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Abstract 
 
The crescent interest of microbiologists on the ecology of proAsts is revealing new 

community assemblages in the natural ecosystems, changing the paradigms on the 

habitability of extreme environments. Consequently, quesAons on the ecology of 

microorganisms as the proAsts have been refined and supported by high-throughput 

sequencing (HTS). This approach can be used to uncover previously unknown global 

pa,erns of microbes, aiming to extend our knowledge on the biogeography of proAsts, even 

in challenging environments. The conAnual refinement of these technologies has enabled 

the detecAon of microbial communiAes relying on the environmental sequencing of 

hypervariable regions of gene sequences, commonly used as phylogeneAc markers (e.g., 

ribosomal genes). Therefore, monoclonal cultures of the unicellular proAsts are urgently 

needed to check such results. The progressive curaAon of reference databases has helped 

to increase the confidence on the use of environmental sequencing and techniques 

involving the amplificaAon of marker genes from the geneAc pool found in nature (e.g., 

metabarcoding). Such approaches must consider parallel culAvaAon approaches, aiming to 

back up the detecAon of proAst lineages across areas of unknown diversity as the natural 

laboratories found across the ancient Atacama Desert.  

 

As recently uncovered, the Atacama Desert can be inhabited by the primordial 

prokaryotes (bacteria and archaea), in unique habitats distributed in this desert, sustaining 

life even at the dry limit. BioAc factors controlling their populaAons, as the recent free-living 

proAsts, are understudied in the most arid desert on Earth, and the funcAons and structure 

of their communiAes is yet to be studied. In this study, the Atacama Desert was used as a 

model system for the study of potenAally extremophile proAsts, including understudied 

areas as arid soils, biofilms and microbial mats. The relaAve abundance of the proAsts 

communiAes in the arid Atacama could hide a great gap in the fundamental knowledge of 

the microbial ecology surviving in the vicinity of areas considered to be analogous to the 

neighbor planet, Mars. We hypothesized that the unculAvable proAsts detectable by 

metabarcoding and the structure of their communiAes, correlate with the environmental 
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gradients and that their acAve physiological state can be detected in microhabitats of this 

desert. We focus on proAsts due to earlier findings describing a novel diversity of species 

from diverse groups as heterotrophic flagellates and ciliates, as well as to the descripAon of 

proAst communiAes in hypersaline systems by metabarcoding. As the ancient Atacama 

covers an extensive area, we focused on microbial habitats which could serve as a good 

source of proAst diversity, as those found at the limits of the arid zones. The coastal hills 

facing the Pacific Ocean and the sparse areas covered by biological crusts and biofilms could 

hide the keys to adaptaAon, enduring scarce water regimes. InteresAng microbial structures 

growing at the benthic sediments of Andean Lagoons represent hotspots of biodiversity and 

could serve as a reservoir of proAst life. We studied the diversity of proAsts consAtuAng 

these sediments and studied their straAficaAon at a millimeter-scale to assess the microbial 

guilds at a small scale (e.g., ciliates, flagellates and amoebae). AddiAonally, we tested for 

correlaAon of proAst taxa with the water column properAes at five remote basins found 

across the Atacama and the Andean plateau aiming evaluate their associaAon to abioAc 

factors. Finally, the occurrence of these groups in datasets obtained by the modern 

metabarcoding approach was esAmated to infer their potenAal interacAon based on 

correlaAon pa,erns across different habitats (e.g., soils and benthic microbial mats). The 

idenAficaAon of such significant correlated taxa could shed light on the members of these 

communiAes which could help the human to prioriAze on potenAal keystone species in 

conservaAon iniAaAves. The microbial life able to thrive an extreme environment as the 

Atacama Desert could hide the adaptaAon mechanisms useful to understand the populaAon 

dynamics in remote microhabitats threatened by the current climate change scenario. 

 

 
 
 
 
 
 
 
 



 3 

General Introduc6on 
 
Diversity and Func6on of Pro6sts in Nature 
 

An important fracAon of the ecosystems is filled by microbial life, distributed 

ubiquitously along habitats, playing a paramount role in environmental processes part of 

Earth’s biogeochemical cycles since primal ages (Nutman et al., 2016). Biochemical and 

physiological properAes allow bacteria, archaea and microeukaryotes to thrive every 

imaginable niche, even in the presence of extreme factors including temperature, pressure, 

pH, salinity, geological scales and geographical barriers, solar radiaAon, chemical extremes, 

scarce nutriAon, osmoAc barriers (Hoehler and Jørgensen, 2013; Živaljić et al., 2018; 

Wierzchos et al., 2018). Under different condiAons, the microeukaryotes known as proAsts, 

can exist as free-living organisms occupying a vast variety of habitats ranging from hyperarid 

soils in desert, down to the depths of the oceans (Fernández, 2015; Schoenle et al., 2022). 

Different to prokaryotes, proAsts are evoluAonarily closer to humans, raising modern 

quesAons on their evoluAon of mulAcellularity (Tikhonenkov et al., 2020; Pöggeler and 

James, 2023).  

The study of these microbes has been greatly affected by the development of new 

technologies for their study, starAng with the early observaAons of Antoni Van 

Leeuwenhoek (1676), developing the first microscopes. Such technique enabled the 

morphological classificaAon of proAsts giving birth to later phylogenies of the 

microorganisms (Haeckel, 1866).  More recently, the development of the sequencing 

technologies, allowed scienAsts to classify life, first in three domains including Archaea, 

Bacteria and Eucarya based on ribosomal informaAon (Woese et al., 1990). Furthermore, 

the advent of high-throughput technologies for gene sequencing, mainly from 

environmental samples, introduced the possibility to detect an enormous diversity of 

uncultured microbes (Taberlet et al., 2012; Ji et al., 2013). Furthermore, metagenomic 

sequencing (i.e., sequencing of environmental molecules), revealed the Asgard archaea, 

those archaea group coding diverse eukaryoAc signature proteins than other archaea 

(MacLeod et al., 2019).  
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 This helped to partly overcome agar plate paradoxes in culAvaAon, that could not 

resolve the real abundance pa,erns in nature, given the specificity of culture media, 

enriching a small fracAon of species in environmental samples. Nevertheless, these 

approaches are not error-proof and diversity and co-occurrence pa,erns detected by 

metagenomics, metatranscriptomics or metabarcoding should be studied with cauAon and 

supported by the parallel isolaAon of phylotypes in culture (Kirchman, 2018). 

The diversity of proAsts is currently in the focus of microbial ecologists, increasing 

constantly the complexity of the eukaryoAc branch of the tree of life (Figure 1, Burki et al., 

2020).  

 

 
 Figure 1. View of the phylogeneAc relaAonships of the diverse lineages in the tree 

of life. Lem side: evoluAonary relaAonships and the phylogeneAc tree of life including 

Domains as Bacteria, Archaea and Eukarya (Extracted and modified from Madigan et al., 

2019). Right side: The eukaryoAc tree of life amer (Burki et al., 2020).  

 
FuncAonally, the proAsts are mainly linked to the carbon cycle at the base of the 

microbial loop, grazing on bacteria, predaAng potenAal pathogens at the roots of plants 

(Bonkowski, 2004). They can include heterotrophs and phototrophs and even organisms 

being both. Furthermore, in direct or indirect relaAon to phototrophs, heterotrophic proAsts 

obtain the elements necessary for their nutriAon from the byproducts of photosynthesis. In 

terrestrial ecosystems, a parAcular group, Cercozoa, has been linked to plants, as 

determinant of their fitness through the phagocytosis of potenAal pathogens (Xiong et al., 

2020). ProAsts can also predate microalgae, viruses and other proAsts as well, or being even 

found inhabiAng macroorganisms, including metazoans (Geisen et al., 2015). Overall, these 
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microbes are a key building block in the microbial foodwebs and consequently linked to the 

funcAoning of the biogeochemical cycles.  Moreover, although they can be restricted at 

certain habitats (e.g., hyperarid zones), the proliferaAon of resAng stages or cysts, help these 

microbes to persist in the environment. During recent years, vast knowledge on the 

biogeography of proAsts across Earth habitats has revealed a huge diversity and abundance 

across the globe (Burki, et al., 2021). Nevertheless, the diversity of proAsts conforming the 

microbial ecology in extreme environments awaits to be further elucidated (Rappaport and 

Oliverio, 2023).   

   

Pro6sts in Dry Environments 
 
 Between the habitats on the planet, terrestrial ones are vastly diverse compared to 

those in aquaAc ecosystems, due to the heterogeneity of the soil matrix. Nevertheless, 

aquaAc ones can sAll show a quite high diversity, leading to the “paradox of the plankton 

(Hutchinson, 1961). This pointed out the large number of microbial species that seem to be 

compeAng for a small number of resources in physically simple and unstructured 

environments. Soils, on the other side, are being increasingly recognized to have a crucial 

underlying role in the ecosystem processes and to host a vast diversity of eukaryoAc 

microbes (Geisen et al., 2020).This emphasizes the idea of studying the proAsts as the bioAc 

factors that can change across different condiAons aiming to study their inter-associaAon 

and ecologic roles sustaining ecosystem services in the diverse and complex soil habitats.   

Under the current climate change, both habitats on lands or in waters can be 

affected, promoAng a redistribuAon of the species (Pecl et al., 2017). Thus, the 

deserAficaAon can affect the acAvity of essenAal biological-based processes mediated by 

soil microbes as the stability of ecosystems in the case of the most sensiAve and fragile 

ecosystems as those found in arid and hyper-arid environments (Zeng et al., 2018). 

InteresAngly, the acAvity of microbial communiAes of protozoans has been studied under 

temperature variaAons, showing high producAvity in their populaAons, different to species 

from higher trophic levels in the trophic chains (Arndt and Nomdedeu, 2016). These 

findings, support the idea of a possibility to encounter highly adapted proAsts in dry 
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habitats. Nevertheless, assessments of these ideas in the extreme environments located in 

desert remain to be studied, mainly due to the remoteness of dry areas, as in the case of 

polar and non-polar deserts. Depending mainly on water, proAsts can profit from the 

surroundings, even if it consAtutes the fluids of other species, including ranges from 

freshwater to salty water at their habitats. AddiAonally, the ability to form cysts, is a faculty 

that these microbes use to persist when water is absent or in criAcal amounts, surviving the 

dehydraAon in habitats subjected to long and harsh water regimes. One of the deserts on 

Earth, which could help us to understand the assembly of highly specialized extremophile 

proAsts, and which has been poorly invesAgated is the most arid one, the Atacama Desert.  

 
Pro6st Life in the Atacama 
 
 The Atacama Desert, located in the North of Chile, is the oldest and driest non-polar 

desert on Earth and is omen used as a model system to invesAgate the dry and ultra-violet 

limits for life (Warren-Rhodes et al., 2006; Pérez et al., 2017a; Schulze-Makuch et al., 2018). 

It extends along the coast of northern Chile from the Pacific shore to the western slopes of 

the Andes (Bull et al., 2018). The main feature, aridity, may have persisted in this region for 

the past 90 million years, with an onset of hyperaridity in a core area, tracked to the middle 

to late Miocene, in associaAon with the uplim of the Andes (Rech et al., 2010).  

This remote place represents a unique extreme environment to explore microbial 

diversity given the challenging condiAon for life and the mulAple ecosystems within. Some 

of Atacama’s ecosystems are endorheic basins generated during the geologic periods 

TerAary and Quaternary, when the area was exposed to intense volcanic and sedimentary 

acAvity. As a result, extended lacustrine systems evolved into evaporiAc basins of diverse 

size; certainly, this process conAnues, shaping lakes, saline lagoons, wetlands and salt flats. 

Such salt deposits, remnant of former paleolakes (late Pleistocene), were originated by the 

alteraAon of volcanic and sedimentary rocks as also by the dissoluAon of ancient evaporites, 

as by oxidaAon of sulfur minerals (Tapia et al., 2018). Recently, researchers have started the 

study of the monocellular proAsts in the Atacama, revealing a novel diversity, including 

different major divisions of these microeukaryotes as Stramenopiles, Alveolata and 
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Opisthokonta  (e.g., Schiwitza et al., 2018; Arndt et al., 2020; Rybarski et al., 2021). Between 

these groups, they have been postulated to have different Ames of colonizaAon in this 

desert, being the placidid stramenopiles, those showing a deeper divergence from other 

clades already more than hundred million years ago (Arndt et al., 2020).  

 

 Such pioneer works on the proAstology in the Atacama, pinpoint this area as rich in 

natural laboratories, especially in the inland waters conforming the saline to hypersaline 

lagoons distributed there. Nevertheless, the role in the interacAon to endemic plants and 

animals, together with specific microbe-proAst interacAons involving parasiAsm, predaAon 

or syntrophy, remain unknown in this area. The features of the unicellular proAsts, make 

them ideal model organisms to combine studies on their biogeography and culAvability. As 

biogeography is a key aspect to understand the evoluAon of species, informaAon on their 

colonizaAon pa,erns across this arid desert, could shed light on distribuAon pa,erns across 

varied scales. This includes the vast area occupied by arid to hyperarid soils, fog oasis 

sustaining the heterogeneously distributed flora and isolated water bodies as ponds and 

lagoons mainly found in the Andean range. Thus, we could resolve interesAng quesAons on 

proAst lineages turn-over across habitats, as well as to test if all of them are everywhere 

(Baas Becking, 1934), or if they possess a moderate endemicity (Foissner, 2007).   
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Aims 
 
The main objecAve of this study was to invesAgate the diversity and funcAonality of 

the proAsts in different soils and microbial mats from the Atacama Desert using a 

metabarcoding approach. To do this, we sampled soils and microbial mats at different 

laAtudes of the Atacama Desert, including millimeter-scale profiles of sediments and 

different terrestrial habitats (e.g., soils crusts, fog oasis soil). We focused on resolving their 

spaAal distribuAon and ecological adaptaAons to different environmental seungs by 

studying the correlaAon of water parameters to the proAst lineages found at the top layer 

of sediments. We support our environmental sequencing approach by isolaAng monoclonal 

cultures of proAsts and by comparing their marker gene sequence to genotypes obtained 

by metabarcoding. We aimed to be,er understand their biogeographical distribuAon 

pa,erns in this desert and to determine ecological and evoluAonary processes supporAng 

these pa,erns. 

 
We addressed the following quesAons: 

 

1. How disAnct to described species are proAst strains isolated from the Atacama 

Desert?   

2. Is the structure of the proAst communiAes, due to their geographical isolaAon or 

habitat type, unique across habitats in the Atacama Desert? 

3. Are the genotypes obtained by PCR-based environmental sequencing closely 

related to those obtained from strains isolated from this study area?  

4. Are there large- and small-scale community pa,erns changes detectable by 

metabarcoding? 

 

To answer these quesAons, proAsts were enriched from environmental samples 

where these microorganisms could be thriving (e.g., plants, soils), isolated in axenic proAst 

cultures, sequenced their 18S rDNA gene (and ITS gene sequence when necessary), studied 

their phylogeny and described their morphological characterisAcs (Chapter 1).  Soil 
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communiAes from different laAtudes in the Atacama Desert, were invesAgated with the aim 

to resolve distribuAon and co-occurrence pa,erns across habitats, including terrestrial and 

benthic microbial communiAes from this desert. The descripAon of such communiAes and 

the study of their dissimilarity is supported by phylogeneAc inference of the hypervariable 

region V9 from isolated strains and metabarcodes (Chapter 2). AddiAonally, five different 

ecosystems were selected for the study of microbial mats proAsts and their communiAes, 

aiming to extend the knowledge of the unculAvable taxa inhabiAng these understudied 

structures and their associaAon to environmental factors as the overlaying water physic-

chemical composiAon. AddiAonally, we extend our invesAgaAon at the millimeter-scale, 

studying the groups exclusively detected along a verAcal transect in microbial mats (Chapter 

3). 

Summary of Chapters 

 

The findings presented in the framework of this thesis are structured in three chapters. Each 

chapter intended to be complementary to each other focusing on the sequencing of the 

ribosomal gene 18S (rRNA), in specific the hypervariable region V9. The recovery and 

sequencing of those amplicons were used as an environmental proxy to the proAsts which 

could be detected in templates as DNA, RNA, and the DNA from isolates. The proxies used 

to depict the proAst communiAes are known as amplicon sequence variants (ASVs). The first 

chapter is a descripAon work of proAsts found in endemic cacA of the Atacama. The second 

chapter is a metabarcoding study based on ASVs found across terrestrial and aquaAc 

ecosystems, including culAvaAon of strains isolated from the study sites. The third chapter 

is a metabarcoding assessment of the proAst communiAes across five microbial mats of 

Andean lagoons in the Atacama Desert.  

 

Chapter 1: Novel cercozoan and heterolobosean pro6sts from the rhizosphere and 

phyllosphere of two endemic cac6 from the Atacama Desert 
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As a starAng point of this work, proAst strains were isolated in monoclonal culture 

from the spines of two endemic cacA from the Atacama Desert, the columnar Browningia 

candelaris (Meyen) and the shrubby Eulychnia taltalensis (F. Ri,er). We could obtain the 

complete 18S rDNA gene sequence of the strains to assess the phylogeneAc distance to 

species described across different lineages. By this approach, we effecAvely described five 

novel species, as we found differences in morphological and molecular informaAon 

compared to reference informaAon. Furthermore, we highlighted that these local strains 

possess the sequence of one of the two widely used phylogeneAc markers (hypervariable 

V9 region 18SSU), which were planned to be used in our upcoming metabarcoding 

invesAgaAons. Published in European Journal of Pro:stology, DOI: 

10.1016/j.ejop.2023.126034 

 

Chapter 2: Evidence of pro6sts coloniza6on in terricolous lichens, coastal hills and 

microbial mats highlight abundant molecular signatures related to the genera 

Rhogostoma, Euplotes and Neobodo 

 

 The metabarcoding approach was used in three different staAons, including soils 

showing the presence of lichenized soil crusts (19°S), soil from a fog oasis part of a coastal 

hill (25°S, up to 682 m a.s.l.) and from a microbial mat (23°S). The differences in the structure 

of the communiAes represented by genotypes amplified from the environmental DNA and 

cDNA was analyzed. Although no significant differences were found, this study consAtutes 

the first metabarcoding of proAsts in Atacama Desert soils, revealing abundant genotypes 

related mainly to the taxa Rhogostoma, Euplotes and Neobodo. InteresAngly, we could 

isolate in parallel, monoclonal cultures, which in preliminary idenAficaAon using BLAST, 

were related to Euplotes (HFCC988) and Neobodo (HFCC986). This allowed us to infer the 

phylogeny aiming to compare ASVs and the phylogeneAc marker, finding that the ASVs 

amplified from local areas are closer to Atacama strains than to other species. AddiAonally, 

we used the sequence from Rhogostoma olyaorum (HFCC860, described during Chapter 1), 

corroboraAng it closeness to our ASVs obtained from environmental samples. We included 
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strict filtering steps in our pipeline, assessing our hypothesis using a highly curated dataset. 

Finally, as we calculated the co-occurrence of the ASVs, we could depict the ASVs showing 

correlaAon, giving us a clue of potenAal interacAon between these biosignatures and 

examined the assemblages obtained from terrestrial and aquaAc habitats. Manuscript 

intended for European Journal of Pro:stology  

 

Chapter 3: Pro6st communi6es of microbial mats from extreme environments of five 

saline Andean lagoons at high eleva6on in the Atacama Desert 

 

 In this study we invesAgated the diversity and distribuAon of benthic proAsts 

communiAes in microbial mats found at five different lagoons across the Andes, using the 

amplificaAon of the V9 region on the 18S rDNA. We included studies on cDNA in parallel to 

extend our knowledge on the physiological state of the studied proAst communiAes. 

Thereby, it was found that proAst community composiAon significantly differed across 

staAons and giving furthermore, insights on their composiAon uniqueness at the millimeter-

scale. AddiAonally, we enumerate the genotype overlap between staAons, finding a core 

microbiome for each millimeter depth and genotypes occurring exclusively at each layer 

from each staAon. Overall, we detected genotypes related to Rhogostoma and Euplotes by 

DNA and cDNA, confirming their presence and potenAal acAve metabolic state. Moreover, 

diatoms dominated uppermost layers, confirming the typical structure of microbial mats 

subjected to high UV-radiaAon. AddiAonally, we used the molecular informaAon obtained 

during Chapter 1 and Chapter 2 from monoclonal cultures. This helped us to compare our 

ASVs obtained by metabarcoding and to assess their closeness to reference sequences of 

the strains HFCC860 (Rhogostoma) and HFCC988 (Euplotes), supporAng their detecAon by 

metabarcoding. SubmiMed to Fron:ers in Microbiology, Special Issue Exploring Microbial 

Mats Communi:es in Extreme Environments   
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Chapter 1: Novel Cercozoan and Heterolobosean 

Pro6sts from the Rhizosphere and Phyllosphere 

of Two Endemic Cac6 from the Atacama Desert 
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Novel cercozoan and heterolobosean protists from the rhizosphere and 
phyllosphere of two endemic cacti from the Atacama Desert 
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A B S T R A C T   

Cercozoans and heterolobose amoebae are found across terrestrial habitats where they feed on other unicellular 
microbes, including bacteria, fungi and microalgae. They constitute a significant fraction of soil ecosystems and 
are integral members of plant microbiota. Here, we present the results on the isolation of protozoans from the 
rhizosphere and phyllosphere of Browningia candelaris (Meyen) in the Andean Altiplano and Eulychnia taltalensis 
(F. Ritter) from the Coastal Cordillera of the Atacama Desert, both endemic to this ancient desert. We identified a 
new heterolobose amoeba species of the genus Allovahlkampfia isolated from cactus soil, three new species of the 
different glissomonad genera Allapsa, Neoheteromita, Neocercomonas and one new thecofilosean amoeba of the 
genus Rhogostoma isolated from the phyllosphere of one studied cactus. In addition, one bacterivorous flagellate 
was isolated from cactus spines and identified as a member of the non-scaled imbricatean family Spongomo-
nadidae (Spongomonas). The isolation of protists from cactus spines extends the knowledge on the habitat ranges 
of taxa typically found on plant leaves or soils. The molecular data presented here is a prerequisite for further 
investigations on the ecology and diversity of protists including next-generation sequencing of microhabitats in 
plants and the rhizosphere, allowing for deeper taxonomic classification.   

1. Introduction 

Heterotrophic flagellates and amoebae inhabit plants and soils and 
are increasingly recognized as key components of microbial food webs, 
predating prokaryotes and fungi and hence playing important roles in 
mineralization and organic matter cycle (Geisen et al., 2018). In fact, the 
diverse unicellular eukaryotes are considered determinant of plant 
fitness, predating rhizobacteria, actively participating in the microbial 
loop (Bonkowski, 2004; Guo et al., 2022). In particular gliding protists 
as those from the phylum Cercozoa, have been described not only as 
major members of the soil microbiota but also as part of the rhizosphere 
(Sapp et al., 2018) and phyllosphere (Dumack et al., 2017a; Flues et al., 
2018; Ploch et al., 2016). A functional trait of these protists is the con-
sumption of bacteria through phagotrophy, a feeding mode that has 
been linked to plant health at the roots, likely shifting microbial com-
munities and mitigating the pathogen success on the plant’s surface 
(Xiong et al., 2020). Further, functions of protists in the plant micro-
biome are yet to be unveiled. Their phenotype traits can only be studied 
with cultured strains that are increasingly becoming available for ex-
periments (Dumack et al., 2021). 

The Atacama Desert, the driest place on Earth, likely hides functional 
communities of microbes inhabiting the phyllosphere and rhizosphere of 
desertic plant hosts as the cacti. These succulent plants have a highly 
reduced or even lost ability to produce leaves. Instead of basal branches 
they possess clusters of spines called areoles concentrating water drop-
lets in eventual fog oases (Nyffeler, 2002). Thus, species from the family 
Cactaceae have adapted to the arid landscape in the Atacama, showing 
allopatric distribution throughout a complex orography and exhibiting a 
surprisingly rich diversity of desertic flora (Merklinger et al., 2021). At 
oasis referred to as “lomas” at the coast as well as at valleys hillsides in 
the Altiplano, the shrubby species of the genus Eulychnia and the 
columnar cacti from the genus Browningia can be found (Charles, 2000; 
Hoxey and Klaassen, 2011; Merklinger et al., 2021). Arid and hyperarid 
soils are currently the predominant habitat in the Atacama Desert. With 
low precipitation and high evaporation rates, these hostile habitats 
originated millions of years ago (mid- to late Miocene) associated to the 
uplift of the Andes (Rech et al., 2010). However, the scarce humid pe-
riods are sufficient to sustain the endemic diversity of plants as cacti, 
shrubs as well as epiphytic and terricolous lichens surviving ever since, 
now occurring mainly at the borders of the arid core (Böhnert et al., 

* Corresponding author at: Institute of Zoology, University of Cologne, Zuelpicher Straße 47b, 50674 Cologne, Germany. 
E-mail address: Hartmut.Arndt@uni-koeln.de (H. Arndt).  
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Chapter 2: Evidence of Pro6sts Coloniza6on in 

Terricolous Lichens, Coastal Hills and Microbial 

Mats Highlight Abundant Molecular Signatures 

Related to the Genera Rhogostoma, Euplotes and 

Neobodo 
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Chapter 3: Pro6st Communi6es of Microbial 

Mats from Extreme Environments of Five Saline 

Andean Lagoons at High Eleva6on in the 

Atacama Desert 
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Conclusive summary and perspec6ves 
 

Around the planet, the overall state of ecosystems is changing, potenAally affecAng 

human acAviAes relying on ecosystem services which are sustained by diversity and 

mulAfuncAonality (Soliveres et al., 2016). With this dissertaAon, new informaAon regarding 

the proAsts in the most arid desert on Earth could be obtained. We revealed new insights 

into the ecology of proAsts and opened new venues for the future work on the tolerability 

of life to the extreme environments in the Atacama. AddiAonally, we intended to offer a 

starAng point in the invesAgaAons on the biodiversity of habitats that could be dominated 

(and at least in part sustained) by the environmental funcAons of proAsts.  

 The work conducted during this thesis incorporate an overview on the culAvable 

protozoans adapted to live in remote ecosystems (Chapter 1) and give the first ideas of the 

pa,erns showed by unculAvable microbes in different habitats and laAtudes across this 

region (Chapter 2 and 3). We make a special emphasis in the StaAon Terricolous Lichen 

(Chapter 2), as our experiments on DNA and cDNA were successful, documenAng a diversity 

of genotypes related to proAsts occurring in biocrusts understudied regarding proAsts. 

Between these results we could infer a co-occurrence pa,ern, documenAng for the first 

Ame the study of potenAal interacAon of genotypes based on their correlaAon. 

Furthermore, we highlight the fact that although the coverage of proAst lineages in soils was 

high (over 75 %), around a 25% was unclassified, suggesAng a crypAc diversity remaining to 

be studied. These results are accentuated when we invesAgated the microbial mats datasets 

(i.e., over 90 % unclassified sequences), confirming the potenAal influence of their isolaAon 

on the diversity of proAsts. For those staAons showing a high degree of novelty we pinpoint 

a potenAal dominance of the so-called dark ma,er of life, diversity which has not yet been 

isolated in culture (Solden et al., 2016).  

 We underline the studied ecosystems as newly registered habitats for proAsts. In 

the case of microbial mats, they can be seen as hotspots of biodiversity, but that depends 

on the ecosystem. For example, Amarilla Lagoon (Chapter 2 and Chapter 3), appear to be 

one of these hotspots, as it shows a pa,ern of high diversity through DNA which was 

confirmed through cDNA. On the other side, we encountered the lack of amplicons in the 
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staAons of higher salinity, result which also could have a methodological difficulty as well as 

the absence of acAve proAsts.  The parallel use of DNA and cDNA has been started to be 

implemented in biomonitoring iniAaAves (Pawlowski et al., 2014; Adamo et al., 2020). 

Nevertheless, this approach is relaAvely new and deserves further experimentaAon to test 

its fidelity to the true diversity across natural ecosystems. Moreover, during our enrichment 

and isolaAon of proAsts during the first chapter of this thesis, a much wider range of 

morphotypes could be observed by microscopy, however only a small fracAon of these could 

be obtained in axenic culture. Nevertheless, the isolaAon of strains in pure culture is a Ame-

consuming task and should consider the experAse on the varied lineages that can be 

recovered according to the data we could not show (i.e., varied proAsts in enrichments).  

 

The quesAons we addressed at the beginning of this work could be answered, 

however our hypotheses, regarding the uniqueness of each extreme environment are partly 

supported. On one hand, soil proAst detected through metabarcoding are not significantly 

different between each other, suggesAng a common structure in the soil diversity, however 

further use of complementary phylogeneAc markers could help to resolve this raising 

quesAon. Furthermore, the diversity of proAsts genotypes we detected from soils is overall 

low, which contradict the knowledge on the diversity of the complex soil matrix (Burki et al., 

2021). However, this is an arid environment, explaining parAally this result characterizing 

our dataset. On the other hand, the communiAes of benthic proAsts can significantly vary 

across different water bodies, supporAng our hypothesis in the studied aquaAc ecosystems. 

As discussed in Chapter 2 and 3, iniAal invesAgaAons on the microbial ecology in microbial 

mats from these laAtudes, reconstructed rich and diverse pa,erns, at least for prokaryotes. 

We used those works as background informaAon during the selecAon of these staAons to 

test our hypotheses on proAsts diversity, confirming in part these iniAal overviews. By one 

side the diversity was high between our dataset, nevertheless the richness of ASVs 

(observed ASVs, Chapter 3), was not significantly higher than those detected in soils. 
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We highlight the difficulty to amplify the selected phylogeneAc marker for the 

studied staAons. By one side, the sample matrix of microbial mats is complex and may 

include blockers in PCR reacAons, however the selected method (i.e., Trizol soluAon), 

worked for the isolaAon of DNA and RNA from most of our environmental samples. Further 

efforts could test such hypothesis including specialized kits, improved for these kinds of 

sediments. Noteworthy is the contrast in the effecAvity of the amplificaAon of the used 

phylogeneAc marker between the soil habitats. For example, this was not possible from the 

cDNA obtained from the staAon known as Soil Coastal Hill (Chapter 2). Regarding these 

samples, one fact that caught our a,enAon was the coloraAon of the nucleic acids from that 

staAon, which evidently darker than all others, could be enriched in humic acids (Francioli 

et al., 2021). These could originate from the diverse flora living at this laAtude, underlying 

a major difficulty to explore the acAve fracAon of the proAsts in such habitats. Thus, further 

refinement in the extracAon methods, could help to further disentangle the results we got 

in the first a,empt to study the proAstology of Andean microbial mats and arid soils. By one 

side regarding the acAve fracAon of such communiAes at elevated salinity, as well as the 

assessment of the proAsts in a verAcal gradient, virtually present in the studied structures. 

Further invesAgaAons could include microelectrode measurements, complemenAng 

microniches exploraAon and tests of associaAon of detected genotypes to the properAes 

changing with depth.  

 Although we detected a straAficaAon measured by beta diversity metrics, these 

were not significant and require further validaAon including higher number of samples and 

wider phylogeneAc markers. Furthermore, we aimed to associate the studied proAsts 

communiAes in microbial mats to the properAes found in the water bodies. This task showed 

that at least, the proAsts communiAes detected in the uppermost layer is corelated to the 

salinity characterizing each habitat. These results confirm our hypothesis and confirm 

proposed pa,erns for microbes subjected to changes in salinity. On one hand, in the study 

of the microbial ecology in conAnental waters and on the other hand, those results exploring 

the tolerance of endemic strains of the Atacama (menAoned in discussion, Chapter 3). This 

result remarks the necessity to preserve such delicate ecosystems, not only threatened by 
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climate change, but also by the anthropogenic pressure, increasingly demanding for 

minerals and water characterizing these systems since former ages.  

By including parallel work of enrichment during the collecAon of samples for 

metabarcoding, we could obtain endemic strains in culture and to keep them preserved in 

a reference collecAon (HFCC) . According to preliminary analyses they appear to be highly 

novel, with HFCC986 sharing only 90.46 % of idenAty to the strain Neobodo designis 

(AY53623) and HFCC988 sharing only 94.4 % of idenAty to the closest Euplotes species (E. 

rariseta (FJ423449), increasing the known biodiversity of these isolated ecosystems. Given 

these low idenAAes, such strains must be studied and formally described for a useful 

GenBank. Therefore, is very important to keep invesAgaAng the ecology of proAsts in this 

area and even more among the proAstome of endangered species as the endemic cacA of 

the Atacama. Given the results obtained during Chapter 1, these cacA appear as a prospect 

for future metabarcoding or metagenomic assessments of their phyllosphere. Moreover, by 

measuring the phylogeneAc distance between metabarcodes and informaAon obtained in 

parallel from isolates, we could increase the confidence in our results. We supported thus 

the use of this approach which is gaining an increased a,enAon in biomonitoring and 

conservaAon iniAaAves (Ruppert et al., 2019). We recommend to the future researchers, to 

include a wider number of biological replicates per staAon, aiming to elucidate new 

quesAons on the ecology of proAsts amer this dissertaAon.  

 

The combined approaches as part of this thesis gave the first overview of a vast and 

far from being understood extreme environment. By including genotypes detected through 

DNA and cDNA (from RNA), an overview of proAst diversity, potenAally acAve in the Atacama 

could be obtained. A more detailed study of the isolated strains from this desert, including 

transcriptomics and the prokaryotes that could be part of a proAst microbiome would help 

to elucidate more in detail the pa,erns showed during the present work. As proAsts can 

show differences in the preferences for bacterial preys, the strains isolated during this work, 

are interesAng starAng point to shed light on inter-domain pa,erns, as those shown by Bock 

et al. (2020).  
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Finally, by using arAficial controls in our sequencing libraries, we detected potenAal 

spurious sequences in low abundance. This helped us to elucidate a threshold for the 

frequency of reads, which although stringent, gave us confidence on our dataset, replicaAng 

a pracAce increasingly adapted in the metabarcoding approach (Dünn and Arndt, 2023; 

Lennartz et al., 2023; Sachs et al., 2023). Nevertheless, the occurrence of the so-called rare 

biosphere should be considered in future works as presented by Ramond et al. (2023). 

Further studies including metabarcoding approaches, should invesAgate the extent at which 

such arAficial controls are beneficial for the curaAon of environmental molecular 

informaAon when focusing on the diverse but low abundant rare microbes.  

The present thesis underlines two main ideas. By one side the homogeneity of proAst 

genotypes detected across soils and the heterogeneity of these, detected in aquaAc 

habitats. It offers a first snapshot on the proAst lineages adapted to remote and unique 

habitats and contribute to register reference informaAon that can support future 

metagenomic invesAgaAons in the arid Atacama. Therefore, we cannot assure if endemicity 

theories are true or not for the studied communiAes. By one side, our isolates and their 

novelty does support this idea, but our metabarcoding of soils contradict it. However, the 

soil proAstome we inspected could be highly adapted to this remote area.  
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