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1. Introduction 
 

1.1 Symbiosis 

 

Symbiosis can be defined as a long-term association between two or more species that have               

established an interdependent relationship at any biological level (genetic, metabolic or           

behavioral). This concept was first used by Anton de Bary in his work Die Erscheinungen des                

symbiose (de Bary, 1879). Nowadays this concept is wider, and different types of symbioses are               

defined by the effect on the biological fitness between the organisms, their level of              

interdependency, or the physical location of the symbiont. In terms of biological fitness it is               

defined as: mutualism (when both organisms benefit), parasitism (when one takes advantage of the              

other and affects its biological effectiveness in a negative way), or commensalism (when one takes               

advantage, but without affecting the other). Based on the dependence level between the organisms,              

the relationship can be classified as obligate or facultative. Obligate endosymbionts are            

unculturable and essential for the survival of the host: their interdependence is maximum.             

However, in facultative associations, the host suffers low or no fitness loss without the              

endosymbiont, and, in some cases, the endosymbiont is culturable. The place where the symbiont              

is found allows us to distinguish between endosymbiosis (when it is located within the host cells,                

or in cavities between the host cells) and ectosymbiosis (when it is attached to its surface, such as                  

the gut microbiota) (see for example: Gil et al., 2004; Moya et al., 2008; Engel and Moran, 2013;                  

Latorre and Manzano-Marín, 2017; Gil and Latorre, 2019). 

 

Symbiosis plays a fundamental role as an evolutionary engine, not only because it is a               

phenomenon that occurs widely in nature, both among prokaryotes and eukaryotes, but also             

because it would have resulted in one of the most important evolutionary leaps, the appearance               

of the eukaryotic cell. Lynn Margulis explained in her Endosymbiotic Theory (Sagan, 1967) that              

the origin of the eukaryotic cell was due to the establishment of endosymbiotic relationships with               
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bacteria of different types, which gave rise to organelles such as the mitochondria and the               

chloroplast, while losing their autonomy and part of their genome. The symbiont provides some              

evolutionary advantages to the host, like the adaptation to the change of environment through              

extreme diets, the usage of lignocellulose (Baumann, 2005; Brune, 2014), or the protection             

against infections (Pais et al., 2008), and these advantages can even reach an effect at the level of                  

community (Aivelo and Norberg, 2018). 

 

The study of the symbiotic relationships has become a trend and very useful, for example,               

to the study of human health (Figure 1.1). The analysis of the human gut microbiome has lead to                  

the discovery of antibiotics (Adnani et al., 2017), the concept of dysbiosis (the alteration of its                

stability) as an indicator of illness (DeGruttola et al., 2016), or the rise of probiotics to reverse                 

these dysbiotic situations (Zhou et al., 2020). The alteration of the gut microbiota has been               

related to metabolic diseases (diabetes, obesity, cardiovascular disease, and liver disease),           

immunological diseases (inflammatory bowel disease, irritable bowel syndrome, and type 1           

diabetes), and neurological diseases (Li et al., 2016).  

 

Figure 1.1: Counts of papers on human gut microbiota related to health. Search on PubMed               

including the terms “human”, “gut microbiota” and “health”.  
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Symbionts are not only of interest to the field of biomedicine. Their study in insects has                

also been very fruitful for different applications like the development of pesticide-free forms of              

pest control (Kyritsis et al., 2019; Raza et al., 2020), finding enzymes with the capability to                

detoxify recalcitrant compounds (Kešnerová et al., 2017), or the study of the genome reduction              

dynamics, which leads to the description of the minimal genome (Gil et al., 2002; Peres-Alonso               

et al., 2018; Gil and Latorre, 2019) 

 

The studies of this field are very important on insects, due to their great impact on                

humans lives (pests, and illness transmitters), as well as their potential as model organisms to               

develop new biotechnology techniques. They have revealed the great importance symbiosis has            

played in the evolution of insects. 

 

1.1.1 Symbiosis in insects 

The term insect was coined by Aristotle due to the segmentation of their bodies (Weiss,               

1929). The Latin word in-sect-um was inspired by the Greek word ἔντομον, en-tom-on, “to cut”,               

that is, in three parts: the head, the thorax and the abdomen (Liddell and Scott, 1879). The first                  

term used for the study of insects was insecticology, but later the original greek term was                

incorporated to what we know today as Entomology. Entomology is one of the oldest fields of                

study, dating the origin of the name in 1764 from the French entomologie. The class Insecta                

compresses the largest group of described organisms: over one million different species of living              

insects are known. This represents approximately 80% of the world's described species (Stork,             

2018). The largest group of animals is also the most diverse, insects can be found adapted to                 

nearly any climatic condition, geographical area and food source. One of the main reasons for               

this evolutionary success is the establishment of symbiotic relationships that has allowed them to              

explore practically all environments.  
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Insects are the main cause of crop losses in the form of pests, and they are one of the                   

main vectors of zoonotic diseases such as malaria (mosquitoes - Manson, 1898), Lyme disease              

(ticks - Biesiada et al., 2010), bubonic plague (fleas that transmitted it to rats - Galy et al., 2018),                   

Leishmania (sandflies - Akhoundi et al., 2016), Chagas disease (triatomines - Monteiro et al.,              

2018) or sleeping sickness (tsetse fly - Krafsur and Maudlin, 2018), among others. Studying their               

symbionts and their role in their symbiotic relationship could be useful to develop mechanisms to               

combat these diseases and their spread (Eleftherianos et al., 2013). The use of insects has been                

extended to other fields, for example, they have been used in forensics since the 13th Century,                

which first appeared in the chinese book Xiyuan Jilu written by Song Chi in 1247 (Benecke,                

2001). 

 

1.1.2 Endosymbionts in insects 

It is estimated that up to 15% of insects establish endosymbiotic relationships with             

bacteria, in most cases related to nutritional functions (Buchner, 1965; Douglas, 1989; Baumann,             

2005). This could be one of the reasons that explain the great ecological diffusion of insects and                 

their high adaptive capacity. 

 

Mutualistic symbiosis is common in insect-endosymbiont associations. Most of these          

associations have led to a diet specialization by the host, because lacking nutrients are provided               

by the endosymbiont, while the host provides a safe environment. This diet specialization can              

explain the evolutionary success by the niche diversification of insects (for example: Buchner,             

1965; Gil and Latorre, 2019). Usually, endosymbionts suffer an extreme reduction of their             

genome size due to gene loss. Most of the gene losses correspond to duplicate genes in the host                  

genome and to genes that render unnecessary in such a stable environment. Endosymbiotic             

bacteria can use their host's genes and dispense with theirs in order to be more efficient and save                  

cellular machinery in the production of necessary enzymes, which requires the exchange of             
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metabolites between the endosymbiont and the host (Moran et al., 2008; Moya et al., 2008;               

Douglas, 2014; Latorre and Manzano-Marín, 2017; Wernegreen, 2017).  

 

There is a huge diversity of endosymbionts in insects, which can be both obligate or               

facultative. Obligate endosymbionts are associated with bacteriocytes forming a specialised host           

organ called bacteriome. Bacteriocytes (Greek for bacterial cell), or mycetocytes, are specialized            

adipocytes that contain symbiotic bacteria (Douglas, 1989). These bacteriocytes can be found in             

some groups of insects, and the symbionts are generally found in vacuoles inside these cells.               

These symbionts are vertically transmitted (maternally) in a process known as transovarial            

transmission.  

 

Facultative endosymbionts can be classified as mutualists, reproductive manipulators or          

with unknown effects (Figure 1.2). Apart from the transovarial transmission in obligate            

symbionts, the reproductive manipulation is another way to obtain a high efficiency in the              

transmission of the symbiont. Some facultative symbionts can induce feminization, sterility, or            

even increase the death rate in males, or parthenogenesis in females, in order to ensure their                

transmission (Engelstädter and Hurst, 2009; Fisher et al., 2017; Sørensen et al., 2019).  

 

Many studies have been performed to determine the evolutionary origin of           

endosymbionts. The oldest insect symbiont known is Candidatus Sulcia muelleri, endosymbiont           

of the suborder Aucherorrhyncha (Order Diptera), dated 270 Myr ago (Moran et al., 2005;              

McCutcheon et al., 2007; Gil and Latorre, 2019). Since then, many other essential             

endosymbionts have been described among insects.  
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Figure 1.2: Evolutionary relationships of heritable endosymbionts of insects and list of major             

examples and characteristics for each category. Note that different categories of symbionts, designated             

by color, cluster within phylogenetic groups. From Moran et al., 2008. 

 

The most studied endosymbionts in insects are the genus Wolbachia and the species             

Buchnera aphidicola. The genus Wolbachia was identified by Marshall Hertig and Simeon Burt             

Wolbach in 1924 from the household mosquito (Hertig and Wolbach, 1924). This genus is one of                

the most widespread parasites in insects, infecting from up to 76% of them (Jeyaprakash and               

Hoy, 2000). However, this genus has developed mutualistic relationships with some insects’            

species. It has been predicted that between 25-76% of insects possess a symbiotic relationship              

with a species of the genus Wolbachia (Kozek and Rao, 2007). This alphaproteobacterium             

endosymbiont is vertically inherited from females to their eggs, and can promote speciation             

through reproductive manipulation. Wolbachia is known as a facultative reproductive          

manipulator by inducing male-killing, feminization, parthenogenesis or cytoplasmic        

incompatibility (Kozek and Rao, 2007; Moran et al., 2008; Harris et al., 2010). But in the case of                  

the bedbug, Wolbachia provides the host with vitamins, as it has been found in the bedbug’s                
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Wolbachia genome the complete pathway for the biosynthesis of biotin (one of the vitamins B,               

vitamin B7), which is not present in other genomes of this genus (Nikoh et al., 2014). 

 
Regarding B. aphidicola, the genus Buchnera was named in honor of Paul Buchner, and              

the species aphidicola after its discovery in the aphid Schizaphis graminum (Munson et al.,              

1991). B. aphidicola is the only species described in the genus Buchnera, and lives contained in                

host cells called bacteriocytes. This association with aphids began around 100 to 200 Myr ago.               

Successive processes of gene losses have occurred after this association and they have been              

useful to identify the different lineages of Buchnera present today. B. aphidicola is unable to               

survive without its host, and has become an obligate endosymbiont (Lamelas et al., 2011b). Due               

to this genome reduction, the endosymbiont has lost many regulators of the production of              

essential amino acids, which are produced continuously, and used by its host (Douglas, 1998).  

 

Apart from the aphids-Buchnera association, other sap-feeding insects possess specific          

bacteria which have a key role in the supplement of their diets. The sap is a water based                  

compound with a high amount of carbohydrates, but lacks in nitrogen-based compounds.            

Psyllids, white flies, and mealybugs (Sternorrhyncha) have developed symbiotic relationships          

with different bacteria, like Carsonella, Portiera, and Tremblaya, respectively, to supply these            

nutritional deficits (Baumann, 2005). Even organisms with omnivorous diets, like the carpenter            

ant and the cockroaches, have developed mechanisms to maintain a reservoir of nitrogen through              

acquiring endosymbionts. Their endosymbionts, Blochmannia and Blattabacterium, are        

respectively in charge of the storage and upgrading of nitrogen, which will be later consumed by                

their hosts when they cannot access it in their diet. Both endosymbionts provide essential amino               

acids (EAA) to their respective hosts. In addition Blochmannia is involved in the mobilization of               

the nitrogen storage, in the form of arginine, and Blattabacterium is involved in the mobilization               

and recycling of the uric acid stored by the host. These activities were revealed after the                

sequencing of the genome of the endosymbionts (Gil et al., 2003; López-Sánchez et al., 2009;               

Patiño-Navarrete et al., 2013).  

13 



 

These symbiotic relationships were established after a very long and complex process of             

inclusion of the bacteria inside host cells. But, in some cases, it is even more complex, as it has                   

been observed in Tremblaya. After sequencing the endosymbiont of the mealybug Phenacoccus            

peruvianus (Tremblaya phenacola PPER), it has been found that the endosymbiont is the result              

of the genome fusion of beta- and gammaproteobacteria, a functional chimera (Gil et al., 2017).               

In other cases, the endosymbiont itself becomes the nutritional supply. In cereal weevils (genus              

Sitophilus) their endosymbiont Sodalis pierantonius plays a key role in the development of the              

cuticle in the earlier stages of development by the production of tyrosine. However, when the               

adult stage is reached, the endosymbiont population is phagocytized, consumed and, therefore,            

recycled (Vigneron et al., 2014). 

 

The endosymbionts can establish very complex relationships with their hosts. In the case             

of the aphid Cinara cedri, the endosymbiont Buchnera has lost the capability to develop its role                

of supplying tryptophan and riboflavin, and it is developed by another bacteria, Serratia             

symbiotica SCc. This complex multi-endosymbiotic relationship allows to study the development           

of an obligate endosymbiosis from a facultative relationship, and the complementation and            

substitution of the functions of another symbiont (Gosalbes et al., 2008; Lamelas et al., 2011a;               

Manzano-Marín and Latorre, 2016; Manzano-Marín et al., 2017). Tse-tse flies that feed on             

vertebrate blood and thus are deficient in vitamins of the B group also possess endosymbionts:               

Wigglesworthia glossinidia, an obligate symbiont that provides the vitamins lacking in the diet,             

and Sodalis glossinidius, a facultative commensal, whose function is not well established (Pais et              

al., 2008; Belda et al., 2010). 

  

Even if endosymbiosis has played a key role in the ecological and evolutionary success of               

insects, other symbionts (ectosymbionts) are present and important in this group of organisms. In              

the last years, mainly the gut microbiota has been revealed as a main factor in the diet speciation                  

and diversification of insects.  
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1.1.3 Gut microbiota in insects 

The gut microbiota can be considered a symbiotic organ of the host species, because the               

microbe community is responsible to develop specific roles, essential for the host. The gut              

microbiota is formed by species of all branches of the tree of life: archaea, bacteria, and                

eukaryotes. Most of these microbes are considered mutualistic, as they promote the health of              

their host through different ways such as nutrient processing, colonization resistance, and            

immune system’s development (Moya et al., 2008). The microbiota community structure is            

highly variable throughout the host’s ontogeny, and can be affected both by local and external               

perturbations. Those perturbations can be balanced to produce a stable gut microbiota over time.  

 

Several studies have been performed to describe the structure gut microbiota of insects,             

as in cockroaches (Carrasco et al., 2014; Pérez-Cobas et al., 2015; Pietri et al., 2018; Rosas et                 

al., 2018; Domínguez-Santos et al., 2020), crickets (Santo Domingo et al., 1998), beetles (Vogel              

et al., 2017; Shukla et al., 2018), bees (Kwong and Moran, 2016), lepidopterans (Broderick et               

al., 2004; Robinson et al., 2010; Pinto-Tomás et al., 2011), and Drosophila (Broderick and              

Lemaitre, 2012). In most cases, the function of the insects’ gut microbiota have been described               

as mainly nutritional (Moran et al., 2019). Nutritional roles have been characterized in             

cockroaches (Jahnes and Sabree, 2020), ants with specialised diets (Moreau, 2020), termites            

(Tokuda et al., 2014), or olive flies larvae, which gut microbiota decompose phenolic             

compounds (Ben-Yosef et al., 2014). 

 

The study of the gut microbiota of insects has shown common groups of bacteria among               

different insect orders, but their distribution varies greatly among these insects (Yun et al.,              

2014). This indicates that several factors are influencing the gut microbiota populations, as             

phylogeny, food source, life stage, and environment (Colman et al., 2012; Engel and Moran,              

2013; Mikaelyan et al., 2015; Douglas, 2015).  

 

15 



 

Phylogenetically close organisms can present different social behaviours, diets and          

niches, and so, very different gut microbiota communities. A clear example are termites and              

cockroaches. Termites have developed a very specialized gut microbiota that allows them to feed              

on dead wood. Termites are the most efficient organisms degrading cellulose, due to their high               

assimilation rates and speed of cellulose digestion (Ulyshen, 2016). This efficiency is explained             

due to their specific and complex gut microbiota and its role in digestive processes (Brune and                

Okhuma, 2011; Hongoh, 2011), which has led to their niche and food source speciation. The               

termites originated in a radiation of cockroaches, the closest group, from a wood-feeding             

subsocial ancestor, like the cockroaches of the genus Cryptocercus, the evolutionary closest            

cockroaches to termites (Bourguignon et al., 2015; Nalepa, 2015), which possess a complex gut              

microbiota (Engel and Moran, 2013). This radiation happened during the Middle Jurassic            

(150-170 Mya). In this speciation, termites acquired cellulolytic flagellates, which are           

responsible for the digestion of recalcitrant plant fibers in lower termites (Brune and Ohkuma,              

2011; Hongoh, 2011). The flagellates belong in majority to the phylum Parabasalia, and possess              

different enzymes that allow this digestion: glycoside hydrolases, cellulases, hemicellulases and           

chitinases (Ni and Tokuda, 2013; Rosengaus et al., 2014).  

 

Higher termites lost the cellulolytic flagellates, and developed an specialised gut           

microbiota to develop the cellulolytic functions. This loss in the group Termitidae (50 Mya) led               

to a complete prokaryotic gut microbiota. Only a few phyla compose the bacterial groups of               

termites’ gut microbiota, but their abundances differ depending on the host group. Many studies              

have been developed to describe the gut community of termites based on 16S rRNA gene               

sequencing. The characteristic groups of this community belongs to the phylum Spirochaetes,            

Firmicutes, Bacteroidetes, Candidate phylum TG3, Proteobacteria and Fibrobacteres (Hongoh,         

2010; Dietric et al., 2014; Brune and Dietrich, 2015). Spirochaetes is a phylogenetically highly              

diverse group, very important in wood-feeding termites, with even termite-specific lineages, but            

less abundant in fungus-cultivating hummus feeding termites (Makonde et al., 2013; Dietrich et             

al., 2014; Otani et al., 2014). In contrast, Bacteroidetes, Firmicutes and Proteobacteria are             
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especially abundant in fungus-cultivating termites, more similar to cockroaches (Makonde et al.,            

2013; Otani et al., 2014). The distribution of the main phyla in higher termites have strong                

similarities with the cockroaches genus Cryptocercus and the lower termite Mastotermes, mainly            

formed by Spirochaetes, Proteobacteria, Firmicutes and Bacteroidetes (Dietrich et al., 2014;           

Berlanga, 2005; Berlanga et al., 2009). 

 

The termites’ gut microbiota is transmitted by proctodeal trophallaxis from one           

generation to the next one, because it cannot be vertically transmitted maternally. This behavior              

led to a long-lasting bipaternal care. The stabilization of the gut microbiota by this mechanism of                

transmission has been a key step in the development of eusociality in termites (Brune and               

Dietrich, 2015). 

 

Gut microbiota can be acquired maternally or by the environment. Social behaviours            

allow the transmission of the gut microbiota from one individual to another using mechanisms              

like oral trophallaxis or coprophagy. Oral trophallaxis is a common mechanism in the             

transmission of specific groups of bacteria in termites. In cockroaches, like in mammals, the gut               

microbiota is mainly randomly acquired from the environment (Thompson et al., 2008;            

Blekhman et al., 2015). However, there is a strong effect of the feces of the host on the structure                   

of the gut microbiota of its offspring (Engel and Moran, 2013; Rosas et al., 2018). These                

behaviors could help in the transmission of special groups of bacteria needed in the gut of the                 

insects, and that are not abundant in the environment. 

 

A potential role proposed for this complex bacterial population was the nutrition (Moran             

et al., 2019). As it has been studied in humans, the gut microbiota communicates with the host                 

by their metabolism. The production of small bioactive molecules, which interact with the host              

cells (Krishnan et al., 2014), can lead not to only to nutritional functions, but other effects on the                  

host metabolism, as it has been proved in other insects (Gross et al., 2008; Ke et al., 2010; Yano                   

et al., 2015). To unravel the role of the gut microbiota on cockroaches, many studies on other                 
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molecular relationships with the host have been performed. The effect of the diet on the gut                

microbiota of litter-feeding cockroaches (Lampert et al., 2019), or the interaction between            

nematodes and bacteria in the gut of Panesthia angustipennis (Murakami et al., 2019), are a               

couple of examples. The effect of the cockroaches lineages in the gut microbiota             

(phylosymbiosis) has also been studied in the Blattodea order (Tinker et al., 2020). 

 

As a summary, the gut microbiota has played a major role in the development of a great                 

evolutionary and ecological success, as the responsible for innovation and dietary diversification            

(see e.g. Brune and Dietrich, 2015). This success can be easily observed in a very common but                 

universal and ubiquitous insect: the cockroach. 

 

1.2 The cockroach Blattella germanica 

 

Blattella germanica, the German cockroach, is a hemimetabolous insect, it has an            

incomplete metamorphosis, with three developmental stages: egg, nymph and adult. The           

nymphal stages can be up to 5 in males or 6 in females which has been suggested that can be                    

explained because females are larger in adult stages and require more resources for reproduction              

(Keil, 1981). The stages can be distinguished by size and morphological traits, like the number of                

cercal segments and the head width in males and females until 5th instar. To differentiate               

females between 5th and 6th nymphal instar is more difficult, and it is required to measure the                 

pronotum width, and the meso and metanotum length (Tanaka and Hasegawa, 1979). Between             

stages, the nymphs lose their cuticle, which prevents them from growing, and then build a new                

one. During the first hours after losing the cuticle, the cockroaches are white and their cuticle is                 

very thin and plastic. The insects become darker as the cuticle gets hard, until they get the final                  

colors: black on the top and yellow/orange on the bottom.  

 

18 



 

The life cycle of B. germanica is highly affected by temperature and humidity (Gould,              

1940; Noland, 1949a; Koehler et al., 1994; Xu et al., 2017). Under the constant conditions of 25                 

°C and 60% humidity we have observed a developmental time of 50-60 days. The last               

metamorphic change results is the adult stage, in which the wings finally appear. German              

cockroaches present a clear sexual dimorphism: females are bigger and present a rounder shape              

than males (Figure 1.3). These differences in size can be accentuated during stress conditions              

like starvation (Willis and Lewis, 1957). The color of the cockroach on the top looks lighter due                 

to the presence of the wings. Sexual maturity in females is reached 5-10 days after becoming                

adults (Schal et al., 1997). Regarding copula, females store the sperm in the spermatheca, and               

can be used several times (Bell et al., 2007). It has been observed that only one copula can                  

provide enough sperm to ensure eggs production by females during their life cycle (Cochran,              

1979). Females carry their oothecas during 20 days, and then nymphs hatch from them (Roth and                

Stay, 1962). In terms of reproductive aspects, they breed easily and have many offspring, making               

them ideal for population and comparative studies (Noland et al., 1949a). 

 

Figure 1.3: Adult females (three on the left), males (two on the right), of the German cockroach B.                  

germanica. The first and second females carry an early and mature oothecae, respectively. Courtesy of               

Ester Alemany.  
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Cockroaches excrete ammonia instead of uric acid, the usual excretory product in insects.             

The ammonia excretion from cockroaches (Mullins and Cochran, 1972) and their nitrogen            

metabolism (Mullins, 1974) indicate that there is an endogenous mechanism of nitrogen            

recycling. Several studies have been developed to study the explanation of this mechanism             

through the development and testing of synthetic diets (Zabinski, 1929; Noland, 1949a; Noland,             

1949b; Gordon, 1959), and the analysis of B. germanica’s diet (Cooper and Schal, 1992a;              

Cooper and Schal, 1992b; Jones and Raubenheimer, 2001).  

 

The most recent explanation to the ammonia excretion of the cockroach has been the              

discovery of the metabolic activity of its endosymbiont, Blattabacterium cuenoti (from now on             

Blattabacterium). This Flavobacteria is located in the fat body of the cockroach, inside             

bacteriocytes. The study of its genome has revealed metabolic capabilities of the endosymbiont             

that take part in nitrogen recycling, and explain the excretion of ammonia (see below). Apart               

from the endosymbiont, Blattabacterium, which is transmitted maternally, the cockroaches also           

possess a very complex gut microbiota.  

 

1.3 The symbiotic system in Blattella germanica 

 

1.3.1 The endosymbiont Blattabacterium cuenoti 

As stated before, the cockroach B. germanica possesses an obligatory endosymbiont,           

Blattabacterium. This bacterium lives in individual vacuoles inside bacteriocytes, located in the            

fat body. The set of membranes that separate them, two of prokaryotic origin and one of                

eukaryotic origin (named symbiosomal membrane), have been named the host-endosymbiont          

interface (Douglas, 2014), which in the case of B. germanica is known as the              

Blattella/Blattabacterium or B/B interface.  
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The fat body is a diffuse organ in the perivisceral spaces of the abdomen and thorax of                 

the cockroaches (Park et al., 2013). The cells that form this organ are trophocytes (or               

adipocytes), urocytes and bacteriocytes (or mycetocytes) (Figure 1.4). The most abundant and            

characteristic cells of the fat body are the trophocytes, which role is the storage of lipid droplets,                 

glycogen rosettes and protein components (Arrese and Soulages, 2010). The cockroaches can use             

these lipids and glycogen to survive under conditions of starvation (Park et al., 2013). Urocytes               

store uric acid, which has been proposed that can be used by the endosymbiont located in the                 

bacteriocytes to recycle nitrogen.  

 

 

Figure 1.4: Fat body cellular organisation of the cockroach B. germanica. Cellular types are marked               

with letters indicating: M as Bacteriocyte (containing the endosymbiont cells, also named mycetocyte), U              

as urocyte (uric acid reservoir), and T as Trophocyte (glycogen and lipids reservoir). Image extracted                

from Park et al., 2013. 

 

Many studies have been performed on the endosymbiont of B. germanica, most of them              

focused in the study of its genome. This study required the development of a complex protocol to                 

purify the endosymbiont from the fat body of the cockroach. Its genome was finally sequenced               

by our group (López-Sánchez et al., 2009), and the role of the endosymbiont of the nitrogen                

recycling was postulated. A similar role was proposed by Sabree and collaborators in the case of                
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P. americana (Sabree et al., 2009). The genome of the Blattabacterium strain of other species               

was lately sequenced: Cryptocercus punctulatus (Neef et al., 2011), Blaberus giganteus (Huang            

et al., 2012), Mastotermes darwiniensis (Sabree et al., 2012), Nauphoeta cinerea (Kambhampati            

et al., 2013), Blatta orientalis (Patiño-Navarrete et al., 2013), P. fuliginosa and P. japonia              

(Vicente et al., 2018).  

 

Once the bacterial genome was sequenced (López-Sánchez et al., 2009), the metabolic            

networks were reconstructed (González-Domenech et al., 2012) with the objective of           

understanding the genetic and biochemical bases of their relationship. The comparison of the             

sequences of Blattabacterium strains showed a very small and stable genome, common treats in              

other endosymbionts (Table 1.1; Patiño-Navaerrete et al., 2013). This genome is around 640,000             

bp and possesses a plasmid of 3,500 bp, with a total number of genes ranging from 589 in the C.                    

punctulatus strain to 631 in the B. germanica strain. The genomes with a smaller overall size and                 

number of genes belong to the strains of C. punctulatus and M. darwiniensis.  

 

The role of Blattabacterium is based on a metabolic complementation, whose main            

functions are the nitrogen recycling and the production of essential amino acids and cofactors              

(Patiño-Navarrete et al., 2013). The excretion of ammonia and the cockroach nitrogen            

metabolism indicate that there is an endogenous nitrogen regulation mechanism. Ammonia           

excretion is considered a maladaptive excretion product for terrestrial animals (Needham, 1938).            

The “reversion” to an ancient excretion product seems to be explained due to its symbiont, which                

could allow the host to adapt to new niches and diets (Margulis, 1993). The recycling route                

proposed by our group consists of the degradation of uric acid stored in the urocytes into urea by                  

the cockroach. This conversion consists in the production of allantoin from uric acid by the               

enzyme urate oxidase, which will be later converted in allantoic acid by allantoinase, and into               

urea by the allantoicase enzyme. The transcripts of all these enzymes have been detected in the                

host B. germanica (Patiño-Navarrete et al., 2014). 
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Table 1.1: General genomic features of five Blattabacterium strains. Extracted from Patiño-Navarrete            

et al., 2013. aBBor, Blattabacterium from Blatta orientalis; BPam, Blattabacterium from Periplaneta            

americana; BBge, Blattabacterium from Blattella germanica; BCpu, Blattabacterium from Cryptocercus          

punctulatus, and BMda for Blattabacterium from Mastotermes darwiniensis. bAccession number for           

chromosome above, accession number for plasmid below. cNumber in parenthesis reflects the number of              

genes coded in the plasmid. 

 

This urea is then degraded in ammonia inside the bacteriocytes by Blattabacterium by the              

urease gene coded in the genome. The ammonia is incorporated into an organic compound,              

making it available to be used to transform glutamate into glutamine, using the host’s glutamine               

synthetase. Glutamine can be used afterwards to synthesize essential amino acids and cofactors             

to the cockroach by the bacteria (Patiño-Navarrete et al., 2014). This hypothesis explains the              
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Straina BBor BPam BCpu BMda BBge 

GenBank accession  
numberb 

CP003605, 
CP003606 

NC_013418.2, 
NC_0.13419 

CP003015.1, 
CP003016.1 

NC_016146.1, 
NC_016150.1 

NC_013454.1, 
NC_015679.1 

Genome size (bp) 638,184 640,442 609,561 590,554 640,335 

Plasmids 1 1 1 1 1 

Plasmid size (bp) 3,735 3,448 3,816 3,306 3,485 

Chromosome size (bp) 634,449 636,994 605,745 587,248 636,850 

GC content (%) 28.1 28.2 23.8 27.5 27.1 

Total number of genesc 628 (7) 621 (4) 589 (4) 593 (4) 631 (4) 

CDSs 579 582 548 544 590 

rRNAs 3 3 3 3 3 

tRNAs 33 33 32 34 34 

Other ncRNAs 3 3 3 3 3 

Duplicated genes 7 8 7 7 9 

Pseudogenes 9 6 3 9 1 

https://www.ncbi.nlm.nih.gov/nuccore/CP003605
https://www.ncbi.nlm.nih.gov/nuccore/CP003606
https://www.ncbi.nlm.nih.gov/nuccore/CP003606
https://www.ncbi.nlm.nih.gov/nuccore/NC_013418.2
https://www.ncbi.nlm.nih.gov/nuccore/CP003015.1
https://www.ncbi.nlm.nih.gov/nuccore/CP003016.1
https://www.ncbi.nlm.nih.gov/nuccore/CP003016.1
https://www.ncbi.nlm.nih.gov/nuccore/NC_016146.1
https://www.ncbi.nlm.nih.gov/nuccore/NC_016150.1
https://www.ncbi.nlm.nih.gov/nuccore/NC_016150.1
https://www.ncbi.nlm.nih.gov/nuccore/NC_013454.1
https://www.ncbi.nlm.nih.gov/nuccore/NC_015679.1
https://www.ncbi.nlm.nih.gov/nuccore/NC_015679.1


 

obligatory relationship between the host and the symbiont: Blattabacterium is auxotrophic for            

glutamine and other non-essential amino acids provided by the host, and B. germanica obtains              

essential amino acids and cofactors in exchange (González-Domenech et al., 2012;           

Patiño-Navarrete et al., 2014). The lack of the urease gene in the genome of B. germanica, and                 

its presence in the core of Blattabacterium’s pangenome reinforces this hypothesis           

(Patiño-Navarrete et al., 2013). The study of the endosymbiont metabolism by Flux Balance             

Analysis (FBA) predicted at least 47 exchange reactions, which suggests the exchange of several              

metabolites between the two organisms (González-Domenech et al., 2012). However,          

communication mechanisms between both organisms must be described to demonstrate the           

potential metabolic complementation between them. This metabolic complementation is only          

possible with the exchange of these metabolites, which include the exchange of urea and              

glutamine. Membrane facilitators for urea and glutamine must be present in the B/B interface in               

order to produce the exchange of these specific metabolites. After the study of the reduced               

genome of Blattabacterium, which lacks for most metabolite transporters, two putative           

transportes have been selected for the transport of urea and glutamine, i.e. glpF, an              

aquaglyceroporin, and gltP, a glutamate transporter that may have changed its substrate            

specificity, respectively, but this hypothesis has not been tested experimentally yet           

(López-Sánchez et al., 2008; Patiño-Navarrete et al., 2014).  

 

The transmission of the endosymbiont to the following generation is produced           

maternally. In order to infect the oocytes, the bacteriocytes leave the fat body and reach the                

ovaries after 5 days of the first nymphal stage. Once bacteriocytes are located close to the                

oocytes, between days 11-15, Blattabacterium abandon the bacteriocytes by exocitosis and           

migrate until they reach the oocyte cell membrane around day 19. The bacteriocytes remain              

around the oocytes until 4 days after reaching the adult stage. During vitellogenesis, the oocytes               

grow due to the accumulation of vitellogenin. At the end of the vitellogenesis, prior to the                

choriogenesis, the oocytes produce pseudopodia-like structures and phagocytate the         

endosymbionts. Once inside the oocytes, the bacteria are surrounded by a new vacuole originated              
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by the oocyte cell membrane and migrate to the center of the egg (Sacchi et al., 1988; Sacchi et                   

al., 1996). The oocytes grow until the oviposition, which happens around day 10 of adulthood in                

cockroach females (Schal et al., 1997). The first gonadotrophic period takes between 7 and 10               

days, but periods up to 14 days have been observed. The presence of other females, the mating,                 

and fecundation reduce the gonadotropic period substantially (Piulachs and Bellés, 1988). 

 

The infection of Blattabacterium was a monophyletic event that occurred in a common             

ancestor of cockroaches and termites. The study of the evolutionary relationship of cockroaches             

with termites indicates that the acquisition of Blattabacterium was anterior to their split in two               

different insect groups (Bandi et al., 1995). The termites group lost it, except in the lower termite                 

M. darwiniensis, whose endosymbiont’s genome is very similar to the wood-feeding cockroach            

C. punctulatus (Neef et al., 2011; Sabree et al., 2012). Wood-feeding cockroaches genus             

Cryptocercus, is closer phylogenetically to the lower termites clade (Mastotermes) than any            

other cockroach group. Lower termites possess a strain of Blattabacterium, which indicates that             

the loss of the endosymbiont in termites was after the split of lower from higher termites. The                 

endosymbiont in these genus have lost the pathways to synthesize four (in Mastotermes) and five               

(in Cryptocercus) essential amino acids, and other several non-essential amino acids (Table 1.1             

and Figure 1.5). Most of these gene losses took place before cockroaches and termites lineages               

split, and have been used as a molecular clock to determine the moment of the lineages                

diversification (Lo et al., 2003; Neef et al., 2011; Sabree et al., 2012; Sabree and Moran, 2014)                 

(Figure 1.5). The great amount of gene losses in the Blattabacterium strain of lower termites and                

wood-feeding cockroaches could be explained by the xylophagy of these groups (Rosas et al.,              

2018). Their gut microbiota is specialised in the wood digestion, the fixation of nitrogen,              

recycling of nitrogen waste, and production of essential amino acids from it (Warnecke et al.,               

2007). Their social behavior could favor the gene losses because of the high-fidelity transfer of               

gut microbes, which led to the replacement of the endosymbiont by a specialised gut microbiota               

due to the overlap of functions (Tokuda et al., 2013).  
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Figure 1.5: Gene loss during Blattabacterium diversification in strains belonging to Blattidae,            

Termitidae, Cryptocercidae and Blattellidae families. Number of genes in each strain is indicated.             

Numbers above the branches indicate gene loss events. Host family names are indicated on each branch.                

Abbreviations of Blattabacterium strains as in Table 1.1. Image extracted from Patiño-Navarrete et al.,              

2013. 

 

1.3.2 Gut microbiota in Blattella germanica 

B. germanica is a very complex system and, even if it possess an obligate endosymbiont               

with the proposed metabolic functions, it has also been described that a rich and variegated gut                

microbiota colonized its hindgut, but is function has not been described yet. This multi-symbiotic              

relationship makes B. germanica a very unique and interesting organism to study.  

 

The insect's gut is divided in three parts, foregut, midgut and hindgut (Figure 1.6). In               

cockroaches’ foregut, the food is transported from the mouth to the crop together with secretions               

from the salivary glands. The comminution of the food is performed by the gizzard, and then the                 
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result is digested by the enzymes secreted in the midgut. The digestion products are absorbed by                

the epithelial cells of the gut and the ceci. Finally, in the hindgut is where the gut microbiota are                   

harbored, due to the absence of enzymes that could affect the survival of the bacterial population                

(Schauer et al., 2012; Brune and Dietrich 2015; Gontang et al., 2017), and the peritrophic matrix,                

a barrier that protects the epithelium and prevents the bacterial colonization of the midgut              

(Lehane, 1997; Hegedus et al., 2009). The high abundance of short-chain fatty acids proved the               

presence of the microbiota in this part of the gut (Köhler et al., 2012; Schauer et al., 2012). In                   

this site the bacterial digestion is performed, and the water and ions are absorbed, giving as a                 

result the residues. Some sites of the foregut and midgut also present high amounts of lactate and                 

short-chain fatty acids, which suggest the presence of fermentation sites (Köhler et al., 2012;              

Schauer et al., 2012; Bauer et al., 2015). 

 

 
Figure 1.6: Drawing representation of the gut of B. germanica. Parts of the gut are marked in the                  

image. The gut of insects is divided in three parts, marked in the bottom of the image as: foregut, midgut                    

and hindgut, in order from the mouth to the anus. Drawing by Mariano Collantes. 
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Studies on the analysis of gut microbiota composition in B. germanica, revealed that             

there were similarities regarding the main phyla with those found in the human gut microbiota               

(Schauer et al., 2012; Pérez-Cobas et al., 2013; Carrasco et al., 2014; Rosas et al., 2018). These                 

findings were interpreted, due to the connection between the two hosts: omnivorous and             

cosmopolitan animals that share environment and food sources, as cockroaches are fed with the              

rubbish of humans. It is also a very interesting model to study antibiotic resistance as it is an                  

important crop and urban pest under the stress of antibiotics, which increases the selection of               

multi-resistant bacteria (Pietri et al., 2018; Domínguez-Santos et al., 2020).  

 

To properly analyse the structure of the bacterial community of the German cockroach,             

different studies have been performed with 16S rRNA gene sequencing and metagenomics            

techniques. The predominant phyla in the gut microbiota are Firmicutes, Bacteroidetes,           

Proteobacteria and Fusobacteria (Schauer et al., 2012; Sabree and Moran, 2014; Pérez-Cobas et             

al., 2015; Gontang et al., 2017; Zhang et al., 2018). In our group, the changes on the community                  

among nymphal and adult stages (Carrasco et al., 2014), the effect of the diet (Pérez-Cobas et                

al., 2015) or different antibiotics on the community structure (Rosas et al., 2018;             

Domínguez-Santos et al., 2020) have been analysed in the last years.  

 

Recently, the metagenomic analysis of the cockroach B. germanica under control           

conditions, and treated with antibiotics, revealed a core in composition and functions            

(Domínguez-Santos et al., 2020). The taxonomic core is constituted by the phyla Bacteroidetes,             

Proteobacteria, Firmicutes and Fusobacteria. These results agree with previous results by our            

group (Pérez-Cobas et al., 2015; Rosas et al., 2018). The core of functions includes food               

digestion, energy production, and carbohydrates metabolism. Pathways involved in synthesizing          

vitamins (B1, B9, B12, or K2) were also identified (Domínguez-Santos et al., 2020). This study               

showed that the microbiome of this cockroach is a robust ecosystem that can recover from               

perturbations. The microbiome recovery after the antibiotic treatment is faster when feces are             
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supplied, suggesting that coprophagy is a crucial mechanism of acquisition and transmission of             

the microbiota for this species (Domínguez-Santos et al., 2020). 

 

These results suggest that the community is rich, complex and stable, but its role in the                

German cockroach system, and its interaction with the endosymbiont Blattabacterium, are           

questions that still have to be answered. This thesis is focused on answering these and other                

questions related to the complexity of the symbiotic system: Which mechanisms allow the             

metabolic complementation between the host and the endosymbiont? Which is the role of the gut               

microbiota? And, is there any overlap in symbionts’ roles that allows an interaction or              

equilibrium between them? 
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2. Objectives 
 

This work is part of the research on the evolution of symbiosis in insects carried out for                 

many years by the Evolutionary Genetics group at the University of Valencia. The model study               

is B. germanica. The main objective of the thesis is to understand why cockroaches have two                

symbiotic systems (the intracellular endosymbiont Blattabacterium, and the very complex gut           

microbiota) and if there is a "dialogue" between them and the host. To achieve it, we proposed                 

three specific objectives developed in three Chapters: 

 

Objective I. To analyse by functional complementation assays in yeast if the selected             

putative transporters encoded in the Blattabacterium’s genome (i.e., gltP and glpF) are able to              

facilitate the entry of glutamine and urea into the endosymbiont. In order to do so, we must clone                  

and test the transporter proteins located at the membrane interface between the endosymbiont             

(Blattabacterium) and the host (bacteriocytes). This corresponds to Chapter I, in which is             

presented the functional complementation assays performed on yeast to evaluate the function of             

potential membrane transporters predicted from the endosymbiont genome. 

 

Objective II. To analyse the crosstalk between the endosymbiont and the gut microbiota             

by studying changes in the two symbiotic systems under the effect of a stress (antibiotic               

treatment). These studies are developed in Chapter II, in which are shown the effects of an                

antibiotic treatment (rifampicin) on the endosymbiont population, the gut microbiota taxonomy           

distribution, and the host fitness.  

 

Objective III. To carry out meta-omics studies of the gut microbiota at three different              

levels (metagenomic, metatranscriptomic and metaproteomic), and to develop a pipeline to           

interpret and integrate these analyses’ results. The pipeline was developed together with the             

Bioinformatics Unit of the Robert Koch Institute (Berlin, Germany) and was named gNOMO. Its              
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design and workflow are fully explained in Chapter III, in which is also included the biological                

results of interest obtained from these analyses: samples of the gut microbiome at two time               

points of the adult stage of the cockroaches in control situation to describe the gut microbiome                

and understand its function. 
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3. Chapter I - Evaluation of the role of Blattabacterium          

transporters GlpF and GltP in the metabolic       

complementation between Blattella germanica and     

Blattabacterium 
 

3.1 Introduction 

 

Our group has proposed that B. germanica and its endosymbiont Blattabacterium           

establish a metabolic complementation based on the nitrogen metabolism (López-Sanchez et al.,            

2009; Patiño-Navarrete et al., 2014). The proposed recycling route starts with the degradation of              

uric acid into urea by the cockroach metabolism. This urea crosses the B/B interface entering               

Blattabacterium and would be degraded to ammonia in the bacteria by the urease. Subsequently,              

this ammonia is fixed into glutamine by the glutamine synthetase of the host, which can be used                 

as amino group donor in many biosynthetic reactions. Glutamine crosses the B/B interface again              

to be used to synthesize essential amino acids and coenzymes for the host by the bacteria                

(López-Sánchez et al., 2009; Patiño-Navarrete et al., 2014). In addition, from the reconstruction             

of the bacterial metabolism by FBA (González-Domenech et al., 2012) it follows that a              

supplementary source of carbon used is glycerol, supplied by the cockroach (Figure 3.1). This              

hypothesis, together with the need to exchange of many other metabolites between the host and               

the endosymbiont, closes the path of metabolic complementation proposed by our group.            

However, for the continuous transport of the substrates of interest for this study to be carried out                 

(glutamine and urea), specific transporters are required, both in the membrane of the eukaryotic              

vacuole and of the endosymbiont. In order to find putative transporters present in the              

endosymbiont vacuole, the genome of Blattabacterium previously published (López-Sánchez et          

al., 2009) was reanalysed. However, the reduced genome of Blattabacterium lacks specific            
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transporters for these and other metabolites that must trespass the interface B/B (López-Sánchez             

et al., 2009; González-Domenech et al., 2012). That is why we consider that it is necessary to                 

study the transporters that make up the B/B interface, essential to determine the metabolic              

complementation between the two organisms (Charles et al., 2011). 

 

 

Figure 3.1: Schematic representation of a part of the metabolic complementation between B.             

germanica and Blattabacterium through the B/B interface. In green the eukaryotic membranes and in              

red the bacterial membranes. Dots in orange and blue indicate the proposed function and location of the                 

transporters GlpF (urea and glycerol transport, orange dot) and GltP (glutamine transport, blue dot), in the                

Blattabacterium membrane. GlpF is proposed as the transporter of both urea and glycerol due to its                

aquaglyceroporin structure. EAAs stands for essential amino acids. 

 

Two transporter genes have been described that could be involved in the transport of              

these substances. On the one hand, an aquaglyceroporin (coded by glpF) that could transport              

urea and glycerol (López-Sánchez et al., 2009). Aquaglyceroporins, apart from transporting           

water, allow the passage of small polar molecules, such as glycerol and urea. Aquaglyceroporins              

are a subset of the aquaporin family. Aquaporins have 6 transmembrane α-helix domains that are               
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organized in the form of pores with two loops with NPA motifs (asparagine-proline-alanine)             

forming a barrel (Verkman, 2000; Gonen et al., 2006). The structure of aquaglyceroporins differs              

from aquaporins in the diameter and composition of the amino acids in the channel, which allows                

the transport of glycerol and other small polar molecules such as urea (Drake et al., 2015). There                 

are similar studies to the one proposed in this study that indicate the permeability of some                

aquaglyceroporins to glycerol and urea (Bienert et al., 2013). That is why this protein seems the                

most appropriate to carry out the transport of both urea and glycerol metabolites. 

 

As for the transport of glutamine, it was not found a specific glutamine transporter in the                

reduced genome of Blattabacterium. The most likely candidate is a glutamate transporter (coded             

by gltP). Glutamate transporters have 10 transmembrane domains, of which 8 are α-helix             

domains and two (domains 8 and 9) are two short membrane-spanning segments forming a loop,               

and they work by symport of H+ or symport of H+/Na+ (Slotboom et al., 1999). This family of                  

transporters includes three subfamilies: dicarboxylate, glutamate/aspartate and       

neutral-amino-acid transporters. GltP belongs to the subgroup of glutamate/aspartate         

transporters. After analyzing the structure of this transporter in all strains of Blattabacterium, and              

comparing it with the homologues of Escherichia coli and Pyrococcus horikoshii (Jacobs et al.,              

1995; Yernool et al., 2014), we observe that this transporter is highly conserved in              

Blattabacterium, and it may be due to which is an essential protein for this organism. Changes in                 

the substrate specificity of transporters altogether with changes with the physiological demands            

of cells are common during evolution (Bröer, 2002). In fact, in a glutamate transporter of an                

insect, a mutation leading to an specificity change from glutamate to dicarboxylate transport has              

been described (Wang et al., 2013). We propose a similar change in the substrate specificity to                

transport glutamine in this very conserved transporter. Thus, we propose that it could be a good                

candidate for the transport of glutamine. 
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Objectives 

In order to evaluate the hypothetical function of these candidate transporters, a functional             

complementation study with GlpF and GltP proteins from Blattabacterium was carried out. This             

functional complementation was performed in yeast, a model organism widely used in this type              

of studies due to its ease of transformation, growth, and its short generation time: characteristics               

that make it an ideal model for biotechnological studies (Velasco et al., 2004; Couturier et al.,                

2010). Functional complementation assay consisted in introducing our candidate genes into           

mutant yeast strains for genes essential for the substrate transport that we wanted to observe               

(Trevisson et al., 2009). 

 

For the functional complementation of urea transport the mutant for the transport of urea              

dur3 is used, which has been widely used in this type of studies with Saccharomyces cerevisiae                

(Klebl et al., 2003; Liu et al., 2003a; Liu et al., 2003b; Kojima et al., 2007). The dur3 mutant                   

lacks an active transporter that allows urea to enter the cell interior, Dur3 (Klebl et al., 2003),                 

and it is unable to grow on low concentrations (2 mM) of urea as sole nitrogen source (Bienert et                   

al., 2013). For the glycerol transport assay we used the fps1 mutant, which does not have the                 

Fps1 aquaglycerol protein. This protein is involved in the osmoregulation of yeast by             

transporting glycerol. Glycerol is the main osmoprotector of many yeast species, as is the case of                

S. cerevisiae, and has been also described as a source of carbon in some yeast strains (Swinnen et                  

al., 2013). Various transporters are involved in this osmotic balance. Fps1 allows glycerol to exit               

to the outside of the cell under hypoosmotic conditions by facilitating diffusion and closes in               

hyperosmotic conditions (Oliveira et al., 2003; Ahmadpour et al., 2014; Duskova et al., 2015).  

 

For the glutamine transport assay the JA248 mutant was used, which lacks Gnp1, a high               

affinity glutamine permease, Agp1, a low affinity broad spectrum permease, and the Gap1             

transporter, an amino acid permease, to prevent the passage of glutamine through these             

transporters (Velasco et al., 2004). In order to determine the specificity of the GltP transporter a                

glutamate transport assay was performed in addition to the glutamine transport one. For this test               
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was used the M4276 mutant, mutant for the Dip5 transporter, a dicarboxylic amino acid              

transporter, and for Gap1, a general amino acid permease, which is unable to grow on low                

concentrations of glutamine (1 mM)  (Regenberg et al., 1998). 

 

Once the strains were transformed, they were grown in media with urea, glutamine or              

glutamate as the only source of nitrogen, in the case of dur3, JA248 or M4276, respectively. In                 

the case of fps1, on the other hand, an osmotic shock test was performed due to the                 

osmoregulatory properties of this aquaglyceroporin (Tang et al., 2005; Beitz et al., 2009). The              

ability of this channel to keep the glycerol in the cell is not functional when the medium has a                   

low glycerol osmolarity. As the glycerol can not be kept inside the cells, to balance the                

osmolarity pressure the cells lose water, which leads in a loss or turgence that can drive in                 

plasmolisi. In this way, the functionality of the transporter can be assessed by measuring the               

ability of the transformed strains to grow when they are subjected to high osmolarity media: it is                 

expected that an unregulable bacterial channel will be unable to grow in a hyperosmotic medium               

as is not capable to keep the glycerol inside the cell.  

 

To verify that the proteins were expressed correctly and are located in the plasma              

membrane of the yeast, a fluorescence study was carried out by labeling GlpF with GFP (Green                

Fluorescent Protein) fused to the protein (Huh et al., 2003). 
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3.2 Materials and methods 

 

3.2.1 Molecular biology techniques 

3.2.1.1 Plasmid construction 

DNA, plasmid and oligonucleotides 

The vector used in the study for the expression of the glpF and gltP bacterial genes in                 

yeast is the plasmid pCM189 (Garí et al., 1997). It contains origins of replication for E. coli (ori)                  

and S. cerevisiae (ARS1), a transactivator that allows the expression of the gene in yeast, a TetO                 

operator that in the absence of doxycycline maintains constitutive expression levels and a multi              

cloning site (MCS) with restriction sites unique, to carry out the cloning of genes (Figure 3.2).                

The MCS contains restriction sites for BamHI, NotI and PstI (Figure 3.3). 

 

Figure 3.2: Plasmid pCM189 adapted on www.benchling.com. Plasmid pCM189 is centromeric and            

contains the genetic marker URA3. Contains replication origins for both E. coli (ori) and S. cerevisiae                

(ARS1), and a TetO operator which provides constitutive expression levels. The multi cloning site              

contains restriction sites for BamHI, NotI and PstI. 
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Figure 3.3: Organization of the restriction sites of the MCS in the plasmid pCM189. The multi                

cloning site has three unique restriction sites in the following order: BamHI, NotI and PstI.  

 

The chemical synthesis of the sequence of the glpF and gltP genes of Blattabacterium              

(López-Sánchez et al., 2008; Patiño-Navarrete et al., 2014) were commissioned from GenScript            

(USA) and was optimized in the use of codons for their expression in S. cerevisiae (Appendix                

S1: Figures S5 and S6). This is necessary because in endosymbionts the GC content of its genes                 

and the use of codons are not suitable for expression in a eukaryotic organism (Van Leuven et                 

al., 2012). For the subsequent study of subcellular localization, based on C-terminal fusion with              

GFP, identical sequences, but without stop codon, were commissioned to clone the GFP             

sequences in the same reading frame as the genes of interest. 

 

The genes were synthesized flanked by the BamHI and NotI sequences, which allowed             

their cloning in the MCS (Figure 3.4A and 3.4B). The GFP sequence for the construction of the                 

plasmids pCM189-GFP, pCM189-GltP-GFP and pCM189-GlpF-GFP (Figures 3.4C, 3.4D and         

3.4E), was obtained from the plasmid pFA6a-GFP(S65T)-kanMX6 (Longtine et al., 1998) by            

amplification. For the construction with GFP alone (plasmid pCM189-GFP, Figure 3.4C), the            

GFP sequence was amplified with the oligos GFP-F2 (it has a start codon and the BamHI                

restriction sequence) and GFP-R2 (it has a stop codon and the NotI cutting sequence) (Table               

3.1). To tag GFP in frame with the glpF and gltP genes, for the constructions that carry GFP                  

labeling the genes in C-terminus (pCM189-GltP-GFP and pCM189-GlpF-GFP, Figures 3.4D          

and 3.4E), we used the oligos GFP-F1 (without start codon and with the restriction sequence               

NotI) and GFP-R1 (with stop codon and PstI restriction sequence) (Table 3.1).  
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Table 3.1. Oligonucleotides used in this project. The name of the oligonucleotide, the sequence (5’ to                

3’) and what was used for are indicated. In the table are shown the restriction sites marked in yellow, the                    

start (ATG) codons in green and the stop codons in red.  
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Oligo Sequence (5’ to 3’) Purpose 

GlpF-F GGCTTTGGCAGTTTTTATG Sequence plasmid 
pCM189-GlpF-GFP 

GlpF-R GTAATCCACCATTATGACCAC Sequence plasmid pCM189-GlpF 

GlpFCtF TCAAGCGGCCGCAACTAAGATCTGTGCTG 
                         NotI 

Obtain glpF sequence to construct 
pCM189-GFP-GlpF 

GlpFCtR TCGACTGCAGTTATGAAGACAAAAATAAG 
                       PstI 

Obtain glpF sequence to construct 
pCM189-GFP-GlpF 

pCM189-P TATGGCATGCATGTGCTCTG Sequence plasmids pCM189, 
pCM189-GlpF and pCM189-GFP 

pCM189-T CTTTTCGGTTAGAGCGGA Sequence plasmids pCM189, 
pCM189-GlpF, pCM189-GFP and 

pCM189-GlpF-GFP 

GFP-F1 TAATGCGGCCGCGAGTAAAGGAGAAGAACTTTTC 
    NotI 

Obtain GFP to construct 
pCM189-GlpF-GFP 

GFP-R1 TTTTCTGCAGCTATTTGTATAGTTCATCCATG 
                     PstI 

Obtain GFP to construct 
pCM189-GlpF-GFP 

GFP-F2 TTTTGGATCCATGAGTAAAGGAGAAGAACTTTTC 
BamHI 

Obtain GFP to construct 
pCM189-GFP and 

pCM189-GFP-GlpF 

GFP-R2 TTTTGCGGCCGCCTATTTGTATAGTTCATCCATG 
       NotI 

Obtain GFP to construct 
pCM189-GFP 

GFP-R3 TTTTGCGGCCGCTTTGTATAGTTCATCCAT 
                          NotI 

Obtain GFP to construct 
pCM189-GFP-GlpF 

GFP-R4 GTTGGCCATGGAACAGG  Sequence plasmid pCM189-GFP 



 

 

Figure 3.4: Organization of the plasmids constructed with the genes gltP, glpF and GFP. gltP (A,                

plasmid pCM189-GltP), glpF (B, plasmid pCM189-GltP), GFP (C, plasmid pCM189-GFP), gltP with            

GFP in C-terminus (D, plasmid pCM189-GltP-GFP), and glpF with GFP in C-terminus (E, plasmid              

pCM189-GlpF-GFP) on the vector pCM189. Start codon (ATG), stop codons (*) and restriction sites              

BamHI, NotI and PstI are indicated. 

 

A posterior experiment required the tagging of GFP in N-terminus of glpF. To do so,               

instead of commissioning another glpF sequence without the ATG start codon, a new cassette              

with the gene glpF was obtained by amplification of the GenScript glpF sequence with oligos               

GlpFCtF and GlpFCtR (Table 3.1), without ATG codon but maintaining the stop codon (Figure              

3.5). GFP sequence for N-terminal labelling was amplified with oligos GFP-F2 and GFP-R3 (it              

has a NotI restriction sequence, without stop codon) (Table 3.1), to obtain in frame sequences of                

GFP and glpF. 
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Figure 3.5: Organization of the plasmid pCM189-GFP-GlpF constructed with the gene glpF tagged             

with GFP in N-terminus. Start (ATG) codon, stop codon (*) and restriction sites BamHI, NotI and PstI                 

are marked in the figure. 

 

Amplification of DNA by PCR to obtain the GFP sequence 

The three versions of the GFP sequence used in this project were obtained by PCR. The                

mix used was: 83 µL of Milli-Q water, 1 µL of High Fidelity Taq polymerase (5 U/µL), 2 µL of                    

plasmid DNA pFA6a-GFP(S65T)-kanMX6 (75 ng), 1 µL of oligo Forward GFP-F1 or GFP-F2             

(100 pmol), 1 µL of oligo Reverse GFP-R1, GFP-R2 or GFP-R3 (100 pmol), 2 µL of dNTPs (10                  

mM), 10 µL of buffer 10X (with MgCl2), with a final volume of 100 µL. Each sample was                  

divided into two PCR tubes (50 µL). Temperature cycles were: 1 min at 94 ºC; 40 cycles of 30 s                    

at 94 ºC, 1 min at 50 ºC, 3 min at 72 ºC; and a final cycle of 10 min at 72 ºC, 8 ºC undefined.                           

Afterwards, 3 µL of the amplification was checked in agarose gel 1% (1 g agarose in 100 mL                  

TBE buffer (Tris-borate 45 mM, EDTA 1 mM, pH 8.3)), and run for 15-20 min at 100 V.  

 

Amplification of DNA by PCR to obtain the glpF sequence 

The glpF sequence used in the plasmid pCM189-GFP-GlpF was obtained by PCR. The             

mix used was: 83 µL of Milli-Q water, 1 µL of High Fidelity Taq polymerase (5 U/µL), 2 µL of                    

plasmid DNA (glpF sequence from GeneScript with start and stop codon) (10 ng), 1 µL of oligo                 

Forward GlpFCtF (100 pmol), 1 µL of oligo Reverse GlpFCtR (100 pmol), 2 µL of dNTPs (10                 

mM), 10 µL of buffer 10X (with MgCl2), with a final volume of 100 µL. Each sample was                  

divided into two PCR tubes (50 µL). Temperature cycles were: 2 min at 94 ºC; 10 cycles of 45 s                    

at 94 ºC, 45 s at 45 ºC, 30 s at 72 ºC; 25 cycles of 15 s at 94 ºC, 45 s at 45 ºC, 30 s at 72 ºC; and a                                 

final cycle of 1 min at 72 ºC, 10 ºC undefined. Afterwards, 5 µL of the amplification was                  

checked in agarose gel 1% (w/v) in TBE1X, and runs for 15-20 min at 100 V.  
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Purification of DNA amplified by PCR 

The cassettes of DNA obtained after the amplification of the GFP gene from the plasmid                

pFA6a-GFP(S65T)-kanMX6, and the cassettes of glpF and gltP by PCR were purified using the              

Ultra Clean PCR Clean-Up Kit (MO BIO Laboratories, Inc.), according to the manufacturer's             

recommendations. 

 

Restriction of DNA and ligation 

The commercial kit FastDigest Value Pack (Thermo Fisher Scientific) was used to digest             

the plasmid DNA (pCM189), with a final volume of 200 µL, 100 ng DNA, and the PCR                 

products (cassettes of GFP and glpF), final volume of 30 µL, 10 ng de DNA. The Fast Digestion                  

Buffer and 1 µL of each enzyme (5 U/µL) were added and incubated for 2 h at 37 ºC. Ligations                    

were performed using Rapid DNA Ligation Kit (Thermo Fisher Scientific) according to the             

manufacturer's recommendations and incubated overnight.  

 

DNA purification from electrophoresis gel 

The Ultraclean 15 DNA Purification Kit (MO BIO Laboratories, Inc.) has been used             

according to the manufacturer's recommendations. 

 

DNA Sequencing 

The samples have been sequenced in the genomic unit of the SCSIE (Servei Central de               

Suport a la Investigació Experimental, University of Valencia, Valencia, Spain) using the            

automatic Sanger method. The samples have been prepared previously in the laboratory: for each              

sample 1.33 µL of Big Dye sequencing buffer, 0.66 µL of Big Dye, 1 µL of oligonucleotide (10                  

mM), up to 1 µg of DNA (maximum 5 µL) and Milli-Q water up to 8 µL. For the sequencing of                     

the pCM189-GlpF construct, three sequencing reactions were made, with the oligos: pCM189-P,            

pCM189-T and GlpF-R3 (Table 3.1). For the sequencing of the pCM189-GFP construct, two             

sequencing reactions were made, with the oligos pCM189-P and pCM189-T (Table 3.1). For the              

sequencing of the construction pCM189-GlpF-GFP three sequencing reactions were made, with           
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the oligos: pCM189-T, GlpF-F and GFP-R (Table 3.1). For the construction pCM189-GFP-GlpF            

four sequencing reactions were made, with the oligos GlpFCtF, GlpFCtR, GFP-F2 and GFP-R3             

(Table 3.1). The sequences obtained were coupled by means of the Gap4 bioinformatics             

program of the Staden Package (Staden et al., 2000). 

 

3.2.1.2 Bacteria and yeast cultures 

Bacteria and yeast strains used and growing conditions 

To transform E. coli, competent cells were obtained using the Inoue method (Sambrook             

et al., 1989) from the strain DH5α, and were cultivated in plate LB medium (NaCl 1%, triptone                 

1%, yeast extract 0.5%) at 37 ºC, and in liquid medium LB at 37 ºC and 220 rpm. Strains of S.                     

cerevisiae were cultured in plate YPD medium (glucose 2%, peptone 2%, yeast extract 1%) at 28                

ºC, and in liquid medium YPD at 28 ºC and 190 rpm. The strains used are listed in Table 3.2. 

 

Table 3.2: Strains of S. cerevisiae used in the project. In the table are shown the strain of S. cerevisiae,                    

its genotype and provenance. 
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Strain Genotype Provenance 

YNVW1; Mutant for urea transport MATa ura3 dur3Δ Bienert et al., 2013 

∑23346c; Parental strain of YNVW1 MATa ura3 Bienert et al., 2013 

BY474;1 fps1 
Mutant for glicerol transport 

MATa his3Δ leu2Δ met15Δ ura3Δ fps1Δ Duskova et al., 2015 

BY4741; Parental strain of fps1 MATa his3Δ leu2Δ met15Δ ura3Δ Duskova et al., 2015 

M4276; Mutant for the glutamate 
transport 
Partial deletion of gap1 

MATα gap1Δ dip5Δ ura3Δ Regenberg et al., 1998 

M405;4 Parental strain of M4276 
Partial deletion of gap1 

MATα gap1Δ ura3Δ Grauslund et al., 1995 

JA248; Mutant for the glutamine 
transport 
Full deletion of gap1 

MATα gap1Δ gnp1Δ agp1Δ ura3Δ Velasco et al., 2004 



 

Multiplex PCR 

Mutant strains were checked by multiplex PCR. Multiple oligonucleotides were designed           

to amplify a housekeeping gene (actin) used as a control of amplification in all the reactions, and                 

the mutant regions of each strain (Table 3.3).  

 

Table 3.3: Oligonucleotides used to check the mutants by Multiplex PCR. The name of the               

oligonucleotide, the sequence (5’ to 3’), and what was used for are indicated.  
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Oligo Sequence (5’ to 3’) Purpose 

ACT1_F CGTCGGTAGACCAAGACACC Control of amplification  

ACT1_R CATGGAAGATGGAGCCAAAG Control of amplification  

DUR3_F AACCGGGATGAACACTATCG Check mutant dur3 

DUR3_R CTTGTGGGTTCGAATTTTGC Check mutant dur3 

FPS1_F AACGACTTTCTGTCCAGTGAATCTG Check mutant fps1 

FPS1_R GCGAATCTTCTGATGATGTGTCG Check mutant fps1 

GAP1_F TCAAATGGCTCCGCTGTTTC Check mutant gap1 

GAP1_R TGTGGCCATAATTGCCTTTTC Check mutant gap1 

GNP1_F CCATGGGCGGAATAATGAGG Check mutant gnp1 

GNP1_R GCGGGAATGAATAAACTCCAATC Check mutant gnp1 

AGP1_F TCAGGGTCCACAGGATGAAG Check mutant agp1 

AGP1_R TAAGGTCCGTTCCTCAAACG Check mutant agp1 

DIP5_F CCAGCACGTCTCCTCGTAACTC Check mutant dip5 

DIP5_R TTGGTCCTTCATTCTTCCCTCTTC Check mutant dip5 



 

In the Figure 3.6 can be seen the agarose electrophoresis with the Multiplex PCR              

performed to check all the yeast mutant strains. In each well the actin band as a positive control                  

of the amplification (850 bp) is visible. Mutants dur3 (well A2) and fps1 (well A5) showed the                 

full deletions of the gens dur3 and fps1, respectively, while their parental strains (well A1 and                

well A4), presented the full sequence. Mutant strain M4276 showed the truncated deletion of              

gene gap1 (450 bp, well A8), and the full deletions of dip5 (well B2). The JA248 strain                 

presented the full deletion of genes gap1 (well A9), gnp1 (well B5), and agp1 (well B9). The                 

strain used as their control phenotype, M4054, also presented the truncated deletion of gene gap1               

present in M4276 (well A7). 

 
Figure 3.6: Agarose electrophoresis of the Multiplex PCR performed to check the yeast mutant              

strains. Ladder used in well 11 in A and B is 1 kb Plus DNA Ladder for Safe Stains (NEB). A) In well 1                        

is performed the amplification of the gene dur3 (1,600bp) in strain ∑23346c (complete gene) with oligos                

DUR3_F and DUR3_R, mutant strain DUR3 (full deletion) is tested with the same oligos in well 2, and                  

the negative control for this oligonucleotides is performed in well 3. In wells 4, 5 and 6 oligos FPS1_F                   

and FPS1_R were used to amplify gene fps1 (1,800 bp) on strains BY4741 (complete gene, well 4),                 
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mutant FPS1 (full deletion, well 5) and negative control (well 6). In well 7-10 oligos GAP1_F and                 

GAP1_R were used to amplify the gene gap1 (1,700 bp) on strains M4054 (450 bp partial deletion, well                  

7), M4276 (450 bp partial deletion, well 8) and JA248 (full deletion, well 9), the negative control is                  

performed in well 10. B) Oligos DIP5_F and DIP5_R were used to amplify gene dip5 (1,700 bp) on the                   

strains M4054 (complete gene, well 1) and mutant M4276 (full deletion, well 2), and negative control                

(well 3). In wells 4-6 oligos GNP1_F/GNP1_R to amplify gene gnp1 (1,800 bp) on strains M4054                

(complete gene, well 4), JA248 (full deletion, well 5) and negative control in well 6. In wells 7-9 is                   

performed the amplification of gene agp1 (1,700 bp) on strains M4054 (complete gene), JA248 (full               

deletion) and the negative control, respectively. Well B10 is empty. 

 

Transformation of Escherichia coli competent cells 

Competent cells were prepared using the Inoue method (Sambrook et al., 1989). 100 µL              

aliquots were prepared and stored at -80 ºC. For the transformation, cells were thawed on ice for                 

10 min. Then 1 µL of plasmid DNA was added to the aliquots and were incubated 20 min on ice.                    

A thermal shock was performed incubating them 45 s at 42 ºC. 500 µL of liquid LB (NaCl 1%,                   

triptone 1%, yeast extract 0.5%) were added to recover the cells, and then incubated during 1 h at                  

37 ºC and 220 rpm. Transformants were selected by ampicillin using LB plates with ampicillin               

(NaCl 1%, triptone 1%, yeast extract 0.5%, agar 2%, ampicillin 100 µg/mL), 200 µL of culture                

were used in one plate and the rest in another. The plates were cultured overnight at 37 ºC .  

 

Colony PCR  

To check the result of the ligations transformed into the bacterial cells, colony PCRs were               

performed. To check the insertions of GFP, glpF and gltP, the same PCR conditions than in                

point 3.1 (Amplification of DNA by PCR to obtain the GFP sequence and Amplification of               

DNA by PCR to obtain the glpF sequence) were performed, but substituting the DNA for               

water and using the Taq Polymerase LaTaq (TAKARA BIO INC.). Then, a colony grown in the                

LB plates with ampicillin was picked and added to the PCR tube. The cycles used were: 1 min at                   

94 ºC; 30 cycles of 45 s at 94 ºC, 45 s at 55 ºC, 1 min at 72 ºC; and a final cycle of 5 min at 72                             

ºC, 8 ºC undefined. 

47 



 

Plasmid DNA extraction of bacterial cells 

The plasmid DNA extraction was performed by alkaline lysis by the following method: a              

50 mL culture of E. coli is cultured overnight at 37 ºC and 220 rpm. The culture was centrifuged                   

10 min 5,000 rpm and the supernatant was discarded. The pellet was then re-suspended in 5 mL                 

of solution I (glucose 50 mM, Tris-HCl 25 mM pH 8.0, EDTA 10 mM, lysozyme 5 mg/mL), and                  

it was incubated during 5 min at room temperature. Afterwards, 10 mL of solution II (NaOH 0.2                 

M, SDS 1%) were added and everything was mixed by inversion. The mix was incubated for 10                 

min in ice. 7.5 mL of cold solution III (potassium acetate 3 M, glacial acid acetic 5 M, pH 4.8)                    

were added and then mixed by fast inversion and incubated 10 min in ice. It was centrifuged for                  

30 min at 4 ºC and 6,000 rpm. The supernatant was filtered and 0.6 volumes of isopropanol were                  

added. The mix of supernatant and isopropanol was incubated 15 min at room temperature and               

centrifuged 15 min at 6,000 rpm. The pellet was then re-suspended in Milli-Q water (1.8 mL)                

and RNasa (40 µg/mL) and incubated 30 min at 37 ºC. The final solution was then phenolized                 

with phenol:chloroform:isoamyl alcohol (25:24:1 mixture) and chloroform:isoamyl alcohol        

(24:1). It was precipitated with 2 volumes of ethanol at -20 ºC and 0.1 volumes of sodium acetate                  

3 M.  

 

Transformation of Saccharomyces cerevisiae 

The transformation of S. cerevisiae was carried out according to the lithium acetate             

method (Ito et al., 1983) with some modifications (Gietz et al., 2002). A preculture of the strain                 

to be transformed was prepared and incubated overnight at 28 °C and 190 rpm in liquid YPD                 

medium. A flask with 50 mL of YPD was inoculated at an optical density at 600 nm (OD600) of                   

0.2 making a 1/20 dilution. After 4-5 h of incubation at 28 °C and 190 rpm the OD600 was                   

measured using a 1/20 dilution, that should be between 0.9-1. The 50 mL volume was               

centrifuged in a Corning tube to collect the cells at 3,500 rpm for 2 min. The cells were washed                   

in 25 mL of sterile Milli-Q water, and centrifuged to collect the cells at 3,500 rpm for 2 min.  
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The water was decanted and the sediment was diluted in 1 mL of sterile Milli-Q water                

and passed to an Eppendorf tube. Then, it was centrifuged for 1 min at 12,000 rpm and the                  

supernatant was removed. Afterwards, 900 µL of sterile Milli-Q water was added to resuspend              

the pellet. From this resuspension 100 µL was taken to transform the cells and another 100 µL                 

was taken as a control. These tubes were centrifuged to concentrate the cells at 12,000 rpm for 1                  

min, and the supernatant was removed. On the remaining sediment 240 µL of PEG (polyethylene               

glycol 50%), 36 µL of lithium acetate 1M, 50 µL of carrier DNA, 34 µL of sterile Milli-Q water                   

in the control and 33 µL in the transformation tube with 1 µL of the plasmid DNA were added.                   

Then a thermal shock of 40 min at 42 °C was carried out and centrifuged for 1 min at 12,000                    

rpm. The supernatant was discarded and the sediment was resuspended in 100 µL of sterile               

Milli-Q water. The entire volume was sown in a selective medium plate SC (glucose 2%, agar                

2%, yeast nitrogen base w/o amino acids and ammonium sulfate (YNB-AA/AS) 0.17%, drop-out             

mix 0.2% (Sambrook et al., 1989)) without uracil to select the transformants, and it was grown at                 

28 °C for 3-4 days. 

 

3.2.1.3 Functional complementation assays 

Functional complementation assay to test the urea transport of the GlpF transporter 

Pre-cultures in SD with arginine 1 mM medium (glucose 2%, AS 0.25%, YNB-AA/AS             

0.17%, and arginine 1 mM) were performed to ensure a good initial growth of all strains. The                 

OD600 of these cultures prepared the day before was measured (a 1/10 dilution (100 µL of culture                 

and 900 µL of sterile Milli-Q water)), and an initial dilution was prepared to adjust and match                 

their concentration to perform the drop test. Subsequently, 4 more dilutions 1/10 of each culture               

were made. 5 µL of each dilution of each culture, from less to more concentrated, was dripped                 

serially on each plate. In this case, SD media supplemented with 5 different urea concentrations               

(0.2, 0.5, 1, 2 and 5 mM) were used (Bienert et al., 2013). The results of the spot assays were                    

compared on the same selection plate 3 to 4 days later. 
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Osmotic shock test for glycerol transport of the GlpF transporter 

In the first trial, a preculture of the strains transformed into liquid SD medium with               

glycerol 1M medium was carried out to favor the accumulation of intracellular glycerol.             

Subsequently, simultaneous drips were made onto SD plates supplemented with glycerol 1M            

plates, as an isosmotic control, and SD plates supplemented with sorbitol 1M and NaCl 1% to                

generate a hyperosmotic shock (Uzcategui et al., 2004). In the second trial, a hyperosmotic shock               

like the previous one but with slight changes was carried out: the preculture was done in a                 

minimum medium (SD), and then dripped on a hypertonic SD plate containing NaCl 1%. A               

hypoosmotic shock test was also designed, which consisted of preculture in hypertonic media             

(SD sorbitol 1M) and minimum SD swallowing (Tang et al., 2005). In the case of the glycerol                 

transporter assays all media were supplemented with leucine (60 mg/L), histidine (20 mg/L) and              

methionine (20 mg/L) because these strains are auxotrophic for these amino acids. The plate drip               

process was performed in the same way as in the functional complementation test for urea               

transport. 

 

3.2.1.4 Microscopic techniques 

For microscopic observation of transformed cells, they were cultured in SD medium in             

the case of parental and mutant dur3 strains, and in SD with the requirements of leucine,                

histidine and methionine for cultures of fps1 mutant strains and their parental. Cultures were              

done in minimal medium to ensure maintenance of the plasmid for uracil auxotrophy. They were               

collected by centrifugation and analysed in the microscope directly in the culture medium             

because the minimum media do not interfere with the fluorescence. Conventional fluorescence            

microscopy analyses were performed with an Axioscop 2 of Zeiss Inc. and the images were made                

with an AxioCam MRn camera (Zeiss Inc.) and AxioVision v4.7 software (Zeiss Inc.). The              

confocal microscopy analyses were carried out at the SCSIE of the University of Valencia with               

an LSM 800 with Airyscan microscope from Zeiss Inc. 
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3.3 Results  

 

Functional complementation assay of the glutamine and glutamate transport in the mutant            

strains of S. cerevisiae JA248 and M4276 

The glutamate transporter GltP was selected as a possible glutamine transporter due to             

the possibility of a change of specificity to transport glutamine, or both glutamate and glutamine.               

To study this transport capabilities, we decided to perform functional complementation assays in             

yeast. These assays consist of growing a yeast mutant strain for the glutamine transport (JA248),               

transformed with the GltP sequence, in a minimal medium with glutamine as the only nitrogen               

source. It was also considered to check the predicted glutamate transport for this protein, to               

check its specificity. To do so, a mutant strain of S. cerevisiae for the transport of glutamate                 

(M4276), with the GltP sequence cloned, was also selected to be grown in a minimal medium                

with glutamate as the only nitrogen source. The survival of these two strains will indicate that                

they are capable to use the only nitrogen source available (glutamine and glutamate,             

respectively), and the GltP transporter is able to revert their mutant phenotypes.  

 

The parental strain of M4276, M4054 was used as a positive control (wildtype strain) in               

these studies: glutamine and glutamate transport. Previously to construct the final plasmids with             

the GltP sequence, several artificial media with glutamine or glutamate as the only nitrogen              

source were tested in the experimental strains. 

 

All strains transformed with the empty pCM189 plasmid were grown in YPD media as a               

control of normal growth (Figure 3.7). Afterwards, these strains were grown on the minimal              

media to test the appropriate concentration of glutamine and glutamate to perform the functional              

complementation assays. The phenotypes expected were a normal growth of the wildtype strain,             

and an inability to grow of the mutant strain JA248 in the SD containing glutamine medium, and                 

the mutant strain M4276 in the SD containing glutamate medium.  
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Unfortunately, none of the concentrations that were tested showed a clear difference            

between mutant and parental strains (Figure 3.7 is an example of a high concentration of 5 mM                 

of both glutamine and glutamate, is shown), which made it impossible to perform the functional               

complementation assays.  

 

 

Figure 3.7: Functional complementation tests of glutamine and glutamate transport by drop test of              

serial dilutions (1/10) of yeast cell cultures. Parental and mutant strains have been grown in minimal                

medium SD with glutamine 5 mM or glutamate 5 mM as the only source of nitrogen, during 3 days of                    

incubation at 28 °C. M4054 (WT) (parental strain transformed with pCM189), JA248 (mutant strain for               

the transport of glutamine transformed with pCM189) and M4276 (mutant strain for the transport of               

glutamate transformed with pCM189). 

 

Without a significant difference in the growth of the parental and mutant strains, the              

functional complementation assays were impossible to perform. Several media were tested and            

gave the same outcome. Due to the impossibility to obtain the proper growth phenotypes in the                

parental (positive control) and mutant (negative control) strains, we finally decided to focus on              

the GlpF transporter, in which we were able to observe the phenotypic differences between the               

wildtype strain and the mutants, the first step, and essential, needed to perform the experiment               

and assess the transporter function. 
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Functional complementation assay of the urea transport in the mutant strain of S.             

cerevisiae dur3 

To test the urea transport capability of the GlpF protein, we used the strains: ∑23346c               

transformed with the plasmid pCM189 (named WT), YNVW1 (mutant dur3) transformed with            

pCM189 and pCM189-GlpF, which were named dur3 and dur3+GlpF, respectively. According           

to the functional test carried out by Bienert et al. (2013), in a minimal selective medium                

containing urea at concentrations below 5 mM as the only source of nitrogen, only organisms               

that have membrane transporters for this substance can grow. At higher concentrations, the urea              

gradient between the inside and the outside of the plasma membrane is high enough to allow the                 

input of urea through the membrane and the normal growth of yeast. 

 

The parental strain ∑23346c can grow normally, as it is only auxotrophic for uracil, and               

this mutation is compensated by the URA3 gene found in plasmid pCM189, so that organisms               

transformed with this plasmid can grow in this medium if they have an urea transporter. The                

dur3 mutant, however, although transformed with the plasmid pCM189, as it is a mutant for the                

dur3 yeast urea transporter, is unable to grow in this selective medium. If the candidate protein                

for the transport of urea, GlpF, is capable of the reversion of the mutant by the urea diffusion, the                   

parental phenotype is expected.  

 

First, the strains have been cultured in a selective medium preculture, with 1 mM arginine               

as a source of nitrogen (SD containing 1mM arginine), to ensure a good initial growth of the                 

three strains. Subsequently, the drop test has been carried out on selective medium plates (SD               

with urea) with urea as a nitrogen source at 5 different concentrations (0.2, 0.5, 1, 2 and 5 mM),                   

to observe the effect of the concentration of urea in the medium on the transport of this                 

substance. Drips can be carried out on the same plate thanks to the use of parental and mutant                  

strains transformed with plasmid pCM189, which allows them to grow in the absence of uracil.               

These strains are also used as positive (parental WT) and negative (dur3) control for urea               

transport. 
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The result of the functional test (Figure 3.9) shows the expected behaviors for the              

parental and mutant strains: parental strain (WT) growths properly in all urea concentrations             

tested, and a growth defect in the dur3 mutant (dur3) strain that is already very evident, even at                  

the highest concentration. In contrast, the growth phenotype in the presence of urea of the dur3                

mutant strain transformed with the expression vector carrying the glpF gene (dur3+GlpF) does             

not differ from the deficit growth of the dur3 mutant transformed with the empty plasmid,               

pCM189. This result indicates that the construction introduced in the dur3 mutant is not able to                

complement the urea transport defect of the mutant. 

 

 

Figure 3.9: Functional complementation tests of urea transport by drop test of serial dilutions              

(1/10) of yeast cell cultures. Parental and mutant strains have been grown in minimal medium SD with                 

urea as the only source of nitrogen in 5 concentrations (urea 0.2, 0.5, 1, 2 and 5 mM), during 3 days of                      

incubation at 28 °C. WT (parental strain transformed with pCM189), dur3 (mutant strain for the transport                

of urea transformed with pCM189) and dur3+GlpF (dur3 transformed with pCM189 with the glpF gene). 
 

In view of the previous result, the same test was carried out but incorporating a positive                

control provided by Dr. Patrick Bienert, an aquaglyceroporin of Lactobacillus plantarum           

(LbGlpF1), which has been previously tested in similar studies due to its capability of              

transporting urea. In this assay (Figure 3.10), it is shown that the dur3 mutant strain transformed                

with this L. plantarum gene (dur3+LbGlpF1) grows normally, reversing the mutant phenotype. 
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Figure 3.10: Functional complementation assays of urea transport by drop test of serial dilutions              

(1/10) of yeast cell cultures. The cultures were performed in minimal medium SD with urea as a single                  

source of nitrogen in two concentrations: SD with urea 1 mM and SD with urea 2 mM. The cultures were                    

incubated for 6 days at 28 °C, and the strains used are: WT (parental strain transformed with pCM189),                  

dur3 (mutant strain for the urea transport transformed with pCM189), dur3+GlpF (dur3 transformed with              

pCM189 with the glpF gene) and dur3+LbGlpF1 (dur3 transformed with a plasmid carrying the gene               

GlpF1). 

 

Functional complementation assay of the glycerol transport in the mutant fps1 

In the case of the glycerol transport assay, a growth phenotype test against osmotic shock               

was proposed due to the role of glycerol transport as a regulator of osmotic pressure in yeast.                 

Normally, under hyperosmotic conditions, the yeast accumulates glycerol inside to cope with this             

osmotic pressure and prevents intracellular water from flowing to the external environment,            

which would lead to cellular collapse. To prevent glycerol from exiting in these situations, the               

Fps1 aquaglyceroporin, responsible for the glycerol transport outside the cell, is regulated by             

osmotic pressure and closes in hyperosmotic conditions. On the other hand, under hypoosmotic             

conditions, the yeast responds by opening the Fps1 channel to release glycerol, which reduces              

intracellular osmotic pressure. This mechanism allows the cells to maintain the osmotic balance. 
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This mechanism has been used to perform a growth phenotype test against osmotic             

shock, previously described by Uzcategui et al. (2004) for the Trypanosoma brucei            

aquaglyceroporin test, in order to evaluate the transport of glycerol by the GlpF protein. For this                

assay, BY4741 strain (WT) transformed with plasmid pCM189, the mutant strain BY4741 fps1             

transformed with the same plasmid (fps1), and the mutant transformed with the vector carrying              

the glpF gene (fps1+GlpF) were used. This assay consisted in preculturing these strains in              

minimal medium SD with glycerol 1M, to force the entry of glycerol in the cells through the                 

glycerol symporter Stl1 (Ferreira et al., 2005), and then drop them in hypertonic medium (SD               

with NaCl 1% or SD with sorbitol 1M). In this situation of hyperosmotic shock, the fact of                 

having a bacterial, not regulable glycerol transporter would make the cells sensitive to shock and               

unable to respond to pressure by closing the transporter, which will show an “inability to grow”                

phenotype in the fps1+GlpF strain. However, when we performed this test, we did not see this                

behavior, as we observed a clear growth in the fps1+GlpF strain. (Figure 3.11). We concluded               

that the GlpF protein was unable to transport glycerol. 

 

 

Figure 3.11: Functional tests of the osmotic shock phenotype by drop test of serial dilutions (1/10) of                 

yeast cell cultures. Parental strain BY4741 transformed with the empty pCM189 vector (WT), mutant              

strain fps1 transformed with the same plasmid (fps1) and the mutant strain fps1 transformed with the                

plasmid pCM189 with the glpF gene (fps1+GlpF) drip the plates. Hypertonic media SD with sorbitol 1M                

and SD with NaCl 1%, and in the isosmotic medium SD with glycerol 1M. 
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Due to this result, we decided to change the type of trial. We proposed two different                

experiments: first, a hypoosmotic shock test based on a preculture in SD with sorbitol 1M               

(hypertonic medium) and drop in isotonic (SD with NaCl 1%) and hypotonic (SD) medium              

(Tamás et al, 1999); second, a hyperosmotic shock assay consisting of a preculture in minimal               

medium SD and drop test in isotonic (SD) and hypertonic media (SD with NaCl 1%) (Duskova                

et al., 2015). In addition, another positive control provided by Dr. Patrick Bienert was              

incorporated, as in the urea transport test: an aquaglyceroporin that carries glycerol from L.              

plantarum (LbGlpF3). The result of these tests can be seen in Figures 3.12 and 3.13. 

 

 

Figure 3.12: Functional test of the hypoosmotic shock phenotype by drop test of serial dilutions               

(1/10) of yeast cell cultures. The yeast strains were grown in the hypoosmotic medium (SD with AS) and                  

in the isosmotic medium SD with NaCl 1%, after preculture in SD with sorbitol 1M medium. In all plates                   

are dropped the parental strain BY4741 transformed with the empty pCM189 vector (WT), the mutant               

strain fps1 transformed with the same plasmid (fps1), the mutant strain fps1 transformed with the plasmid                

pCM189 with the glpF gene (fps1+GlpF) and the mutant strain fps1 transformed with the L. plantarum                

GlpF3 gene (fps1+LbGlpF3).  

 

In Figure 3.12, we observed that parental (WT) and mutant (fps1) have clearly             

differentiated phenotypes: the fps1 mutant was unable to respond properly to the hypoosmotic             

shock (SD with AS medium). Similar results were obtained with the mutant with the glpF gene                
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(fps1+GlpF). In contrast, the mutant with the GlpF3 gene was able to grow normally and reverse                

the mutant phenotype. This indicates that, although the assay is correctly stated, the GlpF protein               

from Blattabacterium was unable to transport glycerol. 

 

The same negative results are observed when performing the hyperosmotic shock test            

(Figure 3.13). However, in this trial it is not able to see the positive control phenotype                

(fps1+LbGlpF3), which should not be able to respond to hyperosmotic shock and should grow              

poorly. Finally, we resolved that the result of this test is inconclusive. As a result of the analysis                  

of these tests with the positive control provided by Dr. Patrick Bienert, it is concluded that if the                  

protein is properly translated and located in the bacterial membrane, it is not performing the               

glycerol transport. The correct translation and membrane location of the protein must be studied              

in order to assess the capability of glycerol transport of the GlpF protein. 

 

 

Figure 3.13: Functional test of the hyperosmotic shock phenotype by drop test of serial dilutions               

(1/10) of yeast cell cultures. The parental (WT) and mutant fps1 strains were grown in the hypertonic                 

medium SD with NaCl 1%, and in the isosmotic medium SD with AS, after a pre-culture in minimal                  

medium SD with AS. The parental strain BY4741 transformed with the empty pCM189 vector (WT), the                

mutant strain fps1 transformed with the same plasmid (fps1), the mutant strain fps1 transformed with the                

plasmid pCM189 with the glpF gene (fps1+GlpF) and the mutant strain fps1 transformed with the L.                

plantarum GlpF3 gene (fps1+LbGlpF3) are grown in all plates. 
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Verification of the subcellular location of the GlpF-GFP fusion protein in transformed            

yeast mutant strains 

Once the urea and glycerol transport tests gave negative results, a fluorescent labeling             

assay of the GlpF protein was designed to detect its expression and its subcellular location by                

microscopy techniques. In this experiment, the mutant strain fps1 was used. This strain was              

transformed with two different constructs: the same pCM189 vector with the GFP coding gene              

(pCM189-GFP) and another version that carries a gene fusion of the glpF and GFP genes               

(pCM189-GlpF-GFP). The construct pCM189-GFP was used to compare the subcellular location           

of the chimera protein with a soluble protein, GFP, which should be expressed in the cytoplasm. 

 

For the construction of these plasmids with GFP, the same GlpF protein sequence without              

the stop codon was commissioned to GenScript, in order to label it with GFP in C-terminus and                 

allow an in frame expression of the two proteins. This sequence was cloned into plasmid               

pCM189 and tested by restriction, as the plasmid carrying the entire GlpF protein sequence,              

giving rise to bands corresponding to fragments of the same size. Once the plasmid was checked,                

it was digested with the NotI and PstI enzymes. The GFP amplification product was then               

obtained with the oligos GFP-F2 and GFP-R2 (Table 3.1 in Materials and Methods), so that               

the final sequence does not have a start codon, but a stop codon, and is a carrier of the NotI cut                     

sequences and PstI on the flanks. This sequence was also digested with these enzymes and the                

two digestion products were ligated, giving rise to plasmid pCM189-GlpF-GFP. As a            

fluorescence control, the construction pCM189-GFP was designed, so that its expression was            

delocalized. For the construction of this plasmid, the GFP sequence was amplified with oligos              

GFP-F1 and GFP-R1 (Table 3.1 in Materials and Methods). The resulting sequence has start and               

stop codons, so that it can be expressed alone, and the restriction sequences BamHI and NotI on                 

the flanks. Plasmid pCM189 and the GFP cassette were digested with the pair of BamHI and                

NotI enzymes and then ligated. The products of this ligation were transformed into E. coli and                

the transformation was checked by colony PCR (data not shown). 
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If the subcellular location of the protein is adequate, fluorescence should be observed             

throughout the cell in the strain transformed with the construction pCM189-GFP, as GFP is a               

soluble protein, and located in the plasma membrane in the strain transformed with             

pCM189-GlpF-GFP. 

 

The strains have been analysed by conventional fluorescence microscopy (Figures 3.14           

and 3.15) and confocal microscopy (Figure 3.16). In both cases, fluorescence is dispersed             

throughout the cell and, even in some cases, very intense in mutants transformed with the               

pCM189-GFP construct (Figures 3.14A and 3.16A). In the strains transformed with the            

construction pCM189-GlpF-GFP fluorescence is dimmer than in the previous construction, but           

clearly delocalized (Figure 3.15A). 

 

The same cells observed in the confocal microscope clearly show that the subcellular             

location of the GlpF-GFP fusion protein is cytoplasmic (Figure 3.16), although the levels of              

fluorescence detected are much lower than those of the strains transformed with the             

pCM189-GFP construct (Figure 3.16B). These results show that the protein is not being located              

in the plasma membrane, which makes it impossible to determine whether the functional tests are               

conclusive. 
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Figure 3.14: Conventional fluorescence microscopy images of a culture of the fps1 mutant             

transformed with plasmid pCM189-GFP. A) Image of fluorescence emitted by S. cerevisiae cells. B)              

Image of the same cells in DIC (Difference Interference Contrast). Bar size of 10 µm. 

 

 

Figure 3.15: Conventional fluorescence microscopy images of a culture of the fps1 mutant             

transformed with the plasmid pCM189-GlpF-GFP. A) Image of fluorescence emitted by S. cerevisiae             

cells. B) Image of the same cells in DIC. Bar size of 10 µm. 
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Figure 3.16: Succession of confocal microscopy images: in the first image the fluorescence emitted by               

the cells is observed, in the second one the merged fluorescence and DIC images, and in the last one only                    

the DIC image. A) Culture of fps1 mutants transformed with plasmid pCM189-GFP. B) fps1 mutant               

culture transformed with plasmid pCM189-GlpF-GFP. Bar size of 10 µm. 

 

Verification of glpF transcription levels by RT-PCR 

In order to determine where the problem was taking place in the assay, an RT-PCR test                

for the construction pCM189-GlpF was proposed. In this assay, the transcription levels of glpF              

are compared with those of LbGlpF4, a positive control also provided by Dr. Patrick Bienert.               

This transporter was selected as it is capable of transporting both urea and glycerol, instead of                

the previous positive transporters used previously, only capable to transport urea (LbGlpF1) or             

glycerol (LbGlpF3).  

 

Our plasmid pCM189 has a constitutive promoter, while the plasmid contributed by            

Bienert (pRS426-pTPlu, Bienert et al., 2013) does not. If the transcription levels were correct we               
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would expect the GlpF levels to be higher than those of the gene GlpF4 of L. plantarum. To do                   

this, the pCM189-GlpF and LbGlpF4 constructs were transformed into the fps1 yeast strain and              

its RNA was extracted. The cDNA of the actin gene and their respective test genes in both                 

transformants were amplified. Subsequently, a final-time RT-PCR and agarose gel (Figure 3.17)            

were carried out to observe their transcription levels using the GelProAnalyzer program. The             

expression levels of the genes glpF (run 6) and LbGlpF4 (run 8) were normalized with those of                 

the actin gene (runs 1 and 2, respectively), in order to compare the two genes. The result of this                   

analysis shows that glpF is transcribed 5 times more than LbGlpF4, which matches with the               

expected transcription rate of these two mRNAs. 

 

 

Figure 3.17: Electrophoresis in agarose 0.8% gel of the cDNA amplification product of the mutant               

strain fps1 transformed with pCM189-GlpF (runs 1 and 6) and LbGlpF4 (runs 2 and 8). In runs 1-4                  

actin genes were amplified in both strains, negative control and positive control in runs 3 and 4,                 

respectively. In runs 6 and 7 were amplified the glpF gene and its negative control, and in runs 8 and 9                     

were run the LbGlpF4 gene and its negative control.  
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Verification of the translation of GlpF using western-blot with anti-GFP antibody 

Once it is confirmed that glpF transcription levels were correct, a western blot with              

anti-GFP antibody to analyse the size of the protein generated in the pCM189-GlpF-GFP             

chimera was performed. In this analysis (Figure 3.18), protein extracts from strain fps1             

transformed with the constructs pCM189 (negative control of GFP detection), pCM189-GFP           

(positive control), and pCM189-GlpF-GFP (the chimera protein to be tested), were used. 

 

 

Figure 3.18: Western blot with anti-GFP antibody of protein extracts of the mutant strain fps1               

transformed with different constructions. Run 1 corresponds to the Prestained Protein Ladder            

ab116028 (Abcam). Run 2 corresponds to the positive control, the mutant strain fps1 transformed with the                

pCM189-GFP construction. Run 3 stands for the negative control, same strain with the pCM189              

construction, and last run corresponds to the strain fps1 transformed with the construction             

pCM189-GlpF-GFP.  

 

It can be observed (Figure 3.18) that while the size of GFP in the positive control (run 2)                  

is normal (approximately 27 kDa), the size of the chimera protein (run 4) is smaller than we                 

expected for the sum of the GFP (27 kDa) and GlpF (28 kDa) sequences, 35 kDa instead of 55                   

kDa. This result indicates that a truncation is taking place in this protein construction, which               

would explain that the protein is not able to be correctly folded and located in the plasma                 
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membrane. This explains why the expression of GFP is found in the cytoplasm of the cells. The                 

size, 35 kDa, is slightly larger than that of GFP, 27 kDa, indicating that almost the entire GlpF                  

protein sequence is truncated. Then, in order to determine if the truncation is due to the order of                  

the proteins in the chimera construction (GFP tagged in C-terminus), we designed an alternative              

order in the tag of GlpF with GFP. 

 

Inversion of the chimera construction with the GFP tag in N-terminus:           

pCM189-GFP-GlpF 

In view of the recent results it was decided to make a change in the construction. When                 

consulting Dr. Patrick Bienert group's trials (Bienert et al., 2014; Bienert et al., 2012), and other                

works (Fetter et al., 2004; Zelazny et al., 2007), the protein was labeled in N-terminus, contrary                

to the C-terminal label that has been performed in this study and others previously (Palma and                

Chiarantini, 2010). It seems that in the case of yeast, the labeling site can be decisive in the                  

correct folding of the protein, so that it was proposed to redo the construction              

pCM189-GlpF-GFP, but labeling in N-terminus, to finally be: pCM189-GFP-GlpF (Figure 3.4           

in Materials and Methods). To carry out these construction, the glpF sequence was amplified              

with the GlpFCtF and GlpFCtR oligos (Table 3.1 in Materials and Methods) from the              

GenScript sequence, and the GFP sequence with the GFP-F2 and GFP-R3 oligos (Table 3.1 in               

Materials and Methods) from the same plasmid as in the previous constructions. These             

fragments were digested with the restriction enzymes BamHI and NotI in GFP, and with NotI               

and PstI in glpF, and ligated into plasmid pCM189, as explained in Materials and methods.               

Finally, the vector pCM189-GFP-GlpF was obtained. 

 

Once the construction was verified by colony PCR and restriction of the DNA obtained,              

it was transformed into the mutant strain of S. cerevisiae dur3 and the urea transport assays were                 

repeated. In Figure 3.19 can be observed the test that was carried out with this construction with                 

the same scheme as the test in Figure 3.10. It can be seen that in the control growth medium (SD                    

with arginine 1 mM) all strains grow normally and are viable, while in the selective medium (SD                 
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with urea 1 mM) both dur3 mutant and the mutant with the construction pCM189-GFP-GlpF              

(dur3+GFP-GlpF) are not able to grow. In contrast, parental (WT) and L. plantarum control              

(dur3+LbGlpF1) grow normally. 

 

 

Figure 3.19: Functional complementation tests of urea transport by drop test of serial dilutions              

(1/10) of yeast cell cultures. Parental and mutant strains are grown in minimal medium SD with urea as a                   

single source of nitrogen (SD with 1 mM urea) and, as positive growth control, minimal medium SD with                  

arginine as nitrogen source (SD with 1mM arginine). They were incubated for 6 days at 28 °C. WT (the                   

parental strain transformed with pCM189), dur3 (the mutant strain dur3 transformed with pCM189),             

dur3+GFP-GlpF (dur3 transformed with the construction pCM189-GFP-GlpF) and dur3+LbGlpF1 (dur3          

transformed with a plasmid carrying the L. plantarum GlpF1 gene). 

 

This result shows, again, that the GlpF transporter was not functioning properly. In order              

to confirm the previous result, the western blot anti-GFP with the new construction and the same                

controls (positive pCM189-GFP and negative pCM189) as in the last test (Figure 3.17) was              

repeated (Figure 3.20). The constructions were tested in the same strain as the previous Westen               

Blot test, fps1. Here can be observed, again, that while the construction should have a molecular                

weight of a size of 55 kDa, a protein smaller than 48 kDa was detected. This result shows that                   

the truncation in the GlpF protein is independent of the location of the GFP tag. 
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Figure 3.20: Western blot with anti-GFP antibody of the protein extracts of strain fps1 transformed               

with different constructs. Run 1 corresponds to the Prestained Protein Ladder ab116028 (Abcam). Run 2               

to the negative control, the mutant strain fps1 transformed with the pCM189 construct. Run 3 is the same                  

strain with the construction pCM189-GFP-GlpF, and run 4 is the positive control, the strain fps1 with                

construction pCM189-GFP. A bubble is found at the bottom of run 4 but does not interfere with the                  

interpretation of the positive control in this run as the GFP band can be observed over the bubble. 
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3.4 Discussion 

 

The symbiosis between B. germanica and Blattabacterium is an essential biological           

process for their mutual evolutionary advance. Our group has proposed that this relationship is              

based on the metabolic complementation between the two organisms, which consists, not only in              

the provision of essential amino acids and cofactors, similar to other endosymbionts but in the               

nitrogen recycling of the cockroach from its reserves of uric acid. The endosymbiont participates              

in this process and, in return, gets glutamine, which then is used to produce the essential amino                 

acids that it exports to the host insect (López-Sánchez et al., 2009; Patiño-Navarrete et al., 2013).                

The study of the molecular mechanisms that allow this symbiotic relationship is very important              

for understanding this and other endosymbiotic processes. 

 

In this study, we analysed carefully the candidate transporters for glutamine and            

urea/glicerol, the gltP and glpF genes (accession numbers D0JB30 and D0JBC9) of the genome              

of Blattabacterium (accession number NC_013454.1), in order to demonstrate if these proteins            

participate in the transport of two central molecules through the bacterial membrane, for the              

metabolism complementation proposed for this symbiosis: glutamine and urea. The candidate           

proteins that have been selected, due to their properties, were a glutamate transporter, GltP,              

assuming a change in its specificity, because there is no other transporter encoded in              

Blattabacterium’s genome able to perform the glutamine transport, and an aquaglyceroporin,           

GlpF.  

 

A subgroup of glutamate transporters family, neutral-amino-acids transporters, have          

been described as capable of transporting glutamine through the membranes due to a broader              

substrate specificity of the transporters (Slotboom et al., 1999). However, GltP belongs to             

another subgroup of transporters, the glutamate/aspartate transporters. Thus, we proposed a           

change in its substrate specificity, as it has been described previously (Wang et al., 2013), to                
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allow the transport of glutamine, as no other possible glutamine transporters have been found in               

the genome of Blattabacterium. Aquaglyceroporins are transporters capable of transporting          

water and glycerol, and, some of them, allow the transport of small polar molecules, such as                

glycerol and urea, to pass through the membrane. A functional complementation assay was             

performed to analyse the transport of urea and a growth phenotype assay against osmotic shock               

to evaluate the transport of glycerol. In this case of study, two functional complementation              

assays were performed to analyse the transport of glutamine and glutamate in the transporter              

GltP. These studies have been performed on S. cerevisiae, a widely used organism in this type of                 

studies because of its ease of cultivation and short generation times (Velasco et al., 2004;               

Couturier et al., 2010). The functional complementation assays are a very useful tool to highlight               

the function of one protein (Trevisson et al., 2009). 

 

In the media design for the functional complementation assays of glutamine and            

glutamate transport we could never observe a differential phenotype between the wildtype and             

the mutant strains (JA248, mutant for the transport of glutamine, and M4276, mutant for the               

transport of glutamate). After successive failures, we finally decided to stop these assays and              

focus on the functional complementation of the transporter GlpF.  

 

In the functional complementation assay for urea transport it was used a medium with              

urea as the only nitrogen source, and a mutant strain for urea transport (dur3) that we                

transformed with a plasmid that expresses GlpF aquaglyceroporin from Blattabacterium. This           

mutant of S. cerevisiae has been widely studied in similar studies (Klebl et al., 2003; Liu et al.,                  

2003a; Liu et al., 2003b; Kojima et al., 2007). The results showed that the parental strain has                 

clear growth, and the mutant for the urea transporter, on the other hand, is unable to survive in a                   

medium with urea as the only source of nitrogen. The dur3 mutant transformed with the glpF                

gene has the same phenotype as the mutant, this indicates that, if it is correctly expressed and                 

targeted to the membrane, is not capable of transporting urea and allowing its use as a nitrogen                 

source. 
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On the other hand, the osmotic shock growth assay for glycerol transport has been              

performed using the yeast strain mutant for the aquaglyceroporin involved in the export of              

glycerol during osmotic stress (fps1) and its parental strain (Tang et al., 2005; Beitz et al., 2009),                 

and gave negative results. These results are consistent with the previous assay of urea transport               

and indicate that the aquaglyceroporin, if properly expressed and located in the membrane, is not               

functioning as transporter, not urea or glycerol. After this, other hypoosmotic and hyperosmotic             

shock stresses assays were performed that resulted neither inconclusive (hyperosmotic shock), or            

consistent with the previous one (hypoosmotic shock).  

 

To certify the negative results we decided to check the proper subcellular location of the               

proteins, as the wrong location could drive to a false negative result. The assay of fluorescence to                 

subcellular location indicated that the labeled GlpF protein with GFP is localized in the cytosol,               

rather than in the plasma membrane. If the protein is not found in the plasma membrane it is                  

impossible to evaluate its functionality. In similar studies have been able to express bacterial              

aquaglyceroporins in yeast and localize them in plasma membrane and test their involvement in              

the transport of urea and glycerol (Uzcategui et al., 2004; Bienert et al., 2013). The RT-PCR                

carried out confirmed the transcription of the gene, however, the western-blot revealed that the              

protein was not being synthesized properly or truncated after the translation. Moreover, the             

analysis with the GFP tagged at the N-terminus indicated that location of the GFP sequence in                

the construction is not responsible for the proper expression, or a truncation of the transporter in                

S. cerevisiae. These results are surprising, because bacterial homologues to the GlpF transporter,             

which sequence is very similar to Blattabacterium’s sequence of GlpF, have been successfully             

expressed in S. cerevisiae (Sutherland et al., 1997; Bienert et al., 2013). 

 

As a result of these experimental results it is clear that this research requires further                

studies and tests to conclude the role of these proteins and its role in the symbiotic relationship of                  

B. germanica and Blattabacterium. A further study of the GltP and GlpF proteins should be               

performed to determine its inability to be properly expressed in yeast and assess the possibility to                
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perform the functional complementation assays in other organisms, due to the inconclusive            

results that have been obtained. 
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4. Chapter II - Studying the behaviour of the two symbiotic           

systems in Blattella germanica under perturbations with       

rifampicin 
 

4.1 Introduction 

 

The studies developed by our group on the endosymbiont of B. germanica have been              

largely discussed in Chapter I. But, as we have stated before, Blattabacterium is not the only                

player in the symbiotic system of this cockroach. B. germanica also possesses a very rich and                

complex gut microbiota, which has also been in the focus of our studies in the recent years. 

 

B. germanica has many advantages when working in laboratory conditions, as it is small,              

has a short generation time, and is very economical to maintain. However, the interest of this                

insect is its particular symbiotic relationships, which has been long discussed and explained in              

previous sections. This unique situation of an insect that possesses an obligate endosymbiont             

responsible for the synthesis of essential amino acids and nitrogen recycling of the host, and a                

very complex rich human-like microbiota, makes it a perfect model to study complex symbiotic              

relationships. 

 

As stated before, the first focus of our group was to study the genome and functions of                 

the endosymbiont Blattabacterium. After unraveling a sketch of the essential role of the             

endosymbiont on its symbiosis with B. germanica, why Blattella needs an intestinal microbiota             

still remains a mystery. In order to study its role, as well as the possible crosstalk with the                  

endosymbiont, several studies have been performed since then. It is worth mentioning that both              

symbiotic systems are located in different and specialized compartments in the host, the fat body,               

and the hindgut, which make their crosstalk impossible in a direct way. Due to this situation,                
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their communication or metabolic complementation, if existent, must be performed through the            

host. 

 

The bacterial load and taxonomic distribution of the gut microbiota of B. germanica has              

been described. This description includes a detailed study of the different nymphal instars and              

the adult stage of the host (Carrasco et al., 2014). The bacterial load was obtained through qPCR                 

of the 16S rRNA gene, and the taxonomic distribution by 16S rRNA gene sequencing. It was                

found that the new born nymphs are free of gut microbiota and the bacterial load increases from                 

nymphal instar 1 to 2, and then stays constant until the adult stage. The taxonomic distribution of                 

the populations shows a clear increase of Fusobacterium, while Bacteroidetes decreases with age.             

Thus, no other bacteria but Blattabacterium were found in the ootheca, which confirms the              

absence of vertical transmission mechanisms of the gut microbiota and the need to understand              

how it is transmitted.  

 

The effects of synthetic diets have been also tested previously. The effect of the protein               

concentration was essayed, and differences on the bacterial distribution were found due to the              

protein concentration of the diet (0, 24 and 50%) tested in lab-reared individuals (Pérez-Cobas et               

al., 2015). Also high differences were found when analysing wild individuals. However, a             

common core of few bacteria was present in all samples, independently from the dietary or origin                

conditions studied. This core was formed with OTUs belonging to three phyla: Bacteroidetes,             

Proteobacteria, and Firmicutes. 

 

In addition, in previous studies we have tested different antibiotics to perturbate the gut              

microbiota and observe its response to this stress. In these studies the effects on the               

endosymbiont population were also analysed. The antibiotics tested were rifampicin, through           

16S rRNA gene sequencing (Llop et al., 2018; Rosas et al., 2018), vancomycin and ampicillin               

(Domínguez-Santos et al., 2020), and kanamycin (results in preparation), through metagenomics           

sequencing. A strong effect of the rifampicin treatment on the gut microbiota population was              
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observed (Rosas et al., 2018). Moreover, rifampicin was the only antibiotic showing a clear              

reduction of the endosymbiont population in the next generation following the treatment in             

adults. This delay on affecting the bacterial population is explained because of the biology and               

the transmission of Blattabacterium.  

 

After these previous results on the gut microbiota of B. germanica and the endosymbiont              

structure and population, we decided to take new approaches to study this system. We are facing                

a complex biological multi-symbiont organism and, in order to properly study the role of each of                

the organisms in the system, we decided to study the effects of one at a time. The easiest way to                    

do so is remove one of them and observe the effect of this on the rest. There are two ways to do                      

that: produce gnotobiotic or aposymbiotic cockroaches. Gnotobiotic organisms are those who           

possess only certain strains of known bacteria. This term is often used as a synonym of germ-free                 

organisms, but they are not the same. Germ-free organisms have no microorganisms in or on               

them. When we talk about gnotobiotic cockroaches our goal is to remove the gut microbiota but                

maintaining the endosymbiont in order to study the effects of the microbiota on Blattabacterium              

and the host. In the case of aposymbiotic organisms, which are deprived of their endosymbiont               

but the gut microbiota is not affected, these can be used as a model to study the effect of the                    

endosymbiont on the host and the gut microbiota.  

 

In this chapter we have focused our experiments on obtaining aposymbiotic cockroaches,            

and we have studied the effects of the endosymbiont reduction on the other parts of the symbiotic                 

system: the host and the gut microbiota. As rifampicin was the only antibiotic that affected               

Blattabacterium’s population, this was selected to perform the treatment of B. germanica in             

order to obtain aposymbiotic cockroaches. 
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Objectives 

The objective of this study is to treat the cockroaches with antibiotics in order to affect                

the endosymbiont and obtain aposymbiotic populations, minimizing the effect on the gut            

microbiota community. To assess the real effect of the antibiotic on the whole symbiotic system,               

we analysed the effect of the endosymbiont reduction on the host’s fitness, and the effects on the                 

gut microbiota population, and compare it to the control situation gut microbiota to observe the               

effect of the endosymbiont reduction on the community composition. 

 

First we had to select an appropriate antibiotic that could affect Blattabacterium, but             

affecting as less as possible the gut microbiota. Negative effects could reduce the viability of the                

aposymbiotic cockroaches, and could also interfere in the interpretations of the effects of the              

endosymbiont reduction on the fitness parameters analysed on the individuals. Due to our             

previous results, rifampicin was selected for this experiment because it was the antibiotic test              

with clear effect on reducing the endosymbiont population on B. germanica.  
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4.2 Materials and methods 

 

4.2.1 Insects culture  

B. germanica population originated from a stable laboratory population housed by Dr.            

Xavier Bellés’ group at the Institute of Evolutionary Biology (CSIC-UPF, Barcelona). It was             

reared in climatic chambers at the Institute for Integrative Systems Biology (University of             

Valencia-CSIC) at 25 °C, 60% humidity and a photoperiod of 12L:12D. Cockroaches were fed              

dog-food pellets (Teklad global 21% protein dog diet 2021C, Envigo, Madison, USA) and water              

ad libitum. Populations were raised in plastic containers containing a piece of folded paper to               

give them an attaching surface and protect them from light (Figure 4.1). The container was               

covered with a breathable cloth secured with rubber bands which allowed the air exchange              

without permitting the cockroaches to get out of them. 

 

 

Figure 4.1: Plastic container used to raise the cockroach’s populations. The containers are supplied              

with dog food, water and a piece of folded paper. 
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4.2.2 Rifampicin treatment 

Rifampicin it is one of the most potent and broad-spectrum antibiotics due to its              

high-affinity binding to the RNAP β subunit (encoded by rpoB gene), which causes the              

inhibition of the bacterial DNA-dependent RNA polymerase RNAP by directly blocking the            

RNA elongation path (Campbell et al., 2001; Goldstein, 2014). The cockroaches were exposed             

to the antibiotic by water during the first 12 days of the adult stage, with the aim to affect as less                     

as possible the cockroaches’ development and fitness, as well as the gut microbiota, but affecting               

the endosymbiont during its extracellular phase of the ovaries invasion.  

 

During the first generation of this experiment, three populations were sumministrated           

with different rifampicin concentrations in the water: population A (0.02%), population B            

(0.01%) and population C (0.005%). In order to obtain the most reliable results and define an                

appropriate concentration of the antibiotic due to the severe effects of the antibiotic treatment              

observed before (Rosas et al., 2018), we have tested three different concentrations. However, in              

the results and discussion sections we are going to be focused on the 0.01% concentration, which                

was the most successful and the one from which we obtained the most complete results.  

 

To prepare the rifampicin, 100 mg of rifampicin were mixed with 95 ml of Milli-Q water.                

It was left in a magnetic stirrer for 6 hours at room temperature. After that, it was incubated at 37                    

°C for 5 min, and left shaking at 4 °C overnight. The dilution of rifampicin was tempered with                  

shaking at room temperature during 1 hour and, after that, at 37 °C for 30 min. The volume was                   

adjusted to 100 mL and was filtered using a Sterican vacuum filter. Aliquots of 1,100 µL were                 

prepared and stored at -20°C. The final concentration of the aliquots was 0.1% (w/v).  

 

The antibiotic stock solution at 0.1% was diluted with tap water to the final concentration               

used in each experiment. Then, the antibiotic was supplied to the cockroaches with the water to                

the three different concentrations: 0.02%, 0.01% and 0.005%. . 

78 



 

4.2.3 Experimental design 

The experiment was planned to span several generations, in order to reduce the             

endosymbiont population progressively. We have to remember that the effect of the treatment on              

the endosymbiont can be observed in the following generation, as the antibiotic is affecting the               

bacterial population capable of infecting the ovaries. To assess the strength and speed of this               

reduction we planned to repeat the treatment in a half of generation 2 (G2) and remove it in the                   

other half. The populations without treatment at G2 allow us to observe the recovery of the                

endosymbiont during the generation 3 (G3). A scheme of the experimental design is available in               

Figure 4.2. 

 

Diverse sampling points were selected: at 10 and 20 days after becoming adults and the               

nymphs after hatching, in every generation. With these sampling points we can follow the effect               

of the antibiotic during its treatment (10 days after becoming adults), after the treatment (20 days                

after becoming adults), and right in the following generation (nymphs).  

 

For the rifampicin treatment to obtain aposymbiotic populations in G1, cockroaches were            

synchronized 48 hours after becoming adults: we obtained adults with a maximum age of 48               

hours. Samples were taken at 10 days and 20 days after the synchronization. These sampling               

points were named 10d and 20d, respectively. In the following generations the population was              

too small to synchronise the offspring when they were becoming adults. To treat every individual               

the same amount of time (the first 12 days of the adult stage), an individual system of treatment                  

was designed. Cockroaches were paired when becoming adults, a male and a female, and were               

introduced in small plastic containers with an open side with a breathable cloth that allows the air                 

exchange. Inside the containers we introduced dog food, a small piece of paper to give attaching                

surface, and an Eppendorf tube filled with the adequate concentration of antibiotic plugged with              

a small cotton ball (Figure 4.3) After the treatment, the couples coming from the same treatment                

were placed all together in a plastic container with water and dog food. The populations that did                 
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not need antibiotic treatment were introduced in a control container, with the same conditions              

that were explained above. As cockroaches are gregarious animals, we reserved this            

individualisation only for the time needed for the antibiotic treatment.  

 

 
Figure 4.2: Scheme of the experimental process of B. germanica aposymbiont obtention. With green              

lines are indicated the periods of the nymphal stages, with black lines the periods of adult stages without                  

treatment, and in red are periods of rifampicin treatment during the first 12 days of the adult stage. Points                   

marked in blue represent samples from nymphs and G1 females, from which DNA for endosymbiont               

quantification by qPCR of the urease gene was obtained. Points marked with a blue/green dot indicate                

sampling points of DNA from the fat body (for endosymbiont quantification by qPCR of the urease gene)                 

and hindgut (for microbiota 16S rRNA gene sequencing). Generation 1 (G1), generation 2 (G2), and               

generation 3 (G3), indicated above. CD stands for control samples, A, B and C for the three experimental                  

concentrations of rifampicin; n, 10 and 20 stand for the sampling times: nymphs within 48 hours of                 

hatching, 10 days of adult and 20 days of adult stage, respectively. In CD, second and following                 

generations are named as G1 adding 2 (G2), 3 (G3), and so on.  
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Figure 4.3: Scheme of individualised pots for antibiotic treatment. The 50 mL pots contained a couple                

of cockroaches: one male and one female, from the moment of turning adults until 12 days later.  

 

In G1, females were dissected at 10 and 20d, however in G2 and G3 females were                

dissected after hatching. Also several fitness parameters of the host, B. germanica, were             

measured through their life cycle, like the number of nymphs per ootheca (reproductive             

capability), weight of individuals, development and viability. 

 

4.2.4 Cockroach dissection 

Only females were dissected in all the experiments to reduce statistical noise produced by              

sex bias. To obtain the hindgut and the fat body from each individual, the cockroaches were slept                 

with CO2 and vivisected. The cockroaches were placed supine on a white silicone plate.              

Entomological pins were used to pin the insects by the prothorax protrusions and in the cuticule                

near the anus. The antennas and legs were cut with scissors (Fine Science Tools, F.S.T.) and                

removed. The thorax was opened cutting it vertically and pinned it to keep it open. A Wild M8                  

Heerbrugg PLAN 1x stereo microscope was used to perform the dissections.  

 

First of all, when the thorax was open, the ovaries were removed. After that, Ringer               

solution (NaCl 0.5 g/L, CaCl2 0.30 g/L, KCl 0.25 g/L, NaHCO3 0.20 g/L, in H2O Milli-Q) was                 

added and the fat body was recovered by aspiration with a pipette and placed in a 1.5 mL tube,                   

centrifuged, and the Ringer solution was discarded. The fat body was wet-weighted and stored at               

-80 °C until used. 
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After the fat body was removed from the cockroach, the gut was cut near the anus and the                  

Malpighian tubules to obtain the hindgut section. It was then placed in a plastic Petri dish with                 

two drops of Ringer solution. The hindgut was cut along the sagittal plane to open it to unfold                  

the tubular shape, and the feces were removed by soaking the tissue in the Ringer solution. The                 

tissue was put in a new 1.5 mL tube and frozen in liquid nitrogen and stored at -80 °C. 

 

4.2.5 DNA extraction from fat body for qPCR-based gene quantification 

The DNA was extracted from the fat body of the cockroaches, which were frozen in               

liquid nitrogen and stored at -80 ºC until its use. For the DNA extraction, 300 µL of Extraction                  

Buffer (NaCl 250 mM, Tris-HCl 200mM pH 7.5, EDTA 25 mM, polyvinylpyrrolidone 2%, SDS              

0.5%) were added to each sample of cockroaches’ fat body. The samples were homogenized with               

a pestle motor at room temperature. After that, 200 µL of Extraction Buffer and 5 µL of RNase                  

25 mg/mL were added to each sample, and were mixed with a short vortex. The samples were                 

shaken at 800 rpm for 30 min at room temperature. 20 µL of proteinase K 20 mg/mL were                  

added, and then mixed with a short vortex. After that, the samples were shaken at 800 rpm for 30                   

at 37 °C in the thermoblock. Another centrifugation was performed at maximum speed (14,000              

rpm) for 5 min at room temperature to precipitate proteins. The supernatant of each tube was                

recovered (450 µL approximately) in another tube. One volume of isopropanol was added to the               

supernatant containing the DNA (450 µL) in each tube, and the tubes were mixed by inversion.                

A centrifugation at maximum speed by 5 min at room temperature was performed to precipitate               

the DNA, and then the supernatant was removed by inversion. The DNA was washed with               

ethanol 70% (w/v) at -20 °C (800 µL), and mixed by inversion. The samples were centrifuged at                 

maximum speed by 5 min at 4 ºC to precipitate the DNA, and the supernatant was removed by                  

inversion. The samples were dried in the thermoblock at 55 °C during 10 min to remove the                 

remains of ethanol. The samples were resuspended in 50 µL of Milli-Q water and quantified with                

Nanodrop. 
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If the samples were not clean enough, the protocol continued with a phenolization and              

precipitation step as follows: 450 µL of Milli-Q water was added to the samples to obtain a final                  

volume of 500 µL. Then, one volume (500 µL) of phenol:chloroform:isoamyl alcohol (25:24:1             

mixture) was added, and the mix was shaken to mix it. The samples were centrifuged at 10,000                 

rpm for 8 min at room temperature, and two phases were differentiated in the samples, separated                

by the phenol phase: the upper one containing the DNA purified in a water solution, and the                 

bottom one containing proteins, lipids and salts. 450 µL of the upper phase were taken without                

interfering with the bottom one and transferred to another tube. 45 µL of potassium acetate and                

2.5 volumes of absolute ethanol (1,125 µL) were added to the new tube. The solution was mixed                 

by inversion and the samples were stored at -80 ºC for, at least, 40 min. The supernatant was                  

removed by inversion. Ethanol 70% (w/v) at -20 °C (800 µL) was added to clean the samples,                 

and then centrifuged at maximum speed for 10 min at 4 °C. The supernatant was, again, removed                 

by inversion and the samples were dried in the thermoblock at 55 ºC for 10 min, and then the                   

DNA was resuspended in 50 µL of Milli-Q water and quantified.  

 

4.2.6 Endosymbiont quantification 

Urease gene quantification 

As the urease gene is only present in the genome of the endosymbiont, a quantification of                

the urease gene (ureC accession number NC_013454.1.; López-Sánchez et al., 2009) with            

Real-Time qPCR was done in order to determine the relative amount of Blattabacterium in every               

sample of fat body. The samples of DNA were diluted up to 0.05 ng/µL using HPLC water. The                  

qPCR reactions were carried out on an AriaMx Real-Time PCR System (Agilent Technologies,             

USA) with 96-wells plates. 

 

Every well was filled with 17 µL of a Real-Time qPCR mix (10 µL of Brilliant III Ultra -                   

Fast SYBR Green qPCR Master Mix, 5.7 µL of HPLC water, 0.5 µL of forward primer 10 µM,                  

0.5 µL of reverse primer 10 µM and 0.3 µL of reference dye 1 mM) and 3 µL of DNA, or water                      
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in the case of the negative control. A 10-fold serial dilution of urease gene was used to construct                  

the calibration curve. For each sample, three technical replicates were run. Temperature cycles             

were: 3 min at 95 °C; 40 cycles of 5 s at 95 °C, 10 s at 60 °C, 10 s at 72 °C; and a final cycle of                             

30 s at 95 °C, 30 s at 60 °C, 30 s at 95 °C.  

 

The primers used for the amplification of the urease gene, obtained from            

Patiño-Navarrete et al., 2013, were:  

- UC1F: 5’-GTCCAGCAACTGGAACTATAGCCA-3´  

- UC1R: 5´-CCTCCTGCACCTGCTTCTATTTGT-3´  

 

The amount of urease gene was normalized per ng of DNA sampled.  

 

4.2.7 Gut microbiota analysis 

16S rRNA sequencing 

Total DNA was extracted from the hindgut following the protocol above mentioned. The             

V3-V4 region of the 16S rRNA gene was sequenced. Bacterial DNA sequencing was performed              

at FISABIO (Fundación para el Fomento de la Investigación Sanitaria y Biomédica de la              

Comunitat Valenciana, València, Spain) with the Illumina platform. 

 

Sequences analysis 

DNA sequences were analysed using QIIME2 (Bolyen et al., 2019), version           

qiime2-2019.7. After demultiplexing the data, the reads were denoised using the program            

DADA2 (Callahan et al., 2016) in QIIME2. The taxonomic classification was determined with             

the SILVA database (Quast et al., 2013) for que qiime feature-classifier plugin. The SILVA              

classifier silva-132-99-nb was used to perform the taxonomic classification. Statistical analyses           

were performed using GNEISS and diversity plugins in QIIME2, LEfSe (Segata et al., 2011) and               

R packages. 
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Biodiversity indexes 

Three different biodiversity indexes have been calculated: Shannon index, Aitchinson          

distances and Weighted UniFrac. All of them have been calculated with the QIIME2 program              

(Bolyen et al., 2019), version qiime2-2019.7. 

 

Shannon index: Shannon index (H) measures the bacterial distribution within each           

sample, which informs about the alpha-diversity. This index takes into account the amount of              

each species and the evenness between them. The information obtained from this index is the               

bacterial diversity within the samples.  

 

Aitchison distances: Aitchison distances are designed to describe the similarity between           

the population organisation between samples in compositional data (Aitchison, 1983). This           

statistic has been proposed to correct errors produced in other formulas when working with these               

kinds of datasets (Martino et al., 2019). It has been stated that this calculus is more stable than                  

the Jensen-Shannon divergence and the Bray-Curtis distances when aggregating and subsetting           

data, and represents true lineal Euclidean distances between samples (Aitchison et al., 2000).  

 

Weighted UniFrac: UniFrac PCoA plots show in the axis the parameters that can better              

explain the distances between bacterial communities to indicate the beta-diversity, similar to the             

Aitchison distances. However, if the UniFrac PCoA is weighted, incorporates the phylogenetic            

distances of the OTUs identified in each sample to plot them. The output is a plot in which each                   

point represents a sample located in a 3D box and the distances between samples indicate the                

relatedness between them. 
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4.3 Results 

 

The experimental population has three treated groups and a control group. The treated             

groups correspond to the populations named A, B and C, treated with 0.02%, 0.01% and 0.005%                

of rifampicin, respectively. Samples were taken on female cockroaches after the nymphs            

hatched. The DNA for the endosymbiont quantification was extracted from the fat body of the               

cockroach, while the DNA used to analyse the microbiota population was extracted from the              

hindgut tissue.  

 

First effects of the rifampicin treatment on the host 

During the first generation (G1), fitness parameters viability, development, weight of           

females, number of offspring, and the amount of endosymbiont were measured, and no             

differences were found between treatment populations and control populations (data not shown).            

As we have explained before, we were not expecting to see the effects of the antibiotic on the                  

endosymbiont population in the first generation. We observed that the antibiotic cannot affect the              

endosymbiont amount of the same generation in which it is administered, and we did not observe                

effects on fitness in the first generation in previous studies with this same concentration of the                

same antibiotic.  

 

Fitness parameters: viability 

Fitness parameters were monitored since G2. Since the moment of hatching, the death             

rate of the offspring of G1 was monitored. Regarding viability, during the first days of G2 we                 

observed a very accusate effect of the antibiotic concentration in the survival of the cockroaches               

(Figure 4.4). We observed a high mortality rate in nymphs from females treated with rifampicin               

concentrations A and B (up to 90% mortality when all populations became adults). Population C,               

presented a lower mortality rate, which raised up to 50%.  
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Figure 4.4: Viability of the cockroaches during G2. Percentages of survival have been calculated from               

the total amount of nymphs hatched from females treated with rifampicin at concentrations A (0.02%), B                

(0.01%) or C (0.005%) during G1. Each day after hatching, the number of dead and alive cockroaches                 

were counted and the ratio of alive cockroaches from the initial amount served as the survival rate.  

 

The amount of endosymbiont in the nymphs was also quantified. Within the first 24              

hours after hatching the nymphs were collected and grounded to obtain total DNA. A qPCR of                

the gene urease was performed, and the results were normalised to the number of gene copies/ng                

of total DNA of each sample. The control population contained an amount of around 104 urease                

gene copies/ng, populations A and B presented a similar amount of copies (102 urease copies/ng)               

and population C presented 103 urease gene copies/ng. These findings, together with the viability              

parameters, indicated a similar effect of treatments A and B , while a very low effect of treatment                  

C. Due to these findings, we decided to continue the treatment in populations A and B, but                 

remove the treatment in further populations of treatment C. Thus, in the second generation of               

population C, rifampicin was not supplied and we only studied the recovery of endosymbiont as               

a non-treated population (data not shown).  
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As the antibiotic treatment reduced substantially the viability of cockroaches in           

populations A and B, we decided to reduce the sampling points during the adult stage, and                

perform only one sampling point after females developed their oothecas and hatched their             

nymphs. This decision ensured a continuity of the following generations, as they were necessary              

to track the cumulative effect of the antibiotic after several generations of treatment (Figure 4.5). 

 

 

Figure 4.5: Adapted scheme of the experimental process of B. germanica aposymbiont obtention             

experiment, after changes in the sampling times from G2. In green are indicated the periods of the                 

nymphal stages, in black the periods of adult stages without treatment, and in red are periods of rifampicin                  

treatment during the first 12 days of the adult stage. Points marked in blue represent samples from                 

nymphs and G1 females, from which was obtained DNA for endosymbiont quantification by qPCR of the                

urease gene. Points marked with a green/blue dot indicate sampling points of DNA from the fat body (for                  

endosymbiont quantification by qPCR of the urease gene) and hindgut (for microbiota 16S rRNA gene               

sequencing). Population C with antibiotic treatment in G2 was suppressed due to the preliminary results               
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on the effect of the concentration C (0.005%) on the endosymbiont. CD stands for control samples, A, B                  

and C for the experimental concentrations of rifampicin. N for the populations in which the treatment was                 

removed after G1. n, 10 and 20 stand for the sampling times in G1: nymphs within 48 hours of hatching,                    

10 days of adult and 20 days of adult stage, respectively. Samples after G1 are named with the number of                    

generations of rifampicin treatments (A, B or C) and without treatment (N). In the control population                

(CD) second and following generations are named as G1 adding 2 (G2), 3 (G3), and so on.  

 

Fitness parameters: development 

Apart from the effects on the mortality and the endosymbiont populations of the nymphs,              

the development was also affected during the treatment of the population in G2, but its effect                

was not homogenous among the offspring population. During the development of the first             

nymphal instars (within the first 20 days of development of the nymphs) of G2, a clear                

heterogeneous effect on the development speed was observed. It was observed in both             

populations treated with the concentrations A and B of rifampicin that a part of population was                

being developed normally, reaching the last instars levels in the expected time, while the other               

part of the offspring was still in the second and third nymphal instars. It is clear that as in any                    

other animal population, an heterogeneous behaviour is expected in the population due to a              

normal distribution. However, populations A and B were both clearly differentiated in two very              

distinct developmental speeds. In order to discover the explanation after these findings, both             

populations were separated during G2 by their “developmental speed” in Fast population (f,             

which had normal developmental times), and Slow populations (s, which had a development             

since hatching to adult stage over 60 days). These distinctions can be seen briefly schematised               

for both population A and B in Figure 4.6. No differences in development were found in G2 of                  

population C, which had a normal development among all the offspring of G1. 
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Figure 4.6: First parameters affected after rifampicin treatment, scheme of the delay on the              

development observed in treated populations A and B. In green are indicated the periods of the                

nymphal stages, in black the periods of adult stages without treatment, and in red are periods of rifampicin                  

treatment during the first 12 days of the adult stage. Points marked with a blue dot indicate sampling                  

points of DNA from the fat body (for endosymbiont quantification by qPCR of the urease gene) and                 

hindgut (for microbiota 16S rRNA gene sequencing). Populations Slow (RRs and RNs, more than 60 days                

of development) and Fast (RRf and RNf, 50-60 days of development) of G2, in which RRs and RRf were                   

treated with rifampicin during G2, and RNs and RNf were not. Their offspring (G3) has been named:                 

population Slow treated with rifampicin in G3 (RRs), Slow non-treated (RNs), population Fast treated in               

G3 (RRf) and non-treated (RNf). Control population (CD). R indicated both populations A and B, as in                 

both cases this delay was observed. 

 

In order to follow the effect of this delay in the development to other parameters of the                  

host and the endosymbiont, both populations Slow and Fast of populations A and B were divided                

in half at the moment of becoming adults. A half was treated again with the same concentration                 

of antibiotic, and the other half was not treated, in order to observe the effects of the recovery of                   

both endosymbiont and gut microbiota after removing the treatment (Figure 4.6). With this             

approach, even if complex, we ensure to have enough data to assess the effect of the rifampicin                 

treatment during several generations, the recovery after its removal, and the effect on normal and               

very affected populations of G2 (Fast and Slow, respectively). The names of all the different               

sampling points can be consulted in Table 4.1.  
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Table 4.1: Names of the different sampling points used in this experiment. Sample name, condition and                

generation to which correspond each experimental sample are indicated in the table. 
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Sample name Condition Generation 

AAs Treated with concentration A during 2 generations. 
Belongs to Slow group. 

G2 

ANs Treated with concentration A during 1 generation. 
Belongs to Slow group. 

G2 

AAf Treated with concentration A during 2 generations. 
Belongs to Fast group. 

G2 

ANf Treated with concentration A during 1 generation. 
Belongs to Fast group. 

G2 

AAsA Treated with concentration A during 3 generations. 
Belongs to Slow group. 

G3 

ANfN Treated with concentration A during q generation. 
Belongs to Fast group. 

G3 

BBs Treated with concentration B during 2 generations. 
Belongs to Slow group. 

G2 

BNs Treated with concentration B during 1 generation.. 
Belongs to Slow group. 

G2 

BBf Treated with concentration B during 2 generations. 
Belongs to Fast group. 

G2 

BNf Treated with concentration B during 1 generation. 
Belongs to Fast group. 

G2 

BBsB Treated with concentration B during 3 generations. 
Belongs to Slow group. 

G3 

BNsN Treated with concentration B during 1 generation. 
Belongs to Slow group. 

G3 

BBfB Treated with concentration B during 2 generations. 
Belongs to Fast group. 

G3 

BNfN Treated with concentration B during 1 generation. 
Belongs to Fast group. 

G3 

CN Treated with concentration C during 1 generation.  G2 

CNN Treated with concentration C during 1 generation.  G3 



 

Quantifying the endosymbiont 

G1 data was not included due to the asymmetry of the sampling, which will make it                

difficult to compare with the samples from G2 and G3. Also, no changes were expected in the                 

G1 of the treatment, as changes are observed in following generations (Rosas et al., 2018).               

Blattabacterium density was quantified using quantitative PCR of the urease gene. Regarding            

population A, four different conditions of G2 were sampled (AAs, ANs, AAf, ANf), but only               

two of G3 were sampled (AAsA and ANfN), as the other conditions gave no offspring in G2. In                  

the following figure (Figure 4.7) it is shown the number of copies of urease gene per ng of fat                   

body DNA of the populations mentioned and the control condition as a reference. An ANOVA               

test is performed with significant results of p-value = 0.0013, indicating that there are significant               

differences in the values of gene copies among the samples analysed. A pairwise comparison test               

was also performed with control population as reference, to identify the samples which are              

significantly reduced. Only one sample of population A shows a substantial reduction, ANfN,             

which were cockroaches of G3 that were only treated with rifampicin in G1, and were hatched                

from the Fast cockroaches of G2.  

 

It is remarkable the lack of effect on any population of G2, especially Slow populations,               

which were the most affected in fitness parameters, but we also have to mention the effect of the                  

mean of several replicates. We can observe the sample ANs, which corresponds to the Slow               

population which was not treated in G2. There are three replicates shown in the barplot, two of                 

them obviously under the control values, and the last one above them. This manifests an evident                

heterogeneity in the Blattabacterium distribution in the same population, under the same            

conditions, and that Fast and Slow populations are not directly related to the density of the                

endosymbiont. As shown previously, the endosymbiont density quantification in the G2 nymphs            

population A showed a reduction of the endosymbiont population, which could suggest that the              

most affected nymphs were analysed (before we divided them by their development speed).  
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Figure 4.7: Quantification of the density of the endosymbiont in the fat body of population A.                

Number of copies of the gene urease per ng of fat body DNA of each sample of population A analysed:                    

see Table 4.1. Two statistics are incorporated in the figure: an ANOVA test comparing all the samples as                  

a global p-value (shown up left, p-valor=0.0013), and a T-test comparing each sample to the control                

situation. The values of the T-test are shown above the bars (ns p > 0.5; * p <= 0.05; ** p <= 0.01; *** <=                         

0.001; **** p <= 0.0001). 

 

In the females of population B during the second generation we observed an accused              

reduction of the endosymbiont, in some cases under 100 copies of urease/ng of fat body DNA,                

while control values correspond to 105-106 urease copies/ng of fat body DNA. All of these very                

affected females correspond to the population Slow, while in the Fast group we were not able to                 

identify any effect of the antibiotic on the endosymbiont population (Figure 4.8). 
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Figure 4.8: Quantification of the density of the endosymbiont in the fat body of population B.                

Number of copies of the gene urease per ng of fat body DNA of each sample of population B analysed:                    

see Table 4.1. Two statistics are incorporated in the figure: an ANOVA test comparing all the samples as                  

a global p-value (shown up left, p-valor=0.0013), and a T-test comparing each sample to the control                

situation. The values of the T-test are shown above the bars (ns p > 0.5; * p <= 0.05; ** p <= 0.01; *** <=                         

0.001; **** p <= 0.0001). 

 

In G3, in which four different situations of population B were sampled, we could not               

observe any significant reduction of the amount of endosymbiont (Figure 4.8). Although            

populations BBsB and BBfB were both treated during 3 consecutive generations, the values of              

urease gene copy number determination per fat body DNA were similar to those of the control                

population, indicating that there was no effect of the rifampicin treatment on the Blattabacterium              

density.  
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Fitness parameters: weight of females 

Regarding the weight of the females treated during this experiment, we observed a             

tendency to the loss of weight of most of the treated populations (Figure 4.9). The p-value of the                  

ANOVA test was 0.028, confirming these significant differences overall.  

 

However, after performing the pairwise test (T-test), with the control as the reference             

population, only the weight of a few of the samples were significantly different from the values                

of the control population. In G2, population ANf (Fast population of A non-treated in G2), is                

lighter in weight than control, while population ANs (Slow population of A non-treated in G2) is                

heavier. In the same generation, G2, regarding population B we have contradictory results. BNs              

(the equivalent to ANs population in treatment B), is lighter than the control, and the rest of the                  

samples show no significant differences from it.  

 

In G3 we observed a significant reduction in weight of the females ANfN (offspring from               

ANf) and BBsB (offspring from BBs). The weight of females ANfN could not be directly related                

to the antibiotic, as these females have not been treated with rifampicin since G1, but could be                 

related to the amount of endosymbiont, which was significantly low in this group, and it is                

consistent with the weight of their mothers, which was already significantly low in G2 (ANf).               

Regarding the data of population B, BBsB females were treated in three consecutive generations              

with rifampicin (G1, G2 and G3), and are the offspring of the females identified as Slow in G2.                  

These results suggest a strong effect of the antibiotic in this fitness parameter of this population.  
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Figure 4.9: Boxplot of weight of females. Samples are grouped by generation, treatment. Two statistics               

are incorporated in the figure: an ANOVA test comparing all the samples as a global p-value (shown up                  

left, p-valor=0.0013), and a T-test comparing each sample to the control situation. The values of the T-test                 

are shown above the bars (ns p > 0.5; * p <= 0.05; ** p <= 0.01; *** <= 0.001; **** p <= 0.0001).   
 

In population C (CN and CNN), as expected, no significant reduction of weight has been               

observed. These mixed results from populations A and B do not point to a clear effect of the                  

antibiotic on the weight of the experimental individuals.  
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Fitness parameters: fecundity 

Another important fitness parameter measured in the experimental population is the           

fecundity, measured as the number of oothecae and nymphs per ootheca produced by each              

female. In population A only two groups of individuals in G2 produced viable oothecae: AAs               

and ANf (Figure 4.10). The number of nymphs/ootheca produced by group AAs, which was              

treated with rifampicin in G1 and G2 and showed the Slow phenotype in G2, is significantly                

lower than the control population, with an average of 12 nymphs/ootheca, instead of the usual 40                

nymphs/ootheca. Its offspring, population AAsA, which was treated again with rifampicin in G3,             

showed also a strong reduction in the fecundity (average of 23 nymphs/ootheca). Groups ANf              

and ANfN produce normal numbers of nymphs per ootheca. These populations were not treated              

and showed Fast phenotype since G2. 
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Figure 4.10: Boxplot of nymphs/ootheca of population A females. Boxes in yellow correspond to              

population A G2, and in grey the ones that correspond to G3. In the blue control population. To consult                   

the name of the samples, see Table 4.1. Two statistics are incorporated in the figure: an ANOVA test                  

comparing all the samples as a global p-value (shown up left, p-valor=0.0013), and a T-test comparing                

each sample to the control situation. The values of the T-test are shown above the bars (ns p > 0.5; * p <=                       

0.05; ** p <= 0.01; *** <= 0.001; **** p <= 0.0001). 

 

In population B, all the females of G2 produced viable oothecae, however not all of them                

were equally successful (Figure 4.11). Groups treated (BBs) and not-treated (BNs) in G2 of              

phenotype Slow, showed a significant reduction in the number of nymphs/ootheca (30 and 25,              

respectively), and only produced one viable ootheca each one. A clear reduction is also observed               

in populations Fast (BBf and BNf) with an overall p-value of 0.0049. 
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Figure 4.11: Boxplot of nymphs/ootheca of G2 population B females. Boxes in yellow control              

population, in blue population B. To consult the name of the samples see Figure 4.2. Two statistics are                  

incorporated in the figure: an ANOVA test comparing all the samples as a global p-value (shown up left,                  

p-valor=0.0013), and a T-test comparing each sample to the control situation. The values of the T-test are                 

not shown due to the lack of replicates in groups BBs and BNf, which made it impossible to perform the                    

test. 

 

Regarding G3, the overall p-value of the ANOVA test is 6.6E-07, showing very different              

values of fecundity among the groups analysed (Figure 4.12). The effect of the antibiotic seems               

clear, as populations BBsB and BBfB show a substantial reduction in the number of nymphs per                

ootheca (pairwise comparison p-values < 0.0001 and 0.001, respectively). BBsB and BBfB were             

treated during three generations with rifampicin, while BNsN and BNfN, were only treated             

during G1. BNsN and BNfN show normal values of nymphs per ootheca.  
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These results link the constant antibiotic treatment with a significant reduction in fertility             

and fecundity in both populations A and B, as we have observed a clear effect of the consecutive                  

treatment with rifampicin (during 2 or 3 generations) on the production of oothecae, and the               

number of nymphs produce per ootheca (Figures 4.10, 4.11 and 4.12). 

  

 

Figure 4.12: Boxplot of nymphs/ootheca of G3 population B females. Boxes in yellow control              

population, in blue population B. To consult the name of the samples, see Table 4.1. Two statistics are                  

incorporated in the figure: an ANOVA test comparing all the samples as a global p-value (shown up left,                  

p-valor=0.0013), and a T-test comparing each sample to the control situation. The values of the T-test are                 

shown above the bars (ns p > 0.5; * p <= 0.05; ** p <= 0.01; *** <= 0.001; **** p <= 0.0001). 
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Gut microbiota 

The hypervariable regions V3-V4 of the gene 16S rRNA have been sequenced and             

analysed with QIIME2, in order to obtain the taxonomic distribution of the bacterial population              

found in the gut of the cockroaches studied. Basic values of quality of the sequencing and quality                 

of the processing can be consulted in the Appendix S2, like the number of reads (Table S2.1),                 

the distribution of the reads lengths (Figure S2.1) and the distribution of the reads counts               

(Figures S2.2 and S2.3). 

 

Barplots of the taxonomic distribution among the samples analysed have been           

constructed at Phylum level (Figure 4.13). The most abundant phyla found in all samples              

correspond to Bacteroidetes, Firmicutes, Proteobacteria, Fusobacteria, and Planctomycetes. It         

can be observed a strong reduction in the presence of the phylum Fusobacteria in most of the                 

experimental samples in contrast to the control condition. In some of these samples, the              

reduction is very strong, which makes it impossible to notice this group in the plot as it is found                   

in the samples obtained from the populations AAsA and BNsN, and in three out of four samples                 

of the population BNfN. The endosymbiont amount in the cockroaches of these populations was              

normal in all cases, which indicated that there is no correlation between the disminution of               

Fusobacteria and the population of Blattabacterium. No significant effects in the host’s fitness             

(females weight and fecundity) have been noticed in these populations, except for a reduction of               

the fecundity in population AAsA.  

 

These findings are in consonance with previous results (Rosas et al., 2018), in which it               

was found a significant increase of Fusobacteria in G1 of the rifampicin treatment, but followed               

by a very strong reduction during the second generation with the same treatment, as we have                

seen in the populations analysed, which all correspond to G2 and G3. In that study it was argued                  

that Fusobacteria is capable of resisting antibiotic treatment only during the first generation, as              

the treatment could be increasing the bacterial competitors, enabling Fusobacterium to colonize            
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the gut. Rarefaction curves of the observed otus can be consulted in the Appendix S2 (Appendix                

S2: Figure S2.4).  

 

 

Figure 4.13: Barplot of the taxonomic distribution among the samples of the gut of B. germanica.                

Phylum levels of taxonomic identification are marked in the legend next to the barplot. To consult the                 

name of the samples, see Figure 4.2. Last sample corresponds to the negative control (N). 

 

To study the microbial distribution of the gut microbiota in the experimental samples,             

three parameters have been quantified: the Shannon index, the Aitchison distances and the             

UniFrac distances. 
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As we can observe in the Shannon index distribution among the experimental groups             

(Figure 4.14), only two groups present a slightly different bacterial diversity in reference to the               

control group: ANf and BNsN. These two groups are not related in any case: they differ in                 

rifampicin concentration treatment (A and B), phenotype type in G2 (Fast and Slow), and              

generation of sampling (G2 and G3). We cannot correlate these changes to any of those               

parameters, nor can we correlate it with the amount of endosymbiont, also. Both ANf and BNsN                

present a normal amount of Blattabacterium in their fat body. Rarefaction curves of the Shannon               

indexes can be consulted in the Appendix S2 (Appendix S2: Figure S2.5).  

 

 

 

Figure 4.14: Boxplots of Shannon indexes of all experimental groups. Two tests are incorporated in               

the figure, a Kruskal-Wallis statistic of all the groups (p-value indicated in the bottom left of the plot), and                   

a pairwise Kruskal-Wallis with control population as reference group (levels of significance indicated             

above each box, (ns p > 0.5; * p <= 0.05; ** p <= 0.01; *** <= 0.001; **** p <= 0.0001). Names of the                         

samples can be consulted in Table 4.1. Cont and N stand for control and negative samples, respectively.  
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To study the differences in the structure of the bacterial community of the cockroaches’              

gut under the different rifampicin treatments, we analysed and compared the Aitchison distances             

between them and the control population (Figure 4.15).  

 

 

Figure 4.15: Boxplots representing the comparison of Aitchinson distances between samples of            

rifampicin treatment and control samples. The greater the distance, the larger the difference in              

microbial communities to the control population. Names of the samples can be consulted in Figure 4.2.                

Cont and N stand for control and negative samples, respectively.  

 

Our results indicate that all the treated samples are equally distant to the control              

population, except for the groups ANf and ANfN, which are the closest groups to the control                

population structure of the gut microbiota. No significant differences to control population were             

found in fitness parameters (like weight and fecundity); however, population ANfN presented a             

very reduced population of endosymbiont, even if it was only treated with rifampicin in G1 and                
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their mothers (ANf) presented normal values of Blattabacterium. We can observe an effect on              

the bacterial structure of the population, which seems mostly similar in all treated groups              

independently of the number of generations of treatment and the concentration of the antibiotic              

supplied. These results are reinforced by the statistic ADONIS, performed on the taxonomic             

distribution among all the samples, and indicated the presence of significant differences among             

the groups of study (p-value=0.0001). 

 

To assess the global distribution of the microbiota and its components between the             

samples (beta-diversity), weighted UniFrac PCoA statistics were performed. We have decided to            

incorporate the UniFrac and Aitchison distances as complementary information to understand the            

effect of the antibiotic treatment on the distribution and organisation of the bacterial community              

in the cockroache’s gut.  

 

No clear groups are formed in populations A (Figure 4.16), or B (Figure 4.17). Although               

the percentage of the distribution explained corresponds to almost a 60% (axis sum), there is not                

an obvious pattern of groups in the population. In both plots populations Slow and Fast of G2                 

have been grouped as the number of samples was small and we consider them equivalent               

populations, as the effect of the treatment during that generation should be assessed in the next                

one.  
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Figure 4.16: Weighted UniFrac PCoA of gut microbiota of populations A and control. Weighted              

UniFrac PCoA shows the relative relatedness of community members by incorporating phylogenetic            

distances between observed organisms in the computation. Color legend: red dots correspond to As              

(grouping AAs and ANs), orange corresponds to Af (grouping AAf and ANf), blue correspond to AAsA,                

green to ANfN, and grey to control population. See Table 4.1.  
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Figure 4.17: Weighted UniFrac PCoA of gut microbiota of populations B and control. Weighted              

UniFrac PCoA shows the relative relatedness of community members by incorporating phylogenetic            

distances between observed organisms in the computation. Colour legend: purple dots correspond to Bs              

(grouping BBs and BNs), pink to Bf (grouping BBf and BNf), clear blue to BBsB, yellow to BNsN,                  

brown to BBfB, grey-blue to BNfN, and grey dots correspond to control population. See Table 4.1.  

 

In both populations A and B no differences were observed in the different diversity              

indices performed to analyse alpha (Shannon Index) and beta diversity (weighted UniFrac).            

PCoA. Thus, diversity indexes of the bacterial population sequenced by amplicons, indicate no             

clear effect of the antibiotic or the endosymbiont population on the structure of the gut               

microbiota. The results obtained from the Aitchison distances values indicate a dissimilarity            

between the control population and the treated ones, however these differences cannot be             

explained by the amount of endosymbiont present in the hosts, the concentration of the              

rifampicin, or the treatment duration. 
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4.4 Discussion 

 

B. germanica contains a very complex symbiotic system, in which two essential            

symbionts are involved: an endosymbiont, Blattabacterium, which role has been largely           

discussed in Chapter I, and its gut microbiota, which function remains still unclear. In order to                

better understand the relationship between the host and its symbionts, we have planned to study               

them separately and assess their capability to complement each other's function. In this Chapter,              

we have discussed the experiments performed in order to remove (or to reduce) the              

endosymbiont population from the cockroaches based on previous study from our group (Llop et              

al., 2018; Rosas et al., 2018; Domínguez-Santos et al., 2020), and study the effect of this                

removal on the cockroach’s fitness and the gut microbiota community.  

 

After the results of Rosas et al., 2018, it was hypothesized that in cockroaches, rifampicin               

is able to affect the endosymbiont during its extracellular phase, and decrease its populations in               

the following generation. Three different concentrations of rifampicin (0.02%, 0.01% and           

0.005%) have been tested during several generations, in order to reduce the endosymbiont             

population as much as possible. To reduce the effects of the treatment on gut microbiota and                

host’s fitness, the treatment was performed during the first 12 days of the adult stage, in which                 

the infection of the ovaries is done by the endosymbiont, which is found in the extracellular                

stage, without the protection of the bacteriocyte.  

 

Results showed that rifampicin treatment at 0.01% and 0.02% during the first 12 days of               

adult stage in G1 was able to reduce the population of endosymbiont in G2 population, which                

indicates that the treatment window selected is affecting the endosymbiont during the            

extracellular stage when infecting the ovaries. However, its effect is not homogeneous among the              

cockroaches population, as it is shown in its developmental time and the urease quantification.              
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Concentration 0.005% barely affected the endosymbiont population, and was no longer studied            

after one generation of treatment. 

 

An important result was to find that the highest concentration of rifampicin (0.02%) was              

too elevated to obtain viable offspring as caused a significant increase in the mortality, reduced               

significantly the fecundity, and gave an incomplete overview of the population in G2 and G3.               

This confirms that the antibiotic rifampicin is a potent antibiotic against Blattabacterium, and             

that a massive reduction of the endosymbiont compromises the viability of the next generation.              

In fact, these incomplete samples lead to a complex and unreliable analysis of this part of the                 

population, which results we have understood as a complement of the main population of study:               

population B (rifampicin 0.01%).  

 

The treatment at the reduction dosis, was still effective in decreasing the endosymbiont             

population, and an increase in the developmental time (from 60 to 80 days to reach adult stage,                 

instead of 50-60 days) was found. However, the treatment window in G2 is not enough to have                 

an effect on G3: after a generation of reduction of the Blattabacterium population, the offspring               

of the next one recovers completely when is not treated with the antibiotic. Even in the                

populations in which the treatment was not removed, we found that the antibiotic was not               

effective in the following generation. Our hypothesis is that the reduction of the endosymbiont              

increases the developmental time, which increases the time window of the ovaries infection. The              

increase in the developmental time after one effective generation of treatment reduces the             

effectiveness of the treatment in the following generation with the same time of treatment.  

 

The fertility was found to be highly affected in some experimental groups, including             

those in which the endosymbiont population was highly affected. However, the effect on fertility              

cannot be attributed exclusively to the endosymbiont reduction, since in G3 populations treated             

with antibiotics show a strong reduction on fertility parameters, although the population of the              
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endosymbiont is similar to the control. More studies are necessary to understand these results in               

G3.  

 

The gut microbiota is affected by the treatment (Aitchison distances), but these            

differences cannot be explained by the amount of the endosymbiont, or the specific given              

treatment and duration of it, as we can deduce from the diversity estimators analysed and the                

statics performed on the taxonomic distribution (Shannon Index and UniFrac). These last            

statistics show no relation between the endosymbiont population or the treatment with the             

microbiota variability and the fitness parameters. Thus, we can conclude that the outcome on the               

viability and fitness parameters is not related to the gut microbiota. 

 

Regarding the taxonomic structure of the gut microbiota, a strong reduction in the             

Fusobacteria population is observed in most of the treated samples. These results are coincident              

with previous studies of rifampicin treatment on B. germanica (Rosas et al., 2018), in which a                

strong reduction of Fusobacterium is also found in G2, but not in G1. This reduction of                

Fusobacterium could be explained by a dependence to the presence/absence of competitors            

during Fusobacterium colonization of the hindgut (Tegtmeier et al., 2016). A strong effect on the               

gut microbiota structure of B. germanica was also found after the treatment of vancomycin, an               

antibiotic which affects Gram positive bacteria (Domínguez-Santos et al., 2020). In this latter             

study, a strong reduction of the Gram positive phyla Firmituctes and Actinobacteria was found,              

as expected, but also a strong reduction of the phylum Bacteroidetes, which is a Gram negative                

bacteria group, was also detected. This effect could be also explained as an             

ecologically-dependent phenomenon, in which members of the Proteobacteria and Fusobacteria          

phyla would take advantage to overgrow when the gut microbiota is affected by the antibiotic               

treatment in detriment of the affected groups and Bacteroidetes (Ubeda and Pamer, 2012; Vrieze              

et al., 2014). The antibiotic treatments performed on B. germanica indicate that its gut              

community shows a complex and interdependent structure, which can be highly affected by these              

110 



 

treatments, but it also very robust and recovers quickly after the exposure of to the antibiotic, as                 

it is shown in our results and in previous studies (Rosas et al., 2018). 

 

Studies based on the antibiotic treatments performed on other organisms such as            

Gambusia affinis (Carlson et al., 2015 and 2017), Spodoptera litura larvae (Thakur et al., 2016)               

and Zootermopsis angusticollis (Rosengaus et al., 2011) also showed a strong effect of the              

antibiotic treatment on the diversity and structure of the populations. The lack of such strong               

effects of the antibiotic treatment observed on the gut microbiota of our experimental             

populations could be explained by the treatment window used in our experiment. This indicated              

that it is a good strategy to reach our objective of affecting the endosymbiont without a drastic                 

effect in the gut microbiota. In fact, the reduced period of treatment, and the reduction of the                 

sampling points after G1 due to the high mortality of the treated populations, have led to an                 

almost full recovery of the gut microbiota before to the sampling points. The studies previously               

mentioned used longer periods of treatment, even during full generations, which could explain             

the strong effect of their antibiotic therapies.  

 

We can conclude that the treatment window selected has been successful in the reduction              

of the endosymbiont population while affecting as less as possible the host fitness and the gut                

microbiota population. However, the concentration and the period of rifampicin treatment must            

be optimized in order to obtain an homogenous effect of the treatment, which has not been                

possible with the parameters chosen for this experiment.  
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5. Chapter III - Multi meta-omics study of the gut          

microbiota of Blattella germanica 
 

5.1 Introduction 

 

We have developed largely the importance and benefits of symbiosis in the speciation             

and development of organisms in the introduction of this thesis. We have examined             

endosymbiosis in Chapter I, and their effects on the host and the gut microbiota in Chapter II.                 

In this last chapter, we are going to focus on the gut microbiota and its role as a multi-organism                   

ectosymbiont.  

 

To understand deeply these evolutionary relationships between hosts and symbionts they           

have to be studied together. In mutualistic symbiosis between eukaryotes and bacteria, the first              

provides a safe environment for bacteria that live in close interaction with the host. In return, the                 

bacteria provide nutrients and metabolites (such as essential amino acids or vitamins) to the host               

that cannot be obtained in any other way. Most insects possess a gut microbiome that affects the                 

physiology of the host by, for example, contributing to metabolic and nutritional needs, and the               

immune system development (Moran et al., 2019). Recently, many studies have been performed             

in humans to study the gut microbiota (Heintz-Buschart et al., 2016). However, non-model             

organisms are not having the notoriety they require in this field of study. Further investigations               

need to be done on them to better understand this specific type of symbiosis. 

 

This multi-symbiotic complex is not common, which implies that cockroaches could be            

used as a new and interesting model organism to study symbiosis and its evolution. But, also,                

could be developed as a model to study the evolution and response to stress of humans’ gut                 

microbiota due to their similarities.  
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Recently, the study of microbial communities has strongly increased due to interesting            

findings on the impact of the microbiome on human health (Cani, 2018; Mohajeri et al., 2018).                

Microbiome studies have recently included meta-omics techniques such as metagenomics (Piro           

et al., 2017) to study the genetic material of a bacterial community. However, metagenomics              

data cannot assess temporal dynamics and functional activities of complex microbial populations            

(Knight et al., 2018). To gain insights into the dynamic functional capabilities of microbial              

communities, further techniques such as metatranscriptomics and metaproteomics have appeared          

in recent years (Muth et al., 2015; Martínez et al., 2016). Beyond the metagenome level, these                

approaches allow us to study further levels of complexity, as transcripts and proteins,             

respectively.  

 

Used separately, these meta-omics techniques are very powerful because of their           

capability to represent a microbial population. However, still today there are no standard             

procedures to analyse these data-sets. Powerful but tailored bioinformatic solutions have been            

developed for individual meta-omics analyses (Muth et al., 2015; Martínez et al., 2016; Piro et               

al., 2017), and focused mainly in human data. These data-sets analyses are demanding and not               

easily reproducible, because often present customized in-house workflows which cannot be fully            

automated. So even though they are powerful, it has been stated that the strength of these                

techniques can be optimised when integrated (Hernández-de-Diego, et al., 2018; Manzoni et al.,             

2018).  

 

While the integration of meta-omics has been described in previous studies (Franzosa et             

al., 2014), it has not been fully developed and implemented yet. In general, automated              

multi-omics analysis pipelines are rare and limited to few meta-omics levels (Narayanasamy et             

al., 2016), and are not designed for microbiome analyses of non-model organisms hosts. A full               

meta-omics integration can exploit the capabilities of microbiota studies in various ways. Most             

importantly, the integration allows us to increase exponentially the capability to interpret the             

interaction between host and microbiota from a more reliable biological perspective. Regarding            
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metabolism analysis, this approach provides a deeper and more complete interpretation of the             

role of each bacterial group in the pathways mechanisms, compared to single-omics strategies             

(Moya and Ferrer, 2016). 

 

Objectives 

Our aim in this chapter is to present gNOMO, a meta-omics software pipeline that allows               

the integration of three different meta-omics data: metagenomics, metatranscriptomics, and          

metaproteomics. It provides two different levels of analysis: each of the three omics levels is               

analysed separately and independently of each other and, up to three omics datasets are analysed               

and integrated to visualize the microbiota functional structure. The workflow of gNOMO starts             

from raw data, which is processed in five essential steps, and provides output visualizations for               

taxonomic classification, functional metabolic pathway profiling, and differential sample         

analysis. 

  

The integration of metagenomics, metatranscriptomics and metaproteomics data is         

performed at different layers, but the main axis of this integration is the production of a tailored                 

proteogenomic database. This database is automatically produced from the metagenomics and           

metatranscriptomics data of our own experiment, which optimizes the identification and           

quantification of peptides in metaproteomics data (Ruggles et al., 2017; Schiebenhoefer et al.,             

2019).  

 

As microbiota need to be analysed in its context, the host is also studied together with the                 

microbiome. However, this is a limitation when studying non-model organisms mainly due to the              

lack of well-annotated sequence references. We have included the obtention of a tailored host              

database generated from the genomics and transcriptomics data filtered from the samples, which             

permits the analysis of the host data without a reference database. This tailored host database               

allows the study of non-model organisms, and an enhanced host protein identification from a              

tailored database. The pipeline has been implemented using the Python-based Snakemake           
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(Köster and Rahmann, 2012) framework to perform fully automated and reproducible           

multi-omics analyses of host and microbiome samples. 
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5.2 Materials and methods 

 

5.2.1 Insects culture 

Cockroaches were reared following the control procedure described in the section 4.2.1            

Insects culture (Chapter II). Cockroaches were synchronized 48 hours after becoming adults:            

nymphs were removed from the selection containers, and two days later the newly molted adults               

of those containers were collected to form the experimental population. 

 

5.2.2 Experimental design 

Hindguts were obtained from cockroaches under a control situation in order to describe             

the gut microbiota on the adult stage of B. germanica. Two sampling points were planned: 10                

and 20 days after becoming adults (Figure 5.1). 

 

Figure 5.1: Scheme of the experimental process to describe the microbiota of B. germanica with               

three omics techniques. In blue line is indicated the period of the nymphal stages, in black line the                  

period of the adult stage. Points marked with a blue dot surrounded with a black line indicate sampling                  

points of DNA, RNA and proteins from the hindgut (for metagenomics, metatranscriptomics and             

metaproteomics sequencing).  
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5.2.3 Cockroach dissection 

Cockroaches were dissected following the protocol described in the section 4.2.2           

Cockroach dissection (Chapter II). Fat bodies were discarded and hindguts were stored in             

individual 1.5 mL tubes at -80 °C until used. 

 

5.2.4 DNA and RNA extraction from hindgut for metagenomics and          

metatranscriptomics 

From each hindgut both DNA and RNA were extracted in order to properly compare              

metagenomics and metatranscriptomics data. The protocol used to perform these extractions is a             

modification on both kits NucleoSpin RNA XS (Macherey-Nagel) and NucleoSpin RNA/DNA           

Buffer Set (Macherey-Nagel). 

 

Hindgut tissues were grounded using a pestle motor, and 200 µL of Buffer RA1 (contains               

thiocyanate 30-60%) and 4 µL of TCEP (NucleoSpin RNA XS, Macherey-Nagel) were added to              

the grounded tissues. The samples were mixed with a short vortex and homogenised again with               

the pestle motor. 5 µL of RNA carrier solution 4 ng/µL were added and then mixed with a short                   

vortex. Samples were centrifuged at 1,000g for 1 min. Then, the liquid was placed in 2 mL                 

NucleoSpin collector tubes and centrifuged at 11,000g for 30 s. The supernatant was transferred              

to a 1.5 mL tube. 200 µL of ethanol 70% were added to the mix. To retain the nucleic acids of                     

the mixture, the mix was added to NucleoSpin XS blue collector tube and centrifuged at 11,000g                

for 30 s. The membrane was placed in a new tube and washed twice with 400 µL of DNA wash                    

(NucleoSpin RNA/DNA Buffer Set, Macherey-Nagel) centrifuged at 11,000g for 1 min, and the             

liquid was removed both times. Then the membrane was left to dry for 3 min in a new 1.5 mL                    

tube.  

 

To elute the DNA, 80 µL of DNA elute solution was placed in the membrane during 10                 

min and then samples were centrifuged at 11,000g for 1 min. The eluted liquid was recovered in                 
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a new tube to precipitate the DNA. 0.1 volumes of sodium acetate 3M, 2.5 volumes of absolute                 

ethanol and 1 µL of glycogen 20 µg/µL were added to the samples, and then were stored at -80                   

°C for 30 min. The supernatant was removed by inversion and the samples were washed with                

500 µL of ethanol 70% -20 °C and centrifugation at 4 °C for 15 min at 13,200 rpm. The                   

supernatant was removed, again, by inversion, and the samples were dried in the thermoblock at               

58 °C for 5 min. The DNA of each sample was resuspended adding 20 µL of Milli-Q water and                   

they were incubated at 60 °C for 20 min. Then the DNA in the samples were quantified with                  

Nanodrop.  

 

To elute the RNA from the silica membrane, 25 µL of rDNasa Reaction Buffer were               

added to the membrane and were incubated at room temperature for 15 min. After that, the                

membrane was washed with the solutions RA2 and RA3 (NucleoSpin RNA XS,            

Macherey-Nagel). In the first wash, 100 µL of buffer RA2 were added to each membrane. The                

samples were incubated at room temperature for 2 min and centrifuged at 11,000g for 30 s, the                 

liquid eluted was removed. For the second wash, 200 µL of RA3 were added to each membrane                 

and the samples were centrifuged at 11,000g or 2 min, and the liquid was removed. The                

membranes were placed in new 1.5 mL tubes and the RNA was eluted adding 10 µL of                 

RNA-free water to the membrane and centrifuging at 11,000g for 30 s. The RNA was quantified                

with Nanodrop.  

 

5.2.5 Protein extraction from hindgut for metaproteomics 

To extract the bacterial proteins from the hindgut of the German cockroaches, a protocol              

tailored was designed due to the lack of studies of the gut metaproteome of cockroaches. Each                

sample for the protein extraction was formed by 40 hindguts, in order to obtain enough bacterial                

proteins to perform the proteomics shotgun. Each sample was divided in two pools of 20               

hindguts in 1.5 mL tubes. Each pool of 20 hindguts was grounded with the pestle motor, and 100                  

µL of sterile phosphate buffer saline (PBS; 0.137 M NaCl, 2.7 mM KCl, 8 mM Na2PO4, 2 mM                  
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KH2PO4, pH 7.4) were incorporated to the grounded hindguts (Zwittink et al., 2007; Sala and De                

Marco, 2010). After that, samples were frozen during 2 min at -80 °C, and let defrozen at room                  

temperature during 5 min (Kim et al., 2013). This temperature cycle of frozen/defrozen was              

repeated three times in order to break eukaryotic cells of the cockroach and enrich as much as                 

possible the bacterial cells. Host cells are not expected to be removed completely with this               

protocol. Samples were centrifuged at 10,000 rpm 4 °C during 15 s (Kim et al., 2013; Saadati                 

and Toorchi, 2015).  

 

The pellet containing the cells, was resuspended in 200 µL of Protein Solubilization             

Buffer (PSB) buffer (urea 7 M, thiourea 2 M, CHAPS 4% (w/v), Tris 20 mM in Milli-Q water)                  

to lyse the cells and solubilize the proteins. To each sample 50 µL of protease inhibitor 25X were                  

added in order to prevent the degradation of the proteins. Protein content was measured by               

Bradford protein assay: 1 mL of Bradford reagent (Milli-Q:Bradford reagent 5:1, BIO-RAD)            

plus 10 µL of solubilized proteins were mixed and placed in an spectrophotometer cuvette and               

incubated at room temperature during 5 min. Their absorbance at 595 nm was measured and the                

protein concentration was determined by comparing to a standard curve of BSA. Samples were              

frozen and stored at -80 °C after quantification.  

 

5.2.6 Meta-omics integration: gNOMO pipeline 

Metagenomic and metatranscriptomic sequencing using the Illumina MiSeq (2 x 300 bp)            

technology was done at the FISABIO. Metaproteomics shotgun sequencing was performed by            

the Proteomics Unit of the SCSIE at the University of Valencia.  

 

Data analysis 

gNOMO is a pipeline that integrates different bioinformatic methods and software tools            

to analyse metagenomics, metatranscriptomics and metaproteomics data. The results obtained are           

easily readable with graphics and images as final output. The main purpose of integrating such               
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different kinds of multi-omics data is to improve the analysis of microbial populations and to               

investigate their function in non-model organisms, such as our host model B. germanica. The              

gNOMO pipeline was built under the Snakemake framework (Köster and Rahmann, 2012). This             

framework allowed the obtention of standard and reproducible analyses. When using this            

management system for bioinformatic workflows the definition of the input files and the             

configuration parameters of all the tools used can be easily defined modifying the configuration              

file. All the tools used in the pipeline are available at the BioConda channel (Grüning et al.,                 

2018), and installed automatically in individualised environments by the gNOMO pipeline. We            

chose to use tools available in BioConda as their use and installation is user-friendly, and their                

incorporation in Snakemake workflows is fully functional. 

 

At the metagenome and metatranscriptome level analyses, the pipeline includes both           

quality control and data preparation steps, of which parameters can be adjusted using the              

configuration file, depending on the quality of the input data. The innovation step which allowed               

a reliable integration between meta-omics data is that gNOMO allows users to automatically             

create a proteogenomic database from the metagenomics and metatranscriptomics data (Figure           

5.2). Details regarding the quality of the annotation in metagenomics and metatranscriptomics of             

the validation data used in the examples are available in the Appendix (Appendix S3: Table               

S3.1). 

 

The gNOMO pipeline consists of five main steps (Figure 5.2): (1) pre-processing, (2)             

metagenomics and metatranscriptomics data analysis, (3) proteogenomic database creation, (4)          

metaproteomics data analysis, and (5) data integration. 

 

Pre-processing 

The first module incorporates various pre-processing steps improving metagenomics and          

metatranscriptomics pair-end data quality. In first place the quality of the data was checked with               

the program FastQC (Andrews, 2010). Afterwards, the sequences were trimmed and cleaned            
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using PrinSeq (Schmieder and Edwards, 2011), and a second quality control was performed to              

check the reads after cleaning them with FastQC. Finally, as the pipeline was designed to analyse                

pair-end reads, a binning step was included for both metagenomics and metatranscriptomics data,             

performed with Fastq-join (Aronesty, 2013). 

 

 

Figure 5.2: Workflow overview of the gNOMO pipeline. A) Initial input of metagenomic and              

metatranscriptomic sequences. B) Pre-processing: cleaning and quality control of metagenomic and           

metatranscriptomic input sequences. C) Metagenomics and metatranscriptomics data analysis: consists of           

taxonomic and functional annotations. D) Proteogenomic database creation based on metagenomics and            

metatranscriptomics protein predictions. E) Auxiliary input of metaproteomic tandem mass spectrum           

data. F) Metaproteomics analysis: also includes taxonomic and functional annotations. G) Graphical            

representation/visualization of all integrated meta-omics data. 

 

Metagenomics and metatranscriptomics data analysis 

After the pre-processing step, in which we obtained binned reads with an acceptable             

quality, sequences were analysed using pre-configured tools. This pre-configuration can be           
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adapted in the configuration file to the quality of input data or the type of study performed. The                  

first tool used was Kaiju (Menzel et al., 2015), which performed a genome mapping against the                

NCBI non-redundant (nr) database (accessed 5 July 2019). The Kaiju output was the taxonomic              

annotation of the sequences at three different levels: phylum, family and genus. The taxonomic              

annotation of the microbiome is visualized with KronaPlots (Ondov et al., 2011). These plots              

show the taxonomic distribution in each sample for each data type.  

 

Previously to the functional annotation, we performed a protein prediction using both            

Prodigal (Hyatt et al., 2010) for bacterial proteins, and Augustus (Stanke and Morgenstern,             

2005) for host proteins. We predicted host proteins from the same samples as bacterial ones, in                

order to obtain the host genes and transcripts of the tissue which is in direct contact with the                  

bacterial biofilm or population analysed. The functional annotation of these predicted proteins            

was performed using EggNOG (version 1.0 accessed 5 June 2019) (Jensen et al., 2007) to obtain                

KEGG Orthology identifiers. The protein prediction followed an assembly of the binned reads to              

ensure a proper functional annotation. An optional step is included in this pipeline, which              

requires the installation of InterProScan (Jones et al., 2014), and allows a TIGRFAM (Haft et al,                

2003) functional annotation. This step is not automatically included due to the fact that              

InterProScan is not implemented in BioConda. However, as we included the automatic            

installation of the software locally with the snakemake script the TIGRFAM annotation can be              

easily included in the analysis.  

 

Proteogenomics database creation 

The output of the bacterial prediction performed with Prodigal from the metagenomic and             

metatranscriptomic data was used to create a proteogenomics database. This database included            

bacterial proteins from metagenomic and metatranscriptomic data: a database with both kinds of             

information provides a comprehensive reference for peptide and protein identification. This           

database (date of creation: 19 November 2019) contained 1,014,200 sequences, of which            

850,455 were unique (i.e., occur only once in the database). 
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Metaproteomics data analysis 

For the peptides and proteins identification, MS-GF+ (Kim and Pevzner, 2014) was used             

as a database search engine, and we used the custom proteogenomic database as reference for               

peptide-to-spectrum matching. Both taxonomic and functional annotations of the peptides were           

performed with Unipept, version 4.0 (Gurdeep Singh et al., 2019). The output obtained from              

Unipept is both a taxonomic annotation at the three same levels of the metagenomics and               

metatranscriptomics data taxonomic annotation: phylum, family and genus, and the Enzyme           

Commission (EC) number associated with each peptide. The taxonomic annotation of the            

metaproteome data is visualized with KronaPlots, as we did with metagenomics and            

metatranscriptomics data. These plots show the taxonomic distribution in each sample for each             

data type.  

 

 Data integration 

The final data integration of all three meta-omics data results in the final output.              

Regarding the taxonomic annotation, which is plotted in KronaPlots and has been discussed in              

previous paragraphs, we have included an integration step in which we incorporate and compare              

the taxonomic annotation in different meta-omics data and condition. To do this, we included a               

Linear discriminant analysis (LDA) Effect Size (LEfSe) (Segata et al., 2011), which performed a              

statistical analysis on the microbiome data. LEfSe identifies features most likely to explain             

differences between groups (than can be conditions or datas types) by coupling standard             

statistical tests with additional tests encoding biological consistency and effect relevance. The            

groups are hierarchically organised in classes and subclasses. The statistics performed are            

Kruskal-Wallis rank-sum test on classes, Wilcoxon rank-sum test among subclasses and LDA            

score on relevant features. Taking account of the effect size is essential to properly analyse               

microbiomes. The outcome of the statistical analysis is depicted in a graph with up to two levels                 

of classification, and only the features with a LDA score over 2 are shown in the results section.                  

This statistic allows visualizing different conditions and different data within the same graph. In              
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our results we organised the groups as: data types (metagenomics, metatranscriptomics or            

metaproteomics) as classes, and conditions (10 days and 20 days) as subclasses.  

 

Finally, for the functional annotation, the representation of the metabolic pathways was            

included using Pathview (Luo et al., 2017). The Pathview plots represent the log2 ratio of the                

means of the different conditions and data compared, after a fold change normalisation. These              

means are performed on the reads at metagenomics and metatranscriptomics data, and on             

peptides identified on metaproteomics data. This R-based tool shows the differential expression            

of the enzymes on graphs visualizing the selected metabolic pathways. Pathview itself uses             

functional pathway information from the Kyoto Encyclopedia of Genes and Genomes (KEGG)            

database (Kaneisha and Goto, 2000). 
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5.3 Results 

 

To illustrate the outputs and analyses that can be obtained from this pipeline, we used a                

complex gut microbiota dataset from the non-model organism B. germanica, whose genome has             

been sequenced but is not fully annotated yet (Harrison et al., 2018). This dataset consists first in                 

the obtention of metagenomics, metatranscriptomics and metaproteomics data of two different           

adult conditions: ten and twenty days after becoming adults (10d and 20d, respectively) (Figure              

5.1). The analysis and integration of these data-sets had different steps, as it has been explained                

before, and different layers of study. All datasets were analysed individually and then integrated,              

which led to a multi-layer study of the microbiota. 

  

Taxonomic distribution analysis 

The first step in the pipeline is the analysis of the metagenomics and metatranscriptomics              

data. We treated these data with the same process, as were obtained with Illumina MiSeq               

sequencing, and the input for the gNOMO workflow were paired-end fastq sequences in both              

meta-omics datasets. This analysis includes the taxonomic profiling of metagenomics and           

metatranscriptomics data, individually, and then their integration in a one output plot to visualize              

and compare them easily.  

 

First, we processed and analysed metagenomics and metatranscriptomics data to          

investigate the taxonomic composition of a given sample. Second, we analysed and compared             

samples of the two different conditions: 10d and 20d. 

  

We have plotted in barplots the taxonomic distribution at the phyla level of all the               

metagenomic samples analysed (Figure 5.3). As this information can be very difficult to analyse              

at further levels of complexity, another way to visualize taxonomic annotation of the samples has               

been incorporated to the pipeline.  
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Figure 5.3: Barplot of the taxonomic distribution among the metagenomic samples. Phyla level             

taxonomic annotation is shown. The most abundant phyla are marked in the legend at the right of the                  

barplot. Samples marked as 10d stand for condition 1 (10 days), and samples marked as 20d stand for                  

condition 2 (20 days).  

 

To obtain the taxonomic distribution of each sample analysed, the output was visualized             

using a Krona plot that is produced for each metagenomics and metatranscriptomics sample             

automatically within the gNOMO pipeline. For the first-condition (10d) metagenomics sample,           

we observed that the main phyla present in this population were Bacteroidetes, Firmicutes, and              

Proteobacteria (Figure 5.4).  
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Figure 5.4: KronaPlot of the taxonomic annotation of a metagenomics sample (condition            

10d). Bacterial taxa distribution of metagenomics data, corresponding to condition 10d. The bacterial taxa              

are classified by taxonomic hierarchy levels, from higher levels in the center of the chart (Kingdom                

Bacteria) progressing outward until genus level. 

 

After analyzing the taxonomic distribution of 10d and 20d samples, we have obtained no              

significant abundance differences in a preliminary analysis (ADONIS p-value > 0.05). We have             

summarized this average taxonomic distribution of the gut microbiota population of B.            

germanica (Appendix S3: Tables S3.3 and S3.4). In this analysis, the relative abundance of the               

main phyla and families was calculated in relation to the mean abundance of the two conditions.                

We have observed that the four most abundant phyla distributions match our previous published              

studies based on 16S gene sequencing, while others (e.g., Planctomycetes, Deferribacteres, and            

Actinobacteria) do not match previous studies on this topic (Rosas et al., 2018) (Appendix S3:               

Table S3.3). We made similar observations regarding taxonomic abundances at the family level             

(Appendix S3: Tables S3.4). This can be explained by the difference concerning the method and               
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annotation between 16S rRNA gene sequencing analysis and metagenomics. 16S rRNA gene            

sequencing focuses only on bacterial taxonomy and can be useful in environmental studies due to               

the lack of fully sequenced bacterial genomes in these kinds of scenarios. In contrast,              

metagenomics offers higher resolution, enabling a more specific taxonomic classification of           

sequences, which theoretically should be coincident with that obtained by amplicons, revealing            

the bias in this last case, pointed by some authors (Jovel et al., 2016; Escobar-Zepeda et al.,                 

2018). Moreover, also allows the detection of new bacterial genes and genomes (Jovel et al.,               

2016).  

 

After the description of the taxonomic distribution of each sample in each condition and              

dataset, we wanted to include the integration and comparison of the two conditions of each               

dataset. Our dataset is a small timeline, as we compared two time points in the same population,                 

under the same culture conditions. Our aim when comparing both time points is to study the                

evolution of the gut microbiota during the first days of the adult stage, which is the last                 

developmental stage of cockroaches and in which the gut microbiota is settled.  
 

As described previously, our first analysis provided no clearly visible abundance           

differences between the two conditions, as we were expecting when studying such a stable              

situation (both are adult individuals differing in 10 days of development). However, we decided              

to validate this finding by a more sensitive statistical approach. To investigate this issue further,               

we included LEfSe (Segata et al., 2011) in our pipeline, as a well-established statistical method               

for comparing the taxonomic distribution at genus level between 10d and 20d conditions. LEfSe              

has the advantage of recognizing the hierarchy of the taxonomic classification and accurately             

calculating statistically significant differences (represented as LDA scores) between different          

conditions. This tool is able to provide biomarkers taking account of the taxonomic hierarchy of               

bacterial communities.  
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Using LEfSe, we found, for example, that Fusobacterium (Fusobacteriaceae family), was           

more abundant at 10 days (LDA score > 3) in both metagenomics and metatranscriptomics data               

(Figure 5.5). Fusobacterium has been related to disease and stress situations in the human gut               

microbiota (Saito et al., 2019), but it has also been related to the infants gut microbiota                

(Rinninella et al., 2019). These previous results are in consonance together with the findings              

presented in Chapter II, in which an increase of Fusobacterium under a continuous stress of               

rifampicin treatment was observed. 

 

Conversely, an unidentified genus belonging to the family Ruminococcaceae, has been           

found more abundant in 20d than 10d condition (LDA score > 3) in metagenomics data (Figure                

5.5a), but no differences between conditions have been found in metatranscriptomics data            

(Figure 5.5b). Various genera belonging to the family Ruminococcaceae have been related to a              

healthy gut microbiota, like Ruminococcus and Faecalibacterium. These have been linked to            

degradation of starch in the human colon making it available for other bacteria in the gut (Flint et                  

al., 2012), and degradation of cellulose in herbivorous mammals (Douglas, 2009).  

 

These differences between 10d and 20d conditions could suggest that, even if the             

population is very stable along adult stages, it is being rearranged to its final composition. This                

rearrangement would imply a reduction in Fusobacterium and an increase of Ruminococcaceae            

along time (10d against 20d, Figure 5.5a). 
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Figure 5.5: LEfSe graph of taxonomic annotation of metagenomics (top) and metatranscriptomics            

(bottom) data comparing the two conditions: 10d and 20d. Taxa with significant different distribution              

between the two conditions are identified. Only taxa with LDA scores over two are shown. Positive LDA                 

scores are assigned to the taxa overrepresented in the condition 20d (green), and negative LDA scores to                 

the taxa overrepresented in the condition 10d (red). Metagenomics data (Figure 6.3a) and             

metatranscriptomics data (Figure 6.3b) are represented. 

 

On the other hand, Pseudomonas genus and an unclassified genus belonging to the family              

Pelagibacteraceae are more abundant only in metatranscriptomics analysis at 20d against 10d            

(Figure 5.5b). Pelagibacteraceae has been described as a bacterial family localized in marine and              

freshwater environments (Ortmann and Santos, 2016), but has also been detected in the mouse              
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gut microbiome (Dranse et al., 2018). Pseudomonas genus has been related to pathogenicity in              

animals and plants, and is a commonly detected taxa in the gut of cockroaches (Moges et al.,                 

2016). These results suggest that these taxa increase their transcriptional activity but not their              

abundance in the population along time. For the same reason the unidentified genus of              

Ruminococcaceae reduces its transcriptional activity (is overrepresented at metagenomics level          

but not at metatranscriptomics level in 20d sample). More importantly, for the present work is               

the integration of this level of comparison that allows detection of particular taxa that differ               

significantly in their abundance in different conditions. 

  

The biomarkers found are a few due to the stability of the population, results that we                

were expecting after analysing the taxonomic distribution among the samples. However, the            

analysis with LEfSe of the different datasets: metagenomics and metatranscriptomics, allows us            

to compare them and extract conclusions of the gut microbiota population and activity along              

time. These findings, which has been explained above, compose the first level of meta-omics              

integration of this workflow.  

  

Integrated functional analysis of metagenomics and metatranscriptomics data 

Once the bacterial population has been described at the taxonomic level, the next step              

concerns the functional analysis of each microbiome dataset and their assigned functional            

annotations. Integrating metagenomics and metatranscriptomics data allows calculating        

transcript/gene ratios that indicate gene transcriptional activation or repression. To assess the            

transcriptional activity of the microbiota, we have calculated the ratio between the gene pool and               

the transcripts corresponding to the bacteria of each condition. In this section we have included               

as an example the data of the 10d condition. 

 

We have used two different functional annotation procedures: a more general annotation            

with roles/subroles levels using TIGRFAM roles/subroles IDs, and a more specific annotation in             

which we have used KOs. TIGRFAM roles and subroles are organised hierarchically, so they              
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permit an analysis similar to the taxonomic distribution we have performed earlier. For this              

purpose, we applied LEfSe based on the functional role and subrole assignment using TIGRFAM              

(Figure 5.6; Appendix S3: Table S3.5), as we did before with the taxonomic distribution. We               

observed that energy metabolism (both anaerobic and aerobic metabolisms) and protein           

production are the most active metabolic roles (Figure 5.6), which indicates that the bacterial              

population is very active at the analysed moment (10 days after the cockroaches become adults). 

 

 
Figure 5.6: LEfSe graph comparing metagenomics and metatranscriptomics data of TIGRFAM           

annotation (role and subrole levels) of condition 10d. Taxa with significant different distribution             

among metagenomics and metatranscriptomics data are identified. Only taxa with LDA scores above two              

are shown. Positive LDA scores are assigned to the functional categories overrepresented in the              

metatranscriptomics data (RNA, green), and negative LDA scores to the functional categories            

overrepresented in metagenomics data (DNA, red). 
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The KOs stand for the enzymes which are present (metagenomics) or actively transcribed             

(metatranscriptomics) in the population. This information shows a metabolic-direct view of the            

functional capabilities of the gut microbiota. We have plotted these identifiers in pathway plots              

with the Pathview R package. A pathway analysis enables us to discover differences between              

states. An analysis with Pathview shows which specific metabolic pathways (KEGG pathways)            

have statistically significant correlations between sample types and/or conditions and thereby           

complements the information provided by LEfSe. In a Pathview graph, an increase of the gene               

activity involved in a certain pathway can be observed. The details about the calculus can be                

found in the Materials and Methods section. 

 

To show the capabilities of this analysis, we have selected as an example the              

tricarboxylic acid cycle (TCA cycle) of the gut microbiota, comparing again gene pool             

(metagenomics data) against transcripts (metatranscriptomics data) (Figure 5.7). The TCA cycle           

consists of a series of oxidative reactions to finally obtain energy (ATP) from oxidative              

degradation of the acetyl group, in the form of acetyl-CoA, to carbon dioxide. The full cycle can                 

be performed by bacteria in aerobic conditions, but some autotrophic bacteria are also able to               

perform the reverse TCA cycle (rTCA), and even some anaerobic bacteria are able to carry out                

an incomplete TCA cycle, defining the pan-metabolic capabilities for this pathway of the gut              

microbiota.  

 

We have performed the transcriptional activity ratio in which we have included the             

analysis of the two conditions 10d and 20d, and we have found that the transcriptional activity is                 

elevated in the whole pathway at both conditions. This confirms our previous findings regarding              

the activity of the energy metabolism (Figure 5.6). But we can also address specific enzymes in                

which the transcription activity is specially high or low. With this information we can extract               

conclusions about secondary metabolites already obtained in other reactions or obtained directly            

from the host. These conclusions could be determined after the study of both microbial and host                

metabolism, with the further levels of information integration proposed in this pipeline.  
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In this case, and with both analysis methods and their visualizations, we were able to               

study different levels of complexity of the pan-metabolism of the whole bacterial population. We              

observed that the microbiome actively produces energy and proteins to grow and maintain a very               

complex population, which could indicate that the population is still developing in the first days               

of the host colonization.  

Figure 5.7: KEGG Pathview graph of the TCA cycle metabolism route comparing metagenomics vs.              

metatranscriptomics data of the microbiota of 10d and 20d conditions. Some nodes are split between               

two colors, indicating 10d (left) and 20d (right) conditions. Green (-1) depicts genes underrepresented in               

metagenomics (but overrepresented in metatranscriptomics), while those marked in red (1) depicts            

overrepresented genes in metagenomics (but underrepresented in metatranscriptomics). In grey, values           

close to 0 in the ratio metatranscriptomics / metagenomics, indicating no differences in frequency. 
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gNOMO is designed to automatically produce all the pathways of interest by the             

researcher. The configuration of the pipeline can be modified to study particular cases or              

populations, or to obtain general pathways to have preliminar results about a new community.              

This study of different levels of complexity analyses of the functional activity, together with the               

analysis and comparison of metagenomics and metatranscriptomics data together represent the           

second layer of integration of this pipeline. 

 

Functional data integration of the three meta-omics between conditions 

The integration of metagenomics and metatranscriptomics data is interesting because of           

the particular information that is obtained from it: the transcriptional activity of a bacterial              

community. However, the integration of further data types is essential to have a realistic              

overview of the metabolic situation of a population. Metaproteomics data incorporation is a key              

step in the construction of this functional analysis. To assess the performance of our unique               

tailored database, we compared the peptide identification yield with a very complete human gut              

microbial protein database: NIH Human Microbiome Project Gastrointestinal database (accessed          

25 November 2019) (Appendix S3: Table S3.2). With our tailored database we obtained a 4               

times yield identification in comparison with the NIH Human Microbiome Project           

Gastrointestinal database. These results are consistent with previous studies on the use of             

metagenomic sequences for constructing proteogenomics databases (Tanca et al., 2016).  

 

For the purpose of integrating metagenomics, metatranscriptomics and metaproteomics         

data, we analysed three meta-omics data together, and we selected as an example for the               

integration, the KEGG Nitrogen metabolism pathway. This pathway corresponds to the reactions            

in which inorganic nitrogen compounds are processed into ammonia, an inorganic compound            

essential in the nitrogen cycle. The ammonia is the starter of essential organic molecules, like               

amino acid as glutamine and glutamate.  
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We were especially interested in this pathway due to previous findings related to nitrogen              

metabolism of the host (B. germanica) and the endosymbiont Blattabacterium. As we have             

explained previously, it has been predicted from the study of the genome of the endosymbiont               

Blattabacterium that the bacterium is able to recycle nitrogen from the uric acid of the host.                

Blattabacterium can degrade the urated to obtain ammonia, the central molecule of the nitrogen              

cycle, and then use it as a precursor for the synthesis of glutamine and glutamate. Glutamine and                 

glutamate serve as a connection with the biosynthesis of essential amino acids. In this example,               

our aim was to study nitrogen metabolism in the gut microbiota of the cockroach and then to                 

assess if the bacterial population would be able to produce a usable form of nitrogen. 

  

In order to obtain this information, we have included the metaproteomics information to             

our plots. In this case, instead of comparing the ratio between data types, we have compared the                 

conditions in each meta-omic data. In the following plot we can observe the stability of the                

DNA, RNA and proteins levels produced by the bacterial population overall the nitrogen             

metabolism along time (10d against 20d) (Figure 5.8). 
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Figure 5.8: KEGG Pathview graph of the nitrogen metabolism route comparing           

metagenomics/metatranscriptomics/metaproteomics data of the microbiome at 10d and 20d. Some          

nodes are split between different colors, indicating metagenomics (left), metatranscriptomics (middle) and            

metaproteomics (right) data. Green (-1) depicts genes/transcripts/proteins overrepresented in 10d (but           

underrepresented in 20d), while those marked in red (1) depicts genes/transcripts/proteins overrepresented            

in 20d (but underrepresented in 10d). In grey, values close to 0 in the ratio 10d/20d, indicating no                  

differences in frequency. 
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In the plot, we observe an almost complete coverage of the nitrogen metabolism             

pathways and very variable along time regarding metagenomics and metatranscriptomics data           

(first and second parts of each enzyme), while only a few enzymes were observed in the                

metaproteomics data, and very stable along time (third part of each enzyme). We have to address                

before continuing with the conclusions, that the DNA and RNA extraction protocols of the              

cockroach gut microbiota were long time implemented and optimised in our laboratory, while the              

protein extraction protocol have been designed for this thesis project and was not fully optimised               

when the metaproteomics analysis was performed. The bacterial cells enrichment of the samples             

was a work in progress at the moment, and we are conscious that the results of this study can be                    

further developed in future experiments. And that is the main reason for the lack of bacterial                

proteins found.  

 

These results suggest that while the gene pool (the population) can be variable, the final               

transcripts and at least the four detected proteins remain stable, which could indicate in the               

direction of a functional redundancy at the protein level, as has been previously described for               

human gut microbiota (Lozupone et al., 2012). However, as we have stated before, deeper              

coverage of the metaproteomics data would be necessary to confirm these findings. 

 

Integration of host and microbiome data 

Bacterial information is only fully understood when analysed in its biological context, as             

organisms develop in contact with their environment and because of it. We have included the               

study of the host, whose biology we consider essential as the biological context of its microbiota.                

In gNOMO, we have included the analysis of the integrated information of host and microbiota               

as the last integration step, because we consider it essential to properly analyse the bacterial               

communities. As microbiota metabolism and functions are related to the host metabolism,            

gNOMO includes the analysis of the host metabolic pathways in parallel with its microbiome              

ones, so we can integrate and compare the functional information of host and microbiome. In the                

case of B. germanica, we have studied the nitrogen metabolism pathway that we had analysed               
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before with the focus on the microbiota data (Figure 5.8), and the same pathway with the host                 

data (Figure 5.9). In both plots the same information is shown: both conditions 10d and 20d, are                 

compared at the three meta-omics information levels in each enzyme (metagenomics,           

metatranscriptomics and metaproteomics, respectively). When comparing both plots, we have          

been able to observe which enzymes can be found in the bacterial population data and which                

ones can be explained by the host data (Figures 5.8 and 5.9).Only four enzymes were detected in                 

the host data (Figure 5.9). These findings agree with our expectation, as these four enzymes are                

the only eukaryotic ones present in the nitrogen metabolism KEGG Pathway. While these four              

enzymes were the only ones detected in the host, in the previous figure (Figure 5.8), most of the                  

enzymes present in the main route, and the routes of nitrate reduction, can be detected in multiple                 

meta-omics types. These could suggest that while the host is able to perform counted reactions               

belonging to these pathways, its microbiota could have a wider metabolism. 

  

Apart from the information obtained from the presence/absence of these enzymes at the             

DNA, RNA or protein level, we can obtain direct temporal information from the comparison of               

the two conditions studied. This temporal information is obtained from the observation of the              

colours of the enzyme boxes, which show the ratio between conditions. If we study the four                

enzymes present in the host data in detail, we can observe that all of them are overrepresented at                  

10d against 20d condition in metaproteomics data, and in metagenomics and metatranscriptomics            

data, they are almost undetectable (Figure 5.9). However, when analysing the           

metatranscriptomics data in the gut microbiota plot, these proteins have a stable abundance over              

the whole time (Figure 5.8). Regarding the activity of the enzymes along time, these findings               

could suggest that the production of these proteins in the hindgut of the host is reduced along                 

time, but its production by the microbiome remains stable. Although the metaproteomics            

sequencing should be performed again to have a deeper coverage of this pathway to obtain               

reliable conclusions, as we have stated before in the previous results section, we could              

understand from these preliminary results that the gut microbiota could be developing a role in               

the nitrogen metabolism of the host along time. 
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Figure 5.9: KEGG Pathview graph of the nitrogen metabolism pathways comparing           

metagenomics/metatranscriptomics/metaproteomics data of the host between 10d and 20d         

conditions. Some nodes are split between different colors, indicating metagenomics (left),           

metatranscriptomics (middle) and metaproteomics (right) data. Green (-1) depicts         

genes/transcripts/proteins overrepresented in 10d (but underrepresented in 20d), while those marked in            

red (1) depicts genes/transcripts/proteins overrepresented in 20d (but underrepresented in 10d). In grey,             

values close to 0 in the ratio 10d/20d, indicating no differences in frequency. 
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To summarize the finding of this section, which is defined as the last level of meta-omic                

integration of this pipeline, we conclude that after analyzing the bacterial and the host              

capabilities together regarding the KEGG Nitrogen metabolism pathway, we find that the            

nitrogen metabolism corresponding to the nitrogen cycle is mostly performed by the            

microbiome. 
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5.4 Discussion 

  

The aim of this Chapter is to study further the structure and potential functions of the gut                 

microbiota of B. germanica. To do so, we decided to perform a multi meta-omic study of the gut                  

microbiota including metagenomics, metatranscriptomics and metaproteomics. The study was         

performed on a control situation community, in order to study the gut microbiota in its usual                

condition, and to have a reference for further studies.  

 

We also included the design of an automated pipeline, necessary to standardize and             

automate our and others studies. Our aim with this tool in the design and implementation was to                 

provide a complete and automated workflow to analyse omics data from a non-model host and               

its microbiome. Based on these requirements, we developed the gNOMO software that presents             

an end-to-end workflow covering all the analysis from the raw data to the final visual output                

obtention. The pipeline performs the analysis of three different meta-omics data: metagenomics,            

metatranscriptomics and metaproteomics, and their integration, together with the bacterial and           

host data integration. 

 

gNOMO is designed for paired-end sequencing of metagenomics and         

metatranscriptomics data, and .mgf files of metaproteomics data. The pipeline includes a            

pre-processing and binning step designed for this type of paired-end datasets, and the production              

of a proteogenomic database. This tailored proteogenomic database is generated to perform a             

highly efficient database search for protein identification from the metaproteomics data analysis            

without a reference microbiome. This strategy optimised the protein identification and solves a             

common problem in the metaproteomics data analysis: the obtention of a reliable and             

manageable database. To obtain this database, metagenomics and metatranscriptomics data are           

assembled into contigs, which are then used to predict the proteins present in the metaproteomics               

samples. Together with the bacterial data, host data is analysed de novo. Host data is identified                
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from the same samples as the bacterial data, this procedure ensures the study of the direct host                 

context of the bacterial population of study, and allows the analysis of microbiota from              

non-model organisms, in which we lack a reference well-annotated genome. Host databases can             

also be provided to analyse human or other model organisms data. 

 

The pipeline is developed using the modular Snakemake framework that allows to            

incorporate software tools and libraries with different requirements. The tools used to develop             

this software are available at the BioConda channel, and their automatic installation is             

incorporated in the workflow. Snakemake makes use of different programming languages, as            

Python, Bash, and R, which are commonly used in bioinformatics. Parameters can be specified in               

the configuration file provided to Snakemake, so it can be adapted to any kind of host or                 

microbiome data analysed. The use of Snakemake makes gNOMO fully automated, efficient,            

and reproducible. 

  

This is not the first attempt to develop an integrated multi-omic software. However,             

previously published meta-omics workflows such as IMP (Manzoni et al., 2018) incorporate two             

layers of meta-omics information by integrating metagenomics and metatranscriptomics data.          

Such workflows focus on the analysis of the microbiome and often consider host information as               

contaminant reads which are removed and not further analysed. To overcome this issue, gNOMO              

offers the possibility to analyse host data in parallel to microbiome data and both datasets can be                 

studied simultaneously. gNOMO includes another layer of information, as included the analysis            

of metaproteomics data. To perform the metaproteomics data integration, gNOMO creates a            

tailored proteogenomic database to achieve better and more efficient protein identification. The            

incorporation of the metaproteomics data to the study of the microbiome gives another             

dimension to the analysis of the microbiome because the proteome provides a higher level of               

functional profile and thereby gives insights on the actual interaction between the metabolism of              

the microbial populations and their host. 
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The visualization output provided by gNOMO pipeline includes three different types of            

plots: Krona charts for taxonomic distribution, and KO categories are plotted using Pathview             

graphs, while LEfSe graphics are used in both kinds of information. The functional distribution              

represented with Pathview permits to investigate two different aspects: first, the completeness of             

the metabolic pathways by visualizing each enzyme in the route, and second, the differences in               

abundance of each enzyme by comparing datasets (metagenomics, metatranscriptomics and          

metaproteomics) or conditions in the bacterial or host data, and between them. This integration in               

gNOMO is highly useful, for example, when information regarding the presence and abundance             

of specific enzymes is needed. But also when the transcriptional or translational activity of the               

population is information of interest.  

 

gNOMO is also fully executable on generic sample types, for example, from human or              

mouse microbiomes. With gNOMO, we aim to fill the gap of barely existing multi-omics              

pipelines for microbial community samples being able to compare and integrate data at the              

genome, transcriptome, and proteome level. 

 

In summary, gNOMO is a standardized, automated, and reproducible bioinformatic          

pipeline designed to integrate and analyse metagenomics, metatranscriptomics, and         

metaproteomics microbiota data of non-model organisms. It incorporates preprocessing, binning,          

assembly steps, to obtain taxonomic and functional annotations, and the production of a             

proteogenomic database to improve the metaproteomics analysis and integration. gNOMO also           

includes the analysis of both microbiota and host data in parallel, which makes it a useful tool to                  

analyse the microbiome of non-model organisms, as it has been demonstrated using experimental             

data of the German cockroach B. germanica. In general, gNOMO can also be applied to data                

from human or other model organism sample types. Finally, gNOMO generates output and             

visualization of multiple meta-omics results in a single automated pipeline. 
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The results of this chapter have been published in the NAR Genomics and             

Bioinformatics journal as “gNOMO: a multi-omics pipeline for integrated host and           

microbiome analysis of non-model organisms” (Muñoz-Benavent et al., 2020), in which           

Maria Muñoz Benavent contributed performing the experimental procedures by herself,          

and the design and development of the gNOMO pipeline. The code was developed             

together with Felix Hartkopf and Tim Van Den Bossche. 
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6. General discussion 
 

The German cockroach, B. germanica, represents a unique system to develop multiple            

studies. This insect possesses an obligate endosymbiont, Blattabacterium, whose role has been            

suggested as the recycle of nitrogen from the uric acid of B. germanica in order to provide                 

essential amino acids and cofactors to the host (Patiño-Navarrete et al., 2014). Moreover, the              

cockroach also possesses a complex gut microbiota with no described function yet. This gut              

microbiota has similarities with the human one (Pérez-Cobas et al., 2013; Carrasco et al., 2014;               

Rosas et al., 2018). These similarities should not be surprising as both organisms share food               

sources and environment, but make cockroaches a potential model organisms to study other             

symbiotic systems in omnivorous animals, such as humans. Those characteristics, together with            

its short generation time, small size and ease of cultivation, make it an ideal organism to carry                 

out studies in these topics. 

 

Far from these research interests, the complex endosymbiont-gut microbiota symbiosis in           

the same organism is very interesting as no similar system has been reported out of cockroaches.                

This unique situation in B. germanica becomes a great opportunity to develop research on the               

origin and interaction of the symbionts. Starting from this point of view, this thesis has been                

focused on developing experiments in order to study and describe the functions and interactions              

developed by the two symbionts and the host, to study their “communication”. 

 

Molecular mechanisms involved in the B. germanica-Blattabacterium interaction 

To do so, we first focused on the endosymbiont Blattabacterium, largely studied in our              

group. After the sequencing and study of the reduced genome of the endosymbiont, our group               

proposed that its role is based on the metabolic complementation between the two organisms.              

This complementation is based on the nitrogen recycling of the excretion products of the              

cockroach from its reserves of uric acid, contained in the fat body, close to the bacteriocytes. The                 
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endosymbiont drives this process by completing the uricolytic route with the enzyme urease,             

only present in the genome of Blattabacterium. In return, it gets glycerol as the carbon source for                 

the bacterium, and glutamine, which then is used to produce the essential amino acids that it                

exports to the host insect.  

 

To delve into the role of the endosymbiont, we decided to test the molecular mechanism               

that would allow it: the molecules exchange between the two organisms through the interphase              

B/B (the eukaryotic and prokaryotic membranes between the endosymbiont and bacteriocyte           

cytoplasms). Previous to this work, we reanalysed the reduced genome of Blattabacterium in             

order to find candidate proteins for the transport of two central molecules through the bacterial               

membranes of the interphase B/B for the metabolism complementation proposed for this            

symbiosis: urea and glutamine. The candidate proteins selected were: an aquaglyceroporin, GlpF,            

and a glutamate transporter, GltP. Aquaglyceroporins have been proven to be transporters able to              

transport water and glycerol, and, some of them, allow the transport of small polar molecules,               

such as glycerol and urea, to pass through the membrane (Bienert et al., 2013). GltP belongs to                 

the glutamate/aspartate transporters subfamily of glutamate transporters (Slotboom et al., 1999).           

We propose a change in its substrate specificity to allow the transport of glutamine, as no other                 

transporters able to transport glutamine have been found in the genome of Blattabacterium. Due              

to these properties, GlpF and GltP were the most suitable options as potential transporters of urea                

and glutamine, respectively. In order to study these potential transporters’ real functions,            

functional complementation assays were performed to analyse the transport of urea and            

glutamine. As a positive control of the complementation assay, both transporters were designed             

to be tested too for the transport of their object of transport, glycerol in GlpF and glutamate in                  

GltP. These experiments were performed on S. cerevisiae, a widely used organism in this type of                

studies because of its ease of cultivation and transformation, and short generation times (Velasco              

et al., 2004; Couturier et al., 2010).  
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Different synthetic media were designed in order to test their functions. In the design for               

the functional complementation assays of glutamine and glutamate transport with the protein            

GltP, we could never observe a differential phenotype between the wildtype strain and the              

mutant strains (JA248 and M4276). After multiple attempts and failures, we decided to stop              

these experiments and focus on the functional complementation of the transporter of the main              

molecule in these interactions, urea, the transporter GlpF. 

 

 For the analysis of the urea transport were used a medium with urea as the only nitrogen                 

source, and a yeast mutant strain for urea transport (dur3) that we transformed with a plasmid                

that expresses GlpF aquaglyceroporin from Blattabacterium. We were expecting a positive           

growth of the parental and the mutant with the GlpF protein strains, and no growth from the                 

mutant strain with the empty plasmid. The experiment gave negative results for the transport of               

urea in the strain transformed with the glpF gene, which indicated that the GlpF transporter was                

not transporting urea inside the yeast strain. 

 

On the other hand, in order to study the glycerol transport, expected for this type of                

aquaglyceroporin, an osmotic shock growth assay was performed using the strain mutant for the              

aquaglyceroporin involved in the departure of glycerol during osmotic stress (fps1) and its             

parental strain. These two strains and the mutant transformed with the GlpF aquaglyceroporin             

were cultivated in a selective medium rich in glycerol, to force it to enter the cells. Later they                  

were cultivated in hyperosmotic media in order to see the response of cells to osmotic stress. As                 

only yeast eukaryotic transporters are able to regulate its flow of glycerol, we expected that the                

mutant transformed with the glpF bacterial gene should not be able to regulate its transporter and                

not could survive in this environment. However, we observed a growth equivalent to that of the                

parent and mutant strains transformed with the empty vector. This result is found to be consistent                

with the previous assay and indicates that aquaglyceroporin is not functioning as transporter, not              

urea, or glycerol. After this, other hypoosmotic and hyperosmotic shock stresses assays were             
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performed that resulted either inconclusive (hyperosmotic shock), or consistent with the previous            

one (hypoosmotic shock).  

 

As the glycerol transport essay, performed in order to have a positive test of the               

complementation essay, also gave negative results, further experiments were performed to find            

out an explanation for these results. To localize the GlpF protein in the yeast, and evaluate if it                  

was appropriately expressed in the membrane of the cells, a fluorescence test was performed,              

following the procedure of similar studies (Uzcategui et al., 2004; Bienert et al., 2013). Two               

plasmid constructs with GFP were designed: one with the GFP alone as a delocalized              

fluorescence control and another with GFP labeling the GlpF protein in C-terminus, to see its               

subcellular localization. The results of these experiments of conventional and confocal           

fluorescence microscopy indicated that the labeled GlpF protein with GFP was localized in the              

cytosol, where its function cannot be tested.  

 

An RT-PCR confirmed proper transcription of the glpF sequence into a correct RNA             

sequence, but afterwards a western-blot was performed to verify the GlpF-GFP chimera used in              

the fluorescence experiment and revealed that the protein was truncated. These findings would             

suggest that the GlpF sequence was not properly translated, or was truncated after the translation.               

A different tag with the GFP sequence in N-terminus was performed to ensure that the truncation                

was not explained by the location of the tag. The experiments performed with the chimera with                

the N-terminal tag show the same results as the previous ones.  

 

The metabolic complementation experiments were not able to validate the          

Blattabacterium role in the symbiosis with B. germanica suggested by our group. However, its              

function is clearly essential for the host and the bioinformatic study of their genomes reinforces               

this hypothesis. Further studies must be developed in this system in order to clarify the molecular                

mechanisms undergoing in this symbiotic relationship.  
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Obtention of aposymbiotic cockroaches to the two symbiotic systems of Blattella germanica:            

the endosymbiont and the gut microbiota 

Other organisms apart from Blattabacterium, whose role has been largely discussed in            

Chapter I, take part in this unique symbiotic system in which B. germanica is the host. This                 

insect also contains a very rich and complex gut microbiota, whose functions still need to be                

studied. To study the interaction between the two symbiotic systems and the importance of their               

roles, we designed an experiment to obtain aposymbiotic cockroaches. Aposymbiotic hosts allow            

the study of the effect of the gut microbiota on the host, and also show how essential the                  

endosymbiont is in the development and fitness of its host. To do so, an antibiotic capable of                 

affecting and reducing the Blattabacterium population on the German cockroach was selected.            

Several antibiotics were tested in previous studies in our group and the most effective for this                

purpose was selected: rifampicin (Llop et al., 2018; Rosas et al, 2018; Domínguez-Santos et al.,               

2020).  

 

As it was demonstrated (Rosas et al., 2018), the effect of rifampicin cannot be observed               

in the treated individuals, it will be visible in the following generation. It has been proposed that                 

the antibiotic affects the endosymbiont in its extracellular stage, in which Blattabacterium leaves             

the protection of the bacteriocytes to infect the ovaries. When affecting the endosymbiont             

amount that will infect the ovaries, the offspring of the treated females will present a reduced                

charge of endosymbiont. With the intention of not affecting the gut microbiota and the viability               

of the experimental individuals excessively, a reduced effect of the antibiotic is preferred, and it               

is extended for several generations. The pressure of the treatment must be maintained during              

each generation until the community is totally removed. We have observed that the following              

generation of nymphs have survived as they have not lost the entire amount of the endosymbiont                

community. These findings justify the need to keep a constant antibiotic stress, because in each               

infection process the endosymbiont population can grow again 
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Three different concentrations of rifampicin (0.02%, 0.01% and 0.005%) were tested           

during several generations during the infection period, named as the treatment window (first 12              

days of the adult stage). This limited treatment was designed in order to reduce the effect of the                  

antibiotic on the host’s fitness and its gut microbiota. The experiment was developed during              

more than a year through 3 generations: G1, G2 and G3. The endosymbiont population was               

tracked with the quantification by qPCR of the gene urease, only present in the genome of                

Blattabacterium. Diverse fitness parameters were measured, such as mortality, fecundity          

(number of nymphs/ootheca and number of oothecae), and developmental time. The gut            

microbiota was analysed by the sequencing of the 16S rRNA gene, and diverse statistics were               

performed in order to study its composition and diversity among the experimental populations. 

 

The lowest concentration of rifampicin, 0.005%, showed no significant effects in the            

endosymbiont population during the G1 treatment. Results of the other concentrations showed            

that rifampicin treatment at 0.01% and 0.02% during the days of treatment in G1 was able to                 

reduce the population of endosymbiont in G2 population. This suggested that the treatment             

window selected was affecting the endosymbiont during the infection of the ovaries, as expected.              

However, its effect is not homogeneous among the cockroaches population: we found two very              

distinct groups of development in G2 (Fast and Slow). These observations were reinforced by              

the urease gene quantification, in which it was found that the endosymbiont population was not               

equally reduced among the offspring of the treated cockroaches. Results in the fitness parameters              

were significantly different between concentrations 0.02% (population A) and 0.01% (population           

B). The mortality was highly increased in the population treated with the concentration 0.02%.              

This high mortality reduced substantially the experimental groups under this treatment, and            

affected the analysis of the results as they were incomplete. These incomplete dataset made it               

impossible to rely on the conclusions obtained from it, and we decided to focus the conclusions                

in the only complete dataset: population B (rifampicin 0.01%).  
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The reduction of the endosymbiont population showed a great increase of the            

developmental time in the host (from 60 to 80 days to reach adult stage, instead of 50-60 days).                  

When the affected G2 was not treated again with antibiotics, a normal G3 population was               

obtained. This result suggests a total recovery of the endosymbiont just after one generation              

without treatment.  

 

However, we also observed that a G2 with a strong reduction of the endosymbiont              

population, treated again, gave birth to a normal G3 (recovered the normal amount of              

Blattabacterium in the fat body). This full recovery, even after the treatment was maintained in               

every generation, implies that the treatment window in G2 is not enough to have an effect on G3.                  

We suggest that the reduction of the endosymbiont increases the developmental time, which             

increases the period of the ovaries’ infection. The increase in the developmental time after one               

effective generation of treatment reduces the effectiveness of the treatment in the following             

generation with the same time of treatment.  

 

The fertility was found to be highly affected in some experimental groups, including in              

which the endosymbiont population was very low. The decrease of fertility, however, cannot be              

attributed to the endosymbiont reduction, as the fecundity is affected in all the treated              

populations in G2 and G3, even with a normal amount of endosymbiont. 

 

The gut microbiota showed differences between some experimental groups and the           

control population, as it was shown in the Aitchison distance graphic, but these differences              

cannot be explained by the antibiotic treatment or the amount of the endosymbiont. These results               

are reinforced by the results of the static analysis performed on the taxonomic distribution              

(UniFrac) and diversity of the samples (Shannon Index). As no direct effect on the gut               

microbiota distribution, structure and diversity can be related to any of the experimental factors              

(antibiotic or endosymbiont population), we can interpret that the measurements of the host             

fitness parameters cannot be related to the gut microbiota distribution, only to the treatment or               
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the Blattabacterium population. We also observed that no interaction is found between the gut              

microbiota and the endosymbiont, as no significant effect is found in the gut communities of the                

populations with an extremely reduced endosymbiont population. These results are consonant           

with the previous study of Rosas et al. (2018), in which was observed that after two generations                 

of rifampicin treatment (G2) the B. germanica individuals were capable to recover the gut              

microbiota composition, without significant differences with the control population.  

 

Development of an automated multi meta-omic analysis to describe the control situation of             

the gut microbiota in the German cockroach 

Gut microbiota has been described as a key super-organism involved in diverse human             

illnesses (Li et al., 2016), nutrition (Morgan et al., 2019), and even insect immunology (Dong et                

al., 2009). The importance of this symbiont is usually remarked in organisms with no other               

complex symbionts, like termites, who lost the endosymbiont Blattabacterium and replaced it by             

a very specific gut microbiota, responsible for the niche diversification of these organisms.             

Cockroaches represent a unique system, as they possess a very rich and complex gut microbiota,               

but also keep the endosymbiont that their sister group the termites lost. In order to properly                

describe the function of this symbiont, we decided to incorporate meta-omic techniques. This             

study incorporated three meta-omic techniques: metagenomics, metatranscriptomics and        

metaproteomics. With this approach our aim was to describe not only the taxonomic structure of               

the population (metagenomics), but also its functional role through two sources of information:             

metatranscriptomics and metaproteomics. The study was performed on a control situation           

community, in order to study the gut microbiota in its usual laboratory condition, and to have a                 

reference for further studies. Previous studies were performed in our group with metagenomics             

and 16S rRNA gene sequencing, including the experiments exposed in Chapter II and discussed              

above.  

 

As one of the main problems in the bioinformatics studies nowadays is the             

standardization of protocols of analysis of datasets, we decided that it was essential to develop a                
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standard protocol which integrated these three levels of information. This tool would be useful              

for further studies in our group.  

 

Our aim with this tool was to generate an automated workflow to analyse omics data,               

integrate them to have a reliable interpretation of the data, and especially design it oriented to the                 

study of non-model hosts and their microbiome. Based on these requirements, we developed             

gNOMO, a software that includes the analysis of the three types of data independently, integrates               

them, but also includes the analysis of the hosts data together with the microbiota. The pipeline                

performs the analysis from the raw data to the final visual output.  

 

The pipeline was developed under the Snakemake (Köster and Rahmann, 2012)           

framework, which allows to incorporate software tools and libraries with different requirements            

and makes gNOMO fully automated, efficient, and reproducible. The tools used to develop this              

software are available at the BioConda channel (Grüning et al., 2019), and are automatically              

installed with the execution of the workflow. Snakemake makes use of common programming             

languages, as Python, Bash, and R. The analysis can be tailored to any kind of data requirements,                 

as the parameters can be specified in the configuration file provided to Snakemake.  

 

gNOMO was designed for paired-end sequencing of metagenomics and         

metatranscriptomics data, and .mgf files of metaproteomics data. The pipeline includes five main             

steps: the pre-processing of the metagenomics and metatranscriptomics raw files, the analysis of             

the metagenomics and metatranscriptomics data, the production of a proteogenomic database, the            

analysis of the metaproteomics data, and the integration of the three datasets in the final               

outcome.  

 

The introduction and production of a tailored proteogenomic database provides more           

robust and reliable results (Ruggles et al., 2017; Schiebenhoefer et al., 2019), and also allows the                

metaproteomics analysis without a reference microbiome, which is a common problem in            
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non-model organisms studies. This strategy optimised the protein identification and solved this            

common problem. This database is constructed from the protein prediction of the metagenomics             

and metatranscriptomics data, which means that we have a reference database from the gene pool               

and the actively transcribed genes, which are more likely to be translated into proteins, but is not                 

always the case. The host data is also analysed de novo, as this database is also produced for the                   

host data, extracted and analysed from the same samples as the microbiota data. This approach               

allows the analysis of the microbiota and its context (the host) together, and also solves the                

problem of the lack of a reference genome for the analysis of the host data, very common in                  

studies with non-model organisms.  

  

The visualization output provided by the gNOMO pipeline includes three different types            

of plots: Krona charts for taxonomic distribution, KO categories are plotted using Pathview             

graphs, and LEfSe graphics, which are used in both kinds of information. The Krona plots were                

obtained from the metagenomic data, as we believe it is the most reliable to describe the                

taxonomic distribution in the samples. The results obtained confirmed previous results in            

metagenomics and 16S rRNA gene sequencing developed in our group (Rosas et al., 2018).  

 

The functional distribution of our samples was represented with Pathview. This program            

allows to investigate the enzymes found in the metabolic pathways analysed. We can assess how               

complete is the pathway, but we can also study the ratio between different datasets in order to                 

compare meta-omics data (metagenomics, metatranscriptomics and metaproteomics), or even         

conditions in the bacterial or host data, and between them. This integration in gNOMO is highly                

useful, for example, when information regarding the presence and abundance of specific            

enzymes is needed. But also when the transcriptional or translational activity of the population is               

information of interest. In our results we found that the transcriptional activity regarding the              

TCA cycle is high in both conditions studied (ratio between metatranscriptomics and            

metagenomics data), and that the nitrogen cycle pathway is mainly developed by the microbiota              

in the gut, in comparison with the host data, as the results shown by the three meta-omics data                  

156 



 

(metagenomics, metatranscriptomics and metaproteomics) suggest that. These results have been          

only preliminar, as examples of the capability of this tool. Further studies will be performed in                

order to describe the gut microbiota functions in the German cockroach, under stable conditions              

and under stress.  

 

So far, gNOMO has been developed and optimized for data from non-model organism             

samples, but it is fully executable on generic sample types, for example, from human or mouse                

microbiomes. Host databases can also be provided to develop analysis with model organisms.  
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7. Conclusions 
 

 

1. The results of the urea and glycerol transport assays of the protein GlpF transformed              

strains are negative. Fluorescence assays with GlpF tagged with GFP show that the             

chimera protein is not located in the membrane, which explains the negative results of the               

functional complementation studies.  

 

2. The levels of GlpF mRNA and the chimera protein expression are analysed by RT-PCR,              

and western blot anti-GFP assays were performed, showing correct levels of GlpF mRNA             

but a truncation in the chimera protein. These results indicate that there is an error in the                 

translation, or a truncation or degradation of the protein. The GlpF part of the chimera               

protein must be located in the membrane to a proper hydrophobic folding, otherwise this              

part of the chimera protein cannot be properly folded and can be degraded by the cell                

quality control systems. In any case, these results make the experiments inconclusive.            

More work is needed to properly determine the function of these proteins and to clarify               

the molecular mechanisms that allow the interaction between the host and           

Blattabacterium. 

 

3. Rifampicin treatment at 0.01% during the first 12 days of adult in G1 was able to reduce                 

the population of endosymbiont in G2 adults, buts its effect was not homogeneous among              

the cockroaches population as it is shown in its developmental time and the urease              

quantification. The treatment, when effective, increased the developmental time. This          

effect implies that the treatment window in G2 is not enough to have an effect on G3:                 

after a generation of reduction of the Blattabacterium population, the offspring of the             

next one recovers completely as the window treatment has been expanded due to the              

increase of the developmental time.  
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4. Negative effects on fertility have been found in rifampicin treated populations, but they             

can not be attributed exclusively to the endosymbiont reduction but to the rifampicin             

treatment, since G3 populations treated with the antibiotic show a strong reduction on             

fertility parameters, although the population of the endosymbiont is similar to the control.  

 

5. The gut microbiota is not significantly affected by the treatment or the low amount of the                

endosymbiont. The outcome on the viability and fitness parameters is not related to the              

gut microbiota. 

 

6. To perform further and deeper studies on the gut microbiota of B. germanica new              

techniques were incorporated. A workflow including the analysis and integration of three            

meta-omics techniques has been developed to study the gut microbiota of B. germanica             

and other non-model organisms: gNOMO.  

 

7. This pipeline facilitates the study and integration of these three meta-omics data due to              

the obtention of a tailored proteogenomic database. The result is an innovative and robust              

pipeline to analyse and integrate three meta-omics data, which also includes the analysis             

of the host data. The workflow, developed under Snakemake (Köster and Rahman, 2012)             

using tools available in the BioConda channel (Grüning et al., 2018), produces an             

standardized and reliable outcome that can be visualised with different types of plots:             

KronaPlots, Pathview and LEfSe graphs.  

 

8. The findings regarding the study of the control situation of the microbiota under a control               

situation confirms previous studies developed in our group (Rosas et al., 2018). They also              

set the path to develop further experiments based on analyse the gut microbiota of B.               

germanica under perturbations (e.g. with different antibiotics and concentrations, or with           

synthetic diets), in order to assess its sole in the symbiotic system.  
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9. Resum 

 
La panderola alemanya, B. germanica, és un insecte cosmopolita i omnívor, amb el qual              

compartim espai i aliment. El podem trobar al nostre voltant, en zones urbanes i en el camp. Les                  

panderoles han aconseguit desenvolupar la capacitat d’adaptar-se a qualsevol ambient,          

convertir-se en organismes ubiqües. Posseeixen, a més, una altíssima complexitat biològica, ja            

que representen un cas únic d’organització simbiòtica: tenen un endosimbiont i una rica             

microbiota intestinal. Aquest és un cas estrany ja que normalment no es troben dos simbionts tan                

complexes en un mateix hoste. Les panderoles, no obstant, en són una excepció.  

 

L’objectiu principal d’aquest treball és estudiar aquestos simbionts, les seues funcions en            

el complex sistema simbiòtic que estableixen amb la panderola alemanya, i aclarir si hi ha cap                

comunicació molecular entre ambdós que permeta una complementació dels seus efectes sobre            

l’hoste. Per tant, entendre per què les panderoles tenen dos sistemes simbiòtics (l’endosimbiont             

Blattabacterium i la microbiota intestinal) i si existeix un “diàleg” entre els dos i l’hoste. 

 

B. germanica té un flavobacteri anomenat Blattabacterium cuenoti allotjat en el cos gras,             

un òrgan difús situat al tòrax format per distints grups cel·lulars. Les cèl·lules principals que               

formen el cos gras són adipòcits (emmagatzemen glucogen i lípids), uricòcits (emmagatzemen            

àcid úric), i bacteriòcits. Els endosimbionts es troben dins d’aquest últim tipus cel·lular, els              

bacteriòcits, i es troben separats de l’hoste per un complex sistema de membranes conformat per               

dues membranes bacterianes i una membrana eucariota (anomenada membrana simbiosomal).          

Aquest conjunt de membranes s’ha anomenat interfase Blattella/Blattabacterium o interfase B/B           

(Douglas, 2014).  

 

En el nostre grup d'investigació ens hem centrat en estudiar aquest organisme i els seus               

simbionts. Durant els últims anys la recerca ha estat centrada sobre Blattabacterium i el seu               
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paper en la simbiosi amb la panderola alemanya. Després de seqüenciar i analitzar el genoma del                

bacteri (López-Sánchez et al., 2009) i reconstruir les seues xarxes metabòliques           

(González-Domenech et al., 2012), es va fer una proposta per al rol de l’endosimbiont. L’estudi               

del seu genoma revetlla la presència del gen ureasa, capaç de tancar la ruta uricolítica i degradar                 

l’àcid úric en amoni i diòxid de carboni. La presència d’aquest enzim en el seu genoma                

juntament amb la proximitat dels bacteriòcits als uricòcits (reserves d’àcid úric) han servit de              

base per a la proposta del paper que desenvolupa Blattabacterium en la seua simbiosi amb B.                

germanica. Segons la proposta del nostre grup, l’àcid úric produït per la panderola             

s’emmagatzema al uricòcits i és degradat per l’hoste per a produir urea. L’urea és emprada per                

l’endosimbiont per a produir amoni i diòxid de carboni. L’amoni és posteriorment emprat per              

l’hoste per a sintetizar glutamat i, a partir d’aquest, glutamina. La glutamina torna a travessar la                

interfase i s’empra per l’endosimbiont per a sintetitzar aminoàcids essencials i cofactors per ésser              

emprats per la panderola (Patiño-Navarrete et al., 2014). D’aquesta relació mutualista, l’hoste            

obté aminoàcids i cofactors a partir del reciclatge de nitrogen que duu a terme el bacteri, i aquest                  

obté un espai per viure protegit i font d’aliment contínua per par de l’hoste (la font de carboni de                   

l’endosimbiont podria ser el glicerol proporcionat per l’hoste). 

 

Capítol I - Avaluació del paper dels transportadors Blattabacterium GlpF i GltP en la              

complementació metabòlica entre Blattella germanica i Blattabacterium 

 

La funció proposada per a l’endosimbiont, no obstant, s’ha plantejat com a hipòtesi             

teòrica. Per tal de confirmar-la es requereix la comprovació d’aquest mecanisme desenvolupat            

per l’endosimbiont. El primer objectiu per tal d'aclarir la comunicació entre els simbionts és,              

doncs, identificar les proteïnes transportadores localitzades en la interfase de membranes entre            

l’endosimbiont (Blattabacterium) i l’hoste que permeten l’intercanvi de substàncies necessàries          

per a que es duga a terme aquesta complementació. Amb aquest objectiu vàrem dissenyar els               

experiments que conformen el primer capítol d’aquesta tesi.  
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Per a que la ruta metabòlica proposada entre el bacteri i l’hoste es duga a terme, s’ha de                  

produir un intercanvi de molècules a través de la interfase B/B: la urea i la glutamina. Aqueste                 

substàncies requereixen de transportadors per a travessar les tres membranes que separen el             

bacteri de l’hoste. Es va analitzar el genoma de Blattabacterium i es van seleccionar dos               

seqüències com a putatius transportadors d’aquestes molècules: els gens glpF i gltP.  

 

El transportador glpF podria estar implicat en el transport d’urea i, a més, glicerol. Es               

tracta d’una aquagliceroporina, una proteïna que pertany a la família de les aquaporines (AQPs)              

capaç de transportar aigua i glicerol, i petites molècule spolars com la urea. S’ha comprovat la                

capacitat del transport d’urea i glicerol en aquagliceroporines en estudis previs (Bienert et al.,              

2013). El transportador gltP és un transportador de glutamat de la subfamília dels transportadors              

de glutamat/aspartat (Slotboom et al., 1999). Aquest és candidat més probable per al transport de               

glutamina, pel que nosaltres proposem un canvi d’especificitat de substrant per al transport de              

glutamina.  

 

Per tal d’estudiar la funció real d'aquests transportadors, s’han dut a terme assajos de              

complementació funcional. Aquestos assajos s’han dut a terme en Saccharomyces cerevisiae, un            

organisme molt emprat en aquest tipus d’estudis (Velasco et al., 2004; Couturier et al., 2010).               

Els transportadors s’han clonat en soques de llevat mutants per als gens encarregats del transport               

de les molècules d’estudi, i s’han fet crèixer en medis sintètics per a provar el transport                

d’aquestes substàncies si són capaços de revertir les mutacions (Trevisson et al., 2009).  

 

Per a la complementació funcional del transport d’urea hem emprat el mutant de llevat              

dur3, incapaç de transportar urea per falta del transportador Dur3, i molt emprat en aquestos               

assajos (Klebl et al., 2003; Liu et al., 2003a; Kojima et al., 2007). Una vegada transformada la                 

soca dur3 amb el gen glpF, l’hem crescuda en un medi mínim amb urea com a l’única font de                   

nitrogen. La capacitat de transport d’urea es va mesurar segons la capacitat de creixement de la                

soca. A banda del transport d’urea, també hem comprovat la capacitat de transport de glicerol de                
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l’aquagliceroporina GlpF. El glicerol juga un paper important en esta complementació com a la              

principal font de carboni de l’endosimbiont, i ha de travessar la membrana per a ésser               

proporcionat per l’hoste. Per a estudiar el transport de glicerol en el mateix transportador GlpF               

s’ha realitzat un assaig de xoc osmòtic en la soca mutant fps1, mutant per al transportador Fps1.                 

Fps1 permet regular la pressió cel·lular mitjançant l’eixida regulada de glicerol per difusió             

facilitada en hipoosmosi, i mantenir el transportador tancat per impedir la eixida en situacions              

d’hiperosmosi (Duskova et al., 2015). Degut a les capacitats osmorreguladores de GlpF, aquest             

transportador no és capaç d’evitar l’eixida de glicerol en situacions d’hiperosmosi (Tang et al.,              

2005; Beitz et al., 2009), el que implica la sortida d’aigua intracel·lular i la plasmòlisi. S’ha                

comprovat, doncs, la capacitat de transport de glicerol en situacions d’alta osmolaritat. 

 

En el cas del transportador GltP, s’ha dissenyat l’estudi del transport tant de glutamina              

com del seu objecte de transport comú, el glutamat. En ambdós casos l’assaig consisteix en el                

mateix procediment que en l’assaig del transport d’urea: es sintetitzaren medis mínims amb             

glutamina o glutamat com a única font de nitrogen, i es mesura la capacitat de creixement de les                  

soques mutants de llevat transformades amb el gen gltP. Els mutants emprats en l'estudi són:               

JA248 (mutant per al transportador general gap1, per a la glutamina permeasa gnp1 i per al                

transportador d’aminoàcids agp1) per al transport de glutamina, i M4276 (mutant per a gap1 i la                

permeasa d’àcids dicarboxílics dip5) per al transport de glutamat.  

 

Les seqüències dels gens gltP i glpF foren encarregades a l’empresa GenScript (EUA)             

optimitzades per a l’ús de codons de S. cerevisiae. El plasmid emprat a l’assaig fou pCM189                

degut a la presència de origen de replicació d’E. coli i S. cerevisiae, un transactivador que permet                 

l’expressió dels gens en llevat, un operador TetO que en absència de doxiciclina manté un nivell                

d’expressió constitutiva dels gens i una seqüència Multi Cloning Site (MCS) amb llocs de              

restricció únics per a clonar els gens d’interès.  
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En el cas de l’assaig del transport de glutamina, durant el procés de disseny i assaig dels                 

medis mínims amb les soques mutant i parental, no vam aconseguir optimitzar els medis per               

observar diferències clares de creixement entre les dues soques. Després de diverses proves vam              

decidir finalitzar amb aquesta part de l’assaig i centrar-nos en les proves de transport d’urea i                

glicerol.  

 

El transport d’urea es va assajar en medi SD amb urea com a font de nitrogen. Les soques                  

parental, com a control positiu de creixement, i el mutant dur3, com a control negatiu, presenten                

creixements significativament distints en aquest medi, en el qual dur3 és incapaç de créixer per               

baix de 5mM d’urea. No obstant això, la construcció amb el gen glpF fou incapaç de revertir el                  

fenotip mutant en el assajos. Per tal de comprovar si el defecte en el creixement es devia algún                  

error degut a l’assaig d’un transportador d’origen bacterià, es va assajar el mateix medi amb un                

control positiu d'aquest origen: LbGlpF1, un transportador d’urea de Lactobacillus plantarum           

que havia estat assajat en llevat per Patrick Bienert (Bienert et al., 2012; Bienert et al., 2014). La                  

construcció amb LbGlpF1 va revertir el fenotip dur3, i varem confirmar el resultat negatiu de               

l’assaig del gen glpF de Blattabacterium. 

 

L’assaig amb glicerol va donar resultats similars, vàrem plantejar un assaig de xoc             

hipoosmòtic. Aquest consistia en un precultiu del llevat en un medi ric en glicerol per a forçar                 

l’entrada a la cèl·lula, posteriorment es degoteja en un medi SD, el que genera el xoc                

hipoosmòtic. La soca parental deixa eixir el glicerol, però la mutant no, al mancar del               

transportador, i no pot créixer normalment. En el cas del transportador GlpF, deuria revertir le               

mutant i créixer amb normalitat. No obstant això, el resultat d’aquesta prova fou negatiu amb               

concordança amb els resultats del transport d’urea. El control positiu emprat amb el gen de L.                

plantarum GlpF3, un transportador de glicerol, sí va revertir el mutant i va donar el fenotip                

esperat. Es va realitzar també un assaig de xoc hiperosmòtic, en el qual el mutant i el parental                  

creixen amb normalitat perquè retenen el glicerol, però GlpF i la soca de control positiu de                

transport bacterià (amb el gen GlpF1), no deurien poder créixer al no poder regular el tancament                
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del transportador bacterià. en aquest assaig totes les soques, incloent la soca amb el gen GlpF1                

van créixer amb normalitat. Aquest experiment el considerem no concloent degut a aquestos             

resultats.  

 

Per tal de confirmar aquestos resultats es van dur a terme proves addicionals. Amb la               

intenció de comprovar la localització subcel·lular de les proteïnes, es van construir quimeres amb              

GFP. Les seqüències de GFP van servir per etiquetar els transportadors en C-terminal i es va                

observar la seua localització subcel·lular mitjançant microscopia de fluorescència convencional i           

confocal. Estos estudis van mostrar que la fluorescencia es detectava en el citoplasma, i no               

localitzada en les membranes cel·lulars. Aquest error en la localització de les proteïnes feia              

inviable els assajos de complementació funcional, ja que fora de la membrana cel·lular la funció               

d’aquestos transportadors era impossible de comprovar. 

 

Posteriorment es va comprovar si l’error en la localització subcel·lular es devia a un error               

en el procés d’expressió o de síntesi de les proteïnes en el llevat. Es va dur a terme una RT-PCR                    

que va confirmar una eficient transcripció del gen glpF. Posteriorment, un western-blot dut a              

terme sobre la quimera de GlpF-GFP va mostrar una tamany molt inferior de la proteïna               

quimèrica del esperat. Aquestos resultats indiquen que un truncament, una incorrecta traducció, o             

la degradació de la proteïna eren els responsables dels resultats obtinguts en el experiments              

previs.  

 

Els resultats indiquen que no podem descartar aquestos dos transportadors com a            

responsables de l’intercanvi de substàncies a través de la interfase B/B, i que posteriors estudis               

han de dur-se a terme per tal d'aclarir les seus funcions i confirmar o desmentir aquestes sospites.                 

Futurs estudis en aquesta matèria requereixen, en primer lloc, de l’optimització dels medis             

mínims per a dur a terme els assaigs de complementació funcional del transport de glutamina               

amb gltP, per tal de comprovar si els resultats i el comportament és comparable als obtesos amb                 

glpF. En segon lloc, un estudi profund del comportament d’aquestos transportadors en llevat és              
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essencial, per tal d'analitzar si hi ha algun mecanisme que impossibilite l'expressió adequada             

d’aquest transportador en llevat, i avaluar si és requereix dur a terme els estudis en altre                

organisme.  

 

Capítol II - L’estudi del comportament dels dos sistemes simbiòtics de Blattella germanica             

per pertorbacions amb rifampicina 

 

En els capítols II i III d’aquest treball ens hem centrat en el desenvolupament del segon                

objectiu particular d’aquesta tesi: analitzar la comunicació entre l’hoste, l’endosimbiont i la            

microbiota intestinal, estudiant l’aparició de canvis en els dos simbionts baix l’efecte de distints              

tractaments. Per a analitzar la comunicació entre els tres individus que hi intervenen en la relació                

simbiòtica (endosimbiont, microbiota intestinal i la panderola), és important estudiar aquestos           

organismes per separat, sense l'influx dels altres. Per tal de poder estudiar la microbiota intestinal               

i els seus efectes sobre l’hoste, hem dissenyat un experiment amb la intenció d’obtenir              

panderoles aposimbionts.  

 

Per a obtenir panderoles sense Blattabacterium, organismes aposimbionts, els efectes de           

diversos antibiòtics sobre les panderoles han sigut analitzats per tal de seleccionar el més efectiu               

en la reducció de l’endosimbiont Blattabacterium. La rifampicina ha resultat ser el més adient en               

aquest propòsit, ja que és capaç d’afectar l’endosimbiont en el període del seu cicle en que es                 

troba fora del bacteriòcit, en estat extracel·lular (Rosas et al., 2018; Llop et al., 2018;               

Domínguez-Santos et al., 2020). Aquest període correspón a la invasió del ovaris per part de               

l’endosimbiont, el que abandona els bacteriòcits del cos gras per introduir-se en les ovarioles de               

les panderoles. Aquest procés es dóna durant els primers 12 dies de l’estadi adult de les femelles,                 

i permet la continuïtat de l’endosimbiont en la següent generació per transmissió vertical (Sacchi              

et al., 1988).  
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Per tal de disminuir l’efecte de l’antibiòtic sobre a microbiota intestinal i l'eficàcia             

biològica dels hostes, aquest experiment està dissenyat per a tractar les panderoles només durant              

aquest període d’invasió dels ovaris: els primers 12 dies de l’estadi adult. El seguiment de la                

població s’ha dut a terme mitjançant la presa de mostres d’ADN del cos gras de les panderoles                 

per tal de quantificar la població d’endosimbiont, de l’intestí per analitzar l’estructura de la              

microbiota intestinal, i s’han dut a terme distintes mesures de l’eficàcia biològica dels hostes per               

a analitzar els efectes del tractament sobre la panderola.  

 

El disseny de l’experiment inclou el tractament de les panderoles durant successives            

generacions amb una baixa concentració d’antibiòtic, per tal d’afectar el menys possible la             

supervivència de les panderoles i la microbiota intestinal, fins a obtenir panderoles aposimbionts.             

Aquestes panderoles s’han tractat amb tres concentracions de rifampicina diferents: 0.02%           

(població A), 0.01% (població B), i 0.005% (població C). Les concentracions de rifampicina             

s’han seleccionat a partir d’estudis previs amb la concentració A (0.02%), que van donar              

resultats positius (Rosas et al., 2018), i amb la intenció d’optimitzar l’obtenció d’aposimbionts             

amb la concentració més baixa possible per a reduir els efectes negatius del tractament sobre               

l’hoste i la microbiota intestinal.  

 

Les poblacions A, B i C provenen d’una mateixa població de manteniment, i han sigut               

tractades durant els primers 12 dies de l’estadi adult. Durant la primera generació (G1), es varen                

prendre mostres de cos gras i intestí als 10 i 20 dies de passar a estadi adult. Després de les                    

primeres eclosions de la descendència de G1, es van prendre mostres de les nimfes de 24 hores                 

per a fer un seguiment de la població de l’endosimbiont. Aquesta població de descendents (G2),               

es va separar en dos grups en cadascuna de les poblacions: un grup va seguir amb el tractament i                   

l’altre no. Es va incloure la retirada del tractament en cada generació per tal d’observar el                

nombre de generacions requerit per a revertir els efectes de l’antibiòtic sobre l’endosimbiont.             

Aquest experiment està acompanyat d’una població control que s’ha mantès en les mateixes             
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condicions que la experimental però sense tractament. Les mostres s’han pres de la mateixa              

forma que en les poblacions experimentals.  

 

Els resultats de les qPCR del gen ureasa de la primera generació van indicar que no hi ha                  

diferències en la quantitat d’endosimbiont entre les poblacions experimentals i la control.            

Aquestos resultats eren esperats ja que l’antibiòtic afecta la quantitat de Blattabacterium que             

infecta els ovaris. Aquesta població d’endosimbiont es veurà reduïda en la descendència de les              

femelles afectades, pel qual és detectable en la generació següent al tractament. Les qPCr de les                

nimfes descendents d’aquestes poblacions tractades indicaren que els efectes del tractament eres            

significatius en les poblacions A i B, però no en la població C. En les nimfes provinents de les                   

femelles tractades dos màximes concentracions de l’antibiòtic es va observar una disminució de             

Blattabacterium de dos ordres de magnitud respecte a la població control. En la població C es va                 

observar un descens d’un ordre de magnitud. Degut a aquestos resultats es va decidir no repetir                

el tractament en G2 de la població C. Aquesta població no es va tractar durant G2 i es van                   

recolectar dades per analitzar la recuperació d’aquest lleu efecte. 

 

Durant els períodes nimfals en la G2 de les poblacions A i B es va detectar una                 

heterogeneïtat en el desenvolupament de les poblacions: en ambdós poblacions es van observar             

dues velocitats de desenvolupaments molt distintes. Una part presentava una velocitat de            

desenvolupament similar a la població control, i l’altra requeria d’aproximadament el doble de             

temps per a desenvolupar-se. Les varem anomenar Fast i Slow, respectivament. Cadascuna            

d’aquestes poblacions Fast i Slow en les poblacions experimentals A i B es varen dividir en dos                 

grups: un que mantenia el tractament de 12 al passar a adults i altre en que es retirava el                   

tractament.  

 

En ambdós poblacions es va observar una gran mortalitat que va reduir el nombre de               

panderoles d’estudi. Aquest efecte va implicar la reducció del nombre de mostres per generació,              

que es va reduir a un únic punt després de l’eclosió de les ooteques. La intenció d’aquest canvi                  
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de mostreig era mantenir el tamany poblacional per a assegurar una següent generació             

experimental. La mortalitat va ser especialment elevada en la població amb la màxima             

concentració de tractament, la població A. En aquesta població no es varen poder obtenir el               

mínim de rèpliques per condició establertes (3), i alguns grups no varen poder generar              

descendència. Aquesta població, doncs, tot i que informativa, es troba incompleta i s’ha emprat              

per complementar la informació obtinguda amb la població B. Els resultats de les qPCR del gen                

ureasa de G2 mostren una reducció de la població de Blattabacterium en alguns casos quasi               

total, però altament heterogènia. Aquestes troballes es troben en consonància amb les poblacions             

Fast i Slow prèviament observades.  

 

Pel que fa a la tercera generació (G3), només els descendents de la G2 del tractament B i                  

alguns grups de l’A han sigut analitzats. En aquesta generació s’observa una recuperació total de               

nivells normals de Blattabacterium després d’una generació sense tractament d’antibiòtic.          

D’altra banda, però, s’observa el mateix efecte en els descendents de poblacions tractades en G1               

i G2, i en les que la població de l'endosimbiont estava clarament reduïda en G2.  

 

L’estudi de la mortalitat i el pes dels individus indiquen que no hi ha una clara relació                 

entre la quantitat d’endosimbiont o el tractament i l’afectació d’aquestos paràmetres. No obstant,             

la fecunditat s’ha trobat altament afectada en les poblacions amb tractament de rifampicina,             

especialment a altes concentracions, independentment de la població de Blattabacterium. Podem           

afirmar que els paràmetres d’eficàcia no s’han vist afectats per la reducció de Blattabacterium,              

però sí pel tractament de rifampicina.  

 

Els resultats de la seqüenciació del gen d’rRNA 16S indiquen que s’observa una reducció              

de Fusobacterium en alguns grups durant G2 i G3, resultat en consonància amb previs estudis               

relacionats amb el tractament amb rifampicina (Rosas et al., 2018). La microbiota intestinal es              

veu lleument afectada pel tractament amb l’antibiòtic (com mostren les distàncies d’Aitchison).            

No obstant això, aquestes diferències no poden explicar-se per la quantitat d’endosimbiont, la             
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concentració o el nombre de generacions de tractament pel que podem observar en els anàlisis               

estadístics de la diversitat i de l’estructura de la microbiota (Shannon Index i UniFrac). Aquestos               

anàlisi confirmen que no hi ha relació entre la quantitat d’endosimbiont i el tractament amb els                

paràmetres d’eficàcia de panderola. 

 

Com a conseqüència d’aquestos resultats, podem concloure que el tractament amb           

rifampicina, tot i que efectiu per a reduir la població de l’endosimbiont, no s’ha aplicat el temps                 

necessari per a obtenir uns efectes homogenis. Aquesta heterogeneitat en l’efecte en G2, i la               

recuperació de la població d’endosimbiont en pobablcions de G3 en que s’havia mantés el              

tractament, confirmen que la finestra de tractament és curta. Com a proposta per a explicar               

aquest inesperat fenomen, pensem que en les poblacions més afectades (amb tractament continu),             

el temps de desenvolupament s’allarga (com hem vist a les poblacions Slow) i, per tant, s’allarga                

també el període de maduració sexual i d’invasió dels ovaris. El tractament durant G2 ha sigut                

insuficient perquè no ha abarcat la finestra de tractament, encara més àmplia que en G1. 

 

Pel que fa a la viabilitat de l’hoste i la microbiota intestinal, podem assumir que els                

efectes observats s’expliquen pel tractament amb rifampicina, i no per la reducció de la població               

de Blattabacterium. La comunicació entre la microbiota intestinal i l’endosimbiont, si hi ha             

alguna, no ha sigut observada en aquestos estudis.  

 

Capítol III - Estudi multi meta-òmic de la microbiota intestinal de B. germanica 

Com a continuació dels estudis iniciats al capìtol II, en aquest capítol es pretén              

complementar la información disponible sobre la funció de la microbiota intestinal en la             

simbiosi amb B. germanica. Per tal d'aprofundir en aquest tema d’estudi, es va plantejar la               

necessitat de descriure la situació control de la microbiota intestinal per tal de tenir una               

referència per a futurs estudis comparatius. Es planteja també la incorporació de tècniques             

meta-òmiques i el desenvolupament d’una pipeline estandarditzada per a estudiar aquesta           
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microbiota, amb la intenció d’obtenir informació més complexa i completa de l’estructura i             

metabolisme de la microbiota intestinal. 

 

Aquest experiment contempla l’extracció de mostres de dos punts de l’estadi adult, en el              

qual la microbiota intestinal s’estableix finalment i arriba al seu màxim de complexitat (Carrasco              

et al., 2014). Les mostres es varen prendre els 10 i 20 dies després d’arribar a l’estadi adult. Es                   

varen prendre mostres d’ADN, ARN i proteïnes de l’intestí, amb les quals es varen obtenir el                

metagenoma, metatranscriptoma i metaproteoma de la microbiota intestinal. Les dades, a més,            

havien d’integrar-se per poder analitzar la situació de la microbiota intestinal de la forma més               

realista i completa possible. De manera que, l’objectiu d’aquest estudi és analitzar la microbiota              

intestinal de la panderola en una situació control amb tècniques òmiques per a establir a B.                

germanica com un organisme model per a futurs estudis (per exemple, tractaments amb             

antibiòtics o assajos amb dietes sintètiques). A més, es desenvolupa un programa que permet              

analitzar les dades en brut i processar-les fins obtenir anàlisis estadístiques sobre l’estructura i el               

metabolisme de la microbiota intestinal. Aquest programa s’ha desenvolupat sota el marc de             

treball programat en Python Snakemake (Köster and Rahman, 2012), per tal d’obtenir un             

programa robust i reproduïble que permet analitzar i integrar dades meta-òmiques. Els programes             

emprats estan disponibles en el canal de BioConda (Grüning et al., 2018), el que afavoreix               

l’automatització de la seua instal·lació. El treball s’ha dut a terme en col·laboració amb la secció                

de Bioinformàtica MF1 del Robert Koch Institut (Berlin, Alemanya), sota la direcció del Dr.              

Bernhard Renard.  

 

La pipeline desenvolupada s’ha anomenat gNOMO i consta de cinc passos principals: un             

preprocessament de les dades de metagenòmica i metatranscriptòmica, l’anàlisi d’aquestes dades,           

l’obtenció d’una base de dades proteogenòmica a partir d’aquest anàlisi, l’anàlisi de les dades de               

metaproteòmica i la integració dels tres conjunts de dades. gNOMO està dissenyat per a l’anàlisi               

de lectures pair-end en metagenòmica i metraproteòmica, i arxius mgf en metaproteòmica. El             

pas de processament de dades inclou l’anàlisi de la qualitat i neteja de les lectures, així com la                  
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unió de les lectures pair-end. El següent pas inclou l’anàlisi taxonòmica de la microbiota              

mitjançant Kaiju (Menzel et al., 2015), i l’anàlisi funcional a partir de l’ensamblatge i predicció               

proteica de les dades d’ADN i ARN. L’anàlisi funcional es duu a terme mitjançant Interproscan,               

del qual s’obté l’annotació dels TIGRFAM IDs, i EggNOG, del qual s’obté l’annotació dels              

KEGG IDs. La síntesi de la base de dades proteogenòmica es troba totalment automatitzada, i               

empra la predicció proteica de les dades de metagenòmica i metatranscriptòmica, amb la finalitat              

d’obtenir una base de dades acurada, de novo, i d’una grandària assequible per a l’anàlisi de la                 

metaproteòmica (Ruggles et al., 2017; Schiebenhoefer et al., 2019). L’anàlisi de les dades de              

metaproteòmica s’ha optimitzat degut a l’ús d’aquesta base de dades feta a mida. Aquest anàlisi               

es duu a terme mitjançant el programa UniPept, versió 4.0 (Gurdeep Singh et al., 2019), que                

permet dur a terme l’anotació taxonòmica i funcional (KEGG IDs) de les dades de forma               

simultània. Finalment, la integració de tots els KEGG IDs es duu a terme mitjançant l’ús de                

Pathview (Luo et al., 2017). Aquest programa permet visualitzar l’abundància d’identificació           

dels enzims presents en cada xarxa metabòlica de KEGG els tres sets de dades comparant entre                

ells, o entre les condicions d’estudi. Les dades taxonòmiques es visualitzen mitjançant            

KronaPlots i s’analitzen les diferències entre mostres amb LEfSe (Segata et al., 2011).  

 

Hem inclós l’anàlisi en paral·lel de les dades de l’hoste. Aquest anàlisi es duu a terme                

aprofitant les cèl·lules eucariotes presents en el teixit d’estudi (com en el cas de la panderola, el                 

seu intestí), i permet un anàlisi de novo del genoma, transcriptoma i proteoma del context               

biològica de la microbiota d’estudi. En la integració de dades s’inclou la integració de les dades                

de l’hoste per a realitzar un estudi comparatiu de la microbiota i l’hoste. 

 

gNOMO permet i facilita l’estudi de la microbiota d'organismes no model. Incorpora            

l’anàlisi de novo de l’hoste, el que facilita treballar amb aquest tipus d’organismes en que la                

manca d’un genoma de referència és un problema comú. També introdueix el desenvolupament i              

ús d’una base de dades proteogenòmica, que redueix la grandària i la complexitat de la base de                 

dades necessària per a dur a terme la identificació metaproteòmica. És també innovador per la               
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integració de tres tipus de dades meta-òmiques per tal d’obtenir una anàlisi fiable i robusta de la                 

població bacteriana d’estudi. 

 
Les troballes fetes amb aquesta pipeline confirmen dades obtingudes amb anterioritat           

amb estudis de metagènomica (Rosas et al., 2018), però revetllen també dinàmiques funcionals a              

nivell de metatranscriptòmica i metaproteòmica que mereixen un estudi profund. Però, sobretot,            

aquest estudi representa un punt de partida per a futurs assajos, una referència en la panderola                

alemanya B. germanica, com una eina per estudis en altres organismes no models.  
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10. Appendix 
 

S1. Chapter I Supplementary Information 
 

MTKICAEIIGTMILVFLGNGVVANVILSKTKGNSRNGEWLTITIGWALAVFMGVLVSAPYSGAHLNPCVT

ISFAIVGKFNWDMVPFYIFSQLIGAMtLGSLFVWFLYKDHFVETKKEQDKLSVFVTIPSIKNFFFNFLSE

VLATFIFIFISLYLTVEGTLFFQENQYPIGLGSLGALLPALVVLGIVLSLGGNTGAAINPARDLGPRIIY

SILPIPGKGKSNWDYALVPVLGPILGSVIAATLYLFLSS* 

 

Figure S1. Amino acids sequence of the protein GlpF. 

 

MSIGMKVKKEKVLLIAFLSVLAYVLIHLSRSFLGFDKLTLCILRCFVISLFVLYAFLKKDLTTWILLSII

IGIEMGLDLPKIAVELRFLSQIFLRLIKTIIAPILFSTLVVGIASHSNIKQLGSMGWKSLLYFEVVTTLA

LFIGLIAINVSQAGVGIVMPSGITEQQLPEVESRTWQNTILHVFPENFIKSIYHGDVLPIVVFSVIFGIS

MVFLEEKKRGPLLLFAESLSEIMFKFTKIIMYFAPIGVGSAIAYTVGHMGLDILYNLFQLLLTLYIALLI

FLIIVLFPILLWIKVPLKGFIKALTEPVSLAFATTSSESALPLLMENLEKLGVPRKIIAFVIPTGYSFNL

DGTTLYLSLATVFVAQASGIPLSFSQQIFIGLTLILTSKGVAGVPRASLVILLATVASFGLPTWPILAII

GIDELMDMARTTVNVIGNGLASCVIARSEGELDDKKMLDYINQSENDNL* 

 

Figure S2. Amino acids sequence of the protein GltP. 

 
 
A.  C-terminus of protein GlpF: 
ACATTGTACTTATTTTTGTCTTCATAA 
 T  L  Y  L  F  L  S  S  * 

 

B. N-terminus of protein GFP: 
ATGAGTAAAGGAGAAGAACTTTTCACT 
 M  S  K  G  E  E  L  F  T 

  

C. Fusion zone GlpF-GFP: 
ACATTGTACTTATTTTTGTCTTCAGCGGCCGCGAGTAAAGGAGAAGAACTTTTCACT 
 T  L  Y  L  F  L  S  S  A  A  A  S  K  G  E  E  L  F  T 

 

Figure S3. Sequence of nucleotides and amino acids of the C-terminus of the protein GlpF (A), the                 

N-terminus of the protein GFP (in green) (B), and the fusion zone of the sequences C-terminal of GlpF                  

and N-terminal of GFP (in green) with the restriction site NotI marked in yellow. Start (ATG) codon                 

marked in green and stop (TAA) codon marked in red.  
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A. C-terminus GFP: 
CATGGCATGGATGAACTATACAAATAG 
 H  G  M  D  E  L  Y  K  * 

  

B. N-terminus GlpF: 
ATGACTAAGATCTGTGCTGAAATCATC 
 M  T  K  I  C  A  E  I  I 

  

C. Fusion zone GFP-GlpF: 
CATGGCATGGATGAACTATACAAAGCGGCCGCGACTAAGATCTGTGCTGAAATCATC 
 H  G  M  D  E  L  Y  K  A  A  A  T  K  I  C  A  E  I  I 

 

Figure S4. Sequence of nucleotides and amino acids of the C-terminus of the protein GFP (in green) (A),                  

the N-terminus of the protein GlpF (B), and the fusion zone of the sequences C-terminal of GFP (in                  

green) and N-terminal of GlpF with the restriction site NotI marked in yellow. Start (ATG) codon marked                 

in green and stop (TAG) codon marked in red.  
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A.  glpF 

GGATCCATGACTAAGATCTGTGCTGAAATCATCGGTACAATGATCTTGGTTTTCTTGGGTAATGGTGTTGTTGCAAACG
TTATCTTGTCTAAGACTAAGGGTAACTCAAGAAACGGTGAATGGTTGACTATCACAATTGGTTGGGCTTTGGCAGTTTT

TATGGGTGTTTTAGTTTCTGCTCCATATTCAGGTGCACATTTGAACCCATGTGTTACAATCTCTTTCGCTATCGTTGGT

AAATTCAATTGGGATATGGTTCCATTCTACATTTTCTCTCAATTGATTGGTGCAATGTTAGGTTCATTGTTTGTTTGGT

TTTTATACAAAGATCATTTTGTTGAAACTAAGAAAGAACAAGATAAATTGTCTGTTTTTGTTACAATTCCATCTATTAA

AAATTTCTTTTTCAATTTCTTGTCTGAAGTTTTGGCTACTTTTATTTTTATTTTTATTTCATTGTATTTGACTGTTGAA

GGTACATTGTTTTTCCAAGAAAACCAATACCCAATTGGTTTAGGTTCTTTGGGTGCTTTGTTACCAGCATTGGTTGTTT

TGGGTATCGTTTTGTCATTAGGTGGTAATACTGGTGCTGCAATTAATCCAGCTAGAGATTTGGGTCCAAGAATCATCTA

TTCTATCTTGCCAATTCCTGGTAAAGGTAAATCAAATTGGGATTACGCATTAGTTCCAGTTTTGGGTCCAATTTTAGGT

TCTGTTATTGCTGCAACATTGTACTTATTTTTGTCTTCATAACTAGTGCGGCCGC 
 

B. glpF without stop codon 

GGATCCATGACTAAGATCTGTGCTGAAATCATCGGTACAATGATCTTGGTTTTCTTGGGTAATGGTGTTGTTGCAAACG
TTATCTTGTCTAAGACTAAGGGTAACTCAAGAAACGGTGAATGGTTGACTATCACAATTGGTTGGGCTTTGGCAGTTTT

TATGGGTGTTTTAGTTTCTGCTCCATATTCAGGTGCACATTTGAACCCATGTGTTACAATCTCTTTCGCTATCGTTGGT

AAATTCAATTGGGATATGGTTCCATTCTACATTTTCTCTCAATTGATTGGTGCAATGTTAGGTTCATTGTTTGTTTGGT

TTTTATACAAAGATCATTTTGTTGAAACTAAGAAAGAACAAGATAAATTGTCTGTTTTTGTTACAATTCCATCTATTAA

AAATTTCTTTTTCAATTTCTTGTCTGAAGTTTTGGCTACTTTTATTTTTATTTTTATTTCATTGTATTTGACTGTTGAA

GGTACATTGTTTTTCCAAGAAAACCAATACCCAATTGGTTTAGGTTCTTTGGGTGCTTTGTTACCAGCATTGGTTGTTT

TGGGTATCGTTTTGTCATTAGGTGGTAATACTGGTGCTGCAATTAATCCAGCTAGAGATTTGGGTCCAAGAATCATCTA

TTCTATCTTGCCAATTCCTGGTAAAGGTAAATCAAATTGGGATTACGCATTAGTTCCAGTTTTGGGTCCAATTTTAGGT

TCTGTTATTGCTGCAACATTGTACTTATTTTTGTCTTCAGCGGCCGC 
 

Figure S5. Sequences of glpF optimized for yeast expression. glpF (A) corresponds to the sequence of                

glpF with the stop codon (TAA) marked in red and the restriction sequences BamHI (GGATCC) and NotI                 

(GCGGCCGC) in yellow. Sequence glpF (B) corresponds to the sequence of glpF without stop codon, to                

tag it with the GFP sequence, and the restriction sequences BamHI and NotI in yellow amarillo. Start                 

(ATG) codon in green.  
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A.  gltP 

GGATCCATGAGCATTGGCATGAAAGTGAAAAAAGAAAAAGTGCTGCTGATTGCGTTTCTGAGCGTGCTGGCGTATGTGC
TGATTCATCTGAGCCGCAGCTTTCTGGGCTTTGATAAACTGACCCTGTGCATTCTGCGCTGCTTTGTGATTAGCCTGTT

TGTGCTGTATGCGTTTCTGAAAAAAGATCTGACCACCTGGATTCTGCTGAGCATTATTATTGGCATTGAAATGGGCCTG

GATCTGCCGAAAATTGCGGTGGAACTGCGCTTTCTGAGCCAGATTTTTCTGCGCCTGATTAAAACCATTATTGCGCCGA

TTCTGTTTAGCACCCTGGTGGTGGGCATTGCGAGCCATAGCAACATTAAACAGCTGGGCAGCATGGGCTGGAAAAGCCT

GCTGTATTTTGAAGTGGTGACCACCCTGGCGCTGTTTATTGGCCTGATTGCGATTAACGTGAGCCAGGCGGGCGTGGGC

ATTGTGATGCCGAGCGGCATTACCGAACAGCAGCTGCCGGAAGTGGAAAGCCGCACCTGGCAGAACACCATTCTGCATG

TGTTTCCGGAAAACTTTATTAAAAGCATTTATCATGGCGATGTGCTGCCGATTGTGGTGTTTAGCGTGATTTTTGGCAT

TAGCATGGTGTTTCTGGAAGAAAAAAAACGCGGCCCGCTGCTGCTGTTTGCGGAAAGCCTGAGCGAAATTATGTTTAAA

TTTACCAAAATTATTATGTATTTTGCGCCGATTGGCGTGGGCAGCGCGATTGCGTATACCGTGGGCCATATGGGCCTGG

ATATTCTGTATAACCTGTTTCAGCTGCTGCTGACCCTGTATATTGCGCTGCTGATTTTTCTGATTATTGTGCTGTTTCC

GATTCTGCTGTGGATTAAAGTGCCGCTGAAAGGCTTTATTAAAGCGCTGACCGAACCGGTGAGCCTGGCGTTTGCGACC

ACCAGCAGCGAAAGCGCGCTGCCGCTGCTGATGGAAAACCTGGAAAAACTGGGCGTGCCGCGCAAAATTATTGCGTTTG

TGATTCCGACCGGCTATAGCTTTAACCTGGATGGCACCACCCTGTATCTGAGCCTGGCGACCGTGTTTGTGGCGCAGGC

GAGCGGCATTCCGCTGAGCTTTAGCCAGCAGATTTTTATTGGCCTGACCCTGATTCTGACCAGCAAAGGCGTGGCGGGC

GTGCCGCGCGCGAGCCTGGTGATTCTGCTGGCGACCGTGGCGAGCTTTGGCCTGCCGACCTGGCCGATTCTGGCGATTA

TTGGCATTGATGAACTGATGGATATGGCGCGCACCACCGTGAACGTGATTGGCAACGGCCTGGCGAGCTGCGTGATTGC

GCGCAGCGAAGGCGAACTGGATGATAAAAAAATGCTGGATTATATTAACCAGAGCGAAAACGATAAGCGGCCGC 
 

B. gltP without stop codon 

GGATCCATGAGCATTGGCATGAAAGTGAAAAAAGAAAAAGTGCTGCTGATTGCGTTTCTGAGCGTGCTGGCGTATGTGC
TGATTCATCTGAGCCGCAGCTTTCTGGGCTTTGATAAACTGACCCTGTGCATTCTGCGCTGCTTTGTGATTAGCCTGTT

TGTGCTGTATGCGTTTCTGAAAAAAGATCTGACCACCTGGATTCTGCTGAGCATTATTATTGGCATTGAAATGGGCCTG

GATCTGCCGAAAATTGCGGTGGAACTGCGCTTTCTGAGCCAGATTTTTCTGCGCCTGATTAAAACCATTATTGCGCCGA

TTCTGTTTAGCACCCTGGTGGTGGGCATTGCGAGCCATAGCAACATTAAACAGCTGGGCAGCATGGGCTGGAAAAGCCT

GCTGTATTTTGAAGTGGTGACCACCCTGGCGCTGTTTATTGGCCTGATTGCGATTAACGTGAGCCAGGCGGGCGTGGGC

ATTGTGATGCCGAGCGGCATTACCGAACAGCAGCTGCCGGAAGTGGAAAGCCGCACCTGGCAGAACACCATTCTGCATG

TGTTTCCGGAAAACTTTATTAAAAGCATTTATCATGGCGATGTGCTGCCGATTGTGGTGTTTAGCGTGATTTTTGGCAT

TAGCATGGTGTTTCTGGAAGAAAAAAAACGCGGCCCGCTGCTGCTGTTTGCGGAAAGCCTGAGCGAAATTATGTTTAAA

TTTACCAAAATTATTATGTATTTTGCGCCGATTGGCGTGGGCAGCGCGATTGCGTATACCGTGGGCCATATGGGCCTGG

ATATTCTGTATAACCTGTTTCAGCTGCTGCTGACCCTGTATATTGCGCTGCTGATTTTTCTGATTATTGTGCTGTTTCC

GATTCTGCTGTGGATTAAAGTGCCGCTGAAAGGCTTTATTAAAGCGCTGACCGAACCGGTGAGCCTGGCGTTTGCGACC

ACCAGCAGCGAAAGCGCGCTGCCGCTGCTGATGGAAAACCTGGAAAAACTGGGCGTGCCGCGCAAAATTATTGCGTTTG

TGATTCCGACCGGCTATAGCTTTAACCTGGATGGCACCACCCTGTATCTGAGCCTGGCGACCGTGTTTGTGGCGCAGGC

GAGCGGCATTCCGCTGAGCTTTAGCCAGCAGATTTTTATTGGCCTGACCCTGATTCTGACCAGCAAAGGCGTGGCGGGC

GTGCCGCGCGCGAGCCTGGTGATTCTGCTGGCGACCGTGGCGAGCTTTGGCCTGCCGACCTGGCCGATTCTGGCGATTA

TTGGCATTGATGAACTGATGGATATGGCGCGCACCACCGTGAACGTGATTGGCAACGGCCTGGCGAGCTGCGTGATTGC

GCGCAGCGAAGGCGAACTGGATGATAAAAAAATGCTGGATTATATTAACCAGAGCGAAAACGAGCGGCCGC 
 

Figure S6. Sequences of gltPF optimized for yeast expression. gltP (A) corresponds to the sequence of                

gltP with the stop codon TAA marked in red and the restriction sequences BamHI (GGATCC) and NotI                 

(GCGGCCGC) in yellow. Sequence gltP (B) corresponds to the sequence of gltP without stop codon, to                
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tag it with the GFP sequence, and the restriction sequences BamHI and NotI in yellow amarillo. Start                 

(ATG) codon in green. 

 

TATGGCATGCATGTGCTCTGTATGTATATAAAACTCTTGTTTTCTTCTTTTCTCTAAATATTCTTTCCTTATACATTAG
GTCCTTTGTAGCATAAATTACTATACTTCTATAGACACGCAAACACAAATACACACACTAAATTACCGGATCAATTCGG
GGGATCCGTTTAAACAGGCCTGTTAACATCGATAGCGGCCGCTAGGGCCCTGCAGGAGGGCCGCATCATGTAATTAGTT
ATGTCACGCTTACATTCACGCCCTCCCCCCACATCCGCTCTAACCGAAAAGGAAGGAGTTAGACAACCTGAAGTCTAGG
TCCCTATTTATTTTTTTATAGTTATGTTAGTATTAAGAACGTTATTTATATTTCAAATTTTTCTTTTTTTTCTGTACAG

ACGCGTGTACGCATGTAACATTATACTGAAAACCTTGCTTGAGAAGGTTTTGGGACGCTCGAAGGCTTTAATTTGCGGC

C 

 

Figure S7. Partial sequence of the plasmid pCM189 which includes the promoter, in orange, the               

terminator, in purple, and the MCS in black. In dark blue is highlighted the site where hibridates the oligo                   

pCM189-P and in grey where pCM189-T hibridates, both oligonucleotides used in the sequencing of the               

plasmid. The product of the sequencing is a fragment of 288 bp. In yellow are marked the restriction                  

sequences BamHI (GGATCC), NotI (GCGGCCGC) and PstI (CTGCAG). 

 

TATGGCATGCATGTGCTCTGTATGTATATAAAACTCTTGTTTTCTTCTTTTCTCTAAATATTCTTTCCTTATACATTAG
GTCCTTTGTAGCATAAATTACTATACTTCTATAGACACGCAAACACAAATACACACACTAAATTACCGGATCAATTCGG
GGGATCCATGACTAAGATCTGTGCTGAAATCATCGGTACAATGATCTTGGTTTTCTTGGGTAATGGTGTTGTTGCAAAC
GTTATCTTGTCTAAGACTAAGGGTAACTCAAGAAACGGTGAATGGTTGACTATCACAATTGGTTGGGCTTTGGCAGTTT

TTATGGGTGTTTTAGTTTCTGCTCCATATTCAGGTGCACATTTGAACCCATGTGTTACAATCTCTTTCGCTATCGTTGG

TAAATTCAATTGGGATATGGTTCCATTCTACATTTTCTCTCAATTGATTGGTGCAATGTTAGGTTCATTGTTTGTTTGG

TTTTTATACAAAGATCATTTTGTTGAAACTAAGAAAGAACAAGATAAATTGTCTGTTTTTGTTACAATTCCATCTATTA

AAAATTTCTTTTTCAATTTCTTGTCTGAAGTTTTGGCTACTTTTATTTTTATTTTTATTTCATTGTATTTGACTGTTGA

AGGTACATTGTTTTTCCAAGAAAACCAATACCCAATTGGTTTAGGTTCTTTGGGTGCTTTGTTACCAGCATTGGTTGTT

TTGGGTATCGTTTTGTCATTAGGTGGTAATACTGGTGCTGCAATTAATCCAGCTAGAGATTTGGGTCCAAGAATCATCT
ATTCTATCTTGCCAATTCCTGGTAAAGGTAAATCAAATTGGGATTACGCATTAGTTCCAGTTTTGGGTCCAATTTTAGG

TTCTGTTATTGCTGCAACATTGTACTTATTTTTGTCTTCATAACTAGTGCGGCCGCGACTGCAGGAGGGCCGCATCATG
TAATTAGTTATGTCACGCTTACATTCACGCCCTCCCCCCACATCCGCTCTAACCGAAAAGGAAGGAGTTAGACAACCTG
AAGTCTAGGTCCCTATTTATTTTTTTATAGTTATGTTAGTATTAAGAACGTTATTTATATTTCAAATTTTTCTTTTTTT

TCTGTACAGACGCGTGTACGCATGTAACATTATACTGAAAACCTTGCTTGAGAAGGTTTTGGGACGCTCGAAGGCTTTA

ATTTGCGGCC 

 

Figure S8. Partial sequence of the plasmid pCM189 with the gene glpF (blue) in the MCS region, the                  

promoter (orange) and the terminator (purple). In blue is highlighted the region where the              

oligonucleotides pCM189-P hibridate, in grey the sequence where hibridates pCM189-T, and in pink             

where GlpF-R hibridates. In yellow the restriction sequences BamHI (GGATCC), NotI (GCGGCCGC)            

and PstI (CTGCAG). In green the start codon (ATG), in red the stop codon (TAA). 
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TATGGCATGCATGTGCTCTGTATGTATATAAAACTCTTGTTTTCTTCTTTTCTCTAAATATTCTTTCCTTATACATTAG
GTCCTTTGTAGCATAAATTACTATACTTCTATAGACACGCAAACACAAATACACACACTAAATTACCGGATCAATTCGG
GGGATCCATGAGTAAAGGAGAAGAACTTTTCACTGGAGTTGTCCCAATTCTTGTTGAATTAGATGGTGATGTTAATGGG
CACAAATTTTCTGTCAGTGGAGAGGGTGAAGGTGATGCAACATACGGAAAACTTACCCTTAAATTTATTTGCACTACTG

GAAAACTACCTGTTCCATGGCCAACACTTGTCACTACTTTTACGTATGGTGTTCAATGCTTTTCAAGATACCCAGATCA

TATGAAACGGCATGACTTTTTCAAGAGTGCCATGCCCGAAGGTTATGTACAGGAAAGAACTATATTTTTCAAAGATGAC

GGGAACTACAAGACACGTGCTGAAGTCAAGTTTGAAGGTGATACCCTTGTTAATAGAATCGAGTTAAAAGGTATTGATT

TTAAAGAAGATGGAAACATTCTTGGACACAAATTGGAATACAACTATAACTCACACAATGTATACATCATGGCAGACAA

ACAAAAGAATGGAATCAAAGTTAACTTCAAAATTAGACACAACATTGAAGATGGAAGCGTTCAACTAGCAGACCATTAT

CAACAAAATACTCCAATTGGCGATGGCCCTGTCCTTTTACCAGACAACCATTACCTGTCCACACAATCTGCCCTTTCGA

AAGATCCCAACGAAAAGAGAGACCACATGGTCCTTCTTGAGTTTGTAACAGCTGCTGGGATTACACATGGCATGGATGA

ACTATACAAATAGGCGGCCGCGACTGCAGGAGGGCCGCATCATGTAATTAGTTATGTCACGCTTACATTCACGCCCTCC
CCCCACATCCGCTCTAACCGAAAAGGAAGGAGTTAGACAACCTGAAGTCTAGGTCCCTATTTATTTTTTTATAGTTATG
TTAGTATTAAGAACGTTATTTATATTTCAAATTTTTCTTTTTTTTCTGTACAGACGCGTGTACGCATGTAACATTATAC

TGAAAACCTTGCTTGAGAAGGTTTTGGGACGCTCGAAGGCTTTAATTTGCGGCC 

 

Figure S9. Partial sequence of the plasmid pCM189 with the gene GFP (in green), the promoter (orange)                 

and the terminator (purple). In blue is highlighted the region where the oligonucleotides pCM189-P              

hibridate, in grey the sequence where hibridates pCM189-T. In yellow the restriction sequences BamHI              

(GGATCC), NotI (GCGGCCGC) and PstI (CTGCAG). In green the start codon (ATG), in red the stop                

codon (TAA). 

 

TATGGCATGCATGTGCTCTGTATGTATATAAAACTCTTGTTTTCTTCTTTTCTCTAAATATTCTTTCCTTATACATTAG

GTCCTTTGTAGCATAAATTACTATACTTCTATAGACACGCAAACACAAATACACACACTAAATTACCGGATCAATTCGG
GGGATCCATGACTAAGATCTGTGCTGAAATCATCGGTACAATGATCTTGGTTTTCTTGGGTAATGGTGTTGTTGCAAAC
GTTATCTTGTCTAAGACTAAGGGTAACTCAAGAAACGGTGAATGGTTGACTATCACAATTGGTTGGGCTTTGGCAGTTT
TTATGGGTGTTTTAGTTTCTGCTCCATATTCAGGTGCACATTTGAACCCATGTGTTACAATCTCTTTCGCTATCGTTGG
TAAATTCAATTGGGATATGGTTCCATTCTACATTTTCTCTCAATTGATTGGTGCAATGTTAGGTTCATTGTTTGTTTGG

TTTTTATACAAAGATCATTTTGTTGAAACTAAGAAAGAACAAGATAAATTGTCTGTTTTTGTTACAATTCCATCTATTA

AAAATTTCTTTTTCAATTTCTTGTCTGAAGTTTTGGCTACTTTTATTTTTATTTTTATTTCATTGTATTTGACTGTTGA

AGGTACATTGTTTTTCCAAGAAAACCAATACCCAATTGGTTTAGGTTCTTTGGGTGCTTTGTTACCAGCATTGGTTGTT

TTGGGTATCGTTTTGTCATTAGGTGGTAATACTGGTGCTGCAATTAATCCAGCTAGAGATTTGGGTCCAAGAATCATCT

ATTCTATCTTGCCAATTCCTGGTAAAGGTAAATCAAATTGGGATTACGCATTAGTTCCAGTTTTGGGTCCAATTTTAGG

TTCTGTTATTGCTGCAACATTGTACTTATTTTTGTCTTCAGCGGCCGCGAGTAAAGGAGAAGAACTTTTCACTGGAGTT
GTCCCAATTCTTGTTGAATTAGATGGTGATGTTAATGGGCACAAATTTTCTGTCAGTGGAGAGGGTGAAGGTGATGCAA

CATACGGAAAACTTACCCTTAAATTTATTTGCACTACTGGAAAACTACCTGTTCCATGGCCAACACTTGTCACTACTTT
TACGTATGGTGTTCAATGCTTTTCAAGATACCCAGATCATATGAAACGGCATGACTTTTTCAAGAGTGCCATGCCCGAA

GGTTATGTACAGGAAAGAACTATATTTTTCAAAGATGACGGGAACTACAAGACACGTGCTGAAGTCAAGTTTGAAGGTG

ATACCCTTGTTAATAGAATCGAGTTAAAAGGTATTGATTTTAAAGAAGATGGAAACATTCTTGGACACAAATTGGAATA

CAACTATAACTCACACAATGTATACATCATGGCAGACAAACAAAAGAATGGAATCAAAGTTAACTTCAAAATTAGACAC

AACATTGAAGATGGAAGCGTTCAACTAGCAGACCATTATCAACAAAATACTCCAATTGGCGATGGCCCTGTCCTTTTAC

CAGACAACCATTACCTGTCCACACAATCTGCCCTTTCGAAAGATCCCAACGAAAAGAGAGACCACATGGTCCTTCTTGA

GTTTGTAACAGCTGCTGGGATTACACATGGCATGGATGAACTATACAAATAGCTGCAGGAGGGCCGCATCATGTAATTA
GTTATGTCACGCTTACATTCACGCCCTCCCCCCACATCCGCTCTAACCGAAAAGGAAGGAGTTAGACAACCTGAAGTCT
AGGTCCCTATTTATTTTTTTATAGTTATGTTAGTATTAAGAACGTTATTTATATTTCAAATTTTTCTTTTTTTTCTGTA
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CAGACGCGTGTACGCATGTAACATTATACTGAAAACCTTGCTTGAGAAGGTTTTGGGACGCTCGAAGGCTTTAATTTGC

GGCC 

 

Figure S10. Partial sequence of the plasmid pCM189 with the genes glpF (blue) and GFP (green), the                 

promoter (orange) and the terminator (purple). In grey the sequence where hibridates pCM189-T, in pink               

where GlpF-F hibridates and in cian where GFP-R3. In yellow the restriction sequences BamHI              

(GGATCC), NotI (GCGGCCGC) and PstI (CTGCAG). In green the start codon of the gene glpF (ATG),                

in red the stop codon of GFP (TAG). 

 

TATGGCATGCATGTGCTCTGTATGTATATAAAACTCTTGTTTTCTTCTTTTCTCTAAATATTCTTTCCTTATACATTAG
GTCCTTTGTAGCATAAATTACTATACTTCTATAGACACGCAAACACAAATACACACACTAAATTACCGGATCAATTCGG
GGGATCCATGAGTAAAGGAGAAGAACTTTTCACTGGAGTTGTCCCAATTCTTGTTGAATTAGATGGTGATGTTAATGGG
CACAAATTTTCTGTCAGTGGAGAGGGTGAAGGTGATGCAACATACGGAAAACTTACCCTTAAATTTATTTGCACTACTG

GAAAACTACCTGTTCCATGGCCAACACTTGTCACTACTTTTACGTATGGTGTTCAATGCTTTTCAAGATACCCAGATCA

TATGAAACGGCATGACTTTTTCAAGAGTGCCATGCCCGAAGGTTATGTACAGGAAAGAACTATATTTTTCAAAGATGAC

GGGAACTACAAGACACGTGCTGAAGTCAAGTTTGAAGGTGATACCCTTGTTAATAGAATCGAGTTAAAAGGTATTGATT

TTAAAGAAGATGGAAACATTCTTGGACACAAATTGGAATACAACTATAACTCACACAATGTATACATCATGGCAGACAA

ACAAAAGAATGGAATCAAAGTTAACTTCAAAATTAGACACAACATTGAAGATGGAAGCGTTCAACTAGCAGACCATTAT

CAACAAAATACTCCAATTGGCGATGGCCCTGTCCTTTTACCAGACAACCATTACCTGTCCACACAATCTGCCCTTTCGA

AAGATCCCAACGAAAAGAGAGACCACATGGTCCTTCTTGAGTTTGTAACAGCTGCTGGGATTACACATGGCATGGATGA

ACTATACAAAGCGGCCGCAACTAAGATCTGTGCTGAAATCATCGGTACAATGATCTTGGTTTTCTTGGGTAATGGTGTT
GTTGCAAACGTTATCTTGTCTAAGACTAAGGGTAACTCAAGAAACGGTGAATGGTTGACTATCACAATTGGTTGGGCTT

TGGCAGTTTTTATGGGTGTTTTAGTTTCTGCTCCATATTCAGGTGCACATTTGAACCCATGTGTTACAATCTCTTTCGC

TATCGTTGGTAAATTCAATTGGGATATGGTTCCATTCTACATTTTCTCTCAATTGATTGGTGCAATGTTAGGTTCATTG

TTTGTTTGGTTTTTATACAAAGATCATTTTGTTGAAACTAAGAAAGAACAAGATAAATTGTCTGTTTTTGTTACAATTC

CATCTATTAAAAATTTCTTTTTCAATTTCTTGTCTGAAGTTTTGGCTACTTTTATTTTTATTTTTATTTCATTGTATTT

GACTGTTGAAGGTACATTGTTTTTCCAAGAAAACCAATACCCAATTGGTTTAGGTTCTTTGGGTGCTTTGTTACCAGCA

TTGGTTGTTTTGGGTATCGTTTTGTCATTAGGTGGTAATACTGGTGCTGCAATTAATCCAGCTAGAGATTTGGGTCCAA
GAATCATCTATTCTATCTTGCCAATTCCTGGTAAAGGTAAATCAAATTGGGATTACGCATTAGTTCCAGTTTTGGGTCC

AATTTTAGGTTCTGTTATTGCTGCAACATTGTACTTATTTTTGTCTTCATAACTGCAGGAGGGCCGCATCATGTAATTA
GTTATGTCACGCTTACATTCACGCCCTCCCCCCACATCCGCTCTAACCGAAAAGGAAGGAGTTAGACAACCTGAAGTCT
AGGTCCCTATTTATTTTTTTATAGTTATGTTAGTATTAAGAACGTTATTTATATTTCAAATTTTTCTTTTTTTTCTGTA

CAGACGCGTGTACGCATGTAACATTATACTGAAAACCTTGCTTGAGAAGGTTTTGGGACGCTCGAAGGCTTTAATTTGC

GGCC 

 

Figure S11. Partial sequence of the plasmid pCM189 with the genes glpF (blue) and GFP (green),                

promoter (orange) and terminator (purple) regions. In blue is highlighted the region where hibridates the               

oligo pCM189-P and in grey pCM189-T. In pink the sequence where hibridates GlpF-R and in yellow the                 

restriction sequences BamHI (GGATCC), NotI (GCGGCCGC) and PstI (CTGCAG). In green the start             

codon of the gene GFP (ATG) and in red the stop codon of glpF (TAA). 
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S2. Chapter II Supplementary Information 
Table S2.1: Basic statistics of the amplicons data. Data from the forward (R1) and reverse (R2) reads of                  

the 16S rRNA gene sequencing are shown. 
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 R1 R2 

Total number of reads 4,139,682  4,139,682  

Total number of cleaned reads 4,070,432  4,070,432  

Reads passing quality check (%) 98.33  98.33  

Total number of joined reads 3,504,841  3,504,841  

Cleaned reads joined (%) 86.11  86.11  



 

 

Figure S2.1:Boxplots of the global distributions of reads lengths and qualities among all samples.              

Forward (R1) and reverse (R2) reads shown. 

 

219 



 

 

Figure S2.2: Barplots of the distribution of reads count and qualities of the forward reads (R1) for                 

each sample. Bars on the quality charts represent the standard deviation from the mean quality values,                

before (red) and after (blue) quality check (QC).  
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Figure S2.3: Barplots of the distribution of reads count and qualities of the forward reads (R2) for                 

each sample. Bars on the quality charts represent the standard deviation from the mean quality values,                

before (red) and after (blue) quality check (QC).  
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Figure S2.4: Rarefaction curves of the observed otus among the samples. At the right side is situated                 

the color legend with the names of the groups analysed. To consult the name of the samples, see Table                   

4.1. 

 

 

Figure S2.5: Rarefaction curves of the Shannon index among the samples. At the right side is situated                 

the color legend with the names of the groups analysed. To consult the name of the samples, see Table                   

4.1. 
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S3. Chapter III Supplementary Information 

Table S3.1: General statistics of metaproteomics data. The total spectra (first row) were analysed              

using both the tailored proteogenomic database obtained with gNOMO (first column, gNOMO) and the              

NIH Human Microbiome Project Gastrointestinal database (second column, NIH Gastrointestinal DB). 

  

Table S3.2: General statistics of metagenomics and metatranscriptomics data. The average values of 12              

samples in each dataset, for metagenomics (Average DNA samples) and metatranscriptomics (Average RNA             

samples) are shown. 
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  gNOMO NIH Gastrointestinal DB 

Total spectra 261,670 261,670 

Spectra identified 150,975 157,240 

Spectra filtered 1,532 525 

Unique filtered spectra 1,504 409 

  Average DNA samples Average RNA samples 

Number of reads 694,050.84 327,450.72 

Number of cleaned reads 601,787.64 22,3770.89 

% Reads classified as bacteria  31.87 68.33 

Contigs 70,542.73 20,977.56 

Bacterial proteins predicted 62,279.91 15,270.45 

Bacterial proteins annotated 27,835.44 6,288.68 

% Bacterial proteins annotated 44.69 41.18 

Host proteins predicted 11,236.51 2,965.28 

Host proteins annotated 6,733.09 1,921.94 

% Host proteins annotated 59.92 64.81 



 

Table S3.3: Percentage of bacterial phyla present in the hindgut of Blattella germanica. 
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Phylum Abundance 

Bacteroidetes 44.61 

Firmicutes 25.84 

Proteobacteria 15.22 

Actinobacteria 1.85 

Fusobacteria 1.56 

Spirochaetes 0.48 

Synergistetes 0.34 

Planctomycetes 0.27 

Chloroflexi 0.20 

Deferribacteres 0.20 

Tenericutes 0.17 

Verrucomicrobia 0.16 

Acidobacteria 0.05 

Lentisphaerae 0.03 

Nitrospirae 0.01 

Candidatus_Omnitrophica 0.01 

Elusimicrobia 0.01 

Chlamydiae 0.01 



 

Table S3.4: Percentage of bacterial families present in the hindgut of Blattella germanica. Others              

group all the families under 1% of abundance. 
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Family Abundance 

Bacteroidetes| Bacteroidaceae 9.34 

Bacteroidetes| Dysgonamonadaceae 8.20 

Bacteroidetes| Unclassified family 7.28 

Firmicutes| Unclassified family 6.13 

Proteobacteria| Unclassified family 4.46 

Firmicutes| Ruminococcaceae 4.38 

Proteobacteria| Desulfovibrionaceae 4.09 

Firmicutes| Lachnospiraceae 3.99 

Firmicutes| Clostridiaceae 3.87 

Bacteroidetes| Rikenellaceae 3.81 

Bacteroidetes| Tannerellaceae 3.70 

Bacteroidetes| Prevotellaceae 2.89 

Bacteroidetes| Flavobacteriaceae 2.19 

Bacteroidetes| Porphyromonadaceae 1.74 

Fusobacteria| Fusobacteriaceae 1.55 

Bacteroidetes| Sphingobacteriaceae 1.28 

Firmicutes| Bacillaceae 1.13 

Firmicutes| Paenibacillaceae 1.00 

Others 28.98 



 

Table S3.5: LEfSe comparing metagenomics and metatranscriptomics data of TIGRFAM          

annotation (role/subrole levels) of condition 10d. Taxa with significant different distribution among            

metagenomics and metatranscriptomics data are identified. Only taxa with LDA scores above 3 are              

shown. LDA scores assigned to the functional categories overrepresented in the metatranscriptomics data             

(RNA in column Condition), or overrepresented in metagenomics data (DNA in column Condition). 
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Role/Subrole Condition LDA p-value 

Protein synthesis/Ribosomal proteins, synthesis and modification RNA 5.08 3.23E-06 

Energy metabolism/ATP, proton motive force interconversion RNA 4.31 1.08E-04 

Protein synthesis/Translation factors RNA 3.93 1.79E-02 

Energy metabolism/Anaerobic RNA 3.84 7.28E-03 

Energy metabolism/TCAcycle RNA 3.78 1.50E-02 

Mobile and extrachromosomal element functions/Prophage functions DNA 4.38 8.49E-06 

Unknown function/General DNA 4.30 4.13E-06 

DNA metabolism/DNA replication, recombination, and repair DNA 4.29 8.01E-04 

Unknown function/Enzymes of unknown specificity DNA 4.27 7.70E-04 

Proteinsynthesis/tRNA and rRNA base modification DNA 4.20 8.64E-06 

Transport and binding proteins/Unknown substrate DNA 4.13 4.73E-05 

Amino acid biosynthesis/Histidine family DNA 4.02 3.32E-04 

Cellular processes/Pathogenesis DNA 3.99 2.15E-03 

Protein fate/Protein modification and repair DNA 3.96 4.33E-02 

Protein synthesis/tRNA aminoacylation DNA 3.92 6.04E-03 

Cell envelope/Other DNA 3.92 1.50E-02 

Transport and binding proteins/Amino acids, peptides and amines DNA 3.90 1.76E-02 

Regulatory functions/DNA interactions DNA 3.89 3.19E-02 

Protein synthesis/Other DNA 3.88 3.53E-02 

Biosynthesis of cofactors, prosthetic groups, and carriers/Thiamine DNA 3.83 6.50E-03 

Transport and binding proteins/Anions DNA 3.80 1.46E-02 



 

11. Abbreviations 
 

Abbreviations that appear commonly and are not standardised names for molecules are indicated             

below in alphabetical order.  

 

AS 

B/B interface  

EC 

EAA 

FBA  

G1  

G2  

G3  

GFP 

KEGG  

KO  

LDA 

LEfSe  

MCS 

PSB 

SC 

 

 

 

SD 

 

TCA cycle 

Ammonium sulfate 

Blattella/Blattabacterium interface 

Enzyme commission 

Essential amino acids 

Flux Balance Analysis 

Generation 1 

Generation 2 

Generation 3 

Green fluorescent protein 

Kyoto encyclopedia of genes and genomes 

Kegg orthology identifiers 

Linear discriminant analysis 

Linear discriminant analysis (LDS) Effect size 

Multi Cloning Site 

Protein solubilization buffer 

Yeast medium: glucose 2%, yeast nitrogen base       

w/o amino acids and ammonium sulfate      

(YNB-AA/AS) 0.17%, drop-out mix 0.2%     

(Sambrook et al., 1989) 

Yeast medium: glucose 2%, peptone 2%, yeast       

extract 1% 

Tricarboxylic acid cycle 
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YPD  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Yeast medium: glucose 2%, AS 0.25%,      

YNB-AA/AS 0.17% 
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