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"Ist es nicht kindisch, die Handlungen eines Insekts bis in die kleinsten Einzelheiten 

zu erkunden? Uns drücken viel schwerere Sorgen, als dass wir uns damit die Zeit 

vertreiben könnten. So lässt uns die bittere Erfahrung des Alters sprechen; so 

würde ich denken und meine Untersuchungen beenden, vermutete ich nicht im 

Wirrwarr der Beobachtungen die Aufklärung einiger der größten Probleme, die zu 
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1 Summary 

 

 

Olfaction, the detection of odors is pivotal for insects, since it leads them to food 

sources or mating partners and triggers important behaviors. For the detection of 

pheromones, CD36-related sensory neuron membrane proteins (SNMPs) play a 

crucial role. Despite their necessity, the functional role of SNMPs is not yet fully 

understood. Generally, two single SNMPs, namely SNMP1 and SNMP2, have been 

described in insects, whereas the pest beetle Tribolium castaneum has six genes 

expressed that encode putative SNMPs as indicated by transcriptome analysis.  

To investigate these proteins in more detail, I determined the actual full-length 

transcript sequences of the six T. castaneum SNMPs by RACE-PCR on antennal 

cDNA pools. This enabled the identification of the actual TcSNMP protein 

sequences and allowed the phylogenetic classification of these proteins. To analyze 

the expression patterns of the T. castaneum SNMPs, I established a reliable double 

fluorescence in situ hybridization protocol for adult antennae of T. castaneum, 

which I used to visualize and characterize the TcSNMP-expressing cells. This 

revealed that – besides TcSNMP2 for which no specific expression pattern could be 

determined - the TcSNMPs are expressed differently with regard to number of 

cells, antennal segments, as well as cell types, which suggests a distinct role of the 

diversified TcSNMPs. In addition, by loss-of-function experiments it became 

apparent that the neuronal TcSNMPs are involved in the detection of fatty odors, 

emitted from various ecological important sources, such as pheromones, social 

odors, as well as potential food odors. These findings extend the known 

involvement of SNMPs for pheromone detection to other odors apart from 

pheromones.  

Moreover, functional analyses of heterologously expressed TcSNMPs in snmp1 

mutant D. melanogaster showed that the beetle TcSNMPs were not able to 

complement lacking DmSNMP1 function. This indicated that the diversified beetle 

TcSNMPs evolved differentially to the fly DmSNMP1, to probably serve different 

functions. Remarkably, instead of rescuing the snmp1 mutant situation, some 

TcSNMPs modified the odor response profile of the pheromone detecting neurons 



Summary 

2 

of D. melanogaster towards non-pheromone odors. This implicates that SNMPs 

have functions in addition to the known mediation of pheromones.  

Heterologous expression of DmSNMP2 isoform B and C in snmp1 mutant D. 

melanogaster with subsequent functional analyses revealed that the DmSNMP2 

isoform B, but not isoform C, is able to rescue the snmp1 mutant situation. Via 

protein prediction tools I calculated the tertiary structure of these isoforms, which 

pointed to a particular alpha helix forming the functional region. The DmSNMP1 

protein contains a corresponding alpha helix which offers the great opportunity 

for elucidating this putative functional area of DmSNMP1 in further analyses.  
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2 Introduction 

 

 

Olfaction is the ability to perceive volatile compounds emitted from the 

environment. This chemical sense occurs in its most simple form in bacteria that 

detect for example airborne ammonia that is needed for their growth (Nijland and 

Burgess, 2010). The more developed sense of smell of complex organisms allows 

the detection of various odors that helps to find mating partners, to avoid 

environmental threats or toxins, and to localize potential food sources (Kurtovic et 

al., 2007; Stensmyr et al., 2012; Zarzo, 2007). In this context, the olfactory systems 

of insects have an outstanding importance regarding human welfare, since they for 

example mediate attraction of insects to humans and thereby allow the insects to 

transmit deadly diseases, such as malaria (Carey et al., 2010), or they lead pest 

insects to their desired food or egg laying substrate, potentially causing 

agricultural damage (Atwal, 1976; Zettler and Cuperus, 1990). 

But not only because of this, has the olfactory system of insects become an 

important model in neuroscience. Compared to vertebrates, olfactory systems of 

insects are easily accessible and organized in a less complex manner (Martin et al., 

2011b). Furthermore, olfaction in insects is often tightly coupled to stereotypical 

behavioral changes (Hall, 1994; Stensmyr et al., 2012). Therefore insect model 

systems allow studying the sense of smell at different levels of odor perception: 

from analyses about how an odor is detected by a single neuron, over processing of 

olfactory neuronal signals in the brain, to the final behavioral change (Heimbeck et 

al., 2001; Martin et al., 2011b; Ronderos et al., 2014). Especially the pioneering 

studies on the extraordinarily sensitive sex-pheromone detecting system of 

lepidopterans revealed basic principles about the functionality of the insect 

olfactory system (Hildebrand, 1996; Steinbrecht, 1996; Steinbrecht and Gnatzy, 

1984; Steinbrecht et al., 1992). Meanwhile, powerful neurogenetic tools are 

available in insects, allowing the study of the neuronal activity of single neurons or 

complex neuronal circuits in odor processing (Akerboom et al., 2012; Lebreton et 

al., 2014; Pregitzer et al., 2012). Here, the neurogenetic model organism Drosophila 

melanogaster has to be mentioned. This fly is amenable to various genetic 
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manipulations, such as gene silencing, misexpression systems, thermogenetic or 

optogenetic activation or inhibition of single neurons or neuron classes and 

thereby allowing easy monitoring of neuronal activity (Pauls et al., 2015; Reichert, 

2014). 

In the present study, the olfactory system of the red flour beetle Tribolium 

castaneum, a pest species infesting stored agricultural products, was investigated 

(Zettler and Cuperus, 1990). Over the past years, T. castaneum - a representative of 

the largest insect order Coleoptera - together with its fully annotated genome (Kim 

et al., 2010; Richards et al., 2008; Wang et al., 2007) has developed to a beetle 

model organism used by developmental biologists (Denell, 2008; Dippel et al., 

2014). Powerful genetic tools such as systemic RNA interference (Bucher et al., 

2002; Tomoyasu and Denell, 2004) and misexpression systems (Schinko et al., 

2010, 2012) are available in T. castaneum. This will facilitate the detailed 

examination of the olfactory system of this pest beetle, with regard to differences 

or similarities to the mechanisms of odor detection described in Diptera and 

Lepidoptera.  

 

 

2.1 The peripheral olfactory system of insects 

 

Olfaction in insects is mediated by olfactory sensory neurons (OSNs) located in the 

olfactory head appendages, typically the antennae and mouthparts (figure 2.1; 

Carey and Carlson, 2011). The dendrites of the OSNs are housed in hair like 

structures, the so called “olfactory sensilla” (figure 2.2; Steinbrecht, 1996). 

Olfactory sensilla allow the entry of odorants through characteristic pores 

(Chapman et al., 2013) and occur in different shapes. Based on their shape, they 

are classified into different morphological subtypes, such as long hair shaped 

sensilla trichodea, peg formed sensilla basiconica, and peg-like sensilla coeloconica, 

which protrude from deep pits (Steinbrecht, 1996; Venkatesh and Naresh Singh, 

1984).  

Whether the specific shape of a given sensillum type contributes to the detection of 

special classes of odorants has not been clarified. However, trichoid sensilla of 

various lepidopteran species as well as those of the vinegar fly D. melanogaster 
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have been described to house dendrites of OSNs that are linked to the detection of 

pheromones (Clyne et al., 1997; Ha and Smith, 2006; Steinbrecht and Gnatzy, 

1984). In contrast, D. melanogaster OSNs that are housed in s. basiconica are 

mainly known for their detection of odors emitted from food sources (de Bruyne et 

al., 2001).  

On the antenna of T. castaneum, which consists of eleven segments (figure 2.1; 

Angelini et al., 2009), olfactory sensilla are covering the surface of the most distal 

three segments (segments 9, 10, and 11), called the club segments. Here, 

s. trichodea, s. basiconica and s. coeloconica have been identified (Dippel et al. in 

preparation). Whether OSNs housed in these sensilla show a similar response 

profile as in D. melanogaster and lepidopteran species has not been investigated, 

yet.  

 

 
Figure 2.1 The antenna of T. castaneum 

Shown is the adult head and all eleven segments of the antenna of T. castaneum. Segment one is also 

named scape (S), segment two pedicel (P), segments 3-8 together funicle and segments 9-11  

together club. The club segments are covered with olfactory sensilla (Dippel et al. in preparation). 

Adapted from (Angelini et al., 2009). 

 

 

2.1.1 Odorant binding proteins (OBPs) as carriers for odors in the sensillar 

lymph 

 

Beneath the olfactory sensilla the cell bodies of the OSNs and three kinds of 

supporting cells, the thecogen cell, the trichogen cell, and the tormogen cell are 

located (figure 2.2; Merritt, 1989; Steinbrecht, 1996). While the thecogen cell 
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builds a sheath around the cell body and dendrites of the OSNs, the other two 

kinds of supporting cells are believed to produce and secrete the sensillum lymph 

that fills the olfactory sensillum (Steinbrecht, 1996; Steinbrecht and Gnatzy, 1984).  

The sensillar lymph imbeds the dendrites of the OSNs and builds a hydrophilic 

barrier for most odorants that enter the hair through pores (Steinbrecht, 1996). 

Therefore it is believed that odorant binding proteins (OBPs) act as carriers for 

hydrophobic odorants that bind and transfer them to the dendrite of the OSNs 

(Kaissling, 2001; Pelosi et al., 2006; Vogt, 2003). OBPs are small, soluble proteins 

that are produced by secretory supporting cells and occur in high concentration in 

the sensillar lymph (figure 2.2; Galindo and Smith, 2001; Kim and Smith, 2001; 

Vogt et al., 2002). Because the sensillum lymph of every olfactory sensillum is 

isolated, OSNs housed in different sensilla can be surrounded by different OBPs 

(Sakurai et al., 2014). The mechanism of odorant binding and release has been 

characterized in detail for the pheromone binding protein 1 (PBP1) of Bombyx 

mori. It is hypothesized that PBP1 changes its conformation depending on the pH, 

facilitating the binding of the pheromone at the cuticle (neutral pH) and the release 

of pheromone at the dendritic membrane of the OSN (acidic pH) (Tegoni et al., 

2004; Wojtasek and Leal, 1999). The first OBP was identified in the sensillar lymph 

of the polyphemus moth Antheraea polyphemus (Vogt and Riddiford, 1981). 

Meanwhile, OBPs have been identified in more than 40 other insect species 

belonging to eight different orders (Galindo and Smith, 2001; Hekmat-Scafe et al., 

2002; Leitch et al., 2015; Liu et al., 2015; McKenzie et al., 2014; Pelosi and Maida, 

1995; Pelosi et al., 2006; Vieira and Rozas, 2011). In T. castaneum the expression of 

49 different OBPs has been confirmed by transcriptome analysis (Dippel et al., 

2014).  
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Figure 2.2 Model of an olfactory sensillum  

Shown is a model of a moth olfactory sensillum. Depicted is the cellular organization of the different 

supporting cells that surround the cell body of the OSN (in the model “ORN”): the tormogen (To), 

trichogen (Tr), and thecogen cells (Th). While the thecogen cell ensheaths the OSN, tormogen and 

trichogen cells produce and secrete the sensillum lymph including the OBPs. The dendrites of the 

OSN, containing the odorant receptors (OR), are imbedded in the sensillum lymph. Adapted from 

(Sakurai et al., 2014).  

 

 

2.1.2 Odor detection at the OSN by odorant receptors 

 

At the OSN the recognition of odorants is carried out by odorant receptors (ORs) 

embedded in the dendritic membrane (figure 2.2). The insect ORs were first 

characterized in D. melanogaster. They belong to a class of seven-trans-membrane-

domain-receptors (7TMD) (Clyne et al., 1999; Gao and Chess, 1999; Vosshall, 2000; 

Vosshall et al., 1999). Meanwhile ORs were identified in plenty of other insects, e.g. 

different lepidopteran species (Grosse-Wilde et al., 2011; Gu et al., 2014; Zhang et 

al., 2014a), dipteran species (Andersson et al., 2014; Carey et al., 2010; Leitch et al., 

2015), hymenopteran species (Smith et al., 2011, 2011; Zhang et al., 2014b), and 

coleopteran species (Andersson et al., 2013; Gu et al., 2015; Liu et al., 2015). 

Transcriptome analysis of T. castaneum revealed the expression of 129 ORs in the 

antenna (Dippel et. al. in preparation). 
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Subsequent functional analyses of ORs from insects belonging to the order 

Lepidoptera and Diptera were performed either in their native context (de Bruyne 

et al., 2001; Silbering et al., 2011; Yao et al., 2005) or in heterologous expression 

systems (Hallem and Carlson, 2006; Hallem et al., 2004; Pregitzer et al., 2014; 

Ronderos et al., 2014). These analyses revealed that ORs have ligand profiles of 

varying tuning width, which means that some ORs are broadly tuned and respond 

to a large number of different odors while others are narrowly tuned, responding 

to just a small set of odors (Carey et al., 2010; Hallem and Carlson, 2006; Wang et 

al., 2010). Some of the most selective ORs detect social odors. One very well 

characterized narrowly tuned OR is the D. melanogaster OR67d (DmOR67d). 

DmOR67d is described to be narrowly tuned to the aggregation pheromone cis-

vaccenyl acetate (cVA) that is produced by male flies and regulates mating 

behavior of both sexes (Clyne et al., 1997; van der Goes van Naters and Carlson, 

2007; Ha and Smith, 2006; Kurtovic et al., 2007). Remarkably, DmOR67d 

expressing neurons are not just highly specialized to cVA, but are also inhibited by 

most other odors (Vosshall et al., 1999). None of the identified T. castaneum ORs 

has been functionally characterized, yet. 

 

 

2.2 Signal transduction in OSNs 

 

After binding of a given odorant, the OR has the function to signal the identity and 

quantity of the odorant by inducing electrical activity in OSNs. In vertebrate OSNs, 

odorant binding at the OR activates the receptor-coupled G-protein and adenylyl 

cyclase (AC) (Pace et al., 1985; Sklar et al., 1986). Thereby cyclic adenosine 

monophosphate (cAMP) is produced, which opens ion channels that cause a 

depolarizing influx of sodium and calcium ions. Finally, the calcium ion influx 

opens calcium induced chloride channels that facilitate a chloride efflux and 

thereby a stronger depolarization (Kleene and Gesteland, 1991; Pifferi et al., 2010).  

Due to the fact that insect ORs, like vertebrate ORs, possess seven TMDs that are 

typical for G-Protein coupled receptors (GPCRs), it was believed that insect ORs 

trigger a similar signal transduction cascade (Nakagawa and Vosshall, 2009). 

However, several studies about the OR protein topology showed that the insect 
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ORs have an inverted topology compared to other GPCRs (Benton, 2006; Lundin et 

al., 2007; Smart et al., 2008). While GPCRs, including vertebrate ORs, have a 

cytoplasmic C-terminus and an extracellular N-terminus, the termini of the insect 

ORs are located the other way around. This raised the suggestion that the insect 

ORs might use different signal transduction mechanisms than GPCRs (Nakagawa 

and Vosshall, 2009). Furthermore, in contrast to vertebrate OSNs, it was revealed 

that every insect OSN that expresses a ligand binding OR also expresses the highly 

conserved odorant receptor coreceptor (Orco) that does not bind to odors 

(Vosshall et al., 1999).  

Orco is necessary for trafficking ORs to the dendritic membrane of the OSN and 

builds a heteromer with the ligand binding OR in a yet unknown stoichiometry 

(Benton et al., 2006; Mukunda et al., 2014; Neuhaus et al., 2005). Continuative 

functional analyses revealed that Orco forms an ion channel that can be gated by 

an activated OR (Jones et al., 2011; Sato et al., 2008; Wicher et al., 2008). This led to 

the following model of signal transduction in insect OSNs: binding of an odorant to 

a specific OR leads to a conformational change within the OR/Orco complex that, in 

turn, opens the ion channel (figure 2.3 A). The resulting influx of sodium and 

calcium ions then leads to the depolarization of the OSN (Kaupp, 2010). However, 

an influence of G-protein-coupled signal transduction cascades in insect OSNs has 

not been ruled out. A different model assumes that Orco alone builds an ion 

channel that is directly gated in the presence of high odor concentrations. In 

contrast, low odor concentrations lead to G-protein activation by the ligand 

binding OR, resulting in a signal amplification by the production of second 

messengers that are able to open the ion channel (figure 2.3 B; Getahun et al., 

2013; Ignatious Raja et al., 2014; Martin and Alcorta, 2011; Stengl, 2010; Wicher et 

al., 2008, 2009). 

Recent publications even extend the role of Orco to a modulating protein, by 

suggesting that second messenger systems can lead to a phosphorylation of Orco 

which may enhance the responses towards a given odor (Getahun et al., 2013; 

Martin and Alcorta, 2011; Wicher et al., 2009). 
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Figure 2.3 Possible signal transduction mechanisms of insect OSNs  

Different models exist concerning the odor induced signal transduction in insect OSNs.  

A Shown is one suggested signal transduction mechanism in which the OR/Orco heteromer forms 

an odorant-gated cation channel. Here, binding of a pheromone or an odorant to the OR results in 

the opening of the channel, allowing the influx of cations into the cytosol, leading to OSN 

depolarization. 

B Depicted is another hypothesized signal transduction mechanism in which the cation channel is 

formed exclusively by Orco. Here, upon odor binding, the OR opens the cation channel for fast 

responses in the presence of high odorant concentrations. In case of low odor concentrations, a 

second messenger cascade is started by the activated OR for signal amplification.  

Adapted from (Sakurai et al., 2014). 

 

 

2.3 Odor processing in the antennal lobe 

 

The primary olfactory center in the insect brain, the antennal lobe (AL), is 

composed of glomeruli (Tanaka et al., 2012). Glomeruli are spherical structures of 

high synaptic density, where the electrical responses of OSNs become integrated 

and modified before they are transmitted to higher brain areas (Schachtner et al., 

2005). Axons of all OSNs that express the same OR converge into the same specific 

glomerulus (figure 2.4; Gao et al., 2000). Size, shape and localization of a given 

glomerulus are species specific, a fact that allows individual glomerulus 

identification (Berg et al., 2002; Laissue et al., 1999).  

Imaging studies in different insect species revealed that a given odorant generates 

complex and identical patterns of activated glomeruli (Galizia et al., 2000; Sachse 

et al., 1999). Importantly, some odorants stimulate many classes of OSNs and 

therefore many glomeruli, while other odors cause more specific and restricted 

activation patterns. For example cVA is detected by only a small number of OSNs, 

such as the OR67d expressing OSNs, and consequently just activates a small group 
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of glomeruli, in the given example the glomerulus DA1 (Datta et al., 2008; Kurtovic 

et al., 2007).  

Within glomeruli, OSNs synapse to local interneurons (LNs) and projection 

neurons (PNs) (Aungst and Spehr, 2005). LNs are located lateral to the AL. They 

have no projections outside the AL but build a LN network that interconnects 

different glomeruli (Anton and Homberg, 1999; Meyer et al., 2013). Most LNs build 

inhibitory connections between glomeruli, allowing that an excited glomerulus 

inhibits other glomeruli via inhibitory LNs (Sachse and Galizia, 2002). This serves 

the contrast enhancement between glomeruli. LNs belong to different classes 

regarding their connectivity, physiological properties, and neurotransmitter 

profiles (Chou et al., 2010; Seki et al., 2010). The majority of LNs are described to 

release gamma-aminobutyric acid (GABA) (Mikael A Carlsson, 2010). Remarkably, 

pheromone sensing OSNs of D. melanogaster have been shown to express high 

levels of GABA receptors, which correlates with a high level of presynaptic 

inhibition in these OSNs (Wilson and Laurent, 2005). Aside from the GABAergic 

LNs, also glutamatergic or histaminergic inhibitory LNs have been described (Liu 

and Wilson, 2013; Root et al., 2008; Sachse et al., 2006). Furthermore 

neuropeptides are believed to modify the effect of these transmitters at the 

synapse (Binzer et al., 2014; Ignell et al., 2009; Joachim Schachtner, 2005; Mikael A 

Carlsson, 2010; Wilson, 2013). The processed electrical OSN responses are 

transmitted to PNs that have dendritic connections in the AL and axonal 

connections to higher brain areas, such as the calyces of the mushroom body, 

where olfactory memory is formed, and the lateral horn where behaviorally 

relevant olfactory information is processed (Guven-Ozkan and Davis, 2014; Strutz 

et al., 2014). 
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Figure 2.4 The antennal lobe, the primary olfactory center in the insect brain  

A Antibody stainings targeting different structures of the D. melanogaster brain. Axons of OSNs 

expressing the same OR project to the same glomerulus within the antennal lobe (framed by a light 

green dotted circle). An unknown subclass of OSNs is labelled in yellow. In the antennal lobe the 

OSNs synapse to projection neurons (purple) and interneurons (not colorized). The projection 

neurons project to higher brain centers.  

B Model of the glomerular organization within the antennal lobe. All OSNs with the same OR 

(indicated by red, green or blue colorization) converge to the same glomerulus. In the glomerulus, 

the electrical responses of OSNs become processed by local interneurons that connect different 

glomeruli (LNs, orange; in the image referred to as ‘Inhibitory neurons’). Finally, the processed 

odor response is projected to higher brain centers by projection neurons (purple).  

Adapted from (Bargmann, 2006). 
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2.4 Sensory neuron membrane proteins (SNMPs)  

 

Strong innate behavioral responses are mediated by OSNs that express specific 

ORs, that are narrowly tuned to pheromones, non-pheromonal social odors or 

important environmental odors (Hansson and Stensmyr, 2011; Kurtovic et al., 

2007; Ronderos et al., 2014; Stensmyr et al., 2012). Remarkably, in D. melanogaster 

several of the identified OSNs that have these characteristics express a CD36 

related receptor, namely the sensory neuron membrane protein 1 (SNMP1), in 

addition to the OR/Orco complex (Benton et al., 2007; Jin et al., 2008; Kurtovic et 

al., 2007; Ronderos et al., 2014). More precisely, SNMP1 expressing neurons have 

been primarily found in trichoid sensilla that are connected to the detection of 

pheromones, fly extracts (unknown fly body odors), and farnesol (Benton et al., 

2007; van der Goes van Naters and Carlson, 2007; Ronderos et al., 2014). Farnesol 

is an odor emitted by ripe citrus peels, a potential egg laying site for D. 

melanogaster (Ronderos et al., 2014). SNMP1 expression in pheromone reactive 

neurons has also been described in different moth species, including the 

polyphemus moth Antheraea polyphemus, where the first SNMP1 had been 

identified (Forstner et al., 2008; Rogers et al., 1997, 2001).  

A second SNMP type was identified in the antenna of the tobacco hornworm 

Manduca sexta, which shares 25 – 30 % of amino acids with the cognate SNMP1 

protein and thus was named SNMP2 (Robertson et al., 1999; Rogers et al., 2001). 

Interestingly, SNMP2 proteins of moth species are not expressed in pheromone 

sensitive neurons but in secretory supporting cells that surround these neurons 

(Forstner et al., 2008). 

Sequence analyses of SNMP proteins revealed that they possess two 

transmembrane domains, one big extracellular loop, and two short intracellular 

termini. Because of this protein structure and further sequence similarities, SNMPs 

have been grouped into the large CD36 protein family (Rogers et al., 2001). In 

insects as well as vertebrates, members of this family are mainly known for their 

capacity to recognize lipids, fatty acids or lipid-protein-complexes (Martin et al., 

2011a). Members of the CD36 protein family are located in various physiological 

systems, such as the immune system (Stewart et al., 2010; Stuart et al., 2005), the 

gastrointestinal system (Guijarro et al., 2010; Nassir et al., 2007; Schneider et al., 
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2014), or various sensory systems (Fushiki, 2014; Sun et al., 2006). In vertebrates, 

CD36 has been shown to be involved in dietary lipid detection (Dramane et al., 

2014), whereas in macrophages the CD36 protein detects specific lipids and 

lipoprotein components of bacterial cell walls (Hoebe et al., 2005). The fatty acid 

translocase (FAT), a further member of the CD36 protein family, plays a role in the 

uptake of long chain fatty acids by intestinal enterocytes (Chen et al., 2001). Insect 

specific CD36 proteins such as Croquemort and Debris buster are involved in 

phagocytosis of neuronal debris or apoptotic cells as well as phagosome 

maturation (Franc et al., 1999; Han et al., 2014). Another example is NinaD 

(Neither inactivation nor afterpotential-D), which mediates cellular uptake of 

carotenoids (Kiefer et al., 2002).  

SNMP1 and SNMP2 homologs have been found in several holometabolous insect 

species (Vogt et al., 2009). Apart from members of different dipteran species (e.g. 

Drosophila melanogaster, Anopheles gambiae, Mayetiola destructor), lepidopteran 

species (e.g. Heliothis virescens, Bombyx mori), and hymenopterans (Apis mellifera), 

SNMP homologs were also identified in coleopteran species (Andersson et al., 

2013, 2014; Benton et al., 2007; Forstner et al., 2008; Liu et al., 2015; Rogers et al., 

2001; Vogt et al., 2009).  

 

 

2.4.1 SNMP function  

 

Based on the location of SNMP1 in the dendritic membrane of OSNs that are 

housed in trichoid sensilla and due to their resemblance to other members of the 

CD36 protein family, it has long been assumed that SNMPs could work as co-

receptors that interact with fatty acid-derived pheromones or PBP/pheromone 

complexes and that they could mediate the recognition of the pheromone by the 

OR (Rogers et al. 1997). Functional analyses supported this assumption by 

demonstrating that pheromone-reactive neurons of D. melanogaster were not able 

to detect the aggregation pheromone cis-vaccenyl acetate (cVA) without a 

functional DmSNMP1 (Benton et al., 2007; Jin et al., 2008; Li et al., 2014). 

Remarkably, heterologous expression of pheromone receptors of the moth species 

Bombyx mori and Heliothis virescens in OSNs of D. melanogaster showed the same 
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necessity of DmSNMP1 for the detection of the cognate pheromone (Benton et al., 

2007; Li et al., 2014). In more detail, without a functional DmSNMP1, the moth 

pheromone receptors were not able to fulfill their function in D. melanogaster 

OSNs. All tested pheromones - bombykol from B. mori, (Z)-11-hexadecenal from H. 

virescens, and cVA from D. melanogaster - are typical pheromones comprised of 

fatty-acid derived hydrocarbon chains (Howard and Blomquist, 2005). Therefore, 

it has been suggested that this hydrocarbon chain is the common structure, which 

needs the specific and conserved SNMP1 function to be detected (Benton et al., 

2007). Furthermore, it has been proposed in a recent study that DmSNMP1 is not 

just mediating the detection of pheromones, but also mediates their dissociation 

from the receptor (figure 2.5; Li et al., 2014).  

 

 

Figure 2.5 Current model of SNMP1 function in the pheromone detection system 

SNMP1 proteins in pheromone sensitive neurons mediate pheromone detection (association) as 

well as dissociation of pheromones from the pheromone receptor (ORX). Adapted from (Li et al., 

2014).  

 

 

In addition to pheromone detection, SNMP1 function has been connected to the 

detection of non-pheromonal substances. Recently, it has been shown that SNMPs 

are also needed for normal response kinetics in farnesol perception. Farnesol is an 

odor present in the peel of citrus fruits, a potential egg laying substrate for D. 

melanogaster (Ronderos et al., 2014). However, OSNs lacking a functional 

DmSNMP1 were still activated by farnesol and did therefore not show the severe 

phenotype as snmp1 mutant OSNs of the pheromone detection system.  
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As mentioned above, SNMPs are not located exclusively in the OSNs but also in 

several secretory supporting cells that produce the sensillar lymph and control its 

composition (Benton et al., 2007; Forstner et al., 2008). Therefore, it was assumed 

that SNMPs in the membrane of supporting cells mediate the selective uptake of 

lipophilic molecules, such as degraded pheromones, and thereby may contribute to 

the cleaning of the sensillum lymph (Forstner et al., 2008). Interestingly, the SNMP 

types that are expressed in supporting cells differ between insect species. In the 

moth species H. virescens and A. polyphemus the SNMP1 homolog is expressed 

exclusively in OSNs, whereas SNMP2 is expressed in supporting cells (Forstner et 

al., 2008). In contrast in D. melanogaster, DmSNMP1 is expressed in both 

supporting cells and OSNs (Benton et al., 2007). Here, the D. melanogaster SNMP2 

homolog is mainly expressed in the body and in a very low amount in the olfactory 

appendages (Chintapalli et al., 2007). DmSNMP2 has no described function in the 

olfactory system. 

 

 

2.4.2 SNMPs in T. castaneum 

 

During genome annotation of T. castaneum, seven genes were found that 

potentially encode for SNMPs (Nichols and Vogt, 2008; Vogt et al., 2009). Except 

for the hessian fly Mayetiola destructor, for which seven SNMPs were identified, for 

all other insects so far fewer SNMPs are described to be expressed (Andersson et 

al., 2013, 2014; Benton et al., 2007; Forstner et al., 2008; Liu et al., 2015; Rogers et 

al., 2001; Vogt et al., 2009). In general, a single SNMP1 and SNMP2 homolog each 

was found in various insect species (Benton et al., 2007; Forstner et al., 2008; Liu 

et al., 2015; Nichols and Vogt, 2008; Rogers et al., 2001; Vogt et al., 2009). 

Therefore the high number of putative SNMP genes in T. castaneum was an 

intriguing finding.  

Recent tissue specific T. castaneum transcriptome data corrected the genome 

annotation, by showing that one of the annotated SNMPs (XP_969729) does not 

encode for an SNMP and that the gene model of TcSNMP1c (XM_001816389; Vogt 

et al., 2009) was a fusion of two separate TcSNMPs (Dippel et al. in preparation). 

This means that the expression of six TcSNMPs, namely TcSNMP1a, TcSNMP1b, 
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TcSNMP1c, TcSNMP1d, TcSNMPX (XP_975606) and TcSNMP2 was confirmed by 

transcriptome analysis (figure 2.6; Dippel et al. in preparation). In the antennae, 

the main olfactory appendage of T. castaneum, these six TcSNMPs are expressed at 

varying levels. TcSNMP1a (2512.76 RPKM (reads per kilobase per million mapped 

reads)) and TcSNMP1c (791.42 RPKM) were the highest expressed TcSNMPs in 

antennal tissue, followed by a medium expression level of TcSNMP1b (23.53 

RPKM) and TcSNMP1d (23.51 RPKM). Transcripts of TcSNMPX (2.3 RPKM) and 

TcSNMP2 (0.88 RPKM) were just expressed in low quantity in the antenna. Within 

the different tissue samples, all TcSNMP1 transcripts and the TcSNMPX transcript 

showed highest expression levels in the antennae and the mouthparts. Compared 

to these, TcSNMP2 is expressed much weaker in the antennae (0.88 RPKM) but 

strongly in the body (351.41 RPKM). Based on the chromosomal localization and 

its more TcSNMP1-like expression pattern (figure 2.6), the SNMPX (XP_975606) 

was preliminary named SNMP1z in the manuscript of Dippel et al. (in preparation). 

According to that, SNMPX will be named TcSNMP1z in this study. 

 

 

 

Figure 2.6 Transcriptome data of T. castaneum SNMPs  

Shown are expression levels of the TcSNMP genes in different tissues and body parts: antenna, head 

with mouthparts, mouthparts, leg, body, larval head, and larval body. Expression levels are depicted 

as a heat map table in grey scale representing log2 [RPKM+1] values. The darker the color of a table 

cell, the higher the amount of respective transcript in a given tissue. Arrowheads indicate the 

orientation of the ORF (open reading frame). As indicated by brackets, the SNMP2 gene locus is 

located on the 3rd chromosome, while SNMPX, SNMP1a, SNMP1b, SNMP1c, and SNMP1d are on the 

4th. All SNMP1 gene loci (a-d) cluster closely together. Figure adapted fom Dippel et al. (in 

preparation). 
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2.5 Aim of this thesis 

 

Despite the described importance of SNMPs in the olfactory systems of Diptera and 

Lepidoptera, the exact molecular mechanisms of SNMP function have not been 

elucidated yet. At the beginning of this work only a single SNMP1 homolog and 

SNMP2 homolog each had been described in all investigated insects. Therefore, the 

existence of six SNMPs in antennae of the pest beetle T. castaneum gives a great 

opportunity to investigate the olfactory function of these proteins in more detail, 

with special regards to differences and similarities to the described SNMPs of 

Diptera and Lepidoptera. 

The expression of six TcSNMPs in antennal tissue was confirmed by transcriptome 

data, based on in silico annotations (Dippel et al. in preparation). As precondition 

for subsequent analyses, I wanted to determine the actual full-length transcript 

sequences of the six TcSNMPs by RACE-PCR on antennal cDNA pools. To enable the 

secure identification of TcSNMP expressing cells to narrow down the potential 

functions of this high number of TcSNMPs, I needed to establish a reliable and 

robust double fluorescence in situ hybridization (FISH) protocol for antennae of 

adult T. castaneum.  

In order to find T. castaneum specific odorants that need a given TcSNMP for their 

detection, I wanted to perform loss-of-function studies via RNA interference with 

subsequent electroantennography measurements (EAG). In contrast to D. 

melanogaster, where only the aggregation pheromone cVA is characterized as 

social odor, more described social odors are available in T. castaneum, such as the 

aggregation pheromone 4-8-dimethyldecanal (DMD) (Kim et al., 2005) or 1-4-

benzoquinone as a defensive secretion component (Unruh et al., 1998). This gave 

the great opportunity to analyze the potential involvement of SNMPs to social 

odors, in addition to their role in pheromone detection.  

To analyze, whether the observed conservation of SNMP1 function in D. 

melanogaster and moths is generally true for SNMPs, I wanted to develop an 

expression system to functionally analyze TcSNMPs and the body specific 

DmSNMP2 in DmSNMP1-deficient D. melanogaster. Subsequently, the functionality 

of the fly pheromone system was to be tested, with regard to a potential rescue of 

the snmp1 mutant situation, in order to identify conserved or adapted functions of 
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TcSNMPs. To conclude, the functional analyses of the diversified beetle SNMPs 

were performed to reveal new insights into the possible functions of SNMPs, a 

protein class that plays a crucial role for the detection of pheromones in D. 

melanogaster. 
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3 Material and Methods 

 

 

3.1 Insect culture 

 

3.1.1 Tribolium castaneum culture  

 

All experiments described in this study were carried out with beetles of the 

vermilion white strain (vw) (Lorenzen et al., 2002). They were kept at 28°C with 40 % 

humidity on full grain flour with 5 % dry yeast. 

 

3.1.2 Drosophila melanogaster culture 

 

D. melanogaster used in this study were raised at 25°C on standard cornmeal diet. 

5 l of food medium contained following components: 51 g agar agar strands 

dissolved in 2,5 l of demineralized water (dem. H2O), 50 g soy flour and 90 g yeast 

dissolved in 0,5 l dem. H2O, 400 g corn flour dissolved in 1 l dem. H2O, 110 g treacle 

dissolved in 0,5 l dem. H2O, 400 g malt dissolved in 0,5 l dem. H2O, 31,5 ml 

propionic acid and 7,5  g nipagin dissolved in 40 ml ethanol. Stocks were kept at 

18°C. In general, fly work was carried out as described in (Greenspan, 1997). 

Genotypes of the used flies are listed in tables 2-4. 

 

 

3.2 Molecular biology 

 

Unless otherwise noted, kits and reagents were used according to manufacturer`s 

manuals. Protocols from Sambrook and Russel were used for standard methods 

and solutions (Sambrook and Russell, 2001).  
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3.2.1 Total RNA extraction 

 

For total RNA extraction from insect antennae the “ZR Tissue & Insect RNA 

MicroPrep™” (Zymo Research, Freiburg, Germany) was used. Severed antennae 

were immediately collected in a ZR BashingBead™ Lysis Tube filled with ice cold 

RNA lysis buffer. Subsequently, the manufacturer`s protocol was used. After 

extraction, the final concentration of total RNA was determined by using the 

“NanoDrop ND-1000” (Thermo Fisher Scientific Germany BV & Co KG, 

Braunschweig, Germany) and provided NanoDrop software.  

 

3.2.2 cDNA synthesis 

 

For the double strand cDNA synthesis from antennal total RNA of T. castaneum, the 

“SMARTer® PCR cDNA Synthesis Kit” (Takara Bio Europe/Clontech, Saint-

Germain-en-Laye, France) was used. For synthesis of D. melanogaster first strand 

cDNA, the “Maxima® First Strand cDNA Synthesis Kit” (Thermo Fisher Scientific 

Germany BV & Co KG, Braunschweig, Germany) was used. 

 

3.2.3 RACE (rapid amplification of cDNA ends) cDNA synthesis 

 

5´ and 3´ RACE first strand cDNA pools were generated using the “SMARTer™ 

RACE cDNA Amplification Kit” (Takara Bio Europe/Clontech, Saint-Germain-en-

Laye, France) following the manufacturer’s manual.  

 

3.2.4 Oligonucleotides 

 

Oligonucleotides that were used in this study were synthesized by Eurofins MWG 

Operon (Ebersberg, Germany). Oligonucleotide sequences are listed in the 

following table1.  
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name 5´ to 3´sequence 

RACE_TC008209_s AAGTTCTGAGGGGCGTCAAGGAATC 

RACE_TC008209_as GGCAAGACCTTCCTCCTTTGTGAGA 

RACE_TC008210b_f CCAGCACCCGAAAAGTGCCTACCTA 

RACE_TC008210b_r CCCAACATTGGAGTTCCGGTTAAAGG 

RACE_TC008210c_f ATGCCGATTTCGTTGGTCCTGCTAC 

RACE_TC008210c_r TGACCCCGCGAATCAGACTTTCAT 

RACE_TC008210d_f GTGGCACGAATTGGGTCGTTTAGTTG 

RACE_TC008210d_r CGGGAACTCCGTGAAAACTCGTCTC 

RACE_TC010353_s ACCGTGAAGAGAGGTCTCACCAACA 

RACE_TC010353_as CTGCAGATGTCCGTCGAATAGATG 

RACE_TC008191_s ATTCAAGGAACCGACCTCACCCTCA 

RACE_TC008191_as GGTGTACATCCCGGCACCTCATTTT 

RACE_TC010356_s GCTGTTGCTGTGTGTACATCATGTTTG 

RACE_TC010356_1r GGGTAAGAGGGCGGCCATGTAAATC 

RACE_TC010356_2f CTGCGAAAATCGCAACACTGACTCC 

RACE_TC010356_2r CTCGTAACCGTCTCGGGTCAGAAGG 

RACE_356_s3 GCAATGATCAATCTGTTCCTTGTAATAG 

RACE_356_s4 CATGAGCAGTAATTTTATGCGAGTG 

RACE_356_as4 CAGAGTCCTTTCCAACTCCAGG 

RACE_356_s5 CCATTTCACCAAATGACTGGAGC 

RACE_356_as5 GTACAAAGTGGCATCTGTGCCTTG 

RACE_UPM_short CTAATACGACTCACTATAGGGC 

RACE_UPM_long CTAATACGACTCACTATAGGGCAAGCAGTGGTATCAACGCAGAGT 

TC008191_start_s CCTACGTTGATTTAACACTAGCACGC 

TC008191_end_as CCTATCTAGGTCACACCTTATGTAAAGTAAGTGCT 

353_start2 GGGGAGGCGCAAAATG 

8191_start2 GCAAAATGCGCCTAAGTACG 

8191_end2 CTCTATTCCACGATTTTCCAAGTG 

TC010353_end_as CAAATATATGATATTAATTTGTGCGCACCTATTA 

353_end2 CTATTATTATACATGGTGTTTAGCGTGTGAAC 

TC008210b_start_s GTAAGCTTGCAACTTAGTATTGTGAAGTTATTTTAAAAC 

TC008210b_end_as AAGTATTCTCAAAAATACAATAATTGTGCCAAACTAC 
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TC008210c_start_s ACATGGGGAGTGCAAT 

TC008210c_end_as CCATCATTTGATTTAATTAAATAAA 

TC008210d_start_s ACATGGGGCACTGTGGCC 

TC008210d_end_as CAGTGATTCTACTAAGTGTGTTGAAATTACG 

210d_start2 CCATGCACAAGTCGAAGAAAATACTAG 

210d_end2 CGTTAAAATTTTCCAATTTTTTCGTC 

SNMP1a_start2 GAATGAAACCGATTCGTCGG 

TC008209_end_as CTAGAACAGAACCTGCCTAAACAAATC 

SNMP1a_end2 CATCAGTATTTCTCTATCTCGTTATCAGAC 

TC_356_start_s ATGTCTCGAAAATCTGGAACGGTAC 

TC_356_end_as TTATGAACTATTAGCTCTCTCAATGATCCCTTG 

TcSNMP1aExp_f GTAAGATCTCAAAATGAAACCGATTCGTCGG 

TcSNMP1aExp_r GTAGCGGCCGCTCAGTATTTCTCTATCTCGTTATCAGAC 

TcSNMP1cExp_f GTAAGATCTCAAAATGCTTTCTTACAAGAAGATAACTATTATATC 

TcSNMP1cExp_r GTAGCGGCCGCTTATTTTGAGCTAAGTACAATATTTTCC 

TcSNMP2Exp_f GTAAGATCTCAAAATGGGGAGGCGCAAAATG 

TcSNMP2Exp_r GTAGCGGCCGCTTATACATGGTGTTTAGCGTGTGAAC 

TcSNMP1bExp_f GTAAGATCTCAAAATGACCACTTGCTTTAACACAAA 

TcSNMP1bExp_r GTAGCGGCCGCTTAAGCATTTTTGGTATTTTCTTTATTTC 

DmSNMP1Exp_f GTAAGATCTCAAAATGCAAGTACCTCGGGTTAAGCTG 

DmSNMP1Exp_r GTAGCGGCCGCTTAGTAGCGCTCCCGATGCTC 

TcSNMP1dExp_f GTAAGATCTCAAAATGCACAAGTCGAAGAAAATACTAG 

TcSNMP1dExp_r GTAGCGGCCGCTTAAAATTTTCCAATTTTTTCGTC 

Tc008191Exp_f GTAAGATCTCAAAATGCGCCTAAGTACGCCC 

Tc008191Exp_r GTAGCGGCCGCCTATTCCACGATTTTCCAAGTGG 

pUASTattb_fw2 GAATAGGGAATTGGGAATTCGTTAAC 

pUASTRV GGTCTTCTACCTTTCTCTTC 

DmSNMP1_BamHI_f GTAGGATCCCAAAATGCAAGTACCTCGGGTTAAGCT 

TcSNMP1a_Seq CAGCTGAAAGAAGCACCAGACTTG 

pUASTattbhsp70_s GTATAAATAGAGGCGCTTCGTCTAC 

DmSNMP1_800s CACTTAAGGCGCCAGCTAATGAC 

DmSNMP1_1200s GAGAAATTAAGCAGGCCAAACAAGTC 

Tc210b_1121s GTGGCCTGAACCAGAATGTAACG 

Tc210b_820_f CTCTCACTTACAACCCTTACGACAC 
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DmSNMP2_BamHI_f GTAGGATCCCAAAATGATCCACTGGTCTCTGATTGTCAG 

DmSNMP2_NotI_r GTAGCGGCCGCTTACTTCACGGGCGGCTC 

DmSNMP2_r TTACTTCACGGGCGGCTC 

T7 GAATTGTAATACGACTCACTATAGG 

T7-SP6 TAATACGACTCACTATAGGATTTAGGTGACACTATAGA 

Table 1 Oligonucleotides used in this study 

 

3.2.5 Polymerase chain reaction (PCR) 

 

Polymerase Chain Reaction (PCR) was used to amplify specific nucleotide 

sequences, e.g. 5´ or 3´ cDNA ends, complete open reading frames (ORFs) or 

templates for dsRNA synthesis. Depending on the kind of desired amplificat and 

experiment, different polymerases were used. The “Phusion® High Fidelity DNA 

Polymerase” (New England Biolabs GmbH, Frankfurt am Main, Germany) was used 

for fast sequence verification of recombinant plasmids. For RACE-PCR and for 

amplification of full length sequences, the “Advantage® 2 PCR Kit” (Takara Bio 

Europe/Clontech, Saint-Germain-en-Laye, France) was applied. In both cases PCR 

was performed according to manufacturer`s instructions. PCRs were conducted in 

the PCR cycler “Eppendorf Mastercycler personal” (Eppendorf, Hamburg, 

Germany).  

 

3.2.6 Cloning 

 

Amplificated DNA was analyzed by agarose gel electrophoresis with regard to its 

size and quality. DNA bands of the desired size were cut out from the 1 % agarose 

gel with a clean scalpel and extracted with the “NucleoSpin Gel and PCR Clean-up 

Kit” (MACHEREY-NAGEL GmbH & Co. KG, Düren, Germany). Subsequently, the 

extracted and purified PCR product was ligated into the pCRII vector using the “TA 

Cloning® Kit Dual Promoter (pCR®II)” (Invitrogen/Life Technologies GmbH, 

Darmstadt, Germany). The ligation product was transformed into chemically 

competent Escherichia coli DH5α. The transformed bacteria cells were plated on 

LB agar plates containing ampicillin as selective agent. Prior to plating of the 

bacteria solution, 50 µL 4 % X-Gal solution was plated on the LB-Ampicillin agar 
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plate to allow blue-white-screening of the recombinant colonies as described in 

the manual of the pCRII vector. 

 

3.2.7 DNA isolation of recombinant plasmids 

 

Isolation of recombinant plasmids was achieved by using the “NucleoSpin® 

Plasmid” system (MACHEREY-NAGEL GmbH & Co. KG, Düren, Germany) as 

described in the manufacturer’s protocol. If higher plasmid amounts and/or 

concentrations were needed, the “Plasmid Midi Kit” (QIAGEN GmbH, Hilden, 

Germany) was used. The concentration and purity of the plasmid solution was 

determined using the spectrophotometer NanoDrop ND-1000 (Thermo Fisher 

Scientific Germany BV & Co KG, Braunschweig, Germany). 

 

3.2.8 Double-stranded RNA (dsRNA) synthesis 

 

The recombinant vector pCRII containing the gene of interest served as template 

for a PCR using primers with an attached T7 polymerase promoter sequence. The 

resulting PCR product was used as template in the following in vitro transcription. 

For the synthesis of dsRNA, the “Ambion® MEGAscript® T7 Kit” (Invitrogen/Life 

Technologies GmbH, Darmstadt, Germany) was used according to the 

manufacturer`s protocol. Finally, the precipitated and dried dsRNA was dissolved 

in 30 µl injection buffer (1.4 mM NaCl, 0.07 mM Na2H PO4, 0.03 mM KH2 PO4, 4 mM 

KCL). The dsRNA was stored at -20°C. Gel electrophoreses using a 1 % agarose gel 

was performed to determine the quality and size of the dsRNA. Furthermore, 

concentration was measured using the “NanoDrop ND-1000” (Thermo Fisher 

Scientific Germany BV & Co KG, Braunschweig, Germany) with the provided 

NanoDrop software. 

 

 

 

 

 



Material and Methods 

26 

3.3 Sequence analysis and bioinformatics 

 

3.3.1 DNA sequence analysis 

 

As a preliminary test of the identity of isolated plasmid DNA, restriction analysis 

using appropriate restriction enzymes (New England Biolabs GmbH, Frankfurt am 

Main, Germany) was performed. Subsequent gel electrophoresis with a 1 % 

agarose gel allowed detailed restriction fragment analysis. If this indicated that a 

plasmid contained the desired insert, the plasmid was sent for sequencing to 

Macrogen (Seoul, Korea and Amsterdam, Netherlands) or LGC genomics (Berlin, 

Germany). Sequencing was carried out by these companies using Sanger 

sequencing (Sanger and Coulson, 1975). The obtained sequences were manually 

checked using “Chromas Lite 2.1” (Technelysium Pty Ltd, South Brisbane, 

Australia) and analyzed using “BLAST“ (Basic Local Alignment Search Tool) 

provided by NCBI (http://blast.ncbi.nlm.nih.gov/Blast.cgi) as well as “Tribolium 

BLAST” (http://bioinf.uni-greifswald.de/blast/tribolium/blast.php).  

 

3.3.2 Sequence alignments  

 

Sequence alignments of DNA- or protein-sequences for comparative sequence 

analyses were performed by using Geneious® 6.1.7 (Biomatters Ltd, New 

Zealand), “BioEdit” (Hall, T.A., 1999), or “MEGA” version 5 (Tamura et al., 2011). 

The used multiple sequence alignment method was “Clustal W” (Thompson et al., 

1994).  

 

3.3.3 Phylogenetic calculations 

 

All phylogenetic calculations were performed using MEGA version 5 (Tamura et al., 

2011). To construct a phylogenetic tree, full-length amino acid sequences were 

aligned using the ClustalW algorithm (Thompson et al., 1994). Based on these 

alignments, phylogenetic calculations were done using the neighbor-joining 

method (Saitou and Nei, 1987) with the following parameter set: 1000 bootstrap 

replications, p-distance model, pairwise deletion.  

http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://bioinf.uni-greifswald.de/blast/tribolium/blast.php
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3.3.4 Statistical analysis 

 

All obtained functional data of this study were statistically analyzed with 

“OriginLab® Origin 8.5” (Origin Lab, Friedrichsdorf, Germany). To test for 

normality the Kolmogorov–Smirnov test was applied. If this showed that the data 

were normally distributed, one-way analysis of variance (one-way ANOVA) with 

posthoc bonferroni pairwise comparison was conducted to compare the respective 

mean values. 

 

 
3.4 Histology 

 

3.4.1 Probe synthesis 

 

Synthesis of digoxigenin (DIG) or biotin-labelled RNA probes was conducted using 

the respective “RNA Labeling Kit (SP6/T7)” (Roche Diagnostics Deutschland 

GmbH, Mannheim, Germany) with the following modified protocol: 2 µg of 

linearized recombinant pCRII vector carrying the gene of interest served as 

template. To this template, 2 µl buffer, 2 µl respective RNA labeling mix and 2 µl 

SP6 or T7 RNA Polymerase was added. SP6 or T7 RNA Polymerase was used 

according to the orientation of the insert and whether a sense or antisense probe 

was desired to be synthesized. For synthesis of an antisense probe the polymerase 

that starts at the 5´ side towards the 3´end of the antisense strain was used. Finally, 

autoclaved MilliQ water was added to a final volume of 20 µl. After an incubation 

time of 3 h, 1 µl DNaseI (Roche Diagnostics Deutschland GmbH, Mannheim, 

Deutschland) was added to digest the DNA template. After adding 2.5 µl lithium 

chloride (5 M) and 75 µl 100 % ethanol, the RNA probe was precipitated via 

incubation at -80°C for 30 min and subsequent centrifugation at 4°C for 30 min. 

The obtained RNA probe pellet was washed with 70 % ethanol followed by a 

second centrifugation step. The dried pellet was dissolved in 50 µl water.  

 

 

http://www.youtube.com/watch?v=Kt4UzYVFf6E
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3.4.2 Probe fragmentation 

 

By incubation in carbonate buffer (80 mM NaHCO3, 120 mM Na2CO3, pH 10.2) all 

RNA probes were fragmented to an average length of about 200 bp following the 

protocol of Angerer & Angerer (Angerer LM, Angerer RC., 1992). Fragmented 

probes were stored at -20°C in a buffer containing 50 % formamide, 10 % dextran 

sulfate, 0,2 μg/μl yeast tRNA, 0,2 μg/μl sonicated salmon sperm DNA and 2 x SSC.  

 

3.4.3 Fluorescence in situ hybridization (FISH) 

 
Fluorescence in situ hybridization (FISH) on T. castaneum antennae was performed 

as described for Anopheles gambiae antennae (Schultze et al., 2012) with several 

modifications: Unless otherwise noted, all steps were performed in 1.5 ml 

Eppendorf tubes at room temperature and all used buffers contained 0,03 % 

Triton X-100 to avoid sticking of the antennae. Beetles were anesthetized on ice 

before the antennae were severed with forceps. Collected antennae were 

transferred into ice cold fixation solution (4 % paraformaldehyde in 0.1 M NaCO3, 

pH 9.5, 0.03 % Triton X-100) and incubated for 24 h at 4°C. The fixated tissue was 

then put into a silicon form to become embedded in tissue freezing medium 

(“Tissue-Tek® O.C.T. Compound”, Science Services GmbH, München, Germany). To 

freeze the embedded sample, it was kept at -20°C for 10 min. When completely 

frozen, the cryotome “Cryostat CM 1950” (Leica, Nussloch, Germany) was used to 

bisect the antennae by cutting them to slices of a thickness of 50 µm. Subsequently, 

the frozen slices were collected in a cold Eppendorf tube. 1000 µl PBS were added 

to melt the tissue freezing medium. After removal of the melted freezing medium, 

the antennae were washed for 1 min in PBS, followed by a 10 min washing step in 

0.2 M HCl and 1 min incubation in PBS + 1 % Triton X-100. 

Afterwards, the antennae were kept in the hybridization solution (50 % 

formamide, 5x SSC, 1x denhardt's reagent, 50 µg/ml yeast RNA, 1 % Tween 20, 

0.1 % Chaps, 5 mM EDTA, pH 8.0) for 1 to 10 days at 4°C. Prehybridization was 

achieved by heating the antenna to 55°C for 5 h before adding the desired probes. 

Probes were diluted 1:50 or 1:100 (depending on the expression level of the 

transcript that had to be labelled) in hybridization solution (hyb). To ensure that 
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the probe is single stranded the probe/hyb solution was heated to 65°C for 5 min. 

Subsequently, the probe/hyb solution was chilled on ice for 10 min before it was 

added to the antennae.  

After probe incubation for 3 days at 55°C, the antennae were washed four times 

for 15 min each in 0,1x SSC at 60°C. In order to block unspecific binding sites for 

the subsequent antibody incubation the antennae were treated with “Blocking 

reagent” (Roche Diagnostics Deutschland GmbH, Mannheim, Germany) for 5 h at 

4°C. For the detection of DIG-labelled probes, Fab fragments of anti-digoxigenin-AP 

antibodies (Roche Diagnostics Deutschland GmbH, Mannheim, Germany) were 

used, diluted 1:500 in blocking reagent. To detect biotin-labelled probes, a 

Streptavidin-HRP conjugate (PerkinElmer, Rodgau, Germany) was added to the 

blocking reagent. In case of a desired nuclear staining of the samples, DAPI was 

added in a dilution of 1: 1000. After 3 days of incubation at 4°C, the antennae were 

washed 5 x 10 min with TBS + 0.05 % Tween 20. To visualize transcripts labelled 

with DIG-probes, the “HNPP Fluorescent Detection Set” (Roche Diagnostics 

Deutschland GmbH, Mannheim, Germany) was used. The incubation time was 1 h 

to 3 h at room temperature, depending on the applied probe. Biotin-labelled 

probes were visualized by using the “TSA™, Fluorescein System” or the “TSA™ Plus 

Fluorescein System” (PerkinElmer, Rodgau, Germany) after washing the respective 

samples three times for 5 min each in TBS. The incubation time was 3 h at room 

temperature.  

Finally, antennae were washed three times for 5 min each in TBS and transferred 

to PBS before they were embedded in “Mowiol® 4-88” (Sigma-Aldrich Chemie 

GmbH, München, Germany). The embedded samples were stored at -20°C and 

analyzed via microscopy (chapter 3.6.2).  

 

 

3.5 Genetics  

 

3.5.1 RNA interference (RNAi) 

 

In order to knock-down a transcript of interest, RNA interference (RNAi) was 

performed. Therefore, T. castaneum pupae were injected with dsRNA (2000 ng/µl) 
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of full-length ORF sequences of the desired gene. Injections were performed as 

already described in Posnien et al. (2009). After hatching, the beetles were 

checked for physical integrity, visible by normal vitality and absence of lacerations. 

 

3.5.2 D. melanogaster transgenesis 

 

Transgenesis was performed in D. melanogaster to create UAS-responder lines for 

functional rescue experiments. 

 

3.5.2.1 Cloning of UAS-constructs 

 

To enable GAL4/UAS-mediated expression of transgenes, the gene of interest had 

to be cloned into the pUASTattB vector (Bischof et al., 2007). In a first step, the 

genes of interest were amplified by PCR using a forward primer with an attached 

translation start consensus sequence (Cavener, 1987). Furthermore, the forward 

as well as the reverse primer were designed to carry restriction sites. The PCR 

product was subcloned into the pCRII vector (as described in chapters 3.2.6 and 

3.2.7) and its identity was verified by sequencing (as described in chapter 3.3.1). 

Subsequently, the sequenced plasmids, carrying the gene of interest, as well as the 

pUASTattB vector were digested with corresponding restriction enzymes (New 

England Biolabs GmbH, Frankfurt am Main, Germany) and purified by gel 

electrophoresis and the “NucleoSpin Gel and PCR Clean-up Kit” (MACHEREY-

NAGEL GmbH & Co. KG, Düren, Germany). After ligation of the desired, purified 

DNA sequences of the gene of interest in the pUASTattb with the T4 DNA Ligase 

(5 U/µL; Invitrogen/Life Technologies GmbH, Darmstadt, Germany), the UAS-

constructs were transformed into chemically competent Escherichia coli DH5α as 

described in chapter 3.2.6. Afterwards, a Midi-preparation was conducted by using 

the “Plasmid Midi Kit” (QIAGEN GmbH, Hilden, Germany; chapter 3.2.7). 

 

3.5.2.2 Generation of transgenic D. melanogaster UAS-lines 

 

All UAS-lines used in this study were generated by Best Gene Inc. (Chino Hills, 

USA). The UAS-constructs were injected in Basler strain (FlyC31 strain) #24482. 
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After arrival, single male transformants were balanced by crossing with virgins of 

a balancer line (see table 2). Finally, the balanced stock was kept at 18°C. 

 

genotype source/publication type 

w1118; CyO/Sp ; TM2/MKRS 
wr135 stock collection  

(Lindsley and Zimm, 2012) 
balancer line 

w[*]; Bl/Cyo ; TM2/TM6B 

provided by Dept. of 

Developmental Biochemistry, 

University Göttingen 

balancer line 

Table 2: D. melanogaster balancer lines used in this study 

 

3.5.2.3 Generation of D. melanogaster lines used for functional analyses 

 

The D. melanogaster initial lines (table 3) were used to generate the parent stocks 

(table 4) of the flies measured in the functional analyses. Genetic crossings and 

homologous recombination of flies were performed as described in (Greenspan, 

1997).  

 

genotype source/publication type 

w[*]; SNMP-Gal4/CyO 
provided by Leslie Vosshall 

(Benton et al., 2007) 
driver line 

w[*]; Bl[1]/CyO; snmp1[2]/TM6B Bloomington #25042 mutant line 

w[*]; bw/bw; st, vainsD/TM6B 
provided by Dean Smith 

(Jin et al., 2008) 
mutant line 

w1118; P{20XUAS-IVS-GCaMP5G}attP40 Bloomington #42037 UAS line 

w[*]; UAS-TcSNMP1a/CyO; TM2/TM6B this study UAS line 

w[*]; UAS-TcSNMP1b.1/CyO; TM2/TM6B this study UAS line 

w[*]; UAS-TcSNMP1b.2/CyO; TM2/TM6B this study UAS line 

w[*]; UAS-TcSNMP1c/CyO; TM2/TM6B, this study UAS line 

w[*]; UAS-TcSNMP1d/CyO; TM2/TM6B this study UAS line 

w[*]; UAS-Tc008191/CyO; TM2/TM6B this study UAS line 

w[*]; UAS-TcSNMP2/CyO; TM2/TM6B this study UAS line 

w[*]; UAS-DmSNMP1/CyO; TM2/TM6B this study UAS line 

w[*]; UAS-DmSNMP2.B/CyO; TM2/TM6B this study UAS line 
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w[*]; UAS-DmSNMP2.C/CyO; TM2/TM6B this study UAS line 

Table 3: D. melanogaster initial lines used in this study  

 

genotype type 

w[*]; SNMP-Gal4, UAS-GCaMP5G/CyO; vainsD/TM6B  driver line 

w[*]; SNMP-Gal4, UAS-GCaMP5G/CyO; +/TM6B wild type control 

w[*]; UAS-TcSnmp1a/CyO; snmp1[2]/TM6B UAS line 

w[*]; UAS-TcSNMP1b.1/CyO; snmp1[2]/TM6B UAS line 

w[*]; UAS-TcSNMP1b.2/CyO; snmp1[2]/TM6B UAS line 

w[*]; UAS-TcSnmp1c/CyO; snmp1[2]/TM6B, UAS line 

w[*]; UAS-TcSNMP1d/CyO; snmp1[2]/TM6B UAS line 

w[*]; UAS-Tc008191/CyO; snmp1[2]/TM6B UAS line 

w[*]; UAS-TcSnmp2/CyO; snmp1[2]/TM6B UAS line 

w[*]; UAS-DmSnmp1/CyO; snmp1[2]/TM6B UAS line 

w[*]; UAS-DmSNMP2.B/CyO; snmp1[2]/TM6B UAS line 

w[*]; UAS-DmSNMP2.C/CyO; snmp1[2]/TM6B UAS line 

Table 4: D. melanogaster parental lines of flies used for functional analysis in this study  

 

For functional analyses virgins of the driver line  

w[*]; SNMP-Gal4, UAS-GCaMP5G/CyO; vainsD/TM6B (table 4) were crossed with males 

of the desired UAS-line (UAS-X) (table 4). The offspring was screened for their 

genotype. Flies with the genotype  

w[*]; SNMP-Gal4, UAS-GCaMP5G/UAS-X; vainsD/ snmp1[2]  

were measured as UAS-X rescue fly, whereas the siblings with the following  

genotype  

w[*]; SNMP-Gal4, UAS-GCaMP5G/CyO; vainsD/ snmp1[2]  

were measured as snmp1 mutant control fly.  
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3.6 Imaging 

 

3.6.1 in vivo two-photon calcium imaging of D. melanogaster 

 
To measure neuronal activity of olfactory sensory neuron (OSNs) in the antennal 

lobe, calcium imaging was performed as described in (Barth et al., 2014) with the 

following modifications: 2-7 days old female D. melanogaster, expressing the 

calcium sensor GCamP5G (Akerboom et al., 2012), were anesthetized on ice. After 

opening the head capsule, ice cold Ringer's solution (5 mM HEPES, pH 7.4, 130 mM 

NaCl, 5 mM KCl, 2 mM CaCl2, 2 mM MgCl2, 36 mM sucrose) was applied to cover the 

opening. Measurements were conducted using an “LSM 7 MP two-photon 

microscope” (Carl Zeiss Microscopy GmbH, Jena, Germany) equipped with a mode-

locked “Ti-sapphire Chameleon Vision II laser” (Coherent, Dieburg, Germany), a 

500–550 nm bandpass filter and a Plan-Apochromat 20×/1.0 NA water-immersion 

objective (Carl Zeiss Microscopy GmbH, Jena, Germany). A frame rate of 5 Hz with 

an excitation wavelength of 920 nm was used to monitor calcium dynamics. Odors 

were diluted with mineral oil. Hereby, 1-hexanol and isoamyl acetate (Sigma-

Aldrich Chemie Gmbh, München, Germany) were diluted 1:100 and cVA (Biomol, 

Hamburg, Germany) was diluted 1: 10. Odorants were applied for 2 sec at a 

constant flow rate of 1 ml/s directly to the fly’s antennae by a custom-built 

"olfactometer" device as described by Riemensperger et al. (2005). To correct for 

slight movements of the preparation, acquired images were aligned in the X-Y-

direction using a custom-written Fiji plugin (Schindelin et al., 2012). After 

determination of the region of interest, the baseline fluorescence (F0) was 

calculated by computing the mean of five images before odor stimulus. This value 

was subtracted from the fluorescence intensity values during odor application. 

Finally, the resulting difference value was divided by F0 to get the difference of 

fluorescence emission (ΔF). Every fly was measured three times and each ΔF was 

calculated. For subsequent analyses all three ΔF were averaged.  
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3.6.2 Microscopy and image processing 

 

Embedded T. castaneum antennae that had been subjected to FISH (chapter 3.4.3) 

were analyzed with a “Zeiss LSM780 laser scanning microscope” (Carl Zeiss 

Microscopy GmbH, Jena, Germany) using a 405 nm, 488 nm, and a 561 nm laser. 

Confocal image stacks were taken from single antennal segments. These stacks 

were projected to a single picture. If desired, several of these were arranged to 

show coherent antennal stretches using “PowerPoint” (Microsoft, 

Unterschleißheim, Germany).  

 

 

3.7 Electroantennography (EAG) of T. castaneum 

 

Insect preparation and recording was conducted as described in Wibe et al. (2004) 

with following modifications: Studied beetles of 7-10 days age were starved for 

24h. Subsequently, the beetle was wedged into a pipette tip, so that the antennae 

were directed towards the small end of the tip. The tip was cut just above the 

beetles´s head to enable the antennae to come out of the opening. The pipette tip 

was cut a second time approximately 2 mm behind the beetle to fill the resulting 

opening with plasticine material. This prevented the beetle from moving 

backwards and pushed the antennae softly out of the front tip cut. A sharpened 

tungsten wire was used to make a small hole at the thorax region to insert the 

reference glass electrode. This electrode was filled with Ringer solution and 

contained a silver wire.  

The beetle was placed under the high magnification compound microscope “Leica 

MZ16” (Leica microsystems, Wetzlar, Germany) and the antenna was stabilized 

using a sharpened tungsten wire, prepared with electrolyte solution. By using a 

micromanipulator and a sharpened tungsten wire, the last antennal segment was 

punctured and a sharpened glass capillary electrode (GB150F-8P, 

0.86×1.50×80mm with filament, Science products GmbH, Hofheim, Germany) filled 

with Ringer solution, in contact with a silver wire, was inserted. 

The DC potential was recorded on a computer using a custom-built amplifier 

(Universal AC/DC probe), processed with a data acquisition controller “IDAC-4 
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A/D” converter and later analyzed using “EAG 2000” software (Syntech, 

Hilversum, Netherlands). During the EAG recordings the antenna was flushed with 

a constant flow (approximately 3 l/min) of filtered and humidified air. 20 µL of the 

diluted stimulus compound was applied to a 2cm2 piece of filter paper (7×40mm, 

Whatman No.1) and transferred into a glass Pasteur pipette (Pasteur capillary 

pipette, 150mm Wu Mainz, Deutschland). For odor application an electrically 

controlled stimulus controller (CS-02, Syntech, Hilversum, Netherlands) delivered 

a 1s puff of odor to the antenna. To confirm the activity of an antenna preparation, 

the positive control odors 4-8-dimethyldecanal (DMD) at 10-3 and 1-hexanol at   

10-2 were applied at the beginning and the end of recording. The negative control 

odor silicon oil was used before and after each replication. The desired test odors 

were applied in random order. For testing dose dependent responses odors were 

applied with increasing concentrations. Between measurements a pause of at least 

one minute was allowed. For every sex, seven beetles were recorded and every 

beetle was recorded twice. The mean of both measurements was calculated and 

used as value for this beetle in subsequent analyses.  
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4 Results 

 

 

4.1 Sequence analysis of TcSNMPs 

 

The expression of six TcSNMPs in antennal tissue of adult T. castaneum was 

confirmed by transcriptome data (Dippel et al. in preparation). However, the 

originally predicted coding sequences were based on in silico annotations and 

were corrected during transcriptome-based reannotation. Therefore, the new gene 

predictions had to be verified and the actual full-length cDNA sequences of the 

different TcSNMPs had to be determined. 

 

 

4.1.1 cDNA isolation and characterization of TcSNMPs 

 

To determine the actual TcSNMP sequences, 5´ and 3´ RACE PCRs on antennal 

cDNA of T. castaneum were conducted. Specific oligonucleotides were designed to 

prime regions for which the sequence annotation was supported by available 

transcriptome data (Dippel et al. in preparation). It was possible to obtain 5´ and 3´ 

transcript sequences of TcSNMP1a, TcSNMP1b, TcSNMP1c, TcSNMP1d, TcSNMP1z, 

and TcSNMP2. The sequence information of these transcripts was sufficient to 

assemble the complete ORFs (open reading frame) in silico. Based on this 

assembly, primer pairs were designed to amplify the full length sequences of all 

TcSNMPs by PCR on antennal cDNA of T. castaneum, which verified the in silico 

cDNA assemblies.  

The determined TcSNMP1a transcript is 1980 bp (base pairs) long and contains a 

five bp long 5´ UTR and 304 bp long 3´ UTR (figure 4.1). Eight exons contain the 

1671 bp long ORF which results in 557 amino acids in the corresponding putative 

protein (figures 4.1 and 4.2). By comparison of the isolated TcSNMP1a cDNA 

sequence and the originally annotated sequence the actual ORF is 126 bp longer, 

due to the actual translation start being located 126 bp upstream to the predicted 

start codon (figure S1).  
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For TcSNMP1b, it was possible to isolate two isoforms of the TcSNMP1b transcript: 

TcSNMP1b.1 and TcSNMP1b.2 (figure 4.1). Here, due to alternative splicing, the 

transcript of the isoform TcSNMP1b.1 contains an additional exon that results in a 

252 bp longer ORF (figure 4.1). More precisely, TcSNMP1b.1 has a 1587 bp long 

ORF and TcSNMP1b.2 a 1335 bp long ORF (figure 4.1). After in silico translation 

this results in 84 additional amino acids in the corresponding putative 

TcSNMP1b.1 protein (figure 4.2). The determined 5´ UTR is 40 bp long and the 3´ 

UTR is 59 bp long (figure 4.1). Compared to the annotation, TcSNMP1b.1 (figure 

S2) as well as TcSNMP1b.2 (data not shown) have a translation start that is 92 base 

pairs upstream of the annotated start codon and a 15 bp longer 3´UTR than 

predicted (figure S2).  

The full length TcSNMP1c transcript obtained via RACE-PCR, comprises eight 

exons containing an ORF of 1461 base pairs, resulting in a putative protein with 

487 amino acids (figures 4.1 and 4.2). The 5´ UTR of TcSNMP1c has a length of 8 bp 

and the 3´ UTR of 26 bp (figure 4.1). The actual TcSNMP1d transcript is 1686 bp 

long with an ORF of 1572 bp (figure 4.1). The corresponding putative protein has 

524 amino acids (figure 4.2). Here, TcSNMP1c represents the 5´ end of the 

annotated TcSNMP1c sequence and TcSNMP1d represents the 3´ end (figures S3 

and S4). Given that both sequences were isolated by RACE PCR, this confirms the 

transcriptome based observations that TcSNMP1c and TcSNMP1d are independent 

transcripts (Dippel et al. in preparation).  

The obtained full length cDNA of TcSNMP1z is 1860 bp long containing a 35 bp 

long 5´ UTR and a 241 bp long 3´ UTR (figure 4.1). Six exons contain a 1584 bp long 

ORF which results in a putative protein sequence of 528 amino acids (figures 4.1 

and 4.2). This verifies the existence of this TcSNMP gene, which had been only 

fragmentally detected by bioinformatical tools (figure S5). Therefore, the obtained 

full length sequence will enable the determination of conserved domains and 

protein topology of the putative protein. 

The isolated TcSNMP2 cDNA sequence has an ORF of 1539 bp resulting in 513 

amino acids in the corresponding putative protein (figures 4.1 and 4.2). The full 

length cDNA of TcSNMP2 consists of nine exons and is 1600 bp long with a 2 bp 

long 5´ UTR and a 59 bp long 3´ UTR (figure 4.1). Comparison of the actual 

TcSNMP2 cDNA sequence with the in silico annotation showed an only marginal 
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shortening of the determined ORF at the 5´ end of 14 bp. The 3´UTR of the 

annotated transcript is 68 bp longer than the obtained 3´UTR (figure S6). 

Generally, comparisons between the isolated full length transcripts with the 

annotated sequences show several single nucleotide polymorphisms (SNPs) 

(figures S1-S6). However, the majority of these polymorphisms do not lead to an 

amino acid exchange. These SNPs could be allelic variations of the same gene 

within different beetle strains, since different strains were used for the cDNA 

preparation and for the genome sequencing. 

Taken together, it was possible to show that six of the seven originally annotated 

TcSNMP genes (Nichols and Vogt, 2008; Vogt et al., 2009) actually exist as 

independent transcripts in antennae of adult T. castaneum, confirming the result of 

the transcriptome analysis (Dippel et al. in preparation). Importantly, consistent 

full-length cDNA sequences of these genes were obtained, cloned, and are now 

available (sequences as fasta-format are listed in the supplemental section). They 

were used for all subsequent experiments in this work.  
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Figure 4.1 Full-length cDNA sequences of the isolated TcSNMPs 

The genomic regions (black line) and the actual TcSNMP full-length cDNA sequences obtained by 

RACE-PCR (boxes) are schematically shown. The ORF is illustrated by yellow boxes and the 5´ and 

3´ UTR by blue boxes. Numbers below the boxes indicate the nucleotide position of the full-length 

cDNA sequence. Numbers below the depicted introns indicate their length in bp. The genomic and 
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cDNA areas are proportional in size. Exceptions are indicated as interruption of the depicted 

introns. 

 

 

4.1.2 Analysis of the amino acid sequence and topology of TcSNMP proteins 

 

The obtained ORFs (chapter 4.1.1) were translated in silico, to determine the 

TcSNMP amino acid sequences. These were used to characterize the TcSNMP 

proteins and to analyze their topology. By using BLAST algorithm, all putative 

TcSNMP protein sequences were confirmed as SNMP proteins. Direct comparison 

of the TcSNMP protein sequences with each other revealed a considerable number 

of identical amino acid residues (figure 4.2).  

However, except of TcSNMP1z, the total sequence identity of two given TcSNMP1 

proteins among each other was in the range of 28.3 % to 44.3 % (figure 4.3). Here, 

TcSNMP1a and TcSNMP1b.2 were the two TcSNMPs with the lowest identity of 

28.3 %, whereas TcSNMP1c and TcSNMP1d showed the highest identity with 

44.3 % (figure 4.3). In contrast to the T. castaneum SNMP proteins, moth SNMP1 

proteins of the tobacco budworm Heliothis virescens, the tobacco hornworm 

Manduca sexta and the silk moth Antheraea polyphemus showed a much higher 

sequence identity of 66 % - 90 % (Forstner et al., 2008).  

The TcSNMP2 protein revealed a sequence identity of 23 % to 26.2 %. with 

TcSNMP1a, both TcSNMP1b isoforms, TcSNMP1c and TcSNMP1d. Here, 23 % 

shared amino acids were found with the TcSNMP1b.2 protein and 26.2 % with the 

TcSNMP1d protein (figure 4.3). Similarly, the TcSNMP1z protein showed a 

sequence identity of 20.7 % - 24 % to the other TcSNMP1 proteins and 24.5 % to 

the TcSNMP2 protein (figure 4.3). These values are comparable to the described 

amino acid identities of 25 %-29 % between SNMP1 and SNMP2 proteins of H. 

virescens, M. sexta and A. polyphemus (Forstner et al., 2008). This low amino acid 

identity of TcSNMP1z to the other TcSNMP1 proteins and the TcSNMP2 protein 

indicates a special position of TcSNMP1z within the T. castaneum SNMP proteins. 

 

SNMP proteins belong to the larger CD36 scavenger receptor protein family 

(Benton et al., 2007; Rogers et al., 1997). Like these, known SNMP proteins have 

two transmembrane domains (TMD), short intracellular N- and C-termini and a big 
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extracellular loop (Martin et al., 2011; Rogers et al., 1997). To test whether the 

T. castaneum SNMPs also have putative transmembrane domains, the sequences 

were analyzed by the „TMHMM ExPASy Proteomics tool“ (Möller et al., 2001). In all 

TcSNMP protein sequences, two TMD were found (red frames, figure 4.2). They 

were all predicted with a very high probability.  

Based on the predicted TMD, all TcSNMP proteins contain one huge extracellular 

loop. The N- and C-termini of the proteins are relatively small and are exposed to 

the intracellular compartment. Taken together, all T. castaneum SNMPs possess the 

typical characteristics and topology of SNMPs and CD36 proteins.  

 

 

Figure 4.2 Alignment of amino acid sequences of all obtained TcSNMP proteins 

Shown are the amino acid sequences of the indicated TcSNMPs in one letter code. Protein 

alignment was done using ClustalW (Thompson et al., 1994). Identical amino acids are highlighted 

in dark grey. Putative transmembrane domains were identified via TMHMM prediction tool (Möller 

et al., 2001) and are framed in red.  
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Figure 4.3 Amino acid identities among TcSNMP proteins 

Amino acid identities of any two TcSNMP proteins are shown in percent. In addition, the 

percentages are depicted as a heat map. The darker the grey shade of the heat plot the higher the 

amino acid identity.  

 

 

4.1.3 Phylogenetic analysis of TcSNMP proteins with SNMP proteins and 

other members of the CD36 protein family 

 

To determine the degree of relationship between the SNMP proteins of 

T. castaneum and SNMPs and other CD36-related proteins of other species, a 

phylogenetic analysis was performed using the MEGA5 software (Tamura et al., 

2011). Here, the protein alignment was conducted using ClustalW and the tree was 

calculated with the neighbor joining algorithm (Saitou and Nei, 1987; Thompson et 

al., 1994). This was done to clarify the identity of the numerous TcSNMP proteins, 

especially of the TcSNMP1z protein that showed low amino acid identities to the 

other TcSNMP proteins (figure 4.3). 

In addition to the obtained TcSNMP members, also other protein sequences were 

included in this phylogenetic analysis. In this respect just protein sequences with a 

known full length protein sequence were taken. As representatives of the human 

CD36 protein family, two different well characterized CD36 proteins were 

included, the human CLA-1 (CD36 and LIMPII analogous-1) and the fatty acid 

translocase CD36 (Putri et al., 2015; Song et al., 2015). As further members of the 

mammalian CD36 protein family, the bovine SRB1 (scavenger receptor class B 

member 1) and the SCRB2 (scavenger receptor class B member 2) of mouse and 

rat were included. The used CD36 proteins of the vinegar fly D. melanogaster 

DmelSantaMaria (scavenger receptor acting in neural tissue and majority of 

rhodopsin is absent), DmelEmp (epithelial membrane protein), DmelNinaD 

(neither inactivation nor afterpotential D), DmelCrq (croquemort) and 
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DmelCG1887 (DmelCG1887/debris buster) are all well described regarding their 

potential function (Franc et al., 1999; Han et al., 2014; Kiefer et al., 2002; Lemaitre, 

2000; Wang et al., 2007). All these non-SNMP CD36 proteins served as outgroup. 

SNMP1 and SNMP2 protein sequences were taken from insects that have an 

available transcriptome to prevent missing SNMP homologs. Furthermore 

phylogenetic relations of the species were considered. Here, the protein sequences 

of the SNMP homologs of the honeybee Apis mellifera (AmelSNMPs) as 

representative of the hymenoptera were taken. Of Diptera, the SNMP homologs of 

the yellow fever mosquito Aedes aegypti (AaegSNMPs), the malaria mosquito 

Anopheles gambiae (AgamSNMPs) and the vinegar fly D. melanogaster 

(DmelSNMPs) were included. For Lepidoptera the SNMP sequences of the tobacco 

budworm Heliothis virescens (HvirSNMPs), the tobacco hornworm Manduca sexta 

(MsexSNMPs) and the domesticated silkmoth Bombyx mori (BmorSNMPs) were 

used. To improve the tree resolution, additional beetle SNMP homologs of the 

yellow mealworm beetle Tenebrio molitor (TmolSNMPs) were included. 

Additionally, SNMP protein sequences of the hessian fly Mayetiola destructor 

(MdesSNMPs) and the brown blowfly Calliphora stygia (CstySNMPs), two insects 

that have a rather high number of described SNMPs, were included.  

The resulting dendrogram (figure 4.4) shows that all SNMP proteins included in 

the analysis cluster together in one main group. This group subdivides further into 

a smaller branch that comprises the different SNMP1 proteins and into one that 

includes the SNMP2 proteins. The only exceptions are Calliphora SNMP3 that 

clusters in the SNMP1 protein branch and Tribolium SNMP1z that, similar to Apis 

SNMP2, groups neither into the SNMP1 or SNMP2 proteins. The SNMP1 proteins as 

well as the SNMP2 proteins, respectively, of the Diptera (figure 4.4 dark grey 

background) and of the Lepidoptera (figure 4.4 light grey background) cluster in 

their respective orders.  

In contrast, the Tribolium SNMP1 proteins are distributed into two coleopteran 

branches. The one branch consists of TcSNMP1b, c and d and the other consists of 

TcSNMP1a and the SNMP1 of the beetle Tenebrio. Tribolium SNMP2 clusters with 

the SNMP2 protein of the beetle Tenebrio.  

Another main group of the dendrogram consists of various non-SNMP members of 

the CD36 protein family. In this tree they are serving as outgroup. Various CD36 
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family members of D. melanogaster, but not DmelSNMP, are clustered in this 

branch. For example DmelNinaD, a protein that enables cells to uptake carotenoid 

and DmelSantaMaria, a protein, that is involved in defense response (Hauling et al., 

2014; Voolstra et al., 2006). Additionally, mammalian scavenger receptors are part 

of this branch, e.g. the Human CLA-1, a receptor for high density lipoprotein (HDL) 

and apoptotic thymocytes (Murao et al., 1997). 
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Figure 4.4 Phylogenetic analysis of SNMPs and other CD36 proteins   
A bootstrap consensus tree was calculated using the neighbor joining algorithm (Saitou and Nei, 

1987). Numbers next to the nodes indicate the percentage of replicate trees in which the proteins 

clustered together in the bootstrap test (1000 replicates). The positions of the T. castaneum SNMP 
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proteins are highlighted with a red frame. Dipteran SNMP proteins are shown with a dark grey 

background. Lepidopteran SNMP proteins are highlighted with a light grey background. 

Abbreviations: CD36 and LIMPII analogous-1 (CLA-1), Scavenger receptor class B member 1 (SRB1), 

Scavenger receptor class B member 2 (SCRB2), D. melanogaster scavenger receptor acting in neural 

tissue and majority of rhodopsin is absent (DmelSantaMaria), D. melanogaster epithelial membrane 

protein (DmelEmp), D. melanogaster neither inactivation nor afterpotential D (DmelNinaD), 

D.melanogaster croquemort (DmelCrq), D. melanogaster debris buster (DmelCG1887), D. 

melanogaster (Dmel), Apis mellifera (Amel), Aedes aegypti (Aaeg), Anopheles gambiae (Agam) 

Heliothis virescens (Hvir), the tobacco hornworm Manduca sexta (Msex), Bombyx mori (Bmor), 

Tenebrio molitor (Tmol) Mayetiola destructor (Mdes), Calliphora stygia (Csty) 

 

 

4.2 Localization of SNMP expressing cells  

 

The isolation of full length cDNA of six different TcSNMP homologs confirmed the 

previous finding from transcriptome data that these are expressed in antennae of 

T. castaneum. However, the identity of SNMP expressing cells within the antennae 

is diverse among insect species. In moths, SNMP1 is expressed exclusively in 

olfactory sensory neurons (OSNs), whereas SNMP2 is expressed in adjacent 

supporting cells (Forstner et al., 2008). In contrast, in D. melanogaster SNMP1 is 

expressed in both, OSNs and supporting cells (Benton et al., 2007). To clarify the 

localization of six different SNMPs within the antenna of T. castaneum, 

fluorescence in situ hybridization (FISH) was used. This technique has been 

successfully applied to visualize and identify cells within antennae of many 

different insect species that express a gene of interest (Forstner et al., 2008; Guo et 

al., 2013; Schultze et al., 2012). At the beginning of this work, this method had not 

been applied successfully on T. castaneum antennae. Therefore, it was necessary to 

establish a working FISH protocol for T.castaneum.  

 

 

4.2.1 Establishment of a FISH protocol for T. castaneum antennae 

 

Two different cell types have a described role for the olfactory system in insects: 

OSNs and associated supporting cells (Keil, 1999). The ability to visualize 

transcripts within both kinds of cells was a requirement for the localization and 

reliable identification (in double FISH, see below) of SNMP expressing cells. For 
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that purpose, antisense probes targeting transcripts of highly expressed genes 

putatively found in OSNs and supporting cells were synthesized. As negative 

control also sense probes against these genes were synthesized. For OSNs, an anti-

sense probe targeting the mRNA of the odorant receptor coreceptor (Orco) was 

prepared. This highly-conserved coreceptor is expressed in the majority of OSNs in 

different insect species (Stengl and Funk, 2013; Vosshall et al., 1999). In order to 

visualize supporting cells, a probe against the odorant binding protein 9b (OBP9b) 

transcript was prepared. Odorant binding proteins (OBPs) are expressed in 

secretory supporting cells (Steinbrecht et al., 1992) and TcOBP9b as well as 

TcOBBP9a are some of the highest expressed OBPs in T. castaneum antennae 

(Dippel et al., 2014).  

Due to the impermeability and hardness of the coleopteran cuticle, it was not 

possible to perform a whole mount FISH or FISH on thin sections as described for 

other insects (Krieger et al., 2004; Schymura et al., 2010). To enable penetration of 

the hybridization components, the antennae were longitudinally bisected (chapter 

3.4.3). By using HNPP/Fast Red staining (chapter 3.4.3), it was possible to visualize 

transcripts of Orco (figure 4.5 A) and OBP9b (figure 4.5 B) each. 

In both images, the projected z-stack of a representative last antennal segment 

(segment eleven) is shown. The autofluorescence of the cuticle helps to visualize 

the structure of the segment. In both images distinct red signals are found within 

the segment. The cells labelled by the red signals of the Orco probe appear round 

in shape compared to the cells labeled by the OBP9b probe which have a more 

elongated shape. These cell shapes correspond well to the previously described 

cell morphologies of Orco expressing OSNs and OBP expressing secretory 

supporting cells (Forstner et al., 2006; Krieger et al., 2005; Schymura et al., 2010). 

In both FISH stainings the inner cell structure contains a darker area where the 

FISH staining appears ommitted. Nuclear stainings with DAPI revealed that this 

area represents the cell nucleus (figure 4.6). The nucleus does not contain 

transcripts in the same abundance as the cytoplasm and is therefore not visualized 

by the transcript targeting probe. Both, the typical cell morphology visible from the 

staining signal and the cell nucleus that lacks a visible signal confirm that specific 

cells of the antennal segment were labelled by FISH. Conclusively, it is possible to 
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label antennal olfactory cells of T. castaneum using the established protocol of this 

study. 

 

 

 
Figure 4.5 FISH visualizing marker transcripts of OSNs (Orco) and secretory supporting cells 

(OBP9b) in the most distal T. castaneum antennal segment 
A: Orco expression in antennal segment 11 of T. castaneum. Orco transcripts were detected using a 

digoxigenin-labelled antisense RNA probe and the HNPP/FastRed detection system, resulting in red 

fluorescence. B: OBP9b expression in antennal segment 11 of T. castaneum. OBP9b transcripts were 

detected using a digoxigenin-labelled RNA antisense probe and the HNPP/FastRed detection 

system, resulting in red fluorescence. C: Orco expression in antennal segment 11 of T. castaneum. 

Orco transcripts were detected using a biotin-labelled antisense RNA probe and the TSA detection 

system, resulting in green fluorescence D: OBP9b expression in antennal segment 11 of T. 

castaneum. OBP9b transcripts were detected using a biotin-labelled RNA antisense probe and the 

TSA detection system, resulting in green fluorescence. 

Depicted are projected image stacks. Scale bar is 20 µm. 
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Figure 4.6 FISH and nuclear DAPI staining on T. castaneum antenna 

Shown are projected images of the antennal segment 11 after FISH with a digoxigenin-labelled 

probe targeting OBP9b transcripts and a nuclear DAPI staining (blue fluorescence B). Transcripts 

were visualized by the HNPP/FastRed detection system (red fluorescence, A). The separate 

fluorescence channels (A and B) and the overlay of both fluorescence channels are shown (C). Scale 

bar is 20 µm.  

 

 

4.2.2 Establishment of a double FISH protocol for T. castaneum antennae 

 

To reliably identify and visualize the expression of more than one type of gene 

transcript in different cells, it is a precondition to make use of alternative labeling 

methods. To test an alternative staining approach using green fluorescence, biotin-

labelled probes against Orco and OBP9b were synthesized and the TSA (tyramide 

signal amplification) detection system was applied (chapter 3.4.3). Cells containing 

Orco or OBP9b transcripts were thereby visualized by green fluorescence and were 

distinctly detectable (figure 4.5 C, D). The Orco expressing cells show a round 

morphology, whereas the OBP9b expressing supporting cells have an elongated 

cell body. The dark area of the cell nucleus is visible. In summary, the detection 

and visualization of transcripts within OSNs and supporting cells using biotin-

labelled probes and the TSA detection system confirmed the results obtained by 

the HNPP/FastRed detection system.  

By using both described methods and alternative staining procedures successively, 

it was possible to label two different transcripts with two different fluorescent 

dyes at once in one T. castaneum antenna (figure 4.7). All antennal club segments 

that are responsible for the sense of smell are shown. The Orco transcripts 

expressed by OSNs and OBP9b transcripts expressed by secretory supporting cells 

were detected by digoxigenin- and biotin-labelled probes, respectively, and the 
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hybridized probes were subsequently visualized by red or green fluorescence 

within the respective cells of all shown segments (figure 4.7). The red and the 

green staining are localized exclusively and therefore clearly distinguishable. Non-

specific fluorescence is detectable between single segments and at the segments 

distal cuticle where the olfactory sensilla project outwards (figure 4.7, white 

arrows). The performed double FISH also confirmed the previosly described 

cellular organization within one olfactory segment (Roth and Willis, 1951): OSNs 

and supporting cells are located distant from the sensillar hairs that are located at 

the distal end of each segment (figure 4.7). Furthermore, they are arranged in 

different layers within one segment. Whereas the cellbodies of the OSNs are in the 

proximal area of a segment (figure 4.7, red fluorescence), the supporting cells are 

located more distal (figure 4.7, green fluorescence). Taken together, a reliable 

double FISH protocol for T. castaneum antennae was established in this work. 

 

 

 

Figure 4.7 Double FISH visualizing marker transcripts of OSNs (Orco) and secretory 

supporting cells (OBP9b) in T. castaneum club segments 

Depicted are projected image stacks of an antennal stretch of segments 9 – 11 of T. castaneum after 

double FISH with a digoxigenin-labelled probe targeting Orco transcripts and a biotin-labelled 

probe targeting OBP9b transcripts. Hybridized transcripts were visualized by the HNPP/FastRed 

detection system for digoxigenin-labelled probes (red fluorescence, A) followed by the TSA 

detection system for biotin-labelled probes (green fluorescence, B). The separate fluorescence 

channels (A and B) and the overlay of both fluorescence channels are shown (C). White arrows 



Results 

 51 

point to non-specific fluorescence between single segments and at the segments distal cuticle 

where the olfactory sensilla rise. Scale bar is 20 µm.  

 

 

4.2.3 Visualization and characterization of SNMP expressing cells 

 

For the visualization of SNMP expressing cells the established FISH protocol was 

applied (chapter 4.2.1). Subsequently, the SNMP expressing cells were reliably 

identified by double FISH targeting the transcript of a desired SNMP and a marker 

transcript for OSNs or supporting cells (chapter 4.2.2). Here, visualized Orco 

transcripts were used as marker for OSNs, given that Orco is expressed in a 

majority of OSNs (figures 4.5 and 4.7). In contrast, each individual OBP is 

expressed in a specific subset of supporting cells. Therefore double FISH with 

probes targeting a specific OBP transcript is less effective as marker for supporting 

cells. However, due to the arrangement in different layers of OSNs and supporting 

cells (figure 4.7), a double FISH with a probe targeting the transcript of a desired 

SNMP with a probe targeting one of the different OBPs was used to get an 

impression of the localization of the SNMP expressing cell.  

 

 

4.2.3.1 SNMP1a is expressed in a wide range of OSNs 

 

To localize SNMP1a expressing cells, FISH was performed using a digoxigenin-

labelled probe targeting SNMP1a transcripts on antennae of adult T. castaneum. 

(figure 4.8 A). All antennal club segments (segments 9 to 11) house many cells 

with hybridized and visualized SNMP1a transcripts. The numerous hybridization 

signals obtained are located in the proximal layer of the segments (figure 4.8 A). 

The labelled cells appear round in shape and are found exclusively within the 

antennal club segments. Segments 1-8 did not show any staining (data not shown).  

This indicates that SNMP1a is expressed in cells of the olfactory system, because 

the olfactory sensilla are also located exclusively on antennal club segments 

(Dippel et al. in preparation). To determine in which cell type SNMP1a is 

expressed, double FISH experiments were performed. For that purpose a 

digoxigenin-labelled SNMP1a probe was combined with a biotin-labelled probe 
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targeting Orco transcripts. In the representative eleventh antennal segment, 

SNMP1a expressing cells were visualized with red fluorescence (figure 4.8 B) and 

Orco expressing cells were visualized with green fluorescence (figure 4.8 C). The 

overlay of both hybridized and visualized transcripts (figure 4.8 D) and the 

magnification of the orange box (figure 4.8 F, H and J) illustrates that the shown 

cell is visualized by both probes. All other SNMP1a expressing cells show also Orco 

expression.  

This suggests that SNMP1a expressing cells are olfactory sensory neurons. 

However, there are additional Orco expressing cells that are not visualized by the 

SNMP1a probe. This is demonstrated by higher magnification of the blue framed 

area (figure 4.8 E, G and I). At the position of the green fluorescent signal of the 

Orco probe (figure 4.8 G) no red fluorescence is detectable (figure 4.8 E). In 

summary the results showed that SNMP1a is expressed in a majority of olfactory 

sensory neurons. 
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Figure 4.8 Expression pattern of SNMP1a  
A: SNMP1a expression in antennal club segments of T. castaneum. SNMP1a transcripts were 

detected using a digoxigenin-labelled antisense RNA probe and the HNPP/FastRed detection 

system, resulting in red fluorescence. Confocal image stacks were projected. Scale bar is 20 µm.  

B-D: Projected images of the antennal segment 11 after double FISH with a digoxigenin-labelled 

probe targeting SNMP1a transcripts and a biotin-labelled probe targeting Orco transcripts. 

Transcripts were visualized by the HNPP/FastRed detection system for digoxigenin-labelled probes 

(red fluorescence, B) followed by the TSA detection system for biotin-labelled probes (green 

fluorescence, C). The separate fluorescence channels (B and C) and the overlay of both fluorescence 

channels are shown (D). Scale bar is 20 µm. 

E-J: Higher magnification of the boxed areas of B-D. Different areas are marked with an orange or 

blue box, respectively. The orange box illustrates a cell that was visualized by a probe targeting 
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Orco transcripts and by a probe targeting SNMP1a transcripts The blue box shows a cell that was 

visualized by a probe targeting Orco transcripts but not by a probe targeting SNMP1a transcripts. 

 

 

4.2.3.2 SNMP1b is expressed in a small number of supporting cells 

 

To localize SNMP1b expressing cells, FISH was carried out. Due to the high 

sequence similarity of the two isoforms SNMP1b.1 and SNMP1b.2, these isoforms 

were investigated together with the same biotin-labelled RNA probe. A 

representative antennal club (segments 9 – 11) subjected to in situ hybridization 

with this probe showed that visualized cells are located in the distal region of the 

eleventh segment (figure 4.9 A). In the other segments no signal was detectable. 

The extended shape of the cells with a green signal in combination with the distal 

localization suggests that the hybridized cells are supporting cells. To clarify this, 

double FISH was performed with probes against SNMP1b and Orco as OSN marker.  

Depicted is an eleventh segment of a T. castaneum antenna (figure 4.9 B-D). 

SNMP1b expressing cells are visualized with green fluorescence (figure 4.9 B), Orco 

expressing cells with red fluorescence (figure 4.9 C). The Orco expressing cells are 

located in a more proximal layer of the antennal segment than the SNMP1b 

expressing cells. This indicates that SNMP1b is not expressed in OSNs. This finding, 

in combination with the localization and shape of the cells showing the SNMP1b 

signal suggests that SNMP1b is expressed in supporting cells.  

To test this suggestion double FISH targeting transcripts of SNMP1b as well as 

OBP9a was conducted (figure 4.9 E-G). In the shown representative segment the 

green visualized SNMP1b expressing cells (figure 4.9 E) are located in the same 

layer as the OBP9a expressing cells (figure 4.9 F). Taken together, the observations 

that SNMP1b expressing cells do not show expression of the neuronal marker Orco, 

that they are located in the same tissue layer as OBP9a expressing supporting cells 

and finally that they have an elongated cell shape, indicate that SNMP1b is 

expressed in a subset of supporting cells.  
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Figure 4.9 Expression pattern of SNMP1b 

A: SNMP1b expression in antennal club segments (segments 9-11) of T. castaneum. SNMP1b 

transcripts were detected using a biotin-labelled antisense RNA probe and the TSA detection 

system, resulting in green fluorescence. Confocal image stacks were projected. Scale bar is 20 µm.  

B-G: Shown are projected images of segment 11 of a T. castaneum antenna after double FISH using 

a biotin-labelled probe targeting SNMP1b transcripts and a digoxigenin-labelled probe targeting 

either Orco (B-D) or OBP9a (E-G) transcripts. Hybridized probes were visualized by the 

HNPP/FastRed detection system for digoxigenin-labelled probes (red fluorescence, C and F) 

followed by the TSA detection system for biotin-labelled probes (green fluorescence, B and E). The 

separate fluorescence channels (B, C, E and F) and the overlay of both fluorescence channels are 

shown (D and G). Scale bar 20 is µm.  
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4.2.3.3 SNMP1c is expressed in numerous supporting cells 

 

SNMP1c expressing cells were detected using a digoxigenin-labelled probe 

targeting SNMP1c transcripts. In a representative eleventh segment of a 

T. castaneum antenna that was subjected to the decsribed FISH, red fluorescent, 

numerous extended shaped cells are visible in the distal part of the segment 

(figure 4.10 A). In the other antennal club segments (segment 9 and 10) 

comparable hybridization signals were obtained (data not shown). To determine 

the identity of the SNMP1c expressing cells, double FISH was performed following 

the approach described for SNMP1a. A biotin-labelled probe targeting SNMP1c 

transcripts was combined with a digoxigenin-labelled probe targeting the OSN 

marker Orco. The localization and amount of the green fluorescent SNMP1c 

expressing cells (figure 4.10 B) is similar to the obtained hybridization signal using 

the digoxigenin-labelled SNMP1c probe (figure 4.10 A). Compared to the Orco 

expressing cells, visualized by red fluorescence (figure 4.10 C, D), the SNMP1c 

expressing cells are in a more distal tissue layer (figure 4.10 D). This localization as 

well as the extended cell morphology of the SNMP1c expressing cells indicates that 

SNMP1c is expressed in supporting cells. However, when compared to the 

hybridization signals obtained using different OBP probes (figures 4.9 F and 4.7 B) 

SNMP1c expressing cells seem to be more rarely (figure 4.10). Taken together, the 

expression data indicate that SNMP1c is expressed in a subclass of supporting cells 

that occurs numerous in the antennal club segments. 
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Figure 4.10 Expression pattern of SNMP1c  

A: SNMP1c expression in antennal segment 11 of T. castaneum. SNMP1c transcripts were detected 

using a digoxigenin-labelled antisense RNA probe and the HNPP/FastRed detection system, 

resulting in red fluorescence. Confocal image stacks were projected. Scale bar is 20 µm.  

B-D: Shown are projected images of segment 11 of an antenna of T. castaneum after double FISH 

using a biotin-labelled probe targeting SNMP1c transcripts and a digoxigenin-labelled probe 

targeting Orco transcripts. Hybridized probes were visualized by the HNPP/FastRed detection 

system for digoxigenin-labelled probes (red fluorescence, C) followed by the TSA detection system 

for biotin-labelled probes (green fluorescence, B). The separate fluorescence channels (B and C) 

and the overlay of both fluorescence channels are shown (D). Scale bar is 20 µm.  

 

 

4.2.3.4. SNMP1d is expressed in a small number of OSNs 

 

SNMP1d expressing cells in T. castaneum antennae were detected using FISH. A 

representative antennal club (segments 9 – 11) subjected to in situ hybridization 

with a digoxigenin-labelled probe targeting SNMP1d transcripts shows that the last 

segment (segment 11) contains several single visualized cells (figure 4.11 A). In 

the case of the shown antenna, seven round shaped cells are visible. In general, 
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depending on the individual cutting plane of a given cryotome bisection, up to ten 

SNMP1d expressing cells were detectable. The SNMP1d expressing cells are 

exclusively located in the last club segment (segment 11; figure 4.11 A). The round 

morphology of the visualized cells indicated that SNMP1d is expressed in OSNs. To 

confirm this suggestion, FISH using probes targeting SNMP1d transcripts 

(digoxigenin-labelled) and Orco transcripts (biotin-labelled) was conducted.  

In a representative eleventh segment, subjected to the described double FISH, 

SNMP1d expressing cells visualized with red fluorescence and Orco expressing 

cells visualized with green fluorescence are detectable (figure 4.11 B-D). The white 

framed area shows a cell that contains Orco transcripts as well as SNMP1d 

transcripts (figure 4.11 E-G). This shows that this cell expresses both genes, 

SNMP1d and Orco. In summary, the results suggest, that SNMP1d is expressed in a 

small number of OSNs that are exclusively located in the last segment.  
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Figure 4.11 Expression pattern of SNMP1d 

A: SNMP1d expression in antennal club segments (segments 9-11) of T. castaneum. SNMP1d 

transcripts were detected using a digoxigenin-labelled antisense RNA probe and the HNPP/FastRed 

detection system, resulting in red fluorescence. Confocal image stacks were projected. Scale bar is 

20 µm.  

B-D: Shown are projected images of the antennal segment 11 after double FISH with a digoxigenin-

labelled probe targeting SNMP1d transcripts and a biotin-labelled probe targeting Orco transcripts. 

Transcripts were visualized by the HNPP/FastRed detection system for digoxigenin-labelled probes 

(red fluorescence, B) followed by the TSA detection system for biotin-labelled probes (green 

fluorescence, C). The separate fluorescence channels (B and C) and the overlay of both fluorescence 

channels are shown (D). Scale bar is 20 µm.  

E-G: Higher magnification of the white framed areas of B-D. Shown is a cell that was visualized by a 

probe targeting Orco transcripts and by a probe targeting SNMP1d transcripts  
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4.2.3.5 SNMP1z is expressed in single supporting cells 

 

To visualize SNMP1z expressing cells, FISH with a digoxigenin-labelled probe 

targeting SNMP1z transcripts was applied. Within the illustrated T. castaneum club 

segments (segment 9-11), a single cell located in segment eleven shows SNMP1z 

expression (figure 4.12 A). In general, in one bisected half of an antenna a 

maximum of two cells showed a hybridization signal using an SNMP1z probe. 

These cells were always located in the last segment 11. To test, whether SNMP1z is 

expressed in OSNs or supporting cells, double stainings with a biotin-labelled 

probe either targeting Orco transcripts or targeting OBP9b transcripts were 

performed. The SNMP1z expressing cell (red fluorescence, figure 4.12 B) is in a 

different location than the Orco expressing OSNs (green fluorescence, figure 4.12 

C). More precisely, the SNMP1z expressing cell is located more distal compared to 

the OSNs (figure 4.12 D), indicating that this SNMP1z expressing cell is a 

supporting cell. The double FISH using probes targeting SNMP1z transcripts and 

OBP9b transcripts (figure 4.12 E-G) showed that the SNMP1z expressing cell 

(figure 4.12 E) is located in the same tissue layer like the OBP9b expressing 

supporting cells (figure 4.12 F). In summary, the results that SNMP1z is not 

expressed in Orco expressing OSNs but in the tissue layer of OBP9b expressing 

supporting cells suggests that SNMP1z is expressed in single supporting cells.  
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Figure 4.12 Expression pattern of SNMP1z 
A: SNMP1z expression in antennal club segments (segments 9-11) of T. castaneum. SNMP1z 

transcripts were detected using a digoxigenin-labelled antisense RNA probe and the HNPP/FastRed 

detection system, resulting in red fluorescence. Confocal image stacks were projected. Scale bar is 

20 µm.  

B-G: Shown are projected images of segment 11 of a T. castaneum antenna after double FISH using 

a digoxigenin-labelled probe targeting SNMP1z transcripts and a biotin-labelled probe targeting 

either Orco (B-D) or OBP9b (E-G) transcripts. Hybridized probes were visualized by the 

HNPP/FastRed detection system for digoxigenin-labelled probes (red fluorescence, B and E) 

followed by the TSA detection system for biotin-labelled probes (green fluorescence, C and F). The 

separate fluorescence channels (B, C, E and F) and the overlay of both fluorescence channels are 

shown (D and G). Scale bar is 20 µm.  
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4.2.3.6 FISH did not reveal SNMP2 expressing cells in the antennal club 

segments 

 

To visualize SNMP2 expressing cells of T. castaneum antenna, FISH was conducted. 

Digoxigenin-labelled probes as well as biotin-labelled probes against transcripts of 

SNMP2 were used and different hybridization conditions were tested. It was not 

possible to visualize transcripts of SNMP2 in antennal tissue under all tested 

conditions (data not shown).  

 

 

4.2.4 Cellular organization of SNMP expressing cells within one segment 

 

As shown previously, the number and distribution of SNMP expressing cells is 

diverse within the antennal club segments of T. castaneum (chapter 4.2.3). While 

SNMP1a and SNMP1c expression was found in many cells, SNMP1b, SNMP1d, and 

SNMP1z were found to be expressed in single cells. It was further shown that the 

SNMP expressing cell types are different: SNMP1b, SNMP1c and SNMP1z are very 

likely expressed in supporting cells whereas both SNMP1a and SNMP1d are 

expressed in OSNs. To clarify the cellular organization of the different SNMP 

expressing cells within one segment, double FISH with probes targeting two 

different SNMPs were conducted. 

 

 

4.2.4.1 SNMP1a and SNMP1d are expressed in different subtypes of OSNs 

 

In other insects just one SNMP1 homolog has been shown to be expressed in OSNs 

(Benton et al., 2007; Forstner et al., 2008). However, FISH studies on antennal club 

segments of T. castaneum revealed that two different T. castaneum SNMP1 

homologs, SNMP1a and SNMP1d, are expressed in OSNs (chapter 4.2.3).  

To test whether T. castaneum has different subclasses of OSNs expressing two 

different SNMP1 homologs, double FISH experiments were performed using 

probes targeting the SNMP1a transcript (green fluorescence, figure 4.13 B) and the 

SNMP1d transcript (red fluorescence, figure 4.13 A). The obtained hybridization 
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signals confirm the previous finding that a small number of OSNs express SNMP1d 

(figure 4.13 A), while a large amount of OSNs express SNMP1a (figure 4.13 B). The 

overlay of both fluorescence channels (figure 4.13 C) as well as the higher 

magnification of the area within the white box (figure 4.13 D-I) shows that the 

expression of SNMP1d and SNMP1a is mutually exclusive. In summary, the results 

showed that SNMP1d and SNMP1a are expressed in different subtypes of OSN. 

 

 

4.2.4.2 T. castaneum SNMPs are partially expressed in adjacent cells  

 

In D. melanogaster and different moth species it has been shown that SNMP1 

expressing OSNs are surrounded by secretory supporting cells, that also express 

an SNMP homolog (Benton et al., 2007; Forstner et al., 2008). Therefore it was 

tested, whether the SNMP expressing OSNs of T. castaneum are also adjacent to 

SNMP expressing secretory supporting cells. 

To test for a spatially adjacent localization of SNMP1d expressing OSNs and 

SNMP1z expressing secretory supporting cells, FISH using probes targeting the 

transcripts of SNMP1z and SNMP1d was conducted. Hybridized SNMP1d 

transcripts were visualized with red fluorescence (figure 4.13 J) and SNMP1z 

transcripts with green fluorescence (figure 4.13 K). The overlay of both 

fluorescence channels (figure 4.13 L) and the enlargement of the white marked 

area (figure 4.13 M-O) show that SNMP1d expressing OSNs and SNMP1z expressing 

supporting cells are located nearby. This fits to the described colocalization of 

SNMP expressing OSNs and supporting cells of D. melanogaster and different moth 

species (Benton et al., 2007; Forstner et al., 2008). However, the majority of 

SNMP1d expressing OSNs show no colocalization with SNMP1z expressing 

supporting cells (figure 4.13 L). Taken together, SNMP1d expressing OSNs are 

partially located nearby SNMP1z expressing supporting cells. 

To investigate whether SNMP1d expressing neurons are adjacent to SNMP1b 

expressing supporting cells, FISH using probes targeting the transcripts of SNMP1d 

and SNMP1b was performed. In the bisected antennae subjected to double FISH no 

colocalization was detectable, because these cells were never even found in the 

same bisection (data not shown).  



Results 

64 

In summary, double FISH using probes targeting different SNMP transcripts 

showed that SNMP1d expressing OSNs are not located nearby SNMP1b expressing 

supporting cells but that some SNMP1d expressing OSNs are spatially adjacent to 

SNMP1z expressing supporting cells. This suggests that SNMP1d and SNMP1z 

expressing cells can form a spatially concerted unit.  

 

 
Figure 4.13 Cellular organizations of different SNMPs within one segment 

A-C: Shown are projected images of the antennal segment 11 after double FISH with a digoxigenin-

labelled probe targeting SNMP1d transcripts and a biotin-labelled probe targeting SNMP1a 

transcripts. Transcripts were visualized by the HNPP/FastRed detection system for digoxigenin-

labelled probes (red fluorescence, A) followed by the TSA detection system for biotin-labelled 
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probes (green fluorescence, B). The separate fluorescence channels (A and B) and the overlay of 

both fluorescence channels are shown (C). Scale bar is 20 µm. D-I: Higher magnification of the 

white framed areas of A-C. Shown are cells that were visualized by a probe targeting SNMP1d 

transcripts but not by a probe targeting SNMP1a transcripts  

J-L: Shown are projected images of the antennal segment 11 after double FISH with a digoxigenin-

labelled probe targeting SNMP1d transcripts and a biotin-labelled probe targeting SNMP1z 

transcripts. Transcripts were visualized by the HNPP/FastRed detection system for digoxigenin-

labelled probes (red fluorescence, J) followed by the TSA detection system for biotin-labelled 

probes (green fluorescence, K). The separate fluorescence channels (J and K) and the overlay of 

both fluorescence channels are shown (L). Scale bar is 20 µm. M-O: Higher magnification of the 

white framed areas of J-L. Shown is the adjacent localization of two cells that were visualized by a 

probe targeting SNMP1d transcripts and a probe targeting SNMP1z transcripts. 

 

 

4.3 Examining the role of TcSNMPs in Tribolium castaneum 

 

As shown previously T. castaneum has two different TcSNMPs expressed in OSNs: 

TcSNMP1a is expressed in a wide range of OSNs in all three antennal club 

segments. In contrast, TcSNMP1d is expressed only in up to ten neurons per 

bisected antenna and these neurons are located exclusively in the last segment 

(chapter 4.3). Double FISH targeting transcripts of TcSNMP1a and TcSNMP1d 

revealed that these genes are expressed by a different class of OSNs (figure 4.13). 

Due to the described importance of neuronal SNMPs for the appropriate detection 

of odorants (Benton et al., 2007; Jin et al., 2008), the potential and maybe different 

role between these neuronal TcSNMPs was investigated in this study. Therefore 

each of these genes was silenced by injection of the respective dsRNA, leading to a 

robust systemic RNAi response in T. castaneum (Posnien et al., 2009). Additionally, 

control beetles were injected with dsRNA against the red fluorescent protein 

DsRed. DsRed is a gene from a Discosoma species and therefore has no target 

transcript in T. castaneum (Dietrich and Maiss, 2002). The effect of TcSNMP1a or 

TcSNMP1d knockdown was measured by electroantennography (EAG, conducted 

by Karthi Balakrishnan, Forest Zoology and Forest Conservation, University 

Göttingen). This method allows to measure the summation of receptor potentials 

of all OSNs in one antenna and gives therefore more clearly and reliably results 

than behavioral assays (Guo and Qing Li, 2009). After EAG measurements the 

knockdown of the particular transcript was confirmed by FISH.  
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4.3.1 Examining the role of neuronal TcSNMPs in pheromone and beetle odor 

detection 

 

In other insects of the order Diptera and Lepidoptera, it has been shown that 

SNMPs are expressed in pheromone sensitive neurons and that they play a crucial 

role for the pheromone detection system (Benton et al., 2007; Pregitzer et al., 

2014; Vogt et al., 2009). One pheromone is well described for T. castaneum, the 

aggregation pheromone 4-8-Dimethyldecanal (DMD) (Kim et al., 2005; Suzuki, 

1980). 

Furthermore, it has been shown that DmSNMP1 of D. melanogaster is expressed 

mainly in OSNs that are linked to the detection of unknown odors of fly extracts 

(Benton et al., 2007; van der Goes van Naters and Carlson, 2007). In contrast to D. 

melanogaster, in T. castaneum a typical beetle odor is described: 1-4-

benzoquinone, a substance that is produced within the stink glands (Li et al., 2013; 

Pappas and Morrison, 1995; Unruh et al., 1998). To test a potential involvement of 

TcSNMP1a or TcSNMP1d in the detection of DMD and 1-4-benzoquinone, each of 

these genes was silenced by RNA interference and the effect of the resulting 

knockdown was measured using EAG.  

The control beetles (figure 4.14, grey bars) showed a dose response relation, 

meaning that the antennal activity increased with higher odor concentrations. 

Comparison of the averaged EAG responses obtained of TcSNMP1a dsRNA or 

TcSNMP1d dsRNA injected beetles with the control beetles revealed, that the 

knockdown beetles also showed a dose response relation, but with overall reduced 

EAG responses to all tested odor concentrations (figure 4.14). More precisely, the 

TcSNMP1a knockdown in females (figure 4.14, right, green bars) led to a slightly 

reduced detection of DMD as well as 1-4-benzoquinone compared to control 

beetles (figure 4.14, grey bars). In contrast, knockdown of TcSNMP1a in males 

(figure 4.14, left, green bars) had no significant effect on the detection of DMD and 

1-4-benzoquinone. This is confirmed by statistical analysis (figure 4.14).  

Knockdown of TcSNMP1d led to highly significant decreased responses in both 

sexes (figure 4.14, yellow bars). In particular, TcSNMP1d dsRNA injected beetles 

showed such a reduced sensitivity to DMD and 1-4-benzoquinone that high 

concentrated odors (10-1 dilution, figure 4.14) resulted in a comparable response 
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as responses of control beetles elicited by very diluted odors (10-4 dilution, figure 

4.14).  

In summary, knockdown of TcSNMP1a and TcSNMP1d transcripts led to decreased 

antennal responses towards DMD and 1-4-benzoquinone. Here, TcSNMP1a 

knockdown showed a stronger effect in female beetles. Generally, in both sexes 

TcSNMP1d knockdown led to a stronger effect than TcSNMP1a knockdown. 

 

 

Figure 4.14 EAG responses of RNAi treated T. castaneum to Tribolium odors 

Shown are EAG responses of indicated beetles (n=7) and odor dilutions, plotted as mean values and 

s.e.m (standard error of the mean). EAG responses were measured by Karthi Balakrishnan (Forest 

Zoology and Forest Conservation, University Göttingen), after application of 4-8-dimethyldecanal 

(DMD) and 1-4-benzoquinone diluted in silicon oil. The asterisks indicate statistically significant 

differences between control beetles that were injected with dsRNA against DsRed (dsred, grey bars) 

and knockdown beetles injected with dsRNA against TcSNMP1a (snmp1a, green bar) or TcSNMP1d 

(snmp1d, yellow bar), respectively. Statistical significance was calculated using ANOVA with 

Bonferroni post hoc test: *p< 0.05;**p<0.01;***p<0.001; n.s. no significant difference. Line ends 

indicate experimental groups showing significant differences as indicated.  

 

 

4.3.2 Examining the role of neuronal TcSNMPs for the detection of fatty acid 

derivatives  

 

To test an involvement of TcSNMP1a and TcSNMP1d in the detection of 

compounds that are not produced by T. castaneum but might be relevant for it, also 

other odors were analyzed. All known odors that require a functional SNMP for 
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normal response kinetics are fatty-acid derivatives (Benton et al., 2007; Gomez-

Diaz et al., 2013; Pregitzer et al., 2014; Ronderos et al., 2014). Hence, fatty food 

odors and in addition pheromone like substances were tested for the requirement 

of TcSNMP1a and TcSNMP1d on their detection. 

First, typical fatty food odors were analyzed. Phillips et al. (1993) showed that T. 

castaneum is attracted by wheat germ oil (WGO). It was hypothesized that older 

and damaged grain with a higher fatty acid content reflects the habitat preference 

of T. castaneum. For that purpose, antennal responses of RNAi treated beetles 

towards WGO and another compound of wheat, ß-ionone, were tested using EAG 

(Nixon, 1994).  

The averaged EAG responses of seven beetles each and following statistical 

calculations showed that knockdown of TcSNMP1a and TcSNMP1d led to 

significantly decreased antennal responses in female beetles to wheat germ oil and 

ß-ionone for all tested odor concentrations (figure 4.15, right).  

Also male beetles showed reduced EAG responses to WGO and ß-ionone after 

injection with dsRNA targeting transcripts of TcSNMP1a and TcSNMP1d (figure 

4.15 left), but not as strongly reduced as in female beetles (figure 4.15, right). For 

both sexes and both odorants disruption of TcSNMP1d function had a stronger 

effect to all tested situations than knockdown of TcSNMP1a. Statistical analysis 

showed that this strong effect is highly significantly different when compared with 

the control beetles (figure 4.15).  

The EAG measurements showed that SNMP1a dsRNA and SNMP1d dsRNA injected 

beetles of both sexes did not show a dose dependent response to different wheat 

germ oil concentration as obtained from the DsRed dsRNA injected control beetles 

(figure 4.15 upper row). These constant EAG values of the knockdown beetles are 

at a lower level than the response of the control group to the much diluted WGO 

(10-4 dilution, figure 4.15).  

Taken together, knockdown of TcSNMP1a and TcSNMP1d transcripts led to 

decreased antennal responses towards the food odors WGO and ß-ionone. Here, 

female TcSNMP1a knockdown beetles showed a stronger effect. Generally, 

TcSNMP1d knockdown led to a stronger effect than TcSNMP1a knockdown in all 

beetles. 
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Figure 4.15 EAG responses of RNAi treated T. castaneum to fatty food odors 

Shown are EAG responses of indicated beetles (n=7) and odor dilutions, plotted as mean and s.e.m 

(standard error of the mean). EAG responses were measured by Karthi Balakrishnan (Forest 

Zoology and Forest Conservation, University Göttingen), after application of wheat germ oil (WGO) 

and ß-ionone diluted in silicon oil. The asterisks indicate statistically significant differences 

between control beetles that were injected with dsRNA against DsRed (dsred, grey bars) and 

knockdown beetles injected with dsRNA against TcSNMP1a (snmp1a, green bar) or TcSNMP1d 

(snmp1d, yellow bar), respectively. Statistical significance was calculated using ANOVA with 

Bonferroni post hoc test: *p< 0.05;**p <0.01;***p<0.001; n.s. no significant difference. Line ends 

indicate experimental groups showing significant differences as indicated.  

 

 

To test whether TcSNMP1a and TcSNMP1d are required for the detection of fatty, 

pheromone like plant odors, geraniol and cis-3-hexenol were analyzed. Geraniol is 

a component of many plant oils. It has been shown that this odor is attractive to 

the japanese beetle Popillia japonica (Fleming, 1969) and that it is an ingredient of 

the Nasonov pheromone of the honey bee Apis mellifera. This highly attractive 

odorant blend is used by bees to find the entrance to their colony or flowers with 

nectar (Schmidt, 1994; Williams et al., 1981). The fatty-acid derivative cis-3-

hexenol is a typical green-leaf-volatile (Abdullah and Butt, 2015).  

To test for an involvement of TcSNMP1a and TcSNMP1d in the detection of 

geraniol and cis-3-hexenol, an analogous EAG approach as described above 

(chapter 4.3.1) was performed. Comparison of the obtained EAG responses of 

TcSNMP1a dsRNA injected male beetles (figure 4.16, left, green bars) with the EAG 
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responses of the control beetles (figure 4.16, left, grey bars) revealed that the 

measured sum potentials were in a similar range. Statistical analysis showed that 

there was no significant difference between TcSNMP1a dsRNA and DsRed dsRNA 

injected males and hereby confirming that finding. In contrast to that, TcSNMP1a 

dsRNA injected female beetles showed an effect (figure 4.16, right). In particular, 

for all tested concentrations of geraniol and cis-3-hexenol, the EAG responses were 

significantly decreased compared to the female control beetles.  

Loss of TcSNMP1d function resulted in lower EAG responses for all tested 

concentrations of geraniol and cis-3-hexenol compared to control beetles (figure 

4.16). This reduction was found for male and female beetles and is highly 

significant. In general, the effect of dsRNA injection against TcSNMP1d results in a 

more severe decrease of EAG responses than RNAi against TcSNMP1a.  

In summary, knockdown of TcSNMP1a and TcSNMP1d led to decreased antennal 

responses towards the plant odors geraniol and cis-3-hexenol. Again, as for the 

other tested odors (chapter 4.3.1 and 4.3.2), the female beetles showed a stronger 

effect to theTcSNMP1a knockdown than the male beetles. Furthermore the 

TcSNMP1d knockdown led to a stronger effect than TcSNMP1a knockdown in both 

sexes. 

 

 
Figure 4.16 EAG responses of RNAi treated T. castaneum to plant odors 

Shown are EAG responses of indicated beetles (n=7) and odor dilutions, plotted as mean and s.e.m 

(standard error of the mean). EAG responses were measured by Karthi Balakrishnan (Forest 
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Zoology and Forest Conservation, University Göttingen), after application of geraniol and cis-3-

hexenol diluted in silicon oil. The asterisks indicate statistically significant differences between 

control beetles that were injected with dsRNA against DsRed (dsred, grey bars) and knockdown 

beetles injected with dsRNA against TcSNMP1a (snmp1a, green bar) or TcSNMP1d (snmp1d, yellow 

bar), respectively. Statistical significance was calculated using ANOVA with Bonferroni post hoc 

test: *p< 0.05;**p <0.01;***p<0.001; n.s. no significant difference. Line ends indicate experimental 

groups showing significant differences as indicated. 

 

 

4.3.3 Validation of the RNAi-induced knockdown by FISH 

 

To confirm that dsRNA-injection against a given SNMP led to knock-down of the 

respective transcript, FISH was conducted after the EAG measurements. For that 

purpose, a digoxigenin-labelled SNMP1d probe was combined with a biotin-

labelled probe targeting SNMP1a transcripts. In the representative eleventh 

segment of control beetles that were injected with dsRNA targeting DsRed (figure 

4.17, upper row), SNMP1d transcripts (figure 4.17 A) as well as SNMP1a 

transcripts (figure 4.17 B) were visualized. This confirms that dsRNA targeting 

DsRed has no influence on the transcripts of TcSNMP1a and TcSNMP1d, showing 

that this control experiment is suitable.  

In beetles that were injected with dsRNA against transcripts of SNMP1a (figure 

4.17, middle row) or SNMP1d (figure 4.17, bottom row), respectively, only the 

transcripts were hybridized and visualized by the FISH probe detecting the non-

RNAi-targeted transcript (figure 4.17). Consequentially no hybridization signals 

were obtained of the RNAi targeted transcripts (figure 4.17). This indicates that 

the transcript levels of these genes were reduced to such an extent, that they were 

below the detection limit of FISH. Taken together, FISH showed that transcripts of 

SNMP1d as well as SNMP1a in OSNs of the control beetles were unaffected. 

Furthermore, the knock-down of SNMP1a and SNMP1d was verified.  
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Figure 4.17 Validation of the RNAi-induced knockdown 

Shown are projected image-stacks of the antennal segment 11 of T. castaneum, injected with dsRNA 

targeting transcripts as indicated on the left side. FISH was performed with a digoxigenin-labelled 

probe targeting SNMP1d transcripts and a biotin-labelled probe targeting SNMP1a transcripts. 

Transcripts were visualized by the HNPP/FastRed detection system for digoxigenin-labelled probes 

(red fluorescence, A, D, G) followed by the TSA detection system for biotin-labelled probes (green 

fluorescence, B, E, H). The separate fluorescence channels (A, D, G, B, E, H) and the overlay of both 

fluorescence channels are shown (C, F, I). Scale bar is 20 µm.  
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4.4 Analysis of the conservation of SNMPs 

 

SNMPs play a crucial role for the pheromone detection in insects (Benton et al., 

2007; Jin et al., 2008; Li et al., 2014). Flies of the species D. melanogaster that lack a 

functional SNMP1 are not able to detect the fly aggregation pheromone cis-

vaccenyl acetate (cVA) anymore (Benton et al., 2007; Jin et al., 2008). Despite the 

importance of this protein class, the functional mechanism of these proteins is not 

clarified yet. However, it was shown that this mechanism is highly conserved. 

When heterologously expressed in D. melanogaster OSNs, the pheromone receptor 

of the moths Heliothis virescens and Bombyx mori are completely functional and 

responsive to their cognate pheromone (Kurtovic et al., 2007). In later studies it 

was shown that this functionality is dependent on the presence of DmSNMP1 

(Benton et al., 2007; Li et al., 2014). Although the tested moth pheromone 

receptors are narrowly tuned to their respective pheromone, the DmSNMP1 is 

functionally conserved. More precisely, DmSNMP1 could deal with all tested 

pheromones independently of which species it was derived from (Benton et al., 

2007; Li et al., 2014).  

In the present study, it was tested, whether SNMPs are generally conserved 

regarding their function. For that purpose, the responses of pheromone reactive 

neurons of D. melanogaster expressing different SNMPs instead of the endogenous 

DmSNMP1 were measured after application of the fly pheromone cVA using two-

photon calcium imaging. To this end, flies were generated with different genetic 

features. Except for the wild type control, all investigated flies were in a 

transheterozygotic snmp1 mutant background, resulting in complete loss of the 

endogenous DmSNMP1 function. Furthermore, in all measured flies GAL4 

expression was driven by the endogenous DmSNMP1 driver, leading to GAL4 

expression in the DmSNMP1 expression pattern. GAL4 was used to activate two 

responder genes in one given fly, namely the SNMP of interest and the calcium 

sensor GCaMP5G, which enabled calcium imaging. Two-photon calcium imaging 

was performed in cooperation with the laboratory of Prof. André Fiala (Molecular 

Neurobiology of Behaviour, University Göttingen). This method allowed to 

measure neuronal activity of glomeruli in the antennal lobe of D. melanogaster. 

After detection of an odorant, the cellular calcium level increases and this is 
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detectable by an increasing fluorescence of the calcium sensor GCaMP5G 

(Akerboom et al., 2012). For this study, the activity of the corresponding 

glomerulus of the cVA detecting neurons, namely glomerulus DA1, was particularly 

interesting (Vosshall et al., 1999). First, the functionality of this rescue assay 

system had to be verified. For that purpose, measurements of wild type flies, 

snmp1 mutant flies, and snmp1 mutant flies rescued by expression of the 

endogenous DmSNMP1 transgene after application of cVA were conducted and 

compared.  

The representative antennal lobes of the different genotypes comprising the 

various glomeruli were distinctly recognizable due to expression of the calcium 

sensor GCamP5G, resulting in a visible basal fluorescence (figure 4.18 A, upper 

row). In wild type flies and in flies that carry the endogenous DmSNMP1 to rescue 

the snmp1 mutant situation, cVA application led to an raising calcium level in the 

OSNs of the DA1 glomeruli, detectable by an increasing fluorescence (figure 4.18 A, 

lower row). In contrast to that, the DA1 glomerulus of the snmp1 mutant fly did not 

react to cVA and as a consequence no increase of cellular calcium was detectable 

(figure 4.18 A, lower row).  

Five independent flies of each genotype were measured and the obtained curves, 

representing the relative fluorescence change over time, were averaged. In snmp1 

mutant flies no cVA induced response was detectable (figure 4.18 B, blue line). In 

contrast, pheromone sensitive neurons of flies with a wild type DmSNMP1 allele 

and of flies expressing the endogenous DmSNMP1 transgene in the snmp1 mutant 

background (DmSNMP1 rescue flies) responded to cVA (figure 4.18 B, black and 

green curve). The curve progression of wild type and DmSNMP1 rescue flies was 

almost identical (figure 4.18 B, black and green curve). This shows that the 

DmSNMP1 transgene fully restored the lack of endogenous DmSNMP1 function 

with regard to response kinetics and maximal fluorescence change. The 

comparability of both situations was confirmed by statistical analysis of the 

maximal fluorescence change (figure 4.18 C). Taken together, the results showed 

that the rescue assay system is an appropriate approach to analyze different 

SNMPs for conserved or adapted functions by testing their rescue abilities. 
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Figure 4.18 Functionality of the D. melanogaster rescue assay system 

In vivo two-photon calcium imaging of the antennal lobe of D. melanogaster during cVA application 

(cVA diluted 1:10 in mineral oil). A: The upper row illustrates the prepared left antennal lobes of 

flies with the indicated genotype. Wild type: third chromosome is wild type with endogenous 

DmSNMP1 gene; snmp- : transheterozygotic snmp1 mutant resulting in complete loss of functional 

DmSNMP1; DmSNMP1: flies expressing DmSNMP1 under the control of the DmSNMP1-Gal4 

transgene in a snmp1 mutant background. All flies bearing the SNMP-Gal4 transgene and the UAS-

GCaMP5G transgene. The DA1 glomerulus is highlighted by a yellow circle. Scale bar is 20 µm. The 

false color pictures below show the quantification of the increasing fluorescence as response to cVA 

application. B: Averaged curves of 5 flies per genotype obtained from two-photon calcium imaging 

of the DA1 glomerulus. The grey bar indicates the duration of the stimulus delivery. C: Maximal 

measured calcium level of five flies per genotype were plotted as box plot and s.e.m (standard error 

of the mean). The asterisks indicate statistically significant differences (*p< 0.05), calculated using 

ANOVA with post hoc Bonferroni correction. n.s. no significant difference. 
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4.4.1 TcSNMPs do not rescue DmSNMP1 loss-of-function in D. melanogaster 

 

The DmSNMP1 homolog of D. melanogaster is able to mediate the detection of cVA 

and pheromones of different Lepidoptera, which implicates a very specialized and 

conserved function (Benton et al., 2007; Li et al., 2014). To test whether the 

diversified TcSNMPs have the same conserved properties and function as the 

DmSNMP1, the rescue assay system (chapter 4.4, figure 4.18) was applied. For all 

tested SNMPs, at least five independent flies were measured. The siblings of the 

respective rescue flies that did not carry the rescue transgene served as snmp1 

mutant control (snmp-).  

The relative fluorescence change of the DA1 glomerulus before, during and after 

cVA application revealed that the wild type flies respond strongly to the fly 

aggregation pheromone, whereas the snmp1 mutant flies (snmp-) cannot detect 

this odor (figure 4.19 A). Flies expressing a TcSNMP did not show neuronal activity 

after cVA application, consequentially no fluorescence change was detectable 

(figure 4.19 A). Statistical analysis of the measured maximal fluorescence changes 

confirmed the results of the obtained curves (figure 4.19 B), by showing that there 

is no significant difference between the snmp1 mutant situation and the different 

TcSNMP rescue situations. In summary, the experiments revealed that the 

diversified TcSNMPs of T. castaneum show not the conserved function described 

for DmSNMP1. This hints to an adapted function of the TcSNMPs. 
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Figure 4.19 Rescue abilities of different SNMPs  

In vivo two-photon calcium imaging of the DA1 glomerulus within the antennal lobe of D. 

melanogaster during cVA application (cVA diluted 1:10 in mineral oil). 

A: Fluorescence change in percent indicating the cellular calcium level before, during and after cVA 

application illustrated as averaged curves of at least 5 flies per indicated genotype. Wild type: third 

chromosome is wild type with endogenous DmSNMP1 gene; snmp- : transheterozygotic snmp1 

mutant resulting in complete loss of functional DmSNMP1, other: flies expressing the gene specified 

above the curve under the control of the SNMP1-Gal4 transgene in a snmp1 mutant background. All 

flies bear the SNMP-Gal4 transgene and the UAS-GCaMP5G transgene. The grey bar indicates the 

duration of the cVA delivery. B: Maximal measured fluorescence change of at least five flies per 

genotype was plotted as mean and s.e.m. The asterisks indicate statistically significant differences 

(**p< 0.01; ***p<0.001) calculated using ANOVA with post hoc Bonferroni correction. n.s. no 

significant difference. Bracket ends indicate experimental groups showing significant differences. 

Lines show the statistical difference for all groups below. 
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4.4.2 TcSNMPs modify the odor response profile of the DA1 glomerulus of D. 

melanogaster   

 

DmSNMP1 is not only expressed in neurons expressing the cVA sensitive odorant 

receptor OR67d but also in neurons that are responsible for the detection of other 

odorants (Benton et al., 2007; Hallem and Carlson, 2006; Ronderos et al., 2014). 

Among other odors, 1-hexanol and isoamyl acetate are also detected by DmSNMP1 

expressing neurons (Hallem and Carlson, 2006; Hallem et al., 2004). To test 

whether the response to these odors is also influenced or even absent in a 

DmSNMP1 loss-of-function situation and whether other SNMPs do influence the 

detection of these substances, the described rescue assay system was applied 

(chapter 4.4, figure 4.18). For that purpose, two glomeruli, that react to 1-hexanol 

and isoamyl acetate, were measured and evaluated: DC1 and DM6 (Hallem and 

Carlson, 2006; Hallem et al., 2004). The procedure of the measurements was 

conducted as described for the cVA measurements (chapter 4.4.1). These 

measurements revealed that the detection of 1-hexanol and isoamyl acetate is 

independent of the presence of DmSNMP1 and is also not influenced by the 

expression of all the tested SNMPs in the glomeruli DC1 and DM6 (data not 

shown).  

However and most interestingly, the cVA responsive glomerulus DA1 that is 

normally inhibited by 1-hexanol (van der Goes van Naters and Carlson, 2007) 

responded to 1-hexanol in flies carrying the TcSNMP2 transgene (figure 4.20 A). 

The statistical analysis confirmed that the excitation of the TcSNMP2 expressing 

neurons, indicated by the maximal fluorescence change, is highly significantly 

different compared to wild type flies (figure 4.20 B).  

The DA1 glomeruli of flies carrying the TcSNMP1a transgene or the TcSNMP1b.1 

transgene, respectively, also showed a changed response to 1-hexanol: TcSNMP1a 

or TcSNMP1b.1 expressing neurons showed neither excitation nor inhibition by 1-

hexanol application (figure 4.20 A). The same was true for odorant stimulation by 

isoamyl acetate (figure 4.21). This indicates that TcSNMP1a and TcSNMP1b.1 are 

able to modify the response profile of the investigated DA1 glomerulus towards 

different odorants. 
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In summary, the odors 1-hexanol and isoamyl acetate are detected independently 

of DmSNMP1 in D. melanogaster. Remarkably, in this artificial situation some 

TcSNMPs are able to change the odor response profile of the DA1 OSNs towards 

these odors. Both, the absent inhibition as well as the positive response of the DA1 

induced by 1-hexanol suggests that SNMPs have more functions than just the 

mediation of odors. Unraveling of these unknown functions could explain the 

diversification of the TcSNMPs and could give new insights into the sensory 

mechanisms of odor detection in insects. 

 

 

Figure 4.20 Modified odor responses of the DA1 glomerulus to 1-hexanol induced by 

TcSNMPs  
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In vivo two-photon calcium imaging of the DA1 glomerulus within the antennal lobe of D. 

melanogaster during 1-hexanol application (1-hexanol diluted 1:100 in mineral oil). 

A: Fluorescence change in percent indicating the cellular calcium level before, during and after 1-

hexanol application depicted as averaged curves of at least 5 flies per indicated genotype. Wild 

type: third chromosome is wild type with endogenous DmSNMP1 gene; snmp- : transheterozygotic 

DmSNMP1 mutant resulting in complete loss of functional DmSNMP1, other: flies expressing the 

gene specified above the curve under the control of the SNMP1-Gal4 transgene in a snmp1 mutant 

background. All flies bear the SNMP-Gal4 transgene and the UAS-GCaMP5G transgene. The grey bar 

indicates the duration of the 1-hexanol delivery. B: Maximal measured calcium level of at least five 

flies per genotype were plotted as mean and s.e.m. The asterisks indicate statistically significant 

differences (***p<0.001), calculated using ANOVA with post hoc Bonferroni correction. If not 

mentioned otherwise no significant difference was calculated when compared to the wild type 

group. Bracket ends indicate experimental groups showing significant differences. 

 

 

 

Figure 4.21 Modified odor responses of the DA1 glomerulus to isoamyl acetate induced by 

TcSNMPs  

In vivo two-photon calcium imaging of the DA1 glomerulus within the antennal lobe of D. 

melanogaster after isoamyl acetate application (isoamyl acetate diluted 1:100 in mineral oil). 

Fluorescence change in percent indicating the cellular calcium level before, during, and after 

isoamyl acetate application, depicted as averaged curves of at least 5 flies per indicated genotype. 

Wild type: third chromosome is wild type with endogenous DmSNMP1 gene; snmp-: 

transheterozygotic snmp1 mutant resulting in complete loss of functional DmSNMP1, other: flies 

expressing the gene specified above the curve under the control of the SNMP1-Gal4 transgene in a 

snmp1 mutant background. All flies bearing the SNMP-Gal4 transgene and the UAS-GCaMP5G 

transgene. The grey bar indicates the duration of the isoamyl acetate delivery. 

 

 

 



Results 

 81 

4.4.3 DmSNMP2B rescues DmSNMP1 loss-of-function in D. melanogaster 

 

In addition to the TcSNMPs, also DmSNMP2 was tested for its rescue abilities by 

using the rescue assay system (chapter 4.4, figure 4.18). DmSNMP2 occurs in two 

isoforms (DmSNMP2B/C) and is mainly expressed in the body, where it fulfills 

different functions besides of olfaction (Herboso et al., 2011). Therefore, it was 

interesting to investigate whether ectopically expressed DmSNMP2 is able to fulfill 

the functional task of DmSNMP1 in antennae of snmp1 mutant flies. Thus, 

DmSNMP2 was analyzed to clarify, whether these two D. melanogaster SNMPs 

might be functionally conserved despite their different tissue-specific expression. 

Analogously to the investigated TcSNMPs, at least five independent flies carrying 

the rescue transgene DmSNMP2B or DmSNMP2C, respectively, were measured. 

The siblings of the respective rescue flies that did not carry the rescue transgene 

served as snmp1 mutant control (snmp-).  

Remarkably, the isoform B of DmSNMP2 (DmSNMP2B) was able to complement 

the lack of DmSNMP1 function (figure 4.19 A), whereas the DmSNMP2 isoform C 

(DmSNMP2C) was not (figure 4.19 A). Comparison of the measured maximal 

fluorescence changes with subsequent statistical analyses confirmed that only the 

DmSNMP2B rescue is significantly different to the snmp1 mutant situation (figure 

4.19 B). However, comparison of the cVA response of wild type flies and 

DmSNMP2B rescue flies showed a decreased fluorescence change of the 

DmSNMP2B rescue flies, indicating a reduced functionality.  

To verify these results, the measurements were repeated with additional snmp1 

mutant flies carrying the DmSNMP2B or DmSNMP2C rescue construct, 

respectively. Here, the same results were obtained as previously (data not shown), 

meaning that the observations are reproducible. After these measurements, the 

identity of the heterologously expressed transgene of the measured flies was 

analyzed and confirmed by PCR (data not shown). Taken together, the results 

showed that the DmSNMPs of D. melanogaster are partially conserved with regard 

to their function. Interestingly, only isoform B of DmSNMP2 was able to rescue the 

lack of DmSNMP1 function, but in a reduced extend. 

Remarkably, DmSNMP2C has one additional exon compared to DmSNMP2B. This 

suggests that the absence of this exon connects two parts of the protein to a 
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putative functional region that is able to complement lacking DmSNMP1 function. 

However, no detailed information about DmSNMP protein-structures are available 

yet. To get more insights into the putative functional region of the DmSNMP2B 

protein in comparison with the DmSNMP2C protein, as well as the corresponding 

regions in the DmSNMP1 protein, a structure prediction was performed using the 

Phyre2 software (Kelley et al., 2015). The CD36 protein LIMP-II (lysosome 

membrane protein 2) was used as the main homology template. Additional other 

proteins such as n-myristoyltransferase from Leishmania donovani or human 

ephrin type-a receptor 2 were included into the calculation. The calculated tertiary 

protein structures were illustrated by the PyMOL Molecular Graphics System 

(Version 1.7.4 Schrödinger, LLC; figure 4.22). The region of DmSNMP2B (figure 

4.22 A) that is disconnected by the additional exon of DmSNMP2C (figure 4.22 B, 

yellow colorized) represents a putative alpha helix (figure 4.22 B, red colorized). 

This suggests that the functional area of DmSNMP2B that is able to rescue the 

snmp1 mutant effect might be located in this helix. At the respective position, a 

similar helix is also located in DmSNMP1 (figure 4.22 C, white colorized). In order 

to characterize the functional area of DmSNMP1 in more detail it could be 

promising to focus on this helix in further analyses.  
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Figure 4.22 Structure prediction of different SNMPs of D. melanogaster 

Several templates such as the CD36 protein LIMP-II (lysosome membrane protein 2) were used to 

predict the tertiary structure of indicated D. melanogaster SNMPs using Phyre2 prediction server 

(Kelley and Sternberg, 2009; Kelley et al., 2015). Illustration was conducted using PyMOL Molecular 

Graphics System (version 1.7.4 Schrödinger, LLC). TMDs are shown in orange. 

A: Structure prediction of DmSNMP2 Isoform B (DmSNMP2B). 413 amino acid residues (81 %) 

were modelled at >90 % accuracy. The red visualized sequence represents the alpha helical region 

of interest that is connected by absence of the additional exon. This absence leads to the ability to 

rescue the snmp1 mutant effect.  

B: Structure prediction of DmSNMP2 Isoform C (DmSNMP2C). 405 amino acid residues (73 %) 

were modelled at >90 % accuracy. The red visualized sequence represents the alpha helical region 

of interest. The additional exon that disconnects the red visualized alpha helix in this region is 

shown in yellow. 

C: Structure prediction of DmSNMP1. 396 amino acid residues (72 %) were modelled at >90 % 

accuracy. The white visualized sequence represents the corresponding alpha helical region of 

interest.  
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5 Discussion 

 

 

5.1 The organization of an olfactory sensillum of T. castaneum 

 

In this study a FISH protocol for antennae of T. castaneum was established (chapters 

4.2.1 and 4.2.2). Thereby, it was revealed that the cell bodies of the OSNs are 

located proximal within the segment and distant from the segment´s distal cuticle, 

from which the olfactory sensilla project outwards. The OBP expressing supporting 

cells are located in a more distal layer within an antennal segment (figure 4.7). 

Such an arrangement in layers had already been described for single sensilla 

basiconica of T. castaneum (Roth and Willis, 1951) and was thus confirmed by the 

findings using FISH. However, this arrangement is different to the described model 

of the cellular organization of olfactory sensilla in other insects (Keil and 

Steinbrecht, 1984; Shields, 2008). In antenna of various insects, like D. 

melanogaster, the kissing bug Triatoma infestans, or B. mori it has been shown that 

the cell bodies of the OSNs that are enwrapped by supporting cells are located 

directly beneath the cuticle forming the olfactory sensilla (Diehl et al., 2003; 

Gnatzy et al., 1984; Kim and Smith, 2001; Shanbhag et al., 2000). 

The supporting cells belong to three different types and fulfill different tasks. The 

trichogen cells and tormogen cells are believed to produce and secrete the sensillar 

lymph with its components into the sensilla hair (Gnatzy et al., 1984; Kim and 

Smith, 2001). In order to do so, the tormogen cell is tightly connected with the 

adjacent cuticle. The supporting cells visualized by the probe targeting OBP 

transcripts in antenna of T. castaneum were most likely tormogen or trichogen 

cells, given that they are producing a secreted OBP. The third type of supporting 

cells, the thecogen cells, are proposed to build a sheath around the cell body of the 

neuron (Gnatzy et al., 1984). Interestingly, in mechanosensitive sensilla of insects 

it has been shown that the thecogen cells also ensheath the cell body and dendrites 

of the respective neurons (Keil, 1997). Already during development, it secretes the 

dendrite sheath to enclose the dendrite with a thin layer (Akai and King, 2012). 
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Because of this specific role, this kind of supporting cell is unlikely located distally 

to the cell bodies of the olfactory sensory neurons. 

Assuming that T. castaneum has the same kind of supporting cells and that they 

fulfill the same functions as described for other insects, the obtained FISH stainings 

of transcripts in OSNs or supporting cells (figure 4.7) led to a potential model of an 

olfactory sensillum of T. castaneum (figure 5.1). This model has the same cell types 

as described for other insects (Keil and Steinbrecht, 1984), but the cell bodies of 

the secretory supporting cells are located in a more distal layer compared to the 

cell body of the OSN with the ensheathing thecogen cell. The latter ones are located 

proximal within a segment, distant to the olfactory sensillum. 

 

 

Figure 5.1 Model of an olfactory sensillum of T. castaneum 

The obtained FISH signals by using probes targeting transcripts of OSNs or supporting cells as well 

as the assumption that T. castaneum antenna have the same cell types as indicated for other insects 

led to this model. Shown is the potential arrangement of indicated supporting cells and the 

olfactory sensory neuron (OSN) under an olfactory sensillum of T. castaneum.  

 

Further experiments such as transmission electron microscopy will help to 

determine the localization of the different kinds of supporting cells and thereby 

test this model for correctness. Unfortunately, first approaches to investigate the 
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cellular structure within antennae of T. castaneum by transmission electron 

microscopy were not successful. A comprehensive set of available fixation 

approaches have been tested, but the cuticle of this beetle appears to be 

impermeable to all of them. For future approaches other fixation possibilities have 

to be tried out. Cryofixation by high pressure freezing or self-pressurized rapid 

freezing might be feasible (Leunissen and Yi, 2009; Moor, 1987). 

 

 

5.2 Identification of six SNMPs in T. castaneum 

 

OSNs of insects gain their function to detect odorants by a characteristic set of 

proteins: an odor-specific OR and the coreceptor Orco (Leal, 2013; Vosshall and 

Hansson, 2011). For the detection of hydrophobic pheromones a further receptor 

is needed, the CD36-related SNMP (Benton et al., 2007; Jin et al., 2008; Kurtovic et 

al., 2007). During annotation of the genome of the red flour beetle T. castaneum, 

seven genes were found, that could encode for SNMP homologs (Nichols and Vogt, 

2008; Vogt et al., 2009). The antennal expression of six of the seven annotated 

SNMPs was verified in this study by RACE PCR (chapter 4.1.1). Generally just one 

SNMP1 and SNMP2 homolog each are described to be expressed in different 

insects of the order Diptera and Lepidoptera, therefore the high number of SNMP 

genes in T. castaneum was a novel and intriguing finding (Forstner et al., 2008; 

Nichols and Vogt, 2008; Vogt et al., 2009). This high number of SNMPs in 

T. castaneum raises the question whether insects of the order Coleoptera have in 

general more SNMPs. Recent transcriptome analysis of other coleopteran species 

showed that in the japanese pine sawyer Monochamus alternatus just one SNMP 

was found whereas in its parasitoid Dastarcus helophoroides four different SNMPs 

were identified (Wang et al., 2014). Here, it was not stated, whether these SNMPs 

are homologs of SNMP1 genes or SNMP2 genes. In the yellow mealworm Tenebrio 

molitor, a beetle within the same family (Tenebrionidae) as T. castaneum, one 

SNMP1 and SNMP2 homolog were identified (Liu et al., 2015), and in two tree 

killing bark beetles, Ips typographus and Dendroctonus ponderosae three SNMPs 

(two SNMP1 homologs and one SNMP2 homolog) were identified (Andersson et al., 

2013). This indicates that different coleopteran show a diverse number of SNMP 
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homologs and suggests that it is not a common rule that Coleoptera have more 

SNMPs, but that some beetles, like T. castaneum, have a special use for more 

SNMPs.  

Also in other insect orders exceptions were found that have more SNMPs. In this 

respect it is intriguing that analysis of the hessian fly Mayetiola destructor 

transcriptome revealed the expression of seven MdSNMPs, six SNMP1 homologs 

and one SNMP2 homolog (Andersson et al., 2014). This fly feeds on grain and is 

known as wheat pest (Shukle, 2008; White and Lambkin, 1988). This means that 

both insects with the highest known number of expressed SNMPs, T. castaneum 

and M. destructor, live in a similar environmental background. Living in this 

environment might be an explanation for the need of more SNMPs. Loss of function 

experiments of the diversified SNMPs of T. castaneum (this study, discussed below) 

and M. destructor will reveal, whether these SNMPs are involved in the detection of 

odors that are emitted by typical environmental substances. 

 

 

5.3 TcSNMP1z is dissimilar to TcSNMP1 and TcSNMP2 homologs  

 

RACE-PCR allowed the identification of the actual full length SNMP sequences of 

T. castaneum (chapter 4.1.1). The identified transcripts were used to determine the 

putative amino acid sequences of the different TcSNMPs (figure 4.2). In the moth 

species tobacco budworm Heliothis virescens, tobacco hornworm Manduca sexta 

and the silk moth Antheraea polyphemus it has been shown that SNMP proteins are 

highly conserved regarding their amino acid sequences. The investigated moth 

SNMP1 proteins showed amino acid identities ranging from 66 % - 90 % and the 

moth SNMP2 proteins shared 67 % - 72 % amino acids (Forstner et al., 2008). In 

contrast to that, SNMP2 proteins in moth just showed an identity of 26-27 % when 

compared to the SNMP1 proteins. This is the reason for the different 

nomenclature, indicating that SNMP2 proteins are not that similar to SNMP1 

proteins as SNMP1 or SNMP2 proteins among themselves (Rogers et al., 2001). 

Remarkably, when compared to the different TcSNMP1 proteins the TcSNMP1z 

protein shared just 20-24 % amino acids (figure 4.3). However, when compared to 

TcSNMP2, also just 24.5 % amino acids were identical (figure 4.3). Taken together, 
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this means that the protein sequence of TcSNMP1z showed an amino acid identity 

with low similarity to the TcSNMP1 proteins as well as to the TcSNMP2 protein. 

Following the previous approach of nomenclature, we therefore gave this TcSNMP 

the name TcSNMP3, indicating a clear difference to the TcSNMP1 and TcSNMP2 

protein sequences in T. castaneum.  

 

 

5.4 TcSNMP expressing cells are probably housed in sensilla trichodea 

and sensilla basiconica 

 

In the vinegar fly D. melanogaster as well as in different moth species SNMP 

expressing cells have primarily been found in pheromone sensitive sensilla 

trichodea (Benton et al., 2007; Rogers et al., 1997). By scanning electron 

microscopy (SEM) of T. castaneum antenna, it has been shown that the about 88 

beetle’s s. trichodea are restricted to the eleventh segment (Dippel et al. in 

preparation). This finding goes well with the localization of TcSNMP1d, TcSNMP1b 

and TcSNMP1z expressing cells in the eleventh segment (chapter 4.2.3) and 

suggests a connection to s. trichodea. However, in the present study it was also 

shown that TcSNMP1a and TcSNMP1c are expressed in all three club segments 

(chapter 4.2.3). This indicates that these TcSNMPs are expressed in cells housed in 

a different sensillum type. On the segments that contain TcSNMP1c and TcSNMP1a 

expressing cells two other sensilla types have been described, namely sensilla 

basiconica and sensilla coeloconica (Dippel et al. in preparation). Here, it has been 

shown that the s. coeloconica are rare, in these only about twelve neurons are 

housed in each segment nine and ten. In contrast to that, TcSNMP1a and TcSNMP1c 

expressing neurons were detectable in a higher number (figures 4.8 and 4.10). 

Therefore these genes are most likely expressed in cells housed in s. basiconica. 

This sensilla hair type has been found about 100 times on the club segments 

(Dippel et al. in preparation). This suggestion could be tested by using antibodies 

against the respective TcSNMP proteins in immunohistochemical approaches.  
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5.5 TcSNMP2 expressing cells weren´t detectable in antennal club 

segments 

 

Although antennal TcSNMP2 expression was indicated by transcriptome data 

(Dippel et al. in preparation) and RACE-PCR (chapter 4.1.1), no TcSNMP2 

transcripts were detectable after conducting FISH against TcSNMP2. A reasonable 

explanation for that could be the low expression level of this gene in antenna, 

shown by transcriptome analysis (Dippel et al. in preparation). In particular, the 

low number of TcSNMP2 transcripts in antenna could be below the detection 

threshold of FISH, since especially an ubiquitous low expression would be very 

hard to distinguish against background staining. Another possibility could be that 

TcSNMP2 is not expressed in club segments of the antenna but in the more 

proximal antennal segments that are not involved in olfaction and therefore were 

not analyzed in this study. In accordance, transcriptome analysis showed that 

TcSNMP2 is mainly expressed in the body of T. castaneum (Dippel et al. in 

preparation). An equivalent expression has been described for the D. melanogaster 

SNMP2 (Chintapalli et al., 2007). Several roles of the DmSNMP2 homolog in the 

body of D. melanogaster have been indicated by expression patterns (Herboso et 

al., 2011). For example it has been shown that DmSNMP2 is highly expressed in 

anterior spiracles, the external tracheal apertures (Herboso et al., 2011). In this 

tissue spiracular glands are located that are linked to the secretion of lipids to coat 

the surface of the spiracular plate and branched hairs (Keilin, 1944; Keilin et al., 

1935; Rizki, 1956). DmSNMP2 expression in this tissue indicates an involvement in 

these secretion processes (Herboso et al., 2011). Given that TcSNMP2 is expressed 

mainly in the body and that beetles have a similar structured respiratory system as 

D. melanogaster (Crowson, 2013), it is plausible that TcSNMP2 is expressed in 

similar tissues and is involved in similar tasks as DmSNMP2. FISH targeting 

TcSNMP2 transcripts in the body of T. castaneum will clarify, whether this 

assumption is correct. 
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5.6 The potential role of TcSNMPs in supporting cells 

 

Double FISH with a combination of probes targeting an antennal TcSNMP and a 

marker gene for OSNs or secretory supporting cells, respectively, made it possible 

to identify the TcSNMP expressing cell types (chapter 4.2.3). Following that 

approach, it was shown that TcSNMP1a and TcSNMP1d are expressed in OSNs 

whereas TcSNMP1c, TcSNMP1b, and TcSNMP1z are expressed in supporting cells 

(figures 4.8 - 4.12). This situation, that the supporting cells express a different 

SNMP than the OSNs, has also been found in various moth species (Forstner et al., 

2008). Here, the pheromone sensitive neurons express the moth SNMP1 homolog 

and the supporting cells express the moth SNMP2 homolog. The role of SNMPs 

expressed in supporting cells remains unclear but the occurrence in this non 

neuronal cell type indicates a task apart from odorant detection. Former studies 

have suggested that supporting cells regulate the composition of the sensillar 

lymph (Gnatzy et al., 1984). In this regard, they produce and secrete the lymph but 

also degrade and absorb proteins of the lymph, such as OBPs (Leal, 2003; 

Steinbrecht et al., 1992). Supporting cells control the ionic composition of the 

sensillar lymph and it has been proposed that they remove odorants or its 

degradation products (Blomquist et al., 2003; Thurm and Küppers, 1980). To 

manage this task the supporting cell needs to have the ability to absorb substances 

from the sensillar lymph to clean it. Remarkably, some members of the CD36 

protein family are involved in endocytosis processes, like the HDL/LDL receptor or 

the cholesterol transporter in macrophages (Febbraio and Silverstein, 2007). This 

makes it plausible that SNMPs in the membrane of supporting cells fulfill a similar 

function and mediate endocytosis of degraded proteins or odors. Hereby they 

would facilitate a fast and effective cleaning of the sensillar lymph and therefore 

guarantee a functional and highly sensitive odorant detection system (Forstner et 

al., 2008).  

This suggestion goes well with observations in D. melanogaster. In this fly it has 

been shown that the DmSNMP1 is expressed in supporting cells all over the 

antenna, whereas the DmSNMP1 expressing neurons are only located in a distal 

lateral neuron population (Benton et al., 2007). Furthermore, identification of the 
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TcSNMP expressing cell types in T. castaneum by FISH indicates that there are also 

more kinds of TcSNMPs expressed in supporting cells than in OSNs.  

With regard to the hypothesis that SNMPs in supporting cells are necessary for the 

cleaning of the sensillar lymph, it is plausible that SNMPs are expressed in many 

supporting cells, because clean sensillar lymph is the basis for an accurate odor 

detection system in every olfactory sensillum. In contrast, only special neurons 

need a functional SNMP for the detection of odorants. Therefore it is convincing 

that more supporting cells need an SNMP to mediate endocytosis of substances to 

clean the sensillar lymph.  

Interestingly, RACE-PCR on antennal cDNA pools confirmed the presence of 

transcripts of further CD36 proteins within antennae: Tc015854, Tc014951 

Tc015144 Tc014954, and Tc000948 (not shown). In this context a particular 

interesting candidate is Tc015854, the T. castaneum scavenger receptor class B 

member 1 (XM_966824.3) that is mainly expressed in antennae and represents an 

orthologue of the D. melanogaster gene Debris buster (Dbs). Recently it has been 

shown that Dbs is necessary for the degradation of dendrite debris (Han et al., 

2014). It might be possible, that the T. castaneum orthologue that is expressed in 

antenna, has a similar task and could also take part in clearance processes. FISH 

against transcripts of this gene will clarify whether this gene is expressed in 

secretory supporting cells and thereby would support this hypothesis or whether 

it is expressed in another cell type.  

 

 

5.7 TcSNMP1d expression is partially correlated with TcSNMP1z 

expression 

 

By double FISH with different TcSNMP probes on longitudinal bisected antennae, it 

was possible to show that TcSNMP1d expressing neurons and TcSNMP1z 

expressing supporting cells are located partially in neighbored cells (figure 4.13). 

In more detail, within the eleventh segment, this colocalization was observed in 

several instances but in the same segment also non-matching TcSNMP1d or 

TcSNMP1z expressing cells were detectable (figure 4.13). 
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Importantly, the bisecting cut was done in random angles for each antenna and 

thereby likely unequally between different antennae. Depending on the bisection 

plane, it might be that the neighboring cells have been separated by the bisecting 

cut. This may have led to the observation that TcSNMP1z expressing supporting 

cells are only partially colocalized with TcSNMP1d expressing neurons, although 

they were always located next to each other in the intact antenna. However, given 

that the observed only partial correlated expression was reproducible, it is more 

plausible that TcSNMP1z expressing supporting cells are indeed only sometimes 

neighbored to TcSNMP1d expressing neurons.  

Since it has been described that SNMP expressing neurons are always connected to 

supporting cells that also express an SNMP (Benton et al., 2007; Forstner et al., 

2008), I investigated whether another TcSNMP homolog is expressed next to the 

remaining TcSNMP1d expressing neurons. Two further TcSNMPs are expressed in 

supporting cells: TcSNMP1c and TcSNMP1b. But double stainings against 

transcripts of TcSNMP1d and TcSNMP1b never showed a localization in close 

vicinity. In further FISH experiments it has to be clarified whether TcSNMP1c 

expressing supporting cells are located next to the remaining TcSNMP1d 

expressing neurons. This will clarify whether it is also true for T. castaneum 

antenna that SNMP expressing neurons are always connected to supporting cells 

that also express an SNMP. 

 

 

5.8 The functional role of neuronal T. castaneum SNMPs in odor 

detection 

 

One prominent aim of this thesis was the analysis of the role of TcSNMPs in odor 

detection in T. castaneum. Given that two different TcSNMP1 homologs, namely 

TcSNMP1a and TcSNMP1d, are expressed in their own, individual set of neurons 

(figure 4.13), the hypothesis was prompted that neuronal TcSNMPs are necessary 

for the detection of distinct odor types.  

 

 



Discussion 

 93 

5.8.1 The functional role of neuronal T. castaneum SNMPs in pheromone 

detection 

 

In D. melanogaster, the neuronal expressed DmSNMP1 has been shown to be 

indispensable for the detection of the fly pheromone cis-vaccenyl acetate (cVA; 

Benton et al., 2007; Jin et al., 2008). Remarkably, heterologous expression of 

pheromone receptors of the moth species Bombyx mori and Heliothis virescens in 

OSNs of D. melanogaster showed the same necessity of DmSNMP1 for the detection 

of the cognate pheromone (Benton et al., 2007; Li et al., 2014). Here, the tested 

moth and D. melanogaster pheromones, e.g. cVA or bombykol, had one similar 

structural feature: they contain a fatty-acid derived hydrocarbon chain (Benton et 

al., 2007; Regnier and Law, 1968). From these findings and due to their 

resemblance to the CD36 protein family, it had been hypothesized that the 

neuronal DmSNMP1 may mediate the detection of pheromones that have such a 

fatty acid chain (Benton et al., 2007; Pregitzer et al., 2014).  

To test whether the identified neuronal TcSNMPs, TcSNMP1a and TcSNMP1d, are 

also involved in pheromone detection, their transcripts were disrupted by RNA 

interference, a potent method in T. castaneum, that lead to a strong and systemic 

response (Dönitz et al., 2014). The RNAi effect was investigated by 

electroantennography (EAG) (performed by Karthi Balakrishnan, Forest Zoology 

and Forest Conservation, University Göttingen). EAGs have been applied in several 

insect species, including Diptera, Lepidoptera as well as Coleoptera (Alcorta, 1991; 

Kurtovic et al., 2007; Nagai, 1981; Roelofs et al., 1971; Subaharan et al., 2013; 

2013; Zhang et al., 2009). This technique is different to the method that was 

performed to study the DmSNMP1 function by Benton and colleagues (2007). 

These functional analyses in D. melanogaster were conducted using single 

sensillum recordings (SSR). This method allows to measure the neuronal activity 

of all OSNs housed in one single olfactory sensillum (Pellegrino et al., 2010). 

Unfortunately, due to missing functional analyses of single OSNs or ORs in T. 

castaneum, it was not possible to use SSR to investigate the RNAi effect. Therefore, 

alternative approaches, such as the mentioned EAGs were performed in this study.  

Additionally, the behavior of RNAi treated beetles was analyzed (not shown). To 

this end, an adapted circular arena was constructed and used as described in Duehl 
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et al. (2011). Here, an attractive odor of interest and a control odor (silicon oil) 

were added to two specific sites in the arena and it was analyzed whether the loss 

of neuronal TcSNMPs leads to reduced time durations spend in close proximity to 

the attractive odor. However, preliminary behavioral tests with different 

arrangements and odors (not shown), did not provide reliable data sets. No tested 

odor, including the aggregation pheromone 4-8-dimethyldecanal (DMD), led to a 

significant change of the walking behavior of the tested beetles. Even wild type 

beetles did not show the described attraction to the aggregation pheromone 

(Obeng-Ofori, 1990). This suggests a general problem of the used setup. Therefore, 

the RNAi treated beetles were tested by EAGs.  

Knockdown of TcSNMP1a and TcSNMP1d transcripts, respectively, followed by 

EAG showed severe impairment in the detection of the aggregation pheromone    

DMD in female T. castaneum (figure 4.14). This goes well with the proposed model 

that SNMPs are important for pheromone detection, in particular for pheromones 

with a fatty acid chain (Benton et al., 2007).  

Remarkably, a similar impairment was also detected in measurements with the 

beetle odor 1-4-benzoquinone and other pheromone like substances that have no 

fatty acid chain (figures 4.14 and 4.16). This is contrary to the general assumption 

that it is the fatty-acid derived hydrocarbon chain in pheromones that require a 

functional SNMP (Benton et al., 2007). This leads to the hypothesis, that SNMPs can 

also mediate the detection of substances without this structural feature. This 

hypothesis is reinforced by the identification of several antennal SNMPs in two 

tree killing bark beetles, Ips typographus and Dendroctonus ponderosae (Andersson 

et al., 2013). These beetles do use pheromones that have no long fatty acid chain, 

e.g. cis-verbenol (Schlyter et al., 1987). It would be interesting to know, whether 

the tree killing bark beetle SNMPs are involved in the detection of their cognate 

pheromones. Until now, no functional analyses of these SNMPs have been 

described. Given that the cis-verbenol detecting neurons have been characterized 

by SSR in I. typographus (Andersson et al., 2009), continuative SSR of snmp mutant 

I. typographus could test the hypothesis that SNMPs are involved in the detection 

of pheromones without a fatty acid chain. 
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5.8.2 T. castaneum SNMPs are involved in non pheromone odor detection 

 

The involvement of TcSNMPs in the detection of fatty, pheromone-like compounds 

without a fatty-acid derived hydrocarbon chain suggests that SNMPs are also able 

to mediate the detection of other fatty non-pheromone odors. This hypothesis was 

supported by several observations. First, SNMPs have been identified in insect 

species that do not even have a described pheromone system, e.g. the parasitoid 

beetle Dastarcus helophoroides or the malaria mosquito Anopheles gambiae (Vogt 

et al., 2009; Wang et al., 2014). Furthermore, in D. melanogaster it has been shown, 

that the neuronal DmSNMP1 is required for a proper response to the non 

pheromonal fatty odor farnesol (Ronderos et al., 2014). This odor has no simple 

fatty acid chain and is a component of ripe citrus peels, a potential egg laying 

substrate of D. melanogaster (Ronderos et al., 2014; Rowat et al., 2005).  

The results of this study, showing that neuronal TcSNMPs of T. castaneum are 

involved in the detection of fatty food odors such as wheat germ oil and ß-ionone 

(figure 4.15), reinforce this hypothesis further. Wheat germ oil is a typical 

component of the preferred ecological habitat of T. castaneum: older and damaged 

grain with high fatty acid content. In behavioral analysis, it has been shown that T. 

castaneum is attracted by various grain oils, including wheat germ oil (WGO) 

(Phillips et al., 1993).  

Taken together, this leads to the suggestion that different insects use SNMPs to 

detect fatty volatile chemicals emitted from sources that are crucial for their 

respective life requirement. These fatty volatile odorants can include different type 

of pheromones, food odorants or potential egg laying sites.  

 

 

5.8.3 TcSNMP1a might be more important for female beetles 

 

Knockdown of TcSNMP1a showed a differential effect in male and female T. 

castaneum. Except for few tested food odor concentrations (figure 4.15), the 

TcSNMP1a knockdown did not influence the neuronal responses toward the tested 

odorants in male T. castaneum. In females, however, TcSNMP1a knockdown led to 

slightly reduced responses to all tested odors.  
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This sex specific difference of TcSNMP1a knockdown beetles indicates that the 

tested odors are more important for female beetles and that TcSNMP1a is needed 

for an accurate detection of these substances. A possible explanation for that 

finding is that TcSNMP1a might be needed for the detection of volatiles emitted by 

substances that are more important for females, such as suitable egg laying sites. 

This hypothesis could be tested by behavioral tests of female beetles that were 

treated with dsRNA targeting TcSNMP1a-transcripts. Here, it would be interesting 

to analyze, whether RNAi treated beetles would find appropriate egg laying sites 

and consequently would lay the same amount of eggs in this area as control 

females.  

 

 

5.8.4 Outlook 

 

The loss-of-function experiments conducted in this study extended the selection of 

potential odors that need a functional neuronal TcSNMP. Continuative experiments 

are needed to investigate the role of TcSNMPs in T. castaneum in more detail. First, 

experimental replicates should be done with non-overlapping dsRNA fragments to 

exclude off target effects. Furthermore, a broader set of odorants has to be tested, 

also non fatty odors, like alcohols or fruit esters. In D. melanogaster, it has been 

shown for several fruit esters that they are detected independently of the 

DmSNMP1. Therefore it would be interesting to analyze, whether this is also true 

for TcSNMPs. 

 

 

5.9 T. castaneum SNMP1 diversification might mirror specialized 

coleopteran ecologic adaptation  

 

The function of the neuronal DmSNMP1 homolog of D. melanogaster is highly 

conserved between Diptera (D. melanogaster) and Lepidoptera (B. mori, H. 

virescens, A. polyphemus), despite an evolutional divergence of 290 million years 

(Benton et al., 2007; Kurtovic et al., 2007; Li et al., 2014). This conserved function 

has been shown by functional analyses of heterologously expressed moth 
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pheromone receptors in D. melanogaster OSNs. These pheromone receptors were 

able to detect their cognate pheromone in dependence of a functional DmSNMP1 

(Benton et al., 2007; Kurtovic et al., 2007; Li et al., 2014).  

In contrast to that, heterologously expressed SNMP homologs from the 

coleopteran T. castaneum in pheromone sensitive OSNs of D. melanogaster were 

not able to mediate the detection of the fly pheromone cVA (figure 4.19). This 

indicates a divergent specialization of the beetle´s and fly´s SNMP1 function. The 

order Coleoptera diverged over 10 million years earlier within the holometabolous 

lineage than Diptera and Lepidoptera (Grimaldi and Engel, 2005). Hereby they 

became the most diverse insect order occupying many different ecological niches 

(Maddison et al., 2007). The potential for fast evolvement of existing genes might 

have helped to colonize new environments.  

For ORs and OBPs gene duplication is believed to be a characteristic mechanism to 

adapt to new environments (Gardiner et al., 2008; Hansson and Stensmyr, 2011; 

Wang, 2009). Therefore one could presume, that SNMPs as further odor detection 

protein, have to coevolve with the OR/OBP protein family by similar mechanisms. 

Interestingly, the chromosomal localization of TcSNMP1a, TcSNMP1b, TcSNMP1c 

and TcSNMP1d suggests that these four genes are the result of gene duplication 

events (Vogt et al., 2009). This implies that the original set of SNMP genes (one 

SNMP1 homolog and one SNMP2 homolog) of a common ancestor underwent 

evolutionary radiation and enabled the adaptation to various and novel ecological 

situations.  

This hypothesis is supported by the finding that the identity of amino acid 

sequences of the different TcSNMP1 homologs is low, which suggests fast 

molecular evolution and functional derivation. In contrast, SNMP1 homologs of 

different moth species show higher amino acid conservation even across species 

(Forstner et al., 2008). This indicates that after gene duplication events further 

alterations of the gene sequence were needed to become perfectly adapted to the 

occupied ecological niche.  
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5.10 TcSNMPs have conserved subdomains in the extracellular loop 

 

By prediction of the protein topology of the obtained putative amino acid 

sequences two transmembrane domains (TMDs) were identified (figure 4.2). 

These TMDs were flanked by short intracellular N- and C-termini. Between the two 

TMDs one big extracellular loop was predicted. Sequence analysis of 

SNMP proteins of other insects have been shown to have a similar protein topology 

(Nichols and Vogt, 2008). Because of this protein structure and further sequence 

similarities, SNMPs have been grouped to the big CD36 protein family (Rogers et 

al. 2001). For several members of this protein family it has been shown that they 

interact with fatty acids, lipids or lipid protein complexes (Febbraio and 

Silverstein, 2007; Lai et al., 2013; Sakudoh et al., 2013). Furthermore, studies 

about the human CD36 protein scavenger receptor class B type I (SR-BI) showed 

that subdomains of the extracellular loop are responsible for the binding of a given 

ligand (Kartz et al., 2014). Interestingly, although the TcSNMPs showed generally 

low identity values among each other (figure 4.3), within the putative, about 400 

bp long extracellular loops, 31 scattered amino acids were identical between all 

TcSNMPs (figure 4.2). Moreover, 26 of these amino acids are also shared with the 

SNMP1 and SNMP2 homologs of D. melanogaster (not shown). The functional 

analysis of this study showed that the TcSNMPs have a different function 

compared to the DmSNMPs (chapter 4.4.1, figure 4.19). Therefore, the 26 identical 

amino acids shared by TcSNMPs and DmSNMPs are most likely important for 

structural purposes. The five amino acids that are identical between all T. 

castaneum SNMPs, but differ from D. melanogaster SNMPs are located between the 

amino acid aspartic acid at alignment position 151 and the proline at alignment 

position 332 (figure 4.2). To test whether these five amino acids are involved in 

the mediation of a given odorant, one could exchange this area within a neuronal 

TcSNMP (TcSNMP1a or TcSNMP1d) with the equivalent area of the DmSNMP1 by 

the CRISPR/Cas9 technology (Gilles and Averof, 2014). Subsequently, one could 

analyze the functionality of the chimeric TcSNMPs by electroantennography. 
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5.11. DmSNMP2 is able to compensate for loss of DmSNMP1 function in 

cVA detection in the antenna 

 

DmSNMP2 is prominently expressed in the body of D. melanogaster and has no 

described role for olfaction (Chintapalli et al., 2007). Surprisingly, heterologously 

expressed DmSNMP2 isoform B was able to facilitate the detection of the fly 

pheromone cVA in pheromone sensitive OSNs of transheterozygous snmp1 mutant 

flies (figure 4.19). In contrast to that, studies done in human embryonic kidney 

cells expressing the H. virescens pheromone receptor with or without H. virescens 

SNMPs (HvSNMPs), showed that HvSNMP2, in contrast to HvSNMP1, does not 

influence the detection of the moth pheromone (Z)-11-hexadecenal (Pregitzer et 

al., 2014). Even though HvSNMP2 is expressed in supporting cells in the moth 

antenna and is part of the pheromone detection system (Forstner et al., 2008), 

HvSNMP2 function in olfaction appears to be more specialized compared to the 

HvSNMP1 that is expressed in the pheromone detecting neurons (Forstner et al., 

2008). This situation is entirely different to D. melanogaster, where DmSNMP2 

does not have a described role in olfaction, but can fulfill similar functions like the 

DmSNMP1 (figure 4.19) that is essential for pheromone detection (Benton et al., 

2007).  

Interestingly, the DmSNMP2 isoform C was not able to mediate the detection of 

cVA (figure 4.19). Compared to DmSNMP2 isoform B, isoform C has one additional 

exon that leads to 46 additional amino acids (Hoskins et al., 2007). From my 

findings, it appears that the absence of these additional amino acids allowed cVA 

detection. This might be due to different protein folding. Alternatively, removal of 

this additional stretch may connect two parts of the protein to a functional area. 

Protein predictions indicated that in this area an alpha-helix is formed and that the 

connected parts are located in this helix (figure 4.22).  

Therefore it might be possible that this helix is responsible for the interaction and 

mediation of cVA. In order to characterize the functional area of DmSNMPs in more 

detail it would be interesting to focus on the region containing this predicted helix. 

To test whether this helix is sufficient to enable cVA mediation one would replace 

this helix in the DmSNMP1 protein with the helices of DmSNMP2 isoform B and 

DmSNMP2 isoform C (figure 5.2). Subsequently, one would test the rescue abilities 
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of these chimeric SNMPs by using the rescue assay system. In case that the 

DmSNMP2C helix in the chimeric DmSNMP1 protein would abolish the capacity to 

detect cVA, this would indicate that the endogenous DmSNMP1 helix is necessary 

for cVA mediation. In case that this chimeric DmSNMP1 would still be able to 

mediate cVA detection this would indicate that other regions of the DmSNMP1 

protein are still sufficient for cVA detection, and therefore involved in this process. 

Similarly, if the cVA mediation in a rescue experiment using a chimeric DmSNMP1 

protein containing the DmSNMP2B helix, would be more effective than in the 

rescue with the native DmSNMP2B protein, detectable by a higher neuronal 

calcium response, this would also indicate that other parts of the DmSNMP1 

protein are involved in the cVA mediation.  

Another approach would be to analyze this particular helix of the DmSNMP1 

protein by using other SNMPs as scaffold for the DmSNMP1-helix. Here, one would 

exchange the corresponding helices of the DmSNMP2B and the TcSNMP1a with the 

DmSNMP1 helix (figure 5.2). Analogously to the other chimeric proteins, 

subsequent functional analysis using the rescue assay system would clarify, 

whether this DmSNMP1 helix is sufficient to mediate cVA detection. If the 

DmSNMP1 helix in the TcSNMP1a protein would be able to mediate cVA detection, 

this would suggest that the DmSNMP1 helix is sufficient for a proper DmSNMP1 

function. Analogously, if the DmSNMP2B protein containing the helix of the 

DmSNMP1 protein instead of its own helix would enhance the neuronal response 

compared to the native DmSNMP2B protein, this would also indicate that the 

DmSNMP1 helix contains the functional region of DmSNMP1. 

Furthermore fusion of the DmSNMP1 protein with the DmSNMP2C protein within 

this helix would allow to test whether the N- or C-terminal region of the helix or 

the protein is equally involved in the function of DmSNMPs (figure 5.2). Depending 

on the results, chimeric proteins would subsequently be designed that contain 

increasing amino acid stretches of the native DmSNMP1. This would allow the 

identification of the functional area of the DmSNMP1 and therefore give the 

opportunity for further experiments that will help to clarify the exact molecular 

mechanism of DmSNMPs.  
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Figure 5.2 Potential chimeric constructs for further analysis 

Shown are schematic representations of different SNMPs as indicated and potential chimeric 

proteins. DmSNMP2 isoforms are shown in blue, DmSNMP1 is shown in grey, and TcSNMP1a is 

shown in green. Important predicted protein domains are shown in boxes as indicated. Helix boxes 

of the same color indicate same sequence. Abbreviations: N: N-terminus, C: C-terminus, TMD: 

transmembrane domaine, helix: predicted alpha helix of interest.  
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5.12 T. castaneum SNMP2 influences the odor response profile of the D. 

melanogaster pheromone receptor OR67d in snmp1 mutant flies 

 

In this work, the D. melanogaster DA1 glomerulus was used for in vivo calcium 

imaging measurements. Neurons that form the DA1 glomerulus express the cVA 

sensitive receptor OR67d (van der Goes van Naters and Carlson, 2007; Ha and 

Smith, 2006; Kurtovic et al., 2007). As discussed below, neurons expressing this 

odorant receptor normally do not respond to 1-hexanol (Vosshall et al., 1999). In 

contrast, they are even inhibited by 1-hexanol (figure 4.20). Surprisingly, when 

heterologously expressed in snmp1 mutant D. melanogaster, TcSNMP2 mediated 

the detection of 1-hexanol in these neurons. This indicates that TcSNMP2 changes 

the response profile of this highly specific pheromone receptor, that is narrowly 

tuned to cVA (Kurtovic et al., 2007). A recent study hypothesized that DmSNMP1 is 

necessary for the binding of cVA to the OR67d as well as for its removal from this 

receptor (Li et al., 2014). Based on this model, the hypothesis states that snmp1 

mutant flies are no longer able to detect cVA after the OR67d is blocked by bound 

cVA (Li et al., 2014). This hypothesis was confirmed by SSRs of snmp1 mutant 

OR67d OSNs of female flies that had never smelled cVA before (cVA-virgins), 

because these flies were able to detect the first cVA application of their life (Li et 

al., 2014).  

From this hypothesis and from the findings in this work, regarding 1-hexanol 

detection in snmp1 mutant flies that express TcSNMP2, the following hypothesis 

could be assumed: concerted action of TcSNMP2 and the solvent 1-hexanol might 

be able to remove bound cVA, thus mimicking endogenous DmSNMP1 function. 

Afterwards, the dissociated cVA would be able to bind again to the unblocked 

OR67d and, hence, be detected anew. This proposed mechanism would also 

explain the delayed and rather weak response elicited by 1-hexanol (figure 4.20). 

To test this model, a first set of measurements of cVA-virgins were conducted. 

According to the proposed mechanism, cVA-virgins would not show a response to 

1-hexanol, since the observed 1-hexanol response would be restricted to flies that 

have already smelled cVA at least once. In case that the cVA virgins were able to 

detect 1-hexanol, this would suggest that TcSNMP2 indeed changes the response 

profile of the pheromone receptor OR67d. In case they don’t, this would indicate a 
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cleaning function of 1-hexanol and a partial ability of TcSNMP2 to substitute for 

DmSNMP1 in an snmp1 mutant background. No 1-hexanol response was observed 

in these flies. However, the survival rate of them was very low, indicating a general 

problem of the physiology and vitality of the tested flies. Therefore, this 

experiment has to be repeated. 

 

 

5.13 T. castaneum SNMP1a and SNMP1b.1 influence presynaptic 

inhibition within the antennal lobe of snmp1 mutant D. melanogaster  

 

Generally, pheromone sensitive neurons are inhibited by most other odors 

(Agarwal and Isacoff, 2011; Pregitzer et al., 2012). In this study this observation 

was confirmed by calcium imaging measurements of the glomerulus DA1, the first 

relay station of the cVA reactive neurons (Datta et al., 2008), after application of 1-

hexanol and isoamyl acetate, respectively (figures 4.20 and 4.21). Presynaptic 

inhibition of olfactory sensory neurons has been described to be mediated by 

inhibitory local interneurons (LNs) (Ignell et al., 2009). The majority of these LNs 

release gamma-aminobutyric acid (GABA) (Mikael A Carlsson, 2010). Many other 

substances have been described to influence the presynaptic inhibition as well, 

such as different neuropeptides, glutamate or serotonine (Dacks et al., 2009; Ignell 

et al., 2009; Mikael A Carlsson, 2010; Olsen and Wilson, 2008; Root et al., 2008; 

Wilson, 2013). Interestingly, this presynaptic inhibition was not detectable in 

D. melanogaster snmp1 mutant DA1 neurons that heterologously expressed 

TcSNMP1a or TcSNMP1b.1 (figures 4.20 and 4.21). This indicates an extended 

function of SNMPs apart from the mediation of odorants. It suggests that 

TcSNMP1a and TcSNM1b.1 are able to modify the inhibitory antennal lobe 

circuitry, leading to missing inhibition of DA1 neurons.  

The observation that the isoform TcSNMP1b.2, that has an 84 amino acids shorter 

putative extracellular loop, did not show this effect indicates that the area that is 

responsible for the reduced presynaptic inhibition is located in this loop (figures 

4.20 and 4.21). Therefore one could assume that TcSNMP1b.1 has a special 

functional structure within its extracellular loop. This might allow the binding and 

capturing of one or more of the several described inhibitory components, such as 
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GABA and thereby thinning the amount of inhibitory components. However, 

generally, these inhibitory components are no fatty acid derivatives and therefore 

no classical target for SNMPs. This argues against the described titration effect. 

Because SNMPs are members of the CD36 protein family, further molecular 

mechanisms are possible that would allow TcSNMP1a and TcSNMP1b.1 to 

modulate the presynaptic inhibition. Recently, it has been shown that human CD36 

mediates the recognition and hetero-dimerization of different Toll-like receptors 

(Stewart et al., 2010). Analogously, it could be possible that TcSNMP1a and 

TcSNMP1b.1 influence and modify the response of receptors that interact with 

inhibitory components, such as the GABA receptors (GABA-R) (Wilson and 

Laurent, 2005). One precondition for this hypothesis is that TcSNMPs are located 

in proximity to GABA-Rs. Immunohistochemical approaches with antibodies 

against GABA-R and TcSNMP1a or TcSNMP1b.1 would clarify whether this 

condition is fulfilled.  

To discriminate between both hypotheses, one would express e.g. GABA-R with or 

without TcSNMP1a or TcSNMP1b.1 in D. melanogaster cell lines, such as Schneider 

2 cells (Schneider, 1972). Here, one would test whether the GABA induced GABA-R 

response is modified in the presence of TcSNMP1a or TcSNMP1b.1. If there is a 

change in response, one would subsequently analyze the different hypotheses for 

their correctness. If the first hypothesis that TcSNMP1b.1 capture specific 

inhibitory components (in this case GABA) would be correct, this effect would be 

titratable by addition of more GABA. If not, this would hint to the second 

hypothesis, that TcSNMP1a and TcSNMP1b.1 modify the GABA-R. Subsequently, 

one would study the mechanisms behind that modification. Following this 

approach, one could also analyze other inhibitory components and their receptors 

like glutamate/glutamate receptor or short neuropeptide F (sNPF)/sNPF receptor 

(Liu and Wilson, 2013; Mertens et al., 2002). This will allow to understand how 

SNMPs are able to influence the presynaptic inhibition, a capability that extends 

the known function and importance of SNMPs.  
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5.14 Novel roles of SNMPs 

 

The different functional analyses of the numerous TcSNMPs made it possible to 

extend the knowledge of the functional capacities of these proteins. For a long time 

the role of SNMPs was believed to be restricted to the mediation of pheromones 

(Benton et al., 2007; Jin et al., 2008; Li et al., 2014). The heterologous expression of 

TcSNMPs in D. melanogaster showed that SNMPs might have additional molecular 

functions in addition to the mediation of odors. They appear to be able to reduce 

presynaptic inhibition of a given OSNs. Thereby they could support the detection 

of any given odor. The functional analysis of TcSNMPs in T. castaneum hinted to 

the idea that SNMPs help to detect odors that are emitted by sources that are 

crucial for the specific life requirements of an insect. Recent studies in 

D. melanogaster support this suggestion. It has been shown that the maximal firing 

rate was decreased in farnesol detecting neurons without a functional DmSNMP1 

(Ronderos et al., 2014). Farnesol is a volatile component of citrus fruit peels, a 

substrate that female flies prefer as egg laying site (Dweck et al., 2013). Taken 

together I propose the following functions for SNMPs: SNMPs are indispensable for 

the mediation and removal of pheromones. Without an appropriate neuronal 

SNMP1, pheromones cannot be detected anymore (Benton et al., 2007; Jin et al., 

2008; Li et al., 2014; this study). Furthermore, SNMPs intensify the neuronal 

responses towards specific odors that play an fundamental ecological role for a 

given insect (Ronderos et al., 2014, this study). Depending on the occupied 

ecological niche this odors can be different, which might explain the varying 

number and high level of divergence of identified SNMPs in different insects. Due 

to the extended importance of SNMPs it will be crucial to identify further SNMP 

mediated odorants and to clarify the molecular mechanisms of SNMP function in 

more detail. 
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6 Supplemental 

 

6.1 Full-length cDNA sequences and amino acid sequences of TcSNMPs 

 

6.1.1 TcSNMP1a  

 

cDNA sequence 

>AGTGAATGAAACCGATTCGTCGGAAGGACTTCTTATTTTTACTTTTTCCTAAGTTGCGTTTACTTAAGT

TCTCTTTTGATTCGTTAAAGTGCATTTATCATTGTTACACGAAGAAGAAAACTAAAAAGGAAATGCGGCT

GCCGGTCAAAATCGCGATCGGATGCACGATTGGGCTCGTTGTTATCATTGTTTTCGGATTTATTGCTTTT

CCTAAAATGATCAAAGGCAAAGTGAAGAGTATGATAAATTTGAACAAGGGGAGCGAAATCCGCCAAATGT

TCGTCAAAGTCCCGTTCGCTCTAGACTTTAAAATTTATATGTTTAACGTAGCAAATCCGATGGATGTCCA

GAAGGGTGCTTTGCCTGTCCTAAAAGAAGTGGGACCGTTCTGTTTCGAAGAATGGAAGGAGAAGGTTGAC

CTTGACGATAACGACGACGAGGATGTCATGTTTTACAATCCCAAGGACACGTTTTACAAAACTAACGGGC

CTGGATGCCTCGACGGAAGCCAGATGATTACAATGGCACATCCTTTAATACTCGGGATGGTGAACACAGT

GGTGCGGACTAAACCAGGCGCCATTTCCTTGATTAGCAAAGCCATTAATTCCATTTACGGCAATCCTGAT

TCTATTTTTATGACTGCTTCGGCTATGGACATCCTGTTTGATGGTGTTGTAATTAAATGCGGGGTCAAAG

ATTTCGCCGGAAAGGCCGTTTGTTCGCAGCTGAAAGAAGCACCAGACTTGAGGCATGTCGACGAAAATGA

TTTGGCGTTTTCATTTATAGGGCCTAAAAATGCAACTCCCGGGAAGAGATTTAAAGTTCTGAGGGGCGTC

AAGAAATCGCACGATGTGGGACGGATTCTCGAGTATGACAATAAGAAAGAAATGGAAGTGTGGCCTACGA

AAGAATGTAACCAATATAAAGGAACAGACGGGACGGTATTTCCCCCTTATCTCACAAAGGAGGAAGGTCT

TGCCTCCTATGCGCCCGACTTGTGCCGTTCGTTAGTTGCCGTCTACAGTGGAGACACAAAATACGACGGT

ATTCCTGTGCGAATATACACGGCGACTTTAGGCGACATGTCCAAAAATGCAGACGAGAAGTGTTACTGCC

CCACACCTGACACTTGCCTGAAGAAGGGCATGATGGACCTGTTCAAGTGTGCAGGAGTTCCTGTCTATGT

CTCACTACCACATTTCTACGAATCGGACGAAAGCTACGTCAAAGGAGTCGTCGGCCTTAACCCTAACAAG

AAAGACCACGGAATTCAGATTTTGTTCGAATCGACAACTGGGGGTCCTGTCAAAGCCGCGAAACGCCTCC

AGTTCAACATGCCCCTGGAGCCGAATCCAAAATTGCCAATTTTTGCAAACTTGCCCAACACAGTTTTGCC

ACTGTTCTGGGTGGAGGAAGGCGTGGCGCTGAATAATACGTTTACGAAACCGTTGAAAGACCTTTTCAAA

ATAATGAAGATTGTGAAGATCGCGAAATGGTTGATTATGCTGGGATGTTTGGGGGGTTTGGGAGCCGCCG

GTTATCTCTACTTTTCCAAAAAAGGGGAAGCGAATATTACGCCGGTACATAAGGTTAAACCGGCCGAAAA

TGGGGTTAGCACTCTCGGGGGTGAAGTCAACCATGCCATGTCTGATAACGAGATAGAGAAATACTGATGA

TTTGTTTAGGCAGGTTCTGTTCTAGTCTTGTTGGAAGATTGCTAGTTTATTTTTATATATTTTTGTATTA

AAGCGGTGTGTTTAGTTAACGATTAGTTAATTATTTGTGCACGATTTTTTAACTGTTTTAGTCTGTGATT

TAGTGATTATGTATGAGATATGGTTAGTTTATTTAACTTTAGAAAAATGTTATATTGACAGGGTATGCTA

GTCAGAAAAATAAATTATATTATTTGTAATTTTGCTTTTATTTCAAATACACTTTATCTTGAAAAAAAAA

AAAAAAAAAAAAAAAAAAAGT 

 

 

Amino acid sequence 

>MKPIRRKDFLFLLFPKLRLLKFSFDSLKCIYHCYTKKKTKKEMRLPVKIAIGCTIGLVVIIVFGFIAFP

KMIKGKVKSMINLNKGSEIRQMFVKVPFALDFKIYMFNVANPMDVQKGALPVLKEVGPFCFEEWKEKVDL

DDNDDEDVMFYNPKDTFYKTNGPGCLDGSQMITMAHPLILGMVNTVVRTKPGAISLISKAINSIYGNPDS

IFMTASAMDILFDGVVIKCGVKDFAGKAVCSQLKEAPDLRHVDENDLAFSFIGPKNATPGKRFKVLRGVK

KSHDVGRILEYDNKKEMEVWPTKECNQYKGTDGTVFPPYLTKEEGLASYAPDLCRSLVAVYSGDTKYDGI

PVRIYTATLGDMSKNADEKCYCPTPDTCLKKGMMDLFKCAGVPVYVSLPHFYESDESYVKGVVGLNPNKK

DHGIQILFESTTGGPVKAAKRLQFNMPLEPNPKLPIFANLPNTVLPLFWVEEGVALNNTFTKPLKDLFKI

MKIVKIAKWLIMLGCLGGLGAAGYLYFSKKGEANITPVHKVKPAENGVSTLGGEVNHAMSDNEIEKY* 
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6.1.2 TcSNMP1b.1  

 

cDNA sequence 

>AGTAAGCTTGCAACTTAGTATTGTGAAGTTATTTTAAAACATGACCACTTGCTTTAACACAAAATTAAA

ATCGTTTCATGTAATTTTGATTGTCTCCACAATAACTCTCGTTAATACCCTATTACTCGGCTTCATATTT

TACATGCCATGTCTAAGGTCTATGGTCAAATGGCAAAGACAGCTAAAACCGGGAAACGAAGTGCGCGATT

TCTACATCAAACTACCAATTCCTTTAGATTTCCGAGTCTATTTTTTTAACATTTCTAATCCGGAGGAAGT

AAAACAAGGCGAAAAACCCATTCTGAAACAGATTGGTCCGTACTGTTACGATGCCTACAAGGAAAAAATC

AACGTCGAAGACGACAAAGACAATGACACTCTCACTTACAACCCTTACGACACTTATTTTTTTAACCAAA

TGAGAACGGGTGATTTATCACAAGATGATTACGTTACAATTCTTCACCCCCTCACTGTGGGGATTGTAAA

CGCAGTCGCCACCCAAAAACCCCAATACCTCTCAGCGGTAAATAAGGCCCTCCCTGTCATTTTCAAAGAA

AACAGCTCGATTTACCTCACTGCAAAAGTGCGCGAGATACTTTTCGACGGCATTTTGATAAATTGCAACG

TTAAAGACTTTTCGGCAAATGCTGTGTGTTCACAATTCAAGGGCCAACCGGCCATGGTGGAAGTCGAAAA

AAATATTTACAGTTTTTCCCTACTAGGCTCGCGAAATGGTTCCATCCCCACACGTATCACCATACACAGA

GGGGTTAAAAACGCAGCTGATATCGGCCGTGTGGTCACAATTGATAACAAAACAGACCTGGATGTGTGGC

CTGAACCAGAATGTAACGCCTTTCGGGGAACTGACGGTTGGGTTTTTCCCTCATTTTTGGAAAAGGAAGA

CGGGATCTGGACCGTAGCCTCGGATTTGTGCAGAAGTTTCAAAGCTCAGTACGTGGAAGATTTGAAGTTT

CACGGTGTCGTTGTCCGAAAATACTTTGCCGATCTTGGTGACATGTCATCAAACCCTGCCGAGAAATGTT

TCTGTCCAGCACCCGAAAAGTGCCTACCTAAGGGCGTAATGGACTTGACCAAGTGCATGAAAGTGCCTTT

ATACTGCACTTTGCCCCATTTTCTGAGAGCCGATGAAAAATTATTGCAACAAGTCGAGGGTCTCAGTCCT

GAGCTTGAAAGACACATTATAAAAATCTACTTTGAGCCTTTGACCGGAACTCCAATGTTGGGTCAAAGAC

GAATTCAGTTCAATTTGCAACTAATGCCAATTCCCAAAGTTGCGATGATGAAAACGGTACCTGAAGCCCT

CCATCCGATTTTGTGGATCGAAGAAGGAGTCGAACTTGAAGGGTTTCTTTTGAAAAAAGTGACCTCAGTG

TTTACATTGCTTAAACTAATGACTTTTATTCGGTACATAATGTTGGGGCTTTCCATCCAGGGAATATTAT

ATGGAGGCTACAAGCTGTATCAAGAGTCCAAAAGTAAGAAAGTTAGTCCGGTGCAAAATGTGACGACGGC

ATCCAAAAACCAAAATCAAGGAAAAACTGGTGGCATTGAACTACCATCGATGAATAAGAGAAATAAAGAA

AATACCAAAAATGCTTAATATTGTAGTTTGGCACAATTATTGTATTTTTGAGAATACTTGTAATAAACGA

TTTTTAC 

 

Amino acid sequence 

>MTTCFNTKLKSFHVILIVSTITLVNTLLLGFIFYMPCLRSMVKWQRQLKPGNEVRDFYIKLPIPLDFRV

YFFNISNPEEVKQGEKPILKQIGPYCYDAYKEKINVEDDKDNDTLTYNPYDTYFFNQMRTGDLSQDDYVT

ILHPLTVGIVNAVATQKPQYLSAVNKALPVIFKENSSIYLTAKVREILFDGILINCNVKDFSANAVCSQF

KGQPAMVEVEKNIYSFSLLGSRNGSIPTRITIHRGVKNAADIGRVVTIDNKTDLDVWPEPECNAFRGTDG

WVFPSFLEKEDGIWTVASDLCRSFKAQYVEDLKFHGVVVRKYFADLGDMSSNPAEKCFCPAPEKCLPKGV

MDLTKCMKVPLYCTLPHFLRADEKLLQQVEGLSPELERHIIKIYFEPLTGTPMLGQRRIQFNLQLMPIPK

VAMMKTVPEALHPILWIEEGVELEGFLLKKVTSVFTLLKLMTFIRYIMLGLSIQGILYGGYKLYQESKSK

KVSPVQNVTTASKNQNQGKTGGIELPSMNKRNKENTKNA* 
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6.1.2 TcSNMP1b.2  

 

cDNA sequence 

>AGTAAGCTTGCAACTTAGTATTGTGAAGTTATTTTAAAACATGACCACTTGCTTTAACACAAAATTAAA

ATCGTTTCATGTAATTTTGATTGTCTCCACAATAACTCTCGTTAATACCCTATTACTCGGCTTCATATTT

TACATGCCATGTCTAAGGTCTATGGTCAAATGGCAAAGACAGCTAAAACCGGGAAACGAAGTGCGCGATT

TCTACATCAAACTACCAATTCCTTTAGATTTCCGAGTCTATTTTTTTAACATTTCTAATCCGGAGGAAGT

AAAACAAGGCGAAAAACCCATTCTGAAACAGATTGGTCCGTACTGTTACGATGCCTACAAGGAAAAAATC

AACGTCGAAGACGACAAAGACAATGACACTCTCACTTACAACCCTTACGACACTTATTTTTTTAACCAAA

TGAGAACGGGTGATTTATCACAAGATGATTACGTTACAATTCTTCACCCCCTCACTGTGCGAAATGGTTC

CATCCCCACACGTATCACCATACACAGAGGGGTTAAAAACGCAGCTGATATCGGCCGTGTGGTCACAATT

GATAACAAAACAGACCTGGATGTGTGGCCTGAACCAGAATGTAACGCCTTTCGGGGAACTGACGGTTGGG

TTTTTCCCTCATTTTTGGAAAAGGAAGACGGGATCTGGACCGTAGCCTCGGATTTGTGCAGAAGTTTCAA

AGCTCAGTACGTGGAAGATTTGAAGTTTCACGGTGTCGTTGTCCGAAAATACTTTGCCGATCTTGGTGAC

ATGTCATCAAACCCTGCCGAGAAATGTTTCTGTCCAGCACCCGAAAAGTGCCTACCTAAGGGCGTAATGG

ACTTGACCAAGTGCATGAAAGTGCCTTTATACTGCACTTTGCCCCATTTTCTGAGAGCCGATGAAAAATT

ATTGCAACAAGTCGAGGGTCTCAGTCCTGAGCTTGAAAGACACATTATAAAAATCTACTTTGAGCCTTTG

ACCGGAACTCCAATGTTGGGTCAAAGACGAATTCAGTTCAATTTGCAACTAATGCCAATTCCCAAAGTTG

CGATGATGAAAACGGTACCTGAAGCCCTCCATCCGATTTTGTGGATCGAAGAAGGAGTCGAACTTGAAGG

GTTTCTTTTGAAAAAAGTGACCTCAGTGTTTACATTGCTTAAACTAATGACTTTTATTCGGTACATAATG

TTGGGGCTTTCCATCCAGGGAATATTATATGGAGGCTACAAGCTGTATCAAGAGTCCAAAAGTAAGAAAG

TTAGTCCGGTGCAAAATGGGACGACGGCATCCAAAAACCAAAATCAAGGAAAAACTGGTGGCATTGAACT

ACCATCGATGAATAAGAGAAATAAAGAAAATACCAAAAATGCTTAATATTGTAGTTTGGCACAATTATTG

TATTTTTGAGAATACTTGTAATAAACGATTTTTAC 

 

Amino acid sequence 

>MTTCFNTKLKSFHVILIVSTITLVNTLLLGFIFYMPCLRSMVKWQRQLKPGNEVRDFYIKLPIPLDFRV

YFFNISNPEEVKQGEKPILKQIGPYCYDAYKEKINVEDDKDNDTLTYNPYDTYFFNQMRTGDLSQDDYVT

ILHPLTVRNGSIPTRITIHRGVKNAADIGRVVTIDNKTDLDVWPEPECNAFRGTDGWVFPSFLEKEDGIW

TVASDLCRSFKAQYVEDLKFHGVVVRKYFADLGDMSSNPAEKCFCPAPEKCLPKGVMDLTKCMKVPLYCT

LPHFLRADEKLLQQVEGLSPELERHIIKIYFEPLTGTPMLGQRRIQFNLQLMPIPKVAMMKTVPEALHPI

LWIEEGVELEGFLLKKVTSVFTLLKLMTFIRYIMLGLSIQGILYGGYKLYQESKSKKVSPVQNGTTASKN

QNQGKTGGIELPSMNKRNKENTKNA* 
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6.1.2 TcSNMP1c  

 

cDNA sequence 

>AGTGCAATATGCTTTCTTACAAGAAGATAACTATTATATCAGCATGTTGCTTTGTTGTGACGATCATTT

TTGGGTTCGTTGCTTACGAACCAATTTTTGAATATGCAATTAGAGACCAAATTTCTCTGCATCGGAGGAA

CTTTGTGAGACAGTTTTACCTAAAGTACCCAATACCGTTGGATTTCCGTGTCAATTTTTTCAACGTTTCA

AACCCTGACGAAGTAGAAAACGGTGGAGTCCCTGTTTTGAGTGAAGTCGGACCTTACTGCTATGATCTTT

ACAAGGAGAGAATAGACGTGGAGGACAACGAGGCCGAGGACAGCCTCACCTACACCCCTTACGACATTTA

CTTATTTAATCAGGAGAGATCGGGAAACTTAAGTCAGGATGATTACGTTACAATTATTCACCCCCTTGTC

GTGAGCCTTGTCAATTACGTGTCAGTGAAGACGCCTCACTATTTACAGTTTCTAAACGACGCACTTGGAT

TTCTGTTCCCTGAAAAATCCATCTTTCTTACCGCCAAAGTCAGAGATATTCTATTTGACGGAATGTTAAT

AAACTGCACGTCTCGGGATTTCACAGCGATGGCAGTTTGTACACAAATACGAACAAAAATTCCCGGAATA

CAGTTTGAAAGTAAAGATTATTTGAAATATGCGCTCCTTGGACAACAAAATGGAACTTTACCTACTAGAA

TAACGGTTTTGAGAGGCATAAAAGAGTCAGAGAATTTGGGCAAATTGGTGGCTGTTGATAACGTGACAAA

GAGTGATTTCTGGTCAAATGAAGAATGTAATGAGTATAAGGGCACCGATGGTTGGATTTTCCCCCCGTTT

TCTGGGAGGTTGAAGACGATCTGGATGCACGCAACAACACTGTGCCAAAATATCCATGCCGATTTCGTTG

GTCCTGCTACAAGTAACGGTTTTGCAGTAAATAAATACTACTCTGACTTTCAAAATATTTGTACGAATTG

CTCGCTTCAAGAGCCTTGCCTTCCGGAAGGATTAATCGACGTCACGAAATGTCTAACAGCTCCTATTTAC

ATCAGTTTACCCCACTTTTTGCGAAGCGATGAAAGTCTGATTCGCGGGGTCAAAGGCTTGAATCCTGATA

CTGAAAGTCACATCACGAGAATTCTCCTCGAGGGGACACTGTCGCTTCCGATGGAGGCCCAGATTCGTCT

CCAGTTCAATTTTCCTGTCCAACCAGTCAAGAAAATAACTATTATGCAAAACGTGTCTGAAGTAATTCAT

CCGGTTTTATGGGTTGAAATGGGAGTGGTTCTGAACGGATGGTTTCTCCGAATGATTAAAACTTTCTTTT

ACTTCCTCACAGCTTTAGAAGTTATGAAATACATCTCGCTGGTCGCAAGTCTCCTTGGAACGGCCTACGG

AGGCTACCACTTGTACAAAAACAAGAAACTTTACTCGTTCAAGGAAAATATTGTACTTAGCTCAAAATAA

TTTATTTAATTAAATCAAATGATGGC 

 

Amino acid sequence 

>MLSYKKITIISACCFVVTIIFGFVAYEPIFEYAIRDQISLHRRNFVRQFYLKYPIPLDFRVNFFNVSNP

DEVENGGVPVLSEVGPYCYDLYKERIDVEDNEAEDSLTYTPYDIYLFNQERSGNLSQDDYVTIIHPLVVS

LVNYVSVKTPHYLQFLNDALGFLFPEKSIFLTAKVRDILFDGMLINCTSRDFTAMAVCTQIRTKIPGIQF

ESKDYLKYALLGQQNGTLPTRITVLRGIKESENLGKLVAVDNVTKSDFWSNEECNEYKGTDGWIFPPFSG

RLKTIWMHATTLCQNIHADFVGPATSNGFAVNKYYSDFQNICTNCSLQEPCLPEGLIDVTKCLTAPIYIS

LPHFLRSDESLIRGVKGLNPDTESHITRILLEGTLSLPMEAQIRLQFNFPVQPVKKITIMQNVSEVIHPV

LWVEMGVVLNGWFLRMIKTFFYFLTALEVMKYISLVASLLGTAYGGYHLYKNKKLYSFKENIVLSSK* 
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6.1.2 TcSNMP1d  

 

cDNA sequence 

>CACTGTGGCCATGCACAAGTCGAAGAAAATACTAGCCGGTTCGGTAGTCGCGACCCTTTTCGTTGTGGT

TTTCGGTTTTATTACCTTCTCAGGTTTCGTCAAGTTTGCGGTTCGAGACCAAACTGCGCTTAGGCGGAGA

AATATAATGAAGAAGGTGTACTTGAAAATCCCCATGCCGTTGGATTTTCGCGTCTATTTTTTCAACATCA

CGAATCCGTCTGAAGTGCAAAACGGCGAACTGCCGGTGGTTAAAGAAGTCGGACCGTACTGTTACGATGC

CTTTAAGGAAAAAATCGACGTTTTGGAGAACGAGGGCGAGGACAGTCTCACTTACACCCCCTACGAAACT

TATTTTTTCAATCAGGACAAATCCGGGCGCTTGACTGCCGACGATTACGTGACGGTTCTCCATCCCCTGA

TTGTGGGTATTGTTAATACCGTTTCAAGAGATTCACCGCCTTTGTTACCCATCGTGGACCGAGCCATTAA

ATCAATATTCAAAGACCCGCAAAATATCTACATCACAACGAAAGTTCGGGACTTTTTGTTTGACGGAATG

ACGATTAACTGCAAAGTTCAGGACTTTTCGGCAACGGCTGTTTGCACGCAACTTAAAGCCCAGATTCCGG

GATTGATTGAAATTGAGAAAAATGTTTACAAGTTTTCGATTCTAGGACCGCGAAATGGCACGTTACCGAA

CCGGTATAAAGTCTTCAGAGGGATGAAAAAATGGCACGAATTGGGTCGTTTAGTTGAGGTGAATCACGAA

AAGGAGTCAACAGTGTGGTCCACGAAAAAATGTAACAGATTTAGGGGAACTGACGGTTGGATTTTCCCCC

CGTTTATCGACAGGGAAGTGGGTTTTTGGACGTATTCTTCCGATTTGTGCCGCAATATGCACCTCGTCTT

CGTCGAAGAGACGAGTTTTCACGGAGTTCCCGCTGAGAAATATTACGCCGATTTGGGCGACATGTCTTCA

AACCCTGACGAGAAGTGTTACTGTCCGAAGACTTGTCTCCCGAAAGGCATGATGGACTTGACCCGCTGTA

TGGGGGTGCCCATCTACGCCACCCTGCCGCACTTCCTCCGAGTGGACAAAGAAGTGAGGAGAACTGTCAG

AGGTTTGAAGCCAATCACCGACGAACACATCGTGCGAGTGATAATCCAACCTTTGTTGGGAACTCCACTA

GAAGCACAAAAGAGAATGCAATTCAATTTGCCGATCCAACCTGTCAAGAAAATTAGTTTAATGAAAACGT

TGCCTCAGGCCCTACATCCCATTTTCTGGATCGAGGAAGCGATCGTTTTGGAAGGACCGCTGTTTAAAAT

GATTAAAGTCGTTTTCGTTGCTTTGAAAGTGTTTGATGTTGTTAAGTATTGCTTGCTGGCGGTTTGTCTC

GCGTTTGTGGCTTTTGGGAGCTACTTGTGCTACAAGGAGAGGAAGCAGAAGAAACAGGCGGTGACGCCCG

TGTCCAAAACTGCCAGTACTGAGCATTTACTTAAGTCTGAACAAAACGCTTTTGAAGAAAATAAAAAAAT

TGAAGACTATATTAAAAATGACGAAAAAATTGGAAAATTTTAACGTAATTTCAACACACTTAGTAGAATC

ACTGGAACTTCATCAAAGAGCACAAAATTACTCAACAACTGCCTATTATACATAAATAAATTTTTTGGTT

ACATCGT 

 

Amino acid sequence 

>MHKSKKILAGSVVATLFVVVFGFITFSGFVKFAVRDQTALRRRNIMKKVYLKIPMPLDFRVYFFNITNP

SEVQNGELPVVKEVGPYCYDAFKEKIDVLENEGEDSLTYTPYETYFFNQDKSGRLTADDYVTVLHPLIVG

IVNTVSRDSPPLLPIVDRAIKSIFKDPQNIYITTKVRDFLFDGMTINCKVQDFSATAVCTQLKAQIPGLI

EIEKNVYKFSILGPRNGTLPNRYKVFRGMKKWHELGRLVEVNHEKESTVWSTKKCNRFRGTDGWIFPPFI

DREVGFWTYSSDLCRNMHLVFVEETSFHGVPAEKYYADLGDMSSNPDEKCYCPKTCLPKGMMDLTRCMGV

PIYATLPHFLRVDKEVRRTVRGLKPITDEHIVRVIIQPLLGTPLEAQKRMQFNLPIQPVKKISLMKTLPQ

ALHPIFWIEEAIVLEGPLFKMIKVVFVALKVFDVVKYCLLAVCLAFVAFGSYLCYKERKQKKQAVTPVSK

TASTEHLLKSEQNAFEENKKIEDYIKNDEKIGKF* 
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6.1.2 TcSNMP1z  

 

cDNA sequence 

>ACAAAACCCTACGTTGATTTAACACTAGCACGCAAAATGCGCCTAAGTACGCCCGTAATTGTGGCCATT

TCAGGCTTCTGTATCTTACTCTTAGCCCTACTTTGCTCAAGTGTGATTTTTCCTGAACTGGAAAACTACT

TAATAAGTAAGGAAACCGCGTTCGTAGAAGGGAGCAAGACATTTGAGACCTGGAAAAAAATACCGTTCCC

GTTCAAATTAAAAATTTATTTTCTCAATGTGACCAACGTTGATGATTTCCAAATGGGGGCCAAACCAACT

TTTAGGGAAATAGGGCCCTATGTTTACGACGAATTTCGGGAACGCGAAGTTTTAGCAGTTAGTGAAGACA

ACGACACTGTTAGGTATAATCAAAAAAAGACCTATTTTTTCAATAGAGAGGACTCAGGGTGTCGGACGGA

AGAAGATGTAGTAACGATAATTAACATCGCCGCTGTGGGAATCGCTCATAAAATTTATAAACTCGCACCA

GACGCGATGGATATAGTAAACGATGCTTTGCCATTCCTTTACCCTGGCATTAAGAACGTTTTTGTGACTA

ACACAGTCCAAAACATTTTATTCGACGGTGTTACAATGTCTTGCGGATCGGACGAAGTGGCAATGATTTG

TGATGGGTTAAAGAAACGACGTCCACCCAGCATTCGACCAGCTGACAACAACAAGGACTATTTGGTTGCA

ATGTTCCATCATATGAATGGGTCCGTTGACGGTCCTTACGAGATACAACGTGGGCTCAAAGACTCAAGCA

AAGGTCAGGTGGTCGGTTTCAAAGACAACAACATGTTGACGCTCTGGACCGGCGACTGCAACACAATTCA

AGGAACCGACCTCACCCTCAACCCAAACTTGAACGACTTGCCCCCGAAAATATATTTTTTCGCATCTGAC

TTCTGCCGCTCATTTTCCGTAAAATTCGACAAAGAGTTGGTTTATTTGGGGCTTAAAAGTTACAAATTCA

AGAACAGTAATTTATTCCACATTGAGAAAAATTGTTTCTGTGACAAGAACCCCGAAAATGAGGTGCCGGG

ATGTACACCGGCTGGAACAATGGATGTGAGTCCTTGTACCGGATCCTCGGTTGTACTCTCGCAGCCGCAT

TTTTTAAACGCTGAAAAATCGCTACTTGACTATGCCCAAGGCCTCGCACCTAACGAAAATAGGCATGGGA

CCTTTATCATAATGGAACCGAAAACCGGTTTGGCACTTGTCGTCAAAACACGGTTTCAAATGAACGTTTA

TTTACAGGATTTTGAAGATGTTGACCTACTTGCAAATGTTAGCGCCGGCTTTTTCCCAATGCTTTGGCTC

GAGAACGGCGCTGAGGTTCCCCATGATATCGTGGACGAGATTCGCGAAAATTTCAACAAACTGATGGTTT

TTGACGCGGTTAAGTACTTCCTGATCGTGCTCGGGGCGATTTTGTTAGCCGTTTCCATAATGCTAGCGAT

GAGTCAAGACAAAGTGTGGTGTTTCACCAACAAAAATAACTCAATTGCTAGCGACAACCAAATGGCGAAA

ATTATGAATCTGAACGCAAATGCTGCACTTGCCCGGAACTGGGAAAATATCAACAACGCCACTTGGAAAA

TCGTGGAATAGAGCACTTACTTTACATAAGGTGTGACCTAGATAGGAAAAAAGTGTAAACACCCGATAAA

AATTCCAATTTATTGCAAACATTTCGACGAACAACAAAGTTGAGATTAATCTAAATCACATTTAAACTAG

AAAAACAATTATTTAGTTAAGTACCTGCGTGTTTACTAACAAATGTTTGAAAGGAACTCCTTCACTTTTT

TGTGCACATTTTTTATTAAAAATCACAAATAAATAATTCGGT 

 

Amino acid sequence 

>MRLSTPVIVAISGFCILLLALLCSSVIFPELENYLISKETAFVEGSKTFETWKKIPFPFKLKIYFLNVT

NVDDFQMGAKPTFREIGPYVYDEFREREVLAVSEDNDTVRYNQKKTYFFNREDSGCRTEEDVVTIINIAA

VGIAHKIYKLAPDAMDIVNDALPFLYPGIKNVFVTNTVQNILFDGVTMSCGSDEVAMICDGLKKRRPPSI

RPADNNKDYLVAMFHHMNGSVDGPYEIQRGLKDSSKGQVVGFKDNNMLTLWTGDCNTIQGTDLTLNPNLN

DLPPKIYFFASDFCRSFSVKFDKELVYLGLKSYKFKNSNLFHIEKNCFCDKNPENEVPGCTPAGTMDVSP

CTGSSVVLSQPHFLNAEKSLLDYAQGLAPNENRHGTFIIMEPKTGLALVVKTRFQMNVYLQDFEDVDLLA

NVSAGFFPMLWLENGAEVPHDIVDEIRENFNKLMVFDAVKYFLIVLGAILLAVSIMLAMSQDKVWCFTNK

NNSIASDNQMAKIMNLNANAALARNWENINNATWKIVE* 
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6.1.2 TcSNMP2  

 

cDNA sequence 

>AAATGGGGAGGCGCAAAATGGGGTGTTCATGTTGTACCATCAAAGTATTACTAGTTTGTGTAGTAATCA

GTGTAGCCCTTTTGATAGTGTCCCTAGCGCTAGCTTTTAAGGTATTTCCCGACCTCCTGGAATCTGAAGT

AAATAAGGCTGTTAGGCTCGAGGATGGCACTAAACAGTATGACAGATTTGTTGAACTACCGTTTCCAGTT

GACTTCAAAGTGTACCTCTTTAACGTCTCAAACCCCCAACAAGTTCTAGATGGAACTGAAAAACCTAAAC

TCGAGGAAATTGGACCCTTTGTGTACAAGCAATACAGGAAAAAGACAATACTGGGCAAAAATGAGGAAGA

AGACACAATTTCATACACACAAAAGGAAACTTTCGAATTTGACGCCGAGGCATCTAAACCGCTAACAGAA

GACTCAGTTGTAACGGTTTTGAATCCCGCATTGATGTCAATTTTTCAATTGGCGGAGGGTCTTCACTTGG

CCGGGGCCGCAGACACTTGCACCAAGCAAACATTTGAGGCCAACCAAGGCAAAGTTTTTATAGAAGCAAA

CGTGCGAAAACTGCTGTTTGACGGCTTTAGTTTCTGCAAGAACACTTCGCCTGGAATATGTGGCCTTGTA

AACGACCTAATTTGTGCGATTGCAGCGACGAAAAGAAATTCGGACCTTGTCTTGCCCGACTGTTCTTTGA

TATTTTCCTATTTGAACTACAAACGAAAGCCGGATGATGGCAAATATACCGTGAAGAGAGGTCTCACCAA

CATTGAAAAACTGGGACATATTGTGGCATGGAATGACAGTTTGTATACGAAATTTTGGGGGGAAGGCACC

ACCTGCAGTGAAGTTAAAGGGACCGATTCGACCCTTTATCCCCCTAGAGTTACAACAGATAGTGCATTTT

ACATCTATTCGACGGACATCTGCAGGTTTGTGGAAATCAATTACAAAGGAGAAGAGAGTTACAAAGGCAT

CGATGGCTATTTATTTGAAACCAGTGAGGACACTTTGCGAAGCTCCGCCCCTGAAGAAGACTGCTATTGC

AGTAAATTGAGCAGAGACATGGAAGGCAAAAAGAGTTGTTTCTTGGATGGAGTGATAGACATGCAAACTT

GTTTCGGAGTGCCAGTTCTTTTCTCATTCCCACACTTCTTGTGGGCCGATAACAAGTACTTAAGTGCAGT

GGAAGGACTAAACCCTGTCGAGGAAAAACACAAAACGTATCTCGTTGTCGAGCCAAATACTGGAACTCCT

CTGAAAGGAATGAAAAGGATTCAACTGAATGGAGTCATTAGGCCGATTGTTGGAATAAAATCAATGTTGC

AAACCAAGCGAGCTTTATTGCCGCTTTTGTGGATAGAAGAAGGAGTGTCTCTGCCCCAAAAATACGTCGA

TGAACTAAAATCGACCTACTTTGACAAGGTTCAGATAGTCGATGGTGTTAGATACGCTCTTATAGTAATA

TCAGCCATATTGGTTGGTGCTTTTGGAATTATTATTTTACGAAAACGTTCACACGCTAAACACCATGTAT

AATAATAGGTGCGCACAAATTAATATCATATATTTGTGTTGTAAATACAATCTTACTCAGT 

 

Amino acid sequence 

>MGRRKMGCSCCTIKVLLVCVVISVALLIVSLALAFKVFPDLLESEVNKAVRLEDGTKQYDRFVELPFPV

DFKVYLFNVSNPQQVLDGTEKPKLEEIGPFVYKQYRKKTILGKNEEEDTISYTQKETFEFDAEASKPLTE

DSVVTVLNPALMSIFQLAEGLHLAGAADTCTKQTFEANQGKVFIEANVRKLLFDGFSFCKNTSPGICGLV

NDLICAIAATKRNSDLVLPDCSLIFSYLNYKRKPDDGKYTVKRGLTNIEKLGHIVAWNDSLYTKFWGEGT

TCSEVKGTDSTLYPPRVTTDSAFYIYSTDICRFVEINYKGEESYKGIDGYLFETSEDTLRSSAPEEDCYC

SKLSRDMEGKKSCFLDGVIDMQTCFGVPVLFSFPHFLWADNKYLSAVEGLNPVEEKHKTYLVVEPNTGTP

LKGMKRIQLNGVIRPIVGIKSMLQTKRALLPLLWIEEGVSLPQKYVDELKSTYFDKVQIVDGVRYALIVI

SAILVGAFGIIILRKRSHAKHHV* 
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6.2 Comparison of the full-length TcSNMP cDNA sequences with the 

respective in silico annotation 

 

Figure S1 Comparison of the obtained TcSNMP1a cDNA sequence with the in silico annotation 
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Shown is the cDNA sequence received from RACE-PCR (TcSNMP1a_cDNA) compared with the 

computer calculated annotation (TcSNMP1a_calc). Identical nucleotides are depicted with a black 

background. Numbers show the nucleotide position of the obtained cDNA sequence. The ORF (open 

reading frame) of the obtained cDNA sequence is labelled by a yellow line above the sequence and 

the 5´ and 3´ UTR (untranslated region) with a blue line. 

 

 Figure S2 Comparison of the obtained TcSNMP1b.1 cDNA sequence with the in silico 

annotation 

Shown is the cDNA sequence received from RACE-PCR (TcSNMP1b.1_cDNA) compared with the 

computer calculated annotation (TcSNMP1b_calc). Identical nucleotides are depicted with a black 

background. Numbers show the nucleotide position of the obtained cDNA sequence. The ORF (open 
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reading frame) of the obtained cDNA sequence is labelled by a yellow line above the sequence and 

the 5´ and 3´ UTR (untranslated region) with a blue line. 

 

 
Figure S3 Comparison of the obtained TcSNMP1c cDNA sequence with the in silico 

annotation 

Shown is the cDNA sequence received from RACE-PCR (TcSNMP1c_cDNA) compared with the 

computer calculated annotation (TcSNMP1c_calc). Identical nucleotides are depicted with a black 

background. Numbers show the nucleotide position of the obtained cDNA sequence. The ORF (open 

reading frame) of the obtained cDNA sequence is labelled by a yellow line above the sequence and 
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the 5´ and 3´ UTR (untranslated region) with a blue line. The red square indicates that the sequence 

of TcSNMP1c_calc is continued to alignment position 3335 in figure S4. 

 

 

Figure S4 Comparison of the obtained TcSNMP1d cDNA sequence with the in silico 

annotation 

Shown is the cDNA sequence received from RACE-PCR (TcSNMP1d_cDNA) compared with the 

computer calculated annotation (TcSNMP1c_calc). Identical nucleotides are depicted with a black 

background. Numbers show the nucleotide position of the calculated cDNA sequence. The ORF 

(open reading frame) of the obtained cDNA sequence is labelled by a yellow line above the 

sequence and the 5´ and 3´ UTR (untranslated region) with a blue line. The red square indicates 
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that the shown sequence of TcSNMP1c_calc is the continuation of this sequence shown in figure S3, 

which starts at alignment position 9.  

 

 

Figure S5 Comparison of the obtained TcSNMP1z cDNA sequence with the in silico 

annotation 

Shown is the cDNA sequence received from RACE-PCR (TcSNMP1z_cDNA) compared with the 

computer calculated annotation (TcSNMP1z_calc). Identical nucleotides are depicted with a black 

background. Numbers show the nucleotide position of the obtained cDNA sequence. The ORF (open 
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reading frame) of the obtained cDNA sequence is labelled by a yellow line above the sequence and 

the 5´ and 3´ UTR (untranslated region) with a blue line. 

 

 

Figure S6 Comparison of the obtained TcSNMP2 cDNA sequence with the in silico annotation 

Shown is the cDNA sequence received from RACE-PCR (TcSNMP2_cDNA) compared with the 

computer calculated annotation (TcSNMP2_calc). Identical nucleotides are depicted with a black 

background. Numbers show the nucleotide position of the calculated cDNA sequence. The ORF 

(open reading frame) of the obtained cDNA sequence is labelled by a yellow line above the 

sequence and the 5´ and 3´ UTR (untranslated region) with a blue line. 
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