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Conducting data analysis is like drinking a fine wine.  

It is important to swirl and sniff the wine, to unpack  

the complex bouquet and to appreciate the experience.  

Gulping the wine doesn’t work. 

 
 [Wright, D. B. (2003). Making friends with your data: 

Improving how statistics are conducted and reported. 

Br J Educ Psychol., 73(1), 123-136.] 
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1 INTRODUCTION 

 In the last ten years, next-generation sequencing (NGS) technologies have had a huge 

impact on (functional) genomics and transcriptomics. These methods are rapidly replacing the 

conventional Sanger strategy (Sanger et al., 1977) that has been the principal method of 

sequencing DNA since the late 1970s (Horner et al., 2010).  

Not only NGS conducted recent genomic and transcriptomic research, but also RNA 

interference (RNAi) became the method of choice to study genes of interest. RNAi allows 

silencing of genes without making knockout strains, and the phenotype associated with the gene 

function can be denoted (March and Bentley, 2007, Huvenne and Smagghe, 2010).  

The combination of these two methods provides a great opportunity to study non-model 

organisms and to gain new knowledge and insights into yet unknown genes, enzyme functions, 

metabolic pathways, signal transduction and the regulation of gene expression (Nakasugi et al., 

2013). In this present dissertation, this combination of methods and methods to infer 

phylogenetic trees were used to investigate the transcriptomes of two different leaf beetle 

species with special focus on transport proteins that are involved in the chemical defense during 

the larval stage. 

1.1 NEXT-GENERATION SEQUENCING TECHNOLOGIES 

The continuous improvement in sequencing resulted both in an immense increase in 

number and length of reads and in a consequent reduction in cost per base sequenced. The 

Roche 454 technology (Droege and Hill, 2008) already provides a realistic substitute for many 

applications of conventional Sanger sequencing at greatly reduced cost, while the Illumina 

Genome Analyzer (Bennett, 2004) and ABI SOLiD (Porreca et al., 2006) platforms generate an 

many more reads of (relatively) reduced length. The Illumina Genome Analyzer and Roche 454 

platforms use novel techniques for amplification and sequencing template molecules, though 

they still share the underlying principle of ‘sequencing by extension’ used in the Sanger 

methodology (Ansorge, 2009). 

 The systems described above require the emulsion PCR amplification step of DNA 

fragments to make the light signal strong enough for reliable base detection. A minimum use of 

biochemicals and no amplification bias would be achieved if the sequence could be determined 

directly from a single DNA molecule without the need for PCR amplification. This requires a very 

sensitive light detection system for identifying light from a single dye molecule (Ansorge, 2009). 

One of the first techniques for sequencing from a single DNA molecule was described by the 
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team of S. Quake (Braslavsky et al., 2003) and licensed by Helicos Biosciences. Other innovative 

DNA sequencing techniques are, on the one hand, the single-molecule real-time (SMRT) 

technology which was announced recently by Pacific Biosciences (http://www.pacific-

biosciences.com/index.php). On the other hand, another single-molecule sequencing technique 

derives from the study of the translocation of DNA through various artificial nanopores. The 

modulation of the ionic current of the DNA is detected, revealing characteristics (diameter, 

length and conformation) of the molecule (Trepagnier et al., 2007). 

 In conclusion, the availability of optical instruments capable of reliably detecting 

millions of sources of light or fluorescence on the surface of small glass slides facilitated the 

development of the new massively parallel sequencing technologies. In addition to the 

conventional objectives of genome (re-)sequencing and the discovery of single nucleotide 

polymorphisms, these technologies can be efficiently applied to a number of other scopes, 

including comprehensive studies of transcriptomes, facilitation of gene annotation and 

identification of splice variants and novel mutations (Tucker et al., 2009, Ansorge, 2009, Horner 

et al., 2010, Mardis, 2008, Mardis, 2012, Koboldt et al., 2013). Furthermore, the immediate 

applications and relevance of NGS techniques in the medical field have been demonstrated 

already, for example by the ability to detect cancer alleles with sequencing genomic DNA in 

cancerous tissues (Ansorge, 2009, Tucker et al., 2009, Wheeler et al., 2008, Levy et al., 2007, 

Mardis, 2012). Another approach of NGS is ChIP-sequencing. The chromatin 

immunoprecipitation (ChIP) refers to the isolation of genomic fragments bound to proteins 

through the use of crosslinking agents. Furthermore, specific antibodies are used to identify 

genomic regions bound to histones. ChIP sequencing focuses also on the genome-wide mapping 

of many transcription factors (TF) and their corresponding DNA-binding sites (Cullum et al., 

2011). To conclude, this technology is becoming the method of choice for large-scale 

identification of TF-DNA interactions and of the characterization of chromatin packaging. 

1.1.1 RNA SEQUENCING AND TRANSCRIPTOME ASSEMBL Y 

NGS technologies enable the analysis of complex samples containing a mixture of a large 

number of nucleic acids. This is achieved by sequencing simultaneously the entire sample 

content and allows the detection of low abundance RNAs, small RNAs including siRNAs and 

ncRNAs, or the presence of rare cells contained in the sample (Marguerat and Bahler, 2010, 

Wang et al., 2009). Recently, NGS techniques have been applied to transcriptome profiling 

(Cloonan et al., 2008, Sultan et al., 2008) and RNA-seq studies (Mortazavi et al., 2008, Trapnell et 

al., 2010, Costa et al., 2010, Simon et al., 2009). 

http://www.pacific-biosciences.com/index.php
http://www.pacific-biosciences.com/index.php
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The sequencing of RNA, which is RNA-seq, and the de novo assembly of RNA-seq data 

enable researchers to study transcriptomes without the need for a genome sequence. This 

approach is usefully applied, for instance, in the research of ‘non-model organisms’ of ecological, 

economic and evolutionary relevance (Petzold et al., 2013, Nakasugi et al., 2013, Liang et al., 

2013, Crawford et al., 2010, Mittapalli et al., 2010, Niu et al., 2012, Su et al., 2012, Wang et al., 

2010, Gremski et al., 2010, Keeling et al., 2012, Novaes et al., 2008). 

Computational methods that can assemble a transcriptome are required when a genome 

sequence is not available. Two basic methods exist to generate transcript sequences from raw 

RNA-seq data: through the guidance of genomic sequences assembled beforehand or via de novo 

assembly. Several tools are available for the de novo assembly of RNA-seq data (Gongora-Castillo 

and Buell, 2013, Yang and Smith, 2013). Trans-ABySS  (Robertson et al., 2010), Velvet-Oases 

(Schulz et al., 2012) and SOAPdenovo-trans (http://soap.genomics.org.cn/SOAPdenovo-

Trans.html) are all extensions of earlier developed genome assemblers. A novel alternative 

method for transcriptome assembly is Trinity (Haas et al., 2013).  Trinity partitions RNA-seq 

data into many independent de Bruijn graphs (ideally one graph per expressed gene), and uses 

parallel computing to reconstruct transcripts from these graphs, including alternatively spliced 

isoforms (Grabherr et al., 2011, Haas et al., 2013, Zhao et al., 2011). To conclude, correct 

transcriptome assembly tools should produce one full-length contig per distinct transcript 

(isoform) and not per locus, and different transcripts should have different coverage, reflecting 

their different expression levels (Haas et al., 2013, Grabherr et al., 2011). The Trinity software 

was the method I chose to apply for two non-model organisms, namely the mustard leaf beetle 

Phaedon cochleariae and the poplar leaf beetle Chrysomela populi (Manuscripts 2, 3 and 4). 

1.1.2 ANALYSIS  OF RNA ABUNDANCE LEVELS 

The analysis of RNA abundance levels and the determination of differentially expressed 

genes is an application well-suited to NGS technologies. Sequencing-based measurements of 

gene expression have the advantage of generating novel cDNA sequence data across the length 

of the transcripts, including identification of sequence and splice site variants (Simon et al., 

2009, Wall et al., 2009, Horner et al., 2010) in contrast to microarrays which are restricted to 

distinct sequences.  

For RNA-seq data, one strategy taken is to count the number of reads that fall into 

annotated genes and to perform statistical analysis on the table of counts to discover 

quantitative changes in expression levels between experimental groups (Anders and Huber, 

2010, Anders et al., 2013). These experimental groups, in the case of Manuscripts 1 to 3, are 

http://soap.genomics.org.cn/SOAPdenovo-Trans.html
http://soap.genomics.org.cn/SOAPdenovo-Trans.html
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tissue samples that derived from leaf beetle larvae that have been either treated with interfering 

RNA or not treated. 

Figure 1 displays the computational pipeline underlying RNA-seq experiments. First, 

reads are mapped to the genome or transcriptome. Second, mapped reads for each sample are 

‘assembled’ into gene-level, exon-level or transcript-level expression summaries (depending on 

the aim of the experiment). Next, these count data are normalized together with the statistical 

testing of differential expression, leading to a ranked list of genes with associated P-values and 

fold-changes. Normalization methods are the subject of the discussion chapter 4.1.2. Finally, 

biological insight from this list can be gained by taking system biology approaches, such as 

determining gene ontology (GO) terms and associated pathways (Oshlack et al., 2010). Since, in 

our case, there was no genomic data available, the reference genome is substituted by de novo 

assembled transcriptomes (Costa et al., 2010). 

 

Figure 1: Computational pipeline for RNA-seq studies (adapted from (Costa et al., 
2010)). 
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1.1.3 NORMALIZATION METHODS AND DIFFERENTI AL  EXPRESSION ANALY SIS  

There are several approaches to estimating transcript-level expression.  

On the one hand, FPKM is used to measure transcript abundances and is defined as the 

expected fragments per kilobase of transcript per million fragments mapped (Trapnell et al., 

2010). On the other hand, the “RPKM prevalence information on a per-locus basis” can be 

considered. RPKM is the measure for transcript levels in reads per kilobase of exon model per 

million mapped reads which takes the sequence length into account and enables the comparison 

of transcript levels both within and between samples (Mortazavi et al., 2008).  

In addition, there are methods that adjust the samples based on their transcript 

distributions among samples. Marioni et al. took into account the total number of reads (Marioni 

et al., 2008), and Bullard et al. proposed an upper-quartile normalization procedure which scales 

the expression level at the 75th percentile in each sample to the average across all samples 

(Bullard et al., 2010, Glusman et al., 2013). Robinson et al. applied a quantile-adjusted estimator 

for the negative binomial distribution (Robinson and Smyth, 2008) which has great success in 

very small samples. Two years later in 2010, Robinson et al. developed the trimmed mean of M-

values (TMM) normalization method (Robinson and Oshlack, 2010) which is implemented in the 

edgeR Bioconductor package. Srivastava et al. proposed a two-parameter generalized Poisson 

model which is intended to “fit the position-level read counts more appropriately than a 

traditional Poisson-model“ (Srivastava and Chen, 2010). They also observed that the standard 

RPKM can bias estimates of differential expression (Bullard et al., 2010).  Glusman et al. 

developed a data-driven algorithm that computes sample-specific scaling factors. These factors 

lead to correct results only in the context of their comparison to other samples which means 

that, depending on the other samples, the examined sample it is compared to is scaled 

differently (Glusman et al., 2013). With this method they hope to provide accurate expression 

levels. 

 The counting approach by Anders et al. is “direct, flexible and can be used for many types 

of count data” (Anders et al., 2013) and was used to analyze the data upon which this thesis is 

based. This approach is implemented in the DESeq Bioconductor package and its application 

straightforward. 
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1.2 RNA INTERFERENCE (RNAI) 

In general, RNAi occurs naturally but in recent years this method was established in 

laboratory research to study genes of interest by their knock-down. Hence, the changed 

phenotype can be observed, and the function associated with the gene can be assigned (March 

and Bentley, 2007). 

RNAi can be divided in cell-autonomous and non-cell-autonomous RNAi. As the name 

suggests, in the case of cell-autonomous RNAi the silencing process is limited to the cell in which 

the dsRNA is introduced. This introduced dsRNA is then cleaved by a RNase III, called Dicer, into 

21-25 nt-long siRNA duplexes. These are then incorporated into the RNA-induced silencing 

complex (RISC). Thereafter, the passenger strand is discarded and the RISC binds to a 

homologous mRNA, cleaves it and thereby hampers translation (Huvenne and Smagghe, 2010, 

Aigner, 2007).  

 

 

Figure 2: Cell-autonomous versus non-cell-autonomous RNAi (adapted from (Huvenne 
and Smagghe, 2010)). 

 

In case of non-cell-autonomous RNAi, the interfering effect takes place in tissues/cells 

different from the location of the application of the dsRNA. There are two different kinds of non-

cell-autonomous RNAi: environmental RNAi and systemic RNAi. Systemic RNAi can only take 

place in multicellular organisms. The target expression is silenced in the cell the dsRNA was 

exposed to. Thereafter, a silencing signal is transported from one cell to another or from one 

tissue type to another (Huvenne and Smagghe, 2010, Whangbo and Hunter, 2008). Systemic 

RNAi can be induced artificially by injection of dsRNA into the insect. The process of 

environmental RNAi includes the uptake of dsRNA from the intestinal lumen. In the intestinal 
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cells, the interfering RNA leads to a silencing of the target transcript. The dsRNA and dsRNA-

derived silencing signals are then spread to cells throughout the animal by systemic RNAi. 

Finally, the silencing occurs also in distant cells (Whangbo and Hunter, 2008). Environmental 

RNAi   ̶ e.g. when feeding dsRNA by providing transgenic plants or, in the case of Caenorhabditis 

elegans, by soaking in dsRNA  ̶ is a more attractive approach than injection since it is non-

invasive (Burand and Hunter, 2013). 

1.2.1 RNAI IN INSECTS 

Successful RNAi experiments by injection of dsRNA have been carried out in a number of 

lepidopteran and coleopteran species, mainly using Tribolium castaneum (Huvenne and 

Smagghe, 2010, Tomoyasu et al., 2008), Bombyx mori and Manduca sexta. Feeding of dsRNA has 

been applied with greatest effect in Plutella xylostella, Spodoptera exigua, M. sexta and Ostrinia 

nubilalis (Terenius et al., 2011). However, some organisms, such as the silkworm moth Bombyx 

mori and Drosophila, lack a robust systemic RNAi. Since Tribolium has the ability to respond to 

dsRNA systemically, it is an ideal model system for studying this process in insects (Tomoyasu et 

al., 2008). 

Another aspect of RNAi, besides the functional annotation of specific enyzmes, is to control 

insect pest and disease prevention in insects. This includes research of the tsetse flies which 

promote Trypanosome species causing the African sleeping sickness and the cattle disease 

Nagana (Burand and Hunter, 2013). Hunter et al. applied RNAi in honey bees to suppress a virus 

infection (Hunter et al., 2010) and Abd-Alla et al. interfered a sterilizing virus in tsetse flies 

(Abd-Alla et al., 2011). Baum et al. triggered RNAi in several coleopteran species by feeding them 

an artificial diet (Baum et al., 2007). Their method of feeding the western corn rootworm (WCR) 

Diabrotica virgifera virgifera on transgenic corn plants led to a reduced WCR feeding damage. 

1.2.2 OFF-TARGET PREDICTION   

In experiments based on the RNAi method, off-target effects can be induced by unintended 

cross-hybridization between small interfering RNA molecules (siRNAs) and endogenous RNA 

sequences other than the targeted sequences (Seinen et al., 2011, Kulkarni et al., 2006, Moffat et 

al., 2007, Jackson et al., 2003, Jackson et al., 2006).  

Off-targets obscure the functional interpretation of gene silencing experiments and should 

therefore be avoided. Thus, the most important issue for siRNA selection is the validation that 

the designed dsRNA is specific to only the target mRNA (Cullen, 2006). 
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Figure 3: The dsRNA of the target sequence is injected or transferred into the organism 
of interest. Thereafter, it is cleaved into small interfering RNAs. These fragments can by 
chance be homologous to partial sequences of unrelated non-target mRNAs and cause 
off-target effects by diminishing those non-targeted mRNAs (adapted from (Naito et al., 
2005)). 

 

Sensitive tools were specifically designed to predict possible RNAi off-targets (Iyer et al., 

2007, Naito et al., 2005), and others to enable the design of effective RNAi constructs 

(Chaudhary et al., 2011, Naito et al., 2009). It has been demonstrated that 79% similarity 

(15/19) between a siRNA sequence and mRNA with few as 11 complementary contiguous 

nucleotides is sufficient to trigger the silencing of non-targeted transcripts (Jackson et al., 2003). 

Additionally, many non-target transcripts that were silenced by siRNAs showed 3' UTR sequence 

complementarity to the seed region of the siRNA (Jackson et al., 2006). In summary, there are 

many issues that cumulate when exploring off-targets. Many off-target prediction tools are 

based on the genome sequences of studied organisms. Nevertheless, off-target prediction for 

non-model organisms with only transcript catalogues available should also be manageable, 

although no homology search can be conducted versus ncRNA or other small RNA which was not 

sequenced beforehand. 

As published in Manuscript 1, I established an off-target prediction method which was 

successfully applied, not only in Manuscript 1, but also in the other embedded Manuscripts 2 to 

4. This off-target prediction method first splits the target sequence into all possible 21 bp 

fragments (forward and reverse strand). Second, all those fragments are then compared to the 

de novo assembled transcriptomes of Phaedon cochleariae as well as Chrysomela populi. 
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1.3 PHYTOPHAGOUS LEAF BEETLES 

The Chrysomelidae, comprising all leaf beetles, with about 50,000 species (Reid, 1995, 

Santiago-Blay, 1994) distributed all over the world, is the model taxon which is the subject of 

this thesis. Leaf beetles spend their whole life cycle on their host plant. They have to protect 

themselves against natural enemies, especially in early developmental stages, in order to reach 

fertility and to produce offspring to ensure the evolutionary survival of the species. Particularly, 

larvae of the subtribe Chrysomelina possess sophisticated strategies in terms of chemical 

defense (Termonia et al., 2001). In order to emit deterrent substances, the larvae developed 

specialized pair-wise exocrine glands on their dorsal thoracal and abdominal segments. In these 

glands, gland cells are attached to an impermeable reservoir which stores the deterrent 

compound. In case of predatory attack, the reservoirs release droplets of secretions containing 

the defensive compounds (Figure 4) (Hinton, 1951, Renner, 1970, Pasteels et al., 1990). 

 

 
Figure 4: The left picture: Phaedon cochleariae (mustard leaf beetle) larvae with upended gland 

reservoirs containing defensive secretions. Right picture: Chrysomela populi (poplar leaf beetle) 

larvae dropping defensive secretions (left picture © Sindy Frick/Raimund Nagel, MPI for 

Chemical Ecology, Jena; left picture © Antje Burse, MPI for Chemical Ecology, Jena). 

1.3.1 TRANSPORT PROCESSES 

The source of the deterrent compound in the larval secretions depends on different 

synthetic strategies. Chrysomela species as well as Phratora vitellinae, for instance, developed an 

energy-saving but host plant-dependent defense mechanism. Those species sequester the 

phenolic glucoside salicin and convert it to the biologically active salicylaldehyde in the 

glandular reservoir (Kuhn et al., 2004, Discher et al., 2009, Pasteels et al., 1983a, Pasteels et al., 

1983b, Rowell-Rahier and Pasteels, 1986). A second approach evolved in the so-called interrupta 

group of the Chrysomelina species (e.g. Chrysomela lapponica). They developed a mixed-mode 
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mechanism with de novo produced acids that are esterified in the defensive glands with leaf 

alcohols taken up as glycosides by sequestration (Schulz et al., 1997, Kuhn et al., 2007, Blum et 

al., 1972, Hilker and Schulz, 1994, Termonia and Pasteels, 1999, Tolzin-Banasch et al., 2011). 

The third approach in the Chrysomelina is the de novo production of iridoids (cyclopentanoid 

monoterpenes) (Soe et al., 2004, Meinwald et al., 1977, Blum et al., 1978, Pasteels et al., 1982, 

Burse et al., 2007, Lorenz et al., 1993, Burse et al., 2009). For example, the larvae of the leaf 

beetle P. cochleariae synthesize the iridoid chrysomelidial (Pasteels et al., 1982, Frick et al., 

2013, Termonia et al., 2001). A natural advantage of the de novo group is their ability to defend 

themselves independently of their host plant-derived metabolites. They do not need to 

sequester compounds but do produce the glucosidically bound precursor de novo in the fat body 

tissue.  Interestingly, feeding experiments elucidated that de novo producers already possess the 

ability to sequester (Feld et al., 2001, Kuhn et al., 2004, Kuhn et al., 2007, Soe et al., 2004, Discher 

et al., 2009, Kunert et al., 2008).  

 

 

Figure 5: Transport of glucosides from the larval intestinal lumen to the defensive 
glandular reservoir. A) Unspecific transition of the glucosides through the gut 
membrane. B) Highly selective import of deterrent precursors into the glandular 
reservoir. C) Excess of structurally unrelated glucosides through the Malpighian tubules 
by transporters with low selectivity (adapted from (Discher et al., 2009)). 

 

In order to establish the sequestration process, transport processes are required. On the 

one hand, there are substrate-specific and, on the other hand, there are substrate-unspecific 

transporters involved (Discher et al., 2009). Figure 5 demonstrates the transport processes in 

the interior of a leaf beetle larvae. 
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ABC T R AN SP O R TE R S 

 Transporters are assumed to be involved in the sequestration processes, as the species-

specific deterrent precursors need to be transported into the defensive glandular tissue. 

Transporter proteins are classified into main groups including ion channels, water channels, 

pumps, ATP-binding cassette (ABC) transporters and solute carriers (SLCs) (Fredriksson et al., 

2008). ABC transporters, in general, are vital to any living system and are involved in the 

translocation of a wide variety of substrates ranging from ions, sugars, amino acids, vitamins, 

lipids, antibiotics and drugs to larger molecules (Hollenstein et al., 2007, Dean et al., 2001). 

Therefore, with regard to the sequestration process, those are eligible candidates for study. 

Furthermore, it is known that these transporters are involved in the glycoside transport in 

plants (Yazaki, 2006). Strauss et al. identified an ATP-binding cassette (ABC) transporter, which 

is present specifically in  the cells of the defensive glands (Strauss et al., 2012, Strauss et al., 

2013). ABC transporters are composed of two hydrophobic TMDs and two water soluble 

nucleotide-binding domains (NBDs) bound to the cytosolic face of the TMDs (Biemans-

Oldehinkel et al., 2006, Oldham et al., 2008, Seeger and van Veen, 2009). In addition to these 

core domains, accessory domains or proteins can be part of the ABC transporter (Biemans-

Oldehinkel et al., 2006). The “engines of ABC transporters are the NBDs as these power substrate 

translocation by ATP-binding and hydrolysis” (Biemans-Oldehinkel et al., 2006) (Hollenstein et 

al., 2007, Schneider and Hunke, 1998, Seeger and van Veen, 2009). A functional ABC transporter 

can either be a complete protein with two NBDs and two TMDs (a full transporter) or a dimer of 

two half transporters. Eight subfamilies are constituted for the ABC transporters (ABCA-ABCH). 

The ABCA and ABCC subfamilies are composed entirely of full transporters, whereas the ABCD, 

ABCG, and ABCH subfamilies have half transporters. The ABCB subfamily comprises both half 

and full transporters. Furthermore, the ABCE and ABCF subfamilies are composed of proteins 

with two NBFs and no TMDs (Dean and Annilo, 2005).  

SU G A R  T RAN S P O RT E RS 

SLCs are the largest group of transporters. In total, there are 52 SLC families (see also 

http://www.genenames.org/genefamilies/SLC, 12th Dec. 2013). All members of these families 

vary in their biochemical properties. The sugar transporters here focused on play an important 

role during the sequestration process and in providing sugar as energy source for, e.g., the 

mentioned ABC transporters (Wu et al., 2011), belong to the SLC family 2 (Fredriksson et al., 

2008, Hoglund et al., 2011).  

The protein family of facilitative GLUTs, which belongs to the SLC2 family (Mueckler and 

Thorens, 2013), comprises 14 isoforms that share common structural features such as 12 

transmembrane domains (TMD). Based on their sequence homology, three classes can be 

distinguished: class I includes GLUT1-4 and GLUT14, class II comprises GLUT5, 7, 9, 11 and class 

http://www.genenames.org/genefamilies/SLC
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III GLUT6, 8, 10, 12 and the proton driven myoinositol transporter HMIT (or GLUT13) (Augustin, 

2010). Further comprehensive phylogenetic studies of all mammalian GLUT isoforms revealed a 

segregation of the GLUTs into five distinct classes, with class III splitting into three separate 

groups. Remarkably, GLUT6 and GLUT8 build up a sister group with strong support, and 

GLUT10 and GLUT12 form a strongly supported distinct clade, respectively. Moreover, the HMIT 

sequences fall within a larger but separate clade of sequences (Wilson-O'Brien et al., 2010).  

Until now, especially mammalian hexose or glucose transporters have been functionally 

characterized and observed in detail. Nonetheless, there are just a few functionally characterized 

sugar transporters in insects. Three of them are the hexose transporter 1 of Nilaparvata lugens 

(NlHT1) which specifically transports glucose (Price et al., 2007), the sugar transporter 6 

(NlST6) which Kikuta et al. observed as a facilitated glucose/fructose transporter (Kikuta et al., 

2010), and the sugar transporter 3 (Ap_ST3) of Acyrthosiphon pisum (Price et al., 2010) which 

results indicate a specificity for the transport of fructose over glucose. 

Additionally, trehalose is the major hemolymph sugar in insects (Thompson, 2003). It is 

predominantly synthesized in the fat body and released into the hemolymph. Kanamori et al. 

proposed that the trehalose transporter 1 (TRET1) of Polypedilum vanderplanki is responsible 

for the incorporation of trehalose into tissues that require a carbon source (Kanamori et al., 

2010). In addition they stated that Tret1 orthologs constitute a subfamily of the human GLUTs, 

distinct from other insect sugar transporters (Kanamori et al., 2010). Furthermore, they suggest 

a divergence of Tret1 orthologs from other sugar transporter sequences to be widespread 

among insects eventually. 

Studying sugar transporters in general in N. lugens, Kikuta et al. observed, additionally to 

the already mentioned NlST6, that NlST8 encodes a trehalose transporter (Kikuta et al., 2012). 

Thus far, the number of functionally characterized trehalose transporters in insects is very small 

and has not received as much detailed attention as glucose transporters. In conclusion, trehalose 

and glucose transporters exhibit the same primary structure. Besides the 12 TMD, also the 

conserved amino acid motifs (Joost et al., 2002, Schurmann et al., 1997, Mueckler and Thorens, 

2013, Uldry and Thorens, 2004, Zhao and Keating, 2007) are also present in the trehalose 

transporters. And it is not possible to predict the substrate specificity from this property alone 

(Kikawada et al., 2007, Kanamori et al., 2010)[Manuscript 2].  

1.3.2 PHYLOGENETIC STUDIES WI TH FOCUS ON TRANSPORTERS IN INSECTS 

In general, phylogenies are built to reconstruct or propose a model of the evolution of 

life. Both transporter families studied in this thesis comprise many members and subfamilies 

with highly diverse functionality. On that account and to gain deeper insight into these families, 
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phylogenetic analyses have been carried out to identify relationships between already 

functionally characterized transporters and the putative transporters identified in P. cochleariae 

and C. populi and, thus, to propose potential substrate specificity.   

A large number of methods exist that can be applied to infer phylogenetic trees. In the 

manuscripts 2 and 3 of this thesis, two different programs have been applied to generate 

phylogenetic trees. On the one hand, MrBayes which focuses on Bayesian inference of phylogeny, 

and on the other hand, RAxML which emphasizes maximum likelihood as underlying method 

were applied.  

MrBayes was developed by Huelsenbeck and Ronquist (Huelsenbeck and Ronquist, 

2001). A Markov chain Monte Carlo method is used to approximate the posterior probabilities 

(Metropolis 1953, Hastings 1970, Green 1995). This method works by first proposing a new 

state for one chain using a stochastic mechanism. Thereafter and second, the probability to 

accept this state is calculated. This probability involves the “summation over all possible trees” 

and, for each separate tree, the “integration over all possible combinations of branch length and 

substitution model parameter values” (Huelsenbeck et al., 2001). Third, a uniform random 

variable between 0 and 1 is drawn. “If this number is less than the acceptance probability, then 

the new state is accepted and the state of the chain is updated.” Otherwise, it remains in the old 

state. This procedure is repeated thousands of times. “The proportion of the time any single tree 

is visited during the course of the chain is a valid approximation of its posterior probability” 

(Huelsenbeck and Ronquist, 2001). The new version by Ronquist et al. provides, in addition, a 

convergence diagnostic (Ronquist et al., 2012). 

RAxML (randomized axelerated maximum likelihood) is a maximum likelihood-based 

inference program. This ML phylogeny inference is memory intensive, algorithmically complex 

and highly computationally costly (Stamatakis, 2006) and, therefore, a rapid bootstrap 

algorithm was implemented (Stamatakis et al., 2008). Bootstrapping is a statistical method used 

to estimate distributions that are difficult to calculate exactly (Whelan et al., 2001). The resulting 

bootstrap values give an indication for the robustness of an inferred tree. The optimal maximum 

likelihood “states that the phylogenetic tree that makes a given sequence data set most likely 

constitutes the maximum likelihood estimate of the phylogeny and is the preferred explanation” 

(Rokas, 2011). Having a bootstrap value of at least 90%, it can be confidently stated that the 

sequences of that specific branch are grouped correctly (Whelan et al., 2001). 

Many parameters are involved in the model of sequence evolution. Among those are the 

substitution rate between amino acids, the frequencies of amino acids and the rate of 

heterogeneity across sites of the multiple sequence alignment. One approach that is often used 

in inferring phylogenetic trees is the gamma distribution to approximate the rate distribution in 

a protein multiple sequence alignment (Rokas, 2011) also was exerted in Manuscript 2 and 3. 



I n t r o d u c t i o n  | 16 

1.4 AIMS OF THE THESIS 

 The defense strategy and the corresponding metabolism of deterrent compounds of the 

Chrysomelina larvae depict an excellent research field. Three different ways to produce the 

repellent glucosides are proposed, namely the de novo production, the sequestration of plant 

derived compounds and the most evolved strategy - the combination of sequestration and de 

novo production of compounds. Irrespective of the deterrent production, all larvae show 

common principles. Besides the uniform morphology, common transport mechanisms play a 

fundamental role. The glucosidically bound precursors are transferred via the hemolymph into 

the glandular reservoir. This uptake is highly selective and substrate specific. One transporter 

class, the ATP-binding cassette transporter superfamily, was shown to play a key part in this 

sequestration process (Strauss et al., 2013). Furthermore, the amount of deterrent compound 

precursors in the defensive glands’ tissue has to be maintained on high level to ensure defense at 

any time. Therefore, sugar transporters are the special focus of this thesis.  

In order to comprehensively study the defense metabolism with respect to transport 

proteins in various leaf beetle species, the transcriptomes of Phaedon cochleariae as well as 

Chrysomela populi were sequenced by applying next-generation sequencing technologies, 

particularly the Illumina sequencing technology.  

Therefore, my first objective has been to de novo assemble these transcriptomes to 

provide essential transcript catalogues for further studies. Thereafter, those transcriptomes 

were annotated and transcripts were assigned putative functions not only by searching for 

sequence homologies but also by determining (binding) domains and motifs. 

Second, by using methods to calculate phylogenetic trees, I was able to denote all 

identified putative sugar transporters with regard to glucose as well as putative trehalose 

transporters that have been functionally characterized to date (Manuscript 2). 

Third, in order to characterize particular enzymes and proteins, RNA interference (RNAi) 

methodology was established. To circumvent the knock-down of non-target transcripts, I 

implemented an off-target prediction method that identifies target sequence sections (all 21 

base pairs in length) that are similar to any other (partial) sequence in the transcript library 

(Manuscript 1). 
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2 OVERVIEW OF MANUSCRIPTS 

MANUSCR IPT 1:  PRECISE RNAI-MEDIATED SILENCING OF METAB OLICALLY ACT IVE 

PROTEINS IN THE DEFENSE SECRETION S OF JUVENILE LEAF BEETLES  

 

René Roberto Bodemann, Peter Rahfeld, Magdalena Stock, Maritta Kunert, Natalie Wielsch, 

Marco Groth, Sindy Frick, Wilhelm Boland, Antje Burse 

 

Status: published in Proceedings of the Royal Society B: Biological Sciences (2012), 279(1745), 

4126-4134. doi:10.1098/rspb.2012.1342. 

Summary: 

An RNAi methodology was established in juvenile Chrysomela populi and Phaedon cochleariae to 

analyze in vivo functions of proteins involved in the biosynthesis of deterrent compounds. In 

particular the salicyl alcohol synthase (SAO) of C. populi and a novel protein from P. cochleariae, 

annotated as juvenile hormone-binding protein (JHBP), were studied. Both proteins, located in 

the glandular secretions, were successfully silenced. In order to ensure that the interfering RNA 

does not target RNA which is not supposed to be diminished, an off-target prediction method 

has been generated and applied. Altogether, the approach demonstrates clearly that RNAi is a 

suitable method to annihilate selectively enzymes of a distinct biosynthetic pathway. 

 

Author contributions:  

R.R.B. and P.R. established RNAi approach in leaf beetle larvae and performed research on 

CpSAO and PcTo-like. M.S. established and performed off-target prediction and contributed to 

the interpretation of LC/MSE output data. M.K. designed GC/MS assays, synthesized standards 

and contributed to the interpretation of output data. N.W. performed LC/MSE analysis and 

contributed to the interpretation of the MSE data. S.F. generated transcriptome libraries of 

P. cochleariae and performed research to a small proportion. W.B. and A.B. contributed 

substantially to the interpretation of all data. R.R.B., P.R. and A.B. wrote first draft of the 

manuscript, and all authors contributed substantially to revisions. 
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MANUSCRIPT 2: PUTATIVE SUGAR T RAN SPORTERS OF THE MUSTARD LEAF B EETLE 

PHAEDON COCHLEARIAE :  THEIR PHYLOG EN Y AN D ROLE FOR N UTRIENT  SUPPLY IN 

LARVAL DEFENSIVE GLANDS 

 

Magdalena Stock, René R. Gretscher, Marco Groth, Simone Eiserloh,  

Wilhelm Boland, Antje Burse 

 

Status: published in PLoS ONE (2013).  8(12): e84461. doi:10.1371/journal.pone.0084461 

 

Summary: 

This manuscript provides an overview of all identified sugar transporters in P. cochleariae 

annotated as either solute carrier 2 or trehalose transporter. Phylogenetic studies have been 

carried out to analyze sequence homology and to observe relationships to already functionally 

characterized glucose/fructose and trehalose transporters of other Metazoa. Furthermore, the 

effects of silencing the most abundant sugar transporters via RNAi and subsequent sequencing 

of the defensive glands’ transcriptome were observed by applying R statistics (DESeq 

Bioconductor package) revealing a co-regulation of sugar transporters to ensure sugar 

homeostasis. 

 

Author contributions:  

M.S. designed and performed research, analyzed and interpreted the data including the de novo 

assembly, phylogenetic studies and determining differential expression and wrote a large part of 

the manuscript. R.R.G. performed RNAi injection, helped to collect samples and to interpret the 

results. S.E. performed the quantitative real-time PCR experiments. M.G. carried out the cDNA 

library preparation and Illumina sequencing. A.B. performed quantitative real-time PCR 

experiments and helped with the interpretation of data. A.B., M.S., and W.B. supervised the work, 

and all authors revised the manuscript. 
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MANUSCR IPT 3: TISSUE-SPECIFIC  TRANSCRIPT PROFILIN G  FOR ABC TRAN SPORTERS IN 

THE SEQUESTERING LARVAE OF THE PHYTOPHAG OUS LEAF BEETLE CHRY SOMEL A POPULI  

 

Anja S. Strauß, Ding Wang, Magdalena Stock, Marco Groth,  

Wilhelm Boland, Antje Burse 

 

Status: in preparation for publication in PLoS ONE  

 

Summary:  

This publication represents a comprehensive study of all putative ABC transporters of 

Chrysomela populi, a phytophagous leaf beetle. All 65 identified ABC transporters were 

phylogenetically classified with regard to the subfamilies ABCA to ABCH. Furthermore, the 

distribution of all ABC transporters among the fat body, gut, Malpighian tubules and defensive 

glands was analyzed by quantitative real-time PCR experiments. Besides these observations, the 

most abundant ABC transporter localized in the defensive glands’ tissue was silenced via RNAi, 

and the resulting transcriptomic changes were analyzed using the DESeq package. In summary, 

the ABCC transporter class seems to be responsible for excretion and sequestration processes, 

and the ABCH subfamily with still unknown function and absence in humans might possess a 

special function in the defensive glands. 

 

Author contributions: 

A.B., A.S.S., and M.S. designed the experiments, interpreted the results and wrote the manuscript. 

A.S.S. performed the quantitative real-time PCR experiments, interpreted the results and 

performed RNAi experiments. D.W. performed the identification of ABC transporters and 

phylogenetic analyses. M.S. de novo assembled the transcriptome and performed and interpreted 

the differential expression analysis. D.W., M.S. and A.B. interpreted the phylogenetic trees. M.G. 

carried out the cDNA library preparation and Illumina sequencing. R.R.G. dissected the larvae 

and collected the different tissues. A.B., A.S.S., M.S., and W.B. supervised the work, and all authors 

revised the manuscript. 
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MANUSCRIPT 4:  INDEPENDENT RECRUITMENTS OF OXID ASES FROM THE GMC 

OXIDOREDUCTASE  FAMILY ENABLED THE EVOLUT ION OF CHEMICAL DEFENCE IN LEAF 

BEETLE LARVAE  

 

Peter Rahfeld, Roy Kirsch, Susann Kugel, Natalie Wielsch, Magdalena Stock, Marco Groth, 

Wilhelm Boland, Antje Burse 

 

Status: submitted to Proceedings of the Royal Society B: Biological Sciences 

 

Summary:  

Chrysomelina larvae display glandular secretions to repel their enemies in case of attack. The 

repellents can be produced de novo or by sequestering plant-derived precursors. Both 

biosynthetic strategies include an oxidation step. When using plant-derived precursors, such as 

salicin, this step is catalyzed by salicyl alcohol oxidases (SAOs) that belong to the GMC 

oxidoreductase superfamily. Phylogenetic analyses of chrysomeline GMCs showed that the 

oxidase in the de novo production originated from a GMC clade other than that of the SAOs. Thus, 

the host-dependent chemical defense in Chrysomelina larvae correlates with the independent 

recruitment of genes from different GMC oxidoreductase families, and the GMC multi-gene 

family seems to play an important role in the adaptive processes during plant-insect 

interactions. 

 

Author contributions: 

P.R., R.K. and A.B. designed the study. P.R. performed the identification of Pc8HGO, Pc8HGO411 

like, the RNAi experiment, the heterologous expression, the resulting protein assays and the 

interpretation of all resulting data. R.K. extracted and manually annotated GMC encoding 

sequences, performed the phylogeny of larval chrysomeline glandular oxidases and related GMC 

oxidoreductases and made the interpretation. S.K. performed qPCR and contributed to the 

interpretation of output data. N.W. performed LC/MSE analysis, collected and contributed to the 

interpretation of output data. M.G. and M.S. generated transcriptome libraries, M.S. de novo 

assembled the transcriptome and carried out off-target prediction. W.B. and A.B. contributed 

substantially to the interpretation of all output data. P.R., R.K. and A.B. wrote the first draft of the 

manuscript, and all authors contributed substantially to revisions. 
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3  MANUSCRIPTS 

3.1 MANUSCRIPT 1:  PRECISE RNAI-MEDIATED SILENCING OF METABOLICALLY 

ACTIVE PROTEINS IN THE DEFENSE SECRETIONS OF JUVENILE LEAF BEETLES 
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3.2 MANUSCRIPT 2:  PUTATIVE SUGAR TRANSPORTERS OF THE MUSTARD LEAF 
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3.3 MANUSCRIPT 3:  TISSUE-SPECIFIC TRANSCRIPT PROFILING FOR ABC 
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BEETLE CHRYSOMELA POPULI 
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3.4 MANUSCRIPT 4:  INDEPENDENT RECRUITMENTS OF OXIDASES FROM THE 
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4 GENERAL DISCUSSION 

 In the published manuscripts of my doctoral thesis, I investigated the de novo assembled 

transcriptomes of two different leaf beetle species, namely Phaedon cochleariae, the mustard leaf 

beetle, and Chrysomela populi, the poplar leaf beetle. Each manuscript includes a detailed 

discussion. Therefore, in the following I shall give an overview of specific topics not discussed in 

detail in the publications. 

4.1 RNA SEQUENCING AND ITS APPLICATIONS 

In many cases, no genomic data is available for organisms, especially non-model 

organisms such as leaf beetles. Sequencing of their transcript libraries is a comprehensive and 

cost-effective way to study them. For this, the total RNA of P. cochleariae and C. populi was 

extracted, prepared and sequenced using the Illumina sequencing technology. Subsequently, the 

RNA pools of each species were assembled de novo to reconstruct the individual transcript 

library for each leaf beetle species. Hence, several assembler software tools were applied and 

tested, among them CLC Genomics Workbench (http://www.clcbio.com) and Trinity (Grabherr 

et al., 2011).  

4.1.1 CHALLENGES IN DE NOVO  ASSEMBL IES OF TRANSCRI PT OMES 

Sequencing technologies are well prepared and developed, but challenges arise for 

handling and analyzing transcriptome sequences when there is no reference genome. Without a 

reference genome, is it possible to assess the quality of a de novo assembled transcriptome?  

In order to reconstruct a transcript catalogue for P. cochleariae as well as C. populi, I 

applied the CLC Genomics Workbench, T-IDBA (Peng et al., 2011), ABySS (Simpson et al., 2009) 

and also Trinity which eventually proved to be the assembly tool of my choice.  

Exerting the CLCbio de novo assembly tool with suitable parameter settings resulted in a 

reasonable number of transcripts (approximately 57,000 contiguous sequences), but only 70 

percent of all read pairs were employed and many read pairs were split in order to be integrated 

into the assembly (unpublished data). Applying ABySS yielded many (over one million) very 

short transcript fragments. Changing the parameter settings did not improve the assembly. 

Thus, this assembly software tool also turned out to be unfeasible concerning the underlying 

raw sequence data. Utilizing T-IDBA failed to assemble the data, due to the exceeding of the 

virtual memory (unpublished data). Finally, applying Trinity, with subsequent reassembly (as 
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published in Manuscripts 2 to 4), resulted in the most feasible and acceptable leaf beetle 

transcript libraries including isoforms. This has been demonstrated with leaf beetle sequences 

that have been amplified and sequenced in earlier studies. Those have been compared to the de 

novo assembled transcripts to check their integrity. Thus, two studied P. cochleariae isoprenyl 

diphosphate synthases (accession number KC109782, and unpublished) which are half-part 

identical could be resolved only by the Trinity assembler software. Also the C. populi ABC 

transporter (KC112554, 4 kb) could be reconstructed to its full length by applying Trinity and by 

subsequent reassembly (unpublished data). 

Two tools, namely Trinity and SOAPdenovo-trans, for de novo assembling 

transcriptomes have been examined by Vijay et al. They postulate that Trinity assemblies 

“appeared to be more contiguous than assemblies obtained from SOAPdenovo-trans” (Vijay et 

al., 2013). Additionally, they observed in Trinity assemblies that many isoforms were inferred 

inaccurately. But having no genomic data as reference, it is a challenge to distinguish correctly 

and falsely inferred isoforms. Regardless, “the true number of isoforms is not known, even in 

model-organisms” (Wang et al., 2008). Overall, transcriptome assemblies are assured to be 

robust and accurate and the information on isoforms is valuable. Regarding erroneously inferred 

isoforms, the data should be interpreted with caution. 

Yang and Smith studied transcriptome assemblies with regard to phylogenomic 

purposes (Yang and Smith, 2013). In this case, only one representative transcript for each gene 

is needed and splice variants are not utilized since the detection of true paralogs would be 

hindered. Their results have not been used in the phylogenetic studies carried out for the 

incorporated manuscripts because they were not published by the time the investigations were 

carried out. For future phylogenetic studies, their proposals for parameter settings should be 

taken into consideration for the improvement of gene coverage of transcripts.  

The depth of sequencing is another aspect during the assembly process that should be 

considered. If transcripts are very rare in specific samples it is likely that they are absent in the 

de novo assembly. And this is a critical fact for data interpretation. Hence, one should be aware of 

modest cost and data-handling when deeper sequencing is planned to increase the transcript 

coverage (Gongora-Castillo and Buell, 2013, Wall et al., 2009). Furthermore, some problems may 

be overcome by hybrid sequencing strategies using a mixture of sequencing methodologies, such 

as a combination of FLX and Illumina sequencing for optimal transcriptome coverage (Wall et al., 

2009). 

Additionally, also Lu et al. and Martin et al. observed several de novo assembly tools and 

genome-guided assemblers and propose a combination of several assembler tools to achieve 

more complete transcriptome assemblies (Lu et al., 2013, Martin and Wang, 2011). 
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4.1.2 NORMALIZATION AND IDE NTI FI CATI ON OF DI FFE RENTI AL LY  EXPRESSED GENES 

RNA sequencing, additionally, is not only used to study and reconstruct the 

transcriptome of an organism, but also provides a great opportunity to study the transcript level 

for each gene specifically. This can be achieved for many samples, either for tissue-specific or for 

treated samples. Treated insects in our case have been injected with interfering dsRNA to study 

proteins (with special focus on enzymes and transporters involved in sequestration) by looking 

at not only phenotypic but also transcriptional changes. In order to do statistical analysis for 

these samples, normalization has to be carried out beforehand.  

Many crucial aspects have to be considered in such analyses, such as read counting, 

quality control, appropriate treatment of biological variability and appropriate statistical 

modeling. Anders et al. established a count based differential expression method that aims at the 

discovery of changes in transcript abundance between experimental groups (Anders et al., 

2013). In most RNA-seq experiments, often not more than two or three biological replicates are 

designed. This requires statistical methods suitable for such small-sample situations. In the case 

for the R package DESeq which was applied in Manuscripts 2 and 3 the formal distribution 

assumed for the underlying data is approximated by the negative binomial model (Anders et al., 

2013, Anders and Huber, 2010). This distribution has two parameters: namely the mean and the 

dispersion which are used to model mean-variance relationships. The Poisson distribution, in 

contrast, is used to describe technical replicates and is constrained in that it supposes the 

variance of the variable to be equal to the mean (Soneson and Delorenzi, 2013). 

NO R M AL IZ AT IO N  A ND  IS O F O RM-S PE C IF I C  E XPR E SS I O N 

Recently, several approaches have been proposed to estimate transcript-level 

expression, but isoform-specific expression estimation remains enhanced.  

Besides FPKM as measure for transcript abundances which is defined as expected 

fragments per kilobase of transcript per million fragments mapped (Trapnell et al., 2010) and 

RPKM as measure for transcript levels in reads per kilobase of exon model per million mapped 

reads which takes the sequence length into account (Mortazavi et al., 2008), Howard et al. 

proposed the “ability to reliably compute quantitative isoform expression values” by using a 

non-uniform read sampling distribution (Howard and Heber, 2010), and Li et al. observed a 

general distribution bias when inferring expression (Li et al., 2010). In addition, Wu et al. 

combined Howard et al.’s proposal and Li et al.’s work to effectively improve the expression 

inference (Hansen et al., 2011). 

Furthermore, there are methods that adjust the samples according to their transcript 

distributions among samples. Marioni et al. take into account the total number of reads (Marioni 



G e n e r a l  D i s c u s s i o n  | 130 

et al., 2008), and Bullard et al. also proposed an upper-quartile normalization procedure which 

scales the expression level at the 75th percentile in each sample to the average across all samples 

(Bullard et al., 2010, Glusman et al., 2013). Robinson et al. applied a quantile-adjusted estimator 

for the negative binomial distribution (Robinson and Smyth, 2008) which has a great success in 

very small samples. Two years later in 2010, Robinson et al. developed the trimmed mean of M-

values (TMM) normalization method (Robinson and Oshlack, 2010) which is implemented in the 

edgeR Bioconductor package. Srivastava et al. proposed a two-parameter generalized Poisson 

model to “fit the position-level read counts more appropriately than a traditional Poisson-

model“ (Srivastava and Chen, 2010). They also observed that the standard RPKM can bias 

estimates of differential expression (Bullard et al., 2010).  Glusman et al. developed a data-

driven algorithm that computes sample-specific scaling factors. These factors lead to correct 

results only in the context of their comparison to other samples which means that, depending on 

the other samples to which the examined sample is compared, the examined sample is scaled 

differently (Glusman et al., 2013). With this method they aim to provide accurate expression 

levels. 

Alternative splicing and the presence of isoforms have to be remembered when 

attempting to improve the assembly by correcting sequencing errors. MacManes and Eisen 

examined the effect of sequencing error correction on the assembly accuracy. They concluded, 

that because the assembly accuracy increases, this step should become routine in processing 

Illumina sequencing data (Macmanes and Eisen, 2013). In any case, it will remain a problem for 

error correctors to distinguish between differences in isoforms and sequencing errors. 

Therefore, one should be aware of ‘missing’ short reads to reconstruct isoforms that are masked 

as errors (Yang et al., 2013). 

SE Q UE N C ING  DE PT H 

Other important factors for normalizing expression data are the sequence length as well 

as the sequencing depth. Mortazavi et al. stated that the transcript length plays an important 

role in identifying correct isoforms and their corresponding expression levels (Mortazavi et al., 

2008). In addition, Bullard et al. observed that longer genes are more likely declared 

differentially expressed (Bullard et al., 2010). Moreover, Tarazona et al. observed “that most 

existing methodologies suffer from a strong dependency on sequencing depth for their 

differential expression calls”. The more reads there are, the higher the number of false positives 

that are declared differentially expressed (Tarazona et al., 2011). Therefore, they proposed a 

non-parametric method to model the noise distribution from actual data. This approach is 

robust with regard to sequencing depth changes (Chen et al., 2011). In addition to that, Francis 

et al. observed in their studies that a sequencing depth of 30 million reads leads to a good 

balance between transcript coverage and (sequencing) noise. When sequencing more than 60 
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million reads only a few more new genes are discovered, but the errors during the sequencing 

process are likely to increase (Francis et al., 2013). Beyond this, Vijay et al. stated a “high overall 

coverage is vital for successful RNA-seq experiments” (Vijay et al., 2013). Most sequencing runs 

carried out for all samples of various (larval) tissues derived from the leaf beetles P. cochleariae 

and C. populi resulted in at least 20 million reads that showed coverage for the majority of 

transcripts and were sufficient to conduct statistical analysis. 

To conclude, many normalization methods and tools to determine differentially 

expressed genes are available. The counting approach by Anders et al. is “direct, flexible and can 

be used for many types of count data” (Anders et al., 2013) and was used in our studies. This 

approach is implemented in the DESeq Bioconductor package and straightforward to apply. 

Dillies et al. favor this package, in addition to the TMM method, since it uses a normalization 

method within the statistical model for differential analysis rather than the data themselves 

(Dillies et al., 2012). Additionally, Rapaport et al. conclude “that methods based on negative 

binomial modeling (DESeq, edgeR, and baySeq) have improved specificity and sensitivity as well 

as good control of false positive errors” (Rapaport et al., 2013). In any case, no method is optimal 

under all circumstances or conditions, and there is still a need for further research into 

developing statistical methods for mRNA-Seq. 

BIO L O G ICAL  VA R IAN CE 

Independently of all normalization methods and sequencing as well as library 

preparation effects, biological variance is observed among all samples studied, also in those 

published in this thesis. Significant results in studies with just few biological replicates may be 

due to biological variation and thus not reproducible. Furthermore, it is impossible to know 

whether expression patterns are characteristic for a specific individual or typical of the 

population used in the study. For example, there are large differences observed in the 

expression of genes  which might likely be important since the expression of that specific gene 

varies only a little bit among the individuals, but this same expression variance shown by certain 

other genes is meaningless, because the expression of that gene is known to vary highly (Hansen 

et al., 2011). The only possibility to overcome this problem is sequencing many more biological 

replicates (Marioni et al., 2008, Bullard et al., 2010, Liu et al., 2013). Anyhow, no sequencing 

technology is able to “eliminate biological variability” (Hansen et al., 2011).  

4.1.3 FUTURE APPLICATI ONS OF NEXT-GENERATION SEQUENCING 

Next to the quantitative aspect of sequencing, RNA sequencing is used to annotate 

transcripts including mutations, aberrant transcripts, gene regulations or splice isoforms, which 
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provides a basis for the in-depth observation of diseases (Marguerat and Bahler, 2010, Costa et 

al., 2010, Robertson et al., 2010, Horner et al., 2010, Simon et al., 2009). RNA-seq will lead to 

many more exciting discoveries within the next few years, and it permits researchers to analyze 

dynamics of transcriptomes, genome regulations and even evolutionary mechanisms (when 

sequencing is deep enough) independently of transcript size or knowledge of genomes 

(Marguerat and Bahler, 2010). This cannot be said of hybridization-based methods such as 

microarrays. Expression profiling using microarrays has been very successful. Nevertheless, 

microarrays are able to observe only the genes of interest that are spotted on the chip without 

distinguishing different isoforms. Furthermore, the required amount of RNA needed is very high 

in contrast to RNA-seq. Microarrays may remain the method of choice to probe specific subsets 

of genes being tested over many samples. The greatest current advantage of microarrays over 

sequencing is the comparatively low cost. Still, since the cost of sequencing will drop further in 

the near future, RNA-seq is expected to replace microarray analyses for many applications 

(Wang et al., 2009, Feng et al., 2010, Liu et al., 2013) and for broad genome- and transcriptome-

wide experiments, including isoform identification. NGS technologies are rapidly gaining 

acceptance (Cullum et al., 2011). Detecting genes with low expression remains a problem for 

microarrays but also for sequencing technologies (Malone and Oliver, 2011). 

New sequencing technologies, also called third-generation sequencing, such as single 

molecule sequencing provided by the HelicosTM Single Molecule Sequencing technology, directly 

sequence cellular nucleic acids in an unbiased manner. Most NGS technologies require an 

amplification step, and the target molecules fall within a specific range of size which is not the 

case for single molecule sequencing (Thompson and Steinmann, 2010). The high accuracy made 

possible by sequencing and the very small amounts of starting material (picogram quantities) 

required are advantageous for studying samples with low cell content, such as tumor samples, or 

samples with miRNAs. This cannot be achieved by any amplification-based sequencing system 

(Thompson and Steinmann, 2010, Hart et al., 2010). Taking these advantages into account, 

Ozsolak and Milos developed the first direct RNA sequencing (DRS) technology based on the 

HelicosTM Genetic Analysis System. “The DRS sample preparation step involves only 

polyadenylation of 3' ends of RNA molecules without the need of complicated and potentially 

biased steps such as ligation or PCR amplification of cDNAs” (Ozsolak and Milos, 2011b). DRS 

has the ability to sequence several femtomoles of RNA in a low-cost and high-throughput 

manner. This technology enables the research of polyA+RNA species, mapping of 

polyadenylation sites and mutation detection. To conclude, it is a valuable tool for various 

clinical diagnostic applications (Ozsolak and Milos, 2011a). 

Another third-generation sequencer is PacBio (Eid et al., 2009) developed by Pacific 

Biosciences (http://www.pacific-biosciences.com/index.php). Their single-molecule real-time 

(SMRT) technology is based on zero mode waveguides, and the observation volume is only 20 

http://www.pacific-biosciences.com/index.php
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zeptolitres. This technology is able to measure the fluorescence of nucleotides incorporated by a 

single DNA polymerase enzyme into a growing DNA strand in real time. Its RNA-seq reads are up 

to several kilobases long. These sequencers are therefore “capable of sequencing a single 

transcript to its full length in a single read”. This denotes “no assembly required” transcriptomes 

in the future (Martin and Wang, 2011). 

In conclusion, the availability of low-cost, efficient and accurate technologies to study 

gene expression will provide new knowledge and insights in pathology and common genetic 

disorders, and it will help to understand drug response and nutrient-gene interactions. This will 

lead “to the development of targeted therapies for many human diseases” (Costa et al., 2010) 

with special focus on single cell transcriptomics (McGettigan, 2013). 

Beyond mRNA sequencing, research also focusses on proteomics and epigenetics. In 

future, orthogonal transcriptomic and proteomic datasets will be observed in order to measure 

linkages between RNA and protein levels in individual samples. Epigenetic modifications on a 

genome-wide scale and posttranslational modifications of histones can be examined and the 

essential role in cellular processes, in disease appearance and in oncogenetic development can 

be investigated. This will provide a deeper and more complete understanding of individual cells 

and different tissue types (McGettigan, 2013, Mutz et al., 2013). 

4.2 RNAI-MEDIATED SILENCING TO IDENTIFY ENZYME FUNCTIONS 

RNA interference (RNAi) has become a valuable and widely used research tool to knock 

down and analyze the function of genes, especially in non-model organisms. Most of the research 

using RNAi was done to investigate developmental processes and functions of enzymes in 

insects, such as Lepidoptera (Terenius et al., 2011) and Coleoptera (Tomoyasu et al., 2008, 

Tomoyasu and Denell, 2004, Baum et al., 2007, Bai et al., 2011, Alves et al., 2010). RNAi 

decreases transcript and protein levels, which enables the demonstration and proof of defined 

enzymes in vivo, also of particular metabolic pathways (Frick et al., 2013, Alves et al., 2010, 

Belles, 2010, Mito et al., 2011, Terenius et al., 2011, Ohnishi et al., 2006, Ohnishi et al., 2009).  

4.2.1 RNAI IN L EAF BEETLES 

This technique was established for leaf beetle larvae because of the interest in identifying 

enzymes involved in the biosynthesis of deterrent secretions. Furthermore, it is used to 

demonstrate in vivo relevance of target sequences which were already identified by either 

HPLC/MS analyses or by using degenerated primers for candidate genes (Manuscript 1). The 
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known SAO derived from C. populi (Kirsch et al., 2011a, Kirsch et al., 2011b) (Manuscript 1) was 

used as a target sequence to validate the applicability of this method. RNAi of the SAO leads to 

accumulation of salicyl alcohol because the production of the deterrent salicyl aldehyde was 

interrupted. Additionally, this method was also applied for the de novo producer P. cochleariae. 

In P. cochleariae the deterrent chrysomelidial is synthesized in the defensive glands via a 

cyclization step. And the specific knock-down of a putative cyclase resulted in the accumulation 

of another compound, namely 8-oxogeranial which is the non-cyclized precursor in addition to 

chrysomelidial (Manuscript 1). 

  In addition to enzymes involved in the sequestration and deterrent production process, 

the RNAi method was also applied to study sugar transporters (Manuscript 2) as well as a 

characterized ABC transporter (Strauss et al., 2013, Strauss et al., 2012)(Manuscript 3). 

 As published in Manuscript 2, RNAi is a powerful tool, but there are cases in which no 

phenotypic changes can be observed. In Manuscript 2 four sugar transporters highly expressed 

in the defensive glands were silenced via RNAi, but for two of them the chrysomelidial amount 

decreased only slightly. Subsequent RNA sequencing revealed a counter-regulation of other 

sugar transporters that compensates the decrease of targeted transcripts. 

4.2.2 OFF-TARGET PREDICTION TO ENSURE CORRECT SIL ENCING VIA INTERFERING RNA 

In order to ensure that only the target transcript will be knocked down, possible off-

targets should be determined and sequence homologies clarified. Only dsRNA, that is unique for 

the target sequence, should be injected or taken up by the organism, and for which off-target 

prediction has been carried out before.  

Several off-target prediction tools are available (Sabirzhanov et al., 2011, Amarzguioui and 

Prydz, 2004, Reynolds et al., 2004, Chalk et al., 2004, Henschel et al., 2004, Arziman et al., 2005, 

Luo et al., 2007, Gong et al., 2008). For this thesis I was able to establish a method that takes all 

possible 21 bp fragments of the target transcript and compares those against to the 

corresponding transcript catalogue by applying BLAST (Manuscript 1). Thereafter, only those 

sequence parts that are homologous to the target sequence are used to design the dsRNA that is 

to be injected or taken up by the organism. Sabirzhanov et al. (Sabirzhanov et al., 2011) 

proposed a method using rapid amplification of cDNA ends (RACE) which can be especially 

useful for organisms that have limited sequence data available. Due to the requirements for 

primers that are used in their RACE method (such as a high G/C content) it cannot be guaranteed 

that “all dsRNA that may cross-react with non-target mRNAs” are eliminated because of the fact 

that the designed dsRNAs may not fit these primer requirements. This circumstance is not 

existent in our proposed method published in Manuscript 1. Many software tools mentioned 
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above use several criteria for designing dsRNA such as the GC content or thermodynamic 

stability besides the sequence homology (which is the defining component of the off-target 

prediction method published in Manuscript 1). However, in our studies, including those 

published in Manuscript 2 and 3, almost no silencing of non-target sequences was observed. 

When studying the sugar transporters in P. cochleariae, a few other transporters were down-

regulated or knocked-down via RNAi besides the silenced and targeted transporter. Since there 

is no obvious sequence homology, it is assumed that this co-silencing effect is not induced by 

RNAi but metabolically caused. This might be achieved by the larvae sensing the missing 

transporter and a feedback activation of gene expression of other (high-affinity) sugar 

transporters to ensure that the sugar level is maintained at a stable level (Kim et al., 2013). 

Irrespective of possible off-targets, during this work, it always was the case that the transcript 

level of the supposed target sequences decreased most significantly in the observed samples. 

Hence, the proposed method of Manuscript 1 seems suitable and applicable. 

4.3 PHYLOGENY AND APPLICATION OF SUGAR AND ABC TRANSPORTERS 

Leaf beetle species have developed the successful strategy of releasing defensive 

secretions via dorsal glands to defend themselves in case of an attack. To establish the 

production of these deterrents, the glucosidic precursors have to be transported via the 

hemolymph into the defensive glands where they are converted into the deterrents. The 

mustard leaf beetle P. cochleariae, on the one hand, is able to produce the precursor compounds 

de novo in the fat body, whereas, on the other hand, the poplar leaf beetle C. populi takes up the 

glucosidic compounds by feeding on its host plant. 

The transport of the precursor compounds via the hemolymph indicates a complex 

mechanism involving many transport proteins. And it is known for all investigated larvae that 

the uptake of the precursors into the defensive glands is highly selective and substrate-specific. 

 Manuscript 2 illustrates phylogenetic studies of all putative sugar transporters of 

P. cochleariae that might play a role in the defensive process or provide energy for metabolic 

processes. In Manuscript 3 putative ABC transporters identified in C. populi larvae were 

investigated.  

Molecular evolutionary studies are carried out in many research areas, particularly since 

the number of sequence databases has increased greatly. Concurrently, the number of applied 

methodologies has also progressed considerably. Powerful methods statistically infer 

probabilistic models of the biological processes (Whelan et al., 2001) which is then presented in 

phylogenetic trees. In Manuscripts 2 and 3 phylogenetic trees have been calculated by using, on 

the one hand, a Bayesian inference method, and on the other hand, a maximum likelihood (ML) 
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approach. For both of them, models of amino acid replacements have been applied (Manuscripts 

2, 3 and 4). The best estimate for a phylogeny when using Bayesian inference is the tree with the 

highest posterior probability (PP). Using an ML approach, the ML bootstrap percentages (BP) 

are calculated for each node. But what kind of relationship is there between PP and BP? Douady 

et al. observed a strong correlation between PP and BP. Furthermore, they stated that Bayesian 

inference very efficiently estimates “substitution model parameters, branch lengths and 

topology”, but also that BP “might be less prone to strongly supporting a false phylogenetic 

hypothesis”. In conclusion, both methods have a great impact on phylogeny and state “potential 

upper and lower bound of node support, but they are surely not interchangeable and cannot be 

directly compared” (Douady et al., 2003). Carrying out both types of methodologies to infer 

phylogenetic trees, which was also performed in Manuscripts 2, 3 and 4, generates trustworthy 

phylogenetic constructs for interpretation. 

 

Over the last few years sugar transporter classes have been studied regarding sugar 

transporter evolution. In 2001, Joost et al. (Joost and Thorens, 2001) stated that the GLUT 6 and 

8 are the oldest GLUT isoforms. Later on, Wilson-O'Brien et al. (Wilson-O'Brien et al., 2010) 

extended this observation and proposed that this clade has “arisen after the divergence of the 

metazoans” which is supported with a bootstrap value of 100%. We could also clearly 

demonstrate (Manuscript 2) that this clade is also shared by invertebrates including a huge 

number of trehalose transporters as sister group. 

It is highly likely that these many different sugar transporters including all isoforms of 

glucose transporters (GLUTs) play specific unique roles, which could be one of many different 

functions, such as different glucose handling in different cell types to regulate metabolism, gene 

expression, differentiation, or oncogenesis. Especially for the GLUTs 1-5 it was shown that they 

each have a specific role in the control of sugar homeostasis (Thorens and Mueckler, 2010, 

Wood and Trayhurn, 2003, Zhao and Keating, 2007). This is stated because of their tissue-

specific expression, substrate specificity and role in control of glucose metabolism. 

Might their transport mechanism be someday understood, and can it be adapted to 

pharmacological use in the treatment of diseases such as cancer? It has already been shown that 

the GLUT 4 is elusively regulated by insulin, and that the knock-down of this regulation is 

predominant in obesity and type 2 diabetes mellitus (Thorens and Mueckler, 2010). 

Additionally, the initiation and progression of cancer and tumors is suspected for the 

GLUT 12 when glucose supply is low since its function is to provide energy (Wilson-O'Brien et 

al., 2010, Macheda et al., 2005). However, Mueckler et al. stated that the role of GLUT 12 under 

normal conditions still remains unknown (Mueckler and Thorens, 2013). 

The usefulness of trehalose transporters has not been addressed before in detail, but a 

few proposals were put forward by Kikawada et al. (2007) and Kanamori et al. (2010) 
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(Kikawada et al., 2007, Kanamori et al., 2010).  By studying trehalose transporters, the biological 

functions of trehalose can be determined. And thus, trehalose was investigated as a chemical 

chaperone, a radical scavenger and a signal molecule in vivo.  

 

The observation of ABC transporters, has shown that genes encoding ABC transporters 

are conserved among vertebrates (Dean and Annilo, 2005). Furthermore, ABC transporter genes 

are also conserved in invertebrates, and, additionally, the expansion of ABC transporter 

subfamilies (ABCC, ABCG and ABCH) has been determined (Broehan et al., 2013, Xie et al., 2012, 

Sturm et al., 2009). 

Studying the ABC transporters in terms of their phylogeny is difficult since this 

superfamily contains some of the most functionally diverse proteins known (Dean and Allikmets, 

1995). Despite the difficulty, phylogenetic analysis was used to divide all known ABC 

transporters into eight distinct subfamilies of proteins (ABCA-H) (Dean and Annilo, 2005, Dassa, 

2011). It is proposed that these subfamilies originated by gene duplication. Gene duplications 

occurred to provide specific functions in many metabolic processes and to cope with 

multicellularity (Dean and Annilo, 2005). Especially the “vertebrate evolution has been largely 

driven by the duplication of genes that allows for the acquisition of new functions” (Annilo et al., 

2006). Annilo et al. identified multiple gene duplication and deletion events in different lineages. 

They observed that zebrafish is the only vertebrate with a member of the ABCH subfamily. ABCH 

genes had been thought present only in insects (Annilo et al., 2006). Additionally, studies of the 

ABC transporters in Daphnia pulex (planktonic crustacean) revealed a high number of gene 

duplications in the ABCG and ABCH subfamilies (Sturm et al., 2009), and Xie et al. observed in 

Bombyx mori that the ABCC subfamily has expanded more than in other species (Xie et al., 2012, 

Liu et al., 2011). This expansion of the ABCC subfamily was also observed in Tribolium 

castaneum (Broehan et al., 2013) and C. populi [Manuscript 3]. 

 The ABC genes are one of the gene families with an enormous number of members in all 

eukaryotes. Since many of these transporters “play a role in the efflux of a wide variety of 

substrates” and the loss-of-function is crucial for specific diseases, such as Mendelian diseases, 

the ABC transporters are and will be in the focus of further research to obtain new insights into 

their genes´ contribution to many diseases (Dean and Annilo, 2005, Moitra and Dean, 2011, 

Silverton et al., 2011). 

 

 Wu et al. published on the coordinated mediation of SLCs and ABC transporters to move 

a huge variety of substrates across epithelial barriers (Wu et al., 2011). They observed that 

homeostasis is achieved by the coordination of transporters having overlapping substrate 

preferences. Furthermore, they found that those transporters are sensitive to environmental 
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changes and that remote sensing and signalling occurs. However, the sensing mechanism is still 

undetermined until now (Wu et al., 2011). 

As future perspective and with regard to leaf beetles, combined studies of sugar as well 

as ABC transporters will result in comprehensive knowledge. Differential expression of about 

500 genes was observed when knocking down the specific ABC transporter that is 

extraordinarily expressed in the defensive glands of Chrysomela populi larvae (unpublished 

data). Continuing analysis of these differentially expressed genes will provide deeper insights 

into involved metabolic pathways and also other (transporter) proteins associated with this 

gland-specific ABC transporter. 
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5 SUMMARY 

 Chrysomelina larvae possess a sophisticated strategy in terms of chemical defense 

eminently adapted to their natural habitat. In case of a predatory attack, the deterrent 

secretions are presented from dorsal thoracic and abdominal glands. The source of the 

deterrent compound for this ingenious mechanism depends on different biosynthetic 

strategies and subdivides the Chrysomelina into three different groups. The ancestral 

strategy represents the de novo production of iridoids. Species belonging to this group, e.g. 

the mustard leaf beetle Phaedon cochleariae, produce the deterrent compound independently 

from host plant derived precursors. More evolved species of the Chrysomela sequester phenol 

glucosides to produce salicylaldehyde. The third group includes several species of the 

interrupta-group belonging also to the genus Chrysomela. They exhibit a combinatorial 

biosynthetic strategy by using de novo and phytogenic derived precursors to produce 

butyrate-esters as defensive compounds.  

Irrespective of the different deterrent substances, the defense systems of all groups 

exhibit a uniform architecture and morphology and constitute a research subject providing 

enzymatic steps underlying permanent evolutionary changes and adaptation which in this 

flexible manner is not found in any other organism. 

 

Until quite recently, almost no genomic and transcriptomic data were available for 

leaf beetles. Therefore, because sequencing of the genomes of insects is still very cost-

intensive and the assembly without genome templates complicated, transcript libraries of a 

variety of Chrysomelina larvae were established. This was achieved by the de novo assembly 

of short paired reads resulting from Illumina sequencing (in cooperation with the Fritz-

Lipmann-Institute, Jena). Several assembly software tools were applied and tested. Trinity 

was the assembly tool of choice and used to create feasible and applicable assemblies of the 

leaf beetle transcriptomes, especially of the poplar leaf beetle Chrysomela populi and 

P. cochleariae. In addition to the establishment of transcript libraries, an off-target prediction 

method was developed to facilitate an injection of unique dsRNA suitable for the target 

sequence when performing RNA interference experiments. This off-target prediction is 

applied prior to injection and helps to design dsRNA to avoid the knock-down of off-targets. 

This methodology facilitates the identification and functional annotation of specific enzymes, 

membrane proteins and all other genes of interest within a convenient timeframe and with 

convenient effort.  

This approach combining RNA-seq with RNAi promoted the observation of enzymes 

involved in the sequestration process. First, the total RNA of various tissues of P. cochleariae 



S u m m a r y  | 140 

as well as C. populi larvae was extracted, prepared, and finally sequenced resulting in many 

tens of thousands of short reads. Thereafter, those reads were mapped onto the 

corresponding transcriptome database, and the transcript counts were obtained for each 

present transcript. These steps were also performed after injecting the larvae with dsRNA 

unique for proteins of interest involved in sequestration. The obtained read counts for each 

transcript were then compared and statistically evaluated with regard to significant 

differential “expression”. 

The off-target prediction method was published in Manuscript 1 and was successfully 

applied for the silencing of two enzymes namely a salicyl alcohol oxidase in C. populi larvae 

and the juvenile hormone-binding protein superfamily identified in the defensive glands of 

P. cochleariae larvae. RNAi targeting the most abundant sugar transporters in P. cochleariae 

(Manuscript 2) resulted in a slight decrease in the amount of deterrent but subsequent RNA-

seq analysis revealed a counter-regulation of other sugar transporters. This counter-

regulation is needed to ensure the defense ability and nutrient supply in the larvae of 

mustard leaf beetles. In Manuscript 4, RNAi targeting the most abundant glandular ABC 

transporters in C. populi showed an immense decrease in the transcription level of itself and 

almost no counter-regulation of any other ABC transporter. This validates the significant 

function of this specific transporter (Strauss et al., 2013). Many more sequences are 

differentially expressed, besides this knocked down specific ABC transporter, though 

continuative analysis remains an open task. 

Phylogenetic analyses accessorily carried out accounted for additional information 

and annotation of selected leaf beetle transcripts with regard to already functionally 

characterized enzymes and transporters. The transcripts could be grouped according to their 

sequence homologies and putative functions, or substrate specificity could be assigned. When 

considering the importance of the great number of sugar and ABC transporters and their 

diverse functions, the methods mentioned above promote a deeper knowledge and novel 

insights of known and unknown regulatory processes. Additionally, I was able to show for a 

small group of sugar transporters in P. cochleariae that they are leaf-beetle specific and not 

present in mammals, for example. 

In conclusion, next-generation sequencing (especially focusing on RNA) and the RNA 

sequencing after triggering RNA interference (RNAi) holds great opportunities for the study 

of genes of interest. This approach is especially valuable for the observation of non-model 

organisms´ transcriptome in its entirety and for accomplished transcriptome-wide analyses, 

in this thesis, of the mustard leaf beetle P. cochleariae and of the poplar leaf beetle C. populi. 
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6 ZUSAMMENFASSUNG 

 Die Larven der Blattkäfergruppe Chrysomelina besitzen eine raffinierte und 

spezifisch an ihre Umwelt angepasste chemische Abwehrstrategie. Im Falle eines Angriffes von 

potentiellen Fraßfeinden können die Larven ein Abwehrsekret über dorsale Drüsen 

präsentieren, das die Angreifer abschreckt. Die Quelle des Abwehrstoffes für diesen 

ausgeklügelten Mechanismus ist abhängig von verschiedenen biosynthetischen Strategien, die 

die Gruppe der Chrysomelina in drei Gruppen aufteilt. Die erste Strategie umfasst die de novo-

Herstellung der Iridoide. Spezies, die zu dieser Gruppe gehören, wie der Meerrettichblattkäfer 

Phaedon cochleariae, produzieren ihre Abwehrstoffe, z.B. das Iridoid Chrysomelidial, unabhängig 

von den Zuckerverbindungen der Wirtspflanze, auf der sie fressen. Weiter entwickelte Spezies 

der Gattung Chrysomela sequestrieren phenolische Glucoside, um Salicylaldehyd herzustellen. 

Weiterhin gibt es einige Spezies der Gattung Chrysomela, die in der interrupta-Gruppe 

zusammengefasst werden. Deren Eigenschaft ist es, de novo hergestellte und pflanzlich 

gewonnene Vorstufen synthetisch miteinander zu kombinieren, um so Butyrat-Ester als 

Abwehrmoleküle herzustellen.  

Ungeachtet der verschiedenen Abwehrsubstanzen haben alle drei Gruppen der 

Chrysomelina-Blattkäfer ein Abwehrsystem mit uniformer Architektur und Morphologie. Dieses 

System eignet sich hervorragend zur Erforschung, da sich all die verschiedenen enzymatischen 

Reaktionen stetigen evolutionären Veränderungen angepasst haben wie es von keinem anderen 

Organismus bekannt ist. 

 

 Bis vor wenigen Jahren gab es kaum genomische und transkriptomische Sequenzdaten 

von Chrysomela-Spezies. Da das Sequenzieren von vollständigen eukaryotischen Genomen 

weiterhin kostenintensiv und das Assemblieren solcher Genome hochkomplex (ohne eine 

zugrundeliegende Genomvorlage) ist, wurden von mehreren Blattkäferarten Transkript-

Bibliotheken erstellt. Dies erfolgte durch das de novo-Assemblieren von paarweisen kurzen 

Sequenzen (Reads genannt), die in Zusammenarbeit mit dem Fritz-Lipmann-Institut Jena die 

Illumina-Technologie nutzend sequenziert wurden. Für das Assemblieren wurden mehrere 

verschiedene Assemblier-Programme angewandt und getestet. Die Software Trinity wurde 

gewählt, um brauchbare und geeignete Transkript-Banken von Blattkäfern, vor allem von P. 

cochleariae und dem Pappelblattkäfer Chrysomela populi, zu erstellen. Zusätzlich zum Etablieren 

der Transkript-Bibliotheken, habe ich eine Nicht-Ziel-Vorhersage (off-target prediction) zur 

effektiven Anwendung von RNA-Interferenz (RNAi) in den Blattkäfer(-larven) entwickelt. Diese 

Vorhersage soll ermöglichen, dass die dsRNA, die in den Organismus injiziert wird, einzig zu der 

RNA passt, die abgebaut werden soll, und off-target-Effekte ausbleiben bzw. vermieden werden. 

Diese Herangehensweise erlaubt das gezielte Untersuchen und die funktionelle Analyse von 
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Enzymen, Transport- oder Membranproteinen oder anderer Proteine von Interesse in 

geeigneter Zeit und mit geeignetem Aufwand. 

 In dieser Arbeit wurde die RNA-Sequenzierung mit der RNAi-Methode kombiniert, um 

Enzyme des Sequestrierungsprozesses bei verschiedenen Blattkäferlarven zu untersuchen. Dazu 

wurde zuerst die totale RNA von verschiedenen Geweben der Blattkäferlarven von P. cochleariae 

und C. populi extrahiert, präpariert und schließlich sequenziert. Dies resultierte in mehreren 

zehntausend kurzen Reads, die anschließend mit ihrer entsprechenden Transkriptom-

Datenbank verglichen wurden. Diese Daten wurden genutzt, um die „Counts“ eines jeden 

vorhandenen Transkriptes zu bestimmen. Diese Schritte wurden auch ausgeführt, nachdem die 

Larven mit dsRNA von Proteinen aus dem Sequestrierungsprozess injiziert wurden. Die „Counts“ 

dieser Experimente wurden mit den Kontrolldaten verglichen, um statistisch signifikant 

differentielle „Expression“ zu bestimmen. 

Die oben erwähnte Vorhersage von off-targets für RNAi-Experimente wurde in 

Manuskript 1 veröffentlicht und für zwei Enzyme, eine Salicylalkohol-Oxidase in C. populi-

Larven und ein Protein, das zur Juvenilhormon-Bindeprotein-Superfamilie gehört und in den 

Abwehrdrüsen von P. cochleariae-Larven identifiziert wurde, erfolgreich gezeigt. RNAi-

Experimente, die die Zuckertransporter inhibieren, die am höchsten in den Abwehrdrüsen von 

P. cochleariae-Larven vorhanden sind (Manuskript 2), resultierten in einer geringen Abnahme in 

der Menge der Abwehrsubstanz. Nachfolgende Analyse der vorhandenen RNA mittels RNA-

Sequenzierung zeigte eine Gegenregulation von anderen Zuckertransportern. Diese 

Gegenregulation wird wohl benötigt, um die Fähigkeit, sich zu verteidigen, und die 

Nährstoffversorgung in den Larven des Meerrettichblattkäfers aufrecht zu erhalten.  

In Manuskript 4 wurde mittels RNAi ein ABC Transporter in C. populi inhibiert, der mit 

Abstand die höchste Transkriptmenge aufweist. Dies führte zu einer immensen Abnahme der 

Transkriptmenge dieses Transporters. Zusätzlich wurde keine Gegenregulation eines anderen 

ABC Transporters beobachtet. Dieses Ergebnis verdeutlicht die wichtige Stellung dieses 

spezifischen Transporters im Sequestrierungsprozesses (Strauss et al., 2013). Viele weitere 

Sequenzen wurden in diesem RNAi Experiment differentiell exprimiert, doch die Auswertung 

und Annotation dieser verbleibt eine offene Aufgabe. 

Phylogenetische Analysen, die zusätzlich ausgeführt wurden, ergaben weitere 

Informationen und Annotationen zu ausgewählten Transkripten, vor allem durch den direkten 

Vergleich mit schon funktionell charakterisierten Enzymen und Transportern. So konnten die 

Sequenzen jeweils mit ihren homologen charakterisierten Sequenzen gruppiert werden und 

putative Funktionen oder die Substratspezifität für die ausgewählten Sequenzen der Blattkäfer 

zugeordnet bzw. vorgeschlagen werden. Wenn man dabei die Wichtigkeit der riesigen Menge an 

Zucker- und ABC-Transporter mit ihrer diversen Funktionalität betrachtet, so können all die 

genannten Methoden zu fundiertem Wissen und neuen Erkenntnissen über bekannte und 
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unbekannte regulatorische Prozesse und Stoffwechselwege führen. Weiterhin konnte ich für 

eine kleine Gruppe an Zuckertransport-Proteinen in P. cochleariae zeigen, dass sie 

käferspezifisch sind und nicht, zum Beispiel, im Menschen vorkommen. 

Zusammenfassend erkennt man, dass Sequenziermethoden der zweiten (oder dritten) 

Generation (oder next-generation sequencing) mit besonderer Hinsicht auf das Sequenzieren 

von RNA, vor allem auch das Sequenzieren von RNA nach dem Ausführen von RNAi 

Experimenten, wunderbar genutzt werden können, um Gene und Transkripte von Interesse zu 

erforschen. Diese Herangehensweise ist insbesondere für Nicht-Modellorganismen von großer 

Bedeutung, um deren Transkriptome in ihrer ganzen Breite zu untersuchen, und ermöglicht, 

transkriptomweite Analysen durchzuführen. Dies konnte in dieser Arbeit eindrucksvoll anhand 

des Merrettichblattkäfers P. cochleariae und des Pappelblattkäfers C. populi gezeigt werden. 
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