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Chapter 6 – Discussion 

 

 
Microorganisms constitute an integral part of the biology of animals. They can 
provide nutrients, modulate the immune system and influence the development of 
their host (McFall-Ngai et al. 2013). By participating in these and other essential 
functions, interacting microbes can influence the fitness of animals by affecting their 
reproductive success or their lifespan. For example, the human microbiota is 
involved in the maintenance of adequate immune function (Lee and Mazmanian 
2010), to the point where dysbiosis, an alteration of the healthy microbiota, may lead 
to the onset or worsening of disease (Levy et al. 2017). Furthermore, the microbiota 
can co-diversify with its host, with differences in microbial community composition 
reflecting both phylogenetic and dietary patterns (Davenport et al. 2017). These 
observations indicate that the study of interacting microbes can provide important 
insights into the ecology and evolution of their hosts.  

Soil-living animals offer several opportunities to study interactions with microbes. 
The soil environment hosts a high diversity of microorganisms and invertebrates, 
such as arthropods and earthworms, and interactions between these organisms can 
evolve into specific symbioses. For example, some animals, such as wood-eating 
termites and herbivorous ants, depend on complex communities of gut microbes to 
digest their food and obtain essential nutrients (Brune and Dietrich 2015; Hu et al. 
2018), while others rely on symbiotic microorganisms for protection against 
bacterial and fungal antagonists (Flórez et al. 2017). Symbioses between microbes 
and invertebrate hosts can serve as models for more complex host-associated 
microbiomes, and they can become targets for biocontrol strategies in the 
agricultural sector (Zindel, Gottlieb and Aebi 2011). Nonetheless, relatively few 
studies have focused on investigating the symbioses between microbes and non-
human animals, indicating a potential gap in microbiome research (Stulberg et al. 
2016).  

Folsomia candida (Hexapoda: Collembola) is a springtail that lives in the soil, where 
it feeds on soil particles, microorganisms and plant material. Because of its crucial 
role in the soil ecosystem (Rusek 1998) and its sensitivity to soil pollution, this 
animal has been used for many years as a model organism in ecotoxicology and as a 
bioindicator of soil quality and health (Fountain and Hopkin 2005; Nogueira 
Cardoso and Lopes Alves 2012). Traditionally, toxicity tests have been applied to 
investigate the effects of different stressors on F. candida, while more recent 
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technological advancements, such as transcriptomics, have allowed us to study the 
molecular mechanisms underlying stress response in this animal (Nota et al. 2010). 
Recently, the genome and transcriptome of F. candida have been assembled, 
providing important clues on the evolutionary history of this springtail species and 
of collembolans (Faddeeva et al. 2015; Faddeeva-Vakhrusheva et al. 2017).  

In this thesis, we have applied different methods to study another aspect of the 
biology F. candida, namely its microbiology. The microbial community of F. candida 
was studied in the past with culturing and 16S-based sequencing, revealing a rather 
simple community composed of a few bacterial and fungal groups (Thimm et al. 
1998; Czarnetzki and Tebbe 2004a). The springtail is also colonized with the 
endosymbiont Wolbachia pipientis, present in high abundance in its brain and 
ovaries. Based on these early studies, the gut of F. candida was described as a 
selective, although changeable, microenvironment for microbes and a hotspot for 
lateral gene transfer (Hoffmann et al. 1998; Thimm et al. 1998). Here, we have 
further investigated the microbiota associated with this springtail, focusing on its 
bacterial component and its related functions. First, we used high-throughput 
sequencing and bioinformatic techniques to study the composition of the microbiota 
of F. candida and its characteristic functions (Chapters 2 and 3). Then, we applied a 
more functional approach based on growth inhibition assays to evaluate the 
antimicrobial-producing potential of bacteria isolated from F. candida and from 
other springtail species (Chapter 4). Finally, we studied one bacterial isolate 
obtained from F. candida in detail, focusing on its antibiotic resistance and 
inhibitory activity (Chapter 5).  

Our results show that the bacterial community of F. candida is characterized by 
much higher diversity than previously documented (Thimm et al. 1998; Czarnetzki 
and Tebbe 2004a). This increased resolution in taxonomic profiling is explained by 
the tremendous advancements in the methods used to quantify microbiomes 
compared to earlier studies. Bacterial diversity in F. candida is comparable to that 
observed in other soil invertebrates, with a few dominant taxa which are conserved 
across populations and many rare groups. We also found dramatic differences in the 
relative proportion of Wolbachia pipientis between different populations of the 
springtail. Dominant species may mask the presence of rare bacterial groups. To test 
this, we used a method to suppress the amplification of Wolbachia, and we found 
that the high abundance of this endosymbiont in one population did not affect the 
identification of other bacteria. In the microbiome of the springtail, we found 
numerous genes encoding for carbohydrate-active enzymes, some of which showed 
high similarity to F. candida’s foreign genes, which were likely acquired through 
horizontal gene transfer (HGT). We also discovered pathways related to secondary 
metabolite biosynthesis and antibiotic resistance, functions that may reflect selective 
pressures linked to the soil environment in which springtails have evolved. One of 
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the major findings presented in this work was the in vivo inhibition of different 
microbial pathogens from bacteria isolated from springtails. This observation, 
combined with the discovery of biosynthetic genes by sequencing, indicates the 
possibility of antimicrobial production in the springtails’ microbiota. In the following 
sections, these findings are discussed in the context of their ecological relevance and 
their potential applications in the biotechnology field. 

6.1. Factors determining microbial community composition in 
soil invertebrates 

The composition of microbial communities associated with terrestrial animals is 
fundamentally defined by anaerobic conditions (Esposti and Romero 2017) and 
influenced by a number of other environmental factors, such as lifestyle and diet. 
The extent to which these factors affect the structure of gut microbial communities 
is not the same across all species (Colman, Toolson and Takacs-Vesbach 2012) and 
depends, at least in part, on the ecology of the host. For example, the digestive tract 
of soil animals can be temporarily colonized by opportunistic microbes originating 
from the environment and more stably by microbial symbionts involved in specific 
dietary adaptations (Kelley and Dobler 2011; Ceja-Navarro et al. 2014; Brune and 
Dietrich 2015; Bouchon, Zimmer and Dittmer 2016). The degree to which the animal 
host relies on its symbiotic microbes to perform nutrition-related or other functions 
can determine the presence of key microbial species, forming the core microbiome 
of that animal group.  

Hexapods with a very specialized diet, such as sap- and blood-feeding insects, are 
generally characterized by less diverse and more defined gut microbial communities 
(Jing et al. 2014) and by the presence of specific nutritional endosymbionts (Engel 
and Moran 2013). However, other animals with a similarly specialized diet can host 
highly diverse communities of symbiotic microbes. Termites, for instance, contain 
one of the most complex microbiota of any animal group (Brune and Dietrich 2015), 
involving not only bacteria but also archaea and protists. This may partly be 
explained by the characteristics of the environment that they inhabit. These and 
other soil-living invertebrates, such as beetles, isopods and earthworms, live in a 
microbe-dominated environment, and may ingest high loads of microbes along with 
their food (Yun et al. 2014).  

F. candida’s diet is not very specialized, and it is based on a micro-detritivorous 
feeding regimen consisting of a variety of food items including fungal hyphae, soil 
bacteria and decaying plant matter. Without large diverticulae or glands, the gut 
structure of springtails is very simple compared to the complex and highly 
compartmentalized digestive tracts observed in other more recently evolved 
hexapods (Figure 1). Still, like all other hexapods, the gut of F. candida is structured 
in three sections: a foregut and a hindgut, both lined by a cuticle layer, and a midgut, 
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representing the primary site of digestion and absorption, secreting a peritrophic 
matrix. At every molt (every 3-4 days) the entire gut epithelium including the 
peritrophic matrix are shed. The frequency of the molts suggests that the gut of F. 
candida is a highly changeable environment for microbial colonization, as it was 
previously described, yet maintaining a certain level of selection (Thimm et al. 
1998). The simple structure of the gut, combined with the small size of the animal, 
suggests that the conditions in this environment are not fully anaerobic. Indeed, 
multiple bacteria capable of growing in aerobic conditions were isolated from the 
springtail (Hoffmann et al. 1998; Thimm et al. 1998; Czarnetzki and Tebbe 2004a). 

    

Figure 1. Digestive tract of the springtail Sinella coeca (left) and generalized gut structure of insects 
(right). Figures adapted from Hopkin (1997) and from Engel and Moran (2013). 

In this thesis, we have compared the bacterial community composition of springtails 
originating from two F. candida populations (one lab culture and one natural 
population), that were kept in similar lab environmental conditions for a few 
generations. The same bacterial groups dominated the two F. candida populations, 
although their relative abundances were very different. One of the populations was 
kept in controlled culturing conditions for several years: this might have affected its 
microbiome composition by facilitating the acquisition of bacteria from the lab 
environment or from humans and the subsequent establishment of high abundances 
of these strains.  

The most abundant bacteria identified in F. candida were Paracoccus and 
Ochrobactrum, commonly isolated from soil and also from other arthropods 
(Esposti and Romero 2017), as well as Pseudomonas, Bacillus and Staphylococcus, 
species that are more broadly associated with various animal hosts, including soil 
invertebrates such as isopods and earthworms (Bouchon, Zimmer and Dittmer 
2016; Liu et al. 2018). We also found bacterial families that constitute core 
microbiota members in nematodes, namely the Xanthomonadaceae, 
Pseudomonadaceae, Bacillaceae, Alcaligenaceae and Enterobacteriaceae (Berg et al. 
2016).  

Previous work showed that F. candida’s gut constitutes a selective habitat for 
microbes (Thimm et al. 1998). Future experiments could attempt to better 
characterize the microbiota of this animal and to understand what factors determine 
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its community composition. This could be achieved by studying more F. candida 
populations or by applying specific interventions to identify the drivers of stability 
and changes in the springtail’s microbiota. 

6.2. Carbohydrate-active genes  

We found a number of genes predicted to encode for carbohydrate-active enzymes 
(CAZymes) in F. candida’s microbiome. These enzymes are involved in the 
metabolism and transport of carbohydrates in different digestive systems, from the 
rumen of goats and cows, to the hindgut of wood-feeding termites and to the fungus 
gardens of leaf-cutter ants (Aylward et al. 2014; Brune and Dietrich 2015; Jose et al. 
2017; Do et al. 2018). The main purpose of this enzyme system is to unlock high 
energy compounds, and plant-eating animals often rely on the carbohydrate-
degrading activity of their symbiotic microbes to extract energy from their food. For 
example, many animals lack their own cellulases and need bacterial enzymes to 
degrade cellulose (Tanimura et al. 2013). F. candida is not specifically a herbivore, 
yet plant material at different stages of decay constitutes an important component of 
its diet. The soil environment is rich in plant-derived polymers such as lignin and 
cellulose. The ability to degrade these products is an important trait for insects 
feeding on decaying plant and fungal material, possibly representing a preadaptation 
to the evolution of herbivory (Calderón-Cortés et al. 2012).  

Symbioses with microbes possessing specific catalytic functions may be very 
beneficial for F. candida by allowing access to an important nutrient source. 
Recently, the microbiota of another springtail was studied (Bahrndorff et al. 2018). 
Orchesella cincta is an epiedaphic springtail species whose diet includes fungi and 
algae. A prediction from the taxonomic composition of the community, based on 16S 
rRNA gene sequencing of its microbiota, revealed an abundance of genes related to 
the diet of the animal and to soil processes, such as nitrogen and chitin metabolism 
(Bahrndorff et al. 2018). The authors suggested that O. cincta may depend on 
nutritional symbioses with microorganisms, and that these symbionts, by 
modulating the nutrients and energy available to the host, may constitute 
fundamental determinants of its physiology and behavior.  

Carbohydrate-degrading genes were also identified in the genomes of F. candida and 
O. cincta, and many of them were classified as foreign, meaning that they were 
incorporated in the genomes of the springtails following an HGT event (Faddeeva-
Vakhrusheva et al. 2016, 2017). Carbohydrate metabolism was one of the largest 
functional categories in the set of horizontally transferred genes in O. cincta, 
including genes involved in the degradation of cell-wall components of plants, fungi 
and bacteria (Faddeeva-Vakhrusheva et al. 2016). Similarly, in F. candida the set of 
foreign genes was enriched for carbohydrate-related functions, specifically cell-wall 
degradation, compared to the native genes (Faddeeva-Vakhrusheva et al. 2017). 
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Interestingly, some of the CAZymes identified in the microbiome of F. candida had 
high homology to the springtail’s foreign genes (Chapter 3), suggesting that 
carbohydrate-related functions may have been transferred from the gut microbiota 
to the host. Natural selection can determine whether genes acquired by HGT are 
maintained and fixed in a recipient genome (Pauchet and Heckel 2013). It is not 
clear why carbohydrate-related genes would be maintained in F. candida’s genome, 
given that the encoded functions also reside in the gut microbiome. One possibility 
is that, after HGT, the host acquires transcriptional control of functions that improve 
fitness, resulting in a selective pressure favoring the maintenance of such genes in 
its genome. 

The presence of carbohydrate-related activities in the gut microbiome is ecologically 
relevant for a soil-living animal, and also interesting for the bio-based industry. 
Enzymes capable of breaking down plant biomass can be used in the biofuel industry 
to extract energy from different sources, for example during the fermentation of 
sugars to produce ethanol (Raghavendra, Nayaka and Gupta 2016).  

6.3. Antimicrobial functions in the microbiota of F. candida 

In this thesis, we used both sequence- and function-based approaches to study 
potential antimicrobial activity in the microbiota of F. candida. Both inhibitory 
assays and metagenome mining indicated a potential for antimicrobial production 
in the microbial community of this springtail. In Chapter 3 we identified several 
pathways involved in the biosynthesis of secondary metabolites, including 
antibiotics and bacteriocins. In Chapter 4 we observed high inhibitory activity of 
bacteria isolated from springtails against microbial pathogens, which may indicate 
antimicrobial production. Although the experiments conducted in this thesis are not 
conclusive in this regard, we can speculate about the function of antimicrobial 
production in F. candida, and the possible ecological relevance for the host.  

Interactions between microorganisms in the environment can lead to competition, 
which is often mediated by the production of secondary metabolites. This class of 
compounds includes antimicrobials and other inhibitory substances that have both 
communication and defensive purposes (Townsley and Shank 2017). Microbial 
warfare is common in environments such as the rhizosphere and the soil in general, 
characterized by high densities of microbes and complex interactions between them 
(Raaijmakers et al. 2009). Animals’ guts also constitute a habitat for many beneficial 
and pathogenic microorganisms, creating ideal conditions for antagonistic 
mechanisms such as colonization resistance, that may be mediated by antimicrobial 
production (Kim, Covington and Pamer 2017). These mechanisms (competition and 
antimicrobial production) can also drive the selection of resistant microbial strains. 
For example, we observed exceptionally high resistance to penicillin in a Bacillus 
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strain isolated from F. candida, which may result from the presence of antibiotic 
biosynthesis genes both in the microbiome and in the genome of the animal. 

In some cases, the production of antimicrobials by microbial symbionts can be 
beneficial for the animal host. For example, the larvae of the beetle Paederus are 
protected by predatory spiders thanks to a polyketide produced by a bacterial 
symbiont (Piel et al. 2005). Similarly, the eggs of herbivorous beetles are protected 
from detrimental microbes by a cocktail of antibiotics produced by symbiotic 
Burkholderia, therefore increasing the fitness of the host (Flórez et al. 2017). 

F. candida and other species of springtails are resistant to entomopathogenic fungi 
that are deadly for many other soil arthropods (Broza, Pereira and Stimac 2001; 
Dromph 2001). We have shown that bacteria isolated from springtails are able to 
inhibit one of these fungi, Beauveria bassiana (Chapter 4). Further experiments 
could test whether bacteria from springtails can also inhibit the fungus in vivo, 
therefore conferring resistance to the host. Potentially, such strains may also be 
applied as biological control against entomopathogenic fungi in situations where 
they can cause economic damage, for instance in entomology farms, where insects 
are mass-reared for food or feed and infections from pathogens and parasites are one 
of the biggest concerns (Eilenberg et al. 2015). 

6.4. HGT as a source of evolutionary innovation 

Aside from performing functions that benefit their hosts, microorganisms can also 
provide them with the ability to carry out those functions directly. This can be 
achieved through horizontal gene transfer (HGT), the transfer of genes between 
organisms belonging to different species, and even to different domains. HGT is well 
described among microorganisms, that use this mechanism to adapt to rapidly 
changing environmental conditions (Polz, Alm and Hanage 2014). HGT can also 
occur between prokaryotes and eukaryotes (Pontiroli et al. 2009; Crisp et al. 2015). 
Some well-known examples include the biosynthesis of carotenoids in aphids, a 
capacity acquired with the transfer of genes from an endosymbiont, and by the 
presence of phenylpropanoid metabolism in plants, which drove important 
adaptations to life on land (Emiliani et al. 2009; Moran and Jarvik 2010). HGT has 
been described as a mechanism that can contribute to the biochemical diversification 
of eukaryotic species, and therefore as an important factor in their long-term 
evolution (Boschetti et al. 2012).  

The gut of springtails has been described as a hotspot for HGT (Hoffmann et al. 
1998). We recently confirmed this by detecting over 800 genes of foreign origin in 
the genome of F. candida, most of them originating from bacteria and fungi 
(Faddeeva-Vakhrusheva et al. 2017). It was suggested that gene transfer from 
symbionts or from environmental microbes may have contributed to the adaptation 
of the springtail to life in the soil. The fact that most of the foreign genes in F. candida 
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are involved in carbohydrate metabolism seems to support this hypothesis. The soil 
is an environment rich in plant degradation products, that, as mentioned above, are 
part of the diet of the springtail. By contributing to the degradation of plant 
polymers, carbohydrate-active enzymes could allow F. candida to access an 
important nutrient source in the soil. HGT of cellulose-degrading enzymes had been 
previously observed in other plant-feeding insects (Pauchet and Heckel 2013) 
confirming that it may be an important mechanism providing soil invertebrates with 
advantageous traits (Eyun et al. 2014). In the gut microbiota of F. candida, we 
identified several genes predicted to encode carbohydrate-active enzymes, and a few 
of them showed high homology to some of F. candida’s foreign genes (Chapter 3). 
This observation supports the possibility that members of the gut microbial 
community of the springtail may constitute a source of genes and new functions 
through HGT. 

Another important class of genes that was acquired by F. candida through HGT are 
antibiotic-related ones. An entire pathway of genes involved in the biosynthesis of a 
β-lactam compound was found in the genome of F. candida (Roelofs et al. 2013; 
Suring et al. 2016; Faddeeva-Vakhrusheva et al. 2017). Interestingly, antibiotic-
related genes have been found not only in the genome of the springtail F. candida, 
but also in six other collembolan species (Suring et al. 2017). In F. candida, these 
genes are markedly upregulated after exposure to different stressors (Nota et al. 
2009; Chen et al. 2015), and they are transcriptionally active (Suring et al. 2016). 
Suring also detected a beta-lactam compound using an ELISA assay (Suring et al. 
2016). Although the exact function of this compound is still unknown, a possibility 
is that it may be involved in regulating the microbial community of F. candida, or 
that it may have a defensive role beneficial for the springtail. 

Whether the beta-lactam biosynthesis genes in F. candida are of bacterial or fungal 
origin is currently unknown (Roelofs et al. 2013; Suring et al. 2016). Both bacteria 
and fungi have been found in the gut of this animal (Thimm et al. 1998) and may 
constitute a source of genes through HGT. Fungi known for the production of 
medically important antibiotics, such as Penicillium species, have been previously 
detected in springtails (Anslan, Bahram and Tedersoo 2016). Entomopathogenic 
fungi, to which springtails are resistant, have also been detected in these animals 
(Greif and Currah 2007). Interactions between these and other microorganisms in 
the springtails’ gut may result in a microbial warfare characterized by the production 
of inhibitory compounds and the evolution of strategies to counteract them. It is 
therefore possible that the gut microbiota of F. candida constitutes a reservoir of 
genes encoding compounds with antimicrobial and inhibitory activities, that can be 
subject to HGT and become integrated in the genome of the host.  
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6.5. Applications: the bio-based industry 

Microbes are prolific sources of compounds with many different functions, and for 
decades their biosynthetic potential has been harvested and applied in different 
sectors. Many common drugs, such as antibiotics and antifungals, were originally 
isolated from microorganisms, and other compounds of medical importance have 
been chemically engineered based on structures obtained from natural sources (Kim, 
Moore and Yoon 2015). Microbial polyketides and non-ribosomal peptides are often 
the targets of pharmaceutical interest because of their antimicrobial, anticancer and 
immunosuppressant properties. These compounds are biosynthesized in an 
assembly-line fashion, with building blocks being successively assembled into more 
complex structures. This type of biosynthetic system can be easily modified through 
gene replacements, domain substitutions and module exchanges, and these 
strategies are frequently applied to obtain novel antibiotics (Nguyen et al. 2006). 

Some animals are associated with microorganisms that affect their host’s fitness 
through the production of antimicrobial compounds. For example, symbiotic 
Burkholderia bacteria produce a cocktail of antibiotics that protect the eggs of their 
host, a herbivorous beetle, against detrimental microbes (Flórez et al. 2017). Other 
insect species use antibiotic-producing symbionts to control parasites and protect 
their fungus gardens (Haeder et al. 2009). In this thesis, we showed that springtails’ 
gut bacteria are able to inhibit the growth of various microbial pathogens (Chapters 
4 and 5) and we suggested that this antagonistic activity may be the result of 
antimicrobial production. We also identified multiple secondary metabolite 
pathways in the microbiome of F. candida (Chapter 3), which seems to support this 
hypothesis. A few of these pathways were represented by non-ribosomal peptide 
synthases (NRPSs) showing high similarity with previously described antibiotic and 
antifungal compounds, such as orfamide and caryoynencin, two antifungal 
compounds isolated from rhizosphere-derived bacteria and from an insect’s 
symbiont (Ma et al. 2016; Flórez et al. 2017). We identified additional pathways 
involved in the synthesis of medically relevant compounds, such as the 
immunosuppressant lymphostin and the compounds microsclerodermin and 
charthreusin, both active against cancer cell lines (Aotani, Nagata and Yoshida 1997; 
Xu et al. 2005; Guzmán et al. 2015). These microbial products could be harvested 
and investigated for potential applications in the pharmaceutical sector. Biosynthetic 
pathways containing novel combinations of genes are the most interesting to 
explore, as this could lead to the discovery of novel bioactive molecules (Nguyen et 
al. 2006; Suring et al. 2017). 

The industrial sector also benefits from the biosynthetic potential of many fungal 
and bacterial species. Microbially derived enzymes can be applied in fermentation 
and catalytic processes (Raghavendra, Nayaka and Gupta 2016). Carbohydrate-
degrading enzymes are particularly interesting, as they can be used to convert plant 
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biomass, such as lignocellulose, to simple sugars (Florencio et al. 2016). These can 
in turn be fermented to produce ethanol, which can be used as biofuel, and other 
building blocks for the chemical industry (Chen, van Straalen and Roelofs 2016). 
Many efforts are spent on searching novel enzymes and on improving their 
characteristics and effectiveness in order to optimize the conversion of plant biomass 
into products of higher value (Yang et al. 2011). One of the critical steps in this 
process is the pre-treatment of plant biomass to remove the lignin and recover the 
cellulose, which is then accessible to hydrolytic enzymes (Anwar, Gulfraz and Irshad 
2014). Microorganisms can also be employed directly in industrial processes. 
Saccharomyces cerevisiae and Zymomonas mobilis, for instance, are very effective 
ethanol producers, whereas Caldicellulosiruptor bescii has high rates of cellulose 
degradation (Liao et al. 2016). These organisms can be used in combination or they 
can be genetically engineered to achieve plant biomass degradation and sugar 
fermentation (Figure 2). 

 

Figure 2. Components of plant biomass, such as lignocellulose, can be converted to fuels in two 
subsequent steps (hydrolysis followed by fermentation) or through bioprocessing, which combines the 
two processes in one step. Bioprocessing can be achieved by genetically engineering microorganisms. 
Figure adapted from Liao et al. (2016). 

Various environments have been explored for the purpose of isolating bioactive 
molecules. The soil ecosystem is rich in microbes, and it seems to be the biggest 
reservoir of genes and functions with important practical applications (Zhuang et al. 
2013). For example, many medically important strains of microbes, such as 
Penicillium, Aspergillus and Streptomyces, are common in soils (Antoraz et al. 
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2015; Garrigues et al. 2017). We suggest that soil invertebrates also constitute 
promising environments to explore.  

The guts of various wood- and plant-feeding insects, such as termites, ants and 
weevils, have been widely investigated as sources of carbohydrate-degrading 
functions (Suen et al. 2010; Franco Cairo et al. 2011; Mohamed et al. 2018). The 
microbial communities in these microenvironments produce a mixture of enzymes 
that break down lignocellulose and other polysaccharides, allowing the host to 
extract energy from plant food (Lima et al. 2014; Ali et al. 2017). These enzymes 
have great potential for application in the biofuel industry, as discussed above, and 
some have already been isolated, characterized and genetically engineered to 
improve their catalytic efficiency (Kumar, Dangi and Shukla 2018). In this context, 
knowledge of the biology of the host, for example its dietary regimen and the pH and 
temperature in the gut, can provide valuable information on the specific functions of 
carbohydrate-active enzymes and on the optimal conditions needed for their activity 
(Franco Cairo et al. 2011; Zhang et al. 2014). In Chapter 3, we showed that the 
microbiome of F. candida contains several genes predicted to encode for 
carbohydrate-degrading enzymes, probably linked with the detritivorous lifestyle of 
the animal. Additional work is needed to isolate these enzymes and to assess their 
potential applicability in the bio-based industry. 

6.6. Conclusion and future work 

This thesis constitutes an in-depth study of the microbial community associated with 
the springtail F. candida, achieved by using a combination of next-generation 
sequencing techniques, bioinformatics approaches and function-based studies. We 
have described the composition of F. candida’s microbiota and its functions, 
focusing on those with ecological relevance for a soil-living animal and with an 
interest for the bio-based industry.  

We discovered many functions related to carbohydrate metabolism, which may 
confer advantageous functional traits to an animal living in the soil and that are likely 
subject to HGT in the gut of microarthropods. The presence of antibiotic and 
secondary metabolite biosynthesis genes in the microbiome and the inhibitory 
activity of bacteria isolated from the springtail indicate a potential for antimicrobial 
production. Furthermore, we found antibiotic resistance genes in the microbiome 
and we observed resistance in bacterial isolates. Antibiotic resistant phenotypes are 
consistent with the presence of antibiotic-related genes in the genome of the host, 
which were shown by previous studies to be active and were suggested to have a 
function in regulating the microbial community.  

The work presented in this thesis shines a light on the microbes within F. candida, 
adding a new layer to the information available on this model organism. It also 
constitutes the basis for future research, whether aimed at a better understanding of 
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host-microbe interactions, or at the discovery of novel bioactive molecules through 
microbiome-mining. 

Future studies may attempt to move beyond the homology-based analysis and the ex 
vivo assays presented in this thesis, in order to explain the function of antimicrobial 
production in the gut of F. candida. A possible approach might consist of 
experimentally removing the antimicrobial producers from the community, for 
example through antibiotic treatment, and observing the effect on the phenotype. A 
possible drawback of this method is the fact that antibiotics can also affect non-target 
microorganisms in the microbial community. This can create a dysbiosis that can in 
turn lead to other systemic effects, constituting additional confounding factors. 
Despite the potential biases introduced, this kind of experiments could  provide clues 
on the importance of symbiotic microbes in F. candida, possibly indicating whether 
they play defensive roles against soil pathogenic organisms, which may confirm a 
contribution of microbes to the adaptation of the springtail to life in the soil. 

Based on the results of the metagenome mining and the inhibitory assays presented 
in this thesis, it also seems worth to invest additional efforts in the identification of 
specific antimicrobial compounds. Screening of culturable bacteria against microbial 
pathogens is a quick method to select potential antimicrobial producers, and 
sequencing of the promising strains can confirm the presence of biosynthetic 
pathways. A combination of methods like that applied in Chapter 5 could be used to 
identify good targets for drug discovery.


