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I GENERAL INTRODUCTION 

I.1 Insect origin and evolution 

Insects can be found in nearly every environment on Earth and they are capable 

of exploiting almost every available food source. They are the most diverse 

group of animals with an estimated number of extant species of 5 million, 

although estimates vary widely. All insects have broadly the same body plan 

consisting of three segments (head, thorax and abdomen), three pairs of legs, 

one pair of antennae and compounds eyes, however each species has 

specialized body parts fitting their lifestyle. They can move by crawling, 

jumping, running, flying, swimming and even striding on the surface of water. 

Their behaviours are extremely diverse, ranging from predators capable of 

outrunning, outswimming of outflying their prey to sessile parasitic forms. In 

addition, while most insects are solitary, some are social, and they live in highly 

organized colonies reaching populations of millions of inhabitants with castes 

specialized on a given task.  

I.1.1 The first insects 

Arthropods (from the Greek ἄρθρον arthron, joint and πούς pous, foot) 

comprise a phylum of invertebrate animals with a rigid exoskeleton and a 

segmented body (Budd and Telford, 2009). With over 1.5 million described 

species it is the most abundant group of animals encompassing more than 80% 

of the animal species (Zhang, 2013). The Arthropoda lineage originated in a 

marine environment, yet it has undergone at least three land colonizing events: 

the earliest for the subphylum Myriapoda 554 million years ago (MYA) and two 

independent events 495 MYA for the class Arachnida and for the subphylum of 

the six-legged arthropods, Hexapoda, which comprises insects (Lozano-

Fernandez J. et al., 2016; Misof et al., 2016). Their body structure allowed them 

to migrate to land and withstand different kinds of stress including wider 

temperature ranges, desiccation and the lack of the support that their former 

aqueous environment provided. Thus, groups of arthropods living in the tidal 
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zone started colonizing the land, a pristine niche without competitors and safe 

from water dwelling predators. 

Phylogenetic studies propose that the Insecta class, a member of the 

Arthropoda phylum and the Hexapoda subphylum, emerged during the 

Ordovician period (443-485 MYA; Misof et al., 2014), though more conservative 

studies place it during the Silurian (419-443 MYA; Grimaldi, 2010; see Figure 

I.1 for a phylogenetic tree of insects). Nonetheless, the oldest insect fossil is 

396–407 million years (MY) old and it belongs to a now extinct genus (Engel 

and Grimaldi, 2004). Their emergence seems to be related to the appearance 

of terrestrial plants, which represented a potential novel food source and 

habitat. These primitive insects belonged to the Apterygota subclass and they 

were wingless. Additionally, they were hemimetabolous, meaning that they 

underwent little or even no metamorphosis with the young closely resembling 

the adults. Around 80 MY later, during the Devonian period, insects were the 

first animals to develop the spectacular ability of flight, which enabled them to 

colonize the entire globe (see Figure I.1).  

During the Carboniferous (359 to 299 MYA) the Pterygotes, also known as 

winged insects, experienced a major radiation. This period is characterized by 

the highest atmospheric contents of oxygen in Earth’s geological history, thus 

allowing terrestrial invertebrates to reach their largest sizes ever (Engel, 2015). 

This expansion was followed by another radiation during the Permian (252-299 

MYA) on which the Endopterygota, or holometabolous insects (with complete 

metamorphosis), first appeared. The end of the Permian is marked by the 

largest extinction event in the history of the Earth. During this incident the 

marine biodiversity took the heaviest blow losing up to 96% of its species, while 

on the land two thirds of the tetrapods families went extinct. In the case of 

insects, eight orders were lost in this event, thus being the only recorded 

incident in history where insects suffered a mass extinction (Sahney and 

Benton, 2008). The survivors of this event endured further extinction pulses 

during the Triassic period (201-252 MYA) and the survivors evolved into the 

insect orders that are still around today. Most of the modern families emerged 

during the Jurassic (201 to 145 MYA). 
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Figure I.1 Dated phylogenetic tree of insect relationships. The time line at the bottom of the tree relates 
the geological origin of insect clades to major geological and biological events. From Misof, Bernhard, 
et al. 2014. “Phylogenomics Resolves the Timing and Pattern of Insect Evolution.” Science 346 (6210): 
763–67. Reprinted with permission from AAAS.  

I.1.2 Pterygota: winged insects 

The development of insect’s wings is probably the most important event in their 

evolutionary history allowing them to become the most diverse and abundant 

animal group (Engel, 2015). While the initial stages of the wing evolution are 

practically missing from the fossil record, it has been proposed that they 
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emerged around 350 MYA. However, phylogenetical studies now set this event 

around 400 MYA, up to 170 MY before any other animal evolved this ability 

(Wootton and Kukalova-Peck, 2000; Misof et al., 2014). The first winged insects 

are known as Paleoptera and surviving groups include dragonflies (Odonata) 

and mayflies (Ephemeroptera). Subsequent changes allowed a new group of 

insects, the Neoptera, to fold their wings flat against their body thus enabling 

major differentiation between the fore- and hindwings for different purposes 

including defence, communication or thermoregulation (Engel, 2015; Medved 

et al., 2015).  

The Neoptera are further divided into two linages, Polyneoptera and 

Eumetabola (comprising both Paraneoptera and Holometabola). Polyneoptera 

is a highly heterogenous group including grasshoppers (Orthoptera), stick and 

leaf insects (Phasmatodea), mantises (Mantodea) and roaches (Blattaria) 

among many others (Song et al., 2016). On the other hand, Paraneoptera 

includes lice (Phthiraptera) and the true bugs (Hemiptera), a group that includes 

insect groups such as cicadas, aphids, planthoppers, leafhoppers, and shield 

bugs. Members of the Paraneoptera have a wide array of feeding habits, they 

can be phytophagous, predatory, or hematophages, among others (Grimaldi 

and Engel, 2005). A key trait of both Polyneoptera and Paraneoptera is that 

their members undergo an incomplete metamorphosis with only three stages: 

egg, nymph (with several stages of development called instars) and adult. While 

Paraneoptera is an obviously highly diverse group, the group that undergoes a 

complete metamorphosis, the Holometabola, is responsible for most of the 

insects’ diversity highlighting the relevance of this trait for the success of insects 

(Grimaldi and Engel, 2005). 

I.1.3 Endopterygota: insects with complete metamorphosis 

Holometabola encompasses nearly 85% of all insect diversity and contains 

more species than all remaining animal and plant phyla combined (Grimaldi and 

Engel, 2005). Holometabolism (also known as complete metabolism) refers to 

a form of insect development with four stages: egg, larva, pupa and adult. The 

morphological and behavioural differences between larvae and adults allows 

them to thrive in different ecological niches without competing and allowing 
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each stage to specialize on a different environment and food source. In general, 

larvae focus on feeding and growing, thus accumulating essential resources for 

the following stages while adults focus on mating and dispersal of the eggs. 

The emergence of holometabolism is of great significance in the evolutionary 

history of insects, probably as relevant as the emergence of wings. While the 

origin of complete metamorphosis in insects has not been fully elucidated, one 

hypothesis is that the larval stage is analogous to a lengthy pronymph, a brief 

stage between hatching and the first larval instar, which often goes unnoticed 

given that sometimes it occurs inside the egg. Conversely, it seems that the 

pupa is a condensation of all nymphal stages before becoming an adult. While 

one could be tempted to think that after this trait emerged holometabolous 

insects immediately experienced a major radiation, in fact, it took millions of 

years before these adaptations led to the success of this group of insects (Nel 

et al., 2007; Engel 2015). Additionally, these expansions were not 

simultaneous, with several radiations occurring through time each taking 

advantage of different conditions. 

The Holometabola includes several well-known orders such as the 

Hymenoptera that comprises ants, bees and wasps, Lepidoptera (moths and 

butterflies), Diptera (true flies), and Coleoptera (beetles), the most successful 

group in terms of species number. Many members of these groups are 

examples of co-evolution, having reciprocally evolved with flowering plant 

during the Cretaceous (66-145 MYA; McKenna et al., 2015; see Figure I.1). 

Some insects have developed a close association with flowering plants and 

while some damage them through their feeding habits and by being vectors of 

other diseases, others are pollinators essential for the completion of the life 

cycle of many flowering species. 

I.2 Symbiosis in insects 

Symbiosis has played and continues to play a crucial role in eukaryotic 

organisms’ development and evolution. Microbes can biosynthesize 

metabolites and catalyse chemical processes that animals and plants are 

unable to, thus most symbiotic relationships are nutritional. While gene transfer 
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between species, and thus transfer of metabolic functions, is widespread 

among prokaryotes, it does not appear to be common in multicellular 

eukaryotes. The strategy that has been implemented in several animals has 

been establishing symbiotic relationships with microbes to complement their 

metabolic capabilities, thus incorporating a large novel gene set in a single 

event. The new ecological unit created through these associations is known as 

holobiont. In addition, symbiosis affects the evolution of the genomes involved 

in the relationship (or hologenome) by facilitating the loss of genes that are 

present in all participating partners and by allowing the transfer of genes from 

one genome to the other.  

As a result of these symbiotic relationships, insects have been able to 

successfully thrive in almost every environment. They can exploit every 

available food source, sometimes even nutritionally deficient or toxic food 

sources, given that the microbes they are associated with can provide the 

missing nutrients, mainly amino acids and vitamins, or detoxify their diet. These 

relationships have led to a diversification of many insect groups by allowing 

them to access a formerly unreachable niche. Additionally, these associations 

commonly lead to the emergence of specialized organs and mechanisms to 

keep the symbionts under control.  

I.2.1 Symbiosis 

The term symbiosis was defined by de Bary as “the living together of unlike 

organisms" (de Bary, 1879) considering the whole spectrum or partnerships, 

ranging from beneficial to harmful. More recently, Martin and Schwab (2012a) 

have reviewed the definition of symbiosis recognizing categories and referring 

to the larger partner as the host and the smaller as the symbiont (Figure I.2). 

Regarding the fitness of the members of the association, it is common to refer 

to the association as mutualism when both host and symbiont benefit of the 

association, parasitism when one member is negatively affected and 

commensalism when a member benefits without affecting the other.  

Additionally, depending on the symbiont’s location and level of integration the 

interaction can be divided in ectosymbiosis, where the symbiont is located on 
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the host’s body surface, including internal surfaces such as the lining of the 

digestive tube, and endosymbiont where the symbiont is located inside the 

host’s cells or tissues. Endosymbionts are further divided into intracellular, if 

they are located inside the host’s cells either free in the cytoplasm or within 

membrane derived vacuoles, or extracellular if they are located within host’s 

cavities. 

 

Figure I.2 Scheme of symbiosis. For every pair of interacting species: + represents a beneficial effect, - a 
harmful effect, and 0 a neutral effect. Endosymbiosis can be subdivided into intracellular and 
extracellular. From Martin, Bradford D., and Ernest Schwab. 2012b. “Current Usage of Symbiosis and 
Associated Terminology.” International Journal of Biology 5 (1): 32–45. 

Several insects harbour a rich gut microbiota comprised by bacteria, archaea, 

yeasts and protozoa that may permanently reside in the mucosa of the gut or 

may only pass through the digestive tract along with the food (Engel and Moran, 

2013). These microorganisms may provide essential nutrients and aid in the 

food digestion while also providing protection from colonization by pathogenic 

microbes to their hosts. Additionally, a common feature of many obligate insect-

associated symbionts is the intracellular localization within specialized cells 

known as bacteriocytes, which can form organs known as bacteriomes 

(Baumann et al., 2006). Such structures occur in several insect orders including 

Hemiptera, Coleoptera, Diptera, and Hymenoptera, among others (Douglas, 

1989). This project will focus on hosts that have established intracellular 

mutualistic relationships. 
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Lastly, the degree of dependency of both partners can be broadly classified as 

obligate or facultative. An obligate (or primary) symbiosis is required for the 

correct development, reproduction and survival of one or both partners whereas 

a facultative (or secondary) symbiont, while beneficial, is not essential and can 

be removed without much consequences for either member of the interaction. 

Endosymbiosis did not arise from one single event. This is easily seen given 

the existence of bacterial endosymbionts in several branches of the tree of life, 

notably Gammaproteobacteria, Betaproteobacteria and Bacterioidetes (see 

Figure I.3). And while it is known that endosymbionts can be acquired from the 

environment and in some cases replace the original primary endosymbiont, the 

reasons that originate and allow this phenomenon on insect lineages are not 

yet well understood (Latorre and Manzano-Marín, 2017).  

 

Figure I.3 Phylogenetic distribution of symbioses, indicating the bacterial and archaeal classes within 
which there are associations with eukaryotic hosts. From Moya, Andrés, et al. 2008. “Learning How to 
Live Together: Genomic Insights into Prokaryote-Animal Symbioses.” Nature Reviews Genetics 9 (3): 
218–29. 
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I.2.2 Biosynthesis of amino acids in animals and symbiosis 

Amino acids are fundamental in cellular metabolism and while they have an 

obvious role in composing proteins, they can also act as chemical messengers 

or be used as energy metabolites. The origin of the amino acids biosynthetic 

pathways is central for cellular metabolism and it seems to predate even 

glycolysis and gluconeogenesis (Cunchillos and Lecointre, 2007), therefore it 

is highly conserved in all living organisms. However, there are also key 

differences in the pathways that have evolved to adapt to the unique metabolic 

needs of each organism. 

All animals are heterotrophs meaning that they cannot fix carbon and therefore 

they must consume organic compounds produced by other organisms as their 

main energy source. When an organism becomes a consumer by eating other 

organisms the amino acids and vitamins become available in the diet and no 

longer need to be synthesized. Unless these biosynthetic pathways serve other 

essential functions, they are unnecessary and dispensable. The best-known 

example is the loss in mammals of the ability to synthesize the nine essential 

amino acids (EAAs), namely: histidine, isoleucine, leucine, lysine, methionine, 

phenylalanine, threonine, tryptophan, and valine (Payne and Loomis, 2006). 

A key requirement for the biosynthesis of amino acids is a nitrogen atom which 

can be acquired in the form of ammonia or from other amino acids. Additionally, 

some types of bacteria and archaea are capable of fixating atmospheric 

nitrogen, but this process is metabolically expensive. Besides nitrogen, the 

synthesis of all amino acids requires the carbon skeletons from intermediaries 

of the glycolysis, the citric acid cycle or the pentose phosphate pathway (see 

Figure I.4). The biosynthetic pathways can be organized in families according 

to the metabolic precursor of each amino acid as follows: α-ketoglutarate, 3-

phosphoglycerate, oxaloacetate, pyruvate, phosphoenolpyruvate and 

erythrose-4-phosphate, and ribose-5-phosphate. 

Glutamate, glutamine, proline and arginine are produced using α-ketoglutarate, 

an intermediate in the Citric Acid Cycle, as a precursor (see Figure I.4). 

Glutamate is the first amino acid produced requiring a transamination using 
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another amino acid as the donor. Additionally, glutamate can be deaminated 

thus allowing the disposal of excess nitrogen as ammonia. Glutamine is 

produced through the condensation of glutamate and ammonia while proline 

and arginine require larger sets of reactions. All four non-essential amino acids 

are produced by humans, but arginine is produced at low rates and is thus 

considered semi essential; however, birds and most insects are incapable of 

synthesizing arginine given that they lack the urea cycle. 

 

Figure I.4 Fuelling reactions and amino acid biosynthetic pathways in E. coli. Fuelling reactions and 
amino acid biosynthetic pathways are shown as black and blue arrows, respectively. Akashi, Hiroshi, 
and Takashi Gojobori. 2002. “Metabolic Efficiency and Amino Acid Composition in the Proteomes of 
Escherichia Coli and Bacillus Subtilis.” PNAS 99 (6): 3695–3700. 

Oxaloacetate is another intermediate in the Citric Acid Cycle and it is used to 

produce aspartate, asparagine, methionine, threonine, lysine and isoleucine 

(see Figure I.4). The first amino acid produced is aspartate, and similarly to the 

previous family, it requires a transamination of oxaloacetate using another 



    I.2 Symbiosis in insects  

19 

 

amino acid as the donor. Animals are also capable of producing asparagine 

through the amination of aspartate using glutamine as the donor of the 

ammonium group. However, they are incapable of producing the other four 

amino acids which therefore must be acquired from their diet and are thus 

considered to be EAAs. 

3-phosphoglycerate is an intermediate from glycolysis and it is used to produce 

serine, glycine and cysteine (see Figure I.4) and animals can produce all three. 

Serine is the first amino acid produced and it is further converted to glycine by 

a serine hydroxymethyltransferase which catalyses the reversible reaction. The 

formation of cysteine requires a sulphur atom which is transferred from 

homocysteine, a methionine derivate. Another derivate of glycolysis, pyruvate, 

can be used to produce alanine through its transamination. Alanine can be 

further transformed to valine and leucine, but animals are incapable of 

catalysing these reactions.   

The synthesis of the aromatic amino acids phenylalanine, tyrosine and 

tryptophan requires the condensation of phosphoenolpyruvate and erythrose-

4-phosphate and additional processing to generate chorismate. Animals do not 

have the set of tools required to generate it; however, they can produce tyrosine 

from phenylalanine through the addition of a hydroxyl group. Lastly, ribose-5-

phosphate leads to the formation of histidine, but it is a complex pathway 

requiring ten reactions and animals are incapable of performing them.   

In summary, most animals are incapable of producing ten amino acids, the 

aforementioned nine EAAs plus arginine, and therefore must acquire them from 

external sources, namely from their diet. Several animals have opted for 

different strategies to obtain these amino acids when they are missing in their 

diet such as establishing nutritional symbiosis with microbes. This has allowed 

them to conquer environments with low levels of readily available nutrients. In 

fact, long-term and obligate symbiosis, commonly related with the production of 

amino acids, has been documented many times in the eukaryotic evolution 

(Moya et al., 2008, see Figure I.3 and Figure I.5).  
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I.2.3 Role of symbiosis in insect evolution 

Insects can thrive on nutrient-deficient diets such as blood (including the body 

louse Pediculus humanus, Kirkness et al., 2010; the tsetse fly Glossina 

morsitans, International Glossina Genome Initiative, 2014; and the bed bug 

Cimex lectularius, Rosenfeld et al., 2016) and notably plant sap (including the 

pea aphid Acyrthosiphon pisum, The International Aphid Genomics 

Consortium, 2010; the rice pest brown planthopper Nilaparvata lugens, Xue et 

al., 2014; and the whitefly Bemisia tabaci, Chen et al., 2016) when aided by 

obligate bacterial endosymbionts. Metabolic assays and sequencing studies of 

several of these endosymbionts determined that they had the capacity to 

synthesise essential compounds for their insect hosts and in some cases even 

shared metabolic pathways requiring the transportation of certain metabolites 

from symbiont to host and vice versa (Zientz et al., 2004; Lamelas et al., 2011; 

Ponce-de-Leon et al., 2017). While bacterial endosymbionts are predominant, 

there are also several examples of eukaryotic endosymbionts (Cheng and Hou, 

2001; Fukatsu et al., 1994). 

Additionally, some insects have established relationships with antibiotic 

producing bacteria or fungi, which protect them from other pathogens (Currie 

et al., 1999; Beemelmanns et al., 2016). Furthermore, symbiotic bacteria are 

also capable of providing protection against pathogens or parasitoids acting as 

additional components of the immune system (Eleftherianos et al., 2013; 

Nakabachi et al., 2013). Also, bacteria such as Wolbachia and Rickettsia can 

influence host reproductive biology (Anderson and Karr, 2001). Many of these 

widespread symbiotic relationships between eukaryotes and fully sequenced 

bacteria are gathered and stored in the Symbiotic Genomes Database 

(SymbioGenomesDB; Reyes-Prieto et al., 2015). 

The first large catalogue of these associations was built by Paul Buchner mainly 

including hemipteran families with nutritionally challenging diets (Buchner, 

1965). To confirm the obligate nature of these endosymbionts, they have been 

eliminated by means of antibiotic treatment, from several insects including the 

pea aphid (Ohtaka and Ishikawa, 1991; Koga et al., 2003), the tsetse fly 

(Nogge, 1976) and some cockroaches (Sacchi et al., 1993). Aposymbiotic 
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(artificially symbiont-free) insects generally display an increased lethality, 

impaired development and either a decrease in fertility or complete sterility, 

demonstrating the obligate nature of these endosymbionts.  

 

Figure I.5 Bacterial symbiosis across the tree of life. A phylogeny of bacterial symbionts with images of 
their host groups. Vertically transmitted symbionts are shown with red circles and horizontally 
transmitted symbionts are shown with black circles. From Fisher, Roberta M., et al. 2017. “The Evolution 
of Host-Symbiont Dependence.” Nature Communications 8: 1–8. 

The constant and protected environment of the bacteriome allows a relaxation 

of natural selection. There, most of the endosymbionts cell functions become 

redundant and unnecessary and start to become gradually lost (Moran et al., 

2008; Moya et al., 2008). Also, there are several examples of enzymes that lose 

their substrate specificity thus facilitating genome reduction (Price and Wilson, 

2014). Furthermore, the endosymbiont is incapable of regaining lost functions 

through horizontal gene transfer (HGT) given that the bacteriomes seclude 
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endosymbionts from free-living bacteria and the bacterial transmission across 

host generations occurs generally maternally through female germ cells. In 

addition, the transmission mode ensures that only a small subpopulation is 

inherited to the next generation therefore increasing the effect of genetic drift 

(Moran, 1996). These effects are accelerated after the DNA repair and 

recombination mechanisms are lost from the endosymbiont’s genome (Moran 

et al., 2008; McCutcheon and Moran, 2012; Wernegreen, 2015). This leads to 

the irreversible fixation of deleterious mutations in a process known as Muller’s 

ratchet.  

Another feature of obligate endosymbionts is a bias towards an Adenine and 

Thymine (AT)-rich genome, with some exceptions such as Candidatus 

Hodgkinia cicadicola (McCutcheon et al., 2009) and Candidatus Tremblaya 

spp. (Husnik et al., 2013; López-Madrigal et al., 2011; McCutcheon and von 

Dohlen, 2011). While the causes behind this phenomenon have not been 

conclusively defined, there are several explanations including the higher 

energetic cost of the biosynthesis of the guanosine and cytosine triphosphate 

when compared to the adenine and thymidine triphosphate (Rocha and 

Danchin, 2002), the increase in cytosine deaminations leading to cysteine to 

thymidine transitions due to the loss of DNA repair genes (Klasson, 2006) and 

deletions due to polymerase slippage in G+C rich regions (Clayton et al., 2016). 

In many cases, the highly reduced primary endosymbiont genomes are static, 

such as in the case of Buchnera aphidicola (Roeland et al., 2003), Portiera 

aleyrodidarum (Santos-Garcia et al., 2015) and Ca. Tremblaya princeps 

(Husnik and McCutcheon, 2016) where an almost perfect synteny is observable 

among strains. On the other hand, on the genus Serratia it has been possible 

to define the main features on the process from free-living to intracellular 

endosymbiont, as well as the switch from secondary to coprimary (Manzano-

Marín et al., 2016). Furthermore, there are other complex cases such as Ca. 

Hodgkinia cicadicola, an endosymbiont of cicadas, which has split into two new 

species while sharing the same bacteriocytes and being metabolically 

interdependent (Van Leuven et al., 2014; Campbell et al., 2015). However, the 

most spectacular and complex case is that of Ca. Tremblaya phenacola str. 
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PPER, an endosymbiont of the bougainvillea mealybug, with a chimeric 

genome product of the integration of the genomes of an ancestral 

Betaproteobacteria and a Gammaproteobacteria (Gil et al., 2018). 

In summary, symbiosis between insects and bacteria has evolved as a strategy 

to confer chemical reactions, metabolic pathways of functions that have been 

lost in eukaryotes. In return, the primary bacterial endosymbionts benefit from 

a stable and protected environment where they can proliferate and be 

transmitted to the next generation. A consequence of this is a relaxation of 

natural selection and thus an accelerated loss of redundant and nonessential 

genes. This leads to the highly reduced genomes of endosymbionts. 

Nonetheless, the growth of the endosymbionts is kept under control through 

several mechanisms of their hosts like limiting the availability of key metabolites 

or the immune system as we will see in the next section. 

I.3 Innate immunity of insects 

Given the cosmopolitan nature of insects they are exposed to a great diversity 

of pathogens of all types, therefore they have developed a wide variety of 

strategies to face these threats. Their first barrier is their strong exoskeleton, 

the cuticle, which shields them from physical trauma and from the invasion of 

most pathogens (Balabanidou et al., 2018). However, in case this tough barrier 

fails, their immune system is able to face all types of threats either bacterial, 

fungal or viral. 

The immune system can be classified in two main categories: adaptive and 

innate. The innate immune defences are described to be non-specific, act 

immediately and do not confer long-lasting immunity. On the other hand, the 

adaptive immunity mounts a tailored response against a given antigen while 

also storing the necessary information to quickly mount a response against a 

repeatedly infecting pathogen. Like all invertebrates, insects only display innate 

immunity. However, while immune regulations have been well deciphered in 

relation to microbial pathogens, very little is known about host immune 

interaction with beneficial symbionts. In other words, how the immune system 
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is regulated to both fight against pathogens while preserving and regulating 

mutualistic symbionts. 

I.3.1 The origins of the arthropod immune system 

From the beginning of life, organisms have been forced to defend themselves 

from attacks by microorganisms. Throughout life, all living cells have selected 

different strategies and molecular mechanisms to cope with invaders. Bacteria 

must defend themselves mostly from phages, and to do so they use several 

mechanisms including the well-known CRISPR and restriction-modification 

systems among many others (Doron et al., 2018). After the evolution of 

eukaryotes new strategies emerged, notably the ability to differentiate self from 

non-self and phagocytosis. Both traits were initially used to allow the first 

eukaryotic cells to phagocytise foreign materials mainly as a food source.  

The appearance of multicellularity one billion years ago allowed more complex 

molecular functions to emerge to distinguish self from non-self (Buchmann, 

2014). During the transition to Metazoa, molecules with the role of recognizing 

other cells appeared and the functions of phagocytosis started being used to 

eliminate non-self particles. Even sponges, the most basal group of Metazoans, 

have the required mechanisms to recognize, encapsulate and eliminate 

pathogens (Müller and Müller, 2003). While plants have similar mechanisms to 

identify and eliminate pathogens, it has been suggested that these similarities 

are due to convergence rather than having a common ancestor (Haney et al., 

2014).  

Given its high relevance in human health, the immune system has been widely 

studied predominantly in vertebrates, and more recently in invertebrates as 

well. While there are great differences between both groups of animals, most 

notably, as stated before, the presence of the adaptive immune system only in 

vertebrates, there are also important similarities. Palmer and Jiggins suggested 

an ancient origin for the innate immune system, with examples of conservation 

between vertebrates and arthropods, despite the split between this two groups 

having occurred around 600 MYA (Palmer and Jiggins, 2015). 
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I.3.2 Characteristics of the insects’ innate immune system 

Insects can mount a strong innate immune response to deal with the invasion 

of microbial pathogens. Several holometabolous insects, notably Drosophila 

melanogaster (Diptera, Drosophilidae; De Gregorio et al., 2001), Anopheles 

gambiae (Diptera, Culicidae; Christophides et al., 2002), and Tribolium 

castaneum (Coleoptera, Tenebrionidae; Zou et al., 2007), are traditional 

models for genomic and functional investigations of insect innate immunity. The 

high level of similarity in the core components of the immune system among 

these insects is suggestive of a highly conserved innate immune system. 

Nevertheless, there are significant differences depending on the lifestyle of the 

insect. Some striking examples are some sap-feeding hemipterans including 

the pea aphid (A. pisum) and the Asian citrus psyllid (Diaphorina citri) that have 

lost key elements of signalling pathways (Gerardo et al., 2010; Arp et al., 2016). 

The innate immune system includes cellular and humoral responses and is the 

second line of defence against microbial infections in insects after the cuticle 

has failed. These defence responses are triggered by pattern recognition 

receptors (PRRs), which detect and bind to conserved microbial surface 

structures known as microbe-associated molecular patterns (MAMPs). The 

humoral immune response leads to the production of antimicrobial peptides 

(AMPs) that protect against a broad array of microbial infectious agents and 

even eukaryotic parasites.  

The molecular mechanisms involved in these defence reactions have been 

most thoroughly studied in D. melanogaster (De Gregorio et al., 2002; 

Hoffmann, 2003; Leclerc and Reichhart, 2004; Lemaitre and Hoffmann, 2007; 

Valanne et al., 2011; Myllymäki et al., 2014). In this model organism, genes 

encoding AMPs are activated by NF-κB transcription factors in response to 

infection through the two main immune system signalling pathways: The Toll 

and the immune deficiency (IMD) signalling pathways. Other well-known 

immune pathways in insects are the JNK and JAK-STAT pathways, which 

participate in cell stress or wound response while the JAK-STAT pathway also 

participates in antiviral response (Dostert et al., 2005). Efforts have been made 



I General Introduction 

 

26 

 

to catalogue all these components among insects (Brucker et al., 2012). (See 

Figure I.6 for a summary) 

The IMD pathway (Figure I.6) is involved in the recognition of diaminopimelic 

acid (DAP)-type peptidoglycan (DAP-PG) of bacteria, a component of the cell 

wall in most Gram-negative bacteria, and some Gram-positive Bacillus and 

Listeria species, thus it is considered to be almost specific for Gram-negative 

bacteria (Le Bourhis et al., 2007). The main receptors associated with this 

pathway are the peptidoglycan recognition proteins (PGRP) PGRP-LC, and 

PGRP-LE which interestingly can sense both extra- and intracellular MAMPs. 

These proteins bind to the peptidoglycan from the bacterial cell wall of Gram-

negative bacteria and initiate the signalling cascade by activating the death 

domain protein IMD, which recruits the adaptor protein FADD that in turn 

recruits the caspase Dredd. Then, Dredd is activated through its ubiquitination, 

performed by IAP2 in a complex with Uev1A, Effete and Bend, and upon 

activation cleaves IMD, exposing a new site which can be ubiquitinated by the 

IAP2 complex. Active IMD is then capable of activating the protein kinase TAK1 

that triggers both the JNK pathway (through Hep, Bsk, Jra and Kay) and 

phosphorylation of nuclear factor Relish (through IRD5 and Kenny) promoting 

its translocation into the nucleus and initiating the transcription of genes 

including AMPs. While the members of the signalling pathway are conserved 

among insects, usually with a one-to-one relationship (Brucker et al., 2012; Xia 

et al., 2015), the receptors and effectors are highly diverse.  

The Toll pathway (Figure I.6) is involved in the recognition of LYS-type 

peptidoglycan (LYS-PG) mainly from Gram-positive bacteria, and fungi. This 

pathway activates the production of antimicrobial peptides, induces the 

propagation and differentiation of haemocytes and promotes phagocytosis and 

encapsulation of parasites (Valanne et al., 2011). The pathway begins with the 

extracellular recognition of virulence factors followed by three different protease 

cascades depending on the type of recognized organism. The first involves the 

activation of protease Psh which recognizes both fungal and Gram-positive 

bacterial virulence factors. The second is involved in the recognition of β-glucan 

from the fungal cell wall through the Gram-negative binding protein (GNBP) 3, 
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and the third in the recognition of LYS-PG through GNBP1, PGRP-SA and 

PGRP-SD converging at the modular serine protease ModSP. In turn, this 

protease activates the Gram-positive–specific serine protease Grass, which 

activates the proteases Sphinx1/2, Spirit and Spheroid. At this point all three 

cascades converge with the activation of the Späetzle processing enzyme 

(SPE) which cleaves späetzle allowing it to bind to the extracellular region of 

the Toll receptors, which also have an intracellular domain whose role is to 

initiate the intracellular signalling process (Cao et al., 2015; see Figure I.6). 

 

Figure I.6 Insect innate immune system pathways based on Drosophila literature. Only the most relevant 
proteins from each pathway are displayed. Please refer to the text for more details. From Brucker, 
Robert M, et al. 2012. “Insect Innate Immunity Database (IIID): An Annotation Tool for Identifying 
Immune Genes in Insect Genomes.” PLoS ONE 7 (9): e45125. 

Upon activation of the Toll receptor, the adaptor protein MyD88, Tube and the 

kinase Pelle are recruited. Additionally, it seems that Pellino interacts with Pelle 

ubiquitinating it, thus acting as a positive regulator. Next, Pelle phosphorylates 

Cactus leading to its ubiquitination and subsequent degradation. Cactus is 

generally bound to the NF-κB transcription factor(s) Dorsal and/or Dif inhibiting 

its translocation to the nucleus. The Atypical protein kinase C (aPKC), along 

with Ref(2)P and TRAF2, and the G protein-coupled receptor kinase-2 
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(GPRK2) also seem to be able to interact with Cactus (or directly with Dorsal) 

to promote Dorsal activation. Once in the nucleus, Dorsal and/or Dif promotes 

the transcription of effector genes, including AMPs. 

The JAK/STAT pathway (Figure I.6) is activated through the binding of the 

ligand Upd by the Dome receptor. The Janus Kinase protein (JAK, or 

Hopscotch) is normally associated with the Dome receptor and upon binding of 

the ligand, the receptor stimulates JAK which in turn phosphorylates itself thus 

creating a binding site for the Signal Transducer and Activator of Transcription 

(STAT) and afterwards phosphorylating it. Upon phosphorylation STAT 

dimerizes and moves to the nucleus where it activates the transcription of target 

genes (Zeidler and Bausek, 2013). 

The main effectors of the insects’ immune system are AMPs. These are small 

peptides (<100 amino acids), highly diverse and in many cases species 

specific, though they might display broad-spectrum antimicrobial activity. Their 

modes of action include inhibition of microbial proliferation, tagging and 

promotion of aggregation and lysis of the invaders. Based on their structures or 

unique sequences, insect AMPs can be classified into four families: (i) the α-

helical linear peptides without cysteine residues (cecropin and moricin), (ii) β-

sheet globular cysteine-rich peptides (defensin and drosomycin), and peptides 

with an unusually high content of a given amino acid, (iii) apidaecin, drosocin, 

and lebocin are rich in proline, and (iv) coleoptericin, diptericin, attacin and 

gloverin in glycine (Yi et al., 2014; Mylonakis et al., 2016). Another group of 

antimicrobial enzymes are lysozymes, a protein family that defends against 

bacteria by cleaving peptidoglycans within cell walls, especially of Gram-

positive bacteria. Additionally, thaumatins are described as anti-fungal proteins 

with a glucanase function first described in plants (Brandazza et al., 2004; 

Altincicek et al., 2008; Anselme et al., 2008), although their precise mechanism 

of action is still unknown. 

While some of the aforementioned pathways also participate in controlling the 

effects of viral infections, antiviral RNA interference (RNAi) has been described 

to silence viral RNA in a sequence specific manner. There are three main RNAi 

pathways (Karlikow et al., 2014; Cao et al., 2016): i) small interfering RNAs 
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(siRNAs), which can be produced from exogenous or endogenous double 

stranded RNAs (dsRNAs) and depend on the Dicer (Dcr) -2, R2D2 and 

Argonaute (Ago) 2 proteins, ii) microRNAs (miRNAs),  which are mostly 

encoded in intergenic regions and are dependent on Drosha and Pasha 

proteins in the nucleus and on the Dcr-1 and Ago1 proteins and iii) Piwi-

interacting RNAs (piRNAs) which are encoded by clusters of genes and are 

involved in epigenetic and post-transcriptional gene silencing of transposons 

and possibly in the antiviral response and are dependent on Piwi, Aubergine 

(Aub) and Ago3 proteins and are Dcr independent.  

The activity of the siRNA pathway begins with the recognition and cleaving of 

viral dsRNAs by Dcr-2 (Galiana-Arnoux et al., 2006; see Figure I.7). This 

generates siRNAs that are loaded into Ago2, which is then capable of 

recognizing target RNA using the guide RNA, afterwards the targeted viral RNA 

is degraded. The miRNA pathway begins with the transcription of a miRNA 

gene that adopts a hairpin structure. This structure is recognized by the 

Drosha/Pasha complex, cleaved into a pre-miRNA and exported to the 

cytoplasm. There, Dcr-1 cleaves the pre-miRNA into its mature miRNA form. 

The miRNA is loaded into Ago1 and, as in the siRNA pathway, the target gene 

is silenced. Finally, the piRNA pathway involves the transcription of a precursor 

and its recognition and processing by Piwi or Aub. Afterwards, through a 

process known as ping-pong amplification loop it increases the number of 

copies by recognizing both the sense and antisense transcripts using Ago3 and 

Aub respectively and processing their targets. 

As we have seen, the immune system is highly complex and capable of 

detecting and fending off pathogens of all kinds. However, it is presented with 

an extraordinary challenge. While it should be capable of detecting and 

eliminating pathogens, it must still allow beneficial microorganisms to thrive in 

the surface or in the gut of the insect. The interactions between the insect gut 

microbiota and the immune system have been studied in Drosophila (Broderick 

and Lemaitre, 2012) and it is known that both have a profound influence on 

each other. Regarding the interaction between endosymbionts and the immune 
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system, one of the best studied models is Sitophilus oryzae (Coleoptera, 

Dryophthoridae), as we shall see in detail next. 

 

Figure I.7 Three main classes of regulatory small RNAs. Only the most relevant proteins from each 
pathway are displayed. Please refer to the text for more details. From Lucas, Keira J., et al. 2013. “Small 
RNAs: A New Frontier in Mosquito Biology.” Trends in Parasitology 29 (6): 295–303. 

I.4 Beetles (Coleoptera) 

A possibly apocryphal, but brilliant reply attributed to the British geneticist J. B. 

S. Haldane when asked what could be inferred about God from a study of his 

works was “An inordinate fondness for beetles.” Beetles (order Coleoptera) are 

the largest order of animals with an estimated number of described species of 

400,000 (Hammond, 1992) and an extraordinary degree of diversity. Some 

examples of their diversity include the massive Hercules beetles which can 

reach 17.5 cm, being the longest beetle and among the largest insects in the 

world; the featherwing beetles, the smallest insects in the world, whose size 

ranges from 0.3 to 4 mm; the remarkable bombardier beetle which can spray 

its predators with near boiling liquids; and firefly beetles whose glow is so 

appealing to us. Remarkably, in this order the largest family comprises the true 

weevils, Curculionidae, with more than 51,000 species, arguably the most 
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species-rich family of animals (Oberprieler et al., 2007). This high degree of 

success can be attributed to several factors including short life cycles, high 

fertility, a highly protective exoskeleton and a low extinction rate (McKenna et 

al., 2015).  

I.4.1 Evolutionary history of beetles 

The order Coleoptera is divided into four suborders: Adephaga, most of them 

are predators; Archostemata, whose larvae feed on decaying wood and adults 

on pollen; Myxophaga, which are usually aquatic and feed on algae; and by far 

the largest is Polyphaga, with a huge diversity on their feeding habits though 

most feed on plants, either healthy or dead and decaying. The earliest fossil 

from Archostemata is from the late Permian and fossils from Adephaga and 

Polyphaga are from the Triassic. While there are no fossil specimens from the 

Myxophaga some likely extinct relatives are known from the Permian (McKenna 

and Farrel, 2009). The exact date of the origin of beetles is not easy to 

determine given the scarcity of fossils of the early beetles. However, they are 

thought to have originated during the Early Permian, and a fossil from the 

Carboniferous suggests an even earlier origin (Bethoux, 2009). 

Given the lack of information in the fossil record, molecular studies have been 

used to better define the date of origin. Nonetheless, this is also challenging 

given the enormous diversity of beetles and has mostly been insufficient for 

solving the macrostructure of their phylogeny (Hunt et al., 2007; Bocack et al., 

2014). A recent study by Zhang and colleagues has attempted to establish a 

reliable phylogeny by using 95 nuclear protein-coding genes from 373 species 

comprising all suborders and 124 out of the 186 recognized families (Zhang et 

al., 2018; see Figure I.8).  

The work of Zhang and colleagues supports the hypothesis that Coleoptera 

originated during the early Permian and that they experienced intense radiation 

during the Cretaceous. While this radiation has traditionally been attributed to 

the emergence of angiosperms, Hunt and colleagues suggested that their 

diversity is not linked to the diversification of flowering plants but rather to their 

long evolutionary history and high lineage survival (Hunt et al., 2007; Zhang et 
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al., 2018). Whichever is the case it ultimately led them to be the most abundant 

group of animals on the planet. 

I.5.2 Coleoptera as pests 

The wide variety of beetles, their cosmopolitan nature and their abilities to 

exploit almost every food source has put them into close contact with humans 

throughout all our history and while sometimes forgotten, it is important to keep 

in mind that beetles can have beneficial roles in our economy. A well-known 

example is lady beetles (Coccinellidae) that can control the populations of sap 

feeding pests including aphids, whiteflies and mealybugs by feeding on them. 

Another group of beetles that have a positive effect on agriculture are ground 

beetles (Carabidae), which are mostly predatory, actively hunting for 

invertebrates, thus sometimes used in crops as biological control agents. A 

perhaps not so evidently beneficial group of beetles is dung beetles 

(Scarabidae), which feed on dung after quickly rolling and burying it, thus 

rendering it unavailable for breeding of pestilent flies that target cattle. 

Additionally, the burying of the dung improves the soil fertility.  

In contrast, given their predominantly phytophagous nature (around 75% of the 

beetles are herbivorous during both their larval and adult stages; Gillot, 2005), 

they are well known agricultural pests. While some of them are monophagous, 

specializing on a single plant host, other are highly polyphagous being able to 

devastate diverse crops. Additionally, besides feeding on the plants they are 

also vectors of numerous diseases and to make matters worse they can quickly 

adapt and become resistant to pesticides (Odeyemi et al., 2010). 

Pests include the Colorado potato beetle (Leptinotarsa decemlineata; Schoville 

et al., 2018), which is a serious pest of members of the Solanaceae family that 

includes tomatoes, eggplants and peppers. Another example is the apple 

blossom weevil (Anthonomus pomorum), which, although not a problem in 

commercial apple orchards, is a serious pest in organic orchards. However, 

perhaps the most relevant coleoptera pests are those that target stored goods 

such as cereals, including the red flour beetle (T. castaneum; Tribolium 



    I.4 Beetles (Coleoptera)  

33 

 

Genome Sequencing Consortium, 2008), the sawtoothed grain beetle 

(Oryzaephilus surinamensis) and cereal weevils of the genus Sitophilus. 

 

Figure I.8 Time-calibrated tree of beetle families. b. Comparison of divergence time estimates for twelve 
major nodes sharing across four beetle time trees. The circle represents the mean age, and the whiskers 
mark the 95% credibility internals. From Zhang, Shao Qian, et al. 2018. “Evolutionary History of 
Coleoptera Revealed by Extensive Sampling of Genes and Species.” Nature Communications 9 (1): 1–11. 
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 Additionally, xylophagous beetles also cause losses in other commodities such 

lumber through their feeding activities. Some examples are the Asian 

longhorned beetle (Anoplophora glabripennis; McKenna et al., 2016), which 

feeds on a wide range of trees or the mountain pine beetle (Dendroctonus 

ponderosae; Keeling et al., 2013), which is responsible for the destruction of 

large areas of lodgepole pine forests in Canada. Other examples are the coffee 

borer beetle (Hypothenemus hampei; Vega et al., 2015), which feeds on the 

coffee berries thus causing loss of the economic value of the coffee grains, the 

small hive beetle (Aethina tumida), which causes damage to bee hives 

sometimes even forcing the bees to abandon their hives, and the boll weevil 

(Anthonomus grandis) which has caused devastating losses to the cotton 

producers all around the world by feeding on the cotton bugs and flowers. 

I.4.3 Endosymbionts in beetles 

Feeding exclusively on plants is no easy feat for animals. Besides producing 

defensive phytochemicals that repel or poison herbivores and hostile structures 

such as thorns and waxy tough cuticles, plant tissues are normally high in 

carbohydrates but low in proteins and essential vitamins. Plants are a highly 

recalcitrant food source and herbivorous animals require a specialized set of 

tools to overcome the plants defences and assimilate the intracellular plant 

metabolites. An important group of these enzymes are plant cell wall degrading 

enzymes (PCWDE), which help herbivores to digest the highly complex cell wall 

components (Wybouw et al., 2016). PCWDE capable of targeting the 

polysaccharide network with cellulase, hemicellulase and pectinase activities 

have been acquired through horizontal gene transfer (HGT) by arthropods from 

microbes many times through the evolution (Kirsch et al., 2014). 

While beetles possess several PCWDE, the fact that they can thrive on a wide 

variety of diets so efficiently suggests that they might be receiving some 

assistance from symbionts including ecto- and/or endosymbionts and/or a more 

or less rich microbiota. In fact, there are well studied cases such as the 

symbiosis between the mountain pine beetle (D. ponderosae) where the beetle 

carries spores from the pathogenic blue stain ascomycete Grosmannia 

clavigera within a specialized on its mouthparts which are used to infect the 
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host trees (Keeling et al., 2013). As the fungus develops, it provides additional 

nutrients for the beetle, helps overcoming the trees defences and blocks the 

water and nutrient transport in the tree thus killing it in the end (Bracewell and 

Six, 2015). However, this might be a love-hate relationship, given that the 

symbiotic fungus may sometimes hamper the development of the larvae (Wang 

et al., 2012). Notably, given the relevance of this pest, the genomes of the 

fungus and the beetle have been sequenced (DiGuistini et al., 2009; Keeling et 

al., 2013). 

Besides studies on ectosymbionts, the endosymbionts in the Curculionoidea 

superfamily have been a subject of intense study and in fact, it is a great model 

for studying endosymbiont establishment, coevolution and replacement. 

Several studies propose that there was a single event around 125 MYA where 

Candidatus Nardonella (hereafter known as Nardonella) infected the ancestor 

of the Curculionidae and Brentidae families before their divergence and started 

coevolving along with its host (Lefevre et al., 2004; Conord et al., 2008; Toju et 

al., 2013; Zhang et al., 2017). To date Nardonella has only been found in 

association with these two lineages where it has been identified and molecularly 

characterized in several species (Kuriwada et al., 2010; Huang et al., 2016; 

Anbutsu et al., 2017). However, it is far from being universally found in weevils 

and several cases of endosymbiont elimination or replacement have been 

identified. The best studied case is that of species of the genus Sitophilus, 

where an Enterobacterium of the genus Sodalis recently replaced the ancestral 

Nardonella. (Rio et al., 2003; Lefèvre et al., 2004; Clayton et al., 2012). In the 

case of species of the Curculio genus, it was hypothesized that the 

endosymbiont replacement may have been due to a switch on their diet 

(Lefèvre et al., 2004; Toju et al., 2010; Toju et al., 2013). The higher content of 

carbohydrates in cereal grains, and the lack of vitamins and AA may have 

enabled the competition between Sodalis with a full genome and Nardonella 

with reduced and exhausted genome. 

Other examples of endosymbionts include Candidatus Dasytiphilus stammeri 

from pollen eating beetles of the genus Dasytes (Coleoptera, Dasytidae) and 

Candidatus Stammera capleta (hereafter known as Stammera) from the 
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tortoise leaf beetle Cassida rubiginosa. The presence of intracellular 

endosymbionts in the Dasystes is perhaps most surprising given the fact that 

the larvae are predaceous and thus not dependent on a nutritionally 

unbalanced diet. Their presence might be better explained by the fact that the 

adults feed on pollen grains, suggesting that they might require enzymes from 

the endosymbionts to digest the walls from the pollen grains or amino acids and 

vitamins that might be present in low amounts in pollen grains (Weiss and 

Kaltenpoth, 2016). On the other hand, the extracellular endosymbiont 

Stammera remarkably has the smallest known genome of an extracellular 

bacterium (Salem et al., 2017). Sequencing of its genome showed that it has 

been drastically streamlined to break down pectin having lost the capacity to 

produce all essential amino acids and B-vitamins. 

As we have seen, beetles are the most diverse group of animals. This success 

in part can be attributed to their strong cuticle and their ability to establish 

symbiotic relationships with microbes that allow them to thrive on recalcitrant, 

toxic of nutritionally poor diets. A particularly efficient group at establishing 

these relationships is the Curculionoidea superfamily, where endosymbionts 

have been found in most of the studied species. A notable member of this group 

is S. oryzae which, as aforementioned, is a model for studying host-symbiont 

interactions besides being a serious pest of grains. In Chapter 1 we will see 

more unique and remarkable characteristics of this model. 

I.5 The Aphids (Hemiptera: Aphidoidea) 

Aphids (Hemiptera, Aphididae) belong to a group of insects with over 5,000 

extant species (Grimaldi and Engel, 2005). Being hemipterans, aphids do not 

go through a complete metamorphosis but rather they only have three stages: 

egg, nymph and adult. Nonetheless, their life cycles are far from simple and 

involve a series of morphologically distinct morphs. Although aphids have life 

cycles with characteristic features, most of them present a holocyclic life cycle 

(see Figure I.9). 
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Figure I.9 Life cycle of an aphid with primary and secondary host plants. During the spring and summer 
asexual parthenogenetic females are produced in the secondary host plants. Afterwards, in the autumn, 
a generation of sexual morphs is produced, and adults might migrate to their primary hosts where they 
mate and lay eggs capable of withstanding the harsh conditions of the winter. The rising temperatures 
of the springs trigger their hatching and the cycle begins again. From Olive, Peter JW. 2002. 
“Reproduction and Life Cycles in Invertebrates.” In Encyclopedia of Life Sciences. Chichester: John Wiley 
& Sons, Ltd. 

This yearly life cycle involves several generations in which only parthenogenetic 

females are produced and one generation of sexual morphs, which lays eggs 

(Blackman and Eastop, 1994; see Figure I.9). The eggs resulting from the 

sexual reproduction are the means to survive the harsh conditions of the winter 

and they will hatch in spring, giving rise to viviparous females that will reproduce 

by parthenogenesis during spring and summer. Later, the dropping 

temperatures of the autumn trigger the appearance of the sexual morphs, which 

will lay fertilized eggs, thus starting the cycle over again. This feature is an 
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important fact to explain the huge success of aphids and it was probably 

developed during the Triassic. 

Additionally, there are more complex life cycles that also involve host 

alternation, where first the sexual morphs mate and lay fertilised eggs on a tree 

or shrub, their primary host. Afterwards, the aphids originating from the hatched 

eggs migrate to an unrelated herbaceous or woody plant also known as the 

secondary host where the parthenogenetic generations occur. Then, before the 

next sexual generations the aphids must move back to their primary host. 

Finally, some aphid species or populations are anholocyclic, meaning that they 

are parthenogenetic throughout their whole life cycle. This is the case for some 

populations of Rhopalosiphon padi that live in warm areas (Simon et al., 1996). 

I.5.1 Evolutionary history of aphids 

The earliest aphid fossil so far dates to around 225 MYA, in the mid Triassic 

period (Hong et al., 2009); however, the common ancestor of aphids is 

hypothesized to have arisen around 280 MYA (Heie, 1996), in the early 

Permian. It is thought that while several lineages from the Aphidoidea 

superfamily went extinct during the Triassic and Jurassic, the surviving lineages 

underwent a rapid radiation during the Cretaceous period possibly related to 

the expansion of angiosperms during this period (von Dohlen and Moran, 

2000).  

In order to catalogue the great diversity of aphids, members of this family are 

organised into subfamilies, tribes, and subtribes. Their taxonomic organization 

is an active area of study with multiple works attempting to correctly organize 

all this diversity (Martínez-Torres et al., 2001; Ortiz-Rivas and Martínez-Torres, 

2010; Nováková et al., 2013). However, it has not yet been defined 

conclusively. In addition, given that the infection with Buchnera ancestor took 

place a single time in an aphid’s ancestor, both aphids and their endosymbiont 

have evolved strictly in parallel (Moran et al., 1993). Therefore, molecular data 

from their endosymbionts has also been used to improve the information 

regarding the phylogenetic relationships between aphids’ lineages.  
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The Lachninae subfamily is presumably the sister taxa of all other aphid 

subfamilies and thus the most basal (Ortiz-Rivas and Martínez-Torres, 2010). 

Currently it groups 402 extant species (Favret, 2018) and almost all of them 

feed on tree trunks and branches and most of them are tended by ants (Heie, 

2015). Species within this subfamily are classified into five tribes: the 

Eulachnini, the Lachnini, the Stomaphidini, the Tramini and the Tuberolachnini. 

The Eulachnini, which feed exclusively on conifers, are classified into four 

genera, Cinara, Essigella, Eulachnus, and Pseudessigella.  

The largest within the Lachninae is Cinara (comprising 252 species) also known 

as giant conifer aphids. This genus has traditionally been taxonomically 

classified into two main subgenera: Cinara (Cinara) and Cinara 

(Cupressobium). A third subgenus Cinara (Schizolachnus) was recently 

transferred to this genus (Chen et al., 2016) and the fourth, Cinara (Cedrobium), 

has not yet been molecularly analysed and thus, the phylogenetic placement of 

this subgenus remains uncertain. Extensive molecular work in Cinara divides 

the genus into three major phylogenetic clades, termed simply A, B, C 

(Meseguer et al., 2015). While clade A includes only members of the Cinara 

(Cinara) subgenus, clade B groups some Cinara (Cinara) species and all 

Cinara (Schizolachnus) and clade C includes some members of the Cinara 

(Cinara) subgenus and all the Cinara (Cupressobium) species.  

I.5.2 Aphids as pests 

Being sap-feeding insects, aphids have inevitably started taking advantage of 

many crops, thus gaining their pest status. While feeding on the plant sap 

inevitably reduces crop yields and damages crops, the real impact is by being 

vectors of plant viruses (Guerrieri and Digilio, 2008). Additionally, not only host 

plants are infected given that winged adults select their hosts by using visual 

cues, followed by olfaction using the antennae. If everything seemed right, they 

proceed with the probing of the plant by inserting their stylus to test the sap. 

Non-host plants will be rejected; however, the transfer of viruses occurs at the 

beginning of the process thus allowing non-host plants to become infected (Will 

et al., 2007). Additionally, the feeding activity of aphids produces large amounts 

of honeydew which is quickly colonized by sooty mold which by itself is 
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harmless for the plant, however its growth can block sunlight from reaching the 

leaves, thus hampering photosynthesis (Dhami et al., 2013). 

The dispersal winged morphs are not particularly capable fliers and they lose 

their wings after a few days. However, given their small size it is easy for them 

to be dispersed by air currents or precipitation and additionally, movement of 

plant materials by humans also increases their dispersion (Fereres et al., 2017). 

Additionally, given their successful reproductive strategies, once a plant has 

been colonized by a single individual it can quickly create a large population of 

clonal individuals.    

While around 450 aphid species are associated with crops only around 100 are 

economically relevant. These aphids belong mainly to the Aphidinae subfamily 

and  includes the pea aphid Acyrthosiphon pisum, which is the best studied 

aphid capable of feeding on several Fabaceae; the cowpea aphid Aphis 

craccivora that is even more polyphagous than A. pisum and a vector of up to 

30 viruses; the green peach aphid Myzus persicae, which is extremely 

polyphagous and cosmopolitan found wherever peaches are available; and the 

Russian wheat aphid Diuraphis noxia, which feeds on grasses including wheat 

and is currently expanding its range among others (Blackman and Eastop, 

2017). Members of the Lachninae subfamily, on the other hand, are not 

important agricultural pest. 

Chemical strategies have been used to attempt to control the proliferation of 

aphids, however these strategies not always prove to be successful. One 

example are green peach aphids, which have shown an extraordinary ability to 

evolve resistance to a wide range of insecticides (80 different chemicals, though 

might be an underestimation; Whalon et al., 2018). Resistances to 

organophosphates, pyrethroids and pirimicarbare have been described in M. 

persicae (Fenton et al., 2010). Resistance to neonicotinoids, such as 

thiamethoxam, has been documented in the cotton aphid, Aphis gossypii, with 

Gore and colleagues highlighting the high reproductive rate of aphids as a 

source of resistance and thus recommending rotation strategies (Gore et al., 

2013). 
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In addition to chemical control strategies, several agents of biological control 

are used including parasitoids such as Aphidius ervi, fungi such as Beauveria 

bassiana, nematodes (to specifically target root dwelling aphids) and other 

arthropods such as lacewings (Chrysoperla rufilabris) and ladybirds (Coccinella 

septempunctata) that prey on aphids (Kundoo and Kahn, 2017). However, as 

mentioned before, aphids excrete honeydew which is a rich food source that’s 

exploited by several hymenopterans including bees, which can use it to produce 

honey, and several species of ants which defend aphids from their predators to 

maintain their food source (Styrsky and Eubanks, 2007). Furthermore, as an 

additional defensive strategy, aphids can harbour beneficial facultative bacteria 

that protect them from parasitoids. For example, the facultative Serratia 

symbiotica has shown to confer resistance to the attack of parasitoids in A. 

pisum (see below). 

I.5.3 Endosymbionts in aphids 

As aforementioned, phloem, while rich in carbohydrates and some amino acids, 

is deficient in EAAs and B-vitamins. Early studies on M. persicae (Aphidinae: 

Macrosiphini) reared on an artificial diet lacking amino acids or B-vitamins 

demonstrated that these aphids have a need for these essential compounds, 

which are indeed absent from their diet (Mittler and Dadd, 1963; Dadd et al., 

1967). Given that animals are unable to synthesize EAAs these results 

suggested that the endosymbiotic bacteria found in the bacteriomes of aphids 

and first identified by Paul Buchner could be providing them with the missing 

nutrients (Buchner, 1965).  

Several years later, with more advanced molecular techniques, it was 

demonstrated that their primary endosymbiont, which is hosted in their 

bacteriocytes, was a Gammaproteobacterium (Unterman et al., 1989). Further 

studies using endosymbionts from different aphid subfamilies demonstrated 

that the sequences of their primary endosymbionts were arranged as a 

monophyletic clade, which mirrored the phylogenetic relationships of their 

hosts. With this considered, the genus Buchnera and the species Buchnera 

aphidicola were proposed to name the primary endosymbionts from the aphid 

Schizaphis graminum (Munson et al., 1991). The name B. aphidicola was then 
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used for all the primary endosymbionts of aphids, which are now considered 

strains. Thus, given that B. aphidicola is the only species from now on we will 

refer to it as Buchnera. 

The next milestone was reached with the sequencing of the first Buchnera 

genome (Shigenobu et al., 2000) revealing that it had a genome significantly 

smaller than free living bacteria, including its free-living relative Escherichia coli. 

Additionally, it was observed that Buchnera was devoting its genome mainly to 

the production of EAAs and that it lacked genes for both the production of non-

essential amino acids (NEAAs) and cell surface components, thus emphasizing 

on its role as a primary endosymbiont and its inability to survive in niches other 

than inside its host’s bacteriocytes. A couple of years later other Buchnera 

genomes were sequenced and it was shown that they displayed a high level of 

synteny among them, thus suggesting a rapid genome reduction before the 

diversification of aphids (Tamas et al., 2002; van Ham et al., 2003), and in 2006 

the smallest Buchnera genome was published. Remarkably, it had lost the 

ability to synthesize some essential nutrients for the host, mainly the synthesis 

of the EAA tryptophan and the vitamin riboflavin (Pérez-Brocal et al., 2006). 

Some years later, the genome of the pea aphid was published (The 

International Aphid Genomics Consortium, 2010), revealing that indeed the 

host could provide Buchnera with NEAAs and not only that, but it was also 

demonstrated that some metabolic pathways were shared between the two 

members of the consortium (Shigenobu and Wilson, 2011). 

Regardless of the benefits that endosymbionts provide, keeping bacteria as 

permanent residents in their bodies would pose a problem for aphids given that 

their immune system would need to be kept under control to tolerate the 

endosymbiont. This is not a problem for A. pisum given that it has lost almost 

the entire IMD pathway (Gerardo et al., 2010), which is involved in the 

recognition and eradication of Gram-negative bacteria. Therefore, Buchnera is 

presumably allowed to thrive “unrecognized” raising the question of how it is 

perceived and regulated by the host and more importantly how does it defend 

itself against pathogens. While this is an efficient strategy to allow conserving 

its endosymbiont, it also renders the aphid highly vulnerable to infections by 
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Gram negative bacteria (Altincicek et al., 2011). Nonetheless, it is proposed 

that given that aphids feed on a relatively sterile food source, perhaps they don’t 

need such an efficient immune system. Additionally, the energy that would 

otherwise be used on this pathway is available to be redirected to other 

functions such as reproduction (Barribeau et al., 2010). 

In addition to harbouring Buchnera, many aphids contain secondary 

endosymbionts, which are not essential for their host’s nutrition but might 

provide some benefits under particular environmental circumstances 

(conditional mutualism). Given their non-essential status, secondary symbionts 

normally do not have nutritional roles and normally have one or more functions 

that provide their host with an added benefit. Some examples of these 

beneficial yet non-essential functions are: protection against parasitoid wasps 

by S. symbiotica, Hamiltonella defensa, and Regiella insecticola (Oliver et al., 

2003; Hansen et al., 2014), protection against fungal parasites (R. insecticola, 

Rickettsia sp., Rickettsiella sp., and Spiroplasma sp.) and an increased 

resistance to heat stress (Rickettsia sp. and S. symbiotica) (Chen et al., 2000; 

Montllor et al., 2002). Another remarkable difference between primary and 

secondary endosymbionts is that while secondary endosymbionts are 

sometimes kept inside bacteriocytes, in their own bacteriocytes or sometimes 

even sharing bacteriocytes with Buchnera (Michalik et al., 2014), they can also 

be found in cells surrounding the bacteriome or free in the haemolymph. On 

occasions, as stated before, the primary endosymbiont has lost essential 

functions that are supplemented by the facultative bacteria. If this happens, a 

symbiotic consortium is established as it has occurred in the Lachninae 

subfamily (Lamelas et al., 2011; Manzano-Marin et al., 2017). 

Given their efficient and complex lifecycle, aphids are capable of rapidly 

infesting their food source. While some of them are highly polyphagous other 

target a single genus or even species. Aphids have been widely studied to 

better understand the host-symbiont relationship given the prevalence of their 

primary endosymbiont Buchnera. Additionally, as aforementioned, some 

aphids have lost parts of the signalling pathways of the immune system, thus 

making them attractive models to understand the relationship between the 
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endosymbiont and the immune system. Furthermore, members of the 

Lachninae subfamily seem prone to acquire secondary endosymbionts. 

Therefore, they are good models for studying endosymbiont complementation 

and the process by which a secondary endosymbiont drifts into to a coprimary 

(Manzano-Marin et al., 2017). Among them, perhaps the best studied are 

aphids from the Cinara genus, especially the cedar aphid Cinara cedri, whose 

genome has been sequenced as part of this thesis and is presented in the 

second Chapter.    
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II OBJECTIVES 

This thesis manuscript focuses on the comparison of the innate immune system 

and amino acid biosynthetic pathways of two insects that harbour 

endosymbionts. Both sets of pathways were chosen given that they are the 

main mechanisms through which both members of the holobiont interact with 

each other. The selected organisms are the rice weevil S. oryzae and the cedar 

aphid C. cedri. These organisms were chosen because we plan to identify 

differences on genetic repertoire of insects with endosymbiotic relationships of 

different ages. While the relationship between C. cedri and Buchnera is ancient 

(established at least 150 Ma) that of S. oryzae and S. pierantonius is quite 

young (established around 30,000 years ago). Another relevant aspect for 

choosing both systems is that they have been profusely studied by the groups 

of Abdelaziz Heddi and Amparo Latorre respectively and that the genomic 

sequences for their endosymbionts had previously been obtained. In the case 

of C. cedri the sequence of Serratia, the coprimary endosymbiont is also 

available. While comparing both systems would allow us to identify differences 

between an ancient and a recently established endosymbiotic relationship it is 

important to keep in mind that there are many additional differences between 

both models, including their diet, life cycle and taxonomic position.  

The first objective is to obtain the fully assembled genome of S. oryzae and 

annotate it to allow the identification of genes involved in the immune system 

pathways and in the amino acids metabolism. The gene sets will then be 

compared with that of T. castaneum and D. melanogaster, the models of 

beetles and insects respectively. This would allow us to observe if there are 

relevant differences between our system and the model of its order, a beetle 

which does not harbour a primary endosymbiont. Our hypothesis is that given 

that both S. oryzae and T. castaneum belong to the same order and share their 

ecological niche there should not be large differences in the gene sets we will 

assess. While T. castaneum does not harbour an endosymbiont, the fact that 

the relationship between S. oryzae and S. pierantonius was recently 

established should not yet be reflected in the genome. Additionally, comparing 
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with D. melanogaster will allow us to identify features that could be specific to 

the Coleoptera order. 

The second objective is to obtain the genes involved in the innate immune 

system and amino acid biosynthetic pathways of C. cedri through the assembly 

and annotation of its genome. Upon obtention, this set of genes will be 

compared with that of A. pisum and D. melanogaster, the models of aphids and 

insects respectively. In this case, A. pisum also harbours an endosymbiont 

which in fact shares a common ancestor with that of C. cedri, we therefore 

expect that both insects will have similar gene sets. Nonetheless, this 

comparison would also allow us to identify features particular to C. cedri. 

Through the comparison with D. melanogaster we will be able to identify 

differences between the genome of the model of the insects and that of an 

insect with an ancestral endosymbiotic relationship.  

The third objective is to compare the genes involved in the innate immune 

system and the amino acid biosynthetic pathways of S. oryzae and C. cedri. 

This would allow us to accomplish the main goal of this project; however, as 

aforementioned, there are additional differences between the two models 

besides the age of the establishment of their symbiotic relationships. To try to 

exclude other factors that could be causing differences we observe, other 

insects will be incorporated to this comparison to set it into context. It has 

previously been suggested that endosymbiosis is a source of evolutionary 

innovation and its effect on the genomes of the endosymbiont has been greatly 

studied, however not much is known yet regarding the genomes of the hosts, 

thus this will be a great opportunity to assess its effects in the genomes of the 

hosts. 
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III MATERIALS AND METHODS 

III.1 Insects samples and DNA extraction 

III.1.1 S. oryzae rearing and DNA extraction 

Individuals of both sexes of S. oryzae were reared on wheat grains at 27.5°C 

with 70% relative humidity. The aposymbiotic strain was obtained by treating 

the symbiotic strain during one month at 35°C and 90% relative humidity as 

previously described (Nardon, 1973). This strain is viable, fertile and was raised 

in the same conditions as the symbiotic strain. The aposymbiotic status is 

regularly checked by PCR and histology.  

The genome size of five male and five female adults of S. oryzae were 

estimated through flow cytometry using the protocol described in Lopes et al., 

(2009). Male and female aposymbiotic adults were used for DNA extraction and 

only the gonads were used to minimize DNA contamination from its diet, which 

could still be present in the gut. A DNA extraction protocol specific for S. oryzae 

using a STE buffer (100 mM NaCl, 1 mM Na2EDTA pH 8, 10 mM Tris HCl pH 

8) was performed. Tissues were homogenized in STE buffer, then treated 

successively with SDS 10%, proteinase K and RNase.  

Genomic DNA was purified by two successive extractions with 

phenol:chloroform:isoamyl alcohol (25/24/1) followed by an extraction with 1 vol 

of chloroform:isoamyl alcohol (24/1). Genomic DNA was then precipitated with 

0.7 vol isopropanol. After washing the pellet with 70% ethanol, genomic DNA 

was recovered in TE (1mM EDTA, 10 mM Tris HCl pH8) buffer.  

Four different DNA samples were obtained: three from males and one from 

females with each sample made up of the genomic DNA from 20 individuals. 

The DNA concentration in each of these samples was quantified using a 

NanoDrop spectrophotometer (ThermoFisher Scientific, Waltham, MA, USA). 
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III.1.2 C. cedri collection and DNA extraction 

C. cedri specimens were collected from a permanent population reared on two 

cedar trees of the species Cedrus atlantica (Glauca group). Total insect DNA 

(tDNA) was extracted immediately after sampling using the method of Latorre 

et al., (1986). 6.5 mg of insects were gently homogenized in 160 μL buffer I (10 

mM Tris-HCl [pH 7.8]; 60 mM NaCl; 5% sucrose; 10 mM EDTA) at 4°C. After 

the addition of 200 μL of buffer II (300 mM Tris-HCl [pH 8.0]; 1.25% SDS; 5% 

sucrose; 10 mM EDTA), the sample was incubated at 65°C for 30 min, 

neutralized with 60 μL 3 M potassium acetate (pH 5.0), and kept at –20°C for 

20 min. The tDNA was concentrated by precipitation using standard protocols, 

resuspended in ultrapure water, and stored at –20°C. The concentration and 

quality of the tDNA were measured using a PicoGreen dsDNA Quantification 

Assay (Invitrogen [Thermo Fisher Scientific], Waltham, MA, USA). 

III.2 Genome assembly and annotation 

III.2.1 S. oryzae genome sequencing and assembly 

We used two sequencing platforms: Illumina and PacBio. For each sex, two 

Illumina libraries, with read size of 101 bp, were generated: one paired-end with 

an average fragment size of 500 bp and one mate pair with an average 

fragment size of 5 kbp. The libraries were sequenced using an Illumina HiSeq 

2000 platform; the paired-end (PE) libraries were sequenced at ProfileXpert 

(Lyon, France) while the mate paired (MP) were sequenced at Macrogen 

(Seoul, South Korea). Two additional male samples were used to build an 

Illumina HiSeq 2500 library, with read size of 125 bp and average fragment size 

of 200 bp, and a PacBio library. Seven SMRT cells were sequenced using P6-

C4 chemistry generating reads with an average size of 5,900 bp. These last 

two libraries were sequenced at KeyGene (Wageningen, The Netherlands). 

The overlapping PE Illumina reads were error-corrected using SGA (Simpson 

et al., 2012) and the PacBio data were filtered using PROOVREAD (Hackl et 

al., 2014) with the overlapping PE Illumina reads. The mitochondrion was 

assembled using MITOBIM (Hahn et al., 2013) followed by a hybrid strategy 
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using PLATANUS (Kajitani et al., 2014), SSPACE (Boetzer et al., 2011) and 

GAPFILLER (Boetzer and Pirovano, 2012) with the Illumina non-overlapping 

PE and MP data and PBJELLY (English et al., 2012) with the PacBio data. Next, 

reads mapping to the mitochondrion from the overlapping PE Illumina set were 

removed and the remaining reads were assembled using PLATANUS with an 

initial scaffolding and gap filling followed by three rounds of re-scaffolding with 

REDUNDANS (Pryszcz and Gabaldón, 2016) using SSPACE and GAPFILLER. 

These scaffolding rounds were also complemented using PBJELLY with the 

cleaned PacBio data. Next, REAPR (Hunt et al., 2013) was used to assess the 

assembly. Regions not supported by the Illumina PE and MP data were 

removed from the assembly and probable misassembled contigs were broken. 

Contigs smaller than 1 kb were eliminated, and the assembly was rescaffolded 

and gap filled another round using the aforementioned tools. We ran the 

assembly through NCBI’s Contamination Screen and discarded four complete 

scaffolds, and regions matching adapters. If the matching region was in the 

middle of a scaffold, the scaffold was split into two new scaffolds. The 

completeness of the genome assembly was assessed by searching for the 

presence of conserved genes using CEGMA and BUSCO. 

III.2.2 S. oryzae genome annotation 

Repeated elements were identified de novo using REPEATMODELER (Smit 

and Hubley, 2008) and masked with REPEATMASKER (Smit et al., 2013) using 

the custom library generated by REPEATMODELER. After the genome had 

been masked, it was annotated with the MAKER (Cantarel et al., 2008) pipeline. 

First, GENEMARK (Besemer et al., 2005) was self-trained and then, using the 

RNA-seq information from 12 libraries and a set of proteins from coleopterans 

(78,686 proteins), a first round of MAKER was performed. Two rounds of 

training of SNAP (Johnson et al., 2008) were performed using MAKER’s output 

to define a high-quality training set. Afterwards, we selected several gene 

models from the output of CEGMA and manually curated them to train 

AUGUSTUS (Stanke et al., 2005). To obtain the preliminary set of annotated 

genes (OGS v1.0), MAKER was run using GENEMARK, AUGUSTUS, SNAP 

and TRNASCAN (Lowe and Eddy, 1997). The prefix SORY followed by an 
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underscore and an increasing eight-digit number was used to name every gene 

model. The full protein set was compared against the UniProt/Swiss-Prot 

database using BLASTP (Altschul et al., 1990) to define a putative gene 

function. Additionally, INTERPROSCAN (Jones et al., 2014) was used to add 

protein domain information.   

The S. oryzae genome was curated to improve the OGS v1.0 in terms of both 

gene models and functional annotations of genes using WebApollo (Lee et al., 

2013). Several groups of experts participated on the manual curation of genes 

or gene families of interest including development, metabolism, immune 

pathways, olfactory receptors, epigenetics machinery and horizontally 

transferred genes. After the manual curation, the new official gene set OGS 

v1.1 was generated. 

III.2.3 C. cedri genome sequencing and assembly 

The DNA was used to build a PE library with a fragment size of approximately 

410 bp and two MP libraries with insert sizes of 3,000 and 5,000 bp. All libraries 

were sequenced using the Illumina HiSeq2000 in paired end mode, which 

outputs 101 bp reads (2x101bp). The sequence reads where trimmed and 

filtered using the Trim Galore! wrapper script (Krueger, 2015), CUTADAPT 

(Martin, 2011) ⁠and gem-mapper (Marco-Sola et al., 2012). The genome size 

and complexity were estimated using JELLYFISH v1.1 (Marçais and Kingsford, 

2011) and GENOMESCOPE v1.0 (Vurture et al., 2017) respectively. 

The genome was assembled using SGA preqc analysis (Simpson, 2014), ASM 

(Frias and Ribeca, 2018) and ABYSS v1.5.2, GEM-MAPPER (Marco-Sola et 

al., 2012) and SSPACEv3.0 (Boetzer et al., 2011). The gaps were closed with 

GAPFILLER (Boetzer and Pirovano, 2012) ⁠and single nucleotide substitutions 

and short insertion–deletion errors were corrected as described in Cruz et al., 

(2016). Finally, gene completeness was evaluated with CEGMAv2.4 (Parra et 

al., 2007), and BUSCO v3.0.2 (Simão et al., 2015) with the insecta_odb9 that 

included 42 species and 1,658 genes. 
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 III.2.4 C. cedri genome annotation 

A combination of the Program to Assemble Spliced Alignments (PASA v2.0.2) 

and Evidence Modeler (EVM v1.1.1) (Haas et al., 2008) was used to obtain 

consensus coding sequence (CDS) models using three main sources of 

evidence: aligned transcripts, aligned proteins and gene predictions. Finally, 

ncRNAs were annotated employing CMSEARCH (Cui et al., 2016) and 

TRNASCAN-SE (Lowe and Eddy, 1997), and lncRNAs were obtained from the 

PASA assemblies without protein-coding gene annotation that were longer than 

200bp. 

III.2.5 Wolbachia Cced genome assembly and annotation 

Given that the tDNA from C. cedri was obtained from whole insects, we took 

the opportunity to assemble and annotate the genome of the third 

endosymbiont, Wolbachia. The annotation was performed using prokka 

(Seeman T, 2014). Using AMPHORA2 (Wu and Scott, 2012) the 31 markers 

used in Ramirez-Puebla ST et al., (2015) were identified and concatenated 

using the EMBOSS union web tool (http://emboss.bioinformatics.nl/cgi-

bin/emboss/union). This sequence was added to the alignment from the 

aforementioned work, gaps were removed, and sequences realigned using 

MUSCLE (Edgar, 2004). The alignment was filtered using GBLOCKS 

(Castresana, 2000) to remove poorly aligned positions and the obtained blocks 

were used to perform a maximum-likelihood analysis using the JTT substitution 

model in PHYML 3.0 (Guindon et al., 2010). 

III.3 Orthology assignment 

EGGNOG-MAPPER BUILD (Huerta-Cepas et al., 2016a) was used to identify 

orthologs among the selected species (see Table S.1) using the diamond mode 

and the Arthropoda (artNOG) dataset. All 1,345 genes with one-to-one 

orthologues in every studied species were selected and their alignments 

concatenated to generate the species tree using ETE-BUILD (Huerta-Cepas et 

al., 2016b) following the phylomedb4 gene tree workflow and the 

sptree_raxml_85 species tree workflow. The tree was made ultrametric using 

http://emboss.bioinformatics.nl/cgi-bin/emboss/union
http://emboss.bioinformatics.nl/cgi-bin/emboss/union
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the ape package (Paradis et al., 2004) from R (R Core Team, 2018). This 

ultrametric tree was used along with the gene families’ data to estimate gene 

losses and gains using CAFE after having estimated the error rate and 

corrected for it. Using the gene loss and gain rate the ancestral state gene 

counts are inferred and a p-value is calculated to evaluate the relevance of the 

gene family changes along each branch. 

The genomes of both S. oryzae and C. cedri were compared to other arthropod 

genomes to characterize both orthology and paralogy relationships. The 

catalogue of gene phylogenies, called the phylome, was reconstructed using 

the PHYLOMEDB v4 pipeline (Huerta-Cepas et al., 2014). A search was 

performed against the proteome database of other arthropods using all proteins 

from S. oryzae or C. cedri as seeds. Multiple alignments of homologous 

sequences were built and then used for phylogenetic tree reconstruction as 

described in Huerta-Cepas et al., (2014).  

III.4 Identification of genes involved in the innate immune 

system pathways 

A database of genes involved in insect immune system was generated by 

updating and expanding the database from Insect Innate Immunity Database 

(Brucker et al., 2012). The source references for the jewel wasp (Nasonia 

vitripennis; Werren et al., 2010), the honey-bee (Apis mellifera; Evans et al., 

2006), the fruit fly (D. melanogaster; De Gregorio et al., 2001), the African 

malaria mosquito (A. gambiae; Christophides et al., 2002) and the pea aphid 

(A. pisum; Gerardo et al., 2010) were revised and the genes they described 

were retrieved. To increase completeness of the list the immune system genes 

from the red flour beetle (T. castaneum; Zou et al., 2007), the diamondback 

moth (Plutella xylostella; Xia et al., 2015), the tobacco hornworm (Manduca 

sexta; Cao et al., 2015), the head louse (P. humanus; Kang et al., 2015), the 

Florida carpenter ant (Camponotus floridanus; Gupta et al., 2015), the Asian 

citrus psyllid (D. citri; Arp et al., 2016) and the silkworm (Bombyx mori; Tanaka 

et al., 2008) were also added.  
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III.5 Identification of genes involved in amino acid biosynthetic 

pathways 

All the genes from all the arthropods in our dataset were annotated using 

BLASTKOALA (Kanehisa et al., 2016) to ensure all genes were given the same 

treatment and mapped into the pathway for the biosynthesis of amino acids 

(map01230) using KEGG mapper. Gaps in the pathways were filled manually 

searching for individual missing enzymes.  

III.6 Identification of putative horizontally transferred genes 

DARKHORSE (Podell and Gaasterland, 2007) and HGT-FINDER (Nguyen et 

al., 2015a) were used to identify putative horizontally transferred genes. The 

candidates were manually assessed, and likely retroviral transfers were 

discarded. The remaining candidates were manually curated using 

WEBAPOLLO (Lee et al., 2013). The putative donor was identified evaluating 

the phylogeny of the hits with highest identity using the webserver version of 

BLAST+ (Camacho et al., 2009). 

III.7 Disclaimer 

While sampling and DNA extraction for both models are included in this 

manuscript they were not performed by the author of the manuscript. 

Additionally, in the case of C. cedri the genome was assembled and annotated 

at the CNAG following the previously described strategy.  
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IV CHAPTER 1: THE RICE WEEVIL SITOPHILUS 

ORYZAE 

IV.1 Introduction 

The Dryophthoridae family comprises some of the most destructive pests 

including the oligophagous grain feeders of the genus Sitophilus (Coleoptera, 

Dryophthoridae) which cause stored cereal losses ranging from 25 to 40% on 

average but reaching up to 80% when favourable conditions are met (Champ 

and Dyte, 1976; Ladang et al., 2008; Tefera et al., 2013). Among the cereal 

weevils, the rice weevil S. oryzae (see Figure IV.1) is possibly the most 

important storage pest of every top cereal of agronomic and economic 

relevance (wheat, maize, rice, sorghum and barley), causing extensive 

quantitative and qualitative losses not only in stored grains, but also in grain 

products, such as pasta, throughout the world (Zunjare et al., 2016; Stejskal et 

al., 2004; Grenier et al., 1997). Additionally, the infestation of grains by weevils 

also releases dust which attracts secondary pests such as mites and the red 

flour beetle T. castaneum, among others (Hardman, 1977), as well as 

mycotoxin poisoning of grains given that insects can act as carriers of fungal 

contaminants (Tefera et al., 2011). While S. oryzae is primarily a pest of stored 

products, it can also attack cereals on the field.  

As in other holometabolous insects, the life cycle of S. oryzae is divided in four 

stages: egg, larva, pupa and adult. The first three stages are completed fully 

inside the grain. Females lay up to six eggs per day and around 300 eggs over 

their entire lifespan. The female chews a small hole in the grain, deposits a 

single egg within the hole and finally seals it with secretions from her ovipositor. 

After the egg hatches, the larva starts developing within the seed, consuming it 

from the inside as it feeds. It pupates within the grain kernel eventually leaving 

the grain as an adult. The whole process takes about 30 days in average 

(Koehler, 1994). Feeding on plant tissues is no easy feat, nonetheless, some 

herbivore insects such as true weevils, including S. oryzae, are recipients of 
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genes coding for PCWDE from both fungi and bacteria which enables them to 

digest pectin (Shen et al., 2003; Kirsch et al., 2014; Kirsch et al., 2016).  

 

Figure IV.1 The rice weevil S. oryzae over rice grains. Reproduced from Bugwood.org, photo by Joseph 
Berger. 

Another important feature of cereal weevils is their permanent association with 

endosymbionts that supply them with nutrients that are not readily available in 

the grains, hence increasing their fitness and invasive power. S. oryzae 

currently maintains a mutualistic intracellular relationship with the intracellular 

gamma-proteobacterium Candidatus Sodalis pierantonius (hereafter known as 

S. pierantonius; Heddi et al., 1998; Oakeson et al., 2014). These 

endosymbionts are transmitted maternally and early during embryogenesis 

they induce the differentiation of the bacteriocytes in the first instar larvae 

(Heddi et al., 2001).  

The symbiosis between Sitophilus weevils and S. pierantonius was established 

recently (less than 30,000 years ago) replacing the ancestral Nardonella and 

thus being an interesting model to study this phenomenon (Lefèvre et al., 2004; 

Clayton et al., 2012). Such replacements are hypothesized to take place during 

a change of the host’s habitat triggering a competition between the ancestral 
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primary endosymbiont which had an already reduced and exhausted genome 

and secondary endosymbionts that had not yet undergone drastic genome 

reduction (Lefèvre et al., 2004; Conord et al., 2008; Toju et al., 2010; Anbutsu 

et al., 2017). 

Several works have demonstrated that S. pierantonius improves the host 

abilities including fertility, developmental time and flight capacity (Heddi et al., 

1999; Rio et al., 2003; Grenier et al., 2011). Additionally, the genome of S. 

pierantonius was recently sequenced (Oakeson et al., 2014) and the putative 

inferred metabolism suggested that it was capable of providing the weevil with 

every amino acid except for methionine, tryptophan and histidine. Contrary to 

long-lasting insect endosymbionts, the genome of S. pierantonius is only 

partially reduced and highly pseudogenized, with a GC-content of 56.06%, 

similar to free-living relatives, and it contains a large number of mobile elements 

(18% of the genome’s size), which are normally absent from long-lasting 

endosymbiotic bacterial genomes (Gil et al., 2008; Oakeson et al., 2014; 

Latorre and Manzano-Marín, 2017). Comparative analyses of the genome of S. 

pierantonius with a free-living relative, namely Sodalis praecaptivus, highlighted 

numerous genomic rearrangements, duplications, and deletions enabled by a 

recent expansion of insertion sequence elements (Plague et al., 2008). It was 

shown that S. pierantonius has lost the ability to synthesize several essential 

amino acids and vitamins and almost half of its protein-coding genes have been 

pseudogenized. S. pierantonius was also demonstrated to be highly involved in 

the cuticle synthesis of emerging adults through the supply of tyrosine and 

phenylalanine aromatic amino acids, and that the host is capable of finely 

controlling the endosymbionts population throughout its metamorphosis 

(Vigneron et al., 2012; Vigneron et al., 2014). 

Altogether, these traits underlie the extraordinary success of S. oryzae, which 

is thus far considered as one of the greatest threats to postharvest agricultural 

products. Moreover, this insect pest is of increasing concern due to its ability to 

rapidly evolve resistance to insecticides such as phosphine, the fumigant used 

to protect stored grain from insect pests (Champ and Dyte, 1977; Nguyen et al., 

2015b; Mills, 2001).  



IV Chapter 1: The rice weevil Sitophilus oryzae 

 

58 

 

IV.2 Results and discussion 

IV.2.1 Genome assembly and annotation 

We sequenced and assembled the genome of S. oryzae at a depth of 101X 

using a pool of 20 adults resulting in an assembly with a size of 652 Mb in 

17,786 scaffolds (see Table IV.1). This assembly size is consistent with the 

genome size measured through flow cytometry (641 Mb in females and 635 Mb 

in males). However, a recently published work (Silva et al., 2018) estimated the 

genome size to be of 769 Mb. These different measurements are currently 

unexplained, nonetheless it is possible that differences in the genome size 

between the strain we sequenced and the sample they obtained are due to the 

number of transposable elements (see below).  

At 652 Mb, S. oryzae has the third largest genome among the Coleoptera with 

data available in NCBI, its size is comparable to the fourth largest (L. 

decemlineata). We assessed the completeness of the genome using two 

pipelines to annotate core genes in eukaryotic genomes: CEGMA (82.26% 

complete and 11.29% partial) and BUSCO (89% complete and 7% partial).  

Statistic S. oryzae D. ponderosae A. glabripennis T. castaneum 

No. sequences (>= 1 kb) 17,786 8,188 10,462 1,544 

Largest scaffold 818 Kb 4,163 Kb 5,511 Kb 31,381 Kb 

Total length 652 Mb 253 Mb 708 Mb 210 Mb 

Scaffold N50 106 Kb 629 Kb 659 Kb 975 Kb 

GC% 32.62 38.40 32.70 33.9 

Gap length 81 Mb 51 Mb 105 Mb 59 Mb 

Median coverage 101× 443× 121× NA 

BUSCO (% complete/partial) 89/96 83/94 87/97 95/99 

Gene count (protein coding) 17,159 13,021 13,894 12,862 

Transcript mean size (bp) 1,369.31 2,162.37 1,987.62 1,984.73 

Table IV.1 Assembly statistics of S. oryzae and a comparison with the statistics of D. ponderosae, A. 
glabripennis and T. castaneum. 

All the aforementioned statistics fall within the range of previously sequenced 

genomes from the order Coleoptera (Richards et al., 2008; Keeling et al., 2013; 

McKenna et al., 2016). However, with a scaffold N50 of 106 kb the degree of 

fragmentation of the assembly is higher than in other insect genomes 

assemblies and is most likely due to the fact that a pool of individuals was used 
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as the DNA source, thus increasing the heterozygosity of the assembly. More 

importantly, a surprisingly large number of repeated elements (or repeatome) 

was found on the genome, thus further complicating the assembly.  

The genome was repeat-masked using REPEATMODELER before it was 

annotated and at this stage it became evident that the genome of S. oryzae 

contained an overabundance of transposable elements (TEs). This was further 

explored by Clément Goubert using DNAPIPETE (Goubert et al., 2015) and he 

demonstrated that remarkably, half (52.1%) of the genome of S. oryzae was 

composed of repetitive elements, thus explaining the large genome size and 

the degree of fragmentation of the assembly. The amount of TEs in the genome 

placed S. oryzae among the insects with the largest repeatomes, such as the 

Asian tiger mosquito Aedes albopictus (50%, Goubert et al., 2015) and the 

housefly Musca domestica (52%, Scott et al., 2014).  

The three species of Sitophilus feeding on grains (S. oryzae, S. zeamais and 

S. granarius) have a similar TE content (52.1%, 45.4% and 42.4% respectively) 

while the repeatome of S. linearis spans 27.8% of the genome. Interestingly, 

this species is the only member of the genus that feeds on a richer food source 

(tamarind) and that doesn’t harbour any endosymbiont. This perhaps could 

highlight the relevance of transposable elements in the adaptation to stress, 

such as an endosymbiotic replacement, in this genus.  

Using a customized MAKER pipeline (Cantarel et al., 2008) and incorporating 

RNA-seq information from 12 different libraries, we annotated 17,026 gene 

models producing an official gene set (OGS v1.0). A total of 1,675 genes were 

manually curated in terms of structural and functional annotation by groups of 

experts focusing on metabolism, immunity, development, epigenetics, olfaction, 

and horizontally transferred genes. The automated annotations and manual 

curations were merged into a new official gene set (OGS v1.1) with 17,159 gene 

models.  

The manual annotation certainly represented an improvement from the 

automated annotation. However, the fact that the genome is quite fragmented 

has complicated the process of annotation. This fragmentation seems to be 

reflected in the smaller transcript size of S. oryzae given that, while its mean 
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transcript size is around 1.3 kb that of the other three used coleoptera is around 

2 kb. Although gene structure studies would be complicated using this 

assembly, we can certainly use it to identify genes of interest. Also, given the 

fact that the completeness statistics are similar to those of the other genomes, 

we can perform reliable presence–absence studies.  

IV.2.2 Gene orthology and gene family evolution 

We used EGGNOG-MAPPER to assess the conservation degree of protein-

coding genes between S. oryzae and 21 other arthropod species to determine 

orthology relationships. These species were selected to represent the four main 

orders of the holometabolous insects and a selection of hemipterans. All the 

chosen insects have a fully assembled and annotated genome and are well 

studied. Additionally, they have different diets and environments and several of 

them harbour endosymbionts (see Table S.1). To minimize differences in the 

number of isoforms due to the accuracy of the genome annotations only one 

isoform (the longest) per gene was used for the analysis.  

Over 85% of S. oryzae genes have orthologues in at least one arthropod 

species. Of these, 1,345 were universal single copy orthologs (indicated as 

one2one in Figure IV.2) across at least 19 species, which were used to 

determine the maximum likelihood phylogeny. The phylogeny accurately 

reflects the known phylogenetic relationships between the species. 

Interestingly, S. oryzae has the most lineage specific genes and orthologs in 

the many2many category among Coleoptera (see Figure IV.2). This could be 

explained by the high expansion rates of many families of genes in this species. 

The rapidly evolving families in Coleoptera were identified using the phylogeny 

and the orthology relationships among the gene sets of each species. With 174 

rapidly expanding families, S. oryzae was the beetle with the fastest expansion 

rate (0.409 genes per million years) and highest number of genes gained. It 

seems likely that the increase in gene family sizes in S. oryzae is due to the 

high levels of TEs not unlike what was observed in termites where the expanded 

gene families had an increased amount of TEs in their flanking regions 

(Harrison et al., 2018). While proteins involved with transposition and mobile 
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elements compose a large proportion of the rapidly evolving gene families 

(47%), there are other families of interest such as carboxylases and ABC 

transporters which might be associated with higher insecticide resistance (Lü 

et al., 2015) as well as cathepsins which are known to have a digestive role and 

defend against plant proteases on herbivorous insects (Bansal et al., 2018). 

This will be further discussed. 

 

Figure IV.2 Phylogenetic relationships of the orthologs of S. oryzae and 21 other insect genomes. The 
one2one category refers to orthologs with only one copy in at least 19 of the species used. The 
many2many category includes orthologs also found in at least 19 of the species used but with more than 
one copy in at least one of the species. Some orthology refers to orthologs found in less than 19 of the 
species used. Insect, family and lineage specific refers to orthologs found in all the species belonging to 
that group. To group species included in each order curly brackets were used: Hym stands for 
Hymenoptera, Dip for Diptera, Lep for Lepidoptera, Col for Coleoptera and Hem to Hemiptera. 

IV.2.3 Identification of genes involved in amino acid biosynthesis 

As aforementioned, insects, and for that matter S. oryzae, are incapable of 

synthesizing ten amino acids: the nine mammalian EAAs (histidine, isoleucine, 

leucine, lysine, methionine, phenylalanine, threonine, tryptophan, and valine) 

plus arginine given that they lack the urea cycle (there are some exceptions, 

such as cockroaches). Most insects can obtain the necessary amino acids from 

their diets, and in that sense holometabolous insects have an additional 
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advantage. This advantage is that they can exploit different niches, and thus 

food sources, during their larval and adult stages. However, most 

monophagous insects rely on a single food source during both their larval and 

their adult stages meaning that they must obtain all their amino acids from a 

single food source. S. oryzae feeds its entire life cycle wholly on cereal grains, 

and while they are a rich food source, the abundance of some amino acids is 

too low to sustain animals adequately. Additionally, the amino acid abundance 

on the grains depends on many factors, including the genotype, the weather 

and the soil the plants are growing on (Garcia del Moral, et al., 2007), therefore 

an animal relying entirely on a single food source must be capable of coping 

with these aspects. 

To evaluate the ability of S. oryzae to synthesize amino acids, we identified all 

genes involved in their biosynthesis. Additionally, the capabilities of S. 

pierantonius to synthesize amino acids were also considered (Oakeson et al., 

2014). Through a detailed reassessment of these pathways we found that 

besides being incapable of producing methionine, tryptophan and histidine, S. 

pierantonius was also incapable of producing leucine, valine, isoleucine, 

alanine and proline. This highlighted the important role of the host (and/or the 

diet) in complementing the supply of EAAs. 

Regarding amino acids requiring α-ketoglutarate, we identified in the genome 

of S. oryzae the pathways involved in the biosynthesis of glutamate (the 

precursor of many other amino acids), glutamine and proline, thus the only 

missing amino acid from the family was arginine. Nonetheless, this gap could 

be filled by S. pierantonius, which can catalyse all the steps from glutamine to 

arginine (see Figure IV.3).   

Another group of amino acids uses oxaloacetate as its precursor and while in 

S. oryzae we only identified the pathways to synthesize aspartate and 

asparagine, S. pierantonius can produce lysine and threonine. Neither the host 

nor the endosymbiont can produce isoleucine, S. oryzae lacks three out of the 

five steps needed to produce isoleucine from threonine and S. pierantonius has 

its dihydroxy-acid dehydratase (ilvD) pseudogenized, thus interrupting the 

pathway (see Figure IV.3) and rendering the holobiont dependent on its food 
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source for obtaining isoleucine. Finally, while the holobiont might obtain 

methionine entirely from its food source it has also been suggested that insects 

might synthesize methionine using cystathionine as a precursor (Russell et al., 

2013). This would require CBS, a cystathionine-β-synthase to perform as a 

cystathionine-β-lyase to produce homocysteine and the last step would be 

catalysed by mmuM, a homocysteine methyltransferase. 

The next group of amino acids uses 3-phosphoglycerate as its carbon 

backbone. Both S. oryzae and S. pierantonius are capable of synthesizing 

serine and using it to produce glycine. While both can also produce cysteine, 

they use different pathways, the host using cystathionine as its intermediary 

and the symbiont acetyl-serine. Pyruvate is used as their carbon backbone by 

another group of amino acids and interestingly only S. oryzae can produce a 

member of this group, alanine, through the transamination of pyruvate using 

alaA. This means that S. pierantonius is dependent on its host for this NEAA. 

Pyruvate can also be used to obtain valine and leucine, but neither member of 

the consortia can catalyse these reactions given that both ilvD and leuA appear 

to be pseudogenized in S. pierantonius and S. oryzae lacks all genes of the 

pathway except for an aminotransferase involved in the last step (see Figure 

IV.3). 

Regarding the aromatic amino acids, S. pierantonius is capable of catalysing 

the reactions leading to chorismate through the condensation of 

phosphoenolpyruvate and erythrose-4-phosphate. The endosymbiont is also 

capable of producing both phenylalanine and tyrosine using the chorismate, 

and the host can produce tyrosine through the addition of a hydroxyl group to 

the phenylalanine. Conversely, neither can produce tryptophan, therefore the 

insect must obtain all the amount it needs entirely from its food. Finally, the 

holobiont is unable to produce histidine, the complete pathway is missing from 

both members and therefore it must also be obtained from its diet. 

In summary, alanine and proline are provided by the host, threonine, lysine, 

phenylalanine and arginine by the endosymbiont and valine, leucine, 

isoleucine, tryptophan and histidine must be obtained from their diet. While 

methionine might need to be obtained from its diet, we should not discard the 
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possibility that S. oryzae might be capable of producing methionine using 

cystathionine. It is also worth considering that while grains are a rich source of 

several amino acids, they are generally poor in lysine and threonine and in 

some cases tryptophan as well (Jiang et al., 2016). Taking this into account it 

is remarkable that while Nardonella was only able to produce tyrosine (Anbutsu 

et al., 2017) and depended on the host for the provision of the remaining amino 

acids, S. pierantonius has conserved the pathways for several amino acids, 

namely lysine, threonine, phenylalanine and arginine. This would have given a 

nutritional advantage to S. pierantonius over Nardonella. 

 

Figure IV.3 Amino acids biosynthesis pathway reconstruction in the S. oryzae and S. pierantonius 
holobiont. 
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Finally, perhaps the most interesting amino acid regarding S. oryzae is tyrosine 

given its role in the cuticle formation. The cuticle is made up by chitin lipids, 

hydrocarbons, proteins and polyphenols with the last two components in some 

cases representing up to 33% of the total cuticle weight (Kramer et al., 1989). 

Given the fact that polyphenols are produced mainly via the oxidation of 

tyrosine, this amino acid must be readily available at the time of each moult and 

especially at the last one. To cope with this requirement, during their larval 

phase, insects store aromatic amino acids in proteins known as arylphorins 

which accumulate in the haemolymph and fat body of insects (Delobel et al., 

1993). Remarkably, besides accumulating these storage proteins, S. oryzae 

exquisitely controls the growth of S. pierantonius allowing it to increase in 

number before its last moult to allow a rapid increase in the amount of tyrosine 

right when it is needed (Vigneron et al., 2014). Additionally, it has recently been 

demonstrated that Nardonella specializes solely in producing this amino acid 

(Anbutsu et al., 2017), thus highlighting its importance. While S. pierantonius 

can produce tyrosine and most likely also supply it to its host, it is also important 

recalling that it is able to produce phenylalanine, which is the precursor of 

tyrosine in the weevil, as well. Therefore, S. oryzae could use phenylalanine as 

an additional source of tyrosine.  

IV.2.4 Identification of genes involved in immune system pathways 

As aforementioned, S. oryzae is an interesting model to study the insect’s 

innate immune system for several reasons. One of them is the fact that it 

harbours a recently acquired intracellular endosymbiont, thus posing an 

interesting dilemma for the host, given that it needs to tolerate and control the 

proliferation of its endosymbiont while maintaining the ability to respond to other 

infections. In addition, the fact that it spends all its non-adult stages inside the 

cereal grains, in a relatively sterile environment, could relax the need for a 

strong immune system, at least during these stages. 

Given that S. pierantonius is a Gram-negative bacterium, perhaps the most 

interesting immune system pathway to analyse is the IMD pathway considering 

its role in the recognition of DAP-type (diaminopimelate) peptidoglycan (DAP-

PG) of bacteria and the fact that S. pierantonius has the pathway that generates 
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peptidoglycan intact (Oakeson et al., 2014; Maire et al., 2018). Additionally, it 

is known that S. pierantonius, contrary to most long-lasting endosymbionts, can 

elicit an immune response when injected in the haemolymph of S. oryzae 

(Anselme et al., 2008; Vigneron et al., 2012). As aforementioned, the main 

receptors associated with this pathway are PGRP-LC and PGRP-LE. A PGRP 

receptor was identified in the weevil’s genome and additional clustering 

analysis suggested that this receptor could not be included in the groups of 

either PGRP-LC, LE or LF and that it should rather be placed in a new group 

with members equally alike to all three groups (J. Orlans, personal 

communication, 2018). A similar case was previously observed in C. floridanus 

(Gupta et al., 2015).  

Remarkably, PGRP-LE was not identified in either S. oryzae or the tsetse fly G. 

morsitans (International Glossina Genome Initiative, 2014) and this is especially 

relevant given that both harbour intracellular endosymbionts. The fact that they 

are missing the main intracellular receptor for gram-negative bacteria suggests 

that they might be unable to detect intracellular bacteria, possibly as a result of 

the adaptation to endosymbiosis. Besides lacking this intracellular receptor, the 

remaining members of the IMD pathway are conserved with an almost perfect 

one-to-one ortholog relationship with T. castaneum (Zou et al., 2007) and D. 

melanogaster (Myllymäki et al., 2014), thus suggesting that this pathway is 

highly conserved among different insect orders (see Figure IV.4). This agrees 

with the conclusions of Maire et al., (2018) where they demonstrated that both 

the internal and external bacteriome immune responses rely on IMD and Relish. 

The fact that the IMD immune response is tissue specific and dependent on the 

endosymbiont load suggests that there might be additional mechanisms for 

sensing intracellular bacteria besides PGRP-LE. Additionally, this so far 

unknown receptor might be essential for modulating the immune response and 

thus exhibiting different tissue specific responses.  
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Figure IV.4 Reconstruction of the immune signalling pathways in S. oryzae. Missing elements are 
identified outlined in red and painted white. 

The Toll pathway is involved in the recognition of fungi and Gram-positive 

bacteria. As mentioned before, the pathway starts with the activation of the Toll 

receptor by spätzle, however it must be processed before it can activate the 

receptor. This processing is the outcome of a cascade involving several 

receptors and proteases. While all of them are most likely conserved in S. 

oryzae, establishing a one-to-one relationship of orthology with the sequences 

from D. melanogaster or T. castaneum was impossible given the complexity of 

the serine proteases and serine protease inhibitor families. These families have 

a large and highly variable repertoire particular to each species. Regarding the 

receptors, 11 different Toll receptors were identified which is comparable to the 

11 identified on T. castaneum and the 10 identified on D. melanogaster. Of the 

remaining members of the Toll pathway, all were identified in S. oryzae except 

for Gprk2 and ref(2)P (see Figure IV.4). Ref(2)P is a partner of the atypical 

protein kinase C which is capable of directly activating Dorsal, and while it has 

been shown to be important for the correct functioning of the Toll pathway in D. 

melanogaster (Avila et al., 2002) it appears to be missing from T. castaneum 

as well.  
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On the other hand, Gprk2 is a serine/threonine kinase that modulates G-protein 

coupled receptors and it is thought to amplify the signal through its interaction 

with cactus but without being involved in the degradation of this protein 

(Valanne et al., 2011). This gene was found in T. castaneum and therefore, it 

seems to be the only gene of the Toll pathway missing in S. oryzae. While losing 

this gene might attenuate the immune response, the fact that it is involved in 

the Toll pathway and thus most likely not involved in the response towards S. 

pierantonius, it seems unlikely that this gene was lost as an adaptation to 

tolerate the endosymbiont. Another difference is that while D. melanogaster has 

one gene for dif and another for dorsal, T. castaneum seems to have two copies 

for dorsal (Zou et al., 2007; Valanne et al., 2011) and S. oryzae a single copy. 

Both appear to lack dif. 

While these pathways respond to different types of stress and react differently 

to Gram-positive and Gram-negative bacteria, they both produce a cocktail of 

AMPs with a different profile. Given their small size, AMPs can be challenging 

to identify and additionally they sometimes are species specific (Franzenburg 

et al., 2013). In S. oryzae we were able to identify six attacins, two cecropins, 

two coleoptericins, one defensin, four thaumatins and five lysozymes. Several 

of these had already been identified on previous studies (Login et al., 2011; 

Vigneron et al., 2012; Masson et al., 2015) and it is known that they have 

different tissue specific profiles (Anselme et al., 2008, Maire et al., 2018). 

Among the identified AMPs, the most relevant is coleoptericin A, which is known 

to inhibit the cellular division of S. pierantonius, thus causing large filamentous 

polyploid cells which are unable to escape the bacteriocytes (Login et al., 2011). 

The bacteriostatic activity of this AMP seems to have been selected to keep the 

endosymbiont confined without the need for a novel control mechanism. 

Interestingly, this AMP is highly expressed in the bacteriome while other 

immune genes are not in normal conditions (Anselme et al., 2008). However, 

this tissue can respond to infection and activate the production of other AMPs 

which are exported to the surrounding tissues to contend with the invading 

pathogens (Masson et al., 2016). While the exact mechanisms that involved in 

the recognition of the endosymbiont are unknown, it has been demonstrated 
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that both the endosymbiont control and the immune response against 

pathogens are mediated by the IMD pathway (Maire et al., 2018). This raises 

the question of how are both different responses mediated by the same 

pathway and if there is an external factor provided by the endosymbiont or if 

the attenuation of the immune response in the bacteriome is mediated solely 

by the host. If the latter is the case, it would have to involve non-canonical 

elements of the immune system pathways. 

Regarding the defence against viruses, from the JAK-STAT signalling pathway 

we were able to identify all members of the pathway except for unpaired, the 

ligand of the domeless receptor (see Figure IV.4). This is not too surprising 

given that it is also missing in T. castaneum, therefore perhaps there is a 

different ligand in Coleoptera capable of activating the receptor. With respect 

to the RNA interference pathways, S. oryzae contains all members of the piRNA 

pathway. The main difference is that unlike D. melanogaster, which has 

different piwi and aubergine genes (Haase, 2016), both S. oryzae and T. 

castaneum have a single gene. Concerning the siRNA pathway, S. oryzae 

contains every member of the pathway with one-to-one orthology to D. 

melanogaster and T. castaneum. The only difference is that T. castaneum has 

two copies of the nuclease argonaute 2. Finally, regarding genes involved in 

the miRNA pathway, all genes are found in S. oryzae and all of them have a 

one-to-one orthology relationship with T. castaneum and D. melanogaster. The 

fact that practically every gene involved in the RNA interference pathways is 

conserved between S. oryzae and T. castaneum and even D. melanogaster 

highlights the importance of this mechanism in insects. 

In summary, the immune system pathways of S. oryzae seem quite similar to 

those of T. castaneum and even D. melanogaster. Genes involved in the 

signalling cascades are conserved among these insects and the most notable 

differences are in the receptors and the effectors. One of the most striking 

differences is that S. oryzae lacks a PGRP-LE receptor, which might reduce its 

efficacy at identifying intracellular bacteria, including endosymbionts. Another 

missing gene is the kinase Gprk2, which is involved in the amplification of the 

signal in the Toll pathway and thus might not be essential. Additionally, 
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establishing a clear orthology relationship to several of the proteases involved 

in the cascade upstream of the Toll receptor was not possible. Finally, AMPs 

already identified on previous studies were annotated in the genome assembly 

and new ones were identified as well.  

IV.2.5 Manual analysis of other specific aspects 

Horizontally transferred genes 

Besides identifying the genes involved in the innate immune system pathways 

and in the metabolism of amino acids we were able to evaluate numerous other 

aspects of the genome of S. oryzae. We assessed horizontal gene transfer and 

notably we identified hundreds of lateral gene transfer candidates; however, 

after closer scrutiny most of them were discarded given that the majority were 

likely retroviral transfers. We kept 22 candidates, manually reannotated them 

and attempted to identify their putative donor. Perhaps unsurprisingly most of 

the LGT candidates had a digestive role with 20 of the candidates being putative 

plant cell wall degrading enzymes (PCWDEs). In fact, 17 of these enzymes had 

previously been described on S. oryzae using a midgut cDNA sequencing 

approach (Pauchet et al., 2010). Out of the three novel candidates, one is 

virtually an identical copy of one of the previously reported endo-beta-1,4-

glucanases, and the other two are putative glycosyl hydrolase family protein 32 

with orthologs the closest orthologs in the sugar cane weevil Sphenophorus 

levis. 

The role of the two remaining candidates seems harder to define. One of them 

is a putative uracil-DNA glycosylase, and while this enzyme is found in both 

prokaryotes and eukaryotes there are significant differences between the 

enzymes from each domain. S. oryzae contains a gene coding for the 

eukaryotic version of the protein while it also contains another copy which might 

be of bacterial origin. The fact that this gene is expressed and found in two 

exons suggests that this gene has been fully integrated into the genome of S. 

oryzae while is putative role is unclear. 
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The last candidate is a hypothetical protein which is expressed as well and with 

orthologs among other members of the order Coleoptera; however, there are 

proteins with a high degree of identity also in bacteria. The role of this gene is 

a complete mystery. Regarding the origin of the sequences, ten seem to be of 

fungal origin, most likely occurring in two different events. A transfer of an endo-

beta-1,4-glucanase GH45 from an unknown fungal donor and its subsequent 

amplification into four copies. The other an endopolygalacturonase GH28 from 

a member of the Leotiomyceta which amplified into six copies. The remaining 

12 genes are of bacterial origin occurring in five different events. The first is a 

glycosyl hydrolase family protein 32 from an Enterobacteriales donor that has 

duplicated, the second is a hypothetical protein from an unknown bacterial 

donor, the third is a glycoside hydrolase family protein 48 from a 

Streptomycetaceae donor an which has duplicated, the fourth is a pectin 

methylesterase from an Enterobacteriales donor which has expanded five 

times, and the fifth is the uracil-DNA glycosylase from an unknown bacterial 

donor. Currently we can’t discard the possibility that more than one gene was 

transferred in a single event. 

S. pierantonius resides in the ovaries of S. oryzae and infects the oocytes very 

early during their development. Furthermore, this endosymbiont is not secluded 

within an M3 membrane (or symbiosomal membrane derived from the 

bacteriocyte’s membrane), contrasting with other endosymbionts such as 

Buchnera. Therefore, one would think that it is in the ideal environment to 

transfer genes to its host that would be incorporated in their genome and 

inherited by the offspring. Nonetheless, we did not find any evidence of host 

genes originating from S. pierantonius. This suggests that S. oryzae has an 

efficient system for controlling the incorporation of foreign DNA into the 

germline genome or perhaps S. pierantonius is not a good donor. On the other 

hand, the genes that have an Enterobacteriales donor might come from 

Nardonella but determining if this is the case would be complicated given the 

lack of a reliable free-living relative of Nardonella.  

This is in line with what has been observed on aphids, where some ancestral 

transfers of carotenoid biosynthetic genes from fungi were detected (Moran and 
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Jarvik, 2010). Additionally, genes of bacterial origin were also detected but their 

suggested role is not a nutritional one, but rather involved in the maintenance 

of Buchnera (Nikoh and Nakabachi, 2009). The donor for these genes is 

unknown but they seem to come from a rickettsial bacterium closely related to 

Wolbachia. Additionally, the possibility that Buchnera has transferred genes to 

its host has been discarded (Nikoh et al., 2010). These observations contrast 

with what has been observed in G. morsitans where large segments of several 

hundred kilobases of the genome of Wolbachia have been integrated into the 

genome of the host (Doudoumis et al., 2012; Brelsfoard et al., 2014). It is 

thought that these events can promote reproductive isolation in their hosts.  

Global metabolic network 

The team of Federica Calevro has reconstructed the metabolic network of S. 

oryzae using the CycADS pipeline. A total of 1,205 enzymes activities were 

predicted, demonstrating that it does not differ much from other beetles such 

as D. ponderosae with 1,170 predicted enzymatic activities and T. castaneum 

with 1,282. Afterwards, 40 pathway maps were analysed focusing on major 

metabolic pathways from the KEGG Pathway Database. Interestingly, the 

metabolic network of S. pierantonius was reconstructed as well and 

incorporated into the reconstruction of S. oryzae thus building a metabolic 

reconstruction focusing on the metabolic interplay and the pathway 

interconnections between the associated partners (see Figure IV.5). 

When comparing the metabolic reconstruction of S. pierantonius with that of S. 

praecaptivus it became evident that S. pierantonius has lost the nitrate and 

nitrite reductase activities and is thus unable to assimilate nitrate and reduce it 

into ammonia. Therefore, the organic nitrogen must be obtained from the food. 

This is not an issue for S. oryzae given that it has midgut digestive proteinases 

(Liang et al., 1991) which release the amino acids from food proteins. The main 

candidate is the diamino acid glutamine, which is very abundant in the 

prolamins, a group of seed storage proteins found in several monocotyledons 

(Shewry and Halford, 2002). The nitrogen from this amino acid can afterwards 

be used by the glutamine synthetase/glutamine oxoglutarate aminotransferase 
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(GS/GOGAT) in both S. oryzae and S. pierantonius for its incorporation in other 

molecules.  

 

Figure IV.5 Metabolic reconstruction of the S. oryzae-S. pierantonius holobiont. The inner compartment 
in red exemplifies S. pierantonius, the blue one surrounding it represents S. oryzae and the outermost 
on green represents the food source. White arrows represent the fluxes between compartments and the 
colour surrounding the arrow represents the source of the metabolite being transported. 

The starch is the main component of cereal seeds and it is the principal source 

of energy for the weevil holobiont. Glucose and/or glucose-1-phosphate 

obtained through the digestion of starch are the entry metabolites of the 

glycolysis pathway, which is completely operative in S. oryzae just like the citric 

acid cycle. S. pierantonius internalizes glucose from its host using a specific 

sugar transporting phosphotransferase system which simultaneously 

transports and phosphorylates glucose. Glycolysis is fully preserved in S. 

pierantonius while the citric acid cycle is interrupted by the pseudogenization of 

the gene encoding aconitate hydratase that interconverts citrate and isocitrate 

and therefore the host must provide it with isocitrate (see Figure IV.5). 

Additionally, citrate is probably a dead-end product that must shuttled to the 

host for salvage. The pentose phosphate pathway, which generates pentoses 
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including the ribose-5-phosphate precursor of nucleotide synthesis, was 

identified in both host and endosymbiont. 

S. oryzae, was also demonstrated to be capable of performing salvage and de 

novo biosynthesis of purines and pyrimidines thus being able to incorporate 

preformed nitrogenous bases obtained from their diet. Nonetheless, if required, 

it can also produce inosine monophosphate (IMP, the precursor of purines) 

from ribose-5-phosphate and amino acids and uridine monophosphate (UMP, 

the precursor of pyrimidines) from carbamoyl phosphate. Remarkably, S. 

pierantonius is only capable of executing the salvage pathways thus being 

dependent on the supply of IMP and UMP by S. oryzae (see Figure IV.5). 

Vitamins are essential for the correct functioning of the metabolic processes of 

an organism and those that are incapable of synthesizing them must obtain 

them from an external source. While S. oryzae might obtain an adequate 

amount of some vitamins from its diet it also depends on S. pierantonius for the 

supplementation of those that are deficient in cereal grains. The biosynthesis 

pathways of vitamins B6, B1 and H (PLP, thiamine and biotin respectively) are 

disrupted in S. pierantonius and S. oryzae is incapable of producing them, 

therefore they must be obtained from their diet. These dietary requirement for 

thiamine contradicts previous reports (Oakeson et al., 2014). S. pierantonius 

has kept full pathways for the biosynthesis of vitamin B5, B2 and B9 

(pantothenate, riboflavin and folate respectively) given it is provided with the 

adequate precursors, namely valine for B5 and IMP for both B2 and B9 (see 

Figure IV.5). After S. oryzae is supplied with these vitamins by the bacterial 

symbiont, it can perform the final reactions to synthesize the active cofactors. 

Hence, for these three vitamins, host and bacterial pathways are highly 

interconnected and interdependent thus highlighting the coevolution of both 

symbiotic partners and rapid genomic reshaping. 

Insecticide resistance genes 

Resistance to insecticides is an increasing problem when trying to ensure a 

sustainable production of plant crops. Given their short generation times and 

metabolic arsenal to detoxify plant secondary metabolites insects are quite 
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successful at developing resistance to the most commonly used insecticides. 

This is especially relevant in grain weevils, given that it has been demonstrated 

that they are the oldest pest through the analysis of pottery up to 10,500 years 

old (Obata et al., 2011). Therefore, it is very likely that S. oryzae has been 

exposed to many xenobiotic agents throughout the history of its interaction with 

humans and has managed to withstand them.  

While many strategies are employed by insects to counteract insecticides, it is 

known that several gene families are particularly relevant when developing 

resistance to xenobiotics (Panini et al., 2016). 317 genes belonging to these 

families were identified: 62 ABC transporters (ABC), 52 

carboxyl/cholinesterases (CCE), 90 cytochrome P450s (CYP), 35 glutathione 

s-transferases (GST), 34 ligand-gated ion channels (LGIC), 38 

glucuronosyltransferases (UGT) and six voltage gated sodium channels 

(VGSC). Broadly, regarding the number of genes, S. oryzae is within the range 

of other beetles.  

At a glance S. oryzae seems to have an average amount of CYPs and less than 

T. castaneum, which lives in a comparable environment and is exposed to 

similar types of insecticides. However, there is an expansion of the CYP6BQ 

gene from the CYP3 family reaching 18 copies. These members of the family 

are known to be involved on insecticide resistance and studies have shown that 

while there are differences in the gene copies the affinities are not significantly 

different, but rather the resistance is achieved varying expression levels (Zhu 

et al., 2013). Additionally, the mitochondrial cytochromes CYP12 and the 

cytochrome CYP9 from the family CYP3 are also known to be implicated in 

detoxification but the number of genes is similar among beetles.  

Regarding GSTs, S. oryzae is the second beetle with most members of the 

Epsilon class and these are known to be implicated in insecticide resistance 

while the Delta class is reduced, like in all other beetles (Shi et al., 2012). The 

LGICs superfamily includes nicotinic acetylcholine receptors (nAChr) which 

might be implicated in sensitivity to neonicotinoids, including imidacloprid 

(Jones and Sattelle, 2007; Clements et al., 2016). S. oryzae is the beetle with 

the most members in the nAChr class among those studied. The C class from 
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the ABC superfamily has experienced a great expansion in T. castaneum, and 

this expansion was also observed in S. oryzae. Interestingly this class seems 

to be involved in insecticide resistance (Broehan et al., 2013). The B and G 

classes might also be implicated, but in these cases an expansion has not taken 

place in S. oryzae. 

The CCEs superfamily contains members that are strongly involved in 

insecticide resistance, particularly members of the A class (Lü et al., 2015) 

which are greatly expanded in S. oryzae and L. decemlineata. The mechanism 

of action might be sequestering the insecticide rather than catabolizing it given 

the observable cross-resistance of this resistant strain to other hydrophobic 

insecticides, such as other SPs and DDT. Abamectin might be sequestered by 

members of the class D; however, there is only a single member of the D class 

in S. oryzae. 

In summary, while S. oryzae does not have an exaggerated arsenal to cope 

with insecticides it is certainly prepared to deal with insecticides just as 

efficiently as Tribolium or Leptinotarsa. Perhaps some of the most interesting 

expansions are the class A of the CCEs superfamily and the CYP6BQ class of 

the CYP superfamily. Nonetheless, it seems that simple solutions such as 

increasing the expression of a gene or point mutations can confer resistance to 

insecticides. Additionally, expansions of these types of genes have been 

observed in other insects, and while they might be related with transposable 

elements it does not seem to be a feature particular to S. oryzae. 

IV.3 Conclusions 

S. oryzae has the third largest genome among the Coleoptera with data 

available in NCBI. Its genome size and number of genes are within the range 

of those of other beetles. 

The size of the repeatome in S. oryzae is among the largest found in insects 

and the largest of any studied Coleoptera. This might be one of the reasons 

behind the large genome size of this beetle. Additionally, while highly interesting 

it complicated obtaining a genome with a larger N50.  
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S. oryzae had the fastest gene family expansion rate among the beetles 

evaluated and some of these families included those potentially involved on 

insecticide resistance. It is important to keep in mind that while the high number 

of genes might be due to fragmented genes being counted twice, it is 

undeniable that S. oryzae has numerous gene families that have rapidly 

expanded. 

The interdependence between the host and the endosymbiont is easily 

observed when analysing not only amino acid biosynthesis, but the whole 

putative metabolism between both partners. Regarding EAAs, some are 

provided by the host, others by the endosymbiont and some must be obtained 

from the diet. Also, perhaps an advantage S. pierantonius had over the 

ancestral endosymbiont Nardonella was its ability to synthesize more amino 

acids, the most important might have been lysine and threonine given the low 

abundance of these amino acids in cereals. This is certainly a possibility given 

the fact that S. pierantonius has already lost the ability to produce several amino 

acids but has conserved these two among others, including tyrosine that is 

especially relevant for the production of the beetle’s cuticle. Thus, the 

replacement of Nardonella by S. pierantonius could have had a major role in 

the success of the Sitophilus lineage. The availability of genomic data of these 

two interacting organisms permitted a detailed analysis of potential 

interdependencies in the exchanges of vitamins and cofactors, and this has 

already helped to confirm and reject previous studies.   

Regarding the immune system pathways, these pathways seem highly 

conserved when compared to the models T. castaneum and D. melanogaster. 

One of the most striking differences is that S. oryzae lacks a PGRP-LE receptor 

which might explain in part how weevils tolerate their endosymbiont. 

Additionally, both novel and already known AMPs were identified. The fact that 

the immune system of S. oryzae is so similar to that of other non-symbiotic 

insects suggests that small modifications perhaps are enough to allow 

harbouring an intracellular pathogen, such as the adaptation of colA to control 

the growth and localization of S. pierantonius and perhaps the loss of PGRP-

LE. 
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We did not find any event of HGT in the genome of S. oryzae that seemed to 

have originated from S. pierantonius. This suggests that perhaps S. oryzae has 

an efficient system for controlling the incorporation of foreign DNA or perhaps 

there just hasn’t been enough time given the recent origin of the association. 

While S. oryzae has an averagely sized set of genes to cope with insecticides 

it seems to be able to manage xenobiotics just as efficiently as L. decemlineata. 

Additionally, the expansions of these types of genes might be related with 

transposable elements. 

These novel insights on the biology of S. oryzae and the availability of its 

genome sequence will provide hints as to novel ways to control this pest insect 

with better planned strategies directed to specific aspects of its metabolism 

ultimately decreasing the losses this insect causes to the agriculture. 

Additionally, through the evaluation of the repertoire of insecticide resistance 

genes better insecticide candidates could be selected. By eliminating or 

decreasing the efficiency of its endosymbiont at producing tyrosine the adults 

would experience a great decrease in their invasiveness. Conversely, genes 

known to keep the endosymbiont under control could be selected to develop 

RNAi-Mediated Crop Protection (developing plants which stably express 

double-stranded RNAs (dsRNAs) that target genes in their pests). One example 

would be targeting highly specific receptors involved in the recognition of 

entomopathogens to increase their efficiency.    
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V CHAPTER 2: THE CEDAR APHID CINARA CEDRI 

V.1 Introduction 

As it was mentioned above, aphids are known to harbour more than one 

endosymbiont and among them, the Lachninae subfamily seems to be 

especially prone to harbour other endosymbionts in addition to Buchnera, most 

commonly bacteria from the genus Serratia. Therefore, they are good models 

for studying endosymbiont complementation, and the process by which a 

secondary endosymbiont drifts into to a coprimary (Manzano-Marin et al., 

2017). The Cinara genus from the Lachninae subfamily, especially the cedar 

aphid Cinara cedri (see Figure V.1) is among the best studied models in 

addition to A. pisum from the Aphidinae subfamily. 

 

Figure V.1 The cedar aphid C. cedri. With permission from Angel Umaran. 

The sequencing of both endosymbionts from C. cedri: Buchnera BCc (Gomez-

Valero et al., 2004; Pérez-Brocal et al., 2006) and S. symbiotica (Lamelas et 

al., 2011) determined that these two endosymbionts are not mere cohabitants 
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of the bacteriocyte but rather they have established a co-obligate association 

with the aphid host. It was observed that Buchnera BCc has lost the ability to 

synthesise riboflavin and tryptophan (Pérez-Brocal et al. 2006) and while the 

biosynthesis of riboflavin is now performed entirely by S. symbiotica (Lamelas 

et al., 2011), the biosynthesis of tryptophan is shared between Buchnera BCc 

and S. symbiotica. This involves the biosynthesis of anthranilate by Buchnera 

BCc and its subsequent transfer into S. symbiotica which converts it to 

tryptophan thus making both endosymbionts essential for their host and for 

each other as well (Gosalbes et al., 2008). Additionally, the sequencing of 

Buchnera BCc marked a milestone given that up to date it is the smallest 

sequenced Buchnera genome. Further sequencing of the co-obligate 

endosymbionts of two other members of the Lachninae subfamily, Cinara 

tujafilina and Tuberolagnus salignus confirmed that the establishment of the 

consortium Buchnera-Serratia predates the diversification of the linage (see 

Figure V.2), as all Buchnera have small genomes and have lost the complete 

pathway for the biosynthesis of riboflavin (Manzano-Marín and Latorre, 2014; 

Manzano-Marín et al., 2016). 

C. cedri lives in colonies on gymnosperms, and while it can feed on several 

species of the Cedrus genus, it is generally found on Cedrus atlantica and 

Cedrus deodora. Its original indigenous area was believed to be the Moroccan 

Medium Atlas Mountains, where the samples used to describe the species for 

the first time were collected (Remaudiere, 1954). However, recently a 

parasitoid, Pauesia anatolica, was found to be capable of targeting C. cedri. It 

is believed that when cedar trees were exported, they carried the aphids, but 

not the parasitoids, thus complicating the identification of the parasitoid 

(Michelena et al., 2005). Given the geographical distribution of P. anatolica, C. 

cedri’s native range is now believed to be southern Turkey.  

C. cedri was first observed in Europe in Italy on 1974 (Covassi and Binazzi, 

1974; Binazzi, 1978) and since then its presence has been documented in 

almost all of Europe and in many other countries of the Near East. In Europe, 

C. cedri has only been reported to feed on C. atlantica and C. deodara while in 

Turkey it has been observed on the Cedar of Lebanon Cedrus libani (Tuatay 
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and Remaudière, 1964; Covassi and Binazzi, 1974; Notario et al., 1984). While 

the two formers have never been reported to be damaged by C. cedri, C. libani 

is known to suffer early needle falling, and chlorosis among other types of 

damage (Binazzi et al., 2015). This is of particular concern given the vulnerable 

conservation status of the Cedar of Lebanon. When the climatic conditions are 

favourable, this aphid can develop very dense colonies on cedar’s branches. 

These infestations are easy to spot given the large amounts of honeydew that 

are excreted which allow the sooty mold fungi to thrive (Binazzi and Scheurer, 

2009) but it also provides an important resource that honeybees can use to 

produce honey (Ülgentürk et al., 2013). 

 

Figure V.2 ML tree using the 16S rRNA gene from Buchnera from members of the Lachninae, based on 
genes. Most species of Lachninae sampled were infected with a facultative symbiont. There are two 
main S. symbiotica clusters and they display a strong geographic pattern. Cluster A is found mainly in 
Asia and North America and cluster B in Europe. From Burke, Gaelen R, et al. 2009. “Evolution and 
Diversity of Facultative Symbionts from the Aphid Subfamily Lachninae.” Applied and Environmental 
Microbiology 75 (16). American Society for Microbiology: 5328–35. 
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V.2 Results and discussion 

V.2.1 Genome assembly and annotation 

The genome of C. cedri was sequenced and assembled at the National Centre 

for Genomic Analysis (CNAG). The assembled genome comprised 1,740 

scaffolds, had a size of 396 Mb and a GC content of 30.55 (see Table V.1). 

Currently there are seven publicly available sequenced aphids and C. cedri 

would rank on third place regarding its genome size. The completeness of the 

genome was assessed using BUSCO and 87% of the core genes were found 

to be complete and 3% fragmented, thus demonstrating that the degree of 

completeness of the genome was similar, or even higher, to that of other 

available high-quality aphid genomes (The International Aphid Genomics 

Consortium, 2010; Mathers et al., 2017). Using a customized annotation 

pipeline 16,996 protein coding genes were predicted. 

Statistic C. cedri A. pisum M. persicae 

No. sequences (>= 1 kb) 1,740 12,970 4,017 

Largest scaffold 6,897 Kb 3,073 Kb 2,200 Kb 

Total length 396 Mb 542 Mb 347 Mb 

Scaffold N50 1,239 Kb 519 Kb 436 Kb 

GC% 30.55 29.76 30.03 

Gap length 1.7 Mb 41.78 Mb 1.84 Mb 

BUSCO (% complete/partial) 87/90 82/90 83/91 

Gene count (protein coding) 16,996 18,601 18,529 

Transcript mean size (bp) 1,873 2,039 2,318 

Table V.1 Assembly statistics of C. cedri and a comparison with the statistics of A. pisum and M. persicae. 

The size of the genome of C. cedri was 50 Mb larger than that of M. persicae, 

conversely it is around 150 Mb smaller than that of A. pisum, suggesting that 

the sizes of aphid’s genomes are within this range. Regarding the quality of the 

assembly, the N50 and the largest scaffold from the assembly of C. cedri are 

more than twice as big as that of A. pisum and thrice as big as that of M. 

persicae thus highlighting the high quality of the assembly. All three aphids 

have a similar GC content, however there are some differences on the gap 

length in their assemblies, while for C. cedri and M. persicae these values are 
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small, in the case of A. pisum more than 40 Mb of the assembly are Ns, thus 

unknown. 

There are important differences regarding the number of predicted genes and 

their sizes between aphids, with A. pisum and M. persicae having a similar 

number of predicted protein coding genes, and C. cedri having more than 1,500 

less predicted genes. Given the high quality of the assembly, it seems likely 

that these genes are expansions specific to the Aphididae family to which both 

A. pisum and M. persicae belong. Finally, the transcripts in C. cedri are smaller 

than those in the other two aphids, this could mean that the gene prediction 

could require some improvement to identify missing gene features, or that the 

genes in this aphid are in fact smaller. 

V.2.2 Gene orthology 

We used EGGNOG-MAPPER to assess the conservation degree of protein-

coding genes between C. cedri and 20 other arthropod species to determine 

orthology relationships. These species were selected to represent the four main 

orders of the holometabolous insects and include a variety of hemimetabolous 

insects. All the chosen insects have a fully assembled and annotated genome 

and are well studied. Additionally, they have different diets and environments 

and several of them harbour endosymbionts. (see Table S.1). To minimize 

differences in the number of isoforms due to the accuracy of the genome 

annotations only one isoform (the longest) per gene was used for the analysis.  

Around 62% of genes of C. cedri have orthologues in at least another arthropod.  

Of these, 1,341 were universal single copy orthologs (indicated as one2one in 

Figure V.3) across at least 18 species, which were used to determine the 

maximum likelihood phylogeny. The phylogeny accurately reflects the known 

phylogenetic relationships between the species. Interestingly, while C. cedri 

has the smallest number of genes among aphids, it has the largest number of 

lineage specific genes (6,449, around 38% of its genes) (see Figure V.3). 

However, among hemipterans, with 10,368 (or 56% of its genes) D. citri has the 

largest set of lineage specific genes. Interestingly, aphids have the largest 
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number of order specific genes among hemipterans, suggesting that they have 

undergone expansions specific to their superfamily.  

 

Figure V.3 Phylogenetic relationships of the orthologs of C. cedri and 20 other insect genomes. The 
one2one category refers to orthologs with only one copy in at least 18 of the species used. The 
many2many category includes orthologs also found in at least 18 of the species used but with more than 
one copy in at least one of the species. Some orthology refers to orthologs found in less than 19 of the 
species used. Insect, family and lineage specific refers to orthologs found in all the species belonging to 
that group. To group species included in each order curly brackets were used: Hym stands for 
Hymenoptera, Dip for Diptera, Lep for Lepidoptera, Col for Coleoptera and Hem to Hemiptera. 

V.2.3 Identification of genes involved in amino acid biosynthesis 

Much like S. oryzae, C. cedri is incapable of synthesizing the ten EAAs: 

histidine, isoleucine, leucine, lysine, methionine, phenylalanine, threonine, 

tryptophan, valine and arginine. While holometabolous insects can exploit 

several diet sources given the differences between their larval and adult stages, 

aphids have a somewhat monophagous diet feeding on plant phloem 

throughout all their lives. Phloem is an unbalanced food source, with a high 

content of carbon and energy and nitrogen in the form of sugars and free amino 

acids respectively, and generally free of toxins or feeding deterrents. However, 

animals feeding solely on phloem, such as aphids, must cope with the low 

nitrogen quality in sap, meaning a low abundance of EAAs, sometimes even 
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reaching a 1:20 ratio in comparison to non-essential amino acids. This is known 

as the nitrogen barrier (Douglas, 2006), and to overcome it, phloem-feeding 

hemipterans rely on endosymbionts that provide them with the amino acids with 

low abundance in the phloem.  

As aforementioned, members of the subfamily Lachninae, such as C. cedri, do 

not rely on a single endosymbiont to produce amino acids and other essential 

metabolites, but rather two coprimary endosymbionts, namely Buchnera BCc 

and S. symbiotica have established a metabolic consortium. Therefore, the 

metabolic pathways of both endosymbionts were also considered and 

incorporated into the reconstruction of C. cedri. When the genome of Buchnera 

BCc was published, it was revealed that it was capable of synthesizing 12 

amino acids, namely nine out of the ten EAAs, lacking only tryptophan (Pérez-

Brocal et al, 2006). On the other hand, S. symbiotica was only capable of 

synthesizing six amino acids, including tryptophan which was synthetized by a 

metabolic complementation between the two bacteria (Lamelas et al., 2011). In 

most cases, the final steps of the synthesis of the amino acids was proposed 

to be carried out by the host, indicating not only metabolic complementation 

between the endosymbionts but also with the host. To evaluate the metabolic 

capabilities of C. cedri to synthesize amino acids, we identified all genes 

involved in their biosynthesis. 

Among the amino acids requiring α-ketoglutarate, we identified the pathways to 

produce glutamate, glutamine and proline and all of them are missing in both 

endosymbionts. Regarding arginine, C. cedri can produce ornithine from a 

precursor of proline using rocD; afterwards, Buchnera BCc can catalyse the 

following three reactions to produce arginine (see Figure V.4). 

Concerning the amino acids that use oxaloacetate as a precursor, C. cedri is 

only capable of producing aspartate and asparagine. While it has been stated 

that S. symbiotica is capable of catalysing the reaction from aspartate to 

asparagine (Lamelas et al., 2011), in the current study we were unable to 

identify the required enzyme, conversely S. symbiotica has an L-asparaginase 

with which it is able to catalyse the reaction from asparagine to aspartate. Also, 

asparagine is the most abundant amino acid in the phloem of several plants, 
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probably minimizing the relevance of the enzyme catalysing this reaction 

(Shigenobu and Wilson, 2011). Buchnera BCc can produce lysine using 

aspartate as its precursor, however it lacks the dapC aminotransferase which 

is one of the differences with Buchnera APS from A. pisum where this gene is 

not absent. S. symbiotica lacks these gene as well, and the first and the last 

genes leading from aspartate to lysine, so it seems that only Buchnera BCc is 

capable of synthesizing lysine. Buchnera BCc can also produce threonine on 

its own. For the biosynthesis of isoleucine C. cedri and Buchnera BCc must 

cooperate, with the former catalysing the first and last steps of the pathway 

leading from threonine to isoleucine and Buchnera BCc catalysing the 

remaining three. 

Finally, how the cedar aphids obtain methionine remains somewhat obscure 

given that neither Buchnera BCc nor S. symbiotica have the complete 

pathways. While the former has the last step of the pathway, a methionine 

synthase, it would require an external source of homocysteine and it has been 

suggested that the host could provide this metabolite through the reversal of 

the transsulfuration pathway, producing homocysteine from the cysteine. 

(Wilson et al., 2010).  However, it has been demonstrated that the source 

metabolite to produce methionine is not cysteine but rather cystathionine 

(Russell et al., 2013). Therefore, exploiting an unknown source of cystathionine, 

C. cedri could use CBS, its cystathionine-β-synthase, reversely to produce 

homocysteine and the last step would be catalysed by Buchnera BCc.  

The three amino acids that use 3-phosphoglycerate for their carbon backbone, 

serine, glycine and cysteine can be synthesized by C. cedri. Regarding the 

endosymbionts, both can produce glycine from serine and S. symbiotica is also 

capable of using serine to produce cysteine via a pathway different from that of 

their host. This is another of the differences with A. pisum, given that Buchnera 

APS is capable of producing cysteine. Of the amino acids that use pyruvate as 

their precursor, alanine can be produced only by C. cedri. While it has been 

suggested that both Buchnera BCc and S. symbiotica can produce alanine 

(Lamelas et al., 2011), on this reassessment of the genomes we were unable 

to identify the required enzymes and thus, the host seems to be the only source 
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of alanine. Regarding valine and leucine, Buchnera BCc is capable of 

catalysing all the needed reactions except for the last one (see Figure V.4). This 

step, which requires an aminotransferase, is performed by the host, thus 

effectively conferring it the ability to control the production rate of both amino 

acids.  

 

Figure V.4 Amino acids biosynthesis pathway reconstruction of the C. cedri, Buchnera and S. symbiotica 
holobiont. 

Regarding histidine, only Buchnera BCc contains all the needed genes and is 

thus capable of producing it. Finally, in the case of the aromatic amino acids, 

C. cedri is only capable of producing tyrosine using phenylalanine as its 

substrate. Phenylalanine can be produced by Buchnera BCc, and while some 
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steps can also be performed by either S. symbiotica or the host, it would appear 

that Buchnera BCc can produce it on its own. On the other hand, the synthesis 

of tryptophan is the paradigm of cooperation between the members of an 

endosymbiotic consortia. While Buchnera BCc is able to produce anthranilate, 

the remaining four reactions of the pathway are performed by S. symbiotica 

thus producing tryptophan from anthranilate for the whole holobiont (Lamelas 

et al., 2011). This is the key difference between A. pisum and C. cedri given 

that Buchnera APS is capable of synthesizing tryptophan on its own, while on 

C. cedri the collaboration of both primary endosymbionts is needed.   

In summary, histidine, phenylalanine, lysine and threonine are entirely provided 

by Buchnera BCc. Serine, alanine, glutamate, glutamine, proline, aspartate, 

asparagine and tyrosine can be synthesized by the host alone. Cysteine can 

be produced by the host and S. symbiotica independently. Valine, leucine, 

arginine and isoleucine are provided by a collaboration between C. cedri and 

Buchnera BCc. Glycine can be produced by all three components of the 

holobiont. Tryptophan is generated through a collaboration between Buchnera 

BCc and S. symbiotica. And finally, methionine is either obtained from the diet 

or produced through a collaboration between C. cedri and Buchnera BCc, 

however this would require an enzyme from C. cedri to work in the opposite 

direction and this has never been observed in any animal (Russell et al., 2013).  

V.2.4 Identification of genes involved in immune system pathways 

Given that C. cedri, like most aphids, is capable of harbouring multiple 

endosymbionts one would expect its immune system to have adapted to 

tolerate and provide an adequate environment for its endosymbiont while still 

being able to cope with infections. It is known that the immune system of A. 

pisum is reduced when compared to other insect models such as D. 

melanogaster (Gerardo et al., 2010). Several explanations have been 

postulated for this reduction, notably the fact that their diet is relatively sterile, 

their large investment in reproduction and the fact that secondary 

endosymbionts could also confer them a certain degree of protection against 

pathogens (Altincicek et al., 2008).    
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Notably, Buchnera BCc and S. symbiotica are Gram-negative bacteria, thus the 

IMD pathway would be involved in their recognition. However, while S. 

symbiotica retains the ability to synthesize peptidoglycan and liposaccharides 

(Lamelas et al., 2011), in this system Buchnera BCc has lost all the genes for 

amino sugar and peptidoglycan biosynthesis as a consequence of the genome 

reduction it has suffered (Pérez-Brocal et al., 2006). In the case of this pathway, 

C. cedri has suffered important losses comparable to those in A. pisum. It lacks 

all PGRPs, imd, Fadd, Dredd, relish, sickie, CYLD, Fos and pirk (see Figure 

V.5). Not having PGRPs means that C. cedri lacks the main mechanisms to 

recognize Gram-negative bacteria. The main signalling proteins Fadd, Dredd 

and Imd are also missing, thus interrupting the signalling cascade from the start. 

Additionally, the transcription factor relish was not identified, thus all central 

genes involved in the pathway are missing. Regarding the other losses: Pirk 

regulates the interaction between Fadd, Dredd and Imd, and CYLD and sickie 

enhance the activation of relish; thus, unless they have another role they don’t 

appear to be needed. While the IMD pathway seems to be non-functional, the 

JNK pathway is only missing Fos and therefore it seems functional. While the 

usual activation of the JNK pathway requires the IMD pathway, it has also been 

suggested that it could be activated via Eiger and its receptor Wengen (Igaki et 

al., 2002). 

On the other hand, the Toll pathway seems to be rather complete. As mentioned 

before, the activation of the pathway requires several steps of processing 

involving a cascade of proteases and establishing a clear one-to-one orthology 

between the serine proteases in D. melanogaster with those in C. cedri is 

complicated, thus it is not clear if the same genes are involved or if some of 

them might be missing. Additionally, this pathway is also affected by the losses 

of PGRP receptors and GNBP. While D. melanogaster has three GNBP and A. 

pisum two, C. cedri has retained only one. It is not clear if one copy is missing 

from the assembly or if C. cedri can activate the pathway using a single more 

versatile receptor. A functional study is needed to clarify this situation. 

Regarding the receptors, nine different Toll receptors were identified, and this 

number seems comparable to the 13 identified on A. pisum and the 10 identified 
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on D. melanogaster. Of the remaining canonical members of the Toll pathway, 

all were identified in C. cedri except for ref(2)P (see Figure V.5). While Ref(2)P 

has been shown to be important for the correct functioning of the Toll pathway 

in D. melanogaster (Avila et al., 2002) it is missing in both A. pisum and S. 

oryzae, thus suggesting that this gene might be specific to D. melanogaster. 

Another difference shared between C. cedri and A. pisum (and S. oryzae) is 

that while D. melanogaster has one gene for dif and another for dorsal, the 

other insects seem to lack dif. 

 

Figure V.5 Reconstruction of the immune signalling pathways in C. cedri. Missing elements are identified 
outlined in red and painted white. 

As aforementioned, the main activation product of these pathways are AMPs, 

thus an attempt to identify them was performed. Given the fact that they are 

small and sometimes species specific (Franzenburg et al., 2013), they are 

challenging to identify. In C. cedri the only identifiable AMP was thaumatin, for 

which four copies existed. Unsurprisingly, this was the only AMP group 

identified in A pisum as well (Gerardo et al., 2010). Regarding its role, it is 

known that these short peptides have antifungal properties in plant tissue 

(Shatters et al., 2006), thus they might be involved in controlling fungal 

infections in aphids as well.  
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The absence of AMPs in aphids is intriguing and raises the question of how 

aphids control the proliferation of their endosymbionts and how they cope with 

pathogen invasions as well. Although there might be additional previously 

unidentified AMPs which are specific to aphids, it seems more likely that their 

AMPs repertoire is indeed limited. While they might be employing still not fully 

elucidated immune responsive genes to contend with infection, it has been 

suggested that their strategy when exposed to a pathogen is to increase their 

fecundity in a phenomenon known as fecundity compensation (Barribeau et al., 

2010). This phenomenon implicates that the host increases its investment in 

reproduction in order to maintain fitness regardless of a decreased longevity 

due to infection. In the case of aphids, having lost an entire pathway would 

allow saving resources that could otherwise be redirected to fecundity, however 

the question of how aphids keep their endosymbionts under control remains. 

Given the lack of AMPs, and immune responsive genes in general, it seems 

that perhaps their strategy involves controlling the availability of essential 

metabolites instead of the immune system. 

The JAK-STAT signalling pathway is involved in defence against viral infections 

and we were able to identify all members of the pathway except for unpaired 

(see Figure V.5). The lack of this gene is a common feature in the genomes of 

A. pisum and S. oryzae as well, thus suggesting that unpaired is perhaps a 

ligand specific of D. melanogaster or Diptera. The other set of pathways that 

could potentially contend with viral infection are the RNA interference pathways. 

All members of the piRNA pathway were identified on C. cedri as well as in A. 

pisum. The main difference is that while D. melanogaster has different piwi and 

aubergine genes (Haase, 2016), C. cedri has two copies which seem 

orthologous to aubergine and A. pisum has four. Regarding the siRNA pathway, 

C. cedri contains every member of the pathway with one-to-one orthology to D. 

melanogaster except for trsb and vig (which are also missing in A. pisum) and 

argonaute 2, where five copies were identified on C. cedri versus only one on 

A. pisum. Finally, regarding genes involved in the miRNA pathway, only two 

genes are missing: HPS4 and nibbler. HPS4 is involved in vesicle trafficking 

and this activity has been linked with efficiency in loading miRNA silencing with 

mutants of D. melanogaster exhibiting enhanced activity (Lee et al., 2009). On 
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the other hand, nibbler codes for an exoribonuclease involved in the 3' end 

processing of microRNAs enhancing miRNA function (Han et al., 2011). Both 

genes have antagonistic roles, they are not essential, and they are also missing 

in A. pisum.  The fact that virtually every gene involved in the RNA interference 

pathways is conserved between C. cedri and A. pisum and even D. 

melanogaster and S. oryzae suggest that all three pathways existed in the 

common ancestor of insects and that they are essential for their survival. 

In summary, the immune system pathways of C. cedri are highly similar to those 

of A. pisum with only small differences regarding the copy number of some 

genes. This could implicate that the presence of Serratia as a co-obligate 

endosymbiont in C. cedri (and other members of the Lachninae subfamily) is 

not due to gene losses from the immune system of C. cedri given that it appears 

to be already unable to recognize any Gram-negative bacterium. Instead, the 

incorporation of Serratia seems to have happened to acquire a second healthier 

bacterium due to the loss of the riboflavin pathway, as already pointed out 

(Manzano-Marín and Latorre, 2014) not unlike the replacement of Nardonella 

by S. pierantonius in S. oryzae.  

While establishing a clear orthology relationship to the proteases involved in 

the cascade upstream of the Toll receptor was not possible we suggest that the 

cascade is fully functional either by using orthologs to the known genes or 

different ones. As observed before, there are major differences between aphids 

and other holometabolous insects such as the insect model D. melanogaster or 

the rice weevil S. oryzae especially concerning losses in the IMD pathway. 

Additionally, similarly as observed in S. oryzae, there are differences in the 

number of receptors and the effectors. One of the most striking differences is 

the apparent lack of antimicrobial peptides besides Thaumatin suggesting that 

there might be some yet unidentified alternative AMPs specific of aphids.  

V.2.5 The third endosymbiont, Wolbachia 

While the two endosymbiotic partners of C. cedri are well studied they share 

their host with another endosymbiont, namely Wolbachia (Gomez-Valero et al., 

2004). Although having three endosymbiotic partners is uncommon, C. cedri is 
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not the only insect where this happens. This has also been observed in other 

aphids (Augustinos et al., 2011; Guo et al., 2017), in tsetse flies (from the 

Glossina genus) which harbours Wigglesworthia as primary endosymbiont, 

Sodalis as a secondary endosymbiont with the third being Wolbachia as well 

(Beard et al., 1993; Dale et al., 2001). 

Wolbachia is an extremely widespread α-proteobacterium carried by most 

insect species and some mites, crustaceans and nematodes as well. Its 

relationship with its hosts can range from parasitic to mutualistic and its effects 

in the host reproduction have been widely studied (Serbus et al., 2008). It is 

very successful in transmitting itself both horizontally and vertically through the 

manipulation of the hosts’ reproduction. It employs different strategies such as 

increasing the ratio of females in the offspring through mechanisms such as 

sperm-egg cytoplasmic incompatibility (Zabalou et al., 2004) or feminization of 

the genetic males (Asgharian et al., 2014). Despite its high prevalence in 

arthropods, originally it was thought that aphids did not harbour Wolbachia. 

However, it was demonstrated that C. cedri aphids were associated with this 

bacterium (Gomez-Valero et al., 2004). Additionally, further studies have 

demonstrated that Wolbachia is indeed found in several other populations of 

aphids besides C. cedri (Augustinos et al., 2011). Regarding the infection route, 

it has been suggested that Wolbachia might have been transferred from 

parasitoids that can also get infected with it (Vavre et al., 1999). The role of 

Wolbachia in aphids, if any, is not known. Moreover, it is difficult to elucidate 

why a bacterium that usually produces sexual syndromes is infecting insects 

with a holocyclic and thus complex life cycle. 

The genome of Wolbachia Cced was assembled into 21 contigs with a total size 

of 1.35 Mb and a GC content of 30.3%; both are within the range of other 

species that are in the process of adaptation to intracellular life. The annotation 

yielded 1,442 features, including 1,403 CDS, 3 rRNA and 36 tRNA. To correctly 

place Wolbachia in the phylogenetic tree of available Wolbachia strains the 

strategy implemented by Ramirez-Puebla et al., (2015) was followed. This 

confirmed the original hypothesis, which states that Wolbachia from C. cedri 

belongs to the B supergroup along with Wolbachia from Diptera (Culex pipiens 
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molestus wPip, Culex molestus wPip_Mol, Culex quinquefasciatus wPel and 

wPip_JHB, Aedes albopictus wAlbB, Drosophila simulans wNo), Lepidoptera 

(Hypolimnas bolina wBol1-b), Hymenoptera (Nasonia vitripennis wVitB), 

Hemiptera (Dactylopius coccus wDacB, Diaphorina citri wDia) and 

Siphonaptera (Ctenocephalides felis wCte) with the closest being that from D. 

citri which is also the closest insect to C. cedri (see Figure V.6).  

 

Figure V.6 ML tree using an alignment performed with concatenated sequences for 31 marker genes 
from Wolbachia as described in Ramirez-Puebla et al., (2015). Six supergroups are observed using this 
methodology. Hosts for the species used are: Aedes albopictus wAlbB; Brugia malayi wBm; Cimex 
lectularius wCle; Cinara cedri wCced; Ctenocephalides felis wCte; Culex molestus wPip_Mol; Culex 
pipiens molestus wPip; Culex quinquefasciatus wPel and wPip_JHB; Dactylopius coccus wDacA and 
wDacB; Diaphorina citri wDia; Dirofilaria immitis wDi; Drosophila ananassae wAna; Drosophila 
melanogaster wMel and wMelPop; Drosophila recens wRec; Drosophila simulans Riverside wRi; 
Drosophila simulans wHa, wSim, wNo and wAu; Drosophila suzukii wSuzi; Drosophila willistoni wDwi; 
Folsomia candida wFol; Glossina morsitans morsitans wGmm; Hypolimnas bolina wBol1-b; 
Litomosoides sigmodontis wLs; Mengenilla moldrzyki wMen; Muscidifurax uniraptor wUni; Nasonia 
vitripennis wVitB; Onchocerca ochengi wOo; Onchocerca volvulus strain Cameroon wOv; Osmia 
caerulescens wOc; and Wuchereria bancrofti wBn. 

The genomes for Wolbachia wVitB, wPip_Mol, wPip_JHB, wPip, wDia, wBol1-

b and wAlbB were used as input to obtain the pangenome for supergroup B 
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along with the newly assembled wCced. The smallest genome was that of 

wVitB (1.1 Mb) and the largest that of wPip_JHB (1.5 Mb). The total number of 

genes in the pangenome was of 10,602 of which wVitB contributed with 966 

and wPip_JHB with 1,495. The pangenome was divided in 2,836 groups of 

which 584 were found in all strains and 1,357 were strain-specific. With 367 

strain-specific genes wCced has the highest amount of strain specific genes 

(see Table V.2), 246 of them correspond to hypothetical proteins, 41 to 

transposases and 11 to ankyrin repeats. Wolbachia genomes from insects are 

known to harbour a large number of repeated elements multi-gene families 

such as ankyrin proteins; however, the nature of their role hasn’t been 

elucidated yet. It has been suggested that ankyrin proteins play an important 

role in symbiotic interactions given that they are known to participate in protein-

protein interactions (Siozios et al., 2013). 

wAlbB wBol1-b wCced wDi wPip wPip_JHB wPip_Mol wVitB 

141 158 367 191 55 293 45 107 

Table V.2 Number of strain-specific genes per strain. Host used are: Aedes albopictus wAlbB; Hypolimnas 
bolina wBol1-b; Cinara cedri wCced; Dirofilaria immitis wDi; Culex pipiens molestus wPip; Culex 
quinquefasciatus wPel and wPip_JHB; Culex molestus wPip_Mol; Nasonia vitripennis wVitB. 

Regarding the metabolism of amino acids, Wolbachia can catalyse eight of the 

nine reactions necessary to produce lysine from aspartate lacking only the final 

step, a diaminopimelate decarboxylase, to metabolize meso-2,6-

diaminoheptanedioate into lysine; therefore, it has argD, the gene missing in 

Buchnera BCc. While we could hypothesize that it participates in the synthesis 

of lysine and thus has been conserved for this reason, the fact that argD is 

missing in several other endosymbionts (Sloan et al., 2014; Santos-Garcia et 

al., 2017) suggests that other enzymes could replace its activity and that 

Wolbachia is not needed. Regarding the production of methionine, an enzyme 

that could participate in the synthesis of methionine is cystathionine beta-lyase 

from Wolbachia which catalyses the conversion of cystathionine into 

homocysteine. Using this enzyme would not require the other enzymes from 

the host to operate in the reverse sense but it would require a supply 

cystathionine. However, given that Wolbachia mostly relies on its host for the 

supply of amino acids (White et al., 2017) it is more likely that the pathways it 
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conserves are involved in other biological processes unrelated to the 

biosynthesis of amino acids including the synthesis of peptidoglycan in the case 

of meso-2,6-diaminoheptanedioate. 

In summary, while Wolbachia is found in all C. cedri samples screened to date, 

its role (if any) is still not clear. It does not seem to participate or interfere with 

the biosynthesis of amino acids nor has any additional pathways that could 

prove relevant for the holobiont. It does have the largest number of strain 

specific genes, but many of them are either involved in transposition or 

hypothetical proteins. The analysis of its genome revealed that it is massively 

infected with mobile genetic elements not unlike what was observed in wMel 

from the A supergroup (Wu et al., 2004). It seems that these mobile elements 

might have originated from phages and that these phages can perhaps allow 

transfers between strains in cases where a host is infected by multiple strains 

(Jamnongluk et al., 2002).  

V.3 Conclusions 

C. cedri has the third largest genome among the aphids with data available in 

NCBI; however, all available aphids have a genome size ranging from 300 to 

400 Mb except for A. pisum, thus its remarkably larger genome seems like an 

anomaly among aphids. 

When compared to M. persicae and A. pisum, C. cedri had the smallest number 

of genes yet the largest number of lineage specific genes. Additionally, the 

aphids’ superfamily had the largest number of order specific genes among 

hemipterans, suggesting that they have suffered lineage specific expansions. 

The main role of Buchnera BCc is the provision of EAA. However, the 

metabolism of amino acids is coupled between C. cedri, Buchnera BCc and S. 

symbiotica. While the amino acids produced by both endosymbionts had been 

previously studied in detail, the genome sequencing has allowed us to 

specifically define the metabolites provided by C. cedri. Serine, alanine, 

glutamate, glutamine, proline, aspartate, asparagine and tyrosine can be 

synthesized by the host alone. Cysteine was known to be produced by S. 
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symbiotica, but it can also be produced by the host. Valine, leucine, arginine 

and isoleucine are provided by a collaboration between C. cedri and Buchnera 

BCc. Finally, methionine is either obtained from the diet or produced through a 

collaboration between C. cedri and Buchnera BCc. 

The immune system pathways of C. cedri are highly similar to those of A. pisum 

and M. persicae with only small differences regarding the copy number of some 

genes. As observed before, there are major differences in the IMD pathway 

between aphids and other holometabolous insects. Additionally, there is an 

apparent lack of antimicrobial peptides besides Thaumatin. 

While Wolbachia is found in all C. cedri samples screened to date, the 

elucidation of its role through the sequencing of its genome was not possible. It 

does not seem to collaborate in the biosynthesis of amino acids nor has any 

additional pathways which could prove relevant for the holobiont. Many of its 

strain-specific genes are either involved in transposition or hypothetical 

proteins. It seems that these mobile elements might have originated from 

phages. 
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VI CHAPTER 3: COMPARISONS BETWEEN BOTH 

MODELS 

VI.1 Introduction 

While we are mainly interested in the differences between both models due to 

the different age of the relationship between each host and its endosymbiont, it 

is evident that there are many other factors that should be considered. To 

consider the environment, the diet, the taxonomic status, and whether they are 

holo- or hemimetabolous we included 19 other arthropods with fully sequenced 

genomes (see Table S.1). The selected outgroups were one crustacean, the 

water flea Daphnia pulex (Colbourne et al., 2011), and one arachnid, the two-

spotted spider mite Tetranychus urticae (Grbić et al., 2011). While several 

arthropods harbour Wolbachia we will only take it into account when it is known 

to be essential.  

Regarding hemimetabolous insects we included a selection of hemipterans: (i) 

the cedar aphid C. cedri which harbours Buchnera BCc and S. symbiotica; the 

pea aphid A. pisum (The International Aphid Genomics Consortium, 2010) and 

the green peach aphid Myzus persicae (Mathers et al., 2017) which harbour 

Buchnera (APS and F009 respectively); and the Asian citrus psyllid D. citri 

(Hunter et al., 2014), which harbours Candidatus Carsonella ruddii DC, all four 

belong to the Sternorrhyncha suborder and are phloem feeders; (ii) the brown 

planthopper N. lugens (Xue et al., 2014) from the Auchenorrhyncha suborder, 

which harbours a yeast-like symbiont (YLS) and is also a phloem feeder; (iii) 

the bedbug Cimex lectularius (Rosenfeld et al., 2016) which harbours the gram-

negative Wolbachia wCle and feeds on blood; and (iv) the louse Pediculus 

humanus (Kirkness et al., 2010) which harbours Candidatus Riesia 

pediculicola, a gram-negative bacterium, and feeds on blood as well. 

Given the vast diversity of holometabolous insects and that they comprise most 

of the diversity of their class, we selected four species from the four largest 

classes. From the Hymenoptera: (i) the Florida carpenter ant Camponotus 
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floridanus (Bonasio et al., 2010); and the red imported fire ant Solenopsis 

invicta (Wurm et al., 2011), both of which are omnivores capable of exploiting 

several food sources ranging from seeds and honeydew to other animals; (ii) 

the western honeybee Apis mellifera (The Honeybee Genome Sequencing 

Consortium, 2006), which feeds solely on pollen and nectar; and (iii) the jewel 

wasp Nasonia vitripennis (Werren et al., 2010), which is a parasitoid of the 

larvae of several parasitic carrion flies. Among them, only C. floridanus 

harbours an endosymbiont, the gram negative Blochmania floridanus (Gil et al., 

2003). 

From the Diptera we chose: (i) two members of the Culicidae family, the yellow 

fever mosquito Aedes aegypti (Nene et al., 2007) and Anopheles gambiae (Holt 

et al., 2002), which during their larval stage spend most of their time feeding on 

algae, bacteria, and other microorganisms and during their adult stage they 

feed on nectar and other sugar sources and additionally, the females feed on 

blood to allow the development of their eggs; (ii) the fruit fly D. melanogaster 

(Adams et al., 2000), which feeds on decaying plant matter; and (iii) the tsetse 

fly G. morsitans (International Glossina Genome Initiative, 2014), which solely 

feeds on the blood of vertebrates. Only the tsetse fly harbours endosymbionts, 

the obligate Wigglesworthia glossinidia and the facultative Sodalis glossinidius. 

From the Lepidoptera four species were selected as well: the silkworm Bombyx 

mori (Mita et al., 2004), the tobacco hornworm Manduca sexta (Kanost et al., 

2016), the monarch butterfly Danaus plexippus (Zhan et al., 2011) and the 

diamondback moth Plutella xylostella (You et al., 2013). All of them feed on the 

leaves of several plants during their larval stage and feed on nectar, if anything 

at all, during their adult stage. To our knowledge no endosymbiont has been 

found associated to lepidopterans. 

Finally, from the large Coleoptera order we selected: (i) the emerald ash borer 

Agrilus planipennis, the Asian longhorned beetle A. glabripennis (McKenna et 

al., 2016) and the mountain pine beetle D. ponderosae (Keeling et al., 2013), 

which feed on the inner bark and phloem of several species of trees; (ii) the 

small hive beetle Aethina tumida, which feeds on honey, pollen and bee brood; 

(iii) the rice weevil S. oryzae and the red flour beetle T. castaneum (Tribolium 
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Genome Sequencing Consortium, 2008) a primary and secondary pest 

respectively of stored grains; and (iv) Nicrophorus vespilloides (Cunningham et 

al., 2015) a burying beetle which feeds on carrion. The only beetle with an 

endosymbiont in our set is S. oryzae.  

VI.2 Results and discussion 

VI.2.1 Gene orthology 

We used EGGNOG-MAPPER to assess the conservation degree of protein-

coding genes between our two models and 26 other arthropod species to 

assess their orthology relationships. We categorized these set of genes in 

several groups according to their characteristics. The first group is the one2one 

set which includes single copy genes found in at least 25 species. The second 

group is many2many which encompasses genes found in at least 25 species 

but without having to be single copy genes in every species. The insect specific 

group, as its name implies, includes genes found in every insect species and 

not in the two outgroups. Order specific genes include genes that are particular 

to a given order and not found in any other species. Lineage specific genes 

include genes that apparently have no orthologs in any other species and finally 

the some orthology group encompasses all genes which did not fit in any of the 

aforementioned groups.    

On average, there are 1,327 genes with a one2one orthologous relationship 

per species (see Figure VI.1); additionally, 1,478 genes have a many2many 

relationship which amounts to a total of 2,805 genes with orthologs in at least 

25 of the other 27 species. Thus, both groups comprise the core genome of 

arthropods. Regarding insects, there is an additional set of 2,578 genes in 

average which are found in all insects and not in the two outgroups. 

Concerning order specific orthologs, hemipterans have 2,340 genes with 

orthologs only found on members of this order, however this distribution is not 

homogenous, both A. pisum and M. persicae have more than 4,600 genes 

belonging to this group while C. lectularius has just over 420 genes in this 

group. On average, there are 1,356 genes per coleopteran which are found only 

in their order. The distribution on this group is more homogenous, however A. 
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planipennis only has 784 genes in this category. The fact that it is the most 

ancestral beetle in our study suggests that perhaps the ancestor of all other 

lineages experienced expansions after it diverged from the ancestor of A. 

planipennis. Dipterans have 1,822 genes in this group on average; however, 

both mosquitoes have more genes in this category than flies. Lepidopterans 

have 3,106 order specific genes, the largest amount of all holometabolous 

insects in our analysis and with a homogeneous distribution. Finally, 

hymenopterans have 1,243 order specific genes, with both ants having more 

genes in this group. 

 

Figure VI.1 Phylogenetic relationships of the orthologs of 28 genomes. The one2one category refers to 
orthologs with only one copy in at least 25 of the species used. The many2many category includes 
orthologs also found in at least 25 of the species used but with more than one copy in at least one of the 
species. Some orthology refers to orthologs found in less than 25 of the species used. Insect, family and 
lineage specific refers to orthologs found in all the species belonging to that group. To group species 
included in each order curly brackets were used: Hym stands for Hymenoptera, Dip for Diptera, Lep for 
Lepidoptera, Col for Coleoptera and Hem to Hemiptera. 

Regarding lineage specific genes, both D. pulex and N. lugens have a huge 

number of genes belonging to this category, 73% and 67% of their total number 

of genes respectively (see Figure VI.1). Given that we can’t compare the water 

flea with other crustaceans we can’t say whether this is a fact specific to D. 

pulex or if all crustaceans behave similarly. Conversely, N. lugens represents 
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quite an anomaly given its large gene repertoire and the large number of genes 

which are specific to this species and the fact that other insects have a similar 

environment and diet as N. lugens. Finally, there is a group of 3,365 genes on 

average per specie which have an ortholog in another species, but which do 

not fit in any of the previous categories.  

VI.2.2 Identification of genes involved in amino acid biosynthesis 

The insects we selected for this analysis live in very different niches and must 

face numerous types of stress, including consuming all the nutrients they need. 

While we will focus on amino acid biosynthesis, the production of vitamins is 

another essential role of nutritional endosymbionts. The conservation of 

pathways for the biosynthesis of vitamins has a patchy distribution highly 

dependent on the needs of their host (Serbus et al., 2017). This also holds true 

for the biosynthesis of amino acids given that while most insects are incapable 

of synthesizing the ten EAAs, there are some interesting differences. 

Regarding the amino acids requiring α-ketoglutarate, we were able to identify 

the aminotransferases that are proposed to synthesize glutamate in all the 

evaluated arthropods and in S. pierantonius, B. floridanus, C. Carsonella ruddii 

DC and YLS. The prevalence of this enzyme highlights its relevance in the 

biosynthesis of amino acids given that the newly created amino group can then 

be used to produce other amino acids through other transamination reactions. 

The pathways to synthesize proline were also found in all arthropods and in 

YLS. Glutamine can also be produced by all arthropods and by S. pierantonius 

and B. floridanus, thus seeming to be dispensable in most endosymbionts. 

Arginine cannot be produced by arthropods; however, some endosymbionts 

can supply its host with the amino acid, namely S. pierantonius and Buchnera 

from the strains APS and F009 (see Figure VI.2 and Table S.2). Buchnera Cce 

and C. Carsonella ruddii DC can also produce arginine if supplied with ornithine. 

Interestingly, lepidopterans have an ornithine carbamoyltransferase which is 

missing in all other evaluated arthropods, thus potentially allowing them to 

produce arginine from ornithine instead of from citrulline as other insects. This 

enzyme is part of the urea cycle, which is absent from most insects, however 

the degree of distribution of this enzyme among arthropods is not known. While 
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it is conserved in other animals this might represent a transfer given its similarity 

with the sequence of prokaryotes, nonetheless it is currently impossible to 

determine its origin.   

On the amino acids that use oxaloacetate as a precursor, all arthropods can 

produce aspartate. Additionally, S. pierantonius, W. glossinidia, Wolbachia 

wCle and B. floridanus are also capable of producing it. All arthropods are also 

capable of producing asparagine; however, all Buchnera, C. Carsonella ruddii 

DC, S. symbiotica and B. floridanus are unable to produce it and thus rely on 

their hosts for the obtention of this amino acid. Notably, all but B. floridanus are 

endosymbionts of sap-sucking insects and thus this loss might be related to the 

abundance of asparagine in phloem. Also, although C. floridanus is 

omnivorous, an important source of its diet is the honeydew produced by sap-

feeding insects (Sauer et al., 2002) and thus, this might be another cause of 

nutritional stress. 

Neither lysine, methionine, isoleucine or threonine can be synthesized by any 

of the arthropods evaluated; however, lysine can be produced by all Buchnera, 

S. pierantonius, B. floridanus, C. Carsonella ruddii DC and YLS. While many 

endosymbionts lack argD, an acetylornithine aminotransferase, it has been 

suggested that another aminotransferase can substitute this enzyme. Thus, this 

pathway is only missing from the genomes of endosymbionts from blood-

feeders rendering them dependent on their food source for the obtention of this 

amino acid. The pathways for the biosynthesis of methionine are complete only 

in B. floridanus and YLS, nonetheless if the mechanisms that were suggested 

in the previous chapter for the biosynthesis of methionine in Buchnera indeed 

occur they could possibly also work in S. pierantonius and C. Carsonella ruddii 

DC. Isoleucine can only be synthesized by B. floridanus, C. Carsonella ruddii 

DC, YLS and Buchnera, but interestingly Buchnera lacks the last step which is 

an aminotransferase found in arthropods, thus allowing its host to have a higher 

degree of control in the production of this amino acid (see Figure VI.2).  
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Figure VI.2 Amino acids biosynthesis pathway reconstruction for both the S. oryzae and S. pierantonius 
holobionts (on the left) and C. cedri, Buchnera and S. symbiotica (on the right). 

Threonine can be produced by Buchnera, YLS, S. pierantonius and B. 

floridanus. C. Carsonella ruddii DC seems to lack thrB, homoserine kinase, 

which is needed to produce threonine seems to be absent such as in the C. 

Carsonella ruddi from Pachpsylla venusta (Tamames et al., 2007) and therefore 

either another enzyme is substituting ThrB or there is another threonine source 

in the holobiont. Notably, lepidopterans have a threonine synthase (thrC) which 

is not found in any other arthropod. This enzyme catalyses the last step gene 

of the threonine biosynthesis pathway and it appears to have been transferred 

from an alpha protobacterium. Interestingly, to our knowledge there is no 

lepidopteran with an endosymbiont, thus either this transfer occurred thanks to 

a now lost endosymbiont or it has a non-endosymbiotic origin. 
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Serine, glycine and cysteine, the three amino acids that use 3-

phosphoglycerate for their carbon backbone, can be synthesized by all 

arthropods. Regarding the endosymbionts, only S. pierantonius and YLS can 

produce serine. Glycine is produced by all endosymbionts, being the only amino 

acid produced by all the evaluated organisms. B. floridanus, YLS, S. 

pierantonius, S. symbiotica and Buchnera APS and F009 can produce cysteine.  

Of the amino acids that use pyruvate as their precursor, alanine can be 

produced by all evaluated arthropods. Conversely, the ability to produce it has 

been lost from many of the endosymbionts, being only conserved in YLS, which 

is the only eukaryotic endosymbiont. Therefore, the pressure to conserve the 

enzyme that produces alanine does not seem to have been removed from YLS. 

Regarding valine and leucine YLS, B. floridanus and C. Carsonella ruddii DC 

can produce them, while Buchnera is capable of catalysing all the needed 

reactions except for the last one (see Figure VI.2), comparable to what was 

described previously for isoleucine. 

In the case of the aromatic amino acids, no arthropod is capable of producing 

them and therefore they must rely on their diet or on their endosymbionts to 

produce them at adequate rates. W. glossinidia is only capable of producing 

chorismate, the precursor of aromatic amino acids. C. Carsonella ruddii DC 

might be capable of producing tryptophan, although it seems to lack aroE a 

shikimate dehydrogenase, and the other two must be obtained elsewhere. B. 

floridanus is only missing the last step to produce both tyrosine and 

phenylalanine, but this enzyme is found in C. floridanus so all three amino acids 

can be produced by the holobiont. YLS and Buchnera APS and F009 can 

produce tryptophan and phenylalanine which can then be exported to their 

hosts to produce tyrosine while S. pierantonius can produce both phenylalanine 

and tyrosine. Buchnera Cce can only produce phenylalanine on its own and as 

was mentioned before it requires the cooperation of S. symbiotica for the 

biosynthesis of tryptophan. Finally, regarding histidine, Buchnera, YLS and B. 

floridanus contain all the needed genes and are thus capable of producing it. 

C. Carsonella ruddii DC lacks only one gene, hisB, and while it has been 

suggested that it is unable to produce histidine (Tamames et al., 2007), the fact 
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that the rest of the pathway is conserved could perhaps mean that the role of 

hisB is being replaced by another enzyme. 

VI.2.3 Identification of genes involved in immune system pathways 

As aforementioned, the insect’s innate immune system is an ancestral 

mechanism involved with the defence of the host against a wide variety of 

pathogens. Therefore, we expect its main components to be shared between 

both C. cedri and S. oryzae with some differences reflecting their biological 

needs. Broadly we had observed that C. cedri lacked many components of the 

IMD pathway, possibly even rendering it non-functional. Through its 

comparison with A. pisum and M. persicae we observed that it seemed to be a 

common trend between aphids. To define whether this is a trend specific to 

aphids or more general we took advantage of the wide variety of insects 

included for the identification of the orthologous genes.  

A matrix of the orthologous genes for members of the innate immune system 

pathways for the 28 arthropods was generated including 106 genes of interest 

belonging to miRNA, siRNA, piRNA, IMD, Toll, JNK and JAK/STAT pathways 

(see Table S.3). This matrix allowed us to easily observe differences and 

similarities between the insects included; nonetheless it is important to keep in 

mind that using a homology-based approach would only identify elements 

known in the reference genomes, thus missing species-specific novel genes or 

even pathways. Additionally, homologous genes might have diverged and 

acquired different functions according to the needs of the organism. Also, 

having a similar copy number of a given gene in different organisms does not 

necessarily mean that the immune response will be comparable given that there 

could be key differences in the sequences of the genes themselves or in their 

regulatory regions.    

The first observable feature is that AMPs are highly order- or even lineage-

specific. While most holometabolous insects have members of all the assessed 

families, in the case of hemimetabolous insects only defensins and thaumatins 

were identified. Furthermore, in non-insect arthropods none of the assessed 

AMPs were identified. However, extracting conclusions from these facts is 
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complicated given that it is known that identifying AMPs by mere homology can 

be challenging because short sequences can rapidly lose signals of homology 

due to the high sequence divergence in this large peptide family. Additionally, 

it is known that genome annotation pipelines generally ignore small peptides 

(Plaza et al., 2017), thus masking the still unexplored abundance of AMP. A 

study by Mylonakis and colleagues (2016), which elegantly described the 

phylogenetic origin of the most widespread AMP families demonstrated that 

most of the known AMPs belong to the best studied orders (see Figure VI.3). 

Thus, there is surely many AMPs waiting to be discovered, nonetheless, 

identifying them and experimentally validating them will certainly be 

challenging. Currently a great effort it being made to improve identification of 

AMPs given their possible usage as therapeutic agents as a novel strategy to 

cope with an increasing resistance toward conventional antibiotics (Mahlapuu 

et al., 2016). 

Regarding antiviral RNAi, we can see that all arthropods have seemingly fully 

functional pathways with only some order- or species-specific losses. From the 

miRNA pathway HPS4 and Nbr are missing from most non-holometabolous 

insects including C. cedri. As aforementioned, both genes have antagonistic 

roles involved with the loading of the miRNA in Ago1 and they are not essential. 

Given the fact that P. humanus has both genes it seems more likely that they 

have been lost from hemipterans rather than recruited in holometabolous 

insects. 

Concerning the piRNA pathway, essential elements were identified in all 

explored arthropods with the major difference being the absence of Yb in some 

insects. This could be explained by the fact that Yb belongs to the class of the 

Tudor-domain-containing proteins (TDRDs) which are known to play crucial 

roles in the piRNA pathway (Ku and Lin, 2014). Therefore, given that there are 

several known TDRDs perhaps another set has taken the role of Yb in other 

arthropods. Another difference is that while in D. melanogaster there are two 

copies for Piwi/Aub, in most other insects there is a single copy. It has been 

suggested that two copies of Piwi/Aub and the Ago3 genes were present in the 

last common ancestor of insects (Dowling et al., 2017).  
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Figure VI.3 Phylogeny of insects depicting the major groups. Asterisks indicate taxa with available 
genome projects (one asterisk: data available in the database of the 15k pilot project, two asterisks: one 
to three published projects and three asterisks: more than three published genome projects). The yellow 
boxes indicate the hypothesized origin of each AMP family. The bar plot to the left shows the number of 
described species while the one to the right shows the amount of sequences in the NCBI database. 
Abbreviations: ab, abaecin; afp, antifungal protein; ap; apidaecin; atc, attacin C-terminal domain; atn, 
attacin N-terminal domain; ce, cecropin; col, coleoptericin; cr, crustin; def, defensin; dm, drosomycin; 
gal, gallerimycin; glov, gloverin; hel, heliomicin; hym, hymenoptaecin; leb, lebocin; mor, moricin; ter, 
termicin; tha, thaumatin. From Mylonakis, Eleftherios, Lars Podsiadlowski, Maged Muhammed, and 
Andreas Vilcinskas. 2016. “Diversity, Evolution and Medical Applications of Insect Antimicrobial 
Peptides.” Philosophical Transactions of the Royal Society B: Biological Sciences 371 (1695). 

All key members of the siRNA pathway were identified in all insects. However, 

all aphids are missing two genes: trsn and vig. Vig is known to be a component 

of the RISC complex, however its role has not been described. Trsn is an 
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endonuclease also likely involved with siRNA, but its role has not been well 

described either; regardless, the siRNA pathway is known to be functional in 

aphids (Mutti et al., 2006). Also, lepidopterans do not have a homolog for r2d2, 

but it has been suggested that r3d1 could replace it (Cao et al., 2015). 

The JAK/STAT pathway was highly conserved, with core components in all 

insects. The main difference is that while the ligand for dome has been identified 

in D. melanogaster it has not been identified on any other insect. This trend is 

shared by the Toll pathway, which is also highly conserved among all the 

compared insects. The main difficulty in both S. oryzae and C. cedri (and most 

other insects for that matter) was to identify a clear homologue to the upstream 

proteases involved in the processing of späetzle. Grass, nec, spheroide and 

spirit were not identified in most orders besides Diptera. Additionally, SPE, 

ModSP and psh were not identified in most hemimetabolous insects. However, 

this does not mean that those proteases do not exist in other insects, it just 

highlights the challenges for establishing a clear one to one relationship 

between genes of large families. The absence of ref(2)P seems to be a feature 

shared by most coleoptera and aphids. The fact that it was only found in A. 

planipennis, the sister group to all other Coleoptera, could suggest that it was 

lost after these taxa diverged. 

Perhaps the most relevant feature is the high variability observed in the IMD 

pathway. As aforementioned, aphids are missing CYLD and we can observe 

that this is the only group lacking this gene; additionally, ird5, imd, relish and 

tab2 apparently are missing from Sternorrhyncha. Dredd, Fadd, key and pirk 

seems to be missing in all Hemiptera. Thus, while holometabolous insects have 

a conserved IMD pathway, there seems to be an absence of canonical 

components of the IMD pathway among hemimetabolous insects. This patchy 

distribution of the IMD pathway genes has been observed throughout the 

Arthropoda (see Figure VI.4) so it doesn’t seem to be a feature unique to 

hemimetabolous insects.  

It has been suggested that elements from a gut remodelling network could have 

been recruited to participate in the immune system given that the IMD pathway 

is involved in the intestinal immune response of dipterans (Georgel et al., 2001; 
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Zumaya-Estrada et al., 2018). During metamorphosis there is an extensive 

intestinal remodelling requiring apoptosis and it is known that the IMD pathway 

can promote it through the activation of reaper (White et al., 1996; Jiang et al., 

1997); in addition to this, at this stage potentially pathogenic bacteria could be 

released, thus controlling both processes at the same time could be 

advantageous. While Zumaya-Estrada and colleagues suggested that this 

recruitment might have occurred after the holometabolous lineage split, we 

consider this recruitment was earlier during evolution of insects given that the 

American cockroach Periplaneta americana (Li et al., 2018) and the migratory 

locust Locusta migratoria (Wang et al., 2014) have fully functional IMD 

pathways.  

 

Figure VI.4 Presence or absence of IMD canonical component across representative arthropods obtained 
through comparative genomics. From Palmer, William J., and Francis M. Jiggins. 2015. “Comparative 
Genomics Reveals the Origins and Diversity of Arthropod Immune Systems.” Molecular Biology and 
Evolution 32 (8): 2111–29. 

In summary, the fact that most hemipteran insects thrive on largely sterile diets 

(phloem, xylem or blood) might have led to a reduced microbial load in their gut, 
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thus reducing the pressure for conserving the costly IMD pathway. Additionally, 

as aforementioned these diets are poor, thus most hemipterans have 

established nutritional symbiotic relationships with microbes, most of them 

Gram-negative bacteria. Having a reduced IMD pathway made the hemipterans 

ideal hosts for Gram-negative bacteria given the ease to invade them. On the 

other hand, the Toll, JAK-STAT and RNAi pathways are highly conserved 

among all insects. 

VI.3 Conclusions 

On average, there are of 2,805 genes in each species with orthologs in at least 

25 of the other 27 species, thus representing the core genome of arthropods. 

Taking only insects into consideration, there is an additional set of 2,578 genes 

thus setting number of genes in the insect core genome at around 5,382. 

Regarding order specific orthologs, hemipterans on average have 2,340 genes 

with orthologs only found on members of this order however the numbers in this 

other vary greatly; on the other hand, there are 1,356 coleopteran-specific 

genes with a more homogeneous distribution.  

Regarding the metabolism of amino acids, all arthropods have a similar gene 

repertoire, thus supporting the hypothesis of a great-loss at the origin of 

metazoans; however, there are some relevant differences when considering 

the holobionts: (i) Arginine cannot be produced by arthropods; however, some 

endosymbionts can supply its host with the amino acid. Interestingly, 

lepidopterans have an ornithine carbamoyltransferase which potentially allows 

them to produce arginine from ornithine. (ii) Lysine can be produced by all 

evaluated endosymbionts except those from blood-feeders. (iii) Alanine can be 

produced by all evaluated arthropods; conversely, this ability has been lost from 

many of the endosymbionts, being only conserved in YLS, thus it seems that 

there is a selective pressure on eukaryotes for the production of this amino acid. 

(iv) S. pierantonius can produce both phenylalanine and tyrosine while 

Buchnera Cce can only produce phenylalanine on its own and requires the 

cooperation of S. symbiotica for the biosynthesis of tryptophan.  
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AMPs are highly order- or even lineage-specific. In the case of hemimetabolous 

insects only defensins and thaumatins were identified. Regarding antiviral 

RNAi, we can see that all arthropods have seemingly fully functional pathways 

with only some order- or species-specific losses. This is also the case for the 

JAK/STAT pathway, where the main difference is that the ligand for dome has 

not been identified on any other insect besides D. melanogaster. The Toll 

pathway is also highly conserved among all the compared insects; however, 

identifying the upstream proteases involved in the processing of spaetzle is not 

trivial. The absence of ref(2)P seems to be a feature shared by most coleoptera 

and aphids suggesting that in these species activation of Dif/Dorsal regulated 

genes would be dependent of cactus degradation.  

Perhaps the most relevant feature is the high variability observed in the IMD 

pathway. While aphids are missing the largest number of elements of this 

pathway, all Hemiptera are missing members. Thus, while holometabolous 

insects have a conserved IMD pathway, there seems to be an absence of 

canonical components of the IMD pathway among hemimetabolous insects. 

This would impair the ability of hemipterans to recognize invading Gram-

negative bacteria. While Zumaya-Estrada and colleagues suggested that the 

recruitment of the IMD pathway occurred after the holometabolous lineage split, 

we consider it happened earlier during evolution of insects given that the 

American cockroach, among other hemimetabolous insects, have fully 

functional IMD pathways.  
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VII GENERAL CONCLUSIONS 

The repeatome in S. oryzae is among the largest found in insects and the 

largest of any studied Coleoptera. Additionally, S. oryzae had the fastest gene 

family expansion rate among the beetles evaluated and some of these families 

included those potentially involved on insecticide resistance. This phenomenon 

could potentially be linked to the large number of mobile elements.  

An interdependence between the host and the endosymbiont is observed when 

analysing the joint metabolism of the rice weevil and its endosymbiont. Some 

of the EAAs are provided by the host, others by the endosymbiont and some 

must be obtained from the diet. A likely advantage S. pierantonius had over the 

ancestral endosymbiont Nardonella was its ability to synthesize more amino 

acids, the most important might have been lysine and threonine given the low 

abundance of these amino acids in cereals.  

The immune system pathways of S. oryzae are highly conserved when 

compared to the models T. castaneum and D. melanogaster. One of the most 

striking differences is that S. oryzae lacks a PGRP-LE receptor which might 

partly explain how weevils tolerate their endosymbiont. Additionally, both novel 

and already known AMPs were identified. The fact that the immune system of 

S. oryzae is so similar to that of other non-symbiotic insects suggests that small 

modifications perhaps are enough to allow harbouring an intracellular 

pathogen, such as the adaptation of colA to control the growth and localization 

of S. pierantonius and perhaps the loss of PGRP-LE. 

No events of HGT that seemed to have originated from S. pierantonius were 

identified in the genome of S. oryzae. This suggests that perhaps S. oryzae has 

an efficient system for controlling the incorporation of foreign DNA or there just 

hasn’t been enough time given the recent origin of the association. 

The metabolism of amino acids is coupled between C. cedri, Buchnera BCc 

and S. symbiotica. Serine, alanine, glutamate, glutamine, proline, aspartate, 

asparagine and tyrosine can be synthesized by the host alone. Cysteine was 



VII General Conclusions 

 

116 

 

known to be produced by S. symbiotica, but it can also be produced by the host. 

Valine, leucine, arginine and isoleucine are provided by a collaboration between 

C. cedri and Buchnera BCc. Finally, methionine is either obtained from the diet 

or produced through a collaboration between C. cedri and Buchnera BCc. 

The immune system pathways of C. cedri are highly similar to those of A. pisum 

with only small differences regarding the copy number of some genes. As 

observed before, there are major differences in the IMD pathway between 

aphids and other holometabolous insects. Additionally, there is an apparent 

lack of antimicrobial peptides besides Thaumatin. 

While Wolbachia is found in all C. cedri samples screened to date, the 

elucidation of its role through the sequencing of its genome was not possible. It 

does not seem to collaborate in the biosynthesis of amino acids nor has any 

additional pathways which could prove relevant for the holobiont. 

The aphids’ superfamily had the largest number of order specific genes among 

hemipterans, suggesting that they have suffered lineage specific expansions. 

On the other hand, coleopteran-specific genes have a more homogeneous 

distribution.   

Regarding the metabolism of amino acids, all arthropods have a similar gene 

repertoire, thus supporting the hypothesis of a great-loss at the origin of 

metazoans. However, (i) Arginine cannot be produced by arthropods but some 

endosymbionts can supply its host with the amino acid. Interestingly, 

lepidopterans have an ornithine carbamoyltransferase which potentially allows 

them to produce arginine from ornithine; (ii) Lysine can be produced by all 

evaluated endosymbionts except those from blood-feeders; (iii) Alanine can be 

produced by all evaluated arthropods; conversely, this ability has been lost from 

many of the endosymbionts, being only conserved in YLS, thus it seems that 

there is a selective pressure on eukaryotes for the production of this amino acid. 

(iv) S. pierantonius can produce both phenylalanine and tyrosine while 

Buchnera Cce can only produce phenylalanine on its own and requires the 

cooperation of S. symbiotica for the biosynthesis of tryptophan.  
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AMPs are highly order- or even lineage-specific. In the case of hemimetabolous 

insects only defensins and thaumatins were identified. Regarding antiviral 

RNAi, we can see that all arthropods have seemingly fully functional pathways 

with only some order- or species-specific losses. This is also the case for the 

JAK/STAT pathway, where the main difference is that the ligand for dome has 

not been identified on any other insect besides D. melanogaster. The Toll 

pathway is also highly conserved among all the compared insects. The absence 

of ref(2)P seems to be a feature shared by most coleoptera and aphids 

suggesting that in these species activation of Dif/Dorsal regulated genes would 

be entirely dependent of cactus degradation.  

While aphids are missing the largest number of elements of the IMD pathway, 

all Hemiptera are missing some members. Thus, while holometabolous insects 

have a conserved IMD pathway, there seems to be an absence of canonical 

components of the IMD pathway among hemimetabolous insects. This would 

impair the ability of hemipterans to recognize invading Gram-negative bacteria. 

The differences between the immune system and the synthesis of amino acids 

in C. cedri and S. oryzae seem to be mostly due to their taxonomic position and 

not due to the differences in the age of their endosymbiotic relationships. 
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RESUMEN EN ESPAÑOL 

Introducción 

Los insectos se pueden encontrar en la mayoría de los ecosistemas del planeta 

y son capaces de aprovechar prácticamente cualquier fuente de alimento. Son 

el grupo de animales más diverso con un número de especies estimado en 

cinco millones. Todos los insectos comparten un mismo plan corporal que 

consiste en tres segmentos (cabeza, tórax y abdomen), tres pares de patas, 

un par de antenas y ojos compuestos; sin embargo, cada especie tiene partes 

especializadas acordes con su estilo de vida.  

A pesar de que los insectos son capaces de aprovechar múltiples fuentes de 

alimento, en múltiples ocasiones dependen de compañeros microbianos para 

obtener nutrientes escasos en su dieta. Por ello, la simbiosis juega un papel 

crucial en el desarrollo y la evolución de este grupo de animales. La unidad 

ecológica producto de estas asociaciones se denomina holobionte y los 

genomas de los participantes en la relación se conocen como el hologenoma. 

Estos hologenomas son propensos a sufrir pérdidas de genes duplicados entre 

los participantes de la interacción y también pueden sufrir transferencias de 

genes de un genoma al otro.  

En muchos casos estas interacciones también llevan al desarrollo de órganos 

especializados y mecanismos novedosos para regular el crecimiento de sus 

endosimbiontes. Además de mantener bajo control a sus endosimbiontes, los 

insectos deben de ser capaces de enfrentarse a numerosas infecciones. Para 

ello cuentan con una primera barrera que es su exoesqueleto que los protege 

de la invasión de la gran mayoría de los patógenos. Sin embargo, cuando esta 

protección falla los patógenos se enfrentan a otra barrera: el sistema inmune. 

A pesar de que los insectos únicamente cuentan con un sistema inmune innato, 

este es capaz de proteger a los insectos contra la mayoría de las infecciones. 

Sin embargo, un fenómeno poco estudiado es cómo se regula el sistema 

inmune de los insectos para protegerlos contra patógenos, pero tolerar a sus 

endosimbiontes. 
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Entre los insectos no cabe duda qué los coleópteros son el orden más exitoso 

con un número estimado de 400,000 especies descritas. El éxito de este grupo 

se debe a numerosos factores, entre ellos sus cortos ciclos de vida, su alta 

fertilidad, su exoesqueleto altamente resistente y unas bajas tasas de 

extinción. De todas las familias de este orden, la familia Curculionidae es la 

más grande, con más de 51,000 especies descritas, posiblemente siendo la 

familia con más especies de entre todos los animales. La familia 

Dryophthoridae contiene algunos de los insectos plaga más destructivos 

incluyendo a los granívoros Sitophilus (Coleoptera, Dryophthoridae) que 

pueden causar perdidas en los cereales almacenados de entre el 25 y el 40% 

del peso total. De las especies de este género, el gorgojo del arroz, S. oryzae, 

es la más destructiva. Además de las pérdidas causadas por estos gorgojos, 

el polvo liberado durante su alimentación atrae a pestes secundarias que 

pueden acarrear micotoxinas. 

Al igual que otros insectos holometábolos, el ciclo de vida de S. oryzae se 

divide en cuatro estadios: huevo, larva, pupa y adulto. Los primeros tres 

estadios ocurren dentro de los granos. Las hembras hacen un pequeño orificio 

en el grano utilizando sus mandíbulas y depositan un huevo que posterior 

cubren con una secreción. Al eclosionar, la larva comienza a desarrollarse 

dentro del grano consumiéndolo desde el interior. Posteriormente pupa dentro 

del grano y emerge como un adulto. 

Una característica importante de los gorgojos del género Sitophilus es su 

asociación permanente con endosimbiontes que les proporcionan nutrientes 

poco abundantes en los granos. Actualmente S. oryzae mantiene una relación 

mutualista con Candidatus Sodalis pierantonius (de ahora en delante S. 

pierantonius). Estos endosimbiontes se transmiten por vía maternal y en las 

larvas inducen la formación de los bacteriocitos. Esta interacción se estableció 

recientemente (hace menos de 30,000 años) reemplazando a Nardonella, el 

simbionte anterior. 

Numerosos trabajos han demostrado que S. pierantonius aumenta las 

capacidades invasivas de S. oryzae al incrementar su fertilidad y capacidad de 

vuelo. Además, al contar con la secuencia del genoma de su genoma se ha 
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podido inferir su metabolismo y se determinó que el endosimbionte es capaz 

de proveer a su hospedador con todos los aminoácidos excepto metionina, 

triptófano e histidina. El estudio de su genoma también permitió determinar que 

a diferencia de otros genomas de endosimbiontes más antiguos, este aun no 

experimenta una reducción tan drástica en su tamaño. Tiene un alto contenido 

de GC, numerosos genes pseudogenizados y un gran número de elementos 

móviles que abarcan el 18% de su genoma. Otro punto importante es que de 

determinó que S. pierantonius tiene un rol muy importante en la síntesis del 

exoesqueleto de los adultos a través de la tirosina y fenilalanina que 

proporciona al hospedador. Interesantemente, el hospedador es capaz de 

controlar con precisión las etapas de crecimiento de S. pierantonius 

permitiendo su proliferación cuando requiere mayores cantidades de tirosina. 

Por otra parte, los áfidos (Hemiptera, Aphididae) forman parte de un grupo de 

insectos con más de 5,000 especies descritas. Al ser hemípteros estos no 

tienen una metamorfosis completa y únicamente tienen tres estadios: huevo, 

ninfa y adulto. No obstante, sus ciclos de vida distan de ser simples y cuentan 

con adultos con diferentes morfologías. La mayoría de ellos presentan un ciclo 

de vida holocíclico en el cual existen varias generaciones de hembras 

partenogenéticas. Con la llegada del frio producen una generación de formas 

sexuales las cuales depositan huevos que son capaces de resistir las 

temperaturas extremas del invierno. Con la llegada de la primavera estos 

huevos eclosionan y comienza nuevamente el ciclo. Esta característica 

indudablemente es una de las razones de su éxito. 

Los áfidos también albergan endosimbiontes, la gran mayoría de ellos cuenta 

con Buchnera como su endosimbionte primario. Sin embargo, son capaces de 

albergar múltiples endosimbiontes primarios, y la subfamilia Lachninae parece 

ser especialmente propensa a esto. En su caso, además de albergar a 

Buchnera también cuentan con Serratia lo cual los vuelve excelentes modelos 

para estudiar la complementación endosimbiótica y el proceso por el cual un 

endosimbionte secundario puede pasar a ser co-primario. El género Cinara, y 
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en especial el áfido del cedro Cinara cedri es uno de los mejor estudiados 

dentro de esta subfamilia. 

La secuenciación de ambos endosimbiontes primarios de C. cedri determinó 

que estos habían establecido una relación coobligada con su hospedador. Se 

observó que Buchnera había perdido la habilidad de producir riboflavina y 

triptófano. Mientras que Serratia se encarga por completo de la producción de 

riboflavina se descubrió que la síntesis de triptófano estaba compartida entre 

ambos endosimbiontes. Esto implicaba la biosíntesis de antranilato por parte 

de Buchnera y su transferencia a Serratia la cual se encarga de convertirlo en 

triptófano. Posteriormente la secuenciación de otros endosimbiontes de 

miembros de la subfamilia Lachninae confirmó que el consorcio Buchnera-

Serratia se estableció antes de la diversificación del linaje ya que en todos los 

casos Buchnera contaba con un genoma pequeño y había perdido la habilidad 

de sintetizar riboflavina.     

 A pesar de que estamos principalmente interesados en identificar las 

diferencias entre ambos modelos a causa de la edad de la relación entre el 

hospedador y su endosimbionte es obvio que hay múltiples diferencias que 

debemos tener en cuenta. Entre ellas el hábitat en el que se encuentran, su 

dieta, su posición taxonómica y si son holo- o hemimetábolos. Para ello 

incluimos otros 19 artrópodos con genomas completos disponibles. Como 

grupos externos se incluyeron un crustáceo, la pulga de agua Daphnia pulex, 

and un arácnido que a pesar de ser conocido como araña roja se trata de un 

ácaro, Tetranychus urticae. 

En cuanto a los insectos hemimetábolos incluimos varios hemípteros: (i) el 

áfido del cedro C. cedri que como se mencionó anteriormente alberga 

Buchnera y Serratia; el áfido del guisante Acyrthosiphon pisum y el áfido verde 

del melocotonero Myzus persicae los cuales únicamente albergan Buchnera; y 

el psílido asiático de los cítricos Diaphorina citri el cual alberga Candidatus 

Carsonella ruddii DC, los cuatro pertenecen al suborden Sternorrhyncha y se 

alimentan de floema; (ii) el salta hojas marrón Nilaparvata lugens del suborden 

Auchenorrhyncha, el cual alberga una levadura como endosimbionte y también 

se alimenta de floema; (iii) la chinche Cimex lectularius, la cual alberga 
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Wolbachia y se alimenta de sangre; y (iv) el piojo Pediculus humanus el cual 

alberga Candidatus Riesia pediculicola y se alimenta de sangre también. 

De la clase Himenóptera: (i) la hormiga carpintera de Florida Camponotus 

floridanus; y la hormiga roja de fuego Solenopsis invicta, ambas omnívoras; (ii) 

la abeja europea Apis mellifera, que se alimenta exclusivamente de polen y 

néctar; y (iii) la avispa parasitoide Nasonia vitripennis, la cual es parasitoide de 

varias moscas. Entre ellos, solo C. floridanus alberga un endosimbionte, 

Blochmania floridanus. 

De los Diptera: (i) dos miembros de la familia Culicidae, el mosquito de la fiebre 

amarilla Aedes aegypti y Anopheles gambiae, los cuales durante su estadio 

larvario se alimentan de bacterias, algas y otros microorganismos y durante su 

etapa adulta se alimentan de néctar, mientras que las hembras también se 

alimentan de sangre para permitir el desarrollo de su huevos; (ii) la mosca del 

vinagre Drosophila melanogaster, que se alimenta de materia vegetal en 

descomposición; y (iii) la mosca tse-tsé Glossina morsitans, la cual se alimenta 

exclusivamente de sangre. Solo la mosca tse-tsé alberga un endosimbionte 

obligado Wigglesworthia glossinidia. 

De Lepidóptera: el gusano de la seda Bombyx mori, el gusano del tabaco 

Manduca sexta, la mariposa monarca Danaus plexippus y la palomilla dorso 

de diamante Plutella xylostella. Todos ellos se alimentan de las hojas de 

distintas plantas durante su estadio larvario y de néctar durante cuando son 

adultos. Ninguna de ellas tiene endosimbiontes asociados. 

Por último, del orden Coleóptera: (i) el barrenador esmeralda del fresno Agrilus 

planipennis, el escarabajo asiático de los cuernos Anoplophora glabripennis y 

el escarabajo del pino de montaña Dendroctonus ponderosae, los cuales se 

alimentan de la corteza interna y del floema de diversas especies de árboles; 

(ii) el escarabajo de la colmena Aethina tumida, el cual se alimenta de miel y 

polen; (iii) el gorgojo del arroz S. oryzae y el escarabajo rojo de la harina 

Tribolium castaneum que se alimentan de granos almacenados; y (iv) 

Nicrophorus vespilloides un escarabajo que se alimenta de cadáveres de otros 
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animales. El único escarabajo con un endosimbionte del grupo que 

seleccionamos es S. oryzae.  

Objetivos 

El objetivo principal de esta tesis es comparar el sistema inmune innato y las 

rutas de biosíntesis de aminoácidos entre insectos que albergan 

endosimbiontes. Ambas rutas de señalización fueron elegidas ya que es a 

través de ellas que el insecto interactúa con sus endosimbiontes. Los 

organismos elegidos fueron el gorgojo del arroz Sitophilus oryzae y el pulgón 

del cedro Cinara cedri. Dichos organismos fueron elegidos ya que nos interesa 

identificar las diferencias en el repertorio genético de insectos con relaciones 

endosimbióticas con diferentes edades. Mientras que la relación entre C. cedri 

y Buchnera es bastante antigua (se estableció hace al menos 150 millones de 

años), la de S. oryzae y Sodalis pierantonius es mucho más joven, 

estableciéndose hace alrededor de 30,000 años. Además, contamos con la 

secuencia de los endosimbiontes de ambos sistemas mismos que han sido 

estudiados a profundidad por los grupos de Abdelaziz Heddi y Amparo Latorre. 

1. El primer objetivo es obtener la secuencia del genoma de S. oryzae y 

anotarla para identificar los genes involucrados tanto en el sistema 

inmune como en el metabolismo de aminoácidos. Este grupo de genes 

se comparará con el repertorio de T. castaneum y Drosophila 

melanogaster, el modelo de los coleópteros y el de los insectos 

respectivamente. Esta comparación nos permitirá identificar diferencias 

entre un escarabajo que alberga un endosimbionte y otro que no tiene 

endosimbiontes. Es importante recordar que S. oryzae y T. castaneum 

pertenecen al mismo orden y comparten nicho ecológico. Además, la 

relación entre S. oryzae y S. pierantonius se estableció muy 

recientemente, por lo tanto, no sería sorprendente encontrar pocas 

diferencias entre ambos sistemas. La comparación con D. melanogaster 

nos permitirá identificar características que son específicas del orden 

Coleóptera. 

2. Obtener la lista de genes involucrados en el sistema inmune innato y en 

la biosíntesis de aminoácidos en C. cedri utilizando la secuencia del 
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genoma ensamblado y anotado. Dicho listado de genes se comparará 

con los ortólogos obtenidos en Acyrthosiphon pisum y D. melanogaster. 

En este caso A. pisum también alberga un endosimbionte y la 

comparación entre ambos áfidos nos permitirá identificar las 

características únicas de C. cedri a pesar de su similitud con A. pisum. 

Al comparar con D. melanogaster podremos identificar las 

características únicas de los insectos con relaciones simbióticas 

ancestrales que no se encuentran en el modelo de los insectos. 

3. Comparar los genes involucrados en el sistema inmune o en la 

biosíntesis de aminoácidos entre S. oryzae y C. cedri. Esto nos permitirá 

alcanzar el objetivo principal de este proyecto. No obstante, existen 

múltiples diferencias entre ambos modelos además de la fecha del 

establecimiento de sus relaciones endosimbióticas. Para tomar esto en 

cuenta e identificar las diferencias entre ambos ocasionadas por otros 

factores se incluirán otros insectos en la comparación.  

Metodología y resultados 

Capítulo 1. El gorgojo del arroz Sitophilus oryzae 

El genoma de S. oryzae fue secuenciado con una cobertura 101X utilizando 20 

adultos. El tamaño del genoma obtenido fue de 652 Mb en 17,786 scaffolds. 

La cantidad de elementos transponibles (48.6% del genoma) se encuentra 

entre las más elevadas descritas en insectos, entre ellos el mosquito tigre 

Aedes albopictus con 50% y la mosca Musca domestica con el 52%.  

Incorporando información de RNA-seq de 12 librerías generadas en diferentes 

condiciones y proteínas anotadas en otros coleópteros se anotó el genoma de 

S. oryzae. Se identificaron 17,026 modelos de genes con la predicción 

automática y 1,675 genes se curaron manualmente enfocándose en 

metabolismo, inmunidad, desarrollo, epigenética, sistema olfativo y genes 

transferidos horizontalmente. El número final de genes anotados en S. oryzae 

fue de 17,159. De ellos más del 85% tiene un ortólogo en al menos una de las 

especies de artrópodos incluidas en nuestro estudio. Además, determinamos 

que S. oryzae tiene el mayor número de genes linaje específicos dentro de los 
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coleópteros. Esto posiblemente se encuentra asociado a la alta tasa de 

expansión de familias de genes que calculamos en esta especie. 

Utilizando una filogenia de los coleópteros utilizados en nuestro análisis 

identificamos las familias con evolución acelerada en cada una de las especies 

y con 174 familias, S. oryzae fue el escarabajo con la tasa de expansión más 

elevada (0.409 genes por millón de años). Este proceso podría estar ligado al 

alto número de elementos transponibles tal como fue descrito en las termitas.  

En cuanto al metabolismo de aminoácidos determinamos que la alanina y la 

prolina son proporcionadas por el insecto en tanto que la treonina, lisina, 

fenilalanina y arginina son proporcionadas por el endosimbionte. Ya que el 

endosimbionte ancestral únicamente era capaz de producir tirosina esto podría 

haberle dado una ventaja a S. pierantonius sobre Nardonella. Finalmente, la 

valina, leucina, isoleucina, triptófano, metionina e histidina deben ser obtenidas 

de la dieta.  

Se determine que el sistema inmune de S. oryzae es muy similar al de T. 

castaneum e incluso D. melanogaster. Los genes involucrados en las cascadas 

de señalización se encuentran conservados y las diferencias principales se 

encuentran a nivel de los receptores y efectores. Una de las diferencias más 

significativas es que S. oryzae carece del receptor PGRP-LE, lo cual podría 

afectar su capacidad para reconocer bacterias intracelulares, incluyendo a sus 

propios endosimbiontes. Otro gen no identificado en S. oryzae es la cinasa 

Gprk2 la cual está involucrada en la amplificación de la señal en la ruta Toll, y 

por ello posiblemente no es esencial. Las proteasas involucradas en el inicio 

de la cascada de señalización que lleva a la activación del receptor Toll no 

pudieron ser identificadas debido al gran número de proteasas y la dificultad 

para establecer relaciones de ortología entre ellas. Finalmente, se identificaron 

péptidos antimicrobianos, tanto aquellos descritos previamente como algunos 

nuevos.  

Capítulo 2. El áfido del cedro Cinara cedri 

El genoma de C. cedri fue secuenciado, ensamblado y anotado en el Centro 

Nacional de Análisis Genómico. El tamaño del genoma ensamblado fue de 396 
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Mb distribuidas en 1,740 scaffolds. A pesar de que no existen grandes 

diferencias entre los tamaños de los genomas de los áfidos cuyos genomas se 

encuentran disponibles si existen diferencias entre los números de genes 

identificados en cada especie. En tanto que A. pisum y M. persicae tienen un 

número similar de genes predichos, en C. cedri se encontraron 1,500 menos 

genes. Dada la alta calidad del ensamble, parece que no se trata de errores 

técnicos y que efectivamente C. cedri tiene un número menor de genes, 

sugiriendo perdidas especificas en su linaje o expansiones en la familia 

Aphididae a la cual pertenecen A. pisum y M. persicae. 

Aproximadamente el 62% de los genes en C. cedri tienen ortólogos en al 

menos algún otro artrópodo. Al comparar el número de genes linaje específicos 

de cada especie observamos que a pesar de que C. cedri tiene el menor 

número de genes entre los áfidos que incluimos en nuestro estudio, también 

tiene el mayor número de genes linaje específicos (6,449, aproximadamente el 

38% de sus genes). 

Respecto al metabolismo de aminoácidos en el holobionte C. cedri, Buchnera 

proporciona la histidina, fenilalanina, lisina y treonina mientras que la serina, 

alanina, glutamato, glutamina, prolina, aspartato, asparagina y tirosina pueden 

ser sintetizadas por el insecto. La cisteína puede ser producida tanto por el 

insecto como por Serratia y la glicina por los tres miembros del consorcio. La 

valina, leucina, arginina e isoleucina son producidas por una colaboración entre 

C. cedri y Buchnera. El triptófano se produce por una colaboración entre 

Buchnera y Serratia, siendo esta una de las principales razones por las cuales 

ambos son endosimbiontes co-primarios. Finalmente, se ha sugerido que la 

metionina puede producirse a través de una colaboración entre C. cedri y 

Buchnera, sin embargo, esto requeriría que una enzima de C. cedri funcionara 

en la dirección opuesta a la que lo hace normalmente y esto nunca se ha 

observado en la naturaleza. La alternativa es que la metionina se obtiene de la 

dieta. 

El sistema inmune de C. cedri es muy parecido al de A. pisum con pequeñas 

diferencias en el número de copias de algunos genes. Entre las características 

que tienen en común se encuentra la ausencia de la mayoría de los genes 
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involucrados en la señalización de la ruta IMD. Ello implica que los áfidos son 

incapaces de reconocer a las bacterias Gramnegativas, al menos por la 

principal vía descrita. Esto posiblemente permitió no solo la adquisición de 

Buchnera el endosimbionte primario de los áfidos, si no de múltiples 

endosimbiontes secundarios o co-primarios, como el caso de Serratia en C. 

cedri, pues al tratarse también de una bacteria Gramnegativa, esta no tendría 

demasiados problemas para colonizar al insecto. En el caso de C. cedri, 

tampoco fue posible establecer una relación clara de ortología entre las 

proteasas involucradas en la activación de la ruta Toll del áfido y aquellas 

definidas en D. melanogaster, No obstante, se sabe que la ruta esta activa, ya 

sea utilizando los ortólogos de las proteasas en la mosca del vinagre u otras 

proteasas. Finalmente, una de las diferencias más llamativas entre los áfidos 

y los demás insectos es la ausencia de péptidos antimicrobianos a excepción 

de la taumatina. Sin embargo, dado el reto que representa identificar péptidos 

antimicrobianos es posible que los áfidos cuenten con otras de estas moléculas 

que aún no han sido identificadas entre su arsenal. 

Otro factor interesante en C. cedri es que todos los individuos muestreados 

hasta la fecha cuentan con Wolbachia como endosimbionte, lo cual sugiere 

que tiene algún rol en la biología del insecto. Debido a que la secuencia de su 

genoma se obtuvo al secuenciar al insecto, esta también se analizó y no se 

identificaron rutas para la biosíntesis de aminoácidos ausentes en el holobionte 

ni rutas metabólicas que puedan ser de interés para C. cedri. El hecho de que 

la gran mayoría de sus genes cepa específicos están involucradas en la 

transposición o son proteínas hipotéticas dificulta hipotetizar sobre su rol.  

Capítulo 3. Comparación entre ambos modelos 

Para poner la comparación entre C. cedri y S. oryzae en contexto se 

incorporaron los otros 26 artrópodos previamente mencionados. Se 

identificaron 1,327 genes conservados con una ortología uno a uno entre todos 

los artrópodos. Además 1,478 tenían ortólogos en todos los artrópodos sin ser 

estrictamente uno a uno llevando a un total de 2,805 genes que formarían el 

genoma-núcleo de los artrópodos. Y si consideramos únicamente a los 
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insectos se incluiría un grupo adicional de 2,578 genes que se encuentran en 

todos ellos, pero no en los dos artrópodos no insectos. 

Analizando específicamente a los coleópteros se identificó un grupo de 1,356 

genes presentes únicamente en ellos y se observa una distribución más menos 

homogénea, sin embargo, en A. planipennis se observan solo 784 en esta 

categoría. Esto es especialmente interesante ya que es el linaje más antiguo 

dentro de los escarabajos incluidos en el estudio, sugiriendo que pudo existir 

una serie de duplicaciones en el ancestro de los otros coleópteros. De interés 

especial también es el grupo de los lepidópteros ya que se encontraron 3,106 

genes específicos de su orden, el numero más grande de entre los 

holometábolos analizados y además el más homogéneo. En el caso de los 

hemimetábolos N. lugens parece representar una anomalía. Este insecto tiene 

un repertorio de genes muy por encima de cualquier otro incluido en el análisis. 

Los insectos que elegimos para este análisis viven en ambientes muy distintos 

y deben enfrentarse a diferentes tipos de estrés incluido obtener todos los 

nutrientes necesarios para su correcto desarrollo. Nosotros nos enfocamos 

únicamente en los aminoácidos, sin embargo, la obtención de otros factores 

como las vitaminas también es crucial y es sabido que los endosimbiontes 

participan en esa tarea. 

En cuanto a la síntesis de glutamato y aspartato, todos los artrópodos 

evaluados, así como varios endosimbiontes son capaces de producirlo. Esto 

no es ninguna sorpresa ya que estos aminoácidos son esenciales para la 

síntesis de otros aminoácidos. La glutamina, serina, glicina y cisteína también 

pueden ser producidas por todos los artrópodos y algunos endosimbiontes. La 

síntesis de prolina y alanina también esta conservada entre todos los 

eucariotas, incluido el endosimbionte de N. lugens. Sin embargo, no se 

encuentra en ningún endosimbionte bacteriano sugiriendo que estas rutas 

tienen una mayor relevancia en los eucariotas y que son prescindibles en los 

endosimbiontes bacterianos. La asparagina puede ser producida por todos los 

artrópodos y los simbiontes de los insectos que se alimentan de floema son 

incapaces de producirla, esto puede estar relacionado con el alto contenido de 

este aminoácido en el floema.  
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La arginina no puede ser producida en su totalidad por ningún artrópodo, pero 

todos pueden producirla a partir de la citrulina. Algunos endosimbiontes 

pueden producirla a partir de la ornitina e interesantemente parece que los 

lepidópteros también tienen la habilidad de catalizar esta reacción. La lisina, 

metionina, valina, leucina, isoleucina y treonina no pueden producirse por 

ningún artrópodo, sin embargo, algunos endosimbiontes son capaces de 

producirla. En el caso de la lisina, aquellos que no son capaces de producirla 

son los endosimbiontes de insectos que se alimentan de sangre, sugiriendo 

que el contenido de este aminoácido en la dieta es suficiente para satisfacer 

los requerimientos. En el caso de los aminoácidos aromáticos, ningún 

artrópodo es capaz de producirlos, sin embargo, algunos endosimbiontes son 

capaces de producirlos. Tal es el caso del holobionte C. floridanus así como 

los áfidos que puede producir los tres o S. oryzae que puede producir 

fenilalanina y tirosina. Por último, en cuanto a la histidina Buchnera, B. 

floridanus, el endosimbionte de N. lugens y posiblemente C. Carsonella ruddii 

DC son capaces de producirla. 

Al comparar los sistemas inmunes de los artrópodos que seleccionamos para 

nuestro estudio observamos que los péptidos antimicrobianos son altamente 

específicos para cada orden e incluso en cada linaje. A pesar de que sabemos 

que la mayoría de la diversidad de estos péptidos no ha sido explorada debido 

a las dificultades para identificarlos podemos concluir que mientras que los 

áfidos únicamente cuentan con una familia de péptidos antimicrobianos los 

holometábolos cuentan con una gran diversidad de estos efectores. En cuanto 

a respuesta antiviral RNAi, todos los artrópodos cuentan con rutas mayormente 

completas y únicamente se observan pequeñas perdidas como las pérdidas de 

HPS4 y Nbr que están involucradas en la carga del miRNA en la proteína Ago1, 

sin embargo, se sabe que estas no son esenciales. La ruta JAK/STAT también 

está altamente conservada, sin embargo, un aspecto importante de esta ruta 

es que el principal ligando, dome, no ha sido identificado en ninguna otra 

especie además de la mosca del vinagre.  

La ruta de señalización Toll se encuentra conservada en la mayoría de los 

artrópodos, pero existen dificultades para identificar correctamente las 
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proteasas involucradas en el procesamiento del ligando principal. Esto se debe 

sobre todo a que se trata de una familia de enzimas muy grande y establecer 

las relaciones de ortología entre ellas no es trivial. Un aspecto similar entre los 

áfidos y los coleópteros es la ausencia de ref(2)P. De entre todas las especies 

estudiadas en ambos grupos únicamente se identificó en A. planipennis, el 

grupo hermano de todos los demás coleópteros, sugiriendo que este gen se 

perdió tras la divergencia de estos linajes. 

Posiblemente el aspecto más relevante de este estudio son las grandes 

diferencias en la vía de señalización IMD. Los áfidos son el único grupo en el 

que no se encuentra CYLD, y además en ninguna especie del suborden 

Sternorrhyncha se encuentran ird5, imd, relish ni tab2. Dredd, Fadd, key y pirk 

no se encuentran en ninguno de los miembros del orden Hemíptera, por lo 

tanto, sugiriendo que este grupo de organismos no son capaces de identificar 

y posiblemente responder ante infecciones de bacterias Gramnegativas. Ya 

que la mayoría de los hemípteros se alimentan de dietas mayormente estériles 

esto podría no representar un problema demasiado grande, además ahorrando 

los recursos que son necesarios para mantener dicha vía del sistema inmune. 

Además, el hecho de no contar con la ruta IMD permite que estos insectos 

sean colonizados con mayor facilidad por potenciales endosimbiontes. 

Conclusiones generales 

La cantidad de repeticiones en el genoma de S. oryzae se encuentra entre las 

mayores observadas en otros insectos y la mayor en cualquier coleóptero 

estudiado. El número de elementos móviles posiblemente ha propiciado que 

sea el escarabajo con la tasa de expansión de familias génicas más elevada 

entre aquellos que incluimos en nuestro estudio. 

Se observa una clara dependencia entre el metabolismo de S. oryzae y su 

endosimbionte. En cuanto a los aminoácidos esenciales, algunos se producen 

por el hospedador, otros por el endosimbionte y otros deben obtenerse a partir 

de la dieta. El hecho de que S. pierantonius es capaz de producir más 

aminoácidos que Nardonella es una posible razón para explicar el reemplazo 

dada la baja abundancia de lisina y treonina en los cereales.    
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El sistema inmune de S. oryzae es muy similar al de T. castaneum e incluso D. 

melanogaster. Una de las pocas diferencias es la ausencia del receptor PGRP-

LE, lo cual es una posible puede explicar que S. oryzae sea capaz de tolerar a 

su endosimbionte. También se identificaron varios péptidos antimicrobianos. El 

hecho de que su sistema inmune sea tan parecido al de otros insectos sugiere 

que pequeños cambios son suficientes para permitir albergar un endosimbionte 

obligado.  

No encontramos eventos de transferencia horizontal en el genoma de S. 

oryzae que parezcan provenir de S. pierantonius. Esto sugiere que existen 

mecanismos para evitar este fenómeno o quizás no ha habido tiempo suficiente 

para observar esta transferencia.   

El metabolismo de aminoácidos esta compartido entre C. cedri, Buchnera y 

Serratia. La cisteína puede ser producida tanto por el hospedador como por 

Serratia. La valina, leucina, arginina e isoleucina son producidas por una 

colaboración entre C. cedri and Buchnera. Por último, aún no está claro si la 

metionina es obtenida de la dieta o mediante una colaboración entre C. cedri 

and Buchnera. 

El sistema inmune de C. cedri es muy similar al de A. pisum con pequeñas 

diferencias en el número de copias de algunos genes. En cambio, en 

comparación con otros insectos existen grandes diferencias en la ruta de 

señalización IMD. Además, no se identificaron otros péptidos antimicrobianos 

además de la taumatina. 

Mientras que en todos los áfidos de la especie C. cedri se ha encontrado 

Wolbachia no ha sido posible definir su rol, si es que tiene alguno. No parece 

colaborar en la biosíntesis de aminoácidos ni se identificaron otras rutas 

metabólicas que puedan ser de importancia para el holobionte. La mayoría de 

los genes específicos de esta cepa están involucrados en la transposición o 

son proteínas hipotéticas.   

En cuanto al metabolismo de aminoácidos, todos los artrópodos tienen un 

repertorio de genes parecido, apoyando la idea de una gran pérdida de genes 
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en el origen de los metazoos. Sin embargo, (i) la arginina no puede ser 

producida por los artrópodos, sin embargo algunos endosimbiontes pueden 

proporcionar este aminoácido a sus hospedadores, además los lepidópteros 

cuentan con una enzima que les permite producirla a partir de la ornitina; (ii) la 

lisina puede ser producida por todos los endosimbiontes, excepto aquellos que 

habitan en insectos que se alimentan de sangre; (iii) la alanina puede ser 

producida por todos los artrópodos, sin embargo se ha perdido en todos los 

endosimbiontes bacterianos, sugiriendo que existe una presión selectiva para 

que los eucariotas la conserven; (iv) S. pierantonius puede producir fenilalanina 

y tirosina mientras que Buchnera únicamente puede producir fenilalanina por 

si solo y requiere a Serratia para producir triptófano. 

Los péptidos antimicrobianos son orden-, o incluso linaje-específicos. En el 

caso de los insectos hemimetábolos únicamente fue posible identificar 

defensina y taumatina. En cuanto a la respuesta antiviral, todos los artrópodos 

cuentan con las vías de señalización intactas, lo cual habla de su importancia. 

Eso también ocurre en el caso de la ruta de señalización JAK/STAT, la cual se 

conserva en todos los artrópodos a pesar de que el ligando únicamente se ha 

identificado en D. melanogaster. En cuanto a la ruta Toll, es posible que existan 

diferencias en las proteasas involucradas en el procesamiento del ligando del 

receptor Toll, sin embargo, es difícil de afirmar por la dificultad para asignar 

ortología entre las proteasas. 

Los áfidos carecen de un gran número de elementos de la ruta de señalización 

IMD; sin embargo, todos los hemípteros carecen de ciertos elementos de esta 

ruta. Esto implica que los hemípteros tienen una menor capacidad para 

reconocer y posiblemente responder ante patógenos Gramnegativos. 

Consideramos que se trata de perdidas en el grupo de los hemimetábolos y no 

de una adquisición tardía puesto que esta vía de señalización se encuentra 

con todos sus elementos en algunos insectos hemimetábolos como la 

cucaracha americana.  
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Marçais, Guillaume, and Carl Kingsford. 2011. “A Fast, Lock-Free Approach for 
Efficient Parallel Counting of Occurrences of k-Mers.” Bioinformatics 27 (6): 
764–70. doi:10.1093/bioinformatics/btr011. 



    VI.3 Conclusions  

153 

 

Marco-Sola, Santiago, Michael Sammeth, Roderic Guigó, and Paolo Ribeca. 
2012. “The GEM Mapper: Fast, Accurate and Versatile Alignment by Filtration.” 
Nature Methods 9 (12): 1185–88. doi:10.1038/nmeth.2221. 

Martin, Bradford D.;, and Ernest Schwab. 2012a. “Symbiosis: ‘Living Together’ 
in Chaos.” Studies in the History of Biology 4 (4): 7–25. 

Martin, Bradford D., and Ernest Schwab. 2012b. “Current Usage of Symbiosis 
and Associated Terminology.” International Journal of Biology 5 (1): 32–45. 
doi:10.5539/ijb.v5n1p32. 

Martin, Marcel. 2011. “Cutadapt Removes Adapter Sequences from High-
Throughput Sequencing Reads.” EMBnet.Journal 17 (1): 10. 
doi:10.14806/ej.17.1.200. 

Martinez-Torres, David, Celia Buades, Amparo Latorre, and Andres Moya. 
2001. “Molecular Systematics of Aphids and Their Primary Endosymbionts.” 
Molecular Phylogenetics and Evolution 20 (3): 437–49. 
doi:10.1006/mpev.2001.0983. 

Masson, Florent, Yves Moné, Aurélien Vigneron, Agnès Vallier, Nicolas Parisot, 
Carole Vincent-Monégat, Séverine Balmand, Marie-Christine Carpentier, Anna 
Zaidman-Rémy, and Abdelaziz Heddi. 2015. “Weevil Endosymbiont Dynamics 
Is Associated with a Clamping of Immunity.” BMC Genomics 16 (1). BioMed 
Central: 819. doi:10.1186/s12864-015-2048-5. 

Masson, Florent, Anna Zaidman-Rémy, and Abdelaziz Heddi. 2016. 
“Antimicrobial Peptides and Cell Processes Tracking Endosymbiont 
Dynamics.” Philosophical Transactions of the Royal Society B: Biological 
Sciences 371 (1695). doi:10.1098/rstb.2015.0298. 

Mathers, Thomas C., Yazhou Chen, Gemy Kaithakottil, Fabrice Legeai, Sam T. 
Mugford, Patrice Baa-Puyoulet, Anthony Bretaudeau, et al. 2017. “Rapid 
Transcriptional Plasticity of Duplicated Gene Clusters Enables a Clonally 
Reproducing Aphid to Colonise Diverse Plant Species.” Genome Biology 18 
(1). BioMed Central: 27. doi:10.1186/s13059-016-1145-3. 

McCutcheon, John P., and Nancy A. Moran. 2012. “Extreme Genome 
Reduction in Symbiotic Bacteria.” Nature Reviews Microbiology 10 (1): 13–26. 
doi:10.1038/nrmicro2670. 

McCutcheon, John P., and Carol D. von Dohlen. 2011. “An Interdependent 
Metabolic Patchwork in the Nested Symbiosis of Mealybugs.” Current Biology 
21 (16): 1366–72. doi:10.1016/j.cub.2011.06.051. 

McCutcheon, John P., Bradon R. McDonald, and Nancy A. Moran. 2009. 
“Origin of an Alternative Genetic Code in the Extremely Small and GC–Rich 
Genome of a Bacterial Symbiont.” Edited by Ivan Matic. PLoS Genetics 5 (7). 
Public Library of Science: e1000565. doi:10.1371/journal.pgen.1000565. 



Bibliography 

 

154 

 

McKenna, Duane D, and Brian D Farrell. 2009. “Beetles (Coleoptera).” In The 
Timetree of Life, edited by S. Blair Hedges and Sudhir Kumar, 278–89. Oxford 
University Press. 

Mckenna, Duane D., Alexander L. Wild, Kojun Kanda, Charles L. Bellamy, Rolf 
G. Beutel, Michael S. Caterino, Charles W. Farnum, et al. 2015. “The Beetle 
Tree of Life Reveals That Coleoptera Survived End-Permian Mass Extinction 
to Diversify during the Cretaceous Terrestrial Revolution.” Systematic 
Entomology 40 (4): 835–80. doi:10.1111/syen.12132. 

McKenna, Duane D., Erin D. Scully, Yannick Pauchet, Kelli Hoover, Roy Kirsch, 
Scott M. Geib, Robert F. Mitchell, et al. 2016. “Genome of the Asian 
Longhorned Beetle (Anoplophora Glabripennis), a Globally Significant Invasive 
Species, Reveals Key Functional and Evolutionary Innovations at the Beetle–
plant Interface.” Genome Biology 17 (1). BioMed Central: 227. 
doi:10.1186/s13059-016-1088-8. 

Medved, Victor, James H. Marden, Howard W. Fescemyer, Joshua P. Der, Jin 
Liu, Najmus Mahfooz, and Aleksandar Popadić. 2015. “Origin and 
Diversification of Wings: Insights from a Neopteran Insect.” Proceedings of the 
National Academy of Sciences 112 (52): 15946–51. 
doi:10.1073/pnas.1509517112. 

Meseguer, Andrea S., Armelle Coeur d’acier, Gwenaelle Genson, and 
Emmanuelle Jousselin. 2015. “Unravelling the Historical Biogeography and 
Diversification Dynamics of a Highly Diverse Conifer-Feeding Aphid Genus.” 
Journal of Biogeography 42 (8). John Wiley & Sons, Ltd (10.1111): 1482–92. 
doi:10.1111/jbi.12531. 

Michelena, J. M., Fabienne Assael, and Z. Mendel. 2005. “Description of 
Pauesia (Pauesia) Anatolica (Hymenoptera: Braconidae, Aphidiinae) Sp. Nov., 
a Parasitoid of the Cedar Aphid Cinara Cedri.” Phytoparasitica 33 (5). Springer 
Netherlands: 499–505. doi:10.1007/BF02981399. 

Mills, K. A. 2001. “Phosphine Resistance: Where To Now ?” In Proc. Int. Conf. 
Controlled Atmosphere and Fumigation in Stored Products, edited by E. J. 
Donahaye, S. Navarro, and J. G. Leesch, 583–91. Fresno, CA: Executive 
Printing Services. 

Misof, Bernhard, Shanlin Liu, Karen Meusemann, Ralph S. Peters, Alexander 
Donath, Christoph Mayer, Paul B. Frandsen, et al. 2014. “Phylogenomics 
Resolves the Timing and Pattern of Insect Evolution.” Science 346 (6210): 763–
67. doi:10.1126/science.1257570. 

Mita, Kazuei, Masahiro Kasahara, Shin Sasaki, Yukinobu Nagayasu, Tomoyuki 
Yamada, Hiroyuki Kanamori, Nobukazu Namiki, et al. 2004. “The Genome 
Sequence of Silkworm, Bombyx Mori.” DNA Research : An International Journal 
for Rapid Publication of Reports on Genes and Genomes 11 (1): 27–35. 



    VI.3 Conclusions  

155 

 

Mittler, T.E., and R.H. Dadd. 1963. “Studies on the Artificial Feeding of the 
Aphid Myzus Persicae (Sulzer)—II. Relative Survival, Development, and 
Larviposition on Different Diets.” Journal of Insect Physiology 9 (5). Pergamon: 
741–57. doi:10.1016/0022-1910(63)90017-9. 

Montllor, Clytia B., Amy Maxmen, and Alexander H. Purcell. 2002. “Facultative 
Bacterial Endosymbionts Benefit Pea Aphids Acyrthosiphon Pisum under Heat 
Stress.” Ecological Entomology 27 (2). John Wiley & Sons, Ltd (10.1111): 189–
95. doi:10.1046/j.1365-2311.2002.00393.x. 

Moran, N. A., and T. Jarvik. 2010. “Lateral Transfer of Genes from Fungi 
Underlies Carotenoid Production in Aphids.” Science 328 (5978): 624–27. 
doi:10.1126/science.1187113. 

Moran, Nancy A., Mark A. Munson, Paul Baumann, and Hajime Ishikawa. 1993. 
“A Molecular Clock in Endosymbiotic Bacteria Is Calibrated Using the Insect 
Hosts.” Proceedings of the Royal Society of London. Series B: Biological 
Sciences 253 (1337): 167–71. doi:10.1098/rspb.1993.0098. 

Moran, Nancy A., John P. McCutcheon, and Atsushi Nakabachi. 2008. 
“Genomics and Evolution of Heritable Bacterial Symbionts.” Annual Review of 
Genetics 42 (1): 165–90. doi:10.1146/annurev.genet.41.110306.130119. 

Moran, N A. 1996. “Accelerated Evolution and Muller’s Rachet in 
Endosymbiotic Bacteria.” Proceedings of the National Academy of Sciences of 
the United States of America 93 (7). National Academy of Sciences: 2873–78. 
doi:10.1073/PNAS.93.7.2873. 

Moya, Andrés, Juli Peretó, Rosario Gil, and Amparo Latorre. 2008. “Learning 
How to Live Together: Genomic Insights into Prokaryote-Animal Symbioses.” 
Nature Reviews Genetics 9 (3): 218–29. doi:10.1038/nrg2319. 

Müller, Werner E G, and Isabel M Müller. 2003. “Origin of the Metazoan Immune 
System: Identification of the Molecules and Their Functions in Sponges.” 
Integrative and Comparative Biology 43 (2): 281–92. doi:10.1093/icb/43.2.281. 

Munson, M. A., P. Baumann, and M. G. Kinsey. 1991. “Buchnera Gen. Nov. 
and Buchnera Aphidicola Sp. Nov., a Taxon Consisting of the Mycetocyte-
Associated, Primary Endosymbionts of Aphids.” International Journal of 
Systematic Bacteriology 41 (4). Microbiology Society: 566–68. 
doi:10.1099/00207713-41-4-566. 

Mutti, Navdeep S., Yoonseong Park, John C. Reese, and Gerald R. Reeck. 
2006. “RNAi Knockdown of a Salivary Transcript Leading to Lethality in the Pea 
Aphid, Acyrthosiphon Pisum.” Journal of Insect Science 6 (38): 1–7. 
doi:10.1673/031.006.3801. 

Myllymaki, H., S. Valanne, and M. Ramet. 2014. “The Drosophila Imd Signaling 
Pathway.” The Journal of Immunology 192 (8): 3455–62. 
doi:10.4049/jimmunol.1303309. 



Bibliography 

 

156 

 

Mylonakis, Eleftherios, Lars Podsiadlowski, Maged Muhammed, and Andreas 
Vilcinskas. 2016. “Diversity, Evolution and Medical Applications of Insect 
Antimicrobial Peptides.” Philosophical Transactions of the Royal Society B: 
Biological Sciences 371 (1695). The Royal Society. 
doi:10.1098/RSTB.2015.0290. 

Nakabachi, Atsushi, Reiko Ueoka, Kenshiro Oshima, Roberta Teta, Alfonso 
Mangoni, Mihaela Gurgui, Neil J. Oldham, et al. 2013. “Defensive Bacteriome 
Symbiont with a Drastically Reduced Genome.” Current Biology 23 (15): 1478–
84. doi:10.1016/j.cub.2013.06.027. 

Nardon P. 1973. Obtention d’une souche asymbiotique chez le charançon 
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APPENDIX 

S.1 Additional Tables 

 

Name Order Family 
Holo/hemi 

metabolous 

Primary 
Endosymbiont 

Reference 

Aethina 
tumida 

Coleoptera Nitidulidae Holometabolous   Tarver et al., 
2016 

Agrilus 
planipennis 

Coleoptera Buprestidae Holometabolous   Duan et al., 
2015 

Anoplophora 
glabripennis 

Coleoptera Cerambycidae Holometabolous   McKenna et al., 
2016 

Dendroctonus 
ponderosae 

Coleoptera Curculionidae Holometabolous   Keeling et al., 
2013 

Nicrophorus 
vespilloides 

Coleoptera Silphidae Holometabolous   Cunningham et 
al., 2015 

Sitophilus 
oryzae 

Coleoptera Dryophthoridae Holometabolous Candidatus 
Sodalis pierantonius 

  

Tribolium 
castaneum 

Coleoptera Tenebrionidae Holometabolous   Tribolium 
Genome 
Sequencing 
Consortium, 
2008 

Daphnia pulex Diplostraca Daphniidae 
  

Colbourne et 
al., 2011 

Aedes aegypti Diptera Culicidae Holometabolous  Nene et al., 
2007 

Anopheles 
gambiae 

Diptera Culicidae Holometabolous   Holtet al., 2002 

Drosophila 
melanogaster 

Diptera Drosophilidae Holometabolous   Adams et al., 
2000 

Glossina 
morsitans 

Diptera Glossinidae Holometabolous Wigglesworthia 
glossinidia 

International 
Glossina 
Genome 
Initiative, 2014 

Acyrthosiphon 
pisum 

Hemiptera Aphididae Hemimetabolous Buchnera 
aphidicola 

The 
International 
Aphid 
Genomics 
Consortium, 
2010 

Cimex 
lectularius 

Hemiptera Cimicidae Hemimetabolous Wolbachia wCle Rosenfeld, et 
al., 2015 

Cinara cedri Hemiptera Lachnidae Hemimetabolous Buchnera 
aphidicola and 
Serratia symbiotica 

 

Diaphorina 
citri 

Hemiptera Liviidae Hemimetabolous Candidatus 
Carsonella ruddii 

Saha et al., 
2017 

Myzus 
persicae 

Hemiptera Aphididae Hemimetabolous Buchnera 
aphidicola 

Mathers et al., 
2017 
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Nilaparvata 
lugens 

Hemiptera Delphacidae Hemimetabolous Yeast like symbiont Xue et al., 2014 

Apis mellifera Hymenoptera Apidae Holometabolous   Honeybee 
Genome 
Sequencing 
Consortium, 
2006 

Camponotus 
floridanus 

Hymenoptera Formicidae Holometabolous Blochmania 
floridanus 

Bonasio et al., 
2010 

Nasonia 
vitripennis 

Hymenoptera Pteromalidae Holometabolous   Werren et al., 
2010 

Solenopsis 
invicta 

Hymenoptera Formicidae Holometabolous  Wurm et al.,  
2011 

Bombyx mori Lepidoptera Bombycidae Holometabolous   The 
International 
Silkworm 
Genome 
Consortium, 
2008 

Danaus 
plexippus 

Lepidoptera Nymphalidae Holometabolous  Zhan et al., 
2011 

Manduca 
sexta 

Lepidoptera Sphingidae Holometabolous   Cao and Jiang, 
2015 

Plutella 
xylostella 

Lepidoptera Plutellidae Holometabolous   You et al., 2013 

Pediculus 
humanus 

Phthiraptera Pediculidae Hemimetabolous Candidatus Riesia 
  pediculicola 

KirknesS et al., 
2010 

Tetranychus 
urticae 

Trombidiformes Tetranychidae     Grbić et al., 
2011 

Table S.1 Arthropod species used in the analysis.  
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d

p
u

 

tu
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d
ci 
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B
ap

 

Ssy 

W
cc 
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e
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n
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Sp
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o
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p
xy 

d
p
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m
se 

b
m

o
 

gm
o

 

d
m

e
 

aga 

aae 

n
vi 

am
e 

sin
 

cfl 

  

K00615 
(E2.2.1.

1) 
1 2 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

H
is 

K01783 
(rpe) 

1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 

K01807 
(rpiA) 

1 1 2 1 1 1 0 1 1 1 1 1 1 1 1 1 1 4 1 1 1 1 2 1 0 1 1 1 1 1 0 1 

K01808 
(rpiB) 

0 0 0 0 0 0 0 0 1 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 

K00948 
(PRPS) 

1 2 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 

K00765 
(hisG) 

0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

K11755 
(hisIE) 

0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

K11755 
(hisIE) 

0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

K01814 
(hisA) 

0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

K02500 
(hisF) 

0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

K02501 
(hisH) 

0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

K01089 
(hisB) 

0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

K00817 
(hisC) 

0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

K01089 
(hisB) 

0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

K00013 
(hisD) 

0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

K00850 
(pfkA) 

1 1 0 1 1 1 0 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

G
lycer
ate

-

3P
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K01623 
(ALDO) 

1 0 1 0 0 0 0 1 1 1 1 1 1 1 3 1 0 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 

K01624 
(FBA) 

0 0 0 0 1 1 0 0 3 0 0 0 0 0 0 0 2 0 0 0 1 0 0 0 1 0 0 0 0 1 0 0 

K11645 
(fbaB) 

0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

K00134 
(GAPDH

) 
1 0 1 0 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 0 1 1 2 1 1 1 1 1 1 

K00927 
(PGK) 

1 1 1 1 1 1 1 1 1 0 2 0 0 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 

K00058 
(serA) 

1 2 1 1 0 0 0 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 

Ser 

K00831 
(serC) 

1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 

K01079 
(serB) 

1 1 0 1 0 0 0 1 1 1 1 0 1 1 2 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 

K00640 
(cysE) 

0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 

C
ys 

K01738 
(cysK) 

0 1 0 0 0 1 0 0 0 1 0 0 0 0 0 0 3 0 0 0 1 2 1 1 0 0 0 0 0 0 0 0 

K01697 
(CBS) 

2 1 0 1 0 0 0 1 1 1 0 2 1 1 1 1 0 2 1 1 1 1 1 2 1 1 1 1 1 1 1 1 

K01758 
(CTH) 

1 1 1 1 0 0 0 2 2 1 1 1 2 1 1 1 0 1 1 2 1 0 1 1 1 1 1 1 1 1 1 2 

K17217 
(mccB) 

0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

K00600 
(glyA) 

1 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

G
ly 

K01834 
(PGAM) 

1 0 0 1 1 1 0 1 1 0 1 0 1 1 1 1 1 1 1 1 2 1 2 1 1 1 1 1 1 1 1 1 

P
h

o
sp

h
o

en
o

lp
yru

va
te 

K15633 
(gpmI) 

0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 

K01689 
(ENO) 

1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 

K01626 
(E2.5.1.

54) 
0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 

C
h

o
rism

ate 

K01735 
(aroB) 

0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

K03786 
(aroQ) 

0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

K00014 
(aroE) 

0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

K00891 
(E2.7.1.

71) 
0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

K00800 
(aroA) 

0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

K01736 
(aroC) 

0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

K01657 
(trpE) 

0 0 0 0 1 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Trp
 

K01658 
(trpG) 

0 0 0 0 1 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

K00766 
(trpD) 

0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

K13498 
(trpCF) 

0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

K13498 
(trpCF) 

0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

K01695 
(trpA) 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

K01696 
(trpB) 

0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

K01694 
(TRP) 

6 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

K01850 
(E5.4.9

9.5) 
0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 P

rep
h

en
ate

 

K14187 
(tyrA) 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

K04093 
(pheA1) 

0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

K14170 
(pheA) 

0 0 2 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

P
h

e
 

K14170 
(pheA) 

0 0 2 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

K01713 
(pheC) 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

K14454 
(GOT1) 

1 1 0 1 0 0 0 1 1 1 1 1 1 1 1 1 0 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 

K14455 
(GOT2) 

1 1 0 1 0 0 0 1 1 1 0 1 1 1 1 1 0 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 

K00812 
(aspB) 

0 0 0 0 0 0 0 0 1 1 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

K00813 
(aspC) 

0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 

K11358 
(yhdR) 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4 0 0 0 
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K00815 
(TAT) 

1 1 0 0 0 0 0 0 0 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

K00817 
(hisC) 

0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

K00832 
(tyrB) 

0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 

K00500 
(phhA) 

1 1 0 1 0 0 0 1 1 1 0 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

Tyr 

K14187 
(tyrA) 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

K14454 
(GOT1) 

1 1 0 1 0 0 0 1 1 1 1 1 1 1 1 1 0 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 

K14455 
(GOT2) 

1 1 0 1 0 0 0 1 1 1 0 1 1 1 1 1 0 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 

K00812 
(aspB) 

0 0 0 0 0 0 0 0 1 1 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

K00813 
(aspC) 

0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 

K11358 
(yhdR) 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4 0 0 0 

K00815 
(TAT) 

1 1 0 0 0 0 0 0 0 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

K00817 
(hisC) 

0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

K00832 
(tyrB) 

0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 

K00873 
(PK) 

1 0 0 1 1 1 0 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 

P
yru

vate 

K00814 
(GPT) 

1 0 1 1 0 0 0 1 1 1 1 1 1 0 1 1 0 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 

A
la 

K01652 
(E2.2.1.

6L) 
0 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 

O
xo

iso
valerate 

K01653 
(E2.2.1.

6S) 
0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

K11258 
(ilvM) 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

K00053 
(ilvC) 

0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

K01687 
(ilvD) 

0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 2 0 0 0 0 0 0 0 1 0 0 0 

K00826 
(E2.6.1.

42) 
1 1 0 1 0 0 0 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 2 1 1 

V
al 

K01649 
(leuA) 

0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 

Leu
 

K01703 
(leuC) 

0 0 0 0 1 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 

K01704 
(leuD) 

0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

K00052 
(leuB) 

0 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 

K00826 
(E2.6.1.

42) 
1 1 0 1 0 0 0 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 2 1 1 

K01958 
(PC) 

1 1 0 1 0 0 0 1 1 1 0 1 1 1 2 1 0 1 1 1 2 1 0 1 0 1 1 1 1 1 1 1 

O
xalo

acetate
 

K14454 
(GOT1) 

1 1 0 1 0 0 0 1 1 1 1 1 1 1 1 1 0 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 

A
sp

 

K14455 
(GOT2) 

1 1 0 1 0 0 0 1 1 1 0 1 1 1 1 1 0 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 

K00812 
(aspB) 

0 0 0 0 0 0 1 0 1 1 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

K00813 
(aspC) 

0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 

K11358 
(yhdR) 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4 0 0 0 

K01914 
(asnA) 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 A
sn

 K01953 
(asnB) 

0 1 1 1 0 0 0 1 1 0 2 1 1 1 1 1 1 1 1 2 1 1 1 1 0 1 1 2 1 1 0 1 

K00928 
(lysC) 

0 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Lys 

K12526 
(lysAC) 

1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 

K12524 
(thrA) 

0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

K00133 
(asd) 

0 0 0 0 1 1 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

K01714 
(dapA) 

0 0 0 0 1 1 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 2 2 0 0 0 0 0 0 0 0 

K00215 
(dapB) 

0 0 0 0 1 1 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

K00674 
(dapD) 

0 0 0 0 1 1 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
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K00821 
(argD) 

0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 

K01439 
(dapE) 

0 0 0 0 1 1 1 0 1 3 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 

K01778 
(dapF) 

0 0 0 0 1 1 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

K01586 
(lysA) 

1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 

K12526 
(lysAC) 

1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 

K12524 
(thrA) 

0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

H
o

m
o

serin
e 

K00872 
(thrB1) 

0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Th
r 

K02204 
(thrB2) 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

K01733 
(thrC) 

0 1 0 0 1 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0 1 2 1 1 0 0 0 0 0 0 0 0 

K17989 
(SDS) 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Ile 

K01754 
(E4.3.1.

19) 
1 0 1 1 0 0 0 1 1 1 1 0 1 1 1 1 0 1 1 0 1 1 1 1 0 1 1 2 0 1 0 0 

K01652 
(E2.2.1.

6L) 
0 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 

K01653 
(E2.2.1.

6S) 
0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

K11258 
(ilvM) 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

K00053 
(ilvC) 

0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

K01687 
(ilvD) 

0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 2 0 0 0 0 0 0 0 1 0 0 0 

K00826 
(E2.6.1.

42) 
1 1 0 1 0 0 0 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 2 1 1 

K00651 
(metA) 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 1 0 0 

M
et 

K01739 
(metB) 

0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

K01760 
(metC) 

0 0 0 0 0 0 1 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

K00549 
(metE) 

0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 1 0 0 0 

K01758 
(CTH) 

1 1 1 1 0 0 0 2 2 1 1 1 2 1 1 1 0 1 1 2 1 0 1 1 1 1 1 1 1 1 1 2 

K17217 
(mccB) 

0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

K01697 
(CBS) 

2 1 0 1 0 0 0 1 1 1 0 2 1 1 1 1 0 2 1 1 1 1 1 2 1 1 1 1 1 1 1 1 

K00547 
(mumM

) 
0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 2 1 1 

K01647 
(CS) 

1 0 2 1 0 0 1 1 1 1 0 1 1 1 1 1 1 1 1 1 0 1 1 1 2 1 1 2 1 1 1 1 

2-O
xo

glu
tarate

 

K01681 
(ACO) 

1 1 2 1 0 0 1 3 1 1 1 1 1 1 1 1 0 1 1 1 1 0 1 1 1 2 1 2 1 1 1 1 

K00031 
(IDH1) 

1 1 1 1 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

K00030 
(IDH3) 

1 2 1 1 0 0 0 1 2 1 0 1 1 1 1 1 0 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 

K00814 
(GPT) 

1 0 1 1 0 0 0 1 1 1 1 1 1 0 1 1 0 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 

G
lu

 

K14454 
(GOT1) 

1 1 0 1 0 0 0 1 1 1 1 1 1 1 1 1 0 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 

K14455 
(GOT2) 

1 1 0 1 0 0 0 1 1 1 0 1 1 1 1 1 0 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 

K00812 
(aspB) 

0 0 0 0 0 0 1 0 1 1 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

K00813 
(aspC) 

0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 

K11358 
(yhdR) 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4 0 0 0 

K12657 
(ALDH1

8A1) 
1 2 0 1 0 0 0 1 1 1 0 1 1 1 1 1 0 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 

P
ro

 

K00147 
(proA) 

0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 

K12657 
(ALDH1

8A1) 
1 2 0 1 0 0 0 1 1 1 0 1 1 1 1 1 0 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 

K00286 
(proC) 

1 0 1 1 0 0 0 1 1 1 0 1 2 1 2 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 

K01915 
(glnA) 

1 0 0 1 0 0 0 1 1 1 0 1 1 1 2 1 1 1 1 1 0 0 1 0 1 1 1 1 1 2 1 1 

G
ln
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K14682 
(argAB) 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

A
rg 

K00930 
(argB) 

0 0 0 0 1 0 1 0 0 0 0 1 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 

K00145 
(argC) 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

K00818 
(E2.6.1.

11) 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 

K00821 
(argD) 

0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 

K01438 
(argE) 

0 0 0 0 0 0 0 0 1 3 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 

K14677 
(ACY1) 

0 0 0 1 0 0 0 1 1 1 0 1 2 1 2 1 0 1 1 1 1 1 1 1 0 1 1 1 1 1 1 2 

K00819 
(rocD) 

1 2 0 1 0 0 0 2 1 0 1 1 2 1 1 1 0 1 1 1 1 0 1 1 1 1 1 1 2 1 2 2 

K00611 
(OTC) 

0 0 0 0 1 0 0 0 0 0 1 1 0 0 0 0 1 0 0 0 1 1 1 1 0 0 0 0 0 0 0 0 

K01940 
(argG) 

1 0 0 0 1 0 0 0 0 1 0 0 1 1 1 1 1 1 1 0 0 1 1 1 0 1 1 1 1 1 1 1 

K01755 
(argH) 

1 0 6 0 1 0 0 0 1 1 0 0 1 1 1 1 1 1 1 0 2 1 1 1 1 1 1 1 1 1 3 1 

Table S.2 Matrix of counts of the number of genes identified which potentially code for enzymes involved 
in the biosynthesis of amino acids. The first column refers to the KEGG id and the last column to the right 
refers to the amino acid or metabolite produced through those reactions. The middle columns to a given 
arthropod. Note that they are taxonomically ordered. Abbreviations are as follows: Daphnia pulex (dpu), 
Tetranychus urticae (tur), Diaphorina citri (dci), Cinara cedri (cce), Buchnera aphidicola (Bap), Serratia 
symbiotica (Ssy), Wolbachia (Wcc), Myzus persicae (mpe), Acyrthosiphon pisum (api), Cimex lectularius 
(cle), Nilaparvata lugens (nlu), Pediculus humanus (phu), Nicrophorus vespilloides (nve), Tribolium 
castaneum (tca), Aethina tumida (atu), Sitophilus oryzae (sor), Candidatus Sodalis pierantonius (Spa), 
Dendroctonus ponderosae (dpo), Anoplophora glabripennis (agl), Agrilus planipennis (apl), Plutella 
xylostella (pxy), Danaus plexippus (dpl), Manduca sexta (mse), Bombyx mori (bmo), Glossina morsitans 
(gmo), Drosophila melanogaster (dme), Anopheles gambiae (aga), Aedes aegypti (aae), Nasonia 
vitripennis (nvi), Apis mellifera (ame), Solenopsis invicta (sin), Camponotus floridanus (cfl). 

Pathway Symbol 

d
p

u
 

tu
r 

d
ci 

cce
 

m
p

e
 

ap
i 

cle
 

n
lu

 

p
h

u
 

n
ve

 

tca
 

atu
 

so
r 

d
p

o
 

agl 

ap
l 

p
xy 

d
p

l 

m
se 

b
m

o
 

gm
o

 

d
m

e
 

aga 

aae
 

n
vi 

am
e 

sin
 

cfl 

AMP Att 0 0 0 0 0 0 0 0 0 2 1 3 6 1 5 0 0 2 1 3 2 3 1 2 0 0 0 0 

AMP Cec 0 0 0 0 0 0 0 0 0 0 0 0 2 0 4 0 0 0 0 0 2 4 1 6 0 0 0 0 

AMP Col 0 0 0 0 0 0 0 0 0 2 2 3 2 2 2 0 0 0 0 0 0 0 0 0 0 0 0 0 

AMP Def 0 0 0 0 0 0 2 1 2 1 3 2 1 1 1 1 0 0 0 0 0 1 1 3 5 2 3 2 

AMP 
Thauma

tin 0 0 0 0 4 4 0 0 0 2 3 6 4 2 2 0 0 0 0 0 0 0 0 0 0 0 0 0 

AMP Gloverin 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 1 1 5 0 0 0 0 0 0 0 0 

AMP Lebocin 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 4 1 0 0 0 0 0 0 0 0 

AMP Lys 3 4 3 1 2 2 6 2 2 8 3 8 5 2 7 3 3 7 6 6 3 12 9 8 1 1 2 2 

Recogniti
on GNBP 0 0 0 1 2 2 1 1 0 1 2 6 3 2 3 3 5 2 3 2 2 2 2 2 2 2 2 2 

Recogniti
on PGRP 0 0 0 0 0 0 0 0 0 12 7 8 6 6 10 4 10 7 9 10 4 6 6 8 8 4 5 4 

mi/siRNA HPS4 0 0 1 0 0 0 0 2 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 

miRNA AGO1 1 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 0 1 1 1 

miRNA Dcr-1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 2 1 1 0 1 1 1 1 1 1 1 1 

miRNA drosha 1 1 0 6 1 1 1 1 1 1 1 1 1 0 1 1 2 0 1 1 1 1 1 1 1 1 1 1 

miRNA Ge-1 1 0 1 1 1 1 1 0 1 1 1 3 1 1 1 0 2 0 1 2 1 1 1 1 1 1 1 1 

miRNA gw 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 2 3 1 1 1 1 

miRNA me31B 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

miRNA Nbr 0 0 0 0 0 0 0 0 1 1 1 1 1 4 1 1 1 1 1 1 0 1 1 1 1 1 1 1 

miRNA pasha 1 2 1 2 1 2 1 2 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 

miRNA r2d2 0 0 0 1 1 1 2 1 0 1 1 1 1 1 1 1 0 0 0 0 2 1 0 0 3 1 1 1 

miRNA 
Ranbp2

1 1 0 0 1 1 1 1 2 1 1 1 1 1 3 1 1 1 1 1 0 1 1 1 1 1 1 1 1 

piRNA AGO3 1 1 1 1 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

piRNA armi 1 0 0 2 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 

piRNA 
aubergi

ne 0 0 0 2 2 4 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 4 2 1 1 1 

piRNA fs(1)Yb 1 0 2 1 0 0 1 1 0 1 1 1 1 1 1 1 1 1 1 1 0 1 0 0 0 0 0 0 

piRNA shu 1 1 1 2 1 2 2 1 1 1 2 1 1 1 1 1 2 1 2 2 0 1 1 1 1 0 1 1 

piRNA zuc 0 0 1 1 1 1 1 0 1 1 1 1 1 0 1 1 2 1 1 1 1 1 0 0 1 1 1 1 

si/miRNA loqs 1 0 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 

siRNA AGO2 0 0 0 5 1 1 2 1 0 1 2 3 1 1 1 1 2 1 1 1 5 1 1 1 3 1 1 1 

siRNA Ars2 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

siRNA bel 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 0 1 1 1 1 
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siRNA cbc 2 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

siRNA Dcr-2 0 0 0 2 1 1 1 1 2 3 1 1 1 2 1 1 3 1 1 1 1 1 1 1 1 1 1 1 

siRNA trsn 1 0 0 0 0 0 1 3 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 2 1 1 1 1 

siRNA 
Tudor-

SN 1 0 0 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

siRNA vig 1 0 1 0 0 0 2 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

IMD akirin 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 2 0 1 1 1 1 1 1 1 1 1 1 

IMD ben 0 0 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 

IMD casp 1 0 0 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 

IMD Cul1 1 1 0 1 1 1 1 1 2 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 

IMD CYLD 1 1 1 0 0 0 1 0 1 1 1 1 1 1 1 1 0 1 2 1 1 1 1 1 1 1 1 1 

IMD Diap2 1 0 1 2 1 1 1 2 1 1 1 1 1 1 1 1 2 1 1 1 1 1 0 1 1 1 1 1 

IMD dnr1 1 0 0 1 1 1 1 1 0 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 0 1 1 1 

IMD Dredd 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

IMD eff 0 2 1 1 1 1 1 1 0 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 0 1 

IMD Fadd 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 

IMD IKKβ 1 0 0 0 0 0 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 2 1 1 2 1 

IMD imd 0 0 0 0 0 0 0 1 0 1 1 1 1 1 1 1 1 1 2 2 1 1 1 1 1 1 1 1 

IMD key 1 0 0 0 0 0 0 0 1 1 1 1 1 1 2 1 1 2 3 1 1 1 1 1 1 1 1 1 

IMD Ntf-2 0 0 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 2 2 1 1 1 1 1 

IMD pirk 0 0 0 0 0 0 0 0 0 1 1 1 1 0 1 0 1 1 1 1 0 1 0 0 1 1 1 1 

IMD POSH 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

IMD Rel 1 1 0 0 0 0 1 0 0 1 1 1 1 1 1 1 3 1 1 1 1 1 1 1 1 1 1 1 

IMD scny 1 0 0 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

IMD sick 1 1 0 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 

IMD Skp2 1 0 1 1 1 2 1 1 1 1 1 1 1 1 1 1 3 1 0 1 1 1 1 1 1 1 1 1 

IMD SkpA 0 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 

IMD Tab2 0 0 0 0 0 0 0 1 0 1 1 1 1 1 1 1 3 1 1 1 0 1 0 0 1 1 1 1 

IMD Tak1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 

IMD UEV1a 1 1 0 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

JAK/STAT dome 1 0 1 2 2 2 1 0 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 5 

JAK/STAT hop 1 1 1 1 1 1 1 2 1 1 1 1 1 2 1 1 2 1 1 1 1 1 1 1 1 1 1 1 

JAK/STAT Socs36E 1 0 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 0 1 1 0 1 1 1 1 1 

JAK/STAT Stam 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 0 2 1 1 1 1 1 1 1 1 1 1 

JAK/STAT Stat92E 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 0 2 1 2 1 2 1 1 1 1 1 1 1 

JAK/STAT 
Su(var)2

-10 1 1 2 2 1 4 1 1 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

JAK/STAT upd3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 

JAK/STAT zfh1 1 0 1 1 1 1 1 1 1 1 1 1 1 3 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

JNK aop 1 0 4 1 1 1 1 2 1 1 1 1 1 3 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

JNK bsk 2 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 0 1 1 1 1 1 1 1 1 1 

JNK hep 1 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 0 1 1 1 1 2 1 1 1 2 

JNK Jra 1 0 1 1 1 1 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

JNK kayak 1 0 2 0 0 0 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

Toll Aos1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

Toll aPKC 1 1 0 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 2 1 0 1 0 1 1 1 1 1 

Toll cact 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 2 1 1 1 3 2 2 2 

Toll cactin 1 1 0 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

Toll Deaf1 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 0 1 1 1 1 1 1 1 1 1 

Toll dl 1 1 0 1 1 1 1 1 1 1 1 3 1 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 

Toll Gprk2 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 

Toll grass 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 2 2 4 9 0 0 0 0 

Toll krz 2 2 0 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 0 1 1 1 

Toll lwr 1 1 0 1 1 1 1 1 1 2 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 

Toll modSP 0 0 0 0 0 0 1 0 0 1 2 2 1 1 1 1 1 3 2 1 4 1 1 1 1 1 2 1 

Toll Myd88 1 1 0 2 1 1 1 2 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

Toll necrotic 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 2 0 0 1 1 1 1 

Toll Pli 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

Toll pll 1 0 1 1 1 1 1 1 1 1 1 2 1 1 1 1 3 1 0 1 1 1 1 1 2 1 1 1 

Toll psh 0 0 0 0 0 0 0 0 0 1 1 2 1 1 2 1 1 2 1 1 1 2 1 1 1 1 1 1 

Toll ref(2)P 1 0 1 0 0 0 1 0 1 0 0 0 0 0 0 1 1 0 1 1 0 1 0 0 1 1 1 1 

Toll smt3 0 0 1 1 1 1 1 1 1 2 1 1 1 2 1 1 1 1 1 1 0 1 2 2 1 1 1 1 

Toll SPE 0 0 0 0 0 0 1 0 0 1 2 1 1 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 

Toll 
spheroi

de 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 

Toll sphinx1 0 0 1 1 1 0 1 1 1 1 1 1 1 1 1 1 2 2 2 1 1 3 1 1 1 0 1 1 

Toll sphinx2 0 0 0 0 0 0 0 0 0 1 1 0 1 3 3 1 0 0 0 0 1 3 0 0 0 0 0 0 

Toll spirit 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 1 0 0 0 0 0 0 

Toll spz 3 1 3 4 4 4 4 4 4 4 4 6 5 3 4 3 5 7 6 6 4 4 4 5 3 4 3 4 

Toll Toll 6 2 7 9 9 12 10 12 7 11 11 15 12 14 10 10 17 19 21 16 9 10 14 15 16 12 12 13 

Toll Tollip 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 0 1 0 1 1 1 1 

Toll Traf4 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 

Toll Traf6 0 0 0 1 1 1 1 0 1 2 1 1 1 1 1 1 2 1 1 1 1 1 1 0 0 1 2 1 
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Toll tub 1 1 4 1 1 1 1 0 1 1 1 2 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 

Toll Uba2 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 

Toll Ulp1 1 1 0 1 1 1 1 0 2 2 1 1 1 2 1 1 1 1 1 1 5 1 0 1 1 1 1 1 

Toll ush 1 0 1 1 1 1 1 2 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 

Toll wisp 1 1 0 1 1 1 1 0 1 1 1 1 1 2 1 1 3 1 1 1 2 2 1 1 1 1 1 1 

Table S.3 Matrix of counts of the number of genes identified which potentially are members of the 
immune system signalling pathways. The first column refers to the pathway and the second column to 
the gene name. The remaining columns refer to a given arthropod. Note that they are taxonomically 
ordered. Abbreviations are as follows: Daphnia pulex (dpu), Tetranychus urticae (tur), Diaphorina citri 
(dci), Cinara cedri (cce), Myzus persicae (mpe), Acyrthosiphon pisum (api), Cimex lectularius (cle), 
Nilaparvata lugens (nlu), Pediculus humanus (phu), Nicrophorus vespilloides (nve), Tribolium castaneum 
(tca), Aethina tumida (atu), Sitophilus oryzae (sor), Dendroctonus ponderosae (dpo), Anoplophora 
glabripennis (agl), Agrilus planipennis (apl), Plutella xylostella (pxy), Danaus plexippus (dpl), Manduca 
sexta (mse), Bombyx mori (bmo), Glossina morsitans (gmo), Drosophila melanogaster (dme), Anopheles 
gambiae (aga), Aedes aegypti (aae), Nasonia vitripennis (nvi), Apis mellifera (ame), Solenopsis invicta 
(sin), Camponotus floridanus (cfl). 

 

 


