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1 Introduction 
For most non-model insects there is a lack of genomic sequences and prior knowledge of genes, 

therefore the studies of investigated insects were limited to only a few organisms in the past. In 

such a case RNA sequencing (RNA-seq), a high-throughput sequencing method enables 

researchers to also de novo assemble transcript libraries, identify genes and use comparative 

transcriptomics (Conesa et al. 2016; Wang et al. 2009). The power of this approach is the 

combination of discovery and quantification of investigated genes without sequenced genomes 

in a single sequencing assay.  However there is no optimal pipeline to analyze the vast amount 

data. RNA-seq experiment and analysis strategies need to be designed and adjusted in 

consideration of research goals and the specific organisms in question. In this study, I focus on 

this aspect to provide a basic understanding of adaptation mechanisms especially for the 

defensive sequestration and olfactory system between three non-model leaf beetles and their 

host plants. 

The phytophagous leaf beetles have developed a successful defensive system. Their larvae 

protect themselves against natural enemies by excreting deterrent compounds. These leaf 

beetles’ larvae have adapted to the secondary metabolites of host plants to synthesize the 

defensive compounds (Agrawal et al. 2012; Eben et al. 1997; Gross et al. 2002; J.M. Pasteels 

1983; Oldham et al. 1996; Termonia & Pasteels 1999). The toxic deterrents are stored and 

synthesized in the glandular reservoir that operates as a bioreactor (Blum et al. 1978; Meinwald 

et al. 1977; Pasteels et al. 1982; Sugawara et al. 1979). Before reaching the reservoir, the non-

toxic glucosidic precursors from host plants have to pass several membrane barriers inside the 

body: transfer from gut into hemolymph, afterwards into the glandular system or Malpighian 

tubules, as a whole forming a transport network (see Figure 1). In this process transmembrane 

proteins may play an important role. Another topic in this study focuses on the olfactory system 

in Chrysomela lapponica. This system is responsible for the detection of food, mating or 

determination of oviposition sites. Its adaptation is therefore crucial in a host plant shift from 

salicin-rich willow to salicin-free birch. 
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Figure 1. Overview of the transport system I-III in leaf beetle larvae. Plant-derived or de novo sequestrated 
glucosides are transferred from the gut to the glandular reservoir. Malpighian tubules (MT) are required to 
excrete non-used glucosides.  

With the aim to understand the adaptation mechanisms, the transcriptome of Phaedon 

cochleariae, Chrysomela populi and Chrysomela lapponica were investigated by utilization of 

RNA-seq. The Illumina sequencing platform was used to quantify and compare the expression 

of transcripts. Transcript libraries were de novo assembled with suited methods for count data. 

To annotate and characterize the investigated transcripts, alignment to public/in-house 

databases as well as phylogenetic analysis were carried out. In addition, proteomic analysis, 

real-time quantitative polymerase-chain-reaction (qPCR) and RNAi silencing of investigated 

transcripts allow verification of comparative and functional analyses in different samples in 

non-model insect (Bodemann et al. 2012; Pabinger et al. 2014).    

 

 

1.1 Next-generation sequencing (NGS) 
In 1953 the double-helix model of DNA was formulated for the first time by Watson and 

Crick (Watson & Crick 1953). After twenty years of progress of  the DNA sequencing technology, 

chain-termination sequencing (first generation of DNA sequencing) was developed by Sanger 
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(Sanger et al. 1977). However the time and 

cost of sequencing still limited research in 

molecular biology. At the beginning of the 

21st century, a massively parallel 

sequencing technique named next-

generation-sequencing (NGS) appeared 

(Brenner et al. 2000). It was cheaper and 

faster, produced millions of short reads in a 

single run, and it has revolutionized 

genomic and genetic research. Using NGS, 

numerous research results were published, 

in genome (re)sequencing, transcriptional 

profiling (RNA-Sequencing), DNA-protein 

interactions (ChIP-Seq) and epigenome 

analysis (de Magalhaes et al. 2010; 

Goodwin et al. 2016; Morozova & Marra 

2008).   

1.1.1 RNA sequencing  

RNA-seq is an application of NGS 

that enables rapid and deep research of RNA. The general principle is the sequencing of cDNA, 

which has been converted by RNA. The experimental protocol of RNA-seq includes three parts 

(Hou et al. 2015): (i) isolation of target RNAs; (ii) conversion of RNAs into cDNAs, binding of 

adapters to one or both ends of the cDNAs; (iii) amplification using PCR and sequencing of 

cDNAs. This approach is used to detect alternative splice junctions, mutations, single nucleotide 

polymorphisms (SNPs), gene fusion as well as post-transcriptional modifications (Conesa et al. 

2016). Specifically, RNA-seq allows to “de novo assemble” the entire transcriptome and to 

discover genes without any knowledge of the genome. Another powerful function of RNA-seq is 

the analysis of the global expression level in the case of comparative studies of differential 

experimental set-ups. RNA-seq has become a standard transcriptome analysis method. In this 

Figure 2. Overview of the typical RNA-seq pipeline. 
Three main sections are presented: the experimental 

Biology, the computational Biology and the system 
Biology. (Han et al. 2015) 
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thesis, I focus on the RNA-seq of mRNAs. Typically, RNA-Seq libraries are prepared from total 

RNA using poly(A) enrichment of the mRNA to remove structural RNAs (such as rRNA, tRNA). 

1.1.2 RNA-seq data analysis 

RNA-seq technology allows the generation of large and complex datasets in a single run 

and its costs are continuously decreasing. It became one of the most important tools in the life 

sciences research community. A key challenge is the processing and computational analysis of 

the huge output data. With the support of bioinformatics, complex computational methods 

have been developed for the analysis, which involve filtering the RNA-seq reads, reconstructing 

of transcriptomes, aligning reads with reference sequences and stochastic analyses (Figure 2). 

1.1.2.1 Preprocessing  

In general, parallel sequencing RNA-seq produces large amounts of reads (from millions 

to billions) (Van Verk et al. 2013). The reads are stored in files, typically FASTQ format (Cock et 

al. 2010) that contains the nucleotide sequences and the quality values for each nucleotide. 

The quality control and the visualization for the raw reads is calculated by using FastQC 

(Andrews 2016), whose results include sequence quality, GC or N content, sequence length 

distribution, duplication level.  

In order to obtain high quality data, trimming and filtering of raw reads must be done as 

the first step of the analysis. This involves removing the low quality nucleotides towards the 3’ 

end and the adapters from 5’ end of raw reads. Tools like cutadapt (Martin 2016), FASTX-

Toolkit (http://hannonlab.cshl.edu/fastx_toolkit/) and Trimmomatic (Bolger et al. 2014) can be 

used for trimming.  

1.1.2.2 De novo assembly and annotated transcriptome  

De novo assembly of transcriptome (using the preprocessed RNA-seq reads) allows 

analysis in non-model organisms that have neither genome sequences nor transcriptome 

information (Hornett & Wheat 2012; Marchant et al. 2015). In general, RNA-seq assembly 

merges short reads into longer contiguous sequences, which are named contigs (Ekblom & 

Wolf 2014). Recently, several tools for de novo assembly of transcriptome such as 

SOAPdenovo-Trans (Xie et al. 2014) , Oases (Schulz et al. 2012), Trans-ABySS (Grabherr et al. 
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2011) and Trinity (Haas et al. 2013) are widely used. At the time of this thesis, Trinity regarding 

its high performance and high success rate in assembling of complex/high quality transcriptome 

has been demonstrated to be most effective in several comparative studies (Celaj et al. 2014; 

Chopra et al. 2014; Duan et al. 2012; Xu et al. 2012; Zhao et al. 2011). After assembling the 

RNA-seq reads into contigs, the program builds them into independent Bruijn graphs including 

splicing isoforms (Grabherr et al. 2011). The software TGICL (Pertea et al. 2003) for fast 

clustering and assembly of large EST/mRNA datasets can be chosen to reassemble the output 

data of Trinity into longer and more complete consensus sequences.  

For a biological study, a convincing annotation of transcripts is necessary prior to any 

analyses. In general, the completely assembled transcript library can be aligned to public 

databases such as Protein Families (Pfam) (Finn et al. 2016) or gene ontology (GO) (Ashburner 

et al. 2000) databases for annotation purpose. It is useful to detect the proteins that share 

highly conserved domains across species (such as ABC transporters see manuscript 3.1). To 

verify the identification, all of the determined proteins can be further analyzed by using UniProt 

(UniProt Consortium 2015), non-redundant RefSeq from NCBI (Pruitt et al. 2007). 

1.1.2.3 Mapping, counting, normalization and differential expression analysis 

Another useful application of RNA-seq is to quantify the abundance of gene expression 

and to do comparative studies among samples. It has become an important alternative 

approach to microarrays for the transcript profiling. In comparison with hybridization-based 

microarrays, RNA-seq offers a number of advantages such as reducing of cross-hybridization 

artifacts, without needing to determine the sequence a priori, detection of low-abundance 

transcripts as well as reducing high background noise in the experiment (Kogenaru et al. 2012). 

Mapping and counting: The abundance level of a transcript signifies the number of 

reads (fragments) mapped to the transcript. There are numerous programs that support the 

mapping of RNA-seq reads to reference sequences. For organisms that contain genome and 

annotation information, package HTSeq (Anders et al. 2015), featureCounts (Liao et al. 2014) or 

Tophat (Trapnell et al. 2012) are used. For non-model organisms bowtie (Langmead et al. 

2009)/bowtie2 (Langmead & Salzberg 2012), for example, are widely used tools. The amount of 

reads aligned to each gene (contig) is counted. Inevitably the raw read counts contain artifacts 



6 | P a g e  
 

and errors. Therefore it is necessary to normalize the raw counts to get convincing gene 

expression level.  

Normalization: There are several popular normalization methods such as RPKM 

(Mortazavi et al. 2008), TPMs, DESeq (Anders & Huber 2010) and TMM (Robinson & Oshlack 

2010). RPKM/FPKM (reads/fragments per kilobase per million mapped reads) is used for 

reducing feature-length and library-size effects within samples. TPMs (transcripts per million) 

can be used to convert into RPKM/FPKM, but it is more suitable to reduce the errors between 

samples (Conesa et al. 2016). DESeq and TMM (trimmed Mean of M values implemented in 

package edgeR) (Robinson et al. 2010) are the most cited normalization and estimation 

programs in the study of available expression analysis methods in 2015 by Khang&Lau (Khang & 

Lau 2015). 

Differential expression analysis: By applying statistical methods, differentially expressed 

genes (DEG) can be identified by comparing the normalized expression level of transcripts 

among samples. The RNA-seq data follows a positive and skewed discrete distribution, a 

Poisson distribution or a negative binomial distribution as models are chosen to account for the 

biological and technical variability in DESeq and edgeR (Rau et al. 2015). In this thesis, DESeq 

and edgeR have been used in manuscript 3.1 and manuscript 3.3, respectively. 

In the context of this work, RNA-seq is mainly used to identify/characterize 

transcriptomes, classify protein families and quantify the expression of genes. This thesis 

focuses on the computational analysis of transcriptomes from three non-model insect species 

of leaf beetles. 

1.2 Phylogenetic analysis  
Phylogenetic trees show likely evolutionary relationships among the molecular 

sequences. Taking advantage of the cluster of functionally characterized sequences, the 

researcher is able to estimate the potential function of the sequence which is investigated. 

Based on the relatively low cost and the easy applicability, it has become popular in the study 

of non-model organisms. 
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To generate a phylogenetic tree there are many tools such as BioNJ applying neighbour-

joining (NJ) algorithm (Gascuel 1997), PhyML and RAxML estimating maximum likelihood (ML) 

phylogenies (Guindon et al. 2010; Stamatakis 2014),  and MrBayes using Bayesian estimation of 

phylogenies (Ronquist & Huelsenbeck 2003) or the software MEGA, PAUP* and PHYLIP using 

multiple methods for phylogenetic analysis (Felsenstein 1993; Swofford 2003; Tamura et al. 

2013). In this thesis RAxML was used to reconstruct a phylogenetic tree with best fit of the 

evolutional model (see details in the manuscript). 

1.3 Investigated species 
Currently leaf beetles (family Chrysomelidae) are considered an appropriate model 

taxon for studying insects’ adaptation strategies to host plants and their chemical defenses 

(Boland 2015). In particular, some species of the leaf beetle subtribe, Chrysomelina, were 

observed to use sequestered phytochemicals for their own chemical defense. Their larvae have 

nine pairs of defensive dorsal glands on their back in which the deterrent compounds are 

synthesized and stored. In the case of predator attack, the larvae release these defensive 

secretions to the top of the glandular tubercles to overawe the natural enemies (Figure 3). 

These compounds are de novo synthesized by the larvae of ancestral leaf beetles (Oldham et al. 

1996), or sequestrated from host plants by the more advanced leaf beetles (J.M. Pasteels 

1983), or both (Figure 4).  

 
Figure 3. Third instar larva of leaf beetles. 

A. Feeding on host plant. B. Releasing of defensive secretion after beeing attacked. 
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Figure 4. Maximum parsimony reconstruction of the evolution of the taxon Chrysomelina considering 
the synthesis of deterrents in the defensive glands of the larvae (A—C) and the affiliations of host plants 
(D). Adapted from Termonia et al. (2001). 

In this thesis I focus on three leaf beetles species, Phaedon cochleariae, Chrysomela 

populi and Chrysomela lapponica. The group of Chrysomelina such as the well-studied P. 

cochleariae is characterized by de novo producing iridoids (Veith et al. 1994; Veith et al. 1997). 

In the larvae deterrent compounds, iridoid monoterpenes are autogenous synthesized in fat 

body tissue and the defensive glands independently of the host plant chemistry. The larvae of 

more advanced species have developed the ability to sequester precursors from their host 

plants for defensive purpose. For example C. populi consumes phenolic glucosides (e.g., salicin) 

from poplar and modifies them to volatile salicylaldehyde. To avoid predatory attack and 

microbial infestation the glucosidically bound precursor of the repellents is transported through 

the body until it reaches the defensive gland. The strategy of sequestration of plant-derived 

secondary metabolites makes insects’ anti-predator defense more economical. A mixed 

strategy of de novo and sequestration is observed in species C. lapponica (Gross et al. 

2004b).This leaf beetle shifted its host plant from willow to salicin-free birch. The change of the 

food source provides them with a competition-free ecological niche and allows them to avoid 
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specialized parasitoids and predators that are attracted by salicylaldehyde (Gross et al. 2004b; 

Stamp 2001; Termonia et al. 2001).  

Adaptation of host plants has great influence on the synthesis of defensive compounds 

in larvae. The different precursors of toxic defensive deterrents have to pass through the 

glandular membrane into the reservoir in which they are catalyzed. To understand this process 

I focus on the transmembrane proteins that are a key element for the transfer of plant 

glucosidases. The other focus of this thesis is the adaptation of the olfactory system between C. 

lapponica feeding on willow and feeding on birch. The chemosensory system of adult beetles is 

responsible for the recognition of food sources and oviposition sites. The adaptation of this 

system for shifting host plants may play an important role to increase the survivorship 

particularly for the larvae, which are unable to leave the oviposition plants in their whole life 

cycle.   

 

1.3.1 ATP-binding-cassette transporters (ABC) 

In general, ABC transporters often consist of multiple functional domains, 

transmembrane domains (TMD) that are anchored to the hydrophobic plasma membrane and 

nucleotide-binding domains (NBD), on these domains ATP hydrolysis results in import and 

export of substrates such as amino acids, peptides, lipidmolecules, oligonucleotides, 

polysaccharides and drugs across membranes in TMD. In insects, ABC transporters are vital for 

physiological cellular processes (Broehan et al. 2013). But they also seem to be frequently 

implicated in resistance to insecticides (Buss & Callaghan 2008), such as DTT tolerance of the 

malaria agents transmitting Anopheles mosquitoes (Djegbe et al. 2014; Fossog Tene et al. 2013) 

or the tolerance against pest control toxins of Bacillus thuringiensis which is reported from 

lepidopterans (Xiao et al. 2016). ABC transporters represent one of the largest families of 

transport proteins. They carry a wide variety of molecules across membranes against a 

concentration gradient by utilizing ATP (Wilkens 2015). A recent study on insect’s defensive 

research shows that ABC transporters may also play an important role for the efficient 

sequestration of phytochemicals throughout the larval body (Strauss et al. 2013). The larvae of 

Chrysomelina are able to accumulate defensive compounds up to 500-fold in the reservoir from 
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hemolymph pool (Feld et al. 2001; Kuhn et al. 2004). The precursors of defensive compounds 

have to pass through cell membranes to reach the gland tissue. Manuscript 3.1 describes the 

transcriptome analysis regarding ABC transporters in the obligate salicin sequestering species. 

1.3.2 Glandular beta-glucosidase 

Taking advantage of toxic compounds in the defensive glands Chrysomelina larvae deter 

predators and parasites. The toxic deterrent compounds are stored separately from larval body 

in the glandular reservoir. Either de novo produced or sequestrated non-toxic glucoside 

precursors are transported to the glandular reservoir of juveniles. In the reservoir toxic 

deterrent compounds are produced: deterrent iridoids in ancestral species P. cochlearia, 

salicylaldehyde in more advanced C. populi (J.M. Pasteels 1983) and esterified alcohols in C. 

lapponica feeding on birch (Hilker & Schulz 1994). To produce the defensive deterrence, the 

glucosides are activated by hydrolysis of the glucose moiety in gland tissues. This is a typical 

reaction for proteins of the glycosyl hydrolase family. Beta-glucosidases belong to this family. It 

was reported that the first activation step in the reservoir was beta-glucosidase catalyzing 

hydrolysis of glucoses (Laurent et al. 2005; Soetens et al. 1993). All Chrysomelina larvae possess 

this same metabolite process in the gland tissue. In manuscript 3.2 I identified the beta-

glucosidases to make it possible to analyze their substrate selectivity regarding the adaptation 

between three leaf beetles and the host plants. 

1.3.3 Olfactory chemosensory proteins 

The insect chemosensory system is utilized to detect food, mating and oviposition sites. 

C. lapponica is an excellent model for investigating adaptation of chemosensory system after 

host plant shifts. Shifting host plants from salicin-rich willow to salicin-free birch in C. lapponica 

allows their larvae to escape specialized parasitoids and predators that are attracted by the 

salicylaldehyde (Gross et al. 2004b). The adaptation of the chemosensory system for the novel 

host plant represents the first barrier to be overcome (del Campo et al. 2001). There are two 

major chemosensory mechanisms, smell and taste. Smell is mainly mediated by the hair-like 

structures, called sensilla (Hallem et al. 2006), found in antennae, mouth parts or legs. The 

chemical signals from the environment go through the pores of the surface of sensilla into the 
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lymph until they reach the neuron membrane, where the chemical signals are transduced to 

electrical signals. The olfactory receptions is mediated by six protein families: The first two 

families are odorant binding proteins (OBPs) and chemosensory proteins (CSPs) that are small, 

globular, soluble proteins in sensillar lymph (Pelosi et al. 2014). These proteins may help in odor 

detection, discrimination and coding (Leal 2013). Sensory neuron membrane proteins (SNMPs) 

are localized in cilia and dendrites of olfactory receptor neuron (ORN) (Nichols & Vogt 2008). 

The odorant-OBP complexes interact with SNMPs so that they enhance the delivery of odorants 

to receptors. The remaining three protein families are receptor families: odorant receptors 

(ORs), gustatory receptors (GRs) and ionotropic receptors (IRs). ORs and GRs are members of G-

protein that are anchored in membrane and form heterometric ligand-gated ion channels with 

their co-receptors (Sato et al. 2008; Sato et al. 2011; Wicher et al. 2008; Zhang et al. 2011). 

In this thesis I focus on C.lapponica, which belongs to the interrupt-group. It forms two 

populations, feeding on willow and birch, respectively (Gross et al. 2004a). Manuscript 3.3 

described the comparative analysis of expression levels of chemosensory proteins between two 

populations in olfactory organ (antennae) and non-olfactory organ (legs).  

  



12 | P a g e  
 

2 Aim of this thesis 
Most leaf beetles are adapted to special host plants. They have developed a successful 

defensive system by using substrates from host plants. Small droplets of repellent compounds 

are produced in the glandular reservoirs on the back of larvae. For instance, P. cochlearia 

produced the deterrent compounds autogenously (de novo). C. populi sequestrates defensive 

precursors from the secondary metabolites of their host plants. A mixed strategy of de novo 

and sequestration was observed in C. lapponica.  

To produce the deterrent product, the glucosidically bound precursors are transferred 

from hemolymph into the glandular reservoir. ABC transporters may play an important role to 

transport the precursors across the membrane against a concentration gradient by utilizing 

ATP. As soon as the glucoside precursors are secreted into the reservoirs, beta-glucosidase 

functions in the synthetic pathway of compounds in chrysomelina larvae. In C. lapponica 

shifting of host plants from salicin-rich willow to salicin-free birch benefits the larvae to avoid 

the natural enemies that are attracted by salicylaldehyde odor. To increase the larval survivor 

rate, one challenge for the adult beetles is detecting food sources and oviposition sites using 

smell and taste. 

To study sequestration of defensive compounds and the adaptation of chemosensory 

proteins regarding host plant shift, the first focus of my thesis: De novo assembling the 

transcript libraries of three non-model insects (P. cochlearia, C. populi and C. lapponica) by 

applying RNA-sequencing technology without genome information. Second focus is 

(re)identification and characterization of ABC transporters in C. populi, beta-glucosidase in 

three leaf beetles and chemosensory proteins in willow and birch populations of C. lapponica. 

Third focus is tissue expression profiling analysis of the above investigated genes. The 

comparison analysis among tissues or populations facilitates me to study the high expressed 

genes that may play an important role in the molecular process. The phylogenetic trees were 

calculated to characterize the relationships and propose a function for these beetle proteins. 
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3 Overview of manuscripts 
 

Manuscript 1  
 
“Tissue-Specific Transcript Profiling for ABC Transporters in the Sequestering Larvae of the 

Phytophagous Leaf Beetle Chrysomela populi” 
 

Anja S. Strauss, Ding Wang, Magdalena Stock, Rene R. Gretscher, Marco Groth, Wilhelm 
Boland, Antje Burse 

 
Status: published in PLoS ONE, 2014, http://dx.doi.org/10.1371/journal.pone.0098637  
Summary:  
All 65 putative ABC transporters from C. populi were identified from de novo assembled 

transcript library by using RNA-sequencing technology. Aligning with other insects and human 

phylogeny was used as a diagnostic for functional characterization of the ABC transporters from 

subfamily A to H. Expression profiling of all putative ABC transporters was studied in four 

tissues (gut, gland, fat body, malpighian tubules). The result suggested that ABCB, C and G 

influence the plant metabolite absorption in the gut, ABCC with 14 members is the preferred 

subfamily responsible for the excretion of these metabolites via Malpighian tubules. A 

combination of tissue-specific transcriptome profiling analysis and phylogenetic analysis 

showed an ABCC transporter (CpABC35) in C. populi that had extra high expression level in 

glandular tissues by using R package DESeq. RNAi silencing of this transporter resulted in a lack 

of deterrent compounds in glandular reservoir. It suggested that CpABC35 may play a key role 

in defensive system in C. populi. 

Author Contributions: 

Conceived and designed the experiments: DW (30%) AB MS ASS. 

Performed the experiments: RRG MG AB ASS.  

Analyzed the data: DW (90%) MS ASS AB.  

Contributed reagents/materials/analysis tools: WB.  

Wrote the manuscript: DW (20%) ASS MS AB WB. 
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Manuscript 2 
 
“Glandular beta-glucosidases in juvenile Chrysomelina leaf beetles support the evolution 

of a host-plant-dependent chemical defence” 
 

Peter Rahfeld, Wiebke Haeger, Roy Kirsch, Gerhard Pauls, Tobias Becker, Eva Schulze, 
Natalie Wielsch, Ding Wang, Marco Groth, Wolfgang Brandt, Wilhelm Boland, Antje Burse 

 
 
Status: published in Insect Biochemistry and Molecular Biology, 2015, 
http://dx.doi.org/10.1016/j.ibmb.2015.01.003 
 
 
Summary:  
The beta-glucosidases from three leaf beetles (P. cochlearea, C. populi and C. lapponica birch-

feeder) were identified and characterized by comparing the de novo assembled transcript 

libraries and public databases. A wide substrate spectrum of these catalysts indicated that the 

specialist of birch host plant did not lead to an “evolutionary dead end”. Their phylogenetic tree 

with other insects supported that the beta-glucosidase from three leaf beetles has a common 

ancestral.  

 

 

Author Contributions: 

Conceived and designed the experiments: PR RK AB. 

Performed the experiments: PR WH RK GP TB WBr AB.  

Analyzed the data: DW (10%) PR RK AB.  

Contributed reagents/materials/analysis tools: WB.  

Wrote the manuscript: DW (10%) PR AB WBo. 
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Manuscript 3 
 

“Selective adaptation within the chemosensory system of the leaf beetle, Chrysomela 

lapponica, following host plant shift” 

 

Ding Wang, Stefan Pentzold, Maritta Kunert, Marco Groth, Wolfgang Brandt, Jacques M. 

Pasteels, Wilhelm Boland, Antje Burse 

Status: in preparation for Molecular Ecology  

Summary:  
Due to the lack of the genome information, the transcript libraries of C. lapponica feeding on 

willow and birch were de novo assembled by using RNA-sequencing technology. In total 113 

putative chemosensory genes in six families (OBPs, CSPs, SNMPs, IRs, GRs and ORs) were 

identified and characterized in both populations applying sequences similarity among published 

well-studied insects and in-house datasets. The comparison of tissue expression profiling 

(antennae and legs) analysis between two populations of C. lapponica was done by using R 

package edgeR. Minus-C OBPs and ORs showed up-regulated in different populations. Binding 

affinities between homology model of minus-C OBPs and the potential chemical cues that are 

used to discriminate the host plants were calculated. The study showed that minus-C OBPs and 

ORs may play a role to tolerate the phytochemicals of novel host plants. 

 

Author Contributions:  

Conceived and designed the experiments: DW (50%) AB SP. 

Performed the experiments: MK AB MG SP.  

Analyzed the data: DW (90%) AB SP.  

Contributed reagents/materials/analysis tools: WB.  

Wrote the manuscript: DW (50%) AB SP MG BW. 
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4 Manuscripts 
 

 
 
 
 
 
 
 
 
 
 

4.1 Manuscript 1: “Tissue-Specific Transcript Profiling for ABC Transporters in the 
Sequestering Larvae of the Phytophagous Leaf Beetle Chrysomela populi” 
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4.2 Manuscript 2: “Glandular beta-glucosidases in juvenile Chrysomelina leaf beetles 
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4.3 Manuscript 3: “Selective adaptation within the chemosensory system of the leaf 
beetle, Chrysomela lapponica, following host plant shift” 
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Figure 1. Gas chromatograms of the volatile composition of the host plants colonized by two C. 

lapponica populations. The plants (Salix sp. and Betula rotundifolia) were treated with coronalon 

(0.1 mmol/l). The volatiles were collected for 6 hours on PorapackQ using a push pull system. 1, 

-pinene; 2, sabinene; 3, myrcene; 4, cis-3-hexenyl acetate; 5, eucalyptol; 6, (Z)- -ocimene; 7, 

salicylaldehyde; 8, (E)- -ocimene; 9, linalool; 10, (E)-myroxide; 11, 1-bromodecane (internal 

standard); 12, -bourbonene; 13, -caryophyllene; 14, -humulene; 15, germacrene D; 16, 

(Z,E)- -farnesene; 17, (E,E)- -farnesene; 18, DMNT (4,8-dimethylnona-1,3,7-triene). 
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Figure 2. Scanning electron micrographs of the external morphology of the chemosensory 

organs of a birch-feeding C. lapponica female, three days after eclosion. A, Filiforme antenna; a, 

tip of the ninth flagellomer showing diversity of sensilla; b, tip of an antennal sensillum showing 

terminal pore (triangle); c, multiporous sensillum basiconicum; B, dorsal view of a leg; C, 

ventral view of the tarsus, d, tip of a tarsal sensillum showing terminal pore (triangle)..  
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Figure 3. Phylogenetic tree of OBPs. Blue: D. melanogaster (Dmel); Green: T. castaneum 

(Tcas); Black: D. ponderosae (Dpon) and I. typographus (Ityp); Red: C. lapponica (Clap). Four 

subgroups of OBPs: Classic (black edges), Minus-C (purple edges), Plus-C (orange edges) and 

ABPII (shaded in brown) are identified. Numbers at nodes represent bootstrap values based on 

100 replicates, which are shown when the value ≥ 40%. 
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Figure 4. Multiple protein sequence alignments of classic OBPs, minus-C OBPs and CSPs from 

C. lapponica (Clap) using the program MAFFT. Only the longest identical OBPs and CSPs 

between C. lapponica feeding on willow and on birch were chosen. Conserved cysteines are 

framed in black.    
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Figure 5. Phylogenetic tree of CSPs. Blue: D. melanogaster (Dmel); Green: T. castaneum 

(Tcas); Black: D. ponderosae (Dpon) and I. typographus (Ityp); Red: C. lapponica (Clap). 

Numbers at nodes represent bootstrap values based on 100 replicates, which are shown when the 

value ≥ 40%. 
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Figure 6. Phylogenetic tree of SNMPs. Blue: D. melanogaster (Dmel); Green: T. castaneum 

(Tcas); Black: D. ponderosae (Dpon) and I. typographus (Ityp); Red: C. lapponica (Clap). Two 

subgroups of SNMPs are identified. Numbers at nodes represent bootstrap values based on 100 

replicates, which are shown when the value ≥ 40%. 
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Figure 7. Phylogenetic tree of ORs and GRs. Blue: D. melanogaster (Dmel); Green: T. 

castaneum (Tcas); Black: D. ponderosae (Dpon) and I. typographus (Ityp); Red: C. lapponica 

(Clap). Seven subgroups 1-7 of ORs are identified. Numbers at nodes represent bootstrap values 

based on 100 replicates, which are shown when the value ≥ 40%. 
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Figure 8. Phylogenetic tree of IRs and iGluRs. Blue: D melanogaster (Dmel); Green: T. 

castaneum (Tcas); Black: D. ponderosae (Dpon) and I. typographus (Ityp); Red: lapponica 

(Clap). Purple edges: iGluRs subgroup. Numbers at nodes represent bootstrap values based on 

100 replicates, which are shown when the value ≥ 40%. 
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Figure 9. Expression profiles of 80 unique genes from six chemoreception families: OBPs, 

SNMPs, CSPs, ORs, IRs and GRs from willow-feeding or birch-feeding C. lapponica in 

antennae and legs based on CPM values. RNA-seq reads were normalized to the effective library 

size. The CPM value of each tissue is derived from four replicates: two in male and female, 

respectively. Candidates were chosen according to their CPM values of ≤ 1 in at least one of the 

examined tissues. OBPs are divided into three subgroups classic OBPs (blue), ABPIIs (purple) 

and minus-C OBPs (green).  
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Figure 10. Volcano Plot showing significant differences in the expression level of all 

chemoreception genes of C. lapponica when comparing willow and birch populations. Grey 

points: differently expressed genes between two populations of C. lapponica; red and blue 

points: significantly different expressed OBPs and ORs between two populations. Significantly 

different: log2fold≥2, P-value≤0.05 and FDR≤0.05 
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Figure 11. Comparison of tertiary structure models and docking studies of the minus-C OBPs, 

ClapOBP27 (upregulated in willow-feeders) and ClapOBP02 (upregulated in birch-feeders). A 

& B, rainbow representation of the 3-D models (N-terminus dark blue, C-terminus red); C & D, 

graphical representation of the lipophilic (green) and hydrophilic (red) potential of the binding 

site of the ligands with docked (E,E)-α-farnesene; E & F, details of the interactions of (E,E)-α-

farnesene in the binding site for each protein; G & H, details of the interactions of cis-3-

hexenylacetat in the binding site for each protein. Ligands are highlighted by green carbon 

atoms. 



86 | P a g e  
 

 

 

Table 1. Number of identified chemosensory proteins from willow or birch-feeding populations 

of C. lapponica  

 
  OBPs CSPs SNMPs ORs GRs IRs 

species-specific 31 12 4 31 8 12 
willow-specific - - - 7 - 2 
birch-specific - - - 3 - 3 
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5 General discussion 

My dissertation focuses on the specific application and optimization of computationally 

intensive RNA-seq in ecologically relevant non-model insects. The main analyses including de 

novo assembly of transcriptomes from P. cochleariae, C. populi and C. lapponica, annotation of 

genes and determination of differential gene expression are described in the manuscripts 3.1-

3.3. Three molecular biological topics that centered on the defensive and host plant selection 

strategies of leaf beetles are explained in the published manuscripts. Aiming to complement 

the discussion of my publications, I will address the entire workflow of the computational 

analyses in the following sections and the biological relevance of the results.  

5.1 Optimizing RNA-seq analysis 

5.1.1 Designing RNA-seq experiments 

Sequencing depth. Without genome or/and genetic information, the de novo assembly of 

transcriptomes provides a cost-effective method to study non-model organisms by applying 

RNA-seq technology (Oppenheim et al. 2015). The first challenge during the process of the 

experimental design was to optimize the sequencing depth prior to the start of the analysis. 

According to the research from Francis (Francis et al. 2013), I chose a sequencing depth of 

roughly 30 million reads for whole-animals and at least 20 million reads for single-tissue in RNA-

seq analysis from the beetles. Increasing the total number of RNA-seq reads (up 30 million 

reads) improves the detection of the low abundance transcripts but at the same time it creates 

more noises in different expression analyses (Tarazona et al. 2011). A balance between 

transcript coverage and noise is hence critical for the analysis of RNA-seq data.  

Biological replicates. Another important parameter to design an efficient and optimal RNA-seq 

experiment is to decide the number of biological replicates (Liu et al. 2014). Zhang (Zhang et al. 

2014) observed that the number of detected differentially expressed gene increased 

continuously as the number of replicates increased. At least three biological replicates per 

condition are recommended to detect gene expression differences based on statistical analysis 

(Conesa et al. 2016; Lin et al. 2016). However an economical limitation would not allow for a 
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large number of biological replicates, such as in my thesis, only the RNA-seq data for C. populi 

had three biological replicates, the remaining two species had two biological replicates per 

tissue. In comparison with three biological replicates, the statistical power to detect differential 

gene expression variations with two biological samples is decreased. Only if the expression 

differences were greater than 2.5-fold between conditions, the genes can be detected as 

significantly different for the samples that had two biological replicates (Figure 5). RNA-seq 

samples with three biological replicates would detect 1.8-fold or greater changes (Lin et al. 

2016). To gain reliable results I used the housekeeping genes (such as EF-1 alpha and eIF4a) for 

normalization to estimate variability across all samples in the experiment (Anders et al. 2013).  

 
Figure 5. Statistical power analysis. Detectable fold-change versus statistical power 

for n=2, 3, 4, 5, 6, 7, and 8 biological replicates per sample. Adapted from Lin et al. (2016). 

5.1.2 De novo assembly 

In order to reconstruct a de novo transcript library, I selected the most suitable 

bioinformatic tools for the RNA-seq analysis. Owing to its higher performance in almost all 

categories using single k-mer method for both small and large data sets, in particular the 

software Trinity is one of the most convenient tools (Zhao et al. 2011). A comparative study of 

de novo assembled libraries between mere pooled whole-animals RNA-seq data and the RNA-
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seq data of pooled whole-animals together with tissues in C. populi showed that the detection 

of GRs from eight to 26 increased (analysis not shown).  To identify rare transcripts, such as 

those of odorant or gustatory receptors, from C. lapponica the RNA-seq reads from pooled 

whole-animals of different life stages (100bp paired-end) and different tissues (50bp single-

end) were de novo assembled together to increase the sequencing depth (see details in the 

manuscript 3.3).  

5.1.3 RNA-seq statistical analysis  

Besides the reconstruction of transcriptomes without any information of the genome, 

another important approach of RNA-seq is the comparative analysis of gene expression levels 

of two or more conditions such as different species, treatments, life stages, tissues, sexes and 

so on (Anders & Huber 2010). RNA-seq allows determining the expression of specific genes in 

any tissue at any time in non-model organisms. To obtain an optimal analysis result, the most 

critical points of RNA-seq analysis to be considered are the normalization method, the 

underlying data distribution assumption and the above mentioned biological replicates (Lin et 

al. 2016).  

Normalization. To estimate the statistical relevance of differences observed in RNA-seq data 

sets, the measures of RNA abundance should be normalized in each sample set.  Due to the 

technical bias, such as the length of transcripts and the sequencing depth of samples, the raw 

read counts are not directly comparable in the research (Robinson & Oshlack 2010). R package 

DESeq and edgeR are two widely used tools for statistical tests in RNA-seq analysis from the 

Bioconductor project. Both normalization methods are based on the hypothesis that most 

genes are not differently expressed. Lin (Lin et al. 2016) conducted a comparative study of 

DESeq and edgeR with other tools such as total count, upper quatile (Bullard et al. 2010), 

median (Dillies et al. 2013), RPKM. The result was that the DESeq normalization and TMM from 

edgeR performed best in the analysis, because both normalization methods not only properly 

aligned the distribution of the tested data across samples but they also could compensate 

effectively for RNA-Seq data with a large dynamic range. They have been used for the analysis 

of the beetles RNA-seq data in my study. DESeq and edgeR possess similar stochastic power but 

edgeR is more sensitive to outliers than DESeq (Anders et al. 2013). Therefore I preferred to use 
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the R package edgeR in the manuscript 3.3 to balance the extreme values of read counts, 

because only two biological replicates of each tissue were available due to economical and 

environmental limitations.  DESeq was used in the study of C. lapponica in the manuscript 3.1. I 

combined the normalized read counts with the Lander/Waterman equation (Lander & 

Waterman 1988) to calculate the average coverage per base in each transcript of each 

biological replicate. Comparison with RPKM, this combination is better able to describe the 

biological insight.  

Different expression analysis. Based on the read counts, RNA-seq quantification for each gene 

varied among the samples. This is mainly due to technical and biological variation found in read 

count data. After normalization of raw read counts, choosing the most fitting statistical model 

plays an important role for estimating differentially expressed genes. Usually, the variance is 

assumed to equal the mean value of the technical variation (Bullard et al. 2010). However, the 

variance among biological replicates, particular among small-scale biological replicates, is more 

variable than in technical replicates (Langmead et al. 2010; Robinson & Smyth 2007). This is 

known as over-dispersion. To account for over-dispersion, a negative binomial distribution is 

more useful than a Poisson distribution being more tolerant with high variance for random 

sampling of RNA-seq data. It was observed that the best analysis scheme for the multifactor 

RNA-seq experiments was to apply either DESeq or edgeR software to generalize a linear model 

assuming a negative binomial distribution (Anders & Huber 2010; Lin et al. 2016).  Both were 

used in manuscript 3.1 and 3.3, respectively. 

5.1.4 Outlook and perspective in next-generation sequencing 

With cost reduction of RNA-seq, it has become the standard method for transcriptome 

analysis. Besides the numerous applications of RNA-seq, there are two emerging active fields of 

RNA-seq, these are: single-cell RNA-seq (Saliba et al. 2014) and long-read sequencing (Cho et al. 

2014).  

Single-cell RNA-seq is using very small amounts of starting mRNA from just one single cell. The 

protocol from Smart-seq (Ramskold et al. 2012) allows researchers to study an individual cell 

and its biological process, allowing to identify new cell types. In biomedical research such as 

cancer studies, it allows to illuminate the genetic properties of tumor cells and resolves solid 
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tumor heterogeneity (Schmidt & Efferth 2016). Fluidigm C1 (single-cell mRNA sequencing 

method) (Xin et al. 2016) and DROP-seq (Macosko et al.) perform the analysis of 100 to 10,000 

cells at a time, and is carried out to identify cell subgroups within populations. 

Long-read sequencing is a new sequencing technology also called third-generation sequencing, 

such as Pacific-Biosciences SMRT (van Dijk et al. 2014) and Oxford Nanopore (Drmanac et al. 

2010), which overcome the limitations from second-generation sequencing especially the 

limitation of short-read length that negatively affect the reconstruction of full-length 

transcripts, gene isoform identification, determination of complex genomic regions, and 

methylation detection (Rhoads & Au 2015). This technology offers amplification-free, single-

molecule sequencing of cDNA. The length of long-read sequencing is with an N50 (Ekblom & 

Wolf 2014) of more than 20kb and maximum read lengths over 60kb. However, the long-read 

sequencing technology has its own limitations such as high error rate and high costs. A 

combined utility of short-read and long-read sequencing helps researcher to determinate 

genome-free isoform-resolved transcriptomes with low error rate.  

5.2 Phylogenetic analysis 

There are numerous programs to construct phylogenetic trees. In these programs the 

most common methods are NJ, parsimony, ML and Bayesian. Indeed, there is no best method, 

but there are best fitting methods. Choosing a method depends on the data. For example, NJ 

algorithm is very fast but it loses information by compressing the sequences into a distance 

matrix. It is suitable for very closely related data. The parsimony method is fast enough for the 

analysis of hundreds of sequences. The best tree from parsimony is always the shortest 

possible tree that requires the fewest evolutionary changes. One disadvantage is, obviously, 

that it might not reflect the true evolutionary relationships between data. Another 

disadvantage is: it could be inconsistent under ‘long branch attraction’. I compared the ML and 

Bayesian methods that allowed using more information from the sequence multi-alignment 

and models of evolution. They are hence well suited to analyze distantly related sequences. 

One drawback is, however, that they are computationally intensive because of the confidence 

assessing of the trees using the statistical technique ‘bootstrapping’ and posterior probability. 
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However, the Bayesian method is more sensitive to long branch attraction biases (Kolaczkowski 

& Thornton 2009; Susko 2008), therefore I chose ML in my thesis. 

5.3 Key-role of ABC transporter in defensive system in C. populi 

Toxic or repellent compounds which are stored in defensive glands protect larvae of leaf 

beetles against attackers/predators or parasites. To reach the defensive gland, the glucosidic 

precursors of the repellents have to pass through several membranous barriers. In C. populi, 

only one ABC transporter (CpMRP) has been unambiguously identified until now to be essential 

for the sequestration of phytochemicals (Strauss et al. 2013).  

 

Figure 6. Distribution of ABC proteins from different subfamilies which are highly expressed in 

three different tissues of C. populi larvae. Only sequences with more than 25 counts were 

considered as being highly expressed. 

 

5.3.1 Tissue expression profiling analysis                                                                           
I identified 65 putative ABC transporters classified into eight subfamilies: ABCA to ABCH 

in C. populi based on RNA-seq and phylogenetic analysis. Based on RNA-seq analysis in tissues, 

the different expression levels of ABC transporters showed that the transcripts of subfamilies A, 

B, C and G were predominately expressed in the gut tissue of C. populi (Figure 6). In the 

phylogentic analysis, almost all of these ABC transporter sequences have been linked with 

proteins which are associated with xenobiotic or drug resistance (see details in manuscript 3.1). 

In the Malpighian tubules the ABC transporter candidates from subfamilies B, C and G are 

dominant. It was observed that the ABCC subfamily has undergone an expansion in silkworm 
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(Xie et al. 2012), red flour beetle (Broehan et al. 2013) and also in the C. populi with 29 putative 

members. The multidrug-related ABCC subfamily may play an important role in response to the 

excretion of waste compounds including phytochemicals (O'Donnell & Rheault 2005). One 

ABCC transporter displayed an exceptionally high expression level, in particular in the defensive 

glands. This ABC transporter CpABC35 (CpMRP) possessed an exceptionally high transcript level, 

7000 times higher than in the gut tissue. Silencing of this transporter resulted in the lack of 

transport of the precursor glucosides for the prodution of salicylaldehyde in the reservoir. It 

suggests that CpABC35 may play a key role in the sequestration of salicin from the larvae of C. 

populi.  

5.3.2 Comparative analysis of CpABC35 (CpMRP) in leaf beetles 
The larvae of all Chrysomelina share a uniform defensive system, a measure of 

functional similarity was identified through comparing of similarities of sequences. One highly 

similar protein sequence from ancestral species P. cochlearia was identified with 86% amino 

acid identity of CpABC35. In C. lapponica a highly similar sequence with at least 96% at amino 

acid level was also identified in the larval glands of willow- and birch-feeding populations, being 

almost identical with 99% amino acid identity between the two populations. These identical 

protein sequences to CpABC35 from P. cochlearia and C. lapponica were also highly expressed 

in the defensive gland tissue of their larvae. Using ABC transporter to overcome the glandular 

membrane barrier seems to be a common mechanism in the taxon Chrysomelina. Outside of 

Chrysomelina, an ABCC transporter with high similarity of CpABC35 from other insects such as 

red flour beetles, T. castanaeum, showed high expression levels in the larval glands which store 

a stinky substrate (p-quinones) for chemical defense (Li et al. 2013). Silencing by RNAi of these 

sequences led to the decrease of defensive coumpounds in the gland tissue. It suggests that not 

only in the Chrysomelina but also in other insect species, ABC transporters are more 

widespread for translocation processes in defensive glands.  

Taken together, ABC transporters play a key role in the functional model of 

sequestration of secondary metabolite of plants in insects.  In particular, molecular sequence 

analysis of ABC transporter candidate CpABC35 from three Chrysomelina species showed that 

the more advanced specialists (e.g C. lapponica feed on willow) may have a homolog of 
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CpABC35 that is already pre-adapted to overcome the chemical constraints of shifting to a new 

host plant (such as birch). In accordance with the opinion that the phytophagous insects often 

shift host plants with high chemical similarity, the host shift from willow to birch may be 

achieved through the existence of a “phytochemical bridge”(Gross et al. 2004b; Kirsch et al. 

2011; Menken & Roessingh 1998).  

5.4 Adaptation of defensive system in leaf beetles 
The defensive system of phytophagous leaf beetles is adapted to the secondary 

metabolites of host plants. They possess a common mechanism: Nutrition including glucosides 

pass through the gut membrane into hemolymph; Plant glucosides are tranferred into the 

glandular system; In the glandular reservoir the glucosides are catalyzed into defensive 

compounds. In this process two membrane barriers have to be overcome. In comparison with 

the non-selective uptake of plant-derived glucosides through gut membrane, a selective 

transfer is observed from hemolymph into the glandular system. A broad substrate spectrum 

ABCC transporter (CpMRP) acts as a pacemarker (Strauss et al. 2013). The high similarity of this 

transporter among leaf beatles strongly implies that it may allow the affiliation of novel host 

plants. Similarly, in the glandular tissues the beta-glucosidase represents also an unselective 

action (seen manuscript 3.2). Beta-glucosidase shares at least 71% identity with each other in P. 

cochlearia, C. populi and C. lapponica feeding on birch. The functional analysis shows that 

selectivety of physiological preferred substrates depands on the host plant. However, they are 

able to hydrolyze a broad spectrum of substrates including glucosidases which are not 

encountered in the respective larvae in nature. It allows to build a chemical defense that is 

dependent on the host plant in the larval gland. The high level of specialization doesn’t 

necessarily lead to an “evolutionary dead end” (Termonia et al. 2001).   

5.5 The chemosensory system in C. lapponica  

The leaf beetles C. lapponica have developed a successful strategy, shifting the host 

plants from salicin-rich willows to salicin-free birches. For the larvae, the benefits of a salicin-

free diet translate to a lowered risk of predation and parasitism that are attracted by 
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salicylaldehyde. Adaptation in smell and taste is the first step to recognize the different food 

sources.  

5.5.1 Comparative analysis between populations  

Of the 113 chemosensory candidate genes which I identified in both populations of C. 

lapponica, 15 transcripts were “population specific” in ORs and IRs. Population specific means 

there were no sequences with high amino acid level (higher than 80%) in the other population. 

All of them were expressed very lowly in antennae and legs of adults. These population specific 

chemosensory transcripts may play a role in the other life stages. On the other hand it was 

observed in D. melanogaster that alternatively spliced ORs, Or46aA and Or46aB share only 35% 

amino acid identity (Ray et al. 2014). Therefore, to identify population specific chemosensory 

transcripts it not only depends on the protein sequence similarity but also on a detailed analysis 

of genetic locus. Due to the lack of genome information of C. lapponica in this study, the unique 

sequences that share low amino acid identity between both populations were identified as 

population specific chemosensory proteins. I also identified one receptor ClapGR05 in both 

populations that share 82% amino acid identity. A gap of 21 amino acids were observed 

between both populations of C. lapponica in the alignment. It may indicate the occurrence of 

alternative splicing events. However either truncation or extension or skipping of intron 

(extron) sequences are not clearly studied. The two alternatively spliced gustatory receptors of 

ClapGR05 probably possessed different functions between willow-feeder and birch-feeder 

populations. This aspect was also represented in alternatively spliced Or46a from fruit flies. 

However, the very low expression levels of both spliced GlapGR05 in the tissue expression 

profiling didn’t allow us to draw any further conclustions with the given data. 

  



96 | P a g e  
 

5.5.2 Comparison analysis focusing on OBPs between antennae and legs 

Besides the differences between the two populations, I also have identified significant 

differences among the two organs – antennae (olfactory organ) and legs (non-olfactory organ) 

(Figure 7). We observed significant high expression of predominantly classic OBPs and ABPII in 

antennae – seven out of 11 OBPs (Figure 8); a fact that is consistent with findings in other 

insects including T. castaneum, B. mori, A. meliffera (Dippel et al. 2014; Foret & Maleszka 2006; 

Qiao et al. 2013). Only the classic OBP23 was higher expressed in legs than in antennae. In 

contrast to the classic OBPs and ABPII, the Minus-C OBPs were mainly expressed in legs with 

two exceptions, OBP17 and OBP27 which exhibited a higher expression in antennae. Unlike 

OBPs, most of CSPs from both populations of 

C. lapponica display no different expression 

levels between antennae and legs. They are 

highly expressed in both tissues. CSPs 

contain the second most highly expressed 

candidates in all chemosensorty families in 

C.lapponica. Antennae and legs are the most 

cuticle-rich tissues. Some CSPs may function 

in cuticle synthesis (Foret et al. 2007). 

Several OBPs were also observed to be highly 

expressed in cuticle but not specifically high 

in the chemosensory hairs (Galindo & Smith 

2001; Park et al. 2000). It is observed also in 

SNMPs, ORs and IRs, the highly or very highly 

expressed candidates show upregulated 

expression in legs or antenna. As expected 

(Gu et al. 2014; Vogt et al. 2009), SNMP01, SNMP02 and coOR01 expressed higher in antennae. 

The co-receptor of ORs is the single gene with high expression level in both C.lapponica 

populations. One highly expressed IR from our data (ClapIR09) formed a group with DmIR93a 

(bootstrapping value 99), which is coexpressed in neurons surrounding the sacculus (Benton et 

Figure 7. Scanning electron micrographs of the 
external morphology of a birch-feeding C. lapponica 
female. A. antennae; B. tip of an antenna; C. tip of an 
antenna sensillum; D. Leg; E. tarsus; F. tip of a tarsal 
sensillum. 
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Figure 8. Significant different expressed chemosensory genes between antennae and legs in both populations 
of C. lapponca. Yellow and black points: significant different expressed chemosensory genes between antennae 
and legs from willow and birch. Grey cloud locates the identified genes from both populations. The cloud is 
circled in black that shows the chemosensory genes highly expressed in at least one population (count per 
million ≥ 100). Significantly different: log2fold≥2, P-value≤0.05 and PDR≤0.05 

al. 2009). IR09 expressed higher in legs in willow population. 

 

The only one classic OBP28 and other six minus-C OBPs are upregulated in the legs of 

birch-feeder population. This result in combination with comparable analysis between 

antennae and legs in each population showed that five OBPs 02, 05, 08, 12 and 20 of the above 

upregulated minus-C OBPs are also higher expressed in legs than in antennae in at least one 

birch-feeder population Fig. OBPs highly expressed in legs have been reported in species like 

Adelphocoris lineolatus, Bactrocera dorsalis, Sitodiplosis mosellana and Apolygus lucorum. In 

legs OBPs may be carriers of ligands other than odorants. Hai-Bin Yuan suggested that OBPs 

may play a role in gustation rather than in olfaction in legs from Apolygus lucorum (Yuan et al. 
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2015). OBPs occur also in saliva, and proteomics studies of defensive secretions indicated that 

these proteins are also components of such extracellular fluids. In Helicoverpa armigera, an 

OBP which is abundant in male seminal fluid and transferred to females, is able to carry 

oviposition deterrents to label fertilized eggs, thus prompting the female moth away from the 

location where the first egg was laid (Sun et al. 2012). Hence, despite the function in olfaction, 

OBPs may have more roles in different physiological processes than known today.  

Taken together, in C. lapponica, there are in total 10 minus-C OBPs that are significantly higher 

expressed in legs than in antennae in the both populations. Five of them are higher expressed 

in birch-feeder than in willow-feeder population. Due to the lack of the third disulfide bridge of 

protein 3D structure of OBPs, it allows the minus-C OBPs to bind to different molecules 

(Schwaighofer et al. 2014). Higher expressed OBPs in the legs of birch-feeder than in willow-

feeder are involved in gustatory chemosensation such as in honey bees, fruit flies and ants (de 

Brito Sanchez et al. 2008; Ling et al. 2014; McKenzie et al. 2014). When moving on the leaf 

surface, the adults might rasp it and taste the released molecules with their legs in order to 

identify a possible food source.  
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6 Summary 
RNA-seq provides a way for discovery and quantification of transcriptional elements as 

an alternative to hybridization based technologies like microarrays. It offers measurement of 

expression independent of any reference sequence with/without prior knowledge about 

genome sequence or gene information. However, finding the most appropriate in numerous 

various methods of RNA sequencing is a challenge in this study.  

This thesis focuses on the RNA-seq analysis for three non-model leaf beetles without 

genome sequences. Three manuscripts are presented that comprise transcript library de novo 

assembly, transcript identification/quantification, normalization and differential expression 

analysis by applying RNA-seq analysis. Depending on the specific question, a complete R- and 

perl-based computational pipeline for the analyses of RNA-seq data was implemented. To 

identify and annotate the investigated genes the transcript libraries were aligned to public 

databases and in-house data sets. Phylogenetic analysis was used to characterize the functions 

of gene. The investigated transcripts could be grouped with sequence homologies from well-

studied species for additional information. Tissue expression profiling was analyzed by applying 

R package DESeq and edgeR. In the manuscript 3.1 qPCR and RNAi were used for verification of 

RNA-seq. RNAi targeting the most abundant ABC transporter in C. populi resulted in a strong 

decrease in the amount of deterrent in the defensive gland in larvae.  

Based on the RNA-seq data, the adaptation mechanisms of P. cochleariae, C. populi and 

C. lapponica to the host plants in defensive system and olfactory system were studied.  

Plants and insects have evolved a variety of beneficial and deleterious interactions. Host 

plants developed toxic compounds as a chemical defense against herbivores. Meanwhile the 

insects take advantage of the secondary toxic metabolites of the host plants to detect food 

source or oviposition sites. Insects evolved sophisticated strategies to circumvent the noxious 

effects of plant toxins including uptake avoidance, metabolic conversion, target alteration or 

sequestration (Hartmann 2004; Speed et al. 2015). Sequestration involves uptake, storage and 

occasionally conversion of plant-derived compounds. Often these compounds, which are either 

de novo produced or sequestrated from plant-derived glucosides, are used for insect’s own 
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chemical defense against their enemies. According to the phylogenetic analysis of Chrysomelina 

species from Termonia 2001, a more advanced species C. lapponica has undergone a host plant 

shift from willow to birch. The larvae possess a mixed strategy of de novo and sequestration. 

The transfer of non-toxic precursors through gut membranes is a non-selective uptake 

of phenolglucosides, while transfer between hemolymph and the glandular system is selective. 

An ABCC transporter CpABC35 (CpMRP) from C. populi has a pacemaker function in the 

transport of glucosides. Knockdown of this transporter led to the lack of defensive compounds 

in the reservoirs of larvae. The broad substrate spectrum of this ABCC transporter and beta-

glucosidase among P. cochlearia, C. populi and C. lapponica represent the non-selective barriers 

in the defensive system for host plant shifts. A high sequence similarity among them indicates 

that a pre-adaptation of these sequences increases the adaptation to a new host plant.  

The population of C. lapponica feeding on birch benefits from the enemy-free niche 

where the larvae suffer less from the specialist predation and parasitism that are attracted by 

salicylaldehyde. The chemosensory system of beetle adults has adapted to the odor of novel 

plants. A comparison analysis of chemosensory genes between two populations (feeder willow 

and feeder birch) showed that minus-C OBPs and ORs were differentially expressed in olfactory 

organs (antennae) and non-olfactory organs (legs). The affinity calculation of OBP homology 

modeling and mostly leaf-released chemical cues, indicated that non-polar OBP27 preferred to 

bind hydrophobic plant-derived terpenoids (such as (E,E)-alpha-farnesene from willow) while 

OBP20 bound more hydrophilic phytochemicals (cis-3-hexenyl acetate from birch) (see 

manuscript 3.3). The lack of the third disulfide bridge in the 3D-structure enable minus-C OBPs 

to bind various different chemostimuli. In combination with comparative analysis of 

chemosensory genes between antennae and legs, it showed that minus-C OBPs not only in 

antennae but also in legs may play an important role to adapt to the chemostimuli of novel 

plants. 

In conclusion, the combination of RNA-seq, phylogentic analysis and qPCR as well as 

RNAi can be very powerful in molecular biology of non-model organisms.  Although this study 

was conducted in leaf beetles, the analysis could be generalized to study other non-model 

organisms. 
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7 Zusammenfassung 
 Alternativ zur auf Hybridisierung basierenden Microarray-Technologie bietet RNA-seq 

eine Methode zur Entdeckung und Quantifizierung von den transkriptionellen Elementen. Es 

kann unabhängig von Referenzsequenzen und dem Vorhandensein von Vorkenntnissen über 

die Genomsequenz oder Geninformationen zur Genexpressionsmessung verwendet werden. 

Allerdings ist das Finden der am besten geeigneten unter zahlreichen möglichen Methoden der 

RNA-Sequenzierung eine der Herausforderungen in dieser Arbeit. 

 Diese Dissertation legt den Fokus auf die RNA-seq-Analyse von drei Nicht-Modell-

Blattkäfern ohne gegebene Genomsequenzen. In den drei Manuskripten werden durch 

Anwendung der RNA-seq-Analyse Transkriptbibliotheken durch De-Novo-Assemblierung 

erzeugt, deren Transkripte identifiziert und quantifiziert sowie Normalisierung und 

differentielle Expressionsanalyse durchgeführt. Eine vollständige R- und Perl-basierte 

Verarbeitungspipeline wurde unter Berücksichtigung der jeweiligen Fragestellung für die 

Analyse der RNA-seq-Daten umgesetzt. Zur Identifizierung und Annotation der untersuchten 

Gene wurde die Transkript-Bibliothek mit öffentlichen und eigenen Datenbanken aligniert. Zur 

Charakterisierung der Funktion der Gene wurde phylogenetische Analyse eingesetzt. Die 

untersuchten Transkripte konnten zur Gewinnung zusätzlicher Information mit entsprechenden 

Sequenzhomologien aus gut erforschten Spezies gruppiert werden. Unter Anwendung der R-

Pakete DESeq und edgeR wurden die Gewebeexpressionsprofile erstellt. Im Manuskript 3.1 

wurden qPCR und RNAi zur Überprüfung der Ergebnisse aus RNA-seq verwendet. Der Knockout 

mittels RNAi des häufigsten ABC-Transporter von C. populi führte zur starken Reduzierung der 

Abschreckungsmittel in den Verteidigungsdrüsen der Larven. 

 Auf Basis der RNA-seq-Daten wurden die Anpassungsmechanismen von P. cochleariae, 

C. populi und C. lapponica an die Wirtspflanzen bezüglich des olfaktorischen und des 

Verteidigungssystems untersucht. 

 Pflanzen und Insekten haben eine Vielzahl von nützlichen und schädlichen 

Wechselwirkungen hervorgebracht. Wirtspflanzen entwickelten toxische Verbindungen zur 

chemischen Abwehr gegen Herbivoren. Gleichzeitig verwenden Insekten die sekundären 

toxischen Metaboliten der Wirtspflanzen, um Futterquellen oder Eiablagestellen zu erkennen. 
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Insekten haben ausgereifte Strategien entwickelt, um die schädlichen Wirkungen der 

Pflanzengifte zu umgehen, z.B. Verhinderung der Aufnahme, metabolische Umwandlung, 

Veränderung der Zielproteine  oder Sequestrierung . Sequestrierung beinhaltet die Aufnahme, 

Speicherung und gelegentliche die Umwandlung der pflanzlichen Verbindungen. Oft werden 

Verbindungen, de novo produzierte oder aus pflanzlichen Glukoside sequestrierte, von den 

Insekten für ihre eigene Verteidigung gegen Feinde eingesetzt. Nach der phylogenetischen 

Analyse der Chrysomelina-Arten von Termonia 2001 gab es bei der weitentwickelte Spezies C. 

lapponica einen Wechsel der Wirtspflanze von Weide zu Birke. Deren Larven verwenden eine 

Mischstrategie aus de novo-Erzeugung und Sequestration.      

Der Transport von nichttoxischen Vorprodukten durch die Darmmembran passiert als 

nicht-selektive Aufnahme von Phenolglukosiden, während der Transport zwischen 

Hämolymphe und dem Drüsensystem selektiv ist. Ein ABCC-Transporter CpABC35 (CpMRP) 

fungiert als Schrittmacher beim Transport der Glukoside. Ein Knockdown dieses Transporters 

führte zu einem Mangel an Verteidigungsverbindungen im Reservoir der Larven. Das breite 

Substratspektrum dieses ABCC-Transporters und Beta-Glukosidase bei P. cochlearia, C. populi 

und C. lapponica deutet auf nichtselektive Barrieren im Verteidigungssystem bei Wechsel der 

Wirtspflanzen hin. Eine hohe Sequenzähnlichkeit zwischen den Arten weist darauf hin, dass 

eine Präadaptation dieser Sequenzen die evolutionäre Anpassung neuer Wirtpflanzen  erhöht.  

Die birkenfressende C. lapponica-Population profitiert von einer Nische ohne Feinde, in 

der die Larven weniger durch spezialisierte Parasiten und Räubern, die durch Salicylaldehyd 

angelockt werden, bedroht sind. Das chemosensorische System der erwachsenen Käfer hat sich 

dem Geruch der neuen Pflanzen angepasst. Eine Vergleichsanalyse der chemosensorischen 

Gene zwischen zwei Populationen (birkenfressend und weidefressend) zeigte, dass minus-C 

OBPs und ORs in Geruchsorganen (Antennen) und Organen ohne Geruchssinn (Beine) 

signifikant unterschiedlich exprimiert sind. Die Affinitätsberechnung von OBP Homologie-

Modellierung und hauptsächlich durch Blätter freigesetzter chemischer Signale deutet darauf 

hin, dass unpolare OBP27 pflanzliche hydrophober Terpenoide-Bind (z.B. (E,E)-alpha-Farnesen 

aus Weide) bevorzugt. Gleichzeitig band OBP20 mehr mit hydrophilen Phytochemikalien (cis-3-

Hexenylacetat aus Birken) (Manuskript 3.3). Das Fehlen der dritten Disulfidbrücke in der 3D-
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Struktur erlaubt minus-C OBPs, an verschiedene chemische Orientierungsstoffe zu binden. In 

Verbindung mit der Vergleichsanalyse der chemosensorischen Gene  zwischen Antennen und 

Beinen zeigt dies, dass minus-C OBPs sowohl in Antenne wie in den Beinen eine wichtige Rolle 

spielen könnten bei der Anpassung an die Orientierungsstoffe neuer Wirtspflanzen. 

 Für die Molekularbiologie von Nicht-Modell-Organismen bietet die Kombination von 

RNA-seq, phylogenetischer Analyse und qPCR sowie RNAi enormes Potential. Zwar wurde in 

dieser Arbeit mit Blattkäfern gearbeitet, aber die Analyse ließe sich zur Untersuchung anderer 

Nicht-Modell-Organismen verallgemeinern. 
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