and citric acids, pigments like melanin, karotenoids and hydrogen sulphide production 

(Abdel-Haliem et al., 2013). On the contrary to that study, the melanin in black stains on wall 

Paleolithic paintings of Lascaux Cave were found to originated from fungi, namely from species 

from Ochroconis genera (De La Rosa et al., 2017).  
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The human contamination can also resulted in presence of bacterial, fungal and viral 

opportunistic pathogens, which can affect the health especially of immunosuppressed visitors 

or those with lower defense (Carlo et al., 2016; Jurado et al., 2010). The anthropogenically 

contaminated species such as Escherichia and Lysinibacillus might enter the cave with heavy 

rains (Davis et al., 2020), others can enter the cave with visitors (Bercea et al., 2019) or with 

animals (Jurado et al., 2010). Bacterial opportunistic pathogens caused various skin, brain 

and/or lung infections including for example those from groups Actinobacteria (Nocardia, 

Mycobacterium, Rhodococcus, Kribella), Alphaproteobacteria (Aurantimonas) and 

Spirochaete (Jurado et al., 2010). Known human pathogens Staphylococcus aureus and Bacillus 

spp. were detected in one of the largest show cave in Japan (Ando and Murakami, 2020). In 

Chinese cave, fungi related species associated with human and animal mycotoxicosis was 

isolated from dead bats (Karunarathna et al., 2020). Also Vanderwolf et al., (2013) mentioned 

in his review some cave pathogenic fungi like Histoplasma capsulatum and Geomyces 

destructans. Histoplasma capsulatum produce pulmonary histoplasmosis which was relatively 

frequent in caves explorers while the species from a genus Geomyces cause skin and nails 

human diseases (Jurado et al., 2010; Nováková, 2009).  

 

Problematic of Lascaux Cave 
 

The example of drastic human induced alteration of a cave microbiome is a case of 

Lascaux Cave in France (Martin-Sanchez et al., 2015). The Lascaux Cave is located in 

Dordogne department in south-western France and contain wall Paleolithic paintings. The cave 

was discovered in 1940 and in 1948 was open to public. In 1955 increased amount of CO2, 

humidity and temperature in the cave due to high number of visits per day so the air conditioning 

machine was installed. In 1960 the green colonies with green algae and a calcite film coating 

from water condensation appeared along the walls. since the microbial colonization progressed, 

the cave was closed in 1963 to a public. Consequently, the biocide treatment containing 

formaldehyde solution was applied, followed by antibiotic spraying which suppressed green 

colonies for some time. Interestingly, in 1966 lichens appeared in cave but bacteria and fungi 

remain stable (Bastian et al., 2010; Martin-Sanchez et al., 2015). However, in 2001 white fungal 

mycelia appeared at the walls while the treatment of 50% benzalkonium chloride dissolved in 

ethanol or water was unsuccessful for suppression of their proliferation (Martin-Sanchez et al., 
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2015). More aggressive treatments were applied, which however resulted only in proliferation 

of white mucus of Pseudomonas fluorescens and five month later first black microbial colonies 

appeared on the walls of the cave (Bastian et al., 2007). The mechanical cleaning and new 

biocide treatments were used against the black stains, however without a long lasting success 

(Bastian et al., 2010). 

Black stains represent recently the major problem for preservation of cave paintings. 

The microbial composition was therefore studied to use successful treatment for their 

elimination. Black stains were considered as most likely fungal origin, since the Dematiaceous 

hyphomycetes producing olivaceous to black colonies, together with species from genera 

Verticillium and Scolecobasidium were firstly isolated from stains (Fabiola Bastian et al., 2009). 

The melanin producing fungi Scolecobasidium tshawytschae appeared in stains most likely as 

a reaction to previous organic treatment since is typical for oil-contaminanted soils (Bastian et 

al., 2010). More recently, the novel fungal species of the genus Ochroconis, O. lascauxensis 

and O. anomala, which produced melanin were isolated from the stains (De La Rosa et al., 

2017). Based on sequencing approach, strong interactions between fungal and bacterial species 

(for example between Aspergillus, Janibacter and Streptomyces) were found in the black stains 

(Alonso et al., 2018), pointing on a possibility that more complex microbial relationships play 

a role in stains creation. The microbial concentration in islands of nutrients in the oligotrophic 

cave walls might lead to increase competition linked to antibiotic production, which stress fungi 

to melanin production. However, if these fungi are during the creation of the black stains 

influenced by other microbes or how they in turn affect microbiology of the caves remain 

unclear but might be crucial for a definitive black stain suppression. 

 

 

Actinobacteria roles in caves 
 

Actinobacteria are highly abundant in many caves worldwide (Tomczyk-Żak and 

Zielenkiewicz, 2015). The suggestion that harsh conditions of caves are for this group highly 

favorable over the surrounding habitat was supported by a study where Actinobacteria 

dominated lava caves bacterial community contrary to the aboveground soil (Lavoie et al., 

2017). Moreover, Actinobacteria advantage lie in the abilities to adapt to starving conditions, 

which for them represent a strong selection factor leading to an evolution of novel species. It 
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was supported by the study from Hamedi et al., (2019) who found that the highest number of 

novel Actinobacteria species were associated with the most oligotrophic part of the cave. 

Actinobacteria could fight against oligotrophy by production of extracellular hydrolytic and 

oxidative enzymes enable them to degrade even very recalcitrant organic compounds coming 

to the cave (Hamedi et al., 2019; Le Roes-Hill and Prins, 2016). However, another effect of 

some oxidative enzymes like laccase might be oxidation of phenolic molecules with subsequent 

polymerization into dark melanin-like pigments (Al Khatib et al., 2018). Indeed, some 

Actinobacteria like Streptomyces (Abdel-Haliem et al., 2013; Cuezva et al., 2012; Mitova et 

al., 2017), Pseudonocardia (Porca et al., 2012) or Nocardioides (Groth et al., 1999) were found 

to be responsible for pigmented stain formation on walls of caves.  

The caves harbor unique Actinobacteria communities, some Actinobacteria were 

mentioned to be typical for pristine caves like Gaiellales (Zhu et al., 2019) while other for 

anthropized caves, like Pseudonocardiaceae (Lavoie et al., 2017). However, some genera like 

Streptomyces were also found typical for both types of caves (Maciejewska et al., 2017). 

Nocardiaceae might be also considered typical pristine cave members (De Mandal et al., 2017), 

however some species from that genera are known human pathogens and might be introduced 

into cave by visitors (Jurado et al., 2010). Also other pathogenic Actinobacteria species like 

Dietzia maris or Kocuria rosea were recovered from the air of visited Slovenian cave (Mulec 

et al., 2017). Therefore, the presence and proportions of potential pathogens in the community 

associated with visited caves is important to be monitored in relation to visitor’s health.  
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Part 2: Decomposition of plant litter and the climate change 
 

Soil is the largest reservoir of organic carbon in terrestrial ecosystems and plant litter 

decomposition is a dynamic process where nutrients from litter are sequentially returning back 

to the soil (Berg, 2018; Moorhead and Sinsabaugh, 2006). This process is to a large extent 

affected by climate (temperature, precipitation) (Glassman et al., 2018; Jin et al., 2013), soil 

quality (pH, bedrock material, fertility) (Delgado-Baquerizo et al., 2015), litter characteristics 

(quality, quantity, accessibility) (Prieto et al., 2019) and decomposer organisms like soil fauna 

(Frouz et al., 2015) and microbes (Baker et al., 2018). Climate was the most important factor 

especially when considering its effect on a regional scale, while the litter played more 

prominent role on a lower spatial scale (Berg, 2000). However, some studies denied the climate 

factor as a primary control on the decomposition process (Bradford et al., 2014) or assumed 

that its role was dependent only with combination with other factors as for example microbial 

communities or litter quality (Glassman et al., 2018; Thiessen et al., 2013).  

More specifically for the climate, microbial communities were differently affected by 

temperature, where bacteria shifted more strongly in relation to changes in climate 

characteristics than fungi (Glassman et al., 2018). Temperature sensitivity also depended on a 

litter recalcitrancy according to Arrhenius theory: the more recalcitrant the litter was, the more 

dependent it was on temperature (Thiessen et al., 2013). However, the more recent study in a 

field experiment showed that the more the organic matter was stabilized, the less it was sensitive 

to temperature, which directly contrasted with the Arrhenius theory (Moinet et al., 2020). Also 

a precipitation was found to have a predominant effect on the decomposition, since it eliminated 

the moisture limitation of microbes and stimulated their activity (Jarvis et al., 2007; Smith et 

al., 2010). 

Concerning the litter quality, the litter of higher quality (i.e. high diversity of more 

nutritious litter, lowe C:N:P ratio) was colonized by more diverse microbial decomposers 

contrary to lower quality litter (high proportions of structural polymers like hemicellulose and 

lignin, higher C:N:P ratio) and resulted in faster decomposition (Bray et al., 2012; McDaniel et 

al., 2014). The litter quality changed over time and microbial decomposers reflected these 

changes (Buresova et al., 2019). According to the general point of view, first stages of 

decomposition were accompanied with a loss of nutrients and r-selected microbial taxa, while 
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the recalcitrant debris remained in late stages and were associated with K-selected microbial 

taxa (F Bastian et al., 2009; Philippot et al., 2010). Other study suggested that mostly earlier 

stages of decomposition (especially C and N loss) were regulated by biotic factors - microbial 

but also nematodes community, while late stages were driven by abiotic factors - initial litter 

quality and soil moisture (García-Palacios et al., 2016). More specifically for litter quality, the 

initial stage of decomposition was driven by P-related characteristics, while later stages were 

mostly controlled by C:N, phenolics:N, phenolics:P and lignin:N ratios (Ge et al., 2013). Other 

studies suggested that N and P might stimulated decomposition in earlier stages and inhibit 

decomposition in later stages due to creation of unavailable complexes (Ge et al., 2013; 

Vitousek et al., 2010). However, as mentioned in the study by Bani et al., (2018), the 

decomposition was a very complex and complicated process where all factors needed to be 

considered jointly for more reliable application of decomposition models.  

The climatic models predicted changes in temperature as a reaction to greenhouse gas 

emissions and included temperature increase with rainfall reduction, however with more 

extreme precipitation events (Field et al., 2012). As a result, plant litter production and litter 

quality would be modified, which would have consequences on decomposition dynamics. As 

decomposition dynamics affected the nutrients availability in soil, the litter quality of new litter 

would be in turn modified, which shifted the balance of nutrient and C cycling (Prieto et al., 

2019). However, it was indicated that direct climate changes in rainfall controlled the C and N 

mineralization to a greater extent than the indirect ones, namely CO2-induced changes in litter 

quality (Jin et al., 2013). The impacts of climate changes might also directly affect 

decomposition, for example by inhibition of enzyme activities due to soil drought as a reaction 

to warming and reduced rainfall (Suseela et al., 2014). Although the rain event in dry soil 

increased decomposition activity more than intense rain event in wet soils (Lee et al., 2014), 

too high intensity of rain might reduce oxygen availability for decomposers (Schwartz et al., 

2007) and slow down the decomposition. The direct changes in climate conditions influenced 

more bacterial than fungal litter community, which specifically impacted decomposition rates 

but also a type of degraded carbon (Glassman et al., 2018). 
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Microbial colonizers of litter 
 

Fungi 

Although soil fauna might contribute to a large extent to physical fragmentation of litter 

and its mixing with organic and mineral horizons (Frouz et al., 2013), microbes were the main 

mediators of plant litter decomposition (Bani et al., 2018). Fungi were always considered 

crucial in decomposition since they produced variety of extracellular enzymes including those 

which were able to decompose even very recalcitrant polymers like lignin from plant litter 

(Purahong et al., 2014). Fungi were divided into subcommunities according to different stages 

and function in decomposition. The early-stage subcommunity produced hydrolytic and 

oxidative enzymes while the later stage subcommunity contributed to laccase and peroxidase 

production (Purahong et al., 2016a). At the same time, earlier stages fungi were mostly 

identified as Ascomycota and later stages fungi as Basidiomycota (Purahong et al., 2016b). 

Concerning the abiotic factors affecting fungi during decomposition, fungal communities were 

less responsible to climate changes than bacteria (Glassman et al., 2018). It was contradictory 

to a study where a fungal community structure was alternated with changes in a high and a low 

soil moisture, however it did not affect the litter decomposition (Kaisermann et al., 2015).  

In our study (Buresova et al., 2019), fungi were concluded as site generalists, but 

substrate specialists since they preferentially colonized one litter type. Indeed, fungi were 

mostly known to be driven by a litter quality since they could select for a certain litter type 

thanks to their colonizing abilities and selective translocation of potentially limiting nutrients 

by fungal hyphs (Song et al., 2010). Generally, fungi were known as dwellers of typical 

recalcitrant litter, like deadwood (Johnston et al., 2016). It was in accordance with a study, 

where fungi were explored to be earlier colonizers and their decomposition of leaf litter might 

facilitate a bacterial decomposition (Purahong et al., 2014).  In spite of this, it was found that 

fungi were associated to a high quality C source, which contrasted the generally known 

hypothesis of their K-strategist orientation (Rousk and Frey, 2015). Simultaneously, high 

quality litter stimulated the production of fungal but not bacterial hydrolytic enzymes 

(Schneider et al., 2012).  
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Bacteria 

As opposed to fungi, bacteria were believed to be r-strategic decomposers but latest 

studies showed that some bacteria were able to be K-strategists (Bani et al., 2018). Many 

bacteria including Proteobacteria, Acidobacteria, Actinobacteria, Firmicutes and 

Bacteroidetes were recovered from deadwood, where they most likely cooperated or competed 

during decomposition with fungi (Johnston et al., 2016). Although some bacterial groups might 

utilize easily accessible low-molecular weight compounds or scavenge the products of 

decomposition from other microbes (Šnajdr et al., 2011), others were able to directly participate 

in the process by a production of hydrolytic and oxidative enzymes (Větrovský et al., 2014). 

For example, glycoside hydrolases β-1,4-endoglucanase, cellobiohydrolase and β -d-

glucosidase were produced by isolates from groups Actinobacteria, Proteobacteria and 

Firmicutes suggesting they were able to completely hydrolytically decompose cellulose (Woo 

et al., 2014). Within that, oxidases and peroxidases were highly active in Gordonia 

(Actinobacteria) and less active in Aquitalea (Proteobacteria), suggested these strains were 

able to degrade lignin although with different efficiency (Woo et al., 2014). Production of 

chitinase might be linked to N-rich substrates including fungal biomass. With this enzyme, 

bacteria might mediate decomposition of death fungal biomass (Tlaskal et al., 2016) or actively 

inhibited fungal growth (Lacombe-Harvey et al., 2018).  

 

Actinobacteria as one of the main litter decomposers 
 

Actinobacteria were one of the most dominating bacterial group during the plant litter 

decomposition in different ecosystems (Glassman et al., 2018; Johnston et al., 2016). Soil and 

litter dwelling Actinobacteria were advantageous during decomposition due to their abilities to 

better colonize the litter thanks to their mycelial growth (De Boer et al., 2005), extracellular 

enzymes (Le Roes-Hill and Prins, 2016) and secondary metabolites production. Secondary 

metabolites might serve as inhibiting or communicating molecules, which might modulate the 

relationships of community during the decomposition (Polkade et al., 2016).  

Actinobacteria were known to be litter and soil quality dependent, which was supported 

by a study where Actinobacteria but not a fungal biomass increased after complex organic 

fertilizers addition to a soil (Jenkins et al., 2009). Actinobacteria were also promoted by 
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inorganic inputs including external S supply (Xu et al., 2016). However, N amendment in the 

late stages down-regulated Actinobacteria but not fungal abundance. It might be caused by 

limitation of C because Actinobacteria were found to regulate CO2 emission derived from litter 

and were thus more than fungi dependent on C availability (Xu et al., 2016). Generally, it was 

presumed that Actinobacteria colonize low nutritious and recalcitrant substrates (Kurtbóke, 

2017). Since the decomposition process was sorted into different stages according to actual 

quality of decomposing litter, Actinobacteria should therefore be associated with the later 

stages when recalcitrant residues remained (F Bastian et al., 2009). Some study indeed found 

Actinobacteria as late-stage decomposers, however they explained it as a result of 

Actinobacteria slow growth, which might indicate low contribution to C flow through microbial 

food web (López-Mondéjar et al., 2018).  

 Concerning the direct effect of climate change during decomposition, although 

Actinobacteria were generally considered highly seasonally responsible (Kopecky et al., 2011; 

M. Sagova-Mareckova et al., 2015), they could be stable during the altered climatic conditions. 

The example is a study by Tikhonova et al., (2019) where Actinobacteria dominated in a part 

of the microbial decomposers community, which remained stable during temperature increase. 

However, more studies are necessary to understand how Actinobacteria are during 

decomposition responsible to direct or indirect climate changes. Since they are subjected to 

variety of factors, including pH, the complexity of factors is necessary to take into account for 

understanding how climate change affects Actinobacteria community structure and biomass. 

Extracellular hydrolytic and oxidative enzymes 

Actinobacteria were found to produce variety of extracellular hydrolytic (Lacombe-

Harvey et al., 2018) and oxidative enzymes (Le Roes-Hill and Prins, 2016; Woo et al., 2014).  

Production of such enzymes like for example chitinases, cellulases, β-glucanases and xylanases 

aided them in existing under different conditions thus enable them to inhabited multiple niches 

(Bennur et al., 2015). In recent years, Actinobacteria were interestingly found producing 

oxidative enzymes like peroxidases and laccase with potential application in biotechnological 

processes or bioremediation (Le Roes-Hill and Prins, 2016). Especially laccases have attracted 

much attention recently, because, contrary to fungal laccase, Actinobacteria laccases were 

active in a wider range of abiotic factors like pH and temperature (Fernandes et al., 2014). With 

laccase and other oxidases and peroxidases, Actinobacteria could decompose lignin, although 



 
 

 

40 
 

it was assumed that with lower efficiency than fungi (Bugg et al., 2011). With hydrolytic 

enzymes like cellobiohydrolase, β-glucosidase and β-xylosidase they could degrade the low-

molecular weight compounds containing lignocellulosic polymers and potentially cooperated 

on a lignin degradation with other microbes like fungi (Johnston et al., 2016; Větrovský et al., 

2014). Concerning other types of enzymes, Actinobacteria might acquire phosphate from 

organic esters by production of phosphatases (Lladó et al., 2017) or nitrogen from N-rich 

polymers like fungal hyphs by chitinases (Lacombe-Harvey et al., 2018). Moreover, some 

studies suggested that with chitinases Actinobacteria might suppress fungal growth (Gasmi et 

al., 2019).  

The enzymology of bacteria in general is less explored and one study contemplated that 

bacteria break the lignin by oxidative enzymes and laccase due to protection against toxicity of 

phenolic compounds rather than to decompose lignin (Lladó et al., 2017). These questions 

might be important in relation to other stress like situations including environmental factors 

changes and low nutrient contents. Therefore, understanding enzyme production under stress 

conditions might be crucial in determining how carbon storage in soil would be affected under 

amplified climate conditions. 

 

Relationship of main decomposers 

Since the results predicting how abiotic factors explain Actinobacteria community 

structure and abundance are not always consistent, the biotic factors such as interaction with 

other community members might explain the rest of the unknown variability driving 

Actinobacteria (Bani et al., 2018; De Boer et al., 2005; Purahong et al., 2016b). If different 

microbial groups have a similar role in decomposition, their niches overlap. The mutual 

cooperation or competition, but also different sensitivity to environmental conditions and other 

variables, which regulated microbes, resulted in niche separation (Kielak et al., 2016; Leibold 

and McPeek, 2006). For example, Actinobacteria abundance decreased over decomposition 

from winter to spring, which was contrary to Proteobacteria. It might point on Actinobacteria 

seasonality over decomposition process together with niche separation over time with another 

dominant bacterial decomposer (Schneider et al., 2012). Similarly, Actinobacteria increased the 

most among other bacteria after litter addition to the soil, but more in a case, where fungi did 

not dominate (Malik et al., 2016). Simultaneously, it was found that when Actinobacteria 
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increased, especially after organic input to soil, a fungal abundance falls (Jenkins et al., 2009). 

It suggested a negative relationship between these two groups, a niche separation and a potential 

inhibition of fungi by Actinobacteria. On the contrary, Actinobacteria colonizing organic 

substrate might also facilitate a growth of microbes already present in the substrate suggesting 

a synergistic interaction (Rousk et al., 2008; Zhao et al., 2016). The mutual relationship between 

Actinobacteria and fungi has rarely been studied in a single experiment although Actinobacteria 

advantages during decomposition are generally similar for fungi, making Actinobacteria the 

main fungal competitors (De Boer et al., 2005). 
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Summary and conclusions 
 

Actinobacteria community in anthropized and pristine caves 

The thesis shows that Actinobacteria may serve as indicators of human derived 

contamination in caves since Actinobacteria community structure differed between anthropized 

and pristine caves (paper I). More precisely, Actinobacteria indicated the least affected caves 

(Mouflon, Reille) and one room within the Lascaux Cave (Diaclase) by high proportions of 

typical pristine taxa from the order Gaiellales (Zhu et al., 2019), the environmental clone MB-

A2-108_fa (Kumar De, 2019; Zhang et al., 2019) and unknown Actinobacteria taxa 

(Rangseekaew and Pathom-Aree, 2019). Rouffignac Cave was identified as being under 

intermediate human-derived pressure due to the coexistence of Actinobacteria groups, which 

were earlier recognized as typical for pristine caves, namely Jiangellaceae (Rangseekaew and 

Pathom-Aree, 2019)) as well as typically anthropized, namely by observation of high richness 

but low eveness of Nocardia including potentially pathogenic species (Jurado et al., 2010; 

Modra et al., 2017; Roxburgh et al., 2004)). The Lascaux Cave was characterized by high 

proportions of Mycobacteriaceae, a group containing potentially pathogenic members (Jurado 

et al., 2010; Modra et al., 2017). These findings point to the shift of Actinobacteria community 

towards high diversity and proportions of potential human pathogens in the visited caves. 

 

Use of the novel marker gene hsp65 for identification of Actinobacteria species  

In the thesis, it is demonstrated that the hsp65 gene marker had higher nucleotide 

polymorphism and higher molecular distances than the 16S rRNA gene especially on the lowest 

taxonomic level of Actinobacteria (paper I). We designed a database, where sequences of 

paralogous genes were recognized and marked but only groups from the class Actinobacteria 

were targeted by selective primers and were thus, successfully identified by the database 

(Telenti et al., 1993). Although the 16S rRNA marker identified more groups on higher 

taxonomic ranks than hsp65 marker, the hsp65 marker identified more species. Therefore, the 

hsp65 gene could be used as a supportive marker complementary to the 16S rRNA based studies 

where identification of Actinobacteria to the species level is needed. However, the 

identification of Actinobacteria with the hsp65 gene marker has a limitation because the 
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database has only a limited number of deposited sequences compared to the 16S rRNA 

reference databases and primers were not complementary to all Actinobacteria taxa. 

 

Visual dark marks on walls of the highly anthropized Lascaux Cave in relation to 

Actinobacteria communities  

The differences of Actinobacteria community between visual marks (black stains and 

dark areas) and unmarked areas on cave walls were demonstrated, while higher diversity was 

measured in visual marks (paper I). Furthermore, higher proportions of Streptomyces with the 

highest proportion of S. mirabilis were identified in the visual marks especially at the cave 

entrance. Streptomycetes might contribute to pigment production as was monitored in other 

studies (Abdel-Haliem et al., 2013; Cuezva et al., 2012). Moreover, Streptomycetes were 

dominating in pigmented areas of other caves like Altamira, Spain (Groth et al., 1999). These 

findings suggest that Streptomyces were influenced by visual marks and potentially, might be 

involved in the visual marks formation. However, more detailed studies on the pigment 

production or interaction with the pigment forming fungi with Streptomyces is needed for 

understanding their role. 

 

Actinobacteria communities in relation to litter changes during decomposition 

Concerning the decomposition process in temperate climate, Actinobacteria abundance 

was not favorized by any studied litter type or its origin. but their dynamics over one year were 

dependent on litter type and their abundance increased in later stages of decomposition (paper 

II). It implies that Actinobacteria were functionally redundant since their decomposition 

strategies function according to the litter quality rather than the litter type and origin (Glassman 

et al., 2018) (paper II). In the Mediterranean climate, Actinobacteria preferred deciduous litter 

with the highest nutrient content but also with structural compounds such as lignin, cellulose, 

hemicellulose regardless of its origin (paper IV). Similarly, in a mountainous forest, 

Actinobacteria dominated later-stage bacterial community on the more resistant spruce litter 

compared to the beech litter (paper III).  

These results show that Actinobacteria were mostly favorized by a recalcitrant litter or 

stages, when the litter became recalcitrant (F Bastian et al., 2009; Bray et al., 2012; Bugg et al., 



 
 

 

44 
 

2011; Fierer et al., 2007). Moreover, Actinobacteria were able to adapt to changes in a litter, 

however, their dominance did not lead to an increased rate of decomposition (paper III, IV). 

It shows that Actinobacteria were adaptable to litter alteration with a potential to dominate the 

recalcitrant litter but the changes did not promote decomposition and thus also carbon and 

nutrients release. 

 

Actinobacteria adaptability to changes in habitat properties  

In the thesis, Actinobacteria occurring in the litter were not affected by rainfall reduction 

in Mediterranean forests (paper IV) and also in the temperate mountainous forest, other than 

climate characteristics affected their abundance (paper III). The comparison of temperate 

grassland and beech forest showed that the grassland harbored higher abundance of 

Actinobacteria but the decomposition was overall faster at the forest site (paper II).  

Therefore, not only climatic characteristics, but also another factor or complex site 

conditions affected Actinobacteria in these habitats (paper II, III, IV). Actinobacteria were 

considered slow-growing thus, their response to actual weather changes might be retarded 

(López-Mondéjar et al., 2018) or they might be resistant to weather changes due to the spore 

formation (Acosta-Martínez et al., 2014; B.-Z. Fang et al., 2017). When comparing the forest 

habitats, Actinobacteria were able to adapt to introduced coniferous forests in both 

Mediterranean and temperate mountainous climate since they finally dominated the spruce or 

pine bacterial community in comparison to the native beech or oak deciduous forests, 

respectively (papers III, IV). Generally, acidic and nutrient-limited coniferous forest might 

enable the increase of Actinobacteria proportions because they are more than other community 

members adaptable to such harsh conditions, again suggesting Actinobacteria as oligotrophic 

and adaptable taxa. 

However, the dominance of Actinobacteria at the respective sites (grassland (paper II), 

coniferous forests (papers III, IV)) did not lead to more intense decomposition of litter contrary 

to deciduous forests (paper II, III, IV). These results suggest that climate change would affect 

Actinobacteria indirectly through habitat alteration and the altered habitats dominated by 

Actinobacteria might be linked to slower carbon release from the litter. 
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Actinobacteria as late-stage decomposers with opposite patterns to other decomposers 

The succession of microbial decomposers during decomposition with closer focus on 

Actinobacteria and fungi has been rarely investigated. In the temperate beech forest and 

grassland, Actinobacteria were similarly to fungi driven by a litter quality but an overall 

abundance of fungi was comparable between the sites while Actinobacteria abundance was site 

specific. Moreover, Actinobacteria were similarly to Firmicutes late-stage colonizers but fungi 

and Alphaproteobacteria were initial stage litter colonizers (paper II). In the Mediterranean 

climate, Actinobacteria were not affected by rainfall reduction contrary   to fungi (paper IV). 

There, Actinobacteria were favorized by deciduous litter, while fungi mostly by coniferous 

litter except for the coniferous forest, where both groups coexisted in a high abundance at the 

same litter (papers IV). These findings point to the niche separation between Actinobacteria 

and fungi but also Actinobacteria and other decomposers during litter decomposition 

(Firmicutes, Alphaproteobacteria) (paper II).  

Concerning the Actinobacteria and fungi, they had opposite strategies driven by 

different factors (paper II, III, IV) and their succession over time was opposite (paper II). 

However, in certain situations such as on the most palatable litter type in the coniferous forest 

(paper IV), intermediately recalcitrant litter type in the grassland (paper II)) their niches were 

overlapping (paper II, IV), which might point to a synergistic interaction (Meidute et al., 

2008). Overall, Actinobacteria and fungi were litter quality dependent however, fungi seemed 

to be affected more by direct climatic factors (papers III, IV) and Actinobacteria more by 

indirect climatic factors such as habitat alteration (papers II, III, IV).  Therefore, the climate 

derived changes leading to altered litter or precipitation might shift the fungal to actinobacterial 

ratio and thus the relationship between the two groups potentially leading to an altered 

decomposition process and carbon cycling. 

 

Concluding remarks 

From the results described above, I conclude that Actinobacteria communities might 

play important roles in anthropogenic and natural habitats and are directly and indirectly 

influenced by human-derived changes. The thesis might help in improving the study of 

Actinobacteria with a novel marker gene hsp65. We also suggest that Actinobacteria are 

adaptable members of microbial communities, particularly to man-induced changes in caves 
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and during decomposition processes on a plant litter. Consequently, this taxonomic group might 

be proposed as a bioindicator in monitoring of environmental quality or in prediction models.  

Thus, Actinobacteria deserve a closer attention and more studies showing how their activity is 

modified by human derived changes. Moreover, our results show that interactions between 

Actinobacteria and other microbial members, especially fungi, might play an important role in 

driving the ecology of Actinobacteria in the studied environments. Thus, new experiments that 

would uncover the positive or negative interactions between Actinobacteria and fungi are 

proposed for understanding their combined contribution to decomposition and carbon cycling.  
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