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Chapter 1 – Introduction  

 

 
1.1. A microbial world 

Microorganisms have been the foundation for the evolution of all other life forms on 
Earth. Unicellular, prokaryotic microorganisms were the first living organisms to 
populate the planet, approximately 3.8 billion years ago. Eukaryotic microorganisms 
appeared around 2 billion years ago, and only around 1 billion years ago more 
complex, multicellular life forms began to emerge. The specific functions and 
metabolic capabilities evolved in the first microorganisms during millions of years 
shaped the environmental characteristics of the planet, thereby influencing the 
evolution of other life forms. For example, oxygenic photosynthesis by Cyanobacteria 
led to the accumulation of oxygen in the atmosphere, and aerobic metabolism 
allowed more complex organisms to evolve (Stamati, Mudera and Cheema 2011). 
Today, microbial metabolism supports the existence of all life on Earth by 
contributing to complex biogeochemical processes on a global scale (Gilbert and 
Neufeld 2014).  

In terms of biodiversity and variety of environments colonized, microorganisms are 
the most successful life forms on the planet. Recent estimates of global biodiversity, 
taking into account the many unique symbionts of insects,  amount to 2 billion 
species, of which Bacteria form three quarters (Larsen 2017). Bacteria and Archaea 
contain unicellular prokaryotic organisms, and are therefore entirely microbial. The 
domain Eukarya, to which plants, animals and fungi belong, also includes many 
microorganisms. Furthermore, microbes are found in almost every habitat on Earth, 
and they possess specific adaptations that allow them to occupy the most diverse 
environmental niches. More complex, multicellular organisms, such as plants and 
animals, can themselves constitute a habitat for microbes. 

1.2. Microbial symbioses in hexapods 

The intestinal tract of animals is a typical example of an environment that can be 
colonized by microbes, offering opportunities for symbioses to arise. The word 
symbiosis (from the Greek “life together”) is used to describe different kinds of 
interactions between organisms. While some microorganisms are parasitic and can 
cause diseases, others are mutualistic, and they can contribute to the fitness of their 
host by mediating ecologically important traits (Feldhaar 2011). Specific and 
evolutionarily ancient symbioses can deeply influence the evolution of the
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interacting organisms. For example, in obligate symbioses, genome reduction is 
often observed in the symbiont (Boscaro et al. 2017), while hosts become dependent, 
to various degrees, upon services provided by the symbionts (Fisher et al. 2017). 
These and other observations indicate that microorganisms constitute important 
aspects of the biology of their hosts, and that studying microbe-host interactions is 
important  to achieve a good understanding of the natural world (McFall-Ngai et al. 
2013). 

After microorganisms, hexapods and in particular insects are the most diverse and 
widespread group of organisms on Earth (Stork et al. 2015). With more than 1 
million species described, insects represent approximately 66% of the total number 
of described animal species (Zhang et al. 2011), and estimates suggest 5.5 million 
species are yet to be discovered (Stork 2018). This incredible biodiversity offers 
many good opportunities to study microbial symbioses. The small size of insects, 
their short generation time, the ability of most species to metamorphose and to fly, 
and coevolution with plants are often recognized as factors that have contributed to 
the success of these animals. Additionally, microbial symbioses have been 
recognized as important drivers in the diversification of insects because they can 
confer different benefits to the host (Klepzig et al. 2009). 

Nutritional symbioses are good examples of hexapod-microbe associations 
providing benefits for the host. Some microbes allow their hosts to thrive on 
nutritionally poor or highly specific diets by directly synthesizing additional 
nutrients, or by facilitating the digestion of recalcitrant compounds. For example, 
aphids feeding on phloem sap with a low content of essential amino acids can obtain 
the nutrients missing from their diet from a symbiotic bacterium (Akman Gunduz 
and Douglas 2009). Another good example is constituted by termites, wood-feeding 
insects that harbor specific communities of bacteria and protists in their hindgut. 
These microbes hydrolyze cellulose and hemicellulose, making it possible for their 
host to obtain nutrients from these plant compounds (Warnecke et al. 2007). Aside 
from nutritional symbionts, there are also defensive ones, that protect their host 
from pathogens or parasites (Ballinger and Perlman 2017), and there is a variety of 
other roles that microbes can play in the biology of their hexapod host, for example 
in relation to detoxification, development or communication (Engel and Moran 
2013; van den Bosch and Welte 2017). Figure 1 summarizes the known functions of 
gut bacteria in insects. 
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Figure 1. Gut bacteria in insects are involved in a variety of processes: they contribute to digestion, by 
supplementing nutrients and breaking down dietary components; to immunity, by protecting the host 
from pathogens through colonization resistance; and to communication, by producing specific molecules 
(figure in Engel and Moran, 2013).  

The above examples indicate that microbes may contribute in different ways to the 
fitness and adaptations of their host. Studying hexapod-associated microbial 
communities can provide important insights in these animals’ ecology, as well as lead 
to important practical applications. For examples, symbiotic microbial communities 
can be used as targets in agricultural pest management strategies, by eliminating 
microorganisms required for the survival and reproduction of the host (Arora and 
Douglas 2017). Furthermore, the biosynthetic potential of microbial communities 
associated with hexapods can be explored and exploited for a variety of 
biotechnological applications. 

1.3. Drugs from bugs 

Nature is a source of many products with potential commercial value. In particular, 
microorganisms are important targets for product discovery, both because of their 
biodiversity and corresponding biosynthetic potential, and because of the possibility 
to make use of their short generation time to establish efficient production processes 
(Abdel-Rahman, Tashiro and Sonomoto 2013). Many secondary metabolites 
produced by microbes are used in the pharmaceutical and medical sector. A good 
example is constituted by antibiotics. The first antibiotic to be discovered, penicillin, 
is produced by Penicillium fungi, and, even with the advances of synthetic chemistry, 
many other antibacterial and antifungal compounds are still isolated from 
microorganisms or are obtained through semisynthetic modifications of natural 
products. Another class of microbial products with important applications is 
represented by antitumor drugs (Chang et al. 2011).  
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Microbial symbioses may offer good opportunities for drug discovery. In the past, 
interesting compounds have been isolated from marine organisms such as bryozoans 
and sponges, and more recent studies have revealed the microbial origin of these 
products (Sudek et al. 2007; Kennedy et al. 2008; Yung et al. 2011). Also, among the 
insects, there are examples of biologically active compounds produced by their 
associated microbes. Some of these microbial products may bring benefits to the host 
by functioning as defense mechanisms against pathogens or predators. For example, 
a Pseudomonas symbiont of the beetle Paederus fuscipes produces pederin, a 
polyketide with antitumor activity that protects the beetle against its natural 
predators (Piel, Höfer and Hui 2004). Similarly, in fungus-growing ants a bacterial 
symbiont of the genus Streptomyces produces antibiotics that are active against a 
parasitic fungus, preventing it from infecting the garden (Currie et al. 1999). 

In the search for new molecules, the likelihood of finding compounds with activities 
of interest can be increased by “mining” the appropriate environment. For example, 
the energy industry shows interest in lignocellulose degradation, as this allows the 
conversion of plant biomass to simple sugars, which can subsequently be fermented 
to obtain ethanol as well as other bulk chemicals. Enzymes responsible for this 
catalytic activity may be found in the digestive systems of organisms feeding on 
wood, and, indeed, the microbial community of termites contains many functions 
related to the degradation of plant materials, such as cellulose and xylan hydrolysis 
(Warnecke et al. 2007). Similarly, other specific environments can be screened for 
possible new catalytic or biosynthetic activities using exploratory techniques such as 
sequence-based and functional metagenomics. 

The traditional view on evolution of antibiotic biosynthesis results from the 
evolutionary arms race taking place between microorganisms in the environment. 
Recently, this view has been challenged by observations that, in low concentrations, 
antibiotics also modulate important functions in bacterial populations, such as gene 
expression, motility and the formation of biofilms. This indicates that antibiotics 
may have evolved as signaling molecules in bacteria (Townsley and Shank 2017). 
Either way, it is clear that the production of antibiotics is a social phenomenon that 
occurs as a result of interactions between microorganisms (Abrudan et al. 2015). 
Therefore, environments rich in microbes and in microbial interactions, may 
constitute good sources of antibiotics. With up to 10 billion bacterial cells per gram, 
the soil is clearly a microbe-dominated environment, and soil microorganisms are 
indeed the source of most antibiotics in use today. Soil-born animals that feed on 
dead organic matter, such as collembolans and earthworms, also ingest high 
amounts of microorganisms as part of their diets. The digestive tract of these soil 
invertebrates constitutes another microbe-rich environment (Brito-Vega and 
Espinosa-Victoria 2009; Pawar et al. 2012) that may be explored for drug discovery.  
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1.4. High-throughput sequencing and metagenomic analyses 

Traditional microbiology relied on culturing, microscopy and biochemical tests to 
study microorganisms. Later on, nucleic acid-based assays such as sequencing were 
introduced, and these techniques advanced incredibly after the development of the 
polymerase chain reaction (PCR), which allowed to obtain high levels of DNA. 
Sequence-based identification quickly became the standard for classifying 
microorganisms, as opposed to the previous phenotypic and physiological 
identification. In bacteria and fungi, sequence-based identification is mostly based 
on ribosomal RNA genes. These genes are ubiquitous, and they present both highly 
conserved regions, allowing the design of primers to target a wide variety of species, 
and variable ones, that allow to differentiate among them. Sequencing information 
is stored in public databases, which have grown exponentially in size in the last 
decade with the introduction and development of high-throughput sequencing 
methods.  

High-throughput sequencing is a powerful tool, because of the incredible amount of 
information that it can generate. Furthermore, it can be successfully applied to study 
uncultured microbial communities. This term refers to the fact that most microbes 
in the environment are not accessible through culturing (Rappé and Giovannoni 
2003). This constitutes a limit in microbial ecology, however, information on 
unculturable microbes can be obtained by studying the total genetic material isolated 
from the microbial communities. This approach, called metagenomics, combined 
with the depth of sequencing resulting from high-throughput methods, has provided 
unprecedented insight in this hidden microbial diversity. Metagenomic approaches 
allow us to study microbes in their natural environment, thus leading to a better 
understanding of the complexity of microbial communities with regard to both their 
composition and functions.  

Microorganisms are important members of soil ecosystems, which harbor a large 
portion of Earth’s biodiversity. Soil microbial communities are responsible for many 
key functions that ultimately maintain and support life on Earth. These life support 
functions (LSF) or ecosystem services define the health and quality of soils, and they 
include the decomposition of organic matter and mineralization, nutrient cycling, 
the maintenance of soil structure, and the establishment of symbioses with other 
microorganisms and with plants and animals. Metagenomics offers the opportunity 
to study soil microbial communities with increasing depth and resolution, providing 
an insight into their roles and their impact on soil quality (Nesme et al. 2016; 
Schloter et al. 2018). 

When applied to host-associated microbes, metagenomics can shed a light on the 
characteristics of these symbiotic systems, and possibly on the mechanisms 
underlying the interactions between the host and its microbes. For example, 
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metagenomics has been used to study the nutritional roles of gut microbes in wood-
feeding termites (Warnecke et al. 2007; He et al. 2013). The digestive tract of these 
insects harbors complex microbial communities comprising bacteria, archaea, fungi 
and protists, that are responsible for the breakdown of the ingested wood material 
through the production of an array of glycoside hydrolases, cellulases and 
hemicellulases (Brune and Dietrich 2015). Similarly, metagenomic methods have 
been applied to study the complex microbial interactions in the fungal agricultural 
systems of herbivorous insects, providing an insight into their plant biomass 
degradation capacities (Suen et al. 2010; Aylward et al. 2014). In honey bees, 
metagenomics was applied to identify the candidate pathogens possibly responsible 
for the colony collapse disorder that threatens bee populations worldwide (Cox-
Foster et al. 2007).  

Aside from contributing to the field of microbial ecology, metagenomics is also a 
valid approach in the search for new molecules with potential biotechnological 
applications. Metagenomic libraries (collections of environmental DNA) can be 
screened for functions of interest using both sequence- and function-driven methods 
(Iqbal, Feng and Brady 2012). Sequence-based metagenome mining identifies 
potentially interesting genes based on similarity with known database sequences. 
This type of metagenomics was traditionally conducted using microarrays with a 
large number of nucleotide probes designed to bind DNA sequences from 
environmental samples (e.g. the GeoChip, Azarbad et al. 2015). Due to the rise of 
next generation sequencing technology this approach is now mostly replaced by 
direct shotgun sequencing of environmental DNA. Functional metagenomics, 
instead, does not require sequence information, and is based on phenotypic 
detection of the desired metabolic activity, host complementation or gene expression 
(Simon and Daniel 2011). While sequence-based strategies can evaluate the overall 
functional potential of microbial communities and identify potentially interesting 
genes, targeted studies are necessary to confirm the functions of individual candidate 
genes and also to discover enzymatic activities that cannot be predicted based on 
DNA sequence alone (Cheng et al. 2017). Furthermore, confirming predicted 
functions is important for a meaningful interpretation of the data in an ecological 
perspective. 

1.5. Folsomia candida 

1.5.1. A model springtail 

Folsomia candida is a small soil invertebrate belonging to the class Collembola 
(Hexapoda). These animals, commonly known as springtails, were the first hexapods 
to evolve more than 400 million years ago, and, together with Protura and Diplura, 
they constitute a basal lineage of Hexapoda and the sister group of insects (Misof et 
al. 2014). Specific features distinguish springtails from insects, such as 
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entognathous mouth parts, the ancestral absence of wings, the absence of 
Malpighian tubules and the lack of metamorphosis. Springtails are also 
characterized by the presence of a furcula, an appendage functioning as a jumping 
organ, and a collophore, or ventral tube, playing a role in water intake and 
osmoregulation. The over 8000 described species of springtails are especially 
abundant in moist environments and soils, where they feed on fungal hyphae, 
decaying plant material and microorganisms. In turn, springtails constitute a food 
source for different predators, such as spiders, coleopterans and mites, and they can 
host a variety of parasitic protozoans, bacterial and fungal pathogens. By 
disintegrating plant material and macro- and megafauna droppings, springtails 
contribute to important soil processes such as litter decomposition and the 
formation of soil microstructures (Rusek 1998). 

F. candida is an euedaphic springtail widespread in soils throughout the world. 
Because of its sensitivity to soil pollution and the ease of culturing in the lab, F. 
candida has been used as a biological indicator for soil quality and as a model 
organism in ecotoxicology for decades (Fountain and Hopkin 2005). Aside from 
traditional ecotoxicity tests, based on monitoring the effects of stress exposure on 
survival and reproduction, F. candida has also been used in expression-based 
studies, that have provided insights in the molecular basis of stress response in this 
springtail (Timmermans et al. 2009). The study of gene expression in F. candida also 
provided the first indication of the presence of antibiotic-related genes in the genome 
of this animal (Nota et al. 2008), later confirmed by specific studies (Roelofs et al. 
2013; Suring et al. 2016). Further research showed that beta-lactam biosynthesis 
genes are present in several other springtail species (Suring et al. 2017), likely 
originating from a horizontal gene transfer (HGT) event close to the origin of the 
clade. Genes with bactericidal functions have been previously identified as 
transferred genes in eukaryotic genomes (Husnik and McCutcheon 2018). 

1.5.2. Horizontal gene transfer  

HGT is the lateral movement of genetic material between organisms, as opposed to 
the vertical transmission of DNA from parent to progeny characteristic of 
reproduction. Lateral transfer of genes is widespread among prokaryotes, where it 
can allow for rapid adaptation to changing environmental conditions. However, over 
the years, increasing evidence has also accumulated for the occurrence of this 
phenomenon across different life domains, with many cases of gene transfer being 
described between bacteria and animals (Dunning Hotopp 2011). Horizontal gene 
transfer constitutes a source of innovation and an important factor in the evolution 
of animals (Moran and Jarvik 2010; Boschetti et al. 2012): by acquiring novel 
functions related to nutrition, detoxification and pathogen defense, recipients of 
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novel genes may become able to adapt to previously unexploited environmental 
niches (Husnik and McCutcheon 2018).  

Many years ago, conjugative gene transfer was observed between microbial species 
in the gut of F. candida (Hoffmann et al. 1998). More recently, many genes of foreign 
origin have been found in the genome of this springtail (Faddeeva-Vakhrusheva et 
al. 2017) suggesting that the animal itself may be able to acquire genes through HGT. 
Most of the foreign genes in F. candida are of bacterial or fungal origin (Faddeeva-
Vakhrusheva et al. 2017), and were probably obtained from microorganisms living 
in association or in close proximity with the animal (Figure 2). Furthermore, many 
foreign genes in F. candida have functions related to carbohydrate metabolism and 
plant biomass degradation, indicating that their acquisition may have been 
beneficial for the springtail by allowing access to important food sources in the soil.  

 

Figure 2. Left: pie chart shows the origin of foreign genes in Folsomia candida. Right: bars represent the 
numbers of foreign gene sequences in Folsomia annotated with CAZy (Carbohydrate-Active Enzymes) 
domains. GH: glycoside hydrolases; GT: glycosyltransferases; AA: auxiliary activity module; CE: 
carbohydrate esterases; SLH: S-layer homology module; PL: polysaccharide lyases; CBM: carbohydrate 
binding module. Modified from Faddeeva-Vakhrusheva et al., 2017.  

1.5.3. The microbiome of F. candida 

The microbiota of F. candida was first studied using culture-based approaches and 
16S rRNA sequencing (Thimm et al. 1998; Czarnetzki and Tebbe 2004a). These early 
studies identified a few bacterial and one fungal species, including common soil 
species and isolates related to nitrogen fixing bacteria and plant pathogenic ones 
(Thimm et al. 1998; Czarnetzki and Tebbe 2004a). Despite changes in the abundance 
of microbial cells caused by molting, the gut of F. candida was shown to harbor a 
specific microbial community, which may in part be explained by specific food 
preferences by the springtail (Thimm et al. 1998). Furthermore, with a high density 
of bacterial cells and high rates of gene transfer among bacteria, the gut of F. candida 
was suggested to be a hot spot for HGT (Hoffmann et al. 1998).  
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F. candida is a soil invertebrate and its diet includes fungal hyphae and fragmented 
plant biomass. These factors may select for a symbiotic microbial community that 
can assist the springtail with the digestion of recalcitrant compounds. Carbohydrate-
degrading functions may therefore be enriched in the gut of F. candida, and, as 
previously shown, they may also be transferred to the springtail through HGT 
(Faddeeva-Vakhrusheva et al. 2017). Furthermore, the high density of bacterial cells 
inside the gut of the springtail (Hoffmann et al. 1998) and the changeable nature of 
this microhabitat due to molting (Thimm et al. 1998) may create optimal conditions 
for a microbial warfare, which in turn may lead to antimicrobial production. 
Interestingly, high rates of HGT may be the result of the presence of antibiotics in 
low concentrations in the environment (Jutkina et al. 2016), supporting the possible 
presence of antimicrobial compounds in the gut of F. candida. These observations 
suggest that the microbial community of F. candida may constitute a target for the 
discovery of interesting functions, specifically related to carbohydrate metabolism 
and antibiotic production.  

Metagenomics and high-throughput sequencing, by providing in-depth information 
on the functions of microbial communities, constitute appropriate tools to 
investigate these functions. Furthermore, they enabled us to better characterize the 
symbiosis between F. candida and its microbes. Sequencing and assembling the 
genome and the transcriptome of F. candida were important stepping stones that 
allowed for a deeper understanding of the ecology and the evolutionary history of 
this species; similarly, studying the springtail’s metagenome would provide 
important insights into the ecology of its interacting microbes.  

1.6. Scope, approach and outline of the thesis 

In this thesis we studied the microbial community associated with the springtail F. 
candida. This springtail is well characterized as a model organism in ecotoxicology 
and ecogenomics, and its genome and transcriptome have recently been assembled, 
however our knowledge about its associated microbes is rather limited. Symbiotic 
microorganisms are an integrated part of the biology of animals, and can determine 
important aspects of their ecology and evolution. For example, microorganisms can 
be involved in functions such as nutrition and immunity, and they can directly 
provide animals with new metabolic functions through HGT. Furthermore, studying 
host-associated microbes may lead to the discovery of compounds with potentially 
important biotechnological and medical applications.  

The main questions that were addressed in this research were: 

1) What is the structure of the microbial community of F. candida? 

2) What potential functions are present in this community?  

3) Can we identify specific antimicrobial compounds or resistances? 
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4) How does the microbiome contribute to the ecology or evolution of its hosts? 

To address these questions, we used a combination of sequence-based (amplicon and 
shotgun) and function-based approaches to study the microbial community of F. 
candida, adding to the previous knowledge about this animal’s microbiota.  

In Chapter 2 we describe the composition of the microbial community of the 
springtail F. candida. The scope of this chapter was to assess the bacterial diversity 
associated with this animal. To do this, we compared two populations of F. candida 
by applying an amplicon-based high-throughput method to obtain a complete 
overview of the bacterial community. The most abundant bacterial taxa were shared, 
but we found important differences in the abundances of the bacterial endosymbiont 
Wolbachia pipientis and of rare species between the two F. candida populations.  

In Chapter 3 we provide a detailed overview of the potential functions present in the 
gut microbiota of F. candida. We sequenced the metagenome of the springtail’s gut, 
and we used a bioinformatics approach to highlight some of the features of this 
metagenome. We found a number of antibiotic-biosynthesis gene clusters, antibiotic 
resistance and carbohydrate metabolism functions, both probably relevant for the 
ecology of the springtail. 

In Chapter 4 we describe the inhibitory activity of bacteria isolated from the gut of 
springtails. The scope of this chapter was to investigate the antimicrobial potential 
of springtails’ gut microflora. To study this, we performed a functional study where 
we tested the ability of springtails’ isolates to inhibit common fungal pathogens. We 
observed a widespread capacity for fungal inhibition in all the springtail species 
tested, suggesting a high potential for drug discovery. 

In Chapter 5 we describe a Bacillus toyonensis isolate obtained from the gut of F. 
candida. The scope of this chapter was to study the basis of the inhibitory activity 
against pathogens that was shown by the isolate. We characterized the metabolic 
profile of the isolate, we tested its antibiotic resistance, we studied its genome and 
we performed various agar assays to study its antimicrobial activity. The strain 
showed high resistance to penicillin, substantiated by the presence of resistance 
genes. Genome analysis also revealed the presence of secondary metabolite clusters. 
Evidence of antimicrobial production was found both in live bacteria and in their 
extract, pointing to the possibility of extracting antimicrobials from the strain.  

In the final Chapter 6, I provide a synthesis and a discussion of the results from the 
previous chapters in the light of the research questions of the thesis. 

 


