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RESUMO 
 

 

BRÜCK, Stefan Alexander. Mudanças nas atividades enzimáticas da microbiótica na 

decomposição da matéria orgânica do solo, em um gradiente altitudinal do vulcão Iliniza 

Equador, como modelo para os impactos das mudanças climáticas no armazenamento 

de carbono em turfeiras andinas 2023. 184 p. Tese (Doutorado em Bioquímica) - Faculdade 

de Medicina de Ribeirão Preto, Universidade de São Paulo, Ribeirão Preto - SP, 2020. 

 

 

O Paramo andino reúne ambientes distintos descritos como ecossistemas montanhosos 

neotropicais situados entre a linha das árvores e a zona rochosa da Cordilheira dos Andes de 

2.900 a 5.000 m. Possui a maior taxa média de diversificação entre todos os hotspots de 

biodiversidade da Terra. Seu papel como sumidouro de carbono e sua incrível capacidade de 

retenção de água desempenham papéis críticos na interação com os ecossistemas de encostas 

andinas. O Capítulo 1 analisa como a baixa degradação da matéria orgânica leva ao acúmulo 

maciço de depósitos de carbono como turfa. Esse sumidouro de carbono pode se transformar 

em uma fonte de carbono no futuro devido às mudanças climáticas, apoiado por evidências de 

pesquisa das turfeiras do hemisfério norte. O capítulo 2 trata do isolamento de fungos 

filamentosos de habitats remotos com condições climáticas extremas, descobrindo várias 

enzimas com propriedades atraentes, úteis em aplicações industriais. Dentre estes, enzimas 

adaptadas ao frio de fungos com comportamento psicrotrófico são agentes valiosos em 

processos industriais visando a redução de energia. Das oito cepas isoladas do solo do páramo 

equatoriano, três foram selecionadas para posterior experimentação e identificadas como 

Cladosporium michoacanense, Cladosporium sp. (complexo cladosporioides) e Didymella sp. 

A secreção de sete enzimas, endoglucanase, exoglicanase, β-D-glucosidase, endo-1,4-β-

xilanase, β-D-xilosidase, fosfatases ácida e alcalina, foram analisadas sob agitação e 

condições estáticas otimizadas para o período de crescimento e temperatura de incubação. As 

cepas de Cladosporium sob agitação e incubação por 72 h mostraram ativação substancial 

para endoglucanase até 4563 mU/mL e xilanase até 3036 mU/mL. Didymella sp. mostrou a 

ativação mais robusta a 8 °C, indicando um perfil interessante para aplicações em processos 

de biorremediação e tratamento de águas residuais em climas frios. O Capítulo 3 descreve a 

atividade variável da sulfatase (Sulf), fosfatase (Phos), n-acetil-glucosaminidase (N-Ac), 

celobiohidrolase (Cellobio), β-glicosidase (β-Glu) e peroxidase (POX) em uma altitude escala 

de 3600-4200 m, nas estações chuvosa e seca a 10 e 30 cm de profundidade de amostragem, 

relacionado às características físicas e químicas do solo. Modelos lineares de efeito fixo foram 

estabelecidos para analisar esses fatores ambientais para determinar padrões distintos de 

decomposição em solos páramo. Os dados sugerem uma forte tendência de diminuição das 

atividades enzimáticas em altitudes mais elevadas e na estação seca até duas vezes mais forte 

ativação para Sulf, Phos, Cellobio e β-Glu. Especialmente a altitude mais baixa mostrou 

atividade N-Ac, β-Glu e POX muito mais forte. A profundidade de amostragem revelou 

diferenças significativas para todas as hidrolases, exceto Cellobio, mas teve efeitos menores 

nos resultados do modelo. Ademais, os componentes orgânicos do solo, em vez dos físicos ou 

metálicos, explicam as variações da atividade enzimática. Embora os teores de fenóis tenham 

coincidido principalmente com o teor de carbono orgânico do solo, não houve relação direta 

entre hidrolases, atividade da POX e substâncias fenólicas. O resultado sugere que pequenas 

mudanças ambientais com o aquecimento global podem causar mudanças importantes nas 

atividades enzimáticas, levando ao aumento da decomposição da matéria orgânica na fronteira 

entre a região do páramo e os ecossistemas em declive. No capítulo 4 assumimos que a baixa 

atividade de decomposição está diretamente ligada à sua composição microbiana, que ainda 



 

ix 
  

não foi estudada em detalhes no solo páramo. As sequências 16S- para archaea e bactéria e 

ITS- para fungos foram amplificadas para análise em 4 altitudes distintas marcando zonas de 

vegetação nas estações seca e chuvosa. As amostras foram recolhidas em triplicado e 

agrupadas. Dados taxonômicos de riqueza e abundância revelaram que as comunidades 

bacterianas variam mais com a estação do que com efeitos altitudinais. Os filos mais 

abundantes foram Acidobacteriota, Actinobacteriota e Bacteriodota. Proteobacteriota, descrito 

como o principal filo do solo, mostrou apenas pouca abundância. Os fungos, por outro lado, 

apresentaram maior variação na diversidade para efeitos altitudinais e sazonais. Ascomycota, 

Basidiomycota e Mortierellomycota foram os mais abundantes. Em comparação com a 

atividade enzimática do capítulo 3, o padrão global da diversidade fúngica poderia explicar 

melhor as diferenças observadas na decomposição da matéria orgânica. A distribuição das 

classes de fungos indica padrões únicos para o ambiente páramo, o que convida a uma 

investigação mais aprofundada. 

 

 

Palavras-chave: Paramo, solo enzimas, fungos filamentosos psicrofílicos, composição da 

microbiota 
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ABSTRACT 
 

 

BRÜCK, Stefan Alexander. Changes in microbiotic enzyme activity on soil organic matter 

decomposition, on an altitudinal gradient of the volcano Iliniza Ecuador, as a model for 

climate change impacts on carbon storage in Andean peatlands. 2023. 184 p. Thesis 

(Doctorade in Biochemistry) – Faculty of Medicine Ribeirão Preto, University of São Paulo, 

Ribeirão Preto - SP, 2022. 

 

The Andean Paramo unites distinct environments characterized as neotropical mountain 

ecosystems lying at high elevations between the tree line and the rocky zone of the Andean 

Mountain chain from 2900 up to 5000 m. It bears the highest average diversification rate 

among all biodiversity hotspots on earth. Its role as a carbon sink and its astonishing water 

retention capacity play critical roles in the interaction with Andean downslope ecosystems. 

Chapter 1 reviews how low organic matter degradation leads to the massive accumulation of 

peat-like carbon deposits and how this carbon sink might turn into a carbon source in the 

future due to climatic change, supported by research evidence of northern hemisphere 

peatlands. Chapter 2 treats the isolation of filamentous fungal strains from remote habitats 

with extreme climatic conditions in the paramo, discovering several enzymes with attractive 

properties, useful in various industrial applications. Among these, cold-adapted enzymes from 

fungi with psychrotrophic behavior are valuable agents in industrial processes aiming to 

reduce energy. Out of eight strains isolated from the soil of the paramo highlands of Ecuador, 

three were selected for further experimentation and identified as Cladosporium 

michoacanense, Cladosporium sp. (cladosporioides complex), and Didymella sp. The 

secretion of seven enzymes, endoglucanase, exoglycanase, β-D-glucosidase, endo-1,4-β-

xylanase, β-D-xylosidase, acid, and alkaline phosphatases, were analyzed under agitation and 

static conditions optimized for the growth period and incubation temperature. Cladosporium 

strains under agitation and incubation for 72 h mostly showed substantial activation for 

endoglucanase up to 4563 mU/mL and xylanase up to 3036 mU/mL. Meanwhile, other 

enzymatic levels varied depending on growth and temperature. Didymella sp. showed the 

most robust activation at 8 °C, indicating an interesting profile for applications in 

bioremediation and wastewater treatment processes in cold climates. Chapter 3 describes the 

changing activity of sulfatase (Sulf), phosphatase (Phos), n-acetyl-glucosaminidase (N-Ac), 

cellobiohydrolase (Cellobio), β-glucosidase (β-Glu), and peroxidase (POX) on an altitudinal 

scale from 3600-4200 m, in rainy and dry seasons at 10 and 30 cm sampling depth, related to 

physical and chemical soil characteristics, like metals and organic elements. Linear fixed-

effect models were established to analyze these environmental factors to determine distinct 

decomposition patterns within paramo soils. The data suggests a strong tendency toward 

decreasing enzyme activities at higher altitudes and in the dry season up to two-fold stronger 

activation for Sulf, Phos, Cellobio, and β-Glu. Especially the lowest altitude showed 

considerably stronger N-Ac, β-Glu, and POX activity. Sampling depth revealed significant 

differences for all hydrolases but Cellobio, but it had minor effects on model outcomes. 

Further organic rather than physical or metal components of the soil explain the enzyme 

activity variations. Although the levels of phenols coincided mostly with the soil organic 

carbon content, there was no direct relation between hydrolases, POX activity, and phenolic 

substances. The outcome suggests that slight environmental changes with global warming 

might cause important changes in enzyme activities leading to increased organic matter 

decomposition at the borderline between the paramo region and downslope ecosystems. In 

chapter 4 we assumed that low decomposing activity is directly linked to its microbial 

composition, which has not yet been studied in detail in paramo soil. 16S- for archaea and 
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bacteria and ITS-sequences for fungi were amplified for analysis on 4 distinct altitudes 

marking vegetational zones in the dry and rainy seasons. Samples were taken in triplicate and 

pooled. Taxonomical data of richness and abundance revealed that bacterial communities 

variate stronger with the season than with altitudinal effects. The most abundant phyla were 

Acidobacteriota, Actinobacteriota and Bacteriodota. Proteobacteriota, commonly described as 

the leading soil phylum, only showed little abundance. Fungi, on the other hand, showed 

greater variation in diversity for altitudinal and seasonal effects. Ascomycota, Basidiomycota, 

and Mortierellomycota were most abundant. In comparison to enzyme activity of chapter 3, 

the global pattern of fungal diversity could explain to a greater extent the observed differences 

in the decomposition of organic matter. The distribution of fungal classes indicates unique 

patterns for the paramo environment, which invites further investigation. 

 

 

Keywords: Paramo, soil, enzyme, psychrophilic filamentous fungi, microbiota 

composition 
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1. Chapter 1 

The Ecuadorian Paramo in danger: What we know and what 

might be learned from northern peatlands 

 

This chapter is based on the review article of the same name  

 

Abstract: The Andean Paramo unites a series of distinct ecosystems all together characterized as neotropical 

mountain ecosystems lying at high elevations between the tree line and the rocky zone of the Andean Mountain 

chain from 2900 up to 5000 m, dependent on its longitudinal location. The term Paramo (Latin Paramus, 

meaning “The highest”) was historically defined as an uncultivated mountain wasteland characterized by the 

absence of trees and harsh climatic conditions, which pays little credit to its ecological, hydrological, climatic, 

and socio-cultural importance. The Andean Paramo region bears the highest average diversification rate 

among all biodiversity hotspots on earth. But most of all, its role as a carbon sink and its astonishing water 

retention capacity play critical roles in the interaction with Andean downslope ecosystems revealed by an 

increasing research interest in the area. The interplay between microorganism composition, enzyme activity, 

and soil characteristics play a crucial role in the formation of peat responsible for these characteristics. 

Nevertheless, still little is known about the unique ecosystem and its different forms of appearance due to the 

low research activity in South America. It is seriously threatened to disappear before we discover all of its 

secrets. Human intervention due to the upslope shift of agricultural activity, cattle farming, hunting, and 

wildfires have devastated large amounts of its landscapes. However, the biggest threat, global climate change, 

is still in its early phase of manifestation. In this context, the present review summarizes important paramo 

characteristics and takes advantage of previous studies performed in the northern hemisphere peatlands, which 

present similar features and have been studied intensively due to their critical role in global climate change 

for more than two decades. 

Keywords: Paramo, ecosystem services, carbon fixation, water retention 

 

1.1 Geography and soil composition 

The Andean Paramo stretches along Southern America from southern Venezuela (8°N) 

to northern Peru (11°S) following the Andean Mountains. These are divided into three distinct 

chains, namely the  Occidental Andean chain, the Central Andean chain, and the Oriental Andean 

chain, separated by tectonic depressions, which give rise to its heterogeneous topology with 

large inter-Andean valleys and highland plateaus in sharp contrast to steep slopes of active 

stratovolcanos [1,2]. This causes geographic isolation of distinct patches of paramo with unique 

environments but similar climatic conditions. From a geographical point of view, its uprise was 

a relatively recent event. Although most of the mountain uplift happened in the middle Miocene, 

15- 20 million years ago, the development of paramo ecosystems falls within the latest uplift 

only about 2,7 million years ago as it largely depends on the extreme altitudes [3,4]. The central 

Andean chain reaches from Venezuela to southern Colombia, which is why in Ecuador,   there 
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are only the oriental and the occidental Andean chain distinguishable [5]. Nevertheless, Ecuador 

has the highest percentage of paramo compared to the total surface area on earth, reaching 

almost 7% of the national territory [6] (Figure 1.1 A). Within this area, there are 11 distinct 

ecosystems [7](Figure 1.1 B).  

 

 

Figure 1.1 The distribution of Paramo in Ecuador 
A) Extension of Paramo (red area) within Ecuadorian Territory B) Distribution of 11 different Paramo 

regions. 

 

Paramos on the eastern chain of the Andes,  mainly close to the Amazonian basin, tend 

to be more humid than those on the western Andean chain. Furthermore, they can be categorized 

into those belonging to the Northern Paramo characterized by a higher and more recent volcanic 

activity represented by remaining extensive ash depositions and the southern region with a 

higher presence of older weathered morphic bedrock of  ancient volcanic origin leading to 

distinct soil types [5,8]. In northern Ecuador, most paramo soil types belong to molic or histic 

Andosols characterized by their dark brown or black color and their high content in organic 

A B 
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carbon leading to the formation of organometallic complexes with iron and aluminium released 

through worn volcanic parent material [9,10]. Southern Ecuador soils tend to be older, although 

not necessarily more developed. The predominant soil type is Inceptisol of ancient volcanic 

origin [11]. 

Although there is a general geographical distinction between paramo types, it is also 

very common to find several distinct types of paramo within one geographically isolated region 

(Figure 1.2) due to changes in topology, water access, erosion, and exposure to the wind. Most 

importantly, many paramos, especially in Northern Ecuador, are separated into subparamo, at 

the borderline between the high Andean Forest and Paramo, shrub-paramo, grass-paramo, and 

superparamo are differentiated only by the rising altitude within the same paramo stretch [12]. 

 

Figure 1.2 Types of Paramo 
A) Paramo de Frailejones, Carchi province, Reserva El Angel; B) Grass Paramo, Napo province, Reserva Antisana; 

C) Herbal humid Paramo, Pichincha province, Reserva Papallacta; D) Herbal and Shrub sublevel Paramo, Azuay 

province, Parque Nacional Cajas (Fotos taken by the author) 

 

1.2 Climate and Hydrology 

The temperature in paramos shows a strong fluctuation between day and night, like those 

observed in desertic environments. Intense radiation paired with black soil, low vegetation, and 

the absence of shadow in most parts lead to surprisingly high temperatures considering the 
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altitude at which paramo is found [13]. On the other hand, the lack of vegetation also causes a 

low capacity to hold warmth within the environment during the night, leading to cold night 

temperatures. Furthermore, constant precipitation and fog in many paramo regions can add to 

the cooling effect. In conclusion, this can lead to temperature fluctuations of 20°C within a 

single day [14]. Even though temperatures close to the freezing point are common, temperatures 

below the freezing point are usually very scarce, which is influenced by water retention. Water 

serves as a heat reservoir heating during the daytime and slowly liberating this heat throughout 

the night. 

Although rainfall intensity in the paramo is usually relatively low, the frequency of those 

events is high, mainly due to the orographic effect [15]. Additionally, from afternoon to early 

morning, much of the paramo is coated with mist and fog of low-hanging clouds covering the 

vegetation with dew [16,17]. Moreover, the water usage by the ecosystem is very low given 

that most plants present very low evapotranspiration due to adaptations against the extreme 

radiation at high elevations close to the equator and water loss through strong winds. In addition, 

many of those plants developed protecting hairs that facilitate the condensation of water on 

their surface [18]. 

The combination of the proximity of most paramos to the equator line and the extreme 

altitude of  these ecosystems causes radiation to pass through an extremely narrow atmospheric 

layer [19]. It is believed that together with wind and cold temperatures, this radiation hinders 

the expansion of tree species within the given environment and leads to a series of 

morphological adaptations of plant species [13]. 

Another critical aspect of the paramo’s climate is the abundant presence of strong winds. 

Its location at the borderlines of Andean slopes and the formation of wind channels of the High 

Andean valleys within the Andean mountain chains form anabatic flows [20], which   are further 

intensified due to the lack of natural windshields such as trees. Furthermore, it is believed that 

the formation of new forests within the paramo area is difficult due to the strength of winds [13] 

which is observable by the presence of high Andean forests at the lee sides of mountains. 

The impermeable rocky ground of the Andean mountains itself has minimal capacity to 

hold water on its own, lacking deep groundwater flows, and global warming threatens glaciers 

as natural water resources [20]. Therefore, soil formed by the paramo vegetation and microbiota 

interaction plays a crucial role in retaining vast quantities of water [21] due to its low apparent 

density and the presence of large pores [22]. The paramo does not only store the water, but its 
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soil structure can filter water and slowly and steadily distribute it into streams and rivers 

towards downslope ecosystems such as the emblematic mountainous cloud forests on both sides 

of the Andean slopes and the tropical Chocó rainforest on the western and the Amazonian basin 

on the eastern side of the Andes [9,23]. It is difficult to predict how future water scarcity might 

influence these ecosystems, and more studies are needed for estimation, but the effect is likely 

to be dramatic [24]. What is already becoming visible is that big cities are using these water 

supplies for a considerable population (Bogotá and Quito, for example) which makes them 

totally dependent on the ecosystem services of the paramo region [21]. 

 

1.3 Carbon fixation 

The soil characteristics mentioned above and water retention capacities are a direct result 

of an astonishing carbon fixation capacity leading to high levels of soil organic carbon 

(SOC)(Figure 1.3). Although photosynthetic net fixation of CO2 is not as high as in typical 

tropical downslope ecosystems, as can be seen by the slow growth rates of typical paramo 

vegetation, plants have developed adaptations to utilize the intense radiation for their benefit 

[18]. Still, more importantly, the degradation of accumulating organic matter is very slow. The 

combination of low temperatures at high elevations, little oxygen availability due to high water 

table depths, and harsh living conditions for soil microbiota have led to the deposition of huge 

layers of peat-like carbon-rich matter reaching more than six meters depth at northern 

Ecuadorian paramos [17].  

 

 

Figure 1.3 Accumulation of organic matter in paramo soil 
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Elaborated by the author (Photos taken from the Antisana Paramo Ecuador and scanning electron microscopy from 

Alice Dohnalkova, Pacific Northwest National Laboratory)[25] 

The net fixation capacity of some paramo regions is even superior to those of tropical 

rainforests in the Amazonian basin, accumulating up to 134 g m2
-1 year-1 and qualifying them as 

some of the world's most carbon-dense peatlands [26]. Organic matter degradation is directly 

dependent on soil microbiota composition and its capacity to secrete degrading enzymes (Figure 

1.3).  

Little research emphasis has been made on determining soil microbiota diversity and 

enzyme activities, as well as greenhouse gas emission rates as a consequence of degradation 

but increasing microbiota diversity and enzyme activity are likely to be expected with climate 

change [17], to which extent largely depends on vegetational shifts due to the direct interplay 

with microorganisms and soil characteristics [27]. 

An essential aspect that remains to be studied is the interplay between the two most 

important ecosystem services, water retention, and carbon fixation. Retained water replaces 

oxygen within the poriferous ground causing long-term anoxic conditions similar to those 

observed in bogs and fens [28]. Although hydrolases, which are the dominant degrading 

enzymes, are not oxygen dependent, they are inhibited mainly by phenolic substances abundant 

in plant wall material. Phenolic substances are degraded by phenol oxidases which depend on 

oxygen intake, an effect known as the “Enzyme Latch Theory” discovered by Freeman and 

colleagues [29]. Again the effect has been studied for Northern Peatlands [30,31] but remains 

undiscovered in paramo wetlands although scientific data points towards similar behavior [32]. 

 

1.4 Species diversity and endemism 

The Andean Paramo region is identified as one of the world’s most important biodiversity 

hotspots. It holds the highest average diversification rate among all ecosystems on the planet 

[3]. An estimated 60% of paramo plant species are endemic to this unique habitat [8,9], although 

this number is still in discussion, and the real endemism could be even higher, considering that 

genetic studies about plant diversity in the paramo are still scarce and purely morphological 

studies are known to underestimate this number [23]. 

Its unique landscapes were formed due to the elevation of the Andean Mountain peaks. 

In Pleistocene, where maximum glacial extensions were formed, the first paramos could also 

be found at lower elevations allowing for connectivity among them in a unique Andean belt [4]. 
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This greatly facilitated the distribution of plant, animal, and fungi species. When temperatures 

rose and the glaciers retreated, the paramo also shifted upslope, causing the isolation of paramo 

ecosystems due to the loss of connectivity. It is believed that this event strongly supported 

recent and rapid allopatric speciation and subsequent adaptive radiation. This led to an 

astonishing level of endemism in an evolutionary short period of less than two million years 

[4,33]. 

Although, at first sight, the paramo looks homogenous due to the lack of forests, its 

topology gives rise to different microhabitats. Meanwhile, on steep slopes, especially those 

found at the flanks of stratovolcanos, where erosion removes organic matter, rocky soils are 

covered with pillows of lichens and mosses of great diversity [34]. This stands in sharp contrast 

to slightly inclined terrain and plains where the formation of bogs and fens accumulate deep 

layers of peat [26]. Therefore, local diversification within a landscape, which appears to be a 

single landscape like islands of different species can be found [23]. 

The endemism frequency in Ecuadorian Paramo also leads to remarkable diversity of 

soil microorganisms with potentially interesting enzymatic capacities. Some isolated fungi have 

great enzymatic potential even under cold climatic conditions demonstrating how little is known 

about the biotechnological potential within these unique environments [35].  

 

1.4.1 Flora 

The aspect of the paramo region is marked mainly by the presence of plants belonging 

to the families Asteraceae and Poaceae [12]. The plant genera differ depending on the type of 

paramo. Abundant are species from Azorella, Werneria, and Plantago, which can build thick 

pillowlike elevations, as well as Calamagrostis, Stipa, and Festuca. Typical shrub species are 

Valeriana, Chuquiraga, Arcytophyllum, Pernettya, and Brachoyotum [8] with dispersed 

remnants of dwarfed trees like Polilepis. Astonishing is also the abundance of Bryophytes 

represented dominantly by the families Dicranaceae and Lejeuneaceae as well as 

Dryopteridaceae  (ferns) [36]. Especially in rocky zones and the superparamo, there is a notable 

diversity of lichens [34]. Remarkable species are Espeletia pycnophylla (frailejones) and Stipa 

ichu (paja brava), which gave name to specific types of paramo due to their dominant 

appearance in the landscape [18]. 
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1.4.2 Fauna 

The paramo extensions form habitats for big and medium mammals such as the Andean 

or spectacled bear (Tremarctus ornatus), the puma (puma concolor), the Andean Tapir (Tapirus 

pinchaque), the white-tailed deer (Odocoileus virginianus ustus) and the Paramo wolf 

(Lycalopex culpaeus reissii) as well as emblematic birds of prey such as the Condor Andino 

(Vultur gryphus), the   black-chested eagle (Geranoaetus melanoleucus), and the Caracara 

Curiquinge (Phalcoboenus carunculatus). Reptiles are very rare in the paramo, but the 

abundance of water bear habitats for  amphibian species like Eleutherodactylus whymperi [8]. 

These emblematic animals, together with the unique landscape, make the paramos 

popular destinations for tourism which can support conservation with earnings but can also lead 

to further destruction of the paramo landscape, as can be observed in the Cotopaxi paramo. 

 

1.5 Human intervention 

1.5.1 Cultivation and Cattle farming 

Climate change has caused a continuous elevation of cultivatable areas within the 

paramo region. 

The rise of the agricultural frontier has been visible since the first descriptions of 

agricultural activity by Alexander van Humboldt [37] until today, and since climate change 

effects are expected to be exponential, it is most probable that changes will become more 

dramatic within the future [38] (Figure 1.4).  
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Figure 1.4 Vegetational upslope shifts in the volcano Chimborazo 
comparing a drawing of Alexander from Humboldt (1802) with the present 

situation (2012). The upslope shift of vegetational zones and especially 

agriculturally exploited areas is clearly noticeable. Picture taken from Morueta-

Holme et al. (2015) [37] 

 

It appears illogical that the paramo region with its carbon-rich black soil and its 

particular capacity to retain phosphates, is considered a barely fertile region which is due to its 

extreme climatic conditions, not suitable for every type of crop and the fact that the impaired 

microbial decomposition of organic matter does not release many nutrients up to the point 

where they become assimilable by plant roots [39]. It is therefore not surprising that paramo 

soil is transported to lower elevations and sold as the most fertile substrate for agriculture. 

Unfortunately, this leads to the destruction of whole peat bogs [40]. 

Many paramo landscapes are illegally transformed into pastureland, and it is common 

to release cattle at the borderlands of even protected areas to pasture. Trampling of cattle causes 

the compaction of soil which leads to the loss of water retention capacity and the change of 

vegetation towards a few resistant species. Selective grazing of native plant species further 

diminishes the biodiversity of affected areas with an important impact on the microbiota 

composition [39,41]. 
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1.5.2 Burning 

Although many adverse effects of burning paramo vegetation are widely recognized as 

harmful by the local population, in terms of the destruction of biodiversity as well as the 

exposure of the soil to erosion and the elimination of useful microorganisms, burning of paramo 

is still common practice. It represents the easiest way to transform paramo into pastureland, 

“clean up” terrain previous to the seeding of crops, deforestation, and the fastest way for illegal 

appropriation and colonization of abandoned terrain [8]. 

Human burning activity and the more frequent appearance of wildfires can represent a 

serious threat to the paramo. Furthermore, the continuous loss of water retention capacity in 

combination with global warming and its associated increase in extreme climate events [21] 

could lead  to droughts and, therefore, the increased occurrence of spontaneous wildfires, as has 

been shown in northern peatlands [42,43]. Burning not only threatens the biodiversity of local 

areas but also causes a dramatic increase in released CO2, which adds to the greenhouse effect. 

Within a concise period, vast amounts of carbon that have been accumulated over decades, 

fixed from the atmosphere, can be released [44]. 

 

1.6 Lessons to learn from northern hemisphere peatlands 

Despite its continuously underestimated importance, tropical paramo ecosystems are 

barely studied. Although considerable efforts have been made to recollect information about 

this unique habitat [6,8], internationally published data is still very scarce. 

Furthermore, most studies treat the observed biodiversity of flora and fauna and certain 

aspects about ecological characteristics meanwhile, studies such as paramo microbiome 

analyses or details about decomposition processes within its soils are scarce [45]. 

On the other hand, the northern hemisphere peatlands have gained a said reputation within 

the scientific community due to their important role in the massive liberation of greenhouse 

gases with climate change [38]. Therefore, this formerly rather inconspicuous environment 

attracted great scientific interest, and many studies have been performed to gain insight into 

environmental mechanisms, especially concerning carbon storage. Historically northern 

hemisphere peatlands have attracted greater research interest than tropical peatlands, although 

these are estimated to hold 18-23% of global peat carbon stocks [17]. The present review, 

therefore, aims to compare those distant habitats to understand whether certain insights gained 



1. Chapter 1  Stefan Alexander Brück 

 

FMRP-USP 2023 14 

for northern hemisphere peatlands might help us understand what might be expected for 

mountain peatlands in South America. Given similarities and differences, the idea is not to 

directly project outcomes from the intensively studied northern peatlands to the less studied 

paramo, but rather an analysis of what might be expected in future research and to create 

hypothesis that remain to be tested. 

 

1.6.1 Similarity and Differences 

Although there are undoubtedly important differences between both types of peatlands 

which is a logical      outcome of the extremely high endemism rate of Andean paramo regions as 

we previously discussed, as well as extreme differences in geographical localizations on earth 

with all their geological, topological, and climatic implications, there is still a significant 

number of astonishing similarities to be observed. First, both ecosystems are marked by their 

extreme capacity to retain water [21,46] as a direct consequence of their remarkable carbon 

storage capacity commonly visible by the several meters thick peat deposits in extended areas 

[26,47], leading to hardly developed soil horizons. Moreover, although species differ, 

predominant plant families are very similar in both areas. Both are dominated by Asteraceae y 

Poaceae plant species and present an unusual richness in bryophytes (especially Sphagnum 

spec.), lichens, ferns, and especially in colder regions, upslope or up-north, respectively, the 

gradual replacement of tree species by small shrubs [36]. Climatic conditions are similar in vast 

areas considering that temperature gradients towards the polar regions are similar to those 

observed towards the glaciers in mountain peatlands. Nevertheless, freezing events are 

obviously more frequent up north than close to the equator. On the other hand, radiation 

intensity tends to be far more intense in Andean paramo regions [19]. Both regions usually 

present a high frequency of rain and strong winds. These harsh conditions generally led to 

several comparable physiological adaptations of plants and animals [8,47]. 

 

1.6.2 What we could learn 

Northern hemisphere peatlands have been studied intensively for many decades due to 

their proximity to, or ubication within countries with high degrees of research funding and 

scientific production on the one hand and more recently in the last two decades due to its central 

role as a carbon sink in the context of global climate change as the most significant terrestrial 
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carbon stock worldwide [48]. Taking this last aspect alone it is worth asking whether mountain 

peatlands might show similar behavior in the future as they are just as capable as northern 

peatlands to fix and store carbon [26]. 

Higher temperatures favor microbiota diversification as well as its abundance, 

especially in colderpeatlands on a higher latitudinal level or at higher altitudes. This also 

changes the enzyme secretion behavior of the microorganism community favoring degrading 

microorganism taxa [49,50]. Enzymes are known to be greatly influenced by rising temperatures 

leading mostly to increased catalytic rates [51]. 

Moreover, increasing temperatures generally increase levels of evapotranspiration of 

soil and plants, leading to increased desiccation of topsoil [52]. Furthermore, climate change is 

causing a visible increase in extreme climatic conditions where extreme rainfalls and floods 

follow prolonged and hotter droughts [38,48]. Taken together, these events are expected to 

increase soil aeration in peatlands with the subsequent decline in water table depth. 

Waterlogging is necessary to  impede organic matter degradation, and several studies in 

different peatland sites in Canada and Europe have shown an increase in CO2 and CH4 release 

due to increased soil respiration [53], an increase in enzymatic degradation activities [31,51] and 

related loss of peat biomass as a consequence [54]. Furthermore, prolonged draughts can 

damage leaves, negatively influencing net photosynthetic production [48,52].  

Particularly interesting is the loss of the “Enzyme latch” effect. As Peroxides become 

increasingly active upon oxygen availability, phenolic substance breakdown increases, leading 

to impaired inhibition of hydrolases and increased organic matter decomposition [28–30]. 

South American peatlands are considerably less studied, but the available information 

points towards similar behavior in terms of greenhouse gas release [55], enzyme activity on  

altitudinal gradients [32,56], the interplay of vegetation, soil type, and climatic conditions greatly 

impact soil microorganisms and, therefore, degradation processes and their vulnerability to 

climate change. Although temperature obviously plays a crucial role in the alteration of 

degradational processes within peatlands [28], it is important to mention that it should always 

be taken into account under the current vegetational conditions, as these play a key role in the 

microbiome interaction [57,58]. This is also the drawback of comparability between different 

types of peatlands, as vegetation and its associated microbiota might change significantly. 

Studies in northern peatlands have shown that even small temperature changes can have a 
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significant impact on vegetation shift models [48]  which means they can affect each other 

mutually.  

More research effort is needed to define the active role of the ecuadorian paramo in future 

climate change scenarios as well as determine the danger it faces to decrease due to the 

upcoming extreme climatic conditions. Research outcomes from former studies can help to 

adjust conservation policies and actions to mitigate global warming which are urgently needed.   
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2 Chapter 2 

Prospection of Psychrotrophic Filamentous Fungi Isolated from 

the High Andean Paramo Region of Northern Ecuador: 

Enzymatic Activity and Molecular Identification 

This chapter is based on the accepted article with the same name published on January 2022 

in the journal Microorganisms 

Abstract: The isolation of filamentous fungal strains from remote habitats with extreme climatic conditions has 

led to the discovery of a series of enzymes with attractive properties that can be useful in various industrial 

applications. Among these, cold-adapted enzymes from fungi with psychrotrophic lifestyles are valuable agents in 

industrial processes aiming toward energy reduction. Out of eight strains isolated from soil of the paramo highlands 

of Ecuador, three were selected for further experimentation and identified as Cladosporium michoacanense, 

Cladosporium sp. (cladosporioides complex), and Didymella sp., the latter being reported for the first time in this 

area. The secretion of seven enzymes, namely, endoglucanase, exoglycanase, β-D-glucosidase, endo-1,4-β-

xylanase, β-D-xylosidase, acid, and alkaline phosphatases, were analyzed under agitation and static conditions 

optimized for the growth period and incubation temperature. Cladosporium strains under agitation, as well as 

incubation for 72 h, mostly showed substantial activation for endoglucanase reaching up to 4563 mU/mL and 

xylanase up to 3036 mU/mL. Meanwhile, other enzymatic levels varied enormously depending on growth and 

temperature. Didymella sp. showed the most robust activation at 8 °C for endoglucanase, β-D-glucosidase, and 

xylanase, indicating an interesting profile for applications such as bioremediation and wastewater treatment 

processes under cold climatic conditions. 

Keywords: psychrotrophic fungi; High Andean Paramo; cold-adapted enzymes; bioprospecting 

 

2.1 Introduction 

2.1.1 The Paramo as a habitat for cold-adapted fungi 

 
The High Andean mountain region is marked by the neotropical grassland paramo, 

covering mountainsides from 3500 up to 5000 m of altitude in Ecuador [1]. As mentioned in 

Chapter 1 it is considered a hotspot of biodiversity mainly due to the fact of its high degree of 

endemic species adapted to extreme environmental conditions [2] such as intense radiation 

close to the equator line [3], nighttime temperatures close to the freezing point, and low 

availability of nutrients [4]. Fungi growing under these conditions tend to develop a 

psychrophilic or psychrotrophic profile, developing at 0 °C with optimum growth conditions of 

≤15 and 15–20 °C, respectively [5,6]. This restricted ecological group has been found in 

terrestrial and marine environments from Polar Regions, deep water and marine sediments of 

the oceans, and high mountains [7–9]. 
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The Paramo Region of South America is a vastly unexplored area in terms of soil-

derived microorganisms. Geospatial separation by Andean mountain chains creates a series of 

unique habitats, forcing microbes to adapt to a variety of given conditions, increasing the 

biological diversity with unique species within different paramo regions [10]. Most surveys of 

soil-borne fungi were conducted in the Colombian Paramo Region and predominantly with an 

agricultural background [11–13]. Information about fungi composition in Ecuadorian paramo 

soils is very scarce [14], and screenings for active enzymatic fungi with possible industrial 

applications have not been performed yet.  

 

2.1.2 Cold adapted enzymes 

 

Fungi isolated from the paramo can secrete cold-adapted enzymes [15], which are 

interesting in industrial procedures requiring low temperatures and employing energy to cool 

down the process. Nowadays, cold-active enzymes are mostly used in meat tenderization, food 

processing, flavoring, baking, brewing, cheese production, and animal feed [16,17]. They 

require low activation energies while showing during the meantime the highest activities, at 

low temperatures, of up to a 10-fold increase compared to mesophilic homologues [18], 

allowing for energy reduction [19]. This might become increasingly important due to the 

tendency towards neutral carbon dioxide balances in times of global warming [20]. 

 

2.1.3 Enzymes of the cellulolytic and xylanolytic system 

 

The majority of organic matter in decomposition of topsoil consists of plant derived 

debris [21]. The lysis of plant cell walls is therefore a fundamental step in the multitude of 

degradation steps by soil derived microbiota. Once broken down, the subsequent degradational 

steps can accelerate considerably.  

The cell wall of plants consists of about 90% polysaccharides and 10% proteins. The 

main component is cellulose, an unbranched homopolymer made of D-Glucose linked by β-1-

4 glycosidic bonds (Figure 2.1 A). 36 cellulose chains together interact with hydrogen bonds to 

form a crystalline structure called microfibril, which is difficult to hydrolyze. The second most 

important component belongs to the heterogenous family of hemicellulose, defined by the 

ability to be extracted by alkaline solutions. Apart from glucose, these polysaccharides 
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synthesized out of other hexoses such as D-galactose, D-mannose D-fucose and pentoses like 

D-xylose and L-arabinose mostly connected via β-1-4 but also β-1-6 and β-1-2 glycosidic bonds 

(Figure 2.1 B) The composition largely depends on the plant species synthesizing it but one 

most prominent type of hemicellulose found abundantly in hardwood and grass species belongs 

to the polysaccharide xylan, formed by a backbone of β-1-4  linked xylose {Citation}subunits 

(Figure 2.1 C)[22,23] 

 

 

 

 
Figure 2.1 Polysaccharides 
Chemical structure of A cellulose an important representative of 
hemicellulose called xyloglucan B and xylan C (Figures adapted from 
Heldt [24] 
 

Several different enzymes are involved in the breakdown of plant cell wall components. 

The present study aimes at some of the most important members of the cellulolytic system 

(endoglucanases, exoglucanases, and β-glucosidase), for efficient cellulose cleavage and of the 

xylanolytic system (mainly endoxylanase and β-xylosidase) for xylan breakdown to the level 

of reducing sugars. Table 2.1 summarizes important facts about the analyzed enzymes to clarify 

their role in organic matter decomposition. 
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Table 2.1 Enzyme characteristics 

 

 

   

Enzyme name Substrate 

Cleavage  

product experimental substrate 

EC  

nomenclature 

Endoglucanase cellulose 

Cellulose  

oligomers 

carboxymethyl cellulose 

(CMC) 
EC 3.2.1.6 

Exoglucanase cellulose cellobiose 

p-nitrophenol-β-D- 

cellobiose EC 3.2.1.4 

β-glucosidase 

cellulose and 

cellobiose D-Glucose 

p-nitrophenol-β-D- 

glucopyranoside  EC 3.2.1.21 

Endoxylanase xylan polymers 

Xylan  

oligomers beechwood xylan EC 3.2.1.8 

β-xylosidase xylan oligomers D-Xylose 

p-nitrophenol-β-D-

xylopyranoside EC 3.2.1.37 

 
 

They are widely applied to biotechnological processes in areas such as the food industry, 

production of fuels, detergents, and biopulping [23,25–27]. Especially interesting for these 

cold-adapted enzymes are the treatment of wastewater and environmental bioremediation in 

countries with shallow temperatures due to the necessity of stable in situ applications without 

the need for heating [28,29]. 

 

2.1.4 Phosphatases 

 

Phosphatases catalyze the hydrolysis of phospho-ester bonds [30]. They play a crucial 

role in the release of phosphate groups form organic matter, which can subsequently be 

available for the uptake by plant roots. The action of phosphatases therefore plays an important 

role in the fertility of each soil type as phosphate is a growth limiting factor in natural soils [31].   

The term includes a large family of enzymes further divided into phoshpo-

monoesterases (EC 3.1.3), phospho-diesterases (EC 3.1.4) enzymes which use anhydrides with 

phosphoryl-groups as substrate (EC 3.6.1) and those which can act on phosphorus-nitrogen 

bonds (EC 3.9) [32]. Another important classification for phosphor-monoesterases is by the ph-
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level they are most active, dividing them into acid (3.1.3.2) and alkaline (EC 3.1.3.1) 

phosphatases [30].  

Due to their capacity to express phosphatases Fungi gain increasing importance as 

biofertilizers to improve crop yield. Given the broad range of climatic zones where crops are 

planted, biofertilizers must be equally adapted to these conditions including cold regions with 

generally lower productivity [6]. Cold adapted phosphatases can hydrolyze organic phosphate 

sources, which become assimilable by plant roots, improving their economic and ecologic 

growth, eliminating the need for chemical fertilizers [9,33]. 

This might be important for instance for the paramo region where nutrient availability 

is low although soil organic matter content is high.  

 

2.1.5 Objective of the study 

 

The present study, aimed to investigate filamentous fungi from paramo soil and optimize 

incubation conditions for optimal enzyme activity yield to analyze whether their extreme living 

conditions led to adapted enzymes of the carbon and phosphate cycle with possible interesting 

applications in the industry comparable to reported enzyme activities for mesophilic fungi. 

Unfortunately, soil-associated fungi of this region are poorly described and have never been 

analyzed for their enzymatic hydrolyzation capacities to the best of our knowledge. 

 

2.2 Materials and Methods 

2.2.1 Sample Collection and Preparation 

Two sampling sites were established, each at two different altitudes within the grassland 

paramo (4000 m asl) and at the frontier between grassland paramo and superparamo (4150 m 

asl), lying on a lineal transect towards the peak of the volcano Northern Iliniza to guarantee 

similar climatic conditions and soil characteristics (Figure 2.2). Each sampling site was 

carefully selected for level ground, open vegetation in a good conservation state, and the 

absence of animal signs or human interference. Georeferencing with a GPS (Garmin, Olathe, 

KS, USA) was applied at each sampling site (Table S1). Then, 10 cm of topsoil was removed 

together with vegetation, and three soil samples were taken with sterile instruments, giving 12 

samples.  
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Data dataloggers (HOBO, Lakeville, MN, USA) were established at different altitudes 

to collect temperature data (APPX 2.1). Soil samples were analyzed by the Ecuadorian National 

Institute for Agricultural Research (INIAP) for organic matter (OM), total nitrogen (Nt), 

phosphorus, potassium, calcium magnesium (Olsen modified), and sulfur (calcium phosphate 

standard protocols) (APPX 2.2). Conductivity was measured with water-saturated paste which 

is defined as the maximum amount of water retainable by the soil-sample without free-water 

accumulation and pH in a soil-to-water ratio of 1:2.5 (50 grams of soil mixed with 125 ml water 

under agitation). 

Soil samples were diluted with sterile water at dilutions of 0.1 g in 10, 100, and 1000 

mL with three replicates each, and 50 µL of each dilution were distributed with a sterilized 

spreading rod on 10 cm Petri dish containing 12 mL of potato dextrose agar (PDA) (Sigma–

Aldrich, Saint Louis, MO, USA) with streptomycin at 1 mg/mL (GM, London, UK). Then, Petri 

dishes were incubated for 48 h at 20 °C. After incubation, eight samples of clearly isolated and 

visibly round-shaped fungal colonies were picked with sterile toothpicks and transferred to a 

fresh PDA petri dish for cultivation. 

For the growth assay, each fungus was picked with a sterile toothpick and inoculated at 

the center of a PDA Petri dish. Then dishes were incubated at 4, 30, and 40 °C, respectively, 

for a total of 35 days. Growth was measured weekly in cm growth-diameter of the halo through 

the inoculation point. 
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Figure 2.2 Sampling sites 
Vision of the Iliniza north volcano (a); typical Andean grass paramo landscape (b); typical conserved paramo vegetation (c); 
the georeferenced linear transect of sampling towards the volcano peak (blue triangular) at the bottom left (d) (Source: a–c 
Author 2020; (d) modified from [34]). 

 

2.2.2 Fungal Strain Identification 

2.2.2.1 DNA Extraction 

To obtain genomic DNA of three fungal strains, the mycelia were macerated with a 

mortar and pestle in TES lysis buffer (Tris 100 mM; EDTA 10 mM; 2% SDS). First, lysed 

tissue was incubated at 65 °C for 15 min. Then, 140 µL of 5 M NaCl were added, and the 

mixture was incubated on ice for 30 min. Afterward, 600 µL of chloroform/isoamyl alcohol 

(24:1) were added and centrifuged at 10,000× g for 10 min at 4 °C. The supernatant was isolated 

and mixed with 50 µL sodium acetate 3 M (pH 5.2) and 300 µL isopropanol. After the second 

centrifugation under the same conditions, the supernatant was discarded, and the mixture was 

washed twice with 600 µL of 70% ethanol following centrifugation steps. After discarding the 

final supernatant, the resulting pellet was diluted in 50 µL TE buffer (Tris 10 mM; EDTA 1 

mM) and 5 µL RNAse (10 mg/mL). 
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2.2.2.2 Polymerase Chain Reaction 

Genomic DNA was used to amplify the fungal ITS region (ITS1-5.8S-ITS2) applying 

the primer pairs ITS4 and ITS5 [35]. For amplification reactions, a PCR Master Mix Kit was 

used (Promega, Madison, WI, USA), following the manufacturer’s instructions. To visualize 

the amplification, product electrophoresis was performed on a 1% agarose gel stained with 

Nancy dye (Sigma–Aldrich, Saint Louis, MO, USA). Next, the amplification products were 

purified using the Wizard® SV Gel kit and PCR Clean-Up System (Promega) following the 

kit’s instructions. Finally, the PCR product was quantified on a NanoDrop® (Thermo Scientific, 

Waltham, MA, USA). 

 

2.2.2.3 DNA Sequencing 

Sequencing reactions were performed with the BigDye® Terminator Cycle Sequencing 

Kit (Life Technologies, Carlsbad, CA, USA) following the manufacturer’s instructions  and 

analyzed with ABI 3500 XL sequencer system (Life Technologies). Resulting forward and 

reverse sequences were quality checked and merged into a consensus sequence with BioEdit 

v.7.0.5.3 [36]. The BLASTn tool of the public NCBI-GenBank (www.ncbi.nlm.nih.gov) and 

the Trichokey database (http://isth.info/) were used to compare contigs with homologous 

sequences (both accessed on 12 April 2019). After a second, quality control sequences were 

aligned with homologous sequences from culture collections applying the ClustalW tool [37]. 

Then, the sequences were subjected to phylogenetic analysis. The phylogeny was assembled 

using the neighbor-joining method, calculating the evolutionary distance using the 2-parameter 

Kimura model, and are expressed as the units of the number of base substitutions per site. The 

rate variation among sites was modeled with a gamma distribution (shape parameter = 1). The 

analysis involved 58 nucleotide sequences. All positions containing gaps and missing data were 

eliminated. There was a total of 430 positions in the final data set. Tree support was calculated 

with bootstrap analysis with 1000 pseudo-replications, and the tree was inferred using MEGA 

v.7.0 [38]. 

 

2.2.3 Preparation of Crude Enzyme Extract 

Isolated fungi were pre-cultured at 20 °C on inclined agar PDA medium in test tubes 

until sporulation. Concentrations of 106–107 spores per mL were established in sterile water 

using a Neubauer chamber for counting. These spores were then used to inoculate 50 mL of 
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sterile Adam’s medium (pH = 6) with 1% wheat bran in 125 mL Erlenmeyer flasks (APPX 2.3) 

Triplicates were incubated at 20 °C under static and shaking conditions (120 rpm), respectively, 

for 120 h harvesting each 24 h. Each crude extract sample from flasks was filtered over 

Whatman paper using a vacuum pump and applied on the same day for enzyme assays. 

 

2.2.4 Enzyme Activity Assay 

2.2.4.1 Enzyme Determination with Natural Substrates 

To measure enzyme activity, the crude enzyme extract was mixed with respective water-

diluted substrates to obtain activity over time according to the Miller method [39]. Reducing 

sugars were quantified using 3,5-dinitrosalicylic acid (DNS) combined with 0.5% 

carboxymethylcellulose (CMC) (endoglucanase measurement) (Sigma–Aldrich®) and 0.5% 

xylan beechwood (endoxylanase measurement) in the following relation: 25 µL substrate, 10 

µL buffer sodium acetate 50 mM pH 5.0, and 15 µL crude extract. Mixes were incubated in a 

thermocycler (Eppendorf®, Hamburg, Germany) for 20 min at 30 °C . In the assay to determine 

optimal incubation temperatures, a range was established from 4 to 32 °C. Then, 50 µL DNS 

was added to interrupt enzyme activity, and sample-absorbance was measured at 540 nm on a 

spectrophotometer (Shimadzu, Kyoto, Japan) compared to glucose and xylose standard curves 

(0–1 mg/mL). Blancs were established adding enzyme extract after incubation, directly 

interrupting the reaction with DNS. The results were expressed as milliunits per mL (mU/mL), 

defined as the enzyme quantity that releases one µmol of reducing sugars per minute per mL 

(APPX 2.4). 

 

2.2.4.2 Enzyme Determination with Synthetic Substrates 

To measure enzyme activity, the crude enzyme extract was mixed with respective water-

diluted substrates to obtain activity over time. The amount of released p-nitrophenol as a result 

of enzyme cleavage was measured for the following substrates: p-nitrophenol-β-D-

glycopyranoside (β-D-glucosidase measurement), p-nitrophenol-β-D-xylanopyranoside (β-D-

xylosidase measurement), and p-nitrophenol-β-D-cellobiose (exoglucanase measurement) (all 

substrates obtained from Sigma––Aldrich®) used in the following relation: 25 µL substrate, 10 

µL sodium acetate buffer 50 mM pH 5.0, and 15 µL crude extract [40]. 
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For the measurement of phosphatases with p-nitrophenyl phosphate (acid and alkaline 

phosphatase), the assay mix was prepared accordingly using 10 µL crude extract, 40 µL 

substrate, and 100 µL buffer, where acid phosphatase was measured with acetate buffer 100 

mM, pH 4.5 and alkaline phosphatase with Tris-HCl 100 mM, pH 8.0 (modified according to 

[41]). Mixes were incubated in a thermocycler (Eppendorf®) for 20 min at 30 °C. In the assay 

to determine optimal incubation temperatures, a range was established from 4 to 32 °C in steps 

of 4 °C. Then, 50 µL (100 µL for phosphatases) of 0.2 M Na2CO3 solution was added to 

interrupt enzyme activity and sample-absorbance was measured at 410 nm compared to a p-

nitrophenol–standard curve (0–1 mg/mL) [42]. Blancs were established by adding enzyme 

extract after incubation, directly interrupting the reaction with Na2CO3 solution. The results are 

expressed as milliunits per mL (mU/mL), defined as the enzyme quantity that releases one µmol 

of p-nitrophenol per minute per mL. 

 

2.2.5 Statistical Analysis 

Measured enzyme activity is expressed as the mean ± standard deviation using Microsoft 

EXCEL. The Shapiro–Wilk test was used to prove the normal distribution of data and the 

Levene’s test for homoscedasticity. To test for statistical difference between incubation types 

(i.e., agitation and static), averages of the maximum enzyme activities were compared using the 

t-test for independent variables or Mann–Whitney U test, respectively. To analyze maximum 

yields among the three studied fungi, one-way ANOVA or Kruskal–Wallis test were applied 

following Sidak–Bonferroni or Dunn post-hoc tests (APPX 2.5). All statistical analyses were 

performed using licensed STATA 16.0. 

 

2.3 Results and Discussion 

2.3.1 Sample Site Conditions and Soil Characteristics 

This sampling sites in the Iliniza National Reserve were chosen due to the fact of their 

proximity to glacial areas of stratified volcanos in the High Andean region. At a 4000 m altitude, 

the vegetation zone of conserved paramo highlands is grassland, mainly characterized by 

herbaceous plants such as sphagnum mosses, tussock grass, and rosette plants (Figure 2.2b and 

c). At 4150 m asl, the zone of the superparamo builds the frontier between the last zone of 
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abundant vegetation and the beginning of the rocky glacial zone with only sporadic vegetation. 

Close to the equator, the radiation at this altitude is very high, causing drastic daily temperature 

changes between day and nighttime with an average temperature of 9.6 °C (Table 2.2). Due to 

the volcanic ash deposition and slow decomposition, the slightly acidic soil (pH 5.87–6.15) has 

mainly a sandy–loam texture with 7.7–9% organic matter, which is very high, as expected for 

Andisols [43].  

 

Table 2.2 Sampling site characteristics 

 
Sampling site Coordinates Altitude  Temperature (Ø) Predominant vegetation N° of isolates 

1 
Sº 78,701786; 

Wº 0,631899 
3986 

9.966 

Poaceae, Asteraceae,  

Verbenaceae, Rosaceae 

2 

2 
Sº 78,702426; 

Wº 0,631899 
3998 1 

3 
Sº 78,706805; 

Wº 0,636392 
4145 

9.552 

Poaceae, Apiaceae,  

Rosaceae 

3 

4 
Sº 78,706972; 

Wº 0,63616 
4149 2 

 

The stabilization of large organic particles also accounts for its vast water retention 

capacity [44], which, together with the related oxygen availability, directly interferes with the 

development of microorganisms and the solubilization of phosphorus [45]. The formation of 

humic acids in the breakdown of organic matter allows for the formation of metal–humus 

complexes retaining chelated ions like calcium [46] and magnesium [47], which might explain 

their abundance in analyzed soils and further account for the observed high levels of 

conductivity [48]. On the other hand, under the environmental conditions of the paramo region, 

organic matter breakdown is slow. It might negatively interfere with nutrient availability due to 

the microbial activity as indicated by the observed low phosphorus, sulfur [49], and nitrogen 

levels (Table 2.3) [50–52]. 
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Table 2.3 Soil characteristics at sampling sites. 
Sample 

Site 
Soil Type Soil Texture pH 

COND 

(µS/cm2) 
Nt % OM % 

P 

(ppm) 

S 

(ppm) 

K (meq/100 

g) 

Ca (meq/100 

g) 

Mg 

(meq/100 g) 

1 

Andisol 

sandy–loam,  

loamy 

6.15 21.5 0.31 8.8 9.01 8.4 0.54 9.78 1.71 

2 6.78 21.3 0.36 9.7 14 9.3 0.48 9.76 1.28 

3 

Andisol sandy–loam 

5.93 15.51 0.25 7.7 6.04 4.7 0.42 7.49 1.01 

4 5.87 20.8 0.27 9 12 4.1 0.37 4.87 0.73 

COND = conductivity, Nt = total nitrogen, and OM = organic matter. 

 

2.3.2 Screening for Cultivable Fungi 

The first screening for cultivable fungal strains from soil samples showed relatively few 

growing colonies clearly separated from each other, allowing for easy isolation of distinct 

strains. Out of 12 soil samples, eight colonies were chosen for the study. These strains were 

further screened for their capacity to grow at different temperature conditions. Generally, all 

strains showed better growth at 4 °C than 30 °C, indicating their adaptation to cold 

environments (Figure 2.3 Temperature dependent growth). At 40 °C, no development could be 

detected. The results showed a potentially psychrophilic profile for the best growing behavior 

of strain 3.3 at 4 °C given that it was not able to grow at 30 °C and psychrotrophic profiles for 

the strains 1.1 and 3.1 at 30 °C [5], which were chosen for further experimentation (Figure 2.4). 
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Figure 2.3 Temperature dependent growth 
Growth of 8 different isolated fungal strains from 4 different sampling sites after 4 and 35 days (D) at different 

temperatures. 
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Figure 2.4 Temperature dependent growth curves 
Growth curves of isolated fungal strains at 4ºC and 30ºC.  

 

2.3.3 Identification of Fungi 

Phylogenetic analysis of the ITS region revealed that all three fungi were ascomycetes 

with strains 1.1 and 3.1 belonging to the genus Cladosporium: C. michoacanense and 

Cladosporium sp. 3.1 (C. Cladosporioides species complex), respectively, and 3.3 to the genus 

Didymella (Figure 2.5). Since the ITS region is not sufficient for species delimitation in some 

of these groups, other secondary barcodes would be needed for more accurate identification. 

The genus Cladosporium is a highly heterogeneous group with cosmopolitan distribution and 

strong capability of adaptation [53] with species formerly isolated from arctic soils [8,27] and 
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marine sponges [54]. A third strain belonged to the genus Didymella which has mainly been 

studied due to the existence of pathological strains and plant–host interaction [55] but so far to 

a lesser extent due to the fact of its resistance to extreme conditions and, therefore, its arising 

enzymatic capacities [56]. Both Cladosporium and Didymella strains have formerly been 

reported in soil isolates from Himalaya mountain environments [57,58]. Still, only 

Cladosporium has  formerly been described for Andean regions [12,14], and the present study 

is the first registry of the genus Didymella in the paramo ecosystem. 

 

Figure 2.5 Phylogenetic analysis of filamentous fungi 
isolated from paramo soil samples (bold) and the closest related species. 

Images taken of the growth behavior in culture dishes of PDA indicate a dark brown 

colorization of mycelia, which possibly shows intense melanin pigmentation as a protective 

adaptation to the strong radiation in their natural habitat as formerly described [59,60] (Figure 

2.6 d–f). Furthermore, differential growth behavior was detected under static and agitation 

conditions (Figure 2.6 g–i). Especially, the Cladosporium strains tended to grow better under 

agitation, developing a darker aspect apparently due to the stronger sporulation [61]. 

Meanwhile, its impact on Didymella was less evident. 
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Figure 2.6 Filamentous fungi cultivation 

Selected and identified fungi, from left to right Cladosporium michoacanense (a, d, g), Cladosporium 
sp. (cladosporioides species complex)(b, e, h), Didymella sp. (c, f, i); top microscopy of sporangium 
and micelia (a-c), middle row cultures on Potato Dextrose Agar (d-f) and bottom row comparison of 
shaken culture versus static culture (g-i). 

 

2.3.4 Enzymatic Characterization 

The following section shows the incubation time-dependent enzyme secretion results 

from 24 to 120 h under agitation and static condition for each isolated fungal strain to 

characterize the hydrolyzation capacities at 30 °C. 

2.3.4.1 Enzymatic Production of Cladosporium michoacanense 

Cladosporium michoacanense 1.1 showed the most potent activation under agitation 

with a relatively late onset of enzyme secretion compared to studies analyzing the same 

enzymes [40] (Table 2.4). The most significant activity was detected at 72 h for the 

hydrolyzation of CMC, xylan, and pnp-phosphate in an alkaline medium; 96 h for pnp-β-D-

glycopyranoside; 120 h for pnp-β-D-cellobiose, pnp-β-D-xylanopyranoside, and pnp-

phosphate in acidic medium, indicating statistically significant differences to measurements 
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under static conditions for all enzymes except for exoglucanase and β-glucosidase. 

Interestingly, under static incubation conditions, the most potent enzyme activity was measured 

early between 24 to 48 h for endoglucanase, xylanase, β-xylosidase, and alkaline phosphatase 

and late response at 120 h for exoglucanase, β-glucosidase, and acid phosphatase. Overall, the 

most efficient enzyme activity for endoglucanase and xylanase could be observed at levels well 

above 2000 mU/mL under agitated cultivation. 

 

Table 2.4 Cladosporium michoacanense 1.1 enzymes produced overtime under agitation 

and static conditions 

  

Data are expressed as mU/mL ± standard deviation. ND = not detected; * indicates a statistically significant 
difference (p < 0.05) between the average enzyme activity of fungi cultivated under agitation vs. static 
conditions for each analyzed enzyme. In bold, maximum achieved activity.  

 

2.3.4.2 Enzymatic production of Cladosporium sp. (C. cladosporioides species complex) 

Cladosporium sp. 3.1 indicated the best hydrolyzation performance under agitation at 

120 h for most enzymes (Table 2.5). The late onset in enzyme production is consistent with 

previous studies [62]. Exceptions were endoglucanase with the highest enzyme secretion at 48 

h, β-xylosidase at 24 h, and xylanase at 72 h. Under static conditions, the strongest enzyme 

secretion was observed at 72–96 h for most enzymes with significantly lower activity values 

than under agitation conditions, which is coherent with the increased pellet formation observed 

by comparing the incubation flasks of C. Cladosporioides under static and agitation conditions 

(Figure 2.6 Filamentous fungi cultivation g,h). This phenomenon was formerly described by 

Raikumar et al. for this genus [61]. Xylanase was the only exception that performed better under 

static conditions at 72 h of incubation. Agitation leads to better aeration and distribution of heat 

and nutrients bearing growth benefits for many filamentous fungi [63]. Comparing both 

analyzed Cladosporium species, an advanced enzyme production upon agitation was observed, 

and a relative early specialization in the production of endoglucanase and xylanase indicated a 

focus on the breakdown of large sugar polymers such as cellulose and hemicellulose [64]. All 

remaining enzymes showed a rather late onset. 
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Table 2.5 Cladosporium cladosporioides sp. 3.1 enzyme activity over time und agitation 

and static conditions 

 

Data are expressed as mU/mL ± standard deviation. ND = not detected; * indicates a statistically significant difference (p < 
0.05) between the average enzyme activity of fungi cultivated under agitation vs. static conditions for each analyzed enzyme. 
In bold, maximum achieved activity. 

 

2.3.4.3 Enzymatic Production of Didymella sp. 

The Didymella strain 3.3 showed a rather heterogeneous behavior (Table 4). Meanwhile, 

CMC and pnp-β-D-xylanopyranoside were most effectively hydrolyzed under agitation at 24 h 

and 48 h, respectively. However, the best xylan hydrolyzation occurred at 72 h and for pnp-β-

D-glycopyranoside, pnp-β-D-cellobiose, and pnp-phosphate in alkaline medium at 96 h and 120 

h in acid medium. Interestingly, while β-glucosidase, β-xylosidase, acid, and alkaline 

phosphatase showed low but detectable activity under agitation conditions, no activity could be 

detected under static conditions. On the other hand, endoglucanase and xylanase, which 

generally showed much higher activity, performed considerably stronger under static conditions 

at 96 h. These results confirm the previously described strong influence that culture conditions 

can exert over enzyme production [40,65]. 

 

Table 2.6 Didymella sp. strain 3.3 enzyme activity over time und agitation and static 

conditions 

 
Data are expressed as mU/mL ± standard deviation. ND = not detected; * indicates a statistically significant 
difference (p < 0.05) between the average enzyme activity of fungi cultivated under agitation vs. static 
conditions for each analyzed enzyme. In bold, maximum achieved activity. 
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2.3.4.4 Comparison of Relative Enzyme Activity between Acid and Alkaline 

Phosphatases 

Analysis of differential enzyme production between acid and alkaline phosphatase 

activities generally indicated more substantial secretion of enzymes upon agitation than under 

static conditions and stronger and prolonged acid phosphatase activity over time. Meanwhile, 

alkaline phosphatase showed lower and somewhat restricted activation at growth onset for 

strains 1.1 and 3.1; activation was strongest from 72 to 120 h for strain 3.1 (Figure 2.7).  

 
 

 
Figure 2.7 Relative phosphate activity over time comparing acidic phosphatase versus 

alkaline phosphatase 
 

This behavior matches with the environmental conditions of their habitat, where slightly 

acidic soil pH was observed (Table 2.2.), which is also the preferred growth condition for most 

fungi [66]. It further coincides with the tendency that within strain 1.1 and 3.1, measured pH 

values of crude extract used to drop stronger over time than in strain 3.3 (Figure 2.8). 
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Figure 2.8 Development of growth medium pH 
Measurement over time in cultures under agitation (A) 

and static (S) conditions for strain 1.1, 3.1 and 3.3 
 

2.3.4.5 Temperature-Dependent Enzyme Activity 

After analyzing the best growth time for differential enzyme production, results were 

used to determine optimal enzyme secretion under different incubation temperatures ranging 

from 4 to 32 °C under agitation to optimize enzyme production further. The results indicated 

statistically significant differences among strains (Figure 3). Meanwhile, strain 1.1 showed the 

best performance at temperatures ranging from 20 to 24 °C for all enzymes related to the carbon 

cycle and 8–12 °C for phosphatases; strain 3.1 showed somewhat differential activity indicating 

main enzyme activity for β-glucosidase and exoglucanase from 4 to 8 °C and for endoglucanase, 

β-xylosidase, and xylanase from 20 to 24 °C. Phosphatases showed opposite behavior with the 

highest acid phosphatase activity at 12 °C; meanwhile, alkaline phosphatase performed best at 

28 °C. This controversial behavior might best be explained by the adaptation capacity of 

different Cladosporium species to varying ecological niches giving rise to its worldwide 

abundance [53]. It is typical for fungal strains adapted to changing environmental conditions 

within a single habitat [67,68]. Strain 3.3 finally showed maximum activity for β-glucosidase, 

endoglucanase, and xylanase at 8 °C and for exoglucanase and β-xylosidase at 20–24 °C. 

Phosphatase activity remained low, with the highest activity at 16 °C for both acid and alkaline 

phosphatase. 
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Figure 2.9 Heatmap analysis of incubation temperature dependent enzyme performance 
Values showed in °C for each isolated strain. Maximum values ± SD (in mU/mL) are summarized in Table 2.7 

The combination of optimal incubation time, agitation, and optimal substrate incubation 

temperature led to several enzymes’ considerably higher activity (Table 5). Cladosporium 

strain 1.1 specialized in producing endoglucanase and xylanase with 4.56 and 3.03 U/mL 

activities, respectively, both showing significantly higher performances than the other two 

strains. Comparing these values with formerly described enzymatic activities, even in the 

mesophilic fungi screenings, especially endoglucanase values, they are quite competitive. For 

instance, Grujic et al. (2019) [69] described maximum values of 1.1 U/mL for endoglucanase 

in Trichoderma guizhouense, Ghazali et al. (2019) [70] reported the highest values of 3.93 

U/mL for Trichoderma asperellum and 5.6 U/mL for Aspergillus niger. Unfortunately, most 

studies for psychrotrophic fungi do not apply optimization assays, so comparability is limited. 

However, considering the advantage of growing under extreme conditions, the Cladosporium 

michoacanense strain is an interesting candidate for potential industrial application under harsh 

conditions. Moreover, the relatively early onset of enzyme secretion, indicating efficient 

substrate hydrolyzation at 72 h, represents an important advantage confirming previous results 

from studies with Cladosporium strains [64,71]. 

Table 2.7 Maximum enzyme activity yield at optimal assay temperature and 

incubation time for each isolated strain 
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Data expressed are as mU/mL ± standard deviation. IT = optimal incubation time; ND = not 
detected; the letters a and b indicate statistically significant differences among enzyme activities 
comparing the three different fungi (p < 0.05) if the letters are not shared between activities of the 
same enzyme. 

 

On the other hand, Cladosporium sp. 3.1 did not reach values as high as strain 1.1 but 

managed to perform well for all selected enzymes with values above 1 U/mL except alkaline 

phosphatase. However, the onset of enzyme production appeared relatively late. Interestingly, 

strain 3.1 showed the significantly highest activation of 2.04 U/mL for exoglucanase at low 

temperatures, although former studies indicated a relatively poor performance of paramo-

derived fungi for these enzymes [11]. Comparing the mesophilic fungi, results matched with 

reported highest activities of 1.08 U/mL and 2.37 U/mL in Trichoderma asperellum and 

Aspergillus niger, respectively. It is also important to mention that this high activity was 

reached under conditions of only 4 °C. Furthermore, β-glucosidase, which works synergistically 

with exoglucanase, also performed well at low temperatures (8 °C). Given that Cladosporium 

cladosporioides had formerly been described to exhibit laccase activity [64,72,73], further 

studies are needed to determine whether the strain could exhibit lignocellulolytic activity for 

industrial applications under cold conditions. Moreover, strain 3.1 showed the strongest 

activation for acid phosphatase, reaching 1.27 U/mL. This result further highlights the 

importance of applying optimization assays for psychrotolerant enzyme activity given 

incubation time as well as incubation temperature strongly influenced activity. Therefore, 

maximum acid phosphatase activity in psychrotrophic fungi of 0.03 U/mL, such as described 

in a screening study by Gawas-Sakhalkar et al. [74], indicates only a limited comparability to 

the present results. 

Finally, Didymella 3.3 performed well only for endoglucanase, β-glucosidase, and 

xylanase, indicating poor performance for the rest of the enzymes, especially phosphatases, 

which could be related to the phytopathological behavior of many Didymella species allowing 

for the absorption of nutrients from hosts [55]. Nevertheless, all enzymes that performed better 

showed the highest values at low temperatures of 8 °C, indicating its potential in producing 

cold-adapted enzymes [9]. 

Wide-ranging comparison of psychrotrophic fungi enzyme activity is difficult, given that 

most screening studies indicate qualitative and semi-quantitative data [7,68,75–77] or activity 

data at a single temperature and incubation time [67], which is not directly comparable to the 

presented data. This strongly indicates the importance of performing studies with a more 

profound analysis of maximum achievable enzyme activities under optimized conditions for 

psychrotrophic and psychrophilic fungi isolated from habitats with extreme conditions. 
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2.4 Conclusions 

The present study directly isolated cold-adapted fungal strains from high Andean Paramo 

soil, of which three strains were chosen to identify the genus and characterize their enzymatic 

capacity. Selecting for optimal conditions concerning growth period, incubation conditions, and 

optimal temperature for enzyme performance, maximum enzyme activities were determined for 

each strain. Cladosporium sp. strain 1.1 showed the most competitive enzyme activity of all 

analyzed strains for endoglucanase and xylanase at 72 h, and agitation and assay temperatures 

between 24 and 28 °C, indicating an interesting potential for the industrial application processes 

where reducing sugars are used such as feed animal, food industry, and fuel production. 

Cladosporium strain 3.1 of the cladosporioides complex indicated average performance for a 

broad spectrum of different enzymes except for exoglucanase, which showed the highest 

activity. Its good performance of acid phosphatase at 12 °C could be applied in the industry of 

biofertilization to improve the crop yield of plants grown under cold conditions and in the 

eutrophication of phosphorus from animal feces due to the consumption of phytate in grains 

[78]. Finally, the Didymella strain 3.3 showed high endoglucanase, β-glucosidase, and xylanase 

activities at temperatures as low as 8 °C, where most enzymes are inactivated. This strain 

responded closest to a psychrotrophic profile, which could be specifically interesting in 

industrial processes such as wastewater management and bioremediation in cold conditions, an 

aspect that might become increasingly important in an industrialized world tending towards 

energy reduction. 
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3 Chapter 3 

Potential impacts of seasonal and altitudinal changes on 

enzymatic peat decomposition in the High Andean Paramo 

region of Ecuador 

This chapter is based on the article with the same name currently under revision in the 

journal Science of the Total Environment 

Abstract: The Andean Paramo is a vast ecosystem, characterized by distinct vegetational zones at several altitudinal 

levels with huge water storage and carbon fixation capacity within its peat-like andosols, due to a slow decomposition 

rate of organic matter. These characteristics become mutually related as enzymatic activities increase with temperature 

and are associated with oxygen penetration, restricting the activity of many hydrolytic enzymes according to the enzyme 

Latch Theory. This study describes the changing activity of sulfatase (Sulf), phosphatase (Phos), n-acetyl-

glucosaminidase (N-Ac), cellobiohydrolase (Cellobio), β-glucosidase (β-Glu), and peroxidase (POX) on an altitudinal 

scale from 3600-4200 m, in rainy and dry seasons at 10 and 30 cm sampling depth, related to physical and chemical 

soil characteristics, like metals and organic elements. Linear fixed-effect models were established to analyze these 

environmental factors to determine distinct decomposition patterns. The data suggests a strong tendency toward 

decreasing enzyme activities at higher altitudes and in the dry season up to two-fold stronger activation for Sulf, Phos, 

Cellobio, and β-Glu. Especially the lowest altitude showed considerably stronger N-Ac, β-Glu, and POX activity. 

Although sampling depth revealed significant differences for all hydrolases but Cellobio, it had minor effects on model 

outcomes. Further organic rather than physical or metal components of the soil explain the enzyme activity variations. 

Although the levels of phenols coincided mostly with the soil organic carbon content, there was no direct relation 

between hydrolases, POX activity, and phenolic substances. The outcome suggests that slight environmental changes 

with global warming might cause important changes in enzyme activities leading to increased organic matter 

decomposition at the borderline between the paramo region and downslope ecosystems. Expected extremer dry seasons 

could cause critical changes as aeration increases peat decomposition leading to a constant liberation of carbon stocks, 

which puts the paramo region and its ecosystem services in great danger. 

Keywords: extracellular enzyme activity, soil, enzyme latch, climate change 

 

 

Figure 3.1 Graphical Abstract 
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3.1 Introduction 

3.1.1 Climate change 

Climate change is without any doubt one of the biggest threats humanity is currently 

facing [1,2]. It is common sense among the scientific community that the increasing 

temperatures have the potential to further fuel the existing global warming processes 

leading to probably irreversible effects [3–5]. Although 192 countries have recognized 

the danger climate change can unleash especially upon future generations, as can be seen 

by the signing of the treaty of the Kyoto Protocol ratified in 2005 [6], efforts have been 

too few and the global community lies well behind the fulfilling of its aims towards CO2 

emission reduction [7]. 

The greatest dangers lie in the positive feedback mechanisms of climate change, which 

means those mechanisms which once unchained by rising temperatures can cause a 

further elevation of temperature by themselves, making climate change a self-accelerating 

process. The melting of the white protective shields of the Arctic and Antarctic region 

and Greenland that reflect solar energy back to space [8], the liberation of huge cristalized 

methane-hydrate reservoirs deep in the ocean that have a higher greenhouse gas potential 

than CO2 in the atmosphere and can change their agregation state upon small temperature 

changes [9], irreversible desertifications that critically limit carbon fixation in continantal 

climates [10] but most of all the fact that more than three times the amount of carbon 

already circulating in the atmosphere lies fixed below ground and is greatly threatened to 

be released with rising temperatures and subsequent rising degradation rates [11] force us 

to double our present mitigation efforts. 

 

3.1.1.1 Climate change in the paramo ecosystem 

The South American high Andean paramo ecosystem is a particularly vulnerable area 

to climatic changes due to its extreme climatic and geographic conditions [12,13]. It 

covers altitudes from 3400 to 5000 m [14,15] which gives rise to the formerly mentioned 

extreme temperature fluctuations throughout the day and night times and extreme 

radiation rates [16] with highly adapted flora and fauna. These characteristics make the 

ecosystem an especially interesting study site for global warming effects similar to those 

frequently reported for high latitude peatland regions [17,18] meanwhile, studies in the 

paramo remain very scarce. Changes in climatic conditions on different altitudinal levels 

can be seen as models for future environmental changes, upon temperature increase [19].  

The loss of this unique environment means not only the loss of many endemic species 

[20] but also the  loss of its ecosystem services [21]. As described in Chapter 1, the 

paramo region has a vast water storage capacity important for the water supply in many 

South American cities as well as for the existence of the downslope tropical cloud forests, 

lying on both sides of the Andean Mountain chain with  substantial  environmental and 

economic importance [22,23].  
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3.1.2 Organic matter decomposition 

The degradation of organic matter is driven by the soil microbiome responsible to 

produce a series of degrading enzymes which constitutes an important factor against the 

fixating process. As the composition of microorganisms changes over altitudinal 

gradients [19,24], global warming could increase the decomposition rate [25] up to the 

point where the carbon sink could turn into a carbon source due to the massive liberation 

of CO2 instead of fixing it [11]. This effect is of great concern to the scientific community. 

It  has extensively been studied for the thawing permafrost soils in the northern 

hemisphere and [26–28] is therefore considered one of the major irreversible effects if 

the temperature rises more than 1.5°C in the future [7]. Nevertheless, the same effect is 

hardly studied in mountain peatlands, especially considering those of Southern America. 

Although the temperature is apparently the key driving factor in enzyme activity 

changes [29] for northern peatlands and its effect is commonly known, several other 

factors are involved. As organic matter decomposition is mainly driven by secretion of 

enzymes from microorganisms, their composition plays a key role in degrading processes. 

Many studies have shown the direct relation of microbiome diversity and its interaction 

with the present vegetation [30,31]. The upslope shift of vegetational zones therefore can 

directly influence microbiome composition [32] and subsequently might influence 

degrading capacities among vegetational zones which will be described in more detail in 

Chapter 4.  

 

3.1.2.1 Extracelular enzymes 

3.1.2.1.1 The Enzyme Latch Theory 

Extensive retention of water leads to waterlogging in andisols which can replace oxygen 

between soil aggregates [33]. Although most of the degrading enzymes belong to the 

family of hydrolases, which are not oxygen dependent, their action can be considerably 

impaired due to direct inhibition of hydrolases by phenolic substances. Although there 

are enzymes able to degrade these phenols, such as the Phenol oxidases (POX), these are 

oxygen dependent. Thus, increased aeration of soil could increase POX activity and 

thereby eliminate inhibitory substances for hydrolase activity leading to increased organic 

matter degradation (Figure 3.2). This effect was first observed by Friedman and 

colleagues [34,35] and is known as the “Enzyme Latch Theory”. Although the literature 

is inconsistent about the magnitude of the effect and the exact mechanism remains elusive 

[36], several studies observe significantly higher degradation rates in peatland regions 

during droughts and upon artificial aeration of peat [37,38].  
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Figure 3.2 The Enzyme Latch Theory 
Although oxygen does not exert an effect on hydrolase activity it is necessary for POX activity, which in 

turn degrades phenolic substances (PHEN). These substances are able to inhibit hydrolase activity. 

Therefore, the absence of oxygen can indirectly inhibit also the activity of hydrolases 

 

The Ecuadorian paramo is a particularly interesting site to study the mentioned effects, 

as it lies in the center of the Andean paramo belt. Its thick peat deposits area exposed to 

seasonal changes between dry and rainy climates and vegetational zones within conserved 

areas, which are clearly distinguishable.   

The present chapter aims to analyze the enzyme activity involved in the degradation of 

organic matter over a spectrum of different elements (C, N, S, P) in forming organic 

molecules as an approximation to the overall degrading process within paramo soil. 

Measurements across an altitudinal gradient at the rainy and dry seasons, and across two 

different depths, were used to estimate whether these effects are further influenced by 

abiotic factors under constant temperature conditions.    

To the best of our knowledge, this is the first study that relates the concepts of enzyme-

driven decomposition of organic matter and soil characteristics to the Enzyme Latch 

Theory in a global warming scenario within the paramo region. Most former enzymatic 

studies of Andean ecosystems are either related to the agrological importance and fertility 

of paramo soil [39] or were performed at considerably lower elevations in strongly 

differing environments [40]. 
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3.2 Material and Methods 

3.2.1 Sample Sites 

The sampling site of the National Reserve “Los Ilinizas” in Northern Ecuador lies 60 

km Southeast of the capital Quito (Figure 3.3 a) [41]. It was chosen due to the conserved 

paramo landscape at the center of the eastern Andean Paramo belt with thick layers of 

peat-like mollic andosol. Its slowly rising slopes present plains where samples were 

collected at four different heights, each 200 meters of altitude, following a linear transect 

towards the volcano peak (Figure 3.3 a) to avoid climatic bias such as changes in 

radiation, wind, and precipitation on different mountainsides. These sampling sites 

represent the frontier between high mountain forest and the paramo region (3600 m), 

shrub paramo (3800 m), grass paramo (4000 m) and superparamo at the frontier to the 

rocky zone of the volcano (4200 m) (Table 3.1and Figure 3.3 1 b). The mean temperature 

lies between 9° and 11°C presenting extremes from 0° to 22°C and means of annual 

precipitation from 500 up to 3000 mm [42]. Samples were taken from one square meter 

plots presenting open conserved vegetation with three replication sites, at least 20 m apart, 

at each altitude. They were isolated at depths of 10 and 30 cm (Figure 1 a).  

 

Figure 3.3 Sampling sites 
a) Map of geo-localized sampling sites (yellow dots) on a linear transect towards the volcano peak (red triangle) 

(Open access shape files taken form the Geographical Military Institute of Ecuador [44] visualized with QGIS), b) 

Graphical figure of sampling for Enzyme Activity Assays (green and red dots), c) Picture of the volcano “Los 

Ilinizas” and the paramo landscape indicating estimates of the four different vegetational zones (Photograph by 

Stefan Brück 2020) 

 

Samples were collected in early February 2019, following several weeks of the dry 

season, and in April 2020 within rainy season confirmed by open access precipitation data 
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from the National Institute of Meteorology of Ecuador (INAMHI) [43] resulting in a total 

of 48 analyzed samples. Dataloggers HOBO Pro V2 (ONSET, MA, USA) were installed 

at each height to collect soil temperature data at 10 cm depth. Samples were kept in a 

cooler within sterile falcon tubes at 4°C for enzyme activity and directly transferred to 

the laboratory. 

 

Table 3.1 Sampling site characteristics 

 

 

3.2.2  Soil characteristics 

Soil type was confirmed with the colorimetric key according to Munsell [44], soil 

texture estimates were performed as described by Sponagel et al. [45,46], and the 

detection of amorphous allophanes as described by Fieldes and Perrott [47]. Soil pH and 

conductivity were determined by creating 1:5 and  1:2.5 slurries respectively with 

deionized water, which was measured on a Potentiometer S500 (Mettler Toledo, 

Switzerland) after one hour of stirring, following protocols by Rayment and Higginson 

[48]. To determine density and humidity, soil samples were collected with volumetric 

cylinders (50 mL) whose water content was measured gravimetrically before and after 

oven-drying at 110°C following standard procedures [49]. Soil organic carbon (SOC), 

total Nitrogen (Nt), as well as S, P, Ca, Mg, Zn, K, Cu, Fe and Mn were analysed in the 

Ecuadorian National Institute of Agricultural Research (INIAP) according to 

international standards. 

Soil Phenolic substances (Phen) content was determined using Folin-Ciocalteu’s phenol 

reagent and Na2CO3 according to the protocol of Pinsonneault et al. [29], with absorbance 

measured after 1.5 hours incubation on a Synergy H1 Hybrid Reader (Bio Tek 

Instruments, CA, USA) at 750 nm. Results were calculated using Phenol Standard curves, 

and dry weight correction was applied.  
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3.2.3 Measurement of hydrolytic enzyme activities 

Samples were stored at 4°C and measured for a maximum of three weeks after sampling 

following recommendations by DeForest et al. [50]. Organic material, stones, and larger 

particles (>2 mm) were manually removed from the soil samples, and one gram of soil 

was used to produce a suspension in 50 mL of sterile distilled water, which was further 

homogenized in a low-energy ultrasonic bath SK3300B (VWR, USA) for six minutes to 

break apart soil particles [51]. Enzyme substrates were prepared using 4-

Methylumbelliferyl (MUF)-phosphate (for EC 3.1.3.1 y 2) , -Sulfate (for EC 3.1.6) , -ß-

D-glucoside (for EC 3.2.1.21), -ß-D-cellobiose (for EC 3.2.1.91), and -N-acetyl-ß-D-

glucosamine (for EC 3.2.1.52) (Sigma-Aldrich, Germany) at a final concentration of 1 

mmol/L. Except for the well-soluble MUF-phosphate, and -Sulfate, 0.03 vol% Dimethyl-

sulfoxide (DMSO) (Merck, Germany) was used to assure complete dissolution of the 

substrates in stock solutions. Substrates were chosen as representatives involved in 

Carbon, Nitrogen, Phosphorus, and Sulfur cycles [29,52] as an approximation for overall 

organic matter decomposition. 

The fluorescence of released MUF for each different substrate was measured 

spectrophotometrically following recommendations by Marx et al. [53] and German et al. 

[54]. A volume of 50 µL of soil sample suspension, 50 µL of 0.1 molar MES buffer 

(Sigma-Aldrich, Germany), pH 6.1, and 100 µL of each analyzed respective enzyme 

substrate, were transferred to a black 96-well plate. Plates were then incubated at 10°C as 

the representative mean temperature and pH of sampling sites [54]. Fluorescence was 

analyzed over 5 hours using 7-time points with at least four repeated measurements per 

sample on a Synergy H1 Hybrid Reader with software Gen5 (Bio Tek Instruments, CA, 

USA) at 360 nm excitation and 460 nm emission wavelength (APPX 3.1). Sample-

specific standard curves were generated using MUF concentrations as a reference to avoid 

quenching effects (APPX 3.2). Dry weight conversion was applied to the soil sample, and 

activity was calculated as nmol*gsoil
-1*h-1 presented with standard errors.  

 

3.2.4 Measurement of phenol oxidase activity 

Soil samples for phenol oxidase measurement were prepared according to the above-

mentioned procedure with the difference that 1 g of soil was diluted in 125 mL of 10 mM 

phosphate buffer, pH 6.1. Substrate. 3,4-Dihydroxy-L-phenylalanine (L-DOPA) (Sigma-

Aldrich, Germany) at 25 mM and 2,2'-azino-bis-3-ethylbenzothiazoline-6-sulfonic acid 

(ABTS) (Fisher Scientific, SL, USA) at 10 mM final concentration were prepared as 

substrates.  

Absorbance was measured at 419 nm spectrophotometrically on a Synergy H1 Hybrid 

Reader with software Gen5. 200 µL of soil suspension, 50 µL of the substrate, and in case 

of peroxidase measurement 10 µL of 0.03% H2O2 were transferred to transparent 96-well 

plates with 6 replicates for each sample. Samples were measured overtime for six hours. 
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L-DOPA showed more consistent results than ABTS, and the addition of peroxide lead 

to ineffective results, probably due to its optimal performance at ph below 4 [55], which 

is why the presented data only accounts for L-DOPA measurement without peroxide 

addition. Final enzyme activity was calculated as nmol*gsoil
-1*h-1 presented with standard 

errors according to German et al. [54] based on the extinction factor from the literature.   

 

3.2.5 Statistical analysis 

All data analysis was performed using Microsoft EXCEL 365 and the licensed version 

of STATA 16.0. The Shapiro Wilk test was performed to analyze the Normal distribution 

of data and Levene’s Test for homoscedasticity. ANOVA was performed for altitude, 

independent t-test for depth, and paired t-test for each season. In case data did not fulfill 

assumptions for parametric analysis after natural log transformation (APPX 3.3), non-

parametric tests such as Wilcoxon ranked sum and Wilcoxon signed-rank tests were 

applied. The same way Pearson and Spearman linear regression analysis was performed. 

Anyhow there was no observed difference in significance outcomes between parametric 

and non-parametric tests applied for the same data. 

To reduce the number of variables applicable to statistic modeling, three distinct 

principal component analyses (PCA) were performed over subsets of variables creating 

new variables for “components of organic matter” (organic), including SOC, Nt, P, S, and 

Phen, “physical and chemical properties of the soil” (physical), including pH, Hum, Cond, 

Dens, and “metals”, including K, Ca, Mg, Zn, Cu, Fe, and Mn. Kaiser-Meyer-Olkin Test 

was used to check for the pertinency of chosen variables. Diagnostic outcomes 

considerably improved removing the variables Nt, PHEN, Mg, and Zn from the final PCA 

(APPX 3.4).  

To perform multivariate analysis, linear fixed-effect models were applied using each 

enzyme activity as the dependent variable, altitude, depth, and season as categorical 

predictor variables and, “organic” and “physical” as continuous predictor variables.  The 

normal distribution of residuals was tested using Shapiro Wilk, and collinearity was 

checked with the variance inflation factor (threshold < 9). The Akaike’s information 

criterion and the Bayesian information criterion were used as diagnostic parameters to fit 

models. It is worthy of mentioning that the continuous variable “metals” was removed 

from all models as it consistently worsened diagnostic outcomes and, in no case resulted 

in significant model estimates for the particular variable. Beta-estimates were used to 

demonstrate normalized differences between predictor variables (APPX 3.5).  

 

3.3 Results 

Exploratory statistical analysis was performed to study the change of physical and 

chemical factors within soil samples due to altitude season and depth. Tables 1, 2,and 3 

show the results of the different variables that were analyzed according to the grouping 
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that was used for later PCA analysis. As expected for mollic andosol, levels of SOC and 

Nt were elevated across all analyzed altitudes [56] with similar levels (Table 3.2). Mean 

data did not change over the seasons but there was a significant reduction with depth. 

Phosphorus, as well as Sulfur levels, decreased with altitude but due to environmental 

variation, only Sulfur showed significant difference from other levels in the superparamo 

region. In the case of phenolic substances, highest levels coincided with SOC and Nt at 

the grass-paramo but there was no significance pattern observable.  

Table 3.2 Components of organic matter in different scenarios 

Variables SOC Nt P S Phen

% % ppm ppm ppm

Altitude n=48 3600 m 4.03 ± 0.59 a 0.23 ± 0.03 a 13.7 ± 1.0 a 10.3 ± 2.0 a 1.08 ± 0.17 a

3800 m 3.78 ± 0.27 a 0.22 ± 0.02 a 10.8 ± 1.3 a 6.5 ± 0.8 ab 1.10 ± 0.18 a

4000 m 4.79 ± 0.33 a 0.30 ± 0.03 a 12.4 ± 1.9 a 7.4 ± 0.6 a 1.58 ± 0.46 a

4200 m 3.93 ± 0.26 a 0.23 ± 0.02 a 9.2 ± 1.1 a 4.6 ± 0.6 b 0.69 ± 0.10 a

Season n=48 dry 4.48 ± 0.26 a 0.25 ± 0.02 a 9.9 ± 0.7 a 8.3 ± 1.1 a 0.93 ± 0.10 a

rainy 3.79 ± 0.28 a 0.23 ± 0.02 a 13.2 ± 1.1 b 6.1 ± 0.5 a 1.30 ± 0.25 a

Depth n=48 10 cm 4.73 ± 0.27 a 0.29 ± 0.02 a 14.5 ± 1.0 a 8.2 ± 1.1 a 1.21 ± 0.20 a

30 cm 3.53 ± 0.23 b 0.20 ± 0.01 b 8.6 ± 0.6 b 6.2 ± 0.7 a 1.02 ± 0.19 a

SOC = Soil organic carbon, Nt = total Nitrogen, Phen = Phenolic substances, bold = highest value of each category  

 

The physical characteristics of conductivity, bulk density, and humidity were relatively 

constant over different altitudes (Table 3.3). There was a slight decrease in mean values 

with rising altitude observable in measured pH values, but differences are so small that 

they are not statistically significant. As could be expected, there was a significant 

difference in density and humidity with the seasons, as well as a considerable difference 

in conductivity, which was also the only variable that presented notable changes with 

depth.  

Table 3.3 Physical and chemical properties of soil in different scenarios 

Variables pH Cond Dens Hum

µS g/L %

Altitude n=48 3600 m 6.43 ± 0.10 a 22.75 ± 4.13 a 1208 ± 48 a 26.39 ± 2.66 a

3800 m 6.39 ± 0.13 a 17.62 ± 2.60 a 1250 ± 49 a 27.26 ± 1.79 a

4000 m 6.08 ± 0.10 a 17.61 ± 2.31 a 1164 ± 69 a 31.02 ± 3.00 a

4200 m 5.96 ± 0.04 a 16.73 ± 2.45 a 1313 ± 79 a 29.53 ± 1.86 a

Season n=48 dry 6.44 ± 0.08 a 23.17 ± 2.29 a 1092 ± 26 a 22.09 ± 0.98 a

rainy 5.99 ± 0.05 a 14.18 ± 1.38 b 1376 ± 40 b 35.01 ± 1.07 b

Depth n=48 10 cm 6.18 ± 0.08 a 21.50 ± 2.28 a 1218 ± 43 a 29.91 ± 1.85 a

30 cm 6.24 ± 0.08 a 15.85 ± 1.73 b 1249 ± 46 a 27.19 ± 1.47 a

Cond = Conductivity, Dens = Bulk density, Hum = Humidity  

Concerning the metal content of soil samples (Table 3.4), these elements showed a 

pretty heterogenous distribution across different altitudes with no clearly distinguishable 
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pattern. There were no statistically significant changes with seasons, except for Mg whose 

concentration was higher in rainy season. Generally, values indicated a mineral-rich soil, 

typical for volcano-derived mollic soils [15,57] with Mg and Ca reaching especially high 

levels. These were also the only metals whose contend significantly reduced with depth 

which fits to the decrease in conductivity.  

Table 3.4 Metal components of soil samples in different scenarios 

Variables K Ca Mg Zn Cu Fe Mn

ppm ppm ppm ppm

Altitude n=48 3600 m 0.15 ± 0.05 a 6.3 ± 1.0 a 1.5 ± 0.3 a 5.52 ± 0.62 a 4.72 ± 0.33 a 336 ± 44 a 5.06 ± 0.73 a

3800 m 0.22 ± 0.03 a 4.7 ± 0.6 a 0.9 ± 0.2 a 4.96 ± 0.56 a 6.17 ± 0.24 a 300 ± 34 a 5.19 ± 0.85 a

4000 m 0.31 ± 0.04 a 5.5 ± 0.7 a 1.0 ± 0.1 a 5.47 ± 0.53 a 5.98 ± 0.15 a 386 ± 38 a 6.33 ± 0.56 a

4200 m 0.28 ± 0.03 a 4.8 ± 0.6 a 0.8 ± 0.1 a 3.48 ± 0.59 a 6.29 ± 0.25 a 356 ± 33 a 6.13 ± 0.65 a

Season n=48 dry 0.26 ± 0.03 a 5.5 ± 0.5 a 0.8 ± 0.1 a 5.75 ± 0.38 a 5.53 ± 0.23 a 324 ± 27 a 4.91 ± 0.32 a

rainy 0.21 ± 0.03 a 5.2 ± 0.6 a 1.3 ± 0.2 b 5.20 ± 0.41 a 6.05 ± 0.19 a 366 ± 26 a 6.45 ± 0.59 a

Depth n=48 10 cm 0.23 ± 0.03 a 6.6 ± 0.5 a 1.3 ± 0.2 a 5.52 ± 0.40 a 5.65 ± 0.18 a 352 ± 22 a 5.93 ± 0.47 a

30 cm 0.25 ± 0.03 a 4.1 ± 0.4 b 0.8 ± 0.1 b 5.43 ± 0.40 a 5.92 ± 0.24 a 338 ± 31 a 5.43 ± 0.53 a

bold = highest value of each category

meq/100g meq/100g meq/100g

 

Seven different substrates were used to measure the activity of enzyme families 

involved in the nutrient cycles of organic matter (Table 3.5). All analyzed enzyme 

activities except for Cellobiohydrolase showed the highest values at the lowest altitude. 

In the case of Peroxidase, there was more than two-fold decrease which was statistically 

significant. Furthermore, the minor level of enzyme activity for all hydrolases, except 

Sulfatase, was measured at the highest altitude. Although most statistical analyses of the 

data failed to show significant differences with exception of β-Glu and POX, there is a 

clear pattern of decreasing activity with rising altitude observable across all analyzed 

enzymes. Moreover, all hydrolase activities were significantly higher in the dry compared 

to the rainy season. Close to two-fold differences were observed for Phos, Sulf, Cellobio, 

and β-Glu, being POX the only exception. Additionally, sampling depth had a notable 

impact on enzyme activity with a significant decrease for all enzymes except Cellobio.  

Table 3.5 Mean enzyme activity of soil samples 

Variables Phos Sulf N-Ac Cellobio β-Glu POX

Altitude n=48 3600 m 4764 ± 868 a 333 ± 73 a 345 ± 73 a 82 ± 14 a 690 ± 172 a 859 ± 134 a

3800 m 4257 ± 623 a 195 ± 34 a 223 ± 25 a 84 ± 11 a 509 ± 68 a 333 ± 59 b

4000 m 4259 ± 426 a 226 ± 31 a 226 ± 24 a 79 ± 7 a 455 ± 51 ab 252 ± 44 b

4200 m 3531 ± 737 a 217 ± 41 a 184 ± 39 a 52 ± 7 a 284 ± 46 b 393 ± 62 b

Season n=48 dry 5740 ± 414 a 329 ± 39 a 295 ± 40 a 97 ± 7 a 625 ± 89 a 408 ± 58 a

rainy 2665 ± 294 b 157 ± 17 b 194 ± 21 b 51 ± 4 b 344 ± 38 b 511 ± 88 a

Depth n=48 10 cm 5089 ± 515 a 314 ± 40 a 316 ± 38 a 81 ± 8 a 612 ± 88 a 542 ± 94 a

30 cm 3316 ± 360 b 171 ± 20 b 174 ± 19 b 67 ± 7 a 358 ± 44 b 377 ± 44 b

Phos = Phosphatase, Sulf = Sulfatase, N-Ac = N-Acetil-glucosidase, Cellobio = Cellobiohydrolase, β-Glu = β-glucosidase, POX 

= Peroxidase, Mean values in nmol/g*h  
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The observed significant differences due to sampling depth and seasonal changes, account 

for more significance  variation at altitudinal levels which is possibly causing the lack of 

significance. Two-way anova confirmed this pattern of altitude contrasted to the season 

for all enzymes, but Phosphatase and Sulfatase (Table 3.6).  

Table 3.6 Two-way ANOVA analysis of enzyme activity over Altitude Season and their 

interaction 

 

There is also a clear pattern toward the synergistic behavior of analyzed enzymes in 

their degradation activity. This relationship was further confirmed by simple regression 

analysis, revealing highly significant correlation between all hydrolases with r2 values 

from 0,66 up to 0,86, again with POX as the only exception (Table 3.7). This analysis 

further revealed a strong correlation between SOC, Nt, and Sulfur compared to hydrolase 

activities, as well as the significant correlation of humidity, and density with Sulfatase, 

Phosphatase, and Cellobio, which further demonstrates the importance of seasonal 

aspects.  

Table 3.7  Correlation among enzyme activity and important physical and chemical soil 

characteristics 

 

 

Information from the exploratory analysis was used to create linear fixed-effect models 

for each enzyme family. Figure 2 shows the relationship of the “organic” and “physical” 
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components, as well as different altitudes, seasons, and depths to reveal which factors 

significantly account for the greatest variance of enzyme activity as the dependent 

variable. To determine significance levels, altitude 1, dry season, and 10 cm depth were 

used as references to compare with the remaining categories following the concept of 

dummy variables.  

 

Figure 3.4 Linear fixed-effect models with enzyme activity as dependent 
a) Sulf = Sulfatase, b) Phos = Phosphatase, c) Cellobio = Cellobiohydrolase, d) ß-Glu = ß-Glucosidase, e) 

N-Ac = N-Acetyl-Glucosaminidase, f) POX = Phenol-oxidase. REF = Reference categories for comparison 

with remaining categories of the same categorical variable. “physical” and “organic” indicate principal 

components of physical and chemical variables as described in methods. Values on arrows indicate beta-

estimates, black arrows indicate significant model estimates, * p<0,05, ** p<0,01, ***p<0,001. All models 

were designed equally with exception of N-Ac where Season was replaced by the interaction term 

altitude#season 

 

The “organic” component showed significance for all analyzed enzymes including 

POX, meanwhile “physical” components played a significant role only for β-Glu and 

POX. Interestingly in all model’s depth lost its importance as a driving factor of enzyme 

activity meanwhile season showed significance with beta-estimates up to -0,72. Altitude 

had highly significant impact on N-Ac and POX levels as well as to lesser extents on β-

Glu and Sulf. Only for Cellobio and Phos no altitudinal impact was measurable in model 

estimates and their significance.  

To remain comparability all chosen model parameters were similar among enzymes, 

with a slight modification for N-Ac where Season was replaced by the interaction term 

of the season with altitude which led to improved model diagnostic parameters.   
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3.4 Discussion  

3.4.1 Soil characteristics 

Soil shows a complex interplay between a multitude of biological, chemical, and 

physical factors mutually influencing each other. Drastic altitudinal changes within the 

paramo highlands cause the appearance of different vegetational zones [58]. It is well 

described how vegetation can shape the soil microbiome through interaction at the 

rhizosphere and nutrient intake [30,59,60] and the microbial community is further 

influenced by physical and chemical characteristics of soil [61]. The present study 

analysis a part of this complex interplay by the measurement of soil derived enzyme 

activity as an approximation for organic matter degradation within different vegetational 

zones of the paramo region in Northern Ecuador.  

To avoid soil type derived bias in chemical, physical and microbiome parameters, 

sampling sites were chosen within the area of mollic andosol on a linear transect towards 

the volcano peak as described above. Soil analysis therefore showed relatively little 

variation in physical aspects and those observed were mainly given by seasonal changes 

rather than altitudinal differences as to be expected for humidity and density which are 

directly related to precipitation. Interestingly pH was relatively high for peatland and did 

not change significantly neither with altitude nor with season or depth consistent with 

former observations [15]. Furthermore, the physical component did not show significant 

estimates for most of the linear fixed effect models that were implemented. This is an 

important observation as pH is commonly known as one of the most important factors 

influencing enzyme activity apart from temperature [54,62]. Given that differences were 

marginal, it is unlikely that pH could have act as a driving factor of enzyme activity in 

the present analysis and it highlights to a certain extent comparability among chosen 

sampling sites.  

Minerals were distributed in a heterogenous way on different levels of altitude mostly 

not showing significant differences. Only for Mg and Ca sampling depth had a significant 

influence which can be explained by the frequent association of these elements with 

organic matter [63]. This finding therefore coincides with soil parameters involved in 

organic matter composition where SOC as well as Nt and P decreased with depth but not 

with altitude.   

Interestingly pH was strongly correlated with sulfur content although one might rather 

expect an inverse correlation as sulfur tends to acidify soils forming inorganic acids [64]. 

Another important observation is, that the organic component showed strong correlation 

with enzyme activities in fixed effect models for all analyzed enzymes indicating that 

biochemical rather than physical factors were drivers in the analyzed area. In this context 

it was rather surprising that phenolic substances failed to show any correlation neither 

with hydrolase nor with POX activity against all expectations due to the “Enzyme Latch” 

theory, even though former studies equally failed to show this correlation [38,65].  
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3.4.2 Altitudinal dependence of enzyme activity 

Initial analysis of enzyme activity did not suggest a direct linear relation to altitude 

considering statistically outcomes, where only β-Glu and POX showed significant 

differences for few altitudes. Nevertheless, there is a visible tendency towards reduced 

enzyme activity with rising altitude supported by several findings. First, the mean values 

of all analyzed enzyme family activities decreased with five out of six maximum values 

at the lowest altitude and four out of six minimum values at the highest altitude. This 

tendency was further underlined by the synergistic behavior of enzymes showing high 

correlation values among each other which was similarly observed in former studies [29]. 

The fact that Cellobio did not show the strongest activation at the lowest level might be 

explained by the fact that Zn, Ca and Mg levels were highest at the lowest altitude, where 

Zn tends to inhibit Cellobiohydrolase activity but not those of other hydrolases, and on 

the other hand the opposite effect that Ca and Mg levels which tend to increase most 

enzyme activity do not show an activating effect on that enzyme [66].  

Second, the separation by season considerably increased significance outcome 

indicating that variation due to seasonal changes exhibited an annihilating effect on the 

altitudinal tendency.  Finally, the linear fixed effect models showed negative estimates 

for almost all different altitudes in all measured enzymes using the lowest altitude as the 

baseline reference. These estimates were significant principally for β-Glu N-Ac and POX. 

Taken together these results indicate a strong influence of altitude on organic matter 

degrading processes although these changes do not necessarily follow a straight linear 

decrease with altitude, a phenomena that had formerly been observed for mountain 

ecosystems [67]. One especially notable outcome is the pronounced cleft between enzyme 

activity at the lowest elevation indicating the borderline between paramo and high 

Andean Mountain forests at 3600 m and the shrub paramo at 3800 m. Especially POX 

showed a two-fold difference due to only 200 m difference of altitude but also hydrolases 

indicated similar behavior. This is consistent with the “Enzyme Latch” theory where 

higher POX activity leads to a decrease in inhibiting phenolic substances which 

negatively affects hydrolase activity. However, although the levels of phenolic substances 

at the lowest elevation present the second lowest value after the super-paramo there is 

almost no observed mean difference to shrub paramo, indicating that the underlying 

mechanism apparently depends on additional factors.  

Mean values tended to show stronger variation at the lowest altitude which is probably 

due to the observed increasing vegetational diversity and less homogeneity among 

different sampling sites compared to the very uniform appearance of grass paramo 

where differences in vegetation among sampling sites are marginal. Although a strong 

effort was made to find comparable sampling sites with open vegetation to avoid species 

dependent root associated microbiome bias [68], at lower elevations vegetation becomes 

denser, complicating the task. These same finding might further explain the drastic 

changes in enzyme activity between subparamo and shrub paramo. Apart from low 
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temperatures, strong winds and radiation hinder the growth of vegetation that is not 

completely adapted to the environmental circumstances in the paramo region [16]. The 

appearance of new plant families at lower elevations might mutually influence the 

growth of others, offering wind shelter and shadow [69]. This coincides with field 

observations where remnants of Mountain forest reach higher elevations within 

protected valleys [70]. Vegetation knowingly affects microbiome composition 

indicating highest diversity indices for bacteria and fungi in this area (unpublished data). 

A deeper analysis of altitude related microbial changes of bacteria, archaebacteria and 

fungi within the studied paramo site is currently underway which therefore might 

explain the observed changes in enzyme activity [71]. More studies are necessary to 

explain the intrinsic relation with the unique vegetation of the paramo region.  

Interestingly, the enzyme activities of phosphatases and sulfatases strongly increased at 

the lowest elevations coinciding with higher levels of sulfur and phosphate which might 

facilitate the nutrient uptake at lower elevations by root systems [72]. Although the 

paramo region is extremely rich in organic matter, it is not considered the most fertile 

region for crop planting because it bears dramatic climatic changes not suitable for many 

crops. More interestingly its lack in decomposition capacity decreases the liberation of 

nutrients to the point where they become available for plants [12,73]. Frequently, paramo 

soil is transported to lower regions and sold as “nutrient rich black soil” on South 

American markets. If temperature rises and soil nutrients will be liberated in a constant 

manner, it is most probably that the observed upslope shift of agriculturally used land [74] 

will further rise and put an additional threat to the paramo region due to invasion of 

conserved sites. Moreover, the lowest elevation at 3600 m presents the borderline 

between the paramo and downslope mountainous ecosystems and the observed changes 

might present evidence for the existence of a critical turning point. Considering that minor 

changes in altitude can lead to extreme effects on organic matter decomposition in a 

scenario of future global warming it is possible that even slight changes in temperature 

could have severe effects on ecosystem alterations within the paramo region.  

The opposite effect to the lowest elevation was visible at the grass paramo region at 

4000 m elevation, where the weakest POX activity was found. This coincides with highest 

levels of phenolic substances and the greatest SOC and Nt content. These findings support 

the theory that the “Enzyme Latch” impairs efficient organic matter degradation at this 

elevation [65] and identifies the grass paramo as the most promising carbon sink within 

the paramo region. Nevertheless, the study failed to show a direct relation to the hydrolase 

activities that might have been expected.  

 

3.4.3 Enzyme activity depending on seasonal changes 

Although Ecuador lacks four seasons due to its ubication at the equator line, there are 

pronounced rainy and dry seasons. Mean temperatures are similar between both seasons 

and although fluctuation is greater in dry season, the most important difference lies in 
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precipitation [43]. The enzyme activity of all analyzed hydrolases increased remarkably 

about 2-fold in dry season with especially high levels at the lowest elevation. POX was 

the only exception, which is surprising because according to the “Enzyme Latch” theory 

dry climate increases aeration of peat which leads to increased oxidase activity [52]. One 

possible explanation might be that POX depends on copper which exhibits a strong 

activating effect [66] and levels of the metal where higher in rainy season, nevertheless 

differences were not significant.  

The present results are consistent with former reports about increasing organic matter 

decomposition due to seasonal [29] as well as drought induced [37,75] effects but fail to 

confirm the effect driven by oxidases [35].  

Increasing surface evaporation due to rising temperatures allowing oxygen to further 

penetrate the upper layers of soil [33] and tendencies towards extreme climate phenomena 

with prolonged droughts and flooding events instead of consistent rainfall [76] could 

further accelerate degrading processes of paramo peat leading to a probable drastic 

reduction of this unique ecosystem within the future [76]. Finally, the great water 

retention capacity of peatland is given by its large amounts of organic matter [23]. If 

decomposition rates increase, these retention capacities may drop leading not only to the 

loss of ecosystem services [22] but even more importantly to increased aeration releasing 

a vicious circle of peat decomposition. These drought events can already be observed in 

the paramo due to increasing incidences of wildfires adding dramatically to the release of 

greenhouse gases and the destruction of peat [77,78]. Taken together seasonal changes 

are expected to accelerate peat decomposition processes within the paramo region under 

global warming conditions. Nevertheless, the present study presents only two transversal 

timepoints to study the phenomena which is why time dependent studies crossed with 

climatic analysis should be performed to understand the underlying dynamics of this 

complex ecosystem.  

  

3.4.4 The role of depth in enzyme activity variation 

Decreasing enzyme activity with sampling depth is a commonly known phenomena 

[79], as it is the surface area where greatest microbiome diversification and nutrition 

intake are taking place [30], meaning that statistically significant differences between 

depths is not a surprising outcome. Therefore, it is rather remarkable that in the developed 

models, the variable depth totally lost its importance as a driver of change. None of the 

observed models resulted in significant estimates for depth using topsoil (10 cm) as 

reference. On one hand depth was chosen although its effect is well described, because 

most soil types present drastic structural changes already within the first 30 cm of depth 

[56], which is not the case for mollic andosol. The relatively young, volcanic ash derived 

soil presents hardly matured thick A horizons whose structure and color barely changes 

with profundity [15], which might account for lesser changes with sampling depth as can 

be observed in other soil types. On the other hand, the observed differences, although 
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statistically significant, might have lost importance in direct comparison to other driving 

factors whose importance has been discussed above. This finding therefore further 

underlines the importance of altitudinal and seasonal influences on organic matter 

decomposition.  

 

 

3.5 Conclusion 

The present study is most relevant for the climate change-related research in the paramo 

region given that several new research perspectives arose by the presented results in a 

region where research is still very scarce, considering its environmental but also socio-

economic importance. The observation that enzyme activity consistently decreases with 

altitude even under constant temperature conditions and without apparent pH changes 

implies that changes of vegetational zones with altitude play a key role in its degradation 

processes most probably due to microbiome changes. It is therefore necessary to further 

study the direct relation of the specific interaction between the vegetation and the 

microbiome. Given that the degradation of organic matter is directly related to its carbon 

fixation capacity, shown by its significant correlation with the organic component, it 

would further be interesting to address greenhouse gas liberation and study functional 

diversity of bacteria and fungi related to it as well as levels of soil oxygenation as a key 

factor in decomposition processes. The second important finding is, that seasonal changes 

induce drastic changes in enzyme activity showing considerably stronger activation in 

dry season, especially at lower elevations. This might indicate the existence of a tipping 

point between high Andean downslope ecosystems and the paramo region due to marginal 

changes in elevation and therefore most importantly the temperature. Future global 

warming thus puts a serious threat to this unique ecosystem whose importance is 

consequently underestimated in environmental policies [22].    
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4 Chapter 4  

Microbiota composition in an altitudinal gradient of paramo soils.  

 

This chapter is based on information collected to be considered for publication during 

the accrual period of the doctorate´s scholarship. 

Abstract: The Andean paramo region is characterized by astonishing biodiversity with extremely high 

levels of endemism, its accumulation of thick peat-like organic matter deposits, and its related capacity to 

retain great amounts of water. The low decomposing activity is directly linked to its microbial composition 

which has not yet been studied in detail. The present study aimed to amplify 16S- for archaea and bacteria 

and ITS-sequences for fungi, for differential analysis on 4 distinct altitudes marking vegetational zones in 

the dry and rainy season of the Iliniza national reserve in Ecuador. Samples were taken in triplicate and 

pooled (n=24). 

Taxonomical data of richness and abundance revealed that bacterial communities tended to variate stronger 

with the season than with altitudinal effects. The most abundant phyla were Acidobacteriota, 

Actinobacteriota and Bacteriodota. Proteobacteriota which are commonly described as the leading soil 

phylum only showed little abundance. Fungi on the other hand showed greater variation in diversity either 

for altitudinal as well as seasonal effects. Ascomycota, Basidiomycota and Mortierellomycota were most 

abundant. In comparison to enzyme activity levels measured in chapter 3, the overall pattern of fungal 

diversity could explain to a greater extent the observed differences in the decomposition of organic matter. 

Furthermore, the distribution of fungal classes indicates unique patterns for the paramo environment which 

invites for further investigation. To our knowledge the present study presents the first taxonomical analysis 

considering both bacteria and fungi community structures in High Andean paramo soils   

 

 Key words: Bacteria, Fungi, 16S, ITS, taxonomical analysis, paramo, soil 

 

4.1 Introduction 

4.1.1 The microbial community of soil 

 

For many decades the whole microbiota composition of virtually any biological 

community within an ecosystem presented a large gap of knowledge for scientists. Less than 

1% of microorganisms present within a simple soil sample is effectively cultivatable under 

laboratory conditions and cultivation, isolation, and subsequent identification used to be the 

medium of choice [1]. With the development of second-generation sequencing in 2005 known 

as pyrosequencing and Illumina platforms in 2007, a revolution started in the field of microbiota 
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analysis which made it not only technically possible but also affordable for investigation in 

lower-income countries [2]. Nevertheless, microbiota analysis is still vastly unexplored in 

Ecuador. The only internationally published articles concerning paramo microbiota are either 

of bacterial species directly related to Espeletia species [3] or performed at the Sumaco volcano 

in Ecuador with lower altitudes and without taking seasonal aspect into account [4]. 

 

Mountain ecosystems like the Andean Paramo Highland are particularly interesting for 

the analysis of microbiota changes given that they are characterized by dramatic changes in 

climatic and biotic characteristics within a small geographical area [5,6]. It is known that these 

changes can greatly influence the composition of microbes. These shifts in microbial 

community structures over altitudinal gradients are also crucial for understanding climate 

change effects on ecosystems [7]. Studies analyzing the outcomes of experimental soil warming 

[8], vegetational changes [9], or water availability [10] have gained important insights into 

short-time effects that can be expected, but communities on an altitudinal gradient had a long 

time to establish their structure and can gain important additional information about the long-

time effects [6]. 

Meta-analysis-based studies revealed that ecological niches will shift to higher 

elevations at an average rate of 12,2 meters each decade, which is at least twice as fast as 

previously estimated [11]. In how far this prediction will be correct depends on the velocity 

with which climate change keeps taking place and the still fairly understood intrinsic response 

of ecosystems to the change. Considering the complexity of microbial composition and the 

diversity of communities within defined ecosystems, research still requires many more studies 

to predict future outcomes of climate change scenarios.  

Individual fungi species might have a bigger intrinsic tolerance to changing environments than 

isolated bacterial species, due to the larger regulatory potential of eucaryotic cells [12]. On the 

other hand, the faster reproductive cycles and greater genome flexibility causes bacteria to 

rapidly adapt to changes due to microevolutional processes, leading to their extensive diversity 

[13]. It can therefore be expected that changes could be reflected rapidly within microbiota 

communities of both kingdoms.  

 

The interplay between local soil characteristics, vegetation, and soil-derived 

microorganisms is very complex to study [1]. At first sight, local conditions such as soil 

characteristics but also microclimates determine which vegetation will be able to grow and 

which associated microorganisms will appear within the ecosystem [14]. Nevertheless, many 
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studies have shown, that plants can considerably influence microclimates and microbial activity 

in the decomposition of organic matter are a major driver of change in the cycling of soil 

nutrients, pH, but also physical factors [15]. Therefore, it is not possible to establish simple 

causal connections but rather necessary to analyze mutual effects. 

 

4.1.2 Function of microorganisms in soil 

4.1.2.1 The role of bacteria 

Edaphic bacteria are the most abundant and diverse group of organisms in soil and 

therefore have a multitude of different functions. They are the main drivers of organic matter 

decomposition and the recycling of nutrients. They are involved in the cycling of all major 

elements such as carbon, nitrogen, phosphorus, and sulfur, in both directions, fixation within 

organic matter as well as liberation in form of gases, some of which are mainly causing the 

greenhouse effect [16], and inorganic compounds which are easily assimilated by plant roots 

[14]. The interplay of bacteria involved in nitrogen cycling is of particular interest given their 

dominant function in the bacterial kingdom. Nitrifying bacteria are crucial for the availability 

of nitrogen for plant roots and therefore soil fertility, and denitrifying bacteria which liberate 

soils from excess nitrates but also liberate the potent greenhouse gas nitrous oxide (N2O) are of 

central importance in the role of antropogenic access use of fertilizers and the destruction of the 

ozone layer [17].  

Bacteria can further degrade many kinds of contaminants and pesticides and are 

therefore critical for conservation as well as restauration of ecosystems [18]. They greatly 

interfere with soil characteristics and structure and are therefore involved in filtration and 

retention of water which strongly shapes the type of vegetation growing on it. Bacteria can then 

in turn establish close relationships with the vegetation, mainly by root interaction which is 

crucial for plant development, growth, and the resistance to biotic and abiotic factors [15]. 

Taken together edaphic bacteria are essential for the development, maintenance, and restoration 

of the ecological and structural function of soil which shapes the landscapes on earth.   

 

4.1.2.2 The role of fungi 

At first sight there appears to be a great functional redundance between edaphic fungi 

and bacteria since both have a great potential to adapt to virtually every known environment 

prone to life and participate in similar ecological processes [19,20]. The alteration of fungal 
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communities has therefore the potential to affect the whole function of ecosystems similar to 

the case of bacteria [12,21]. 

Fungi can be classified into three main functional groups, namely biological controllers, 

ecosystem regulators and decomposing and matter transforming fungi [19]. They can secrete a 

wide array of enzymes useful in the breakdown of organic matter and the availability of soil 

nutrients or establish antagonistic or symbiotic interactions with other organisms mainly plants.  

Taking a closer look certain patterns of differential behavior of fungi compared to bacteria 

become noticeable. First as described in chapter 1, fungi are specialized on the breakdown of 

plant cell wall compounds such as polyphenols which is crucial to further enzymatic breakdown 

of sequestered organic material [22]. Fungi hyphae have the potential to infiltrate into compact 

organic matter and mechanically burst structures allowing the infiltration of specialized 

enzymes greatly accelerating the decomposition process especially of recalcitrant woody matter 

[12]. These same hyphae are further recognized as an essential network for efficient nutrient 

and water uptake favoring plant growth and stress and pathogen resistance in form of 

mycorrhiza [19,23]. They are also used to transmit signals to orchestrate an array of different 

ecological functions, including antagonistic as well as symbiotic interactions [24]. 

Moreover, fungi have 40-55% carbon use efficiency (CUE).  They therefore store and recycle 

considerably more carbon compared to bacteria. Decrease in fungi abundance can hence 

negatively influence overall CUE in soil [25] which might be important in a climate change 

scenario.    

4.1.2.3 Abiotic factors that influence microorganism growth  

There are many different physical and chemical factors that affect microbiota 

composition. Microbial richness and abundance is most evidently correlated with temperature 

as many microorganisms are closely adapted to their local environment [22,26], pH [7] and 

humidity [10] but also the availability of nutrients, soil structure [27],  salinity [28] the presence 

of heavy metals among other factors can considerably influence the establishment of the local 

soil microorganism community. 

4.1.3 The taxonomical identification of microorganisms 

4.1.3.1 Marker Genes and Barcodes 

Marker genes in compositional analysis are specific regions within a genome, amplified 

to identify species based on only few gene sequences derived from a single gene [1]. In general 

terms these so-called barcodes must fulfill certain criteria in order to be reliable. First, they 



1. Chapter 4  Stefan Alexander Brück 

 

FMRP-USP 2023 80 

should be present in all cells that form part of the community one wants to analyze. Second, 

sequences should be derived from a region within the gene which is sufficiently variable to 

discriminate between different species but also sufficiently conserved to allow for identification 

[29] (Figure 4.1 Marker gene selection criteria). Furthermore, this variable region should be 

flanked by highly conserved regions to allow for efficient priming in PCR amplification. Third, 

they should be reasonably well described as genes by the scientific community. The larger the 

available reference bases are, the more reliable identification will be and less sequences will 

drop out of analysis due to unknown origin [30,31].   

 

Figure 4.1 Marker gene selection criteria 
A marker gene fragment should consist of a variable region that allows for identification, flanked by 

conserved regions that allow stable primer interaction. Image adapted from www.Zymogene.com 

 

4.1.3.1.1 16S 

The gene that encodes 16S ribosomal RNA in Archaea as well as Bacteria is by far the 

most commonly used marker gene to analyze bacterial community structure in ecological and 

evolutional studies [1]. It bears unique properties such as its presence in virtually every known 

bacterial and archaea species and extreme sequence conservation due to its vital importance for 

cells on one hand and an evolutionary variable domain structure on the other hand [32]. The 

frequent usage of the marker gene, in turn, led to the development of large genomic libraries 

where sequences can be aligned for taxonomic identification. This is important given that 

marker gene studies can only consider sequences from previously described species being one 

of the major drawbacks for their application. Recently, marker gene studies have been replaced 

by metagenomic high throughput shotgun sequencing due to the advances in technology. 

Nevertheless, the improvement of sequence specificity and open access informatic analyzing 
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tools such as QIIME made competitive marker gene studies available to a greater audience 

which gives the opportunity to investigate ecosystems in the whole world that would otherwise 

not be possible to analyze [30]. 

4.1.3.1.2 ITS 

The most commonly used barcodes for fungi identification are called internal 

transcribed spacer (ITS) regions. Although the 18S gene for the eucaryotic small subunit of 

ribosomal RNA is also present in fungi it presents a low resolution for fungal identification. 

Several other marker genes like Cytochrome C, commonly used for animals, protein-coding 

marker regions and large ribosomal subunits (LSU) have been proposed in contrast but the 

single most universally applicable region remains ITS [29]. Today there is a vast collection of 

ITS sequences assigned to taxonomically identified species in the Unite v8.0 [33,34] data base, 

which was used for assignation in the present study.  

4.1.3.1.3 OTUs vs ASVs 

To estimate the microbial composition of a sample based on marker gene sequences it 

is necessary to taxonomically align sequences with international reference bases such as 

GreenGenes for bacteria [35] and Unite v8.0 for fungi [33]. Traditionally the way to organize 

these sequences was to cluster similar sequences up to a determined threshold (97% or 99% 

respectively) into operational taxonomic units (OTUs) [36,37]. The danger of this approach is 

that, if the threshold is to low, different species with high sequence similarity within the marker 

gene region can be falsely clustered together within a single OTU. On the other hand, when the 

chosen threshold is too high, PCR and sequence errors can lead to new sequences that can 

erroneously be considered as new OTUs [36]. 

A newer approach is the computation of amplicon sequence variants (ASVs) also called 

denoising methods. In this approach first all similar sequence reads are counted to identify rare 

sequences probably due to sequence errors. Algorithms of error modeling are then applied to 

identify the probability that a given sequence represents an exact copy of its origin. Therefore, 

ASVs represent exact sequences with a defined probability rather than artificially created 

consensus sequences within an OTU [36,37].  

Species identification with ASVs is more reliable and data is easier to compare among 

different studies. In the present study the ASV approach was selected due to the probability to 
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find sequence variants due to the high endemism in the paramo ecosystem (see Chapter 1.4) 

and to their higher reliability with fungal sequences [38].  

4.1.3.2 Bias of sequence counts 

The study of microorganism abundance based on sequence counts is widely used 

approach to get more information about diversity. Nevertheless, its application bears several 

drawbacks compared to shotgun-sequencing that need to be discussed to handle information 

with care. First, many cells bear several copies of a gene and for many microorganisms this 

number is unknown. The program PICRUSt2 includes an algorithm to correct for the error, 

based on information about copy numbers from whole genome sequencing approaches. Present 

data is intended to be analyzed by this algorithm prior to publication [39]. Second, during PCR 

polymerase amplification new artificial sequences can be created due to reading and writing 

errors. Proof-read polymerases can reduce the number of errors but can also create chimera 

sequences, UCHIME as an implement of DADA2 removes sequences using an algorithm that 

can predict where sequence joining may appear due matching subregions of one or more ASVs 

and DADA2 assigns low reliability to unique sequences such as those appearing due to 

polymerase errors which leads to sequence filtering [40].  

Another issue is the initial sampling load. Given the very small amount of DNA used 

for Illumina sequencing, minor pipetting errors can lead to considerable misinterpretation of 

abundance especially when compared to other samples. The use of relative abundance can help 

to mitigate the effect but has its own drawbacks, as discussed in section 97. 

 

4.1.4 Diversity indices 

4.1.4.1 Alpha diversity 

Alpha diversity is considered as the species diversity within a defined population [41], 

in the present case the pooled soil samples as described in 4.2.1.  

4.1.4.1.1 Richness 

The count of the number of species found within a defined area seems to be a trivial 

indicator but still remains one of the most important aspects of diversity [42]. In microbial 

composition studies it becomes far more complex due to the problems arising with the widely 

discussed ecological concept of species in microorganisms (especially bacteria) but also due to 
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the complex estimation of real species counts based on marker gene sequences, as previously 

discussed. Unassigned sequences of species which have not yet been described or due to 

artifacts in the sequencing process further complicate the task. Still, the most important 

drawback of richness to estimate diversity or even community structure is its vulnerability to 

rare species which can greatly enhance apparent diversity without major ecological 

significance. Therefore, it is useful only together with more advanced indices which consider 

abundance as well.  

4.1.4.1.2 Shannon index 

The Shannon index or Shannon-Wiener index is the most widely used diversity index 

since its development in 1948 when it was initially used as a measurement of entropy [43] and 

was adapted to ecology as a measure of uncertainty to predict a certain species picked out of a 

random population. Therefore, the lower the number, the higher the predictive uncertainty and 

hence the biodiversity. The advantage of the index is, that it considers both, species richness 

and abundance for the calculation but when there is one very dominant species even in the 

presence of several rare species, it tends to underestimate diversity because the index tends 

towards 0 [44].  

The index is calculated according to the following formula: 

 

where pi is the proportional abundance of each species respective to the total of species and R 

is the specific richness 

4.1.4.1.3 Pielou index 

The Pielou index is a measure of evenness, meaning how equally distributed are species 

in the analyzed population. The calculation is based on the Shannon index but deals with the 

problem that Shannon tends to overweight rare species and singletons. Its values vary from 0 

to 1. The closer the value is to 1 the more equally distributed are all analyzed species in the 

given area.  

The index is calculated according to the following formula: 
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With “H’max = ln S” and S is the number of species for each taxonomical level [45]. 

 

4.1.4.2 Beta diversity 

Beta diversity measures represent the differential analysis of diversity between different 

populations to discriminate local from regional effects [41]. 

4.1.4.2.1 Jaccard index 

The Jaccard index is a measurement for the similarity between two data sets. It is a 

qualitative measurement that takes only richness into account. 

It is calculated using the following formula: 

IJ = c / (a + b + c) 

Where: 

a is the number of species present in site A 

b is the number of species present in site B 

c is the number of species present in both sites  

 

its values range from 0 to 1. If both sites share all species the value is 0, if both sides do not 

share a single species the value is 1 [46].  

Given values of Jaccard can be used in a distance matrix to determine how similar a set of 

sampling sites are in terms of richness. 

 

4.1.4.2.2 Bray-Curtis dissimilarity 

The Bray-Curtis dissimilarity compares the abundance of species between two samples 

It ranges from 0 to 1.  

If the calculated value is 0, then both sites have the same composition. 

If the calculated value is 1, then both sides do not share a single species. 

 

It is calculated using the following formula: 
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Where: 

BCij is the sum of the least abundant commonly shared species among both samples 

Si is the sum of all individuals counted in site i 

Sj is the sum of all individuals counted in site j 

 

4.1.5 Objective 

The present chapter aims to describe the bacterial and fungal composition on an 

altitudinal gradient in the northern paramo region of Ecuador in the dry and rainy seasons, in 

contrast to the enzyme activity measurement described in chapter 3. 

 

 

 

 

Figure 4.2. Cladogram of representative ASVs 

found in the analyzed soil samples. Image 

extracted from Qiime2 fasttree2 
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4.2 Materials and Methods 

4.2.1 Sample collection and genomic DNA extraction 

Samples were collected at four different altitudes (3600-4200 m) and as described in 

Chapter 3.2.1at two different seasons. Soil samples at 10 cm depth from the formerly described 

three replication sites (Figure 2.2 Sampling sites) and from each altitude were taken with 

sterilized collection tubes and transported at 4°C to the laboratory. Samples from all three 

replication sites were mixed under sterile conditions to create a pool. Three different soil 

samples from each pool, giving a total of 24 samples, were used to isolate genomic DNA 

applying the standard protocol of the SurePrep genomic DNA Kit (Fisher BioReagents, SL, 

USA). DNA was quantified on a NanoDrop 2000 (Thermo Fisher Scientific, SL, USA). 

4.2.2 Amplification and Sequencing to get raw data 

The MACROGEN (South Korea) 16S and ITS amplification and sequencing service 

was used to receive sequencing raw data, applying primer pairs for the regions targeting 16S 

(V3-V4) (Bakt_341F:CCTACGGGNGGCWGCAG and Bakt_805R: 

GACTACHVGGGTATCTAATCC) for bacteria and archaebacteria and targeting ITS2 region 

(ITS3 : GCATCGATGAAGAACGCAGC and ITS4 : TCCTCCGCTTATTGATATGC) for 

fungi, on an Illumina platform : Sequencing on Miseq 300bp paired-end, 100K reads per library 

using the Herculase II Fusion DNA Polymerase Nextera XT Index Kit V2 (Illumina, CA, USA) 

(Figure 4.3 Workflow Macrogen).  

 

Figure 4.3 Workflow Macrogen  
Steps performed to obtain Raw Data from prepared gDNA samples 

 

4.2.3 Raw data preparation 

The raw data was processed applying QIIME 2 (2021.8) software packages [31] as 

follows: The plugin cutadapt [47] was used to remove adapter sequences from multiplexed 

paired-end reads. Sequences were than quality filtered, dereplicated, amplicon errors were 
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corrected, reads were checked for chimera sequences and paired-end reads were merged, 

applying the Divisive Amplicon Denoising Algorithm 2 (DADA2) [40]. Resulting amplicon 

sequence versions were taxonomically classified using the q2-feature-classifier plugin [30] by 

comparison with annotated reference sequence databases Greengenes 13_8 99% for bacteria 

and archaebacteria [35] and UNITE v8.0 99% for fungi [33], aligned with MAFFT [48] and 

applied to phylogenetic analysis using q2-fasttree2 [49] (APPX 4.1) 

4.2.4 Analysis of processed data 

Taxonomic information was then reduced to the phylum, family and genus level using 

the plugin q2-taxacolapse [50]. Information on species level was not processed due to higher 

reliability of results on genus level based on a single marker gene. Richness, Shannon index 

[43] for diversity, Pielou index for evenness, Bray-Courtis- and Jaccard-distance matrices were 

obtained from the alpha-diversity metrics package q2-diversity separated by altitude and 

season. The Qiime2-emperor package was used to visualize PCoA results [51]. Heatmaps were 

established with the Qiime2-heatmap plugin [52]. (APPX 4.2) 

4.2.5 Statistical analysis and graphical visualization 

All data analysis was performed using Microsoft EXCEL 365 and the licensed version of 

STATA 16.0. The Shapiro Wilk Test was performed to analyze Normal distribution of data and 

Levene’s Test for homoscedasticity. ANOVA was performed for altitude, independent t-test for 

depth and paired t-test for season. In case data did not fulfill assumptions for parametric analysis 

after natural log transformation, non-parametric test such as Kruskal-Wallis, Wilcoxon ranked 

sum and Wilcoxon signed rank test were applied.  

 

4.3 Results 

The sequencing of samples with paired-end 100k reads illumina sequencing (301 read 

length) resulted in 48 samples divided into 24 16S amplicons and 24 ITS amplicons each with 

12 amplicons for rainy and dry season. Raw data statistics indicate an average of 50-60 million 

Total read bases (bp) and total reads between 175,000 and 220,000 with a phred Quality score 

around 94% of bases with 99% base call accuracy and 86-88% with 99.9% base call accuracy 

(APPX 4.3). These statistics indicate a high comparability of raw data outcomes between the 

two sampling periods and high sample and library quality. 
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After quality filtering and database cleanup a total of 13,245 amplicon sequence variants 

(ASVs) for 24 16S samples within a total of 1,183,725 valid reads and 5973 ASVs for 24 ITS 

samples within a total of 2,165,524 reads were found.  

Taxonomical classification revealed that Archaea were present at an abundance of only 

0.03% in a single phylum in the analyzed samples meanwhile alpha diversity analysis for 

bacteria indicated an average of 34 Phyla, 263 families and 378 genera of bacteria and an 

average of 14 phyla, 123 families and 154 genera of fungi.  

To avoid bias by sequencing effort which often correlates with observed richness, 

rarefaction curves were established to analyze whether the used sampling depth was sufficient 

to comprehensively represent the true microbial community. Rarefaction for both 16S and ITS 

samples was based on either observed ASVs (Figure 4.4 Rarefaction curves for 16S samples a 

and Figure 4.5 Rarefaction curves for ITS samples a) or the Shannon index (Figure 4.4 

Rarefaction curves for 16S samples b and Figure 4.5 Rarefaction curves for ITS samplesb) of 

the random subsample. All analyzed samples considering both 16S and ITS showed the 

tendency to level off early before reaching the final sequencing depth, indicating that further 

sampling effort or sampling depth would not have resulted in greater richness. 

 

 

 

Figure 4.4 Rarefaction curves for 16S samples 
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Sequencing depth in the x-axis is contrasted to a) observed ASVs and b) Shannon indices on the y-axis 

 

   

 

Figure 4.5 Rarefaction curves for ITS samples 
Sequencing depth in the x-axis is contrasted to a) observed ASVs and b) Shannon indices on the y-axis 

 

Then differential analysis by altitude and season was applied to compare the microbiota 

composition at the taxonomical level phylum, family and genus. The results in Table 4.1 

Altitudinal and seasonal changes of bacterial diversity indices for bacterial sequences indicated 

that species richness represented by observed ASVs gradually declined with rising altitude 

giving the most significant results especially between altitude 1 and altitude 4. Although there 

is a consistent decline in diversity indicated by Shannon index with rising altitude results only 

revealed statistical significance at the phylum level. Apparently, the evenness of bacteria 

species distribution is not affected by altitude as there were no observable differences in the 

Pielou-Index. 

Interestingly for 16S bacterial sequences there were no statistically significant changes 

among the dry and the rainy season at phylum level and differences in richness stayed 

insignificant at family and genus level. Nevertheless, the Shannon and Pielou index behaved 

differently at family and genus level, indicating significant higher diversity in rainy season 

compared to dry season (smaller Shannon value) and the Pielou index for evenness is 
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significantly going down, showing less evenly distributed bacterial communities in rainy 

season.  

 

Table 4.1 Altitudinal and seasonal changes of bacterial diversity indices 

 

Results are presented as mean +/- standard deviation. Values that do not share the same assigned letter, indicate 

statistically significant results between groups (p<0.05)  

Results for the differential analysis of fungal indices revealed a similar tendency as in 

bacteria (Table 4.2 Altitudinal and seasonal changes of fungi diversity indices) with declining 

species richness towards higher elevations. Nevertheless, there is a rather sudden decrease 

between altitude 1 (3600m) and altitude 2 (3800 m) and to a lesser degree between altitude 2 

and altitude 3 (4000 m) leading to statistically significant differences at family and genus level. 

The Shannon index is also highest for the first altitude but fails to show statistically significant 

differences except for the phylum level. Again, evenness seems to be quite homogenous among 

altitudes.  

Analyzing seasonal effects revealed that fungal communities apparently tend to react 

stronger to these changes. Although on phylum level only the Shannon index showed 

significantly greater diversity in rainy season, on family and genus level all indices indicated 

significant differences between seasons. Meanwhile the diversity increased with rainy season, 

the evenness tended to decrease as indicated by lower Pielou indices.   

Table 4.2 Altitudinal and seasonal changes of fungi diversity indices 

 

Results are presented as mean +/- standard deviation. Values that do not share the same assigned letter, indicate 

statistically significant results between groups (p<0.05) 

Taken together, meanwhile rising altitude tends to significantly decrease bacterial as 

well as fungal richness, the overall effect on diversity and evenness is less important. 

Interestingly the seasonal effect appears to be the opposite for bacteria were richness stayed 
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almost the same but indices for diversity and evenness changed. At this point fungal 

communities revealed differences to bacterial communities where all three analyzed indices 

were significantly affected by season.  

To visualize compositional differences of microbiota between different altitudes at two 

seasons, PCoA analysis for 16S and ITS data was performed and visualized with biplots (Figure 

4.6 PCoA analysis for 16S) The Jaccard distance matrix was chosen to show differences 

between species richness and the Bray-Curtis dissimilarity to also consider the abundance of 

species.  

Again, the plots for 16S bacterial sequences indicate that sequence repetitions are 

grouping clearly together as a result of the pool that was established. The differences between 

altitudes are gradual and the observed Jaccard distances are almost equidistant considering 

species richness. Furthermore, there is a clear separation between samples of the dry compared 

to samples of the rainy season showing the greatest difference among samples from the same 

site at altitude 1. The greatest similarity can be observed for samples of the dry season between 

altitude 2 and 3. This finding is supported by the Bray-Curtis dissimilarity which indicates a 

very similar behavior. Again, the greatest difference between seasons can be seen for samples 

of altitude 1 and again altitude 2 and 3 are grouping closer together.  
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Figure 4.6 PCoA analysis for 16S 
Plots of Jaccard distance matrix analysis (a and c) and Bray-Curtis dissimilarity 

results (b and d) taking two (a and b) and three (c and d) principal components into 

account  

 

  

Beta-diversity biplots for ITS reveal a slightly different picture. Although there is also 

a clearly gradual difference for altitudes 2, 3 and 4, altitude 1 falls out of line and shows stronger 

differences to the rest, considering the Jaccard distance matrix for species richness in the 2D 

plot. Like in bacteria there is a notable difference between seasons, but it is less pronounced for 

fungi compared to bacteria.  

The biggest difference can be observed in the Bray-Curtis three dimensional plot were 

the gradual difference is lost due to the sample of altitude one grouping suddenly between 

samples of altitude 2 and 3. Samples of altitude 4 seem to present the greatest distance to the 

rest of samples.  
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Figure 4.7 PCoA analysis for ITS 

Plots of Jaccard distance matrix analysis (a and c) and Bray-

Curtis dissimilarity results (b and d) taking two (a and b) and 

three components into account (c and d) 

 

 

Out of 46 detected bacterial phyla, 13 phyla showed relative abundance of more than 

1% at different altitudes and seasons (Figure 4.8 Relative abundance of bacteria phyla ). In all 

analyzed samples the most abundant phylum was Acidobacteriota with over 30% of total 

abundance and Actinobacteriota around 20% of total abundance leading to the fact that half of 

the total abundance of observed bacterial phyla are represented by only two phyla. These were 

followed by Bacteroidota and Bdellovibrionota as third and fourth most abundant phyla, being 

the first altitude in rainy season the only exception were numbers of Bacteroidota were superior 

to Actinobacteriota. There were relatively minor changes among the mentioned phyla with 

altitude and season. The most prominent changes among samples were visible at the less 

prominent phyla. Chloroflexi, for instance, is more abundant in dry season at higher elevations 
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meanwhile in rainy season it is generally less abundant with exception of altitude 2. Firmicutes 

were heterogeneously distributed among altitudes but almost twice as abundant in rainy season. 

Similarly, Latescibacterota were less abundant in dry season, close to the 1% threshold at each 

altitude but populations increased considerably with rainy season up to 10.8% at altitude 3 being 

10 times mora abundant than in dry season. It is also worthy to mention that this population 

growth was most prominent at altitude 1 and 3 being altitude 2 rather like altitude 4, indicating 

that microbial composition is not always gradual on altitudinal levels.  

 

Only phyla with at least 1% relative abundance are represented 

 

Finally, several phyla appeared or disappeared according to season. Patescibacteri for 

example were present in all dry season samples but did not play a role in rainy season. Similarly, 

proteobacteriota were only present in abundance above 1% on altitude 1 and 3 in dry season 

but absent in rainy season. On the other hand, planctomycetota were only detected at higher 

levels in rainy season at altitudes 1 and 4. Verrucomicrobiota at last was only abundant in rainy 

season at altitude 4. It is important to mention that the established threshold of 1% causes phyla 

close to 1% of abundance to drop out if they are only slightly different in abundance which is 

for example the case for Planctomycetota in rainy season. Nevertheless, raw data indicates that 

Figure 4.8 Relative abundance of bacteria phyla  
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the observed differences in phyla between rainy and dry season were meaningful. Furthermore, 

the remaining phyla below 1% (including those which were not assignable) together represented 

an abundance of only 3-4.7 % which supports the present findings. 

        

 

Figure 4.9 Relative abundance of fungi phyla 
Only phyla with at least 1% relative abundance are represented 

 

Out of 18 detected fungal phyla, only 8 phyla showed relative abundance of more than 

1% at different altitudes and seasons (Figure 4.9 Relative abundance of fungi phyla). At simple 

sight it is notable that phyla were more diverse at the altitudes 1 and 2 compared to altitudes 3 

and 4 where the total abundance over 1% was represented by only 3 phyla indicating their 

considerable dominance in the paramo ecosystem and their capability to adapt to harsh 

environmental conditions. In all analyzed samples the most abundant phylum was Ascomycota 

followed by Basidiomycota which are generally the most prominent phyla in fungal analysis. 

Interesting is only the fact that in direct relation Basidiomycota were more abundant only at 

altitude 1 in dry season and even stronger in rainy season at altitude 2. It is further noteworthy 

that Ascomycota constitute over 50 % of all found fungi in dry season at altitude 4 and in rainy 

season at altitude 3 and 4 being by far the most dominant phylum. Again, for Basidiomycota, 

altitude 2 showed differential behavior compared to altitude 1 and 3 which were more 
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comparable, a similar effect as observed with Latescibacterota in bacteria. The third most 

abundant phylum and the last one which was present in all analyzed samples is 

Mortierellomycota which tended to be most present at altitude 2 with more than 20% of 

abundance independent of seasonal effects.  

Just like in bacteria the appearance of some phyla greatly depended on the season and 

also similar, these changes were more prominent in altitude 1 and 2. Therefore, the phylum 

Entorrhizomycota showed abundance over 1% only in dry season from altitude 1 to 3, identical 

to Glomeromycota at altitude 1 and 2. Chytridiomycota was only present in dry season at 

altitude 2 where raw data indicated its presence also at altitude one well below the 1% threshold 

indicating generally greater diversity of phyla in dry season. However, in rainy season there 

were other phyla more prominent than in dry season. Rocellomycota only appears in the lowest 

elevation and only in rainy season with a surprisingly high value. Very similar behavior shows 

Mucoromycota which is also shows meaningful abundance only in rainy season at altitude 1. 

Finally, it is important to mention that in fungal classification a considerable amount of 

sequences failed to be clearly assigned to their taxonomical unit, which shows the greater 

interest in bacterial studies were data availability is better. 

Given that there were very view fungi phyla within the threshold abundance, analysis was 

amplified to the next taxonomical level of classes. On this level appearance of dominant classes 

is more difficult to assign. Constantly high levels of abundance, around 10%, are only shown 

by Lecanoromycetes and Mortierellomycetes, followed by Agaricomycetes which are the most 

abundant fungal class at altitude 1 and 3 in dry season and especially at altitude 2 in rainy season 

but play a minor role in altitudes 3 and 4 in rainy season. Also quite abundant are 

Dothideomycetes although their presence is more abundant in dry season and Saccharomycetes 

which interestingly shows greatest abundance in rainy season at altitude 4. 

It is notable that some fungal classes appear to be sensitive to altitudinal and seasonal changes, 

like Entorrhizomycetes that are only abundant in dry season and clearly decline with altitude or 

Ascomycota which show the opposite effect being abundant only in altitude 3 and 4. 

Orbiliomycetes only appears in rainy season at elevation 1 but in greater abundance. In contrast 

some classes of fungi seem to specialize on certain altitudinal levels such as 

Geminibasidiomycetes which are only present in altitude 3 with greater abundance in rainy 

season. Other fungal classes finally are difficult to discriminate by altitudinal or seasonal 

effects. Tremellomycetes for instance show a general considerable abundance at each altitude 

and in both seasons but without presenting a logical pattern in their distribution. 
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Figure 4.10 Relative abundance of fungi classes 
Only phyla with at least 1% relative abundance are represented 

 

Taken together observable patterns on higher taxonomical levels become difficult to 

interpret on lower levels when microbiota composition becomes increasingly complex. It is also 

worthy to mention that the interpretation of relative abundancies have to be interpreted with 

care given that, if a certain abundance of one taxonomical level goes down, all other fractions 

relative to it tend to go up. For example in Figure 4.10 Relative abundance of fungi classes the 

sudden appearance of 10.5% Geminibasidiomycetes which was not present in other samples of 

rainy season causes a relative downshift of all other related classes. This effect can lead to 

misinterpretations of data.  

To compare the real abundance among all samples, show the absence of certain phyla in 

samples and also reveal phylogenetic relation among different phyla a heatmap analysis will be 

performed.  (APPX 4.4)  

 

4.4 Discussion 

Initial alpha-diversity analysis revealed a trend of decreasing diversity with altitude. 

Although statistically significant differences for richness and diversity indices of bacteria as 
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well as fungi where most noticeable between the lowest and highest elevation and rather on 

higher taxonomical levels it follows a trend of previously reported studies were diversity indices 

tend to decrease, although the relationship is not always linear [4,26].  

Especially in the case of fungal richness and diversity there is a drastic statistically 

significant decrease (p<0,001) between altitude 1 and 2, ~8-times bigger than those between 

the following altitudes. The difference becomes most recognizable at family and genus level. 

This fact is particularly interesting in direct comparison to enzyme activities, analyzed in 

chapter 3 where the same trend is clearly observed. For bacteria the decrease of indices on the 

same level are not significant. Here the most prominent difference is observed between 

elevation 3 and 4. Again, this was the second biggest difference observed for enzyme activity. 

Or from a different point of view, the marginal differences between elevation 2 and 3 in contrast 

to the elevations 1 and 4, for fungi as well as bacteria, reflect the same behavior of enzyme 

activity in organic matter decomposition for most analyzed enzymes indicating a direct 

relationship. Further statistical analysis is necessary to deeper analyze this association. Worthy 

to mention, that compositional diversity does not necessarily reflect functional diversity. It 

would be most interesting to see whether predicted functional diversity of the main 

decomposing species shows the same relationship with enzyme activity.  

Furthermore, altitude does not reflect the only connection between microbial biodiversity 

and enzyme activity. Looking at the differential results for season related diversity, although in 

case of bacteria there is no statistically significant difference, the picture for fungi is quite the 

opposite. At family and genus level all diversity indices were statistically significant indicating 

a notably greater diversity and a more homogenous distribution in dry season compared to rainy 

season. On one hand, this is quite surprising considering that fungal diversity is usually 

positively correlated to humidity [53]. On the other hand, the water retention capacity of paramo 

soils causes that even in dry season soils remain humid but the sinking water table depth allows 

for greater oxygen penetration [9] which favors aerobic microbes which are more frequent 

among fungi than bacteria [12]. Furthermore, this penetration activates phenol-oxidases 

commonly expressed among several fungi species [22,54] which play a key role in the 

breakdown of phenolic substances, responsible for the concept of the enzyme latch released on 

hydrolase activity [55]. Again, the same pattern appears, that with greater fungal diversity the 

activity of enzymes increases. 

Taken together the present results lead to the suggestion that the observed threshold at 

the frontier between the paramo and downslope ecosystems is rather dependent on fungal than 

bacterial diversity as fungal diversity shows the same trends as enzyme activity on an altitudinal 
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scale as well as upon seasonal differentiation. Bacterial diversity in turn might play a bigger 

role in the decrease at the superparamo which reflects the highest analyzed elevation of the 

paramo ecosystem. 

 

The beforementioned observations are mostly supported by the PCoA analysis of beta-

diversity indices. Samples of altitude 2 and 3 are clearly grouping together both, in case of 

bacteria and fungi, when considering the Jaccard distance matrix which only considers richness. 

The only exception is the ITS Bray-Curtis analysis where samples of altitude 1 almost locate 

between altitude 2 and 3. Again, the most distant group of samples reflects altitude 1, followed 

by altitude 4 which is coherent with diversity index analysis.  

Nevertheless, considering seasonal effects in PCoA analysis differences for bacterial 

composition seem to be bigger for bacteria rather than fungi which is contradictive to the 

diversity index results. The difference might be explained when we recognize that PCoA 

analysis considers both, separation by altitude and season at a time. The overall mean for all 

analyzed altitudes at once compared between the dry and rainy season might mask the 

differences taken for each altitude. Another interesting fact is that now it becomes visible at 

which altitude seasonal differences are biggest. In both bacteria and fungi these can be observed 

for altitude 1 which is again coherent with the enzyme activity results and supports the idea of 

an existing tipping point between paramo ecosystem and downslope ecosystems. 

Taxa-Barplot analysis revealed that Acidobacteriota and Actinobacteriota together represent 

around 50% of total bacterial abundance. Both phyla have been frequently reported to be among 

the most prominent in soil sample analysis. As the name tells, they are tolerant to low pH like 

those found in wetland soils due to the abundance of humic acids and other organic acids of 

anaerobic metabolism and together with Verrucomicrobia are a marker phylum for oligotrophic 

metabolism [9,56,57]. 

Interestingly a study performed in the permafrost region of Canada showed a similar 

tendency in analyzed wetland probes where Acidobacteriota and Actinobacteriota were also the 

most abundant bacterial phyla. This finding could further underline the relative comparability 

of the high Andean Paramo peatland with high northerly located peatlands. 

The meaning of Acidobacteriota abundance to infer ecological function is difficult given 

that most species belonging to the phylum constantly fail to be cultivated for further studies 

[57]. The most abundant phylum in the studied samples happens to be the least understood 

among the highly abundant soil phyla [58]. What is known is that they belong to the “keystone 

bacterial taxa” for carbon turnover in the decomposition of organic matter [59]. Nevertheless, 
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the fact that abundance levels barely vary among different altitudinal levels and even between 

seasons leads to the suggestion that they are not the driving factor of differential decomposition 

due to changing environmental conditions in the present study.   

Another interesting aspect is that Acidobacteria seem to be more abundant in natural 

wetlands than those with high intervention or artificial origin [60] which fits to the good 

conservational state of the chosen study site and the forementioned comparable site in Canada 

[61].  

Actinobacteriota have also been described to play an important role in organic matter 

decomposition [60]. Again, there is little variation with altitudinal levels but apparently, they 

are relatively less abundant in rainy season at lower elevations which might account to some 

degree for the lower enzyme activity in the rainy season as described in chapter 3. This finding 

is also consistent with the phylum of bacteroidota also frequently described as abundant in soil 

samples and known for the secretion of polyglucan decomposing enzymes [62]. Functional 

analysis could further reveal to which degree these observations might explain the observed 

variation.  

Another remarkable finding is, that most studies report Proteobacteriota to be the most 

abundant bacterial soil phyla including mountain ecosystems [4,7]  as well as wetlands [60] 

whose members are surprisingly almost absent in the analyzed samples of the paramo. Its 

presence above 1% of total abundance could only be detected in dry season for altitude 1 and 

3. The ecological meaning of this observation is difficult to interpret on that taxonomical level, 

given the astonishing diversity of Proteobacteriota as the largest detected phylum in meta-

analysis studies [60,63]. Furthermore, its absence in almost all analyzed samples does not add 

information to the interpretation of altitudinal effects. 

Taken together, the most frequent bacterial phyla were apparently rather dependent on 

seasonal than altitudinal changes given that their levels remained relatively constant. This is 

consistent with the observation of environmental modelling were the most frequent taxa were 

usually not those who explained community structure dependent on drivers of change but rather 

less abundant indicator taxa [58,59]  

We also found that less abundant phyla are more prone to these changes. In part this 

might be due to the implemented threshold, but most taxa that dropped out due to slightly minor 

levels than 1% did not change the tendency observed in the taxa-bar-plot.  

One of the most remarkable tendencies was that the usually underrepresented phylum 

Bdellovibrionota showed levels between 6.8 and 11% relative abundance. Being more abundant 

in the rainy season than in dry season. The fact that this phylum is consistently underrepresented 
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in former studies is clearly due to the fact that Bdellovibrionota was just recently supposed as 

a new phylum [64]. Its former belonging to Proteobacteriota further explains the relative 

underrepresentation of this phylum in the present study. Frequent reorganization of the bacterial 

tree of life makes comparation among bacterial studies difficult to interpret [58,65].  

Finally, different phyla showed distinctive abundance due to seasonal effects being 

either present in the dry or rainy season but either less frequent or almost absent in the opposite 

one. Firmicutes and Latescibacterota relatively more abundant in rainy season, Planctomycetota 

only in rainy season which is consistent to their tendency to humid environments [60] and 

Patescibacteri are restricted to the dry season.  

 

Particularly wetland taxonomical analysis have revealed many sequences which have 

not yet been assigned to taxonomic units, either for bacteria [60] and to greater extent as well 

for fungi [10]. Considering the lack of studies and the unique environment in terms of abiotic 

factors as well as its abundance of endemic plant species, the paramo region is most certainly a 

hotspot to encounter new microbial species. On one hand this limits the implication of the 

present data as especially adapted species with potentially important ecological functions might 

be overseen, but on the other hand it underlines the importance to further investigate this unique 

environment for which the present study could be seen as a first important baseline. Moreover, 

the percentages of unassigned species considered in each taxa-barplot in case of bacteria did 

not pass the 1% threshold. In case of fungi, the percentage was considerably higher leading ot 

a greater level of uncertainty as can be observed in Figure 4.9 (dark blue = not assigned). 

 

Fungi phyla were greatly dominated by Ascomycota as well as Basidiomycota as 

commonly observed in fungal soil composition studies [7,66,67] followed only by a third 

phylum Mortierellomycota present in all analyzed studies.  

In most soil types, ascomycetes are the dominant phylum [68] which is congruent with 

the present data. Interestingly in the lowest elevation in dry season and altitude 2 in rainy season 

basidiomycetes levels were superior to ascomycetes. It was formerly reported that in grassland 

dominated landscapes basidiomycetes can become the principle decomposers of organic matter 

[67] but the question remains why these changes do not apply to the grass species dominated 

higher elevations. The greater capability of adaptation for ascomycetes compared to 

basidiomycetes might explain this phenomena considering more difficult conditions at higher 

elevations [69]. Given that among basidiomycetes are many species such as white and brown 

rot fungi, specialized on phenolic substance breakdown their presence might explain in part 
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why at lower elevations enzyme activity as a proxy for organic matter decomposition is stronger 

activated, due to the absence of the enzyme latch, even at the same temperature conditions (see 

discussion chapter 3). Nevertheless, basidiomycetes distribution does not follow a clearly linear 

trend which makes interpretation more difficult.  

Moreover, considering the great taxonomical and functional diversity within the two 

main phyla interpretation of the ecological meaning is difficult. Historically only eight 

distinctive fungi phyla were used [70] until in 2018 a new categorization was suggested by 

Tedersoo and collegues [71] introducing a total of 18 phyla to bear more information on 

taxonomically higher levels. Nevertheless, this number is still considerably lower than the 

amount of bacterial phyla where in the reference database are 89 established phyla [35], which 

is why statistical analysis on this level for fungi are less informative. Although we amplified 

the compositional analysis to class level, deeper analysis on the family or genus level might 

still reveal new insights.  

Still, there are some interesting aspects that remain to be discussed. For example, 

Rocellomycota was abundant to a surprisingly high percentage only in altitude 1 of rainy 

season. What appears to be a data error becomes more explainable when we consider that the 

value shows a low deviation in the three repetitions and the same fungi phylum drops out at dry 

season, altitude 1, just below the 1% threshold with 0,89%, indicating that it is also only 

appearing in the lowest elevation. Therefore, it seems to be reasonable to discuss that fungi 

species belonging to the phylum Rocellomycota as well as Mucoromycota, which shows the 

same tendency, are highly sensitive to altitudinal and seasonal effects but show considerable 

abundance under the right conditions. That might be interesting in the context of climate change 

indicating that minor changes might have an important impact on the fungi composition. 

Entorrhizomycota, a recently described phylum [72], instead were only present in dry 

season and mostly at altitude 1. A greater abundance of this phylum, to our knowledge, has not 

been reported for soil samples before, as known species are specialized in endoparasitism [73]. 

They are known for a relative recent evolutional diversification [74] which fits to the speciation 

pattern in paramo landscapes as described in chapter 1. Further analysis of the phylum might 

therefore reveal newly described species. 

Interestingly, this finding directly coincides with the highest enzyme activity observed 

in chapter 3 although these fungi are categorized among the pathogenic rather than 

decomposing agents [73]. Whether there is a functional connectivity between the two observed 

aspects remains to be studied. Still it has been reported that fungal endoparasitism could reduce 

the abundance of certain grass species, changing vegetational composition towards herbal 
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plants which might cause more drastic environmental changes [19]similar to those observed at 

the frontier of the paramo to downslope ecosystems [75].  

 

Analysis of fungal abundance surprisingly showed quite an opposite image to the 

analysis on phylum level. Apparently on class level there is quite heterogenous distribution of 

frequent fungal taxa upon altitudinal changes. In dry season there are 12 fungal classes abundant 

for altitude 4 compared to only 9 in altitude 1 indicating apparent less diverse fungal 

communities at lower elevations. The opposite appears in rainy season where altitude 1 and 3 

showed the greatest number of abundant classes (10 and 12 respectivly). The observed tendency 

in dry season stands in sharp contrast to the analysis of diversity indices with a clear tendency 

towards decrease in diversity with rising altitude which also became visible only upon analysis 

of higher taxonomical levels like family and genus. This indicates that lower taxonomical levels 

can confound interpretations.  

Nevertheless, there are some observations that call the attention. First the clear 

dominance of Lecanoromycetes at higher elevations in the dry season but more dominantly in 

the rainy season where the class reaches almost 42% of total relative abundance and a consistent 

reduction of Geminibasidiomycetes and to a lesser extent Dothideomycetes at higher elevations 

demonstrates the replacement of sensitive species towards more resistant species. 

Lecanoromycetes are often associated to algae forming lichenicolous symbionts which are none 

for their capacity of resistance in oligotrophic environmentos [76]. At simple sight the 

lichenicolous diversity especially in the rocky zone of the superparamo es easily noticeable. 

The disappearance on the other hand might be due to several sexually reproducting 

Geminibasidiomycetes [77] whose fruiting bodies might be difficult to develop under extreme 

conditions which diminishes their distribution. Meanwhile Dothideomycetes which 

compromises the largest fungal class in the kingdom are frequently associated with pathogenic 

lifestyle which largely depends on host species whose abundance might decrease with altitude 

[78].  

Others like Tremellomycetes and show a rather heterogenous distribution over altitudes 

which suggests rather a dependence on biotic factors and soil characteristics rather than climatic 

change to explain variation which might depend on their mostly single celled form of 

yeasts[79]. Among Pezizomycotina there are again many pathogenic fungi, which indicates that 

their abundance might rather depent on vegetational zones than climatic changes due to 

altitudinal effects.  
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Again, there is evidence that not only most frequent taxa play the most important role in 

decomposing effects. Deacon et al. (2005)[67] reported that less abundant taxa frequently 

showed higher degradation activity and also a broader substrate spectrum. This is consistent 

with the formerly discussed observation for bacteria.  

 

4.5 Conclusion 

The bacterial composition within the paramo ecosystem on altitudinal gradients does not 

follow most formerly described distribution patterns in soil. The considerable predominance of 

Acidobacteriota and the underrepresentation of Proteobacteriota but also the presence of 

relatively rare taxon like Latescibacteriota in surprisingly great abundance indicates a pretty 

unique pattern for the paramo ecosystem. Nevertheless, the distribution of analyzed different 

bacterial taxa over different altitudinal levels with different vegetational zones stays 

surprisingly constant. Changes are mostly observable in minor taxa which still might explain 

for ecological changes as these minor taxa can serve as indicators of change. 

The distribution of fungal phyla but mostly considering the closer look at the taxonomical 

level of classes reveals again pretty unique patterns for the paramo environment which invite 

researchers to investigate this pattern most probably related to a variation of new species.  

Moreover, greater variation due to altitudinal changes were observed for the fungal 

composition. Here some distribution patterns in phylum abundance closely reflect findings to 

the observed enzyme activities in chapter 3 which might be related to the capability of 

basidiomycetes to break up hard woody structures abundant in paramo plants which further 

facilitates organic matter breakdown by bacteria and other fungi. This supports the idea of an 

existing tipping point for environmental changes at the frontier of the paramo region and the 

vulnerability of the unique ecosystem for draught induced increase in decomposition upon 

future extreme climatic phenomena which are already increasing in number.  

Interpretation of fungal composition is difficult due to the lack of representative 

comparable studies in the field and considerable gaps in the taxonomical assignment. 

Nevertheless, the present study might add to the knowledge useful for the interpretation of 

future studies, given that it represents the first fungi composition study in paramo soils. 
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5 Outlook 

The present work is considered to open a new research area within the Faculty of Biological 

Science at the Central University of Ecuador. Together with my colleagues Paulina Guarderas 

(ecologist) and Byron Medina (botany), we want to analyze the “Ecosystem services of the 

paramo region of Ecuador and (the threat of) climate change”. 

The first objective is to finish the analysis of the microbial composition study and publish 

the work. Given that the initial phase of raw data processing and feature table analysis are 

basically finished, the intention is to deepen analysis to higher taxonomical levels and focus on 

the estimated functional diversity by applying the predictive tool PiCRUST. Furthermore, it is 

necessary to analyze in more detail the relationship between the analyzed microbiota 

community structure and the measurement of enzyme activity in contrast to the abiotic soil 

characteristics. Moreover, in the future, the possibility of applying real-time PCR analysis 

should be considered to normalize abundance data and avoid errors in their analysis. 

The results presented in this doctoral thesis indicate a strong influence of seasonal effects 

on enzyme activities and microbial composition, as discussed in Chapters 3 and 4. To give 

continuity to the present work and start the accrual period of the doctorate scholarship, a new 

project was initiated in the paramo region of the Antisana volcano national park. It is one of the 

biggest paramo highland planes, ideal to analyze seasonal effects on a uniform and flat area at 

an altitude of 4000 m. To determine the effect of seasonal droughts, in August 2022, nine 

random experimental cells were established to be compared to nine random control cells. To 

simulate seasonal drying, small transparent roofs with open sides were installed, and drainage 

channels were dug to avoid lateral water filtration (Figure 5.1). The aim is to analyze changes 

in enzyme activity and microbiota community structure over a period of six months using 5-

time points. The work is connected to two pre-grade thesis projects as mentioned in the next 

section.  

 



1. Outlook  Stefan Alexander Brück 

 

FMRP-USP 2023 112 

 

Figure 5.1 Installation of experimental cells 
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6 Undergraduate thesis related to the doctorate 

The following is a list of theses that were accompanied by the author as a tutor during the 

establishment of the doctoral thesis and are directly related to the present work.  

 
Name Title State 
Wendy 
Pacheco 

Optimización de parámetros en la 
cuantificación de fenol-oxidasas (POX) y 
peroxidasas de suelo andisol 
representativo para ecosistemas alto 
andinos del páramo de la Reserva 
Ecológica “Los Ilinizas” 

Finished.  
http://www.dspace.uce.ed
u.ec/handle/25000/25085 
 

Kevin 
Toapanta 

Relación entre la actividad enzimática de 
hidrolasas (fosfatasa y sulfatasa) y la 
concentración de sulfatos y fosfatos con la 
fertilidad de suelos conservados e 
intervenidos de la reserva ecológica “Los 
Ilinizas” 

Finished.  
http://www.dspace.uce.ed
u.ec/handle/25000/24856 
 

Paola Buitrón  Actividad de hidrolasas en la 
descomposición de materia orgánica y su 
relación con carbono y nitrógeno 
orgánico en zonas conservadas e 
intervenidas de la Reserva Ecológica “Los 
Ilinizas” 

Finished. 
http://www.dspace.uce.ed
u.ec/handle/25000/24519 
 

Sandy 
Arguello 

Diversidad microbiana en relación a un 
gradiente altitudinal en el páramo del 
Volcán Ilinizas. 

Finished. 
http://www.dspace.uce.ed
u.ec/handle/25000/27676 
 

Liliana Rojas Influencia de los microclimas y la 
entomofauna en la descomposición de 
materia orgánica en un gradiente 
altitudinal de la Reserva Ecológica “Los 
Ilinizas”. 

Finished. Under the 
revision of the committee 
Access link 

Thesis of the project for the accrual period of the doctorate´s scholarship 
Andrii 
Caisabanda 

Determinación del efecto sobre la 
composición bacteriana de sequía 
inducida sobre el tiempo, en el páramo 
del Volcán Antisana. 

Currently in progress 

Jordan 
Álvarez 

Cambios en la enzimática del suelo y la 
descomposición de materia orgánica en 
suelo altoandino en las faldas del  
Volcán Antisana bajo los efectos de 
estacionalidad climática inducida 

Currently in progress 
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7 Appendices 

3.7 APPX 2.1 

Temperature data collected from dataloggers 

Dataloggers were left for 18 months in the field at altitudes of 3600, 3800, 4000, and 4200 m 

above sea level, in direct proximity to the sampling sites. The temperature was measured with 

a sensor at 10 cm soil depth in an interval of one measurement every 15 minutes. Dataloggers 

were made to collect relative humidity data but paramo field conditions led to erroneous 

measurements probably due to the extreme climatic conditions.  

The figure shows a representative data collection at sampling site 1 (3600 m) from march 2020 

to march 2021.   

 

 

Example of one of four data recording curves of a HOBO (altitude 1 shown). 

The black line represents consecutive measurements during 18 months 
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3.8 APPX 2.2 

INIAP soil characteristics 

The measurement of total nitrogen (Nt) and Sulfur is based on the Dumas dry combustion 

method. It is considered the sum of ammonia, nitrogen in organic compounds, and inorganic 

nitrogen within a measured sample to estimate the available nitrogen from the natural 

decomposition of organic matter. Alternatively, Nitrogen can be determined by the Kjeldahl 

applying reducing agents previous to the digestion.  

 

Information is taken from The Food and Agricultural Organization of the United Nations (FAO) 

GLOSOLAN-SOP-13 global standard operating procedure for soil total nitrogen, 2021  

 

Soil organic carbon (SOC) is measured by applying the Walkley-Black method using Titration 

and colorimetric measurement. Soil organic carbon is used as an estimator for soil organic 

matter, affecting all other soil characteristics. It is composed of decomposed, partly 

decomposed, and yet undecomposed organic materials derived from organisms within the 

present ecosystem.  

 

Information is taken from The Food and Agricultural Organization of the United Nations (FAO) 

GLOSOLAN global standard operating procedure for soil organic carbon, 2019  
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Soil available phosphorus (P) measured in Olsen (0.5 M NaHCO3 at pH 8.5) 

Measurement based on the solubilization of metal-fixed phosphates with sodium hydrogen 

carbonate and subsequent spectrophotometric measurement of absorbance at 882 nm using 

Phosphomolybdic heteropolyacid yellow for colorimetry. Organic matter is previously filtered 

with activated carbon under agitation to avoid interference in the colorimetry. 

 

 

Measurement of relative bioavailability of inorganic ortho-phosphate. Phosphate is extracted 

from soil using 0,5 N bicarbonate at pH 8.5. It is based on the competitive desorption of 

phosphate by hydroxide as well as bicarbonate ions from soil particles. Liberated phosphate 

forms complexes with ammonium molybdate and antimony potassium. If these complexes are 

reduced with ascorbic acid they form a blue color detectable at 880 nm [1].  

The method is mostly useful for neutral and alkaline soils but gives reasonable results for 

slightly acid soils as well [2] which is why it is suitable for the tested paramo soils.  

Reaction equation: 

Ca-phosphates + NaHCO3    - 
pH 8.5

→ [H2PO4]
-1 / [HPO4]

-2 + CaCO3 (s) 

Protocol:  
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- Prepare a NaHCO3 solution at 0.5 N and adjust pH to 8.5 

- Prepare a mixed reagent containing: 

o 200 mL deionized water 

o 50 mL 4 M H2SO4 

o 15 mL of 4% NH4-molybdate solution 

o 30 mL of 1.75% ascorbic acid 

o 5 mL of 0.0275 KSb-tartrate solution 

- Prepare soil samples (oven dried at 35°C) and mill and sift it (Mesh 10 < 2 mm) 

- Mix 5 g of soil with 0,5 g phosphate free charcoal and add 100 mL of the NaHCO3 solution 

- Shake for 30 min at 180 rpm horizontally 

- Filter on a Whatman No. 42 filter 

- Aliquot 3 mL of solution and add 3 mL of the prepared mixed solution 

- Vortex and stand for 30 min 

- Measure and compare absorbance at 882 nm  

- Contrast results to a standard curve of KH2PO4 at concentrations of 0, 0.4, 0.8, 1.2, 1.6 and 

2.0 mg P L-1 

The protocol is based on the international standard procedure of the Food and Agriculture 

Organization of the United Nation (FAO). 

 

Information is taken from Etchevers et al. The Food and Agricultural Organization of the 

United Nations (FAO) GLOSOLAN - SOP training sessions 2021 

 

3.9 APPX 2.3 

Protocol Adam’s medium with wheat bran 

 For each 50 mL: Example for 750 mL: 

KH2PO4 0,05 g 0,75 

MgSO4* 7 H2O 0,025 g 0,375 

Yeast extract 0,1 g 1,5 

Glucose 1 g 15 
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 + 50 mL H2O dest.  

1% Wheat Bran (Farelo de 

trigo) → 10 g/L 

 7,5 

Adjust pH to 6,0 with HCl (5N) 

 

3.10 APPX 2.4 

Method Activity measurement for natural (DNS method) and synthetic substrates (p-

nitrophenol) 

1) All substrates were diluted in water: 

- Synthetic substrates: 2 mM; 

- Natural substrates: 0.5% 

 

2) Reaction: 

- 25 µL substrate 

- 10 µL sodium-acetate buffer 50 mM pH 5.0  

- 15 µL crude extract 

 

3) 20 min incubation at 50 °C ; 

4) Synthetic substrates: 50 µL of Na2CO3 0,2 M lecture at 410 nm; 

Natural substrates: 50 µL DNS lecture at 540 nm. 

 

BLANC: after adding Na2CO3 or DNS, add the crude extract to the respective blanc. 

 

➢ Enzymes used with natural substrates: 

- Xylanase (beechwood xylan 0,5%); 

- Endoglucanase (carboximetilcelulose 0,5%); 

 

➢ Enzymes with synthetic substrates: 

- Cellobiohydrolase (para-nitrophenol-β-D-cellobiose); 

- β-glycosidase (para-nitrophenol-β-D-glycopyranoside); 

- β-xylosidase (para-nitrophenol-β-D-xylanopyranosíde); 

 

5) Calculation of enzyme activity:  
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Enzyme activity (EA) = Abs – Abs (blanc) x (1/slope) / time (min) / volume of 

crude extract (mL) 

 

3.11 APPX 2.5 

Statistical Analysis of enzyme activities 

Differences between incubation types 

Table Appendix: Statistical analysis applied to measured enzyme activities in Table 2.4, 2.5 and 2.6   

     
Fungal strain Enzyme Applied test p value 

 
fungi 1.1 endoglucanase T-test 0.0006 * 

  exoglucanase U Mann Whitney 0.0749 

 
  xilanase T-test 0.0000 * 

  beta-xylosidase T-test 0.0194 * 

  beta-glucosidase U Mann Whitney 0.0161 * 

  acid phosphatase T-test 0.0000 * 

  alkaline phosphatase T-test 0.0466 * 

fungi 3.1 endoglucanase T-test 0.3001 

 
  exoglucanase T-test 0.0000 * 

  xilanase T-test 0.0678 

 
  beta-xylosidase T-test 0.7223 

 
  beta-glucosidase T-test 0.0001 * 

  acid phosphatase T-test 0.0000 * 

  alkaline phosphatase T-test 0.0033 * 

fungi 3.3 endoglucanase U Mann Whitney 0.0223 * 

  exoglucanase U Mann Whitney 0.2302 

 
  xilanase T-test 0.005 * 

  beta-xylosidase U Mann Whitney 0.0161 * 

  beta-glucosidase U Mann Whitney 0.1012 

 
  acid phosphatase U Mann Whitney 0.1187 

 
  alkaline phosphatase U Mann Whitney 0.0776 
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Differences between the maximum yield of each analyzed fungi 

One-way-ANOVA and Kruskal-Wallis test with Sidak-Bonferroni or Dunn post-hoc test 

 

 
Table Appendix: Statistical analysis applied to measured enzyme activities in Table 2.7 

     
Enzyme Applied test post-hoc p value differences among groups (post-hoc) 

endoglucanase anova sidak-bonferroni 0.0000 1 to 2 and 1 to 3 

exoglucanase anova sidak-bonferroni 0.0000 1 to 2 and 2 to 3 

xilanase kkw Dunn test 0.0509 1 to 3 

beta-xylosidase kkw Dunn test 0.0273 2 to 3 

beta-glucosidase anova sidak-bonferroni 0.0004 1 to 2 and 1 to 3 

acid phosphatase kkw Dunn test 0.0273 2 to 3 

alkaline phosphatase anova sidak-bonferroni 0.0075 1 to 2 and 2 to 3 

 

3.12 APPX 3.1 

Fluorescence analysis 

Example of fluorescence measurement of β-glucosidase activity with 4-methylumbelliferyl-β-

D-glucoside. The following reflects an example of the procedure applied to all different 

substrates and measurements: 

 

The four graphical lines indicate four replications of the same soil sample (A1-A4). The slope 

from each line was used to calculate a total average for further activity calculation.  
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From the slope average of the measurement, the slope of the negative control was subtracted to 

correct for autofluorescence effects from buffer and substrate in absence of enzyme. To 

correlate fluorescence values with MUF concentration, the average corrected slope was divided 

by the slope of the standard curve (see APPX 3.2) 

 

These results led to the measured enzyme activity for each well. To calculate general activity 

in nmol per gram of soil for each hour, dilutions, initial weights, and volumes were taken into 

account, according to the following equation:  
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Furthermore, the calculated value was corrected for soil dry weight given that fresh soil was 

used for enzyme activity measurement and the amount of moisture between different soil types 

can vary greatly:  

 

3.13 APPX 3.2 

Sample specific standard curves with MUF  

The following figure is an example of a standard curve performed with known concentrations 

of 4-methylumbelyferyl. The value excluded for further calculation is the slope within the linear 

function (see APPX 3.1) 

 

Slopes Average slopes 

y = 135.88x + 761.87
R² = 0.999

y = 134.76x + 1081.2
R² = 0.9981
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135.88 135.32 

134.76 
 

 

3.14 APPX 3.3 

In case of non-normality of data, natural logarithmic transformation was applied to complete 

assumptions for PCA analysis. Most of the variables showed normal distribution afterwards. 

Those who did not, were transformed with square root transformation (root_x) or multiplicative 

inverse (1/x here named div_x). All variables fulfilled assumptions after transformation except 

for environmental temperature due to repetitive data. Therefore, this variable was eliminated 

for further analysis. Worthy to mention that temperature was meant to be kept constant to 

analyze the degrading process independent from temperature. 

 

3.15 APPX 3.4 

Principal Component Análysis (PCA) 

PCA 1 physical with transformed data 

Due to the violation of normality for pH, conductivity and density transformed data was used 

to run PCA analysis.  

 

In the STATA output, the first value No collinearity was observed among chosen variables 

(threshold 0.8 r2) 
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The here presented index is basically identical to the one achieved with non-transformed data 

(see next section). Kaiser-Meyer-Olkin index indicates high applicability of PCA to the given 

set of variables. 
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Sum of eigenvalues indicates that PC1 explains for most of the given variance, so we stay 

with only one factor (value >1) 
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Eigenvalues show that PC1 is explained to a certain degree by all used variables 

→ PC1 can be used as a new variable describing physical parameters of soil 

 

PCA 1 physical without transformation of data 

 

 

No collinearity was observed among chosen variables (threshold 0.8 r2) 

 

 

 

Kaiser index indicates the applicability of the given PCA for the given variables (threshold 

>0.6) due to the absence of collinearity.  
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Sum of eigenvalues indicates that PC1 explains 

for most of the given variance, so we stay with 

only one factor (value >1) 

Eigenvalues show that PC1 is explained to a 

certain degree by all used variables 

→ PC1 can be used as new variable describing 

physical parameters of soil 
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Given that results of Eigenvalues, kmo and screeplots are highly similar between transformed 

and non-transformed data we can consider non-transformed data due to simple interpretation in 

the discussion of the work. The violation of normality assumption in this case is acceptable 

especially given that the output variable again shows normality and homoscedasticity for all 

given scenarios (altitude, depth, and season).  

PCA 2 organic elements with transformed data 

Due to the violation of normality for sulphur and phenolic-substance measurements 

transformed data was used to run PCA analysis. Natural logarithmic transformation fulfilled 

the assumptions.  

Worthy to mention that SOC and Nt showed high colinearity in the análisis which is why they 

were replaced by the ratio SOC/Nt which is often applied in soil science and the variable 

“organic matter” OM because to its important relation to the global topic. SOC and OM are 

transformations of each other applying a coefficient which is why they behave identically. 

 

No collinearity observed among chosen variables (threshold r=0.8) 

Ln_fenoles_corr shows very low correlation with any other variable which is why its usage is 

discussable. 
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Kmo indicates applicability of PCA to the given set of variables (Threshold > 0,5). 

Nevertheless, Eigenvalues indicate two PCs that could be applied of which phenolic substances 

account for 85% of its variation. We therefore analyzed the possibility to drop out phenolic 

substances in order to improve results (shown below).  
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Dropping out soc_nt leads to improved kmo measure and a single principal component 

(threshold 0,6) 
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Results show one single PC which accounts for all three chosen variables to a considerable 

degree.  

PCA 2 organic elements with transformed data 

Applying lessons from PCA realized with transformed data, non-transformed data was used for 

the PCA to be able to compare. Results again were almost identical to those achieved with 

transformed data.  

 

(Threshold is 0,6) 
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PCA 3 metals with transformed data 
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Ln_ca and ln_mg show pretty high collinearity which is why ln_mg could drop out of the 

model.  
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PCA 3 metals with untransformed data 

 

 

Factortest shows differences to the results 

with transformed-data (kmo=0,806) 

Nevertheless, it lies within the threshold of 

acceptance (r>0,6). 
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Furthermore, looking at the PCs and their eigenvectors, values are almost identical with and 

without log-transformation 
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Again there is only one PC accounting for most of the variation observed for the chosen 

variables 
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Summary:  

In all three PCA analysis Eigenvalues of variables and resulting factors were insignificantly 

different among transformed and untransformed data. In physic and organic data even the kmo 

resulted very similar and only in metals differed slightly. In each case one single principal 

component accounted for variance of all included variables which results in a total of three new 

variables. 

F1_physic: All initially considered variables were kept due to an acceptable kmo measure and 

the absence of collinearity among variables. 

F1_organic: soc_nt and fenoles_corr were removed from the dataset given that their elimination 

considerably improved the kmo index. SOC and Nt showed high levels of collinearity which is 
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why MO was used as a proxy for both of them (MO is an estimation of organic matter based 

on SOC using coefficient multiplication and therefore somehow represents also the nitrogen 

content). 

F1_metals: Magnesium was removed from the inicial set of variables due to its high value of 

collinearity with Calcium.  

 

3.16 APPX 3.5 

Linear fixed-effect models 

Models were chosen due to three principal characcteristics. First the linear combination of 

chosen variables should make sense in biological terms of what we wanted to show and how 

results can be logically interpreted. Second, chosen model parameters among different analyzed 

enzymes should be similar in order to be able to compare the outcomes. Finally, and 

importantly, all possible parameter combinations were chequed for the model’s 

meaningfullness (r2>0,6), significance (p-value <0,05), Akaike’s information criterion and 

Bayesian information criterion (AIC/BIC, biggest value), the absence of colinearity (varian 

inflation factor VIF < 10) and the normal distribution of residuals as a requisite for the 

application of linear fixed effect models (Shapiro Wilk of residuals). The image below shows 

the outcomes of the six final chosen models for the different enzymes, as produced by STATA 

16.0: 



APPX 3.5  Stefan Alexander Brück 

 

 

. 

                                                                              

       _cons     10.42662   1.840509     5.67   0.000                        .

  f1_organic    -.2760245    .625806    -0.44   0.662                -.0755356

   f1_physic     .9307832   1.023053     0.91   0.368                 .2547137

    2.season    -.5694804   1.908574    -0.30   0.767                -.0787452

     2.depth    -2.031367   1.135195    -1.79   0.081                -.2808885

              

          4     -5.768006   1.602286    -3.60   0.001                -.6907196

          3     -6.657493   1.288175    -5.17   0.000                -.7972358

          2     -5.704077   1.248617    -4.57   0.000                -.6830641

    altitude  

                                                                              

    phenolox        Coef.   Std. Err.      t    P>|t|                     Beta

                                                                              

       Total    627.610645        47   13.353418   Root MSE        =    2.7677

                                                   Adj R-squared   =    0.4263

    Residual    306.417519        40  7.66043797   R-squared       =    0.5118

       Model    321.193126         7  45.8847323   Prob > F        =    0.0001

                                                   F(7, 40)        =      5.99

      Source         SS           df       MS      Number of obs   =        48

. regress phenolox i.altitude i.depth i.season c.f1_physic c.f1_organic, beta

. 

                                                                              

       _cons     869.7103   142.2866     6.11   0.000                        .

  f1_organic     258.5117      48.38     5.34   0.000                 .7146888

   f1_physic     159.7427   79.09052     2.02   0.050                 .4416292

    2.season    -515.0831   147.5486    -3.49   0.001                -.7195414

     2.depth     74.80797      87.76     0.85   0.399                 .1045024

              

          4     -309.5928     123.87    -2.50   0.017                -.3745415

          3     -301.4529    99.5866    -3.03   0.004                 -.364694

          2     -48.09503    96.5285    -0.50   0.621                -.0581848

    altitude  

                                                                              

        bglu        Coef.   Std. Err.      t    P>|t|                     Beta

                                                                              

       Total    6149279.38        47  130835.731   Root MSE        =    213.97

                                                   Adj R-squared   =    0.6501

    Residual    1831326.87        40  45783.1718   R-squared       =    0.7022

       Model     4317952.5         7  616850.358   Prob > F        =    0.0000

                                                   F(7, 40)        =     13.47

      Source         SS           df       MS      Number of obs   =        48

. regress bglu i.altitude i.depth i.season c.f1_physic c.f1_organic, beta

. 

                                                                              

       _cons     88.99876   14.97038     5.94   0.000                        .

  f1_organic     20.24523   5.090199     3.98   0.000                 .5478019

   f1_physic    -.3077713   8.321341    -0.04   0.971                -.0083278

    2.season    -42.63347   15.52402    -2.75   0.009                -.5828987

     2.depth     11.36563   9.233481     1.23   0.226                 .1553946

              

          4     -11.07016   13.03272    -0.85   0.401                -.1310772

          3     -1.081401   10.47779    -0.10   0.918                -.0128044

          2      15.35519   10.15604     1.51   0.138                 .1818144

    altitude  

                                                                              

    cellobio        Coef.   Std. Err.      t    P>|t|                     Beta

                                                                              

       Total    64194.2749        47  1365.83564   Root MSE        =    22.512

                                                   Adj R-squared   =    0.6289

    Residual    20272.3281        40  506.808202   R-squared       =    0.6842

       Model    43921.9469         7  6274.56384   Prob > F        =    0.0000

                                                   F(7, 40)        =     12.38

      Source         SS           df       MS      Number of obs   =        48

. regress cellobio i.altitude i.depth i.season c.f1_physic c.f1_organic, beta

. 

                                                                              

       _cons     401.4854   73.37957     5.47   0.000                        .

  f1_organic     100.1759   24.95037     4.02   0.000                  .616047

   f1_physic     37.92072    40.7883     0.93   0.358                 .2331992

    2.season    -151.2677   76.09329    -1.99   0.054                -.4700438

     2.depth    -14.00304   45.25929    -0.31   0.759                -.0435126

              

          4     -102.1364   63.88184    -1.60   0.118                 -.274855

          3      -131.238   51.35847    -2.56   0.015                -.3531689

          2     -63.97983   49.78136    -1.29   0.206                -.1721733

    altitude  

                                                                              

         nac        Coef.   Std. Err.      t    P>|t|                     Beta

                                                                              

       Total     1242787.3        47  26442.2829   Root MSE        =    110.35

                                                   Adj R-squared   =    0.5395

    Residual    487066.435        40  12176.6609   R-squared       =    0.6081

       Model    755720.863         7  107960.123   Prob > F        =    0.0000

                                                   F(7, 40)        =      8.87

      Source         SS           df       MS      Number of obs   =        48

. regress nac i.altitude i.depth i.season c.f1_physic c.f1_organic, beta

. 

                                                                              

       _cons      6273.85   955.4788     6.57   0.000                        .

  f1_organic     798.3342   324.8799     2.46   0.018                 .3423192

   f1_physic     -2.21221   531.1063    -0.00   0.997                -.0009486

    2.season    -2963.732   990.8142    -2.99   0.005                -.6421363

     2.depth    -747.0616   589.3233    -1.27   0.212                -.1618619

              

          4     -486.0884   831.8083    -0.58   0.562                -.0912082

          3     -415.8424    668.741    -0.62   0.538                -.0780275

          2      39.05056   648.2053     0.06   0.952                 .0073273

    altitude  

                                                                              

 phosphatase        Coef.   Std. Err.      t    P>|t|                     Beta

                                                                              

       Total     255625854        47  5438847.96   Root MSE        =    1436.8

                                                   Adj R-squared   =    0.6204

    Residual    82580962.4        40  2064524.06   R-squared       =    0.6769

       Model     173044892         7  24720698.8   Prob > F        =    0.0000

                                                   F(7, 40)        =     11.97

      Source         SS           df       MS      Number of obs   =        48

. regress phosphatase i.altitude i.depth i.season c.f1_physic c.f1_organic, beta

. 

                                                                              

       _cons     421.4757   68.79301     6.13   0.000                        .

  f1_organic     89.98052   23.39086     3.85   0.000                 .5344832

   f1_physic      26.4474   38.23884     0.69   0.493                 .1570973

    2.season    -204.5325   71.33711    -2.87   0.007                -.6138887

     2.depth    -27.13654   42.43038    -0.64   0.526                -.0814482

              

          4     -55.65203   59.88893    -0.93   0.358                -.1446568

          3     -112.9232   48.14833    -2.35   0.024                -.2935224

          2     -83.58662   46.66979    -1.79   0.081                -.2172674

    altitude  

                                                                              

  sulphatase        Coef.   Std. Err.      t    P>|t|                     Beta

                                                                              

       Total    1332068.91        47  28341.8918   Root MSE        =    103.45

                                                   Adj R-squared   =    0.6224

    Residual     428081.52        40   10702.038   R-squared       =    0.6786

       Model    903987.394         7  129141.056   Prob > F        =    0.0000

                                                   F(7, 40)        =     12.07

      Source         SS           df       MS      Number of obs   =        48

. regress sulphatase i.altitude i.depth i.season c.f1_physic c.f1_organic, beta
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. 

                                                                              

       _cons     10.42662   1.840509     5.67   0.000                        .

  f1_organic    -.2760245    .625806    -0.44   0.662                -.0755356

   f1_physic     .9307832   1.023053     0.91   0.368                 .2547137

    2.season    -.5694804   1.908574    -0.30   0.767                -.0787452

     2.depth    -2.031367   1.135195    -1.79   0.081                -.2808885

              

          4     -5.768006   1.602286    -3.60   0.001                -.6907196

          3     -6.657493   1.288175    -5.17   0.000                -.7972358

          2     -5.704077   1.248617    -4.57   0.000                -.6830641

    altitude  

                                                                              

    phenolox        Coef.   Std. Err.      t    P>|t|                     Beta

                                                                              

       Total    627.610645        47   13.353418   Root MSE        =    2.7677

                                                   Adj R-squared   =    0.4263

    Residual    306.417519        40  7.66043797   R-squared       =    0.5118

       Model    321.193126         7  45.8847323   Prob > F        =    0.0001

                                                   F(7, 40)        =      5.99

      Source         SS           df       MS      Number of obs   =        48

. regress phenolox i.altitude i.depth i.season c.f1_physic c.f1_organic, beta

. 

                                                                              

       _cons     869.7103   142.2866     6.11   0.000                        .

  f1_organic     258.5117      48.38     5.34   0.000                 .7146888

   f1_physic     159.7427   79.09052     2.02   0.050                 .4416292

    2.season    -515.0831   147.5486    -3.49   0.001                -.7195414

     2.depth     74.80797      87.76     0.85   0.399                 .1045024

              

          4     -309.5928     123.87    -2.50   0.017                -.3745415

          3     -301.4529    99.5866    -3.03   0.004                 -.364694

          2     -48.09503    96.5285    -0.50   0.621                -.0581848

    altitude  

                                                                              

        bglu        Coef.   Std. Err.      t    P>|t|                     Beta

                                                                              

       Total    6149279.38        47  130835.731   Root MSE        =    213.97

                                                   Adj R-squared   =    0.6501

    Residual    1831326.87        40  45783.1718   R-squared       =    0.7022

       Model     4317952.5         7  616850.358   Prob > F        =    0.0000

                                                   F(7, 40)        =     13.47

      Source         SS           df       MS      Number of obs   =        48

. regress bglu i.altitude i.depth i.season c.f1_physic c.f1_organic, beta

. 

                                                                              

       _cons     88.99876   14.97038     5.94   0.000                        .

  f1_organic     20.24523   5.090199     3.98   0.000                 .5478019

   f1_physic    -.3077713   8.321341    -0.04   0.971                -.0083278

    2.season    -42.63347   15.52402    -2.75   0.009                -.5828987

     2.depth     11.36563   9.233481     1.23   0.226                 .1553946

              

          4     -11.07016   13.03272    -0.85   0.401                -.1310772

          3     -1.081401   10.47779    -0.10   0.918                -.0128044

          2      15.35519   10.15604     1.51   0.138                 .1818144

    altitude  

                                                                              

    cellobio        Coef.   Std. Err.      t    P>|t|                     Beta

                                                                              

       Total    64194.2749        47  1365.83564   Root MSE        =    22.512

                                                   Adj R-squared   =    0.6289

    Residual    20272.3281        40  506.808202   R-squared       =    0.6842

       Model    43921.9469         7  6274.56384   Prob > F        =    0.0000

                                                   F(7, 40)        =     12.38

      Source         SS           df       MS      Number of obs   =        48

. regress cellobio i.altitude i.depth i.season c.f1_physic c.f1_organic, beta

. 

                                                                              

       _cons     401.4854   73.37957     5.47   0.000                        .

  f1_organic     100.1759   24.95037     4.02   0.000                  .616047

   f1_physic     37.92072    40.7883     0.93   0.358                 .2331992

    2.season    -151.2677   76.09329    -1.99   0.054                -.4700438

     2.depth    -14.00304   45.25929    -0.31   0.759                -.0435126

              

          4     -102.1364   63.88184    -1.60   0.118                 -.274855

          3      -131.238   51.35847    -2.56   0.015                -.3531689

          2     -63.97983   49.78136    -1.29   0.206                -.1721733

    altitude  

                                                                              

         nac        Coef.   Std. Err.      t    P>|t|                     Beta

                                                                              

       Total     1242787.3        47  26442.2829   Root MSE        =    110.35

                                                   Adj R-squared   =    0.5395

    Residual    487066.435        40  12176.6609   R-squared       =    0.6081

       Model    755720.863         7  107960.123   Prob > F        =    0.0000

                                                   F(7, 40)        =      8.87

      Source         SS           df       MS      Number of obs   =        48

. regress nac i.altitude i.depth i.season c.f1_physic c.f1_organic, beta

. 

                                                                              

       _cons      6273.85   955.4788     6.57   0.000                        .

  f1_organic     798.3342   324.8799     2.46   0.018                 .3423192

   f1_physic     -2.21221   531.1063    -0.00   0.997                -.0009486

    2.season    -2963.732   990.8142    -2.99   0.005                -.6421363

     2.depth    -747.0616   589.3233    -1.27   0.212                -.1618619

              

          4     -486.0884   831.8083    -0.58   0.562                -.0912082

          3     -415.8424    668.741    -0.62   0.538                -.0780275

          2      39.05056   648.2053     0.06   0.952                 .0073273

    altitude  

                                                                              

 phosphatase        Coef.   Std. Err.      t    P>|t|                     Beta

                                                                              

       Total     255625854        47  5438847.96   Root MSE        =    1436.8

                                                   Adj R-squared   =    0.6204

    Residual    82580962.4        40  2064524.06   R-squared       =    0.6769

       Model     173044892         7  24720698.8   Prob > F        =    0.0000

                                                   F(7, 40)        =     11.97

      Source         SS           df       MS      Number of obs   =        48

. regress phosphatase i.altitude i.depth i.season c.f1_physic c.f1_organic, beta

. 

                                                                              

       _cons     421.4757   68.79301     6.13   0.000                        .

  f1_organic     89.98052   23.39086     3.85   0.000                 .5344832

   f1_physic      26.4474   38.23884     0.69   0.493                 .1570973

    2.season    -204.5325   71.33711    -2.87   0.007                -.6138887

     2.depth    -27.13654   42.43038    -0.64   0.526                -.0814482

              

          4     -55.65203   59.88893    -0.93   0.358                -.1446568

          3     -112.9232   48.14833    -2.35   0.024                -.2935224

          2     -83.58662   46.66979    -1.79   0.081                -.2172674

    altitude  

                                                                              

  sulphatase        Coef.   Std. Err.      t    P>|t|                     Beta

                                                                              

       Total    1332068.91        47  28341.8918   Root MSE        =    103.45

                                                   Adj R-squared   =    0.6224

    Residual     428081.52        40   10702.038   R-squared       =    0.6786

       Model    903987.394         7  129141.056   Prob > F        =    0.0000

                                                   F(7, 40)        =     12.07

      Source         SS           df       MS      Number of obs   =        48

. regress sulphatase i.altitude i.depth i.season c.f1_physic c.f1_organic, beta
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3.17 APPX 4.1 

QIIME2 code for Raw data preparation 

*import of FASTAQ files into QIIME2* 

 

manifest file in home folder 

 

qiime tools import \ 

  --type 'SampleData[PairedEndSequencesWithQuality]' \ 

  --input-path manifest-file-16S.txt \ 

  --output-path paired-end-demux-16S.qza \ 

  --input-format PairedEndFastqManifestPhred33V2 

 

qiime tools import \ 

  --type 'SampleData[PairedEndSequencesWithQuality]' \ 

  --input-path manifest-file-ITS.txt \ 

  --output-path paired-end-demux-ITS.qza \ 

  --input-format PairedEndFastqManifestPhred33V2 

 

*Trimming primer sequences from demultiplexed artifacts* 

*adapter sequences 

 

Nextera Forward: CTGTCTCTTATACACATCTCCGAGCCCACGAGAC  

Nextera Reverse: CTGTCTCTTATACACATCTGACGCTGCCGACGA 

 

primer sequences Bacterias 16S v3/v4 Bakt_341F y Bakt_805R 
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Forward: CCTACGGGNGGCWGCAG 

Reverse: GACTACHVGGGTATCTAATCC 

 

primer sequences ITS 

3F: GCATCGATGAAGAACGCAGC 

4R: TCCTCCGCTTATTGATATGC 

 

qiime cutadapt trim-paired \ 

--i-demultiplexed-sequences paired-end-demux-16S.qza \ 

--p-front-f 'CCTACGGGNGGCWGCAG' \ 

--p-front-r 'GACTACHVGGGTATCTAATCC' \ 

--p-cores 2 \ 

--p-match-adapter-wildcards \ 

--p-match-read-wildcards \ 

--p-discard-untrimmed \ 

--o-trimmed-sequences paired-end-trimprimer-16S.qza \ 

--verbose 

 

qiime cutadapt trim-paired \ 

--i-demultiplexed-sequences paired-end-trimprimer-16S.qza \ 

--p-front-f 'CTGTCTCTTATACACATCTCCGAGCCCACGAGAC' \ 

--p-front-r 'CTGTCTCTTATACACATCTGACGCTGCCGACGA' \ 

--p-cores 2 \ 

--p-match-adapter-wildcards \ 

--p-match-read-wildcards \ 

--o-trimmed-sequences paired-end-trimfinal-16S.qza \ 
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--verbose 

 

*Cut adapter sequences* 

 

qiime cutadapt trim-paired \ 

--i-demultiplexed-sequences trimmed_sequencesprimers.qza \ 

--p-front-f 'CTGTCTCTTATACACATCTCCGAGCCCACGAGAC' \ 

--p-front-r 'CTGTCTCTTATACACATCTGACGCTGCCGACGA' \ 

--p-match-read-wildcards \ 

--p-match-adapter-wildcards \ 

--p-cores 2 \ 

--output-dir paired-end-trimadapters.qza \ 

--verbose \ 

 

*Visualization for process control* 

 

qiime demux summarize \ 

--i-data paired-end-demux-16S.qza \ 

--o-visualization demux-16S.qzv 

 

*DADA 2 – data filtering* 

*trunc parameter were chosen, visualizing denosing-stats and remove those below a threshold 

for the qualitiy index Q < 30.* 

*16S refers to dry season and 16S-2 to rainy season which were later merged to final-16S, 

accordingly with ITS* 

 

qiime dada2 denoise-paired \ 
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--i-demultiplexed-seqs trimmed_sequencesadapters.qza \ 

--p-trim-left-f 0 \ 

--p-trim-left-r 0 \ 

--p-trunc-len-f 277 \ 

--p-trunc-len-r 230 \ 

--o-table table.qza \ 

--o-representative-sequences rep-seqs-16S.qza \ 

--o-denoising-stats denoising-stats-16S.qza \ 

--verbose \ 

 

qiime dada2 denoise-paired \ 

  --i-demultiplexed-seqs paired-end-trimfinal-ITS.qza \ 

  --p-trim-left-f 0 \ 

  --p-trim-left-r 0 \ 

  --p-trunc-len-f 280 \ 

  --p-trunc-len-r 220 \ 

  --o-table table-ITS.qza \ 

  --o-representative-sequences rep-seqs-ITS.qza \ 

  --o-denoising-stats denoising-stats-ITS.qza \ 

--verbose 

 

qiime dada2 denoise-paired \ 

  --i-demultiplexed-seqs paired-end-trimfinal-16S-2.qza \ 

  --p-trim-left-f 0 \ 

  --p-trim-left-r 0 \ 

  --p-trunc-len-f 251 \ 
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  --p-trunc-len-r 193 \ 

  --o-table table-16S-2.qza \ 

  --o-representative-sequences rep-seqs-16S-2.qza \ 

  --o-denoising-stats denoising-stats-16S-2.qza \ 

--verbose  

 

qiime dada2 denoise-paired \ 

  --i-demultiplexed-seqs paired-end-trimfinal-ITS-2.qza \ 

  --p-trim-left-f 0 \ 

  --p-trim-left-r 0 \ 

  --p-trunc-len-f 258 \ 

  --p-trunc-len-r 201 \ 

  --o-table table-ITS-2.qza \ 

  --o-representative-sequences rep-seqs-ITS-2.qza \ 

  --o-denoising-stats denoising-stats-ITS-2.qza \ 

--verbose 

 

qiime feature-table merge \ 

 --i-tables table-16S.qza \ 

 --i-tables table-16S-2.qza \ 

 --o-merged-table final-table-16S.qza 

 

qiime feature-table merge-seqs \ 

 --i-data rep-seqs-16S.qza \ 

 --i-data rep-seqs-16S-2.qza\ 

 --o-merged-data final-rep-seqs-16S.qza 
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qiime feature-table merge \ 

 --i-tables table-ITS.qza \ 

 --i-tables table-ITS-2.qza \ 

 --o-merged-table final-table-ITS.qza 

 

qiime feature-table merge-seqs \ 

 --i-data rep-seqs-ITS.qza \ 

 --i-data rep-seqs-ITS-2.qza\ 

 --o-merged-data final-rep-seqs-ITS.qza 

 

3.18 APPX 4.2 

QIIME2 code for analysis of processed data 

 

*Phylogenetic tree modeling* 

 

16S 

qiime phylogeny align-to-tree-mafft-fasttree \ 

  --i-sequences final-rep-seqs-16S.qza \ 

  --o-alignment final-aligned-rep-seqs-16S.qza \ 

  --o-masked-alignment final-masked-aligned-rep-seqs-16S.qza \ 

  --o-tree final-unrooted-tree-16S.qza \ 

  --o-rooted-tree final-rooted-tree-16S.qza 

 

ITS 

qiime phylogeny align-to-tree-mafft-fasttree \ 
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  --i-sequences final-rep-seqs-ITS.qza \ 

  --o-alignment final-aligned-rep-seqs-ITS.qza \ 

  --o-masked-alignment final-masked-aligned-rep-seqs-ITS.qza \ 

  --o-tree final-unrooted-tree-ITS.qza \ 

  --o-rooted-tree final-rooted-tree-ITS.qza 

 

*Exportation of phylogenetic tree. See figure 4.1 as a result * 

 

qiime tools export \ 

  --input-path unrooted-tree.qza \ 

  --output-path exported-tree 

 

**Calculation of alfa beta diversity** 

*Sampling depth values were chosen visualizing results of rarefaction curves. Given that even 

the lowest count-level was reasonably high with only a small difference to the maximum count, 

the sample value with the lowest count was used as sampling depth in both 16S as well as ITS.* 

 

qiime diversity core-metrics-phylogenetic \ 

  --i-phylogeny final-rooted-tree-16S.qza \ 

  --i-table table-final-16S.qza \ 

  --p-sampling-depth 39731 \ 

  --m-metadata-file final-metadata-16S.tsv \ 

  --output-dir final-core-metrics-results-16S 

 

qiime diversity core-metrics-phylogenetic \ 

  --i-phylogeny final-rooted-tree-ITS.qza \ 

  --i-table final-table-ITS.qza \ 
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  --p-sampling-depth 70198 \ 

  --m-metadata-file final-metadata-ITS.tsv \ 

  --output-dir final-core-metrics-results-ITS 

 

**Taxonomical alignment to generate reference-sequences** 

 

16S 

qiime tools import \ 

  --type 'FeatureData[Sequence]' \ 

  --input-path sh_refs_qiime_ver8_dynamic_10.05.2021.fasta \ 

  --output-path final-ref-seqs-16S.qza 

 

qiime tools import \ 

  --type 'FeatureData[Taxonomy]' \ 

  --input-format HeaderlessTSVTaxonomyFormat \ 

  --input-path sh_taxonomy_qiime_ver8_dynamic_10.05.2021.txt \ 

  --output-path final-ref-taxonomy-16S.qza 

 

qiime feature-classifier fit-classifier-naive-bayes \ 

  --i-reference-reads ref-seqs.qza \ 

  --i-reference-taxonomy ref-taxonomy.qza \ 

  --o-classifier classifier.qza 

 

*extract-reads only applied to 16S sequences, used to extract “sequencing-like” reads from a 

reference base to train the classifier. It is not recommended for ITS sequences as can be seen 

in: https://docs.qiime2.org/2018.4/tutorials/feature-classifier/#extract-reference-reads* 
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qiime feature-classifier extract-reads \ 

  --i-sequences silva-138-99-seqs.qza \ 

  --p-f-primer CCTACGGGNGGCWGCAG \ 

  --p-r-primer GACTACHVGGGTATCTAATCC \ 

  --p-trunc-len 416 \ 

  --p-min-length 374 \ 

  --p-max-length 466 \ 

  --o-reads ref-seqs-16S.qza 

 

qiime taxa barplot \ 

  --i-table final-table-16S.qza \ 

  --i-taxonomy final-taxonomy-16S.qza \ 

  --m-metadata-file final-metadata.txt \ 

  --o-visualization final-taxa-bar-plots-16S.qzv 

 

qiime taxa barplot \ 

  --i-table final-table-ITS.qza \ 

  --i-taxonomy final-taxonomy-ITS.qza \ 

  --m-metadata-file final-metadata.txt \ 

  --o-visualization final-taxa-bar-plots-ITS.qzv 

 

*taxa colapse, to summarize results on different taxonomical levles – Phylum, Family and 

Genus* 

*the value of level 2 can be replaced by level 5 and 6* 

 

16S 
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qiime taxa collapse \ 

--i-table final-table-16S.qza \ 

--i-taxonomy final-taxonomy-16S.qza \ 

--p-level 2 \ 

--o-collapsed-table final-taxa-collapsed-16S.qza 

 

qiime feature-table summarize \ 

--i-table taxa-collapsed.qza \ 

--o-visualization taxa-collapsed-16S.qzv 

 

ITS 

qiime taxa collapse \ 

--i-table final-table-ITS.qza \ 

--i-taxonomy taxonomy-final-ITS.qza \ 

--p-level 2 \ 

--o-collapsed-table final-taxa-collapsed-ITS.qza 

 

3.19 APPX 4.3 

Raw data quality statistics 
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3.20 APPX 4.4 

4 *Heatmap creation* 

5 16S 

6 qiime feature-table heatmap \ 

7 --i-table final-taxa-collapsed-16S.qza \ 

8 --m-sample-metadata-file metadata-final-16S.txt \ 

9 --m-sample-metadata-column altura \ 

10 --p-cluster features \ 

11 --p-color-scheme winter \ 

12 --o-visualization final-heatmap-16S.qzv \ 

13 --verbose 

14  

15 qiime feature-table heatmap \ 

16 --i-table final-taxa-collapsed-16S.qza \ 

17 --m-sample-metadata-file metadata-final-16S.txt \ 

18 --m-sample-metadata-column altura \ 

19 --p-cluster features \ 

20 --p-color-scheme coolwarm \ 

21 --o-visualization final-heatmap-16S-coolwarm.qzv \ 

22 --verbose 

23  

24 ITS 

25 qiime feature-table heatmap \ 

26 --i-table final-taxa-collapsed-ITS.qza \ 

27 --m-sample-metadata-file metadata-final-ITS.txt \ 

28 --m-sample-metadata-column altura \ 

29 --p-cluster features \ 

30 --p-color-scheme magma \ 

31 --o-visualization final-heatmap-ITS-magma.qzv \ 

32 --verbose 
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33 Heatmap for 16S bacteria:

 

34  

35  

36  

37  

38  

39  

40  

41  

42  
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43  

44 Heatmap for ITS fungi:  

45  
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