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Abstract 

Genetic polymorphism is described as the variation in DNA sequence between distinct 

individuals of a given species or population. This polymorphism is reflected from individuals 

to entire populations, and from single nucleotides to the entire genome spanning billions of 

base pairs. A fundamental aim of functional genomics is to establish links between genetic 

polymorphism and phenotypic variation, to explain this observed variation. Recent 

developments in high throughput sequencing have made it possible to adequately explore 

this link. My dissertation explores genetic and genomic polymorphism in Gomphocerine 

grasshoppers, an insect group with unusually large and complex genomes using novel and 

contemporary transcriptomic and genomic methods.  

I have developed a novel method for microsatellite discovery in the club-legged grasshopper 

(Gomphocerus sibiricus) and have created a high-quality reference transcriptome to further 

facilitate studies. Additionally, I demonstrated the utility of high-throughput sequencing and 

prior bioinformatic analysis to dramatically further reduce costs and improve efficiency of 

developing microsatellite markers by reducing primer binding interference. Leveraging the 

information gathered during de novo reference transcriptome development, I demonstrated 

that the entire mitochondrial genome could also be assembled, and sequence divergence to 

closely related species and populations estimated. This reference assembly also yielded 

evidence of the endo-parasite Wolbachia unexpected strain wPip, which is generally found 

in the common house mosquito Culex pipens.  

Armed with low-coverage genomic data from six gomphocerine grasshoppers (including G. 

sibiricus), I carried out a novel comparative analysis of mobile DNA. I found significant 

proportions of DNA transposons (mean=24%), LINE elements (mean=21%), and satellite 

DNA (mean=8%). Here, I also observed that satellite DNA and helitron abundance was 

particularly variable (<1-33%, 7-20%). My main finding suggests that the expansion of 

satDNA in G. sibiricus (genome size=8.9GB) and Stauroderus scalaris (genome size=14GB) is 

a consequence of genome size expansion rather than a cause. I postulate that genome 

expansion is a multistep process where various phases are governed by varied processes. 

The novel methods developed for this analysis also allows for new method to estimate 
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repetitive factions, partition repetitive and non-repetitive sequences of any given genome 

even with low coverage sequencing data. 

Overall, my work provides key resources for genomic and transcriptomic work on a group of 

organisms that have been challenging because of their unusually large genomes. However, 

large genomes are not only challenging to work with, but they offer unique opportunities 

for understanding genome size expansions. My comparative analysis sheds new light on 

how genome size has evolved in the insect clade with largest genomes. 
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Zusammenfassung 

Genetische Polymorphismen beschreiben die Variation in DNS-Sequenzen zwischen 

Individuen einer Art oder zwischen Populationen. Die genetischen Polymorphismen 

zwischen Individuen bis zu ganzen Population und von Punktmutationen zu ganzen 

Genomen umfassen Milliarden von Basenpaaren. Ein fundamentales Ziel funktioneller 

Genomik ist es, den Zusammenhang von genetischen Polymorphismen und phänotypischer 

Variation zu verstehen. Neuste Entwicklungen in der Hochdurchsatzsequenzierung haben es 

möglich gemacht, diesen Zusammenhang umfassend zu explorieren. Meine Dissertation 

ergründet genetische und genomische Polymorphismen in Heuschrecken der Unterfamilie 

Gomphocerinae, einer Insektengruppe mit ungewöhnlich großen und komplexen Genomen, 

mittels moderner transkriptomischer und genomischer Methoden. 

Zu diesem Zweck habe ich eine neue Methode zur Entdeckung von Mikrosatelliten für die 

Sibirische Keulenschrecke (Gomphocerus sibiricus) entwickelt und ein qualitativ 

hochwertiges Referenztranskriptom erstellt. Dies erleichtert zukünftige Arbeiten mit der Art. 

Außerdem habe ich gezeigt, wie Hochdurchsatzsequenzierung in Kombination mit 

bioinformatischen Methoden durch Reduktion der Primerbindungsinterferenzen 

kosteneffizient zur Entwicklung von Mikrosatelliten eingesetzt werden kann. Durch den 

wirksamen Einsatz der Informationen, die ich bei dem Transkriptomzusammenbau erhalten 

habe, konnte ich das gesamte mitochondriale Genom der Art rekonstruieren und die 

Divergenz der Sequenzen vom mitrochondrialen Genom verwandter Arten und Population 

abschätzen. Das Assemblierung des Transkriptoms erbrachte auch Hinweise auf das 

Vorhandensein von Wolbachia-Endoparasiten des Stammes wPip, der sonst von der 

Gewöhnliche Stechmücke Culex pipens bekannt ist. 

Basierend auf Sequenzdaten mit geringer Sequenziertiefe von sechs Heuschreckarten der 

Unterfamilie Gomphoerinae (einschließlich G. sibricus) habe ich eine neue vergleichende 

Analyse mobiler DNS durchgeführt. Dabei habe ich signifikante Anteile von DNS-

Transposons (25% im Mittel), LINE-Elementen (21%) und Satelliten-DNS (8%) gefunden. 

Außerdem habe ich festgestellt, dass Satelliten-DNS und Helitrons besonders variabel in 

ihrer Häufigkeit waren (<1-33% bzw. 7-20%). Meine Ergebnisse deuten darauf hin, dass eine 

Zunahme von Satelliten-DNS in G. sibiricus (Genomgröße = 8.9 GB) und Stauroderus scalaris 
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(Genomgröße = 14 GB) eher eine Folge als eine unmittelbare Ursache der 

Genomgrößenexpansion sein könnte. Ich postuliere, dass die Genomgrößenexpansion in 

mehreren Schritten verläuft, bei denen in unterschiedlichen Phasen unterschiedliche 

Prozesse dominieren. Die für diese Analyse neu entwickelten Methoden erlaubten auch eine 

neue Abschätzung des Anteils an repetitiver DNS selbst bei geringer Sequenziertiefe. 

Insgesamt bietet meine Arbeit neue genomische und transkriptomische Ressourcen zur 

Arbeit mit einer Organismengruppe, die aufgrund ihrer großen Genome bisher eine große 

Herausforderung darstellte. Dabei sind die großen Genome nicht nur eine Herausforderung, 

sondern bieten auch besondere Chancen zum Verständnis von Genomgrößenexpansionen. 

Meine vergleichende Analyse ermöglicht so neue Einblicke in die Genomgrößenevolution in 

der Insektengruppe mit den größten Genomen. 
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Introduction 

“What we know as the science of genetics is meant to explain two apparently antithetical 

observations – that organisms resemble their parents and differ from their parents. That is, 

genetics deals with both the problem of heredity and problem of variation. It is in fact the 

triumph of genetics that a single theory down to the molecular level, explains in one 

synthesis both the constancy of inheritance and its variation. It is the Hegelian dream” – R.C. 

Lewontin (Lewontin, 1974) 

In recent years, with the advent of cheap high throughput sequencing technologies, new 

avenues of genetic and genomic investigations are now possible. For many decades, most 

orthopteran species remained stubborn to most genetic investigation tools due to their 

large, complex and perhaps fascinating genome architecture. Recent cutting-edge methods 

for de novo repetitive element discovery (Goubert et al., 2015a; Novák et al., 2013) have 

allowed us to explore and understand large and complex genomes. Furthermore, leveraging 

these new methods have also allowed us to develop and optimize classical genetic methods 

such as  microsatellite markers to be viable again (Shah et al., 2016). 

Genetic polymorphism 

Genetic diversity is described as the variation in DNA sequence between distinct individuals 

of a given species or population (Ellegren & Galtier, 2016). Genetic diversity differs 

considerably among species, loci and even chromosomes. Ellegren and Galtier suggest that 

this may be theoretically thought as reflecting the balance between the appearance and 

disappearance of genetic variants, where new alleles appear each generation by 

spontaneous mutation. Population genetic theory predicts that the genetic diversity of a 

population increases with increasing number of individuals contributing to reproduction in 

that population (Hartl & Clark, 2007). 

Lewontin’s paradox 

Under Kimura’s neutral theory of molecular evolution, genetic diversity levels at neutral 

sites reflect the balance between mutational input and the loss of genetic variation due to 

the random sampling of gametes in a finite population, which under simplistic assumptions 
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is the rate of genetic drift (Kimura, 1968; Kimura, 1983). However, as natural populations 

fluctuate in size over time and individuals can greatly vary in their reproductive success, 

population theory indicates that selection will be more effective in large random-mating 

populations. Whether this should result in a faster or slower rate loss of genetic variation for 

a selected site is unclear since some modes of selection lead to loss of genetic variation but 

others can maintain it (Ohta, 2001). In 1974, Richard Lewontin, observed that while 

population sizes of different species of fruit flies can vary by a large magnitude, the amount 

of neutral genetic diversity does not, and appears to bear no simple relationship to effective 

population size (Lewontin, 1974). More recently, Corbett-Detig, Hartl and Sackton (2015) 

describe these population genetic theory expectations as succinctly as “under simple 

neutral models of evolution, levels of neutral genetic diversity within species are expected 

to increase proportionally with the number of breeding individuals” (Corbett-Detig et al., 

2015).  

In another recent study, by Romiguier and colleagues (Romiguier et al., 2014), who sampled 

the transcriptomes of 76 non-model animal species (31 families spread across 8 major 

animal phyla) evidence was found that long lived or low fecund species with brooding ability 

were genetically less diverse than short-lived and highly fecund ones. Their results revealed 

that estimates of nucleotide diversity spanned over 2 orders of magnitude across species 

and tended to be similar within families but distinct between families. In order to explain 

the observed variation in nucleotide diversity, they focused on life-history traits. Their 

analysis suggested that genetic polymorphism is well predicted by species biology whereas 

historical and contingent factors are only minor determinants of genetic diversity. More 

succinctly, life history is a major predictor of genetic diversity.  However, Corbett-Detig, 

Hartl and Sackton (2015) argue that natural selection can impact levels of neutral diversity 

via adaptive fixation of beneficial mutations and selection against deleterious mutations 

which both purge neutral variants that are linked to selected mutations (Burri, 2017), 

indicating that when natural selection is ubiquitous across the genome, it can reduce 

observed levels of neutral polymorphisms (Corbett-Detig et al., 2015).  
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The evolution of genome size 

Genome size varies by several orders of magnitude both within and among diverse 

taxonomic levels of plants and animals and effects many fitness-related traits such as gene 

expression, cell size, metabolic rates and body size (Petrov, 2001; Petrov, 2002). Several 

processes may lead to genome enlargement or reduction. Over evolutionary time these 

processes lead to clade-specific differences in genome size at higher taxonomic levels as 

well as distinct variations (Alfsnes et al., 2017). Elliot and Gregory observe the general trend, 

that broadly across eukaryotic genomes (up-to about 500 Mb in size), there is a linear 

increase in transposable element (TE) diversity and repetitive content and TEs in particular 

are the major contributors to genome size (Elliott & Gregory, 2015). However, above this, 

no clear trend is observed. 

The large variation in the genome sizes found across eukaryotes is generally explained 

through three sets of theories (Gregory, 2018). They all assume that most of this variation is 

attributed to repetitive and non-genic DNA. First, Lynch and Conery (Lynch & Conery, 2003) 

proposed that species with large effective population sizes (Ne) will be less likely to tolerate 

large changes in genome size as the efficacy of selection scales with increasing population 

size. Therefore, at low population sizes, maladaptive changes may accumulate and persist in 

the population. This, implies that large changes in genome size can be expected in young 

species. The second theory of mutational equilibrium, as proposed by Petrov (2001, 2002), 

suggests that genome size change is gradual and is due to the imbalance between insertions 

and deletions which eventually reach equilibrium. Hence, some genomes tend to move 

toward smaller sizes due to higher deletion rates compared to insertion rates and vice versa. 

Furthermore, this also implies that the effect of insertions and deletions is proportional to 

the genome size itself. Lastly, the adaptive genome size theory postulates that variation in 

the amount of non-coding DNA results in significant phenotypic changes and thus evolves 

under natural selection (Powell 1997). This suggests that genome size variation should track 

environmental variation as species evolve to exploit habits uniquely (Alfsnes et al., 2017; 

Kapusta et al., 2017; Yuan et al., 2018). 

Lefébure et al. (2017) find a substantial correlation between selection efficacy as measured 

by transcriptome derived dN/dS and repeatome size where dN/dS is a measure of selective 



 

12 

pressure on amino acid replacement mutation ratio of nonsynonymous to synonymous 

substitution in the genomes of asellid isopods (Lefébure et al., 2017). This finding indicates 

that for a large part, genome size is controlled by the efficacy of selection to prevent the 

invasion of the genome by repeat elements. They propose that although the transcriptome-

wide dN/dS provides an average estimate of selection efficacy since the divergence of two 

species of a pair, polymorphism-based proxies are influenced by recent Ne fluctuations, 

independently of divergence time. However, the authors also suggest that disentangling the 

forces that drive genome size variation has commonly been complicated by rampant co-

variation between genome size and multiple traits such as cell and body sizes, growth rates 

and metabolism.  

Gene duplications may prove to be beneficial by increasing the expression of a gene which 

may improve fitness, whereas the benefits of mobile DNA or repetitive element 

accumulation are less clear. However, increasing genome size has a higher physical cost for 

the individual as the requirement for Nitrogen (N) and Phosphorus (P) is higher as these are 

major constituents of DNA, and energetically expensive to sequester. A recent study by 

Guignard et al. (2016) shows that N availability is a possible driver of genome size variation 

in 99 species of Primulina (Guignard et al., 2016). Similarly, another study found that the 

mean genome size of plants grown with N and P fertilizer supplements was significantly 

higher than those without. Furthermore, with increasing genome size, cell division and 

metabolism become slower and thereby impede growth and development rates (Cavalier-

Smith, 1978; Gregory, 2001). This may affect fitness traits positively or negatively depending 

on the environment.  

Decoding the dynamic mechanisms which regulate genome size is crucial to our 

understanding of molecular evolution in animals. However, it is quite likely that the 

processes which govern this phenomenon are diverse. For example, in a prominent study by 

Kapusta, Suh and Feschotte (2017), which investigated the net change in the amount of DNA 

across 10 species of eutherian mammals and 24 species of birds, where changes in ploidy 

are rare and there is no evidence of whole genome duplication events occurring during their 

recent evolution, with mostly nuclear DNA gains through TE expansion, and little impact on 

genome size. The authors postulate that the amount of lineage-specific DNA gained by 

transposition has been adjusted by DNA loss primarily through large-size deletions. They 
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also suggest that large parts of these genomes are inessential, and this has played an 

important role in the phenotypic evolution of birds and mammals. They provide specific 

evidence for metabolic rate and genome size evolution where the metabolic constraints of 

powered flight keep genomes streamlined. 

Interestingly, this trend of genome size and repeatome co-evolution is not observed in 

squamate reptiles (Pasquesi et al., 2018). Though reptilian genomes are similar to those of 

birds, they contain highly variable amounts of repeat content, and genome size is highly 

conserved in this group (Pasquesi et al., 2018). They also report finding no evidence linking 

genomic repeat abundance or TE activity with that of effective population size. They suggest 

that the most likely explanation for this is that Ne effects the fixation of deletions leading to 

a relatively constant genome size in this group.  

Recently, Arnquist et al. (2015) found that genome size varies marked both between and 

within seed beetle species and that genome size shows rapid and bidirectional evolution. 

The pattern of evolution of genome size is not consistent with a major role for genetic drift 

in shaping genome size, and they found no evidence for correlated evolution with estimated 

species-specific population sizes. However, they report genome size correlated evolution 

with reproductive fitness, supporting the hypothesis that genome size variation results from 

natural selection in this clade. Schielzeth et al. (2014) suggest that sexual selection may act 

to reduce genome size by providing evidence for negative association between song 

attractiveness and genome size in the grasshopper Chortippus biguttulus (Schielzeth et al., 

2014).  

As flying insects tend to have higher metabolic rates and smaller genome sizes (Reinhold, 

1999), a recent study by Lower et al (2017) observed a positive relationship between 

genome size and repetitive DNA, and especially retrotransposons in North American fireflies 

(Lampyridae) (Lower et al., 2017). Here, they also note neither genome size nor significant 

repeat classes showed evidence of non-neutral evolution and found no evidence of strong 

selection acting on genome size. They also suggest that genome size evolution is gradual 

and exhibits complete phylogenetic dependence with no relationship with measured 

morphological variables. 



 

14 

A cutting edge study Petersen et al. (2019) also supports the hypothesis that genome size is 

correlated with TE content and plays a role in the dynamics of genome size evolution in 

insects, even though genome size and TE content are highly variable (Petersen et al., 2019). 

They also report major differences in both TE abundance and diversity between species of 

the same lineage, and also suggest the possibility of lineage specific similarity in TE 

elimination mechanisms such as the piRNA pathway, which silences TEs during transcription. 

Overall, they suggest inter and intra lineage variation in both TE content and composition 

with a highly variable age distribution of individual TE super-families which indicate a 

lineage specific burst-like mode of TE proliferation in insect genomes unlike Lower et al. 

(2017).  

The role of repetitive DNA and its relation to genome size is complex and perplexing. 

However, we may observe and measure the major general trends in large genomes with 

large fractions of repetitive DNA. Here, we could finally tease out if at all there is a 

relationship between repetitive DNA and genome size. Orthopterans present us with such 

an opportunity (Figure 1). Most genomic and genetic resources for investigating TEs in 

orthopterans are scarce outside of agricultural pests. Nonetheless, a handful of emerging 

methods with new insights into the wonderful world of mobile DNA.  
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Figure 1: Estimated transposon content to genome size of a few select arthropod clade. Most orthopterans are found in the 

top right corner, indicating large genome size and a significant proportion of the genome being occupied by transposable 

elements. Partial data adapted from Canapa et al. (2016). 

Computational tools for de novo TE and repetitive DNA discovery 

Recently, a number of computational methods have been released which can perform de 

novo discovery of TEs which include RepeatExplorer, dnaPipeTE, Tedna, RepARK, REPdenovo 

and RepLong (Chu et al., 2016; Goubert et al., 2015a; Guo et al., 2017; Koch et al., 2014; 

Novák et al., 2010; Zytnicki et al., 2014). These methods rely on the high abundance of TE in 

genomic reads and use low coverage assembly methods to assemble TEs and repetitive 

DNA, which is usually followed by annotation (Goerner-Potvin & Bourque, 2018). These 

tools also have the potential to discover new repeat families. However, the task remains 

daunting as the repetitive fraction of the genome of non-model species remains unknown 

and these tools are known to be prone to false positives (Caballero et al., 2014). Of these 

tools, only RepeatExplorer and dnaPipeTE offer de novo assembly and annotation of 
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repetitive DNA assemblies with built-in TE annotation and classification using RepeatMasker 

(Smit, 2015).  

De novo discovery, classification and annotation of transposable elements 

RepeatExplorer and dnaPipeTE offer excellent methods to investigate TE in species without 

extensive repetitive DNA repositories, fully assembled genomes and with low coverage 

sequencing data.  

RepeatExplorer is a full pipeline which efficiently uses a graph-based approach for similarity 

based partitioning of short read data to construct clusters made of repeats derived from 

individual repeat families (Novák et al., 2010). This process starts with an all-to-all 

comparison of read data to find similarities. A modified version of megablast package, which 

is specifically designed to efficiently perform an all-vs-all search is utilized for this purpose. 

The results of this search are then used to build clusters of overlapping reads representing 

different repetitive elements. Due to the low genome coverage of the data, the single-copy 

sequences are only sparsely covered and seldom overlap, represented by isolated nodes in 

the graph. However, repetitive sequences represent groups of mutually connected nodes 

due to frequent sequence overlap. Next, the clusters differentiate between interspersion 

and partial sequence similarities through graph analysis via a hierarchical agglomeration 

algorithm which can quantify and characterize individual repeat families. This step prevents 

merging of multiple distinct elements into the same cluster. Fortunately, this approach is 

robust to considerable sequence variation in genomic copies of repeated elements. This is 

followed by cluster analysis which includes graph layout calculation, RepeatMasker (Smit, 

2015) search, protein domain search, assembly of cluster contigs and similarity between 

clusters. Finally, summary HTML reports and cluster contigs are built for the user.  

Similarly, dnaPipeTE is a fully automated pipeline designed to assemble and quantify 

repeats from sequence read data (Goubert et al., 2015a). dnaPipeTE first performs at least 

three uniform samplings of read data to produce low coverage (<1X) data sets which are 

subsequently used in the analysis to avoid the assembly of non-repetitive genome content. 

The first two samples are used in the assembly step, while the last one is used for 

quantification step. In the assembly step, contigs are built using the Trinity de novo 
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transcriptome assembler (Haas et al., 2013) as the authors assume that similar to 

transcripts, TE copies from the same family can be observed to accumulate mutations, 

insertions, deletions and other structural changes, which can be recovered in a similar 

fashion. Hence, the authors aim to recover a consensus sequences of TE families through 

this procedure. In subsequent runs, dnaPipeTE adds reads mapping to ‘k-mer contigs’ 

associated with repeats to the second independent sample, which allows for the recovery of 

more and larger contigs. Next the contigs are annotated with RepeatMasker with a built-in 

repeat library. Next, BLASTn (Altschul et al., 1990) is used match the third subsample to the 

annotated contigs assembled by dnaPipeTE and the repeat library. In a further BLASTn step, 

unmapped reads are matched against unannotated dnaPipeTE contigs. Finally divergence is 

computed between the dnaPipeTE contigs and the first BLASTn search as a proxy for the TE 

family.   

The Acrididae Grasshoppers 

Orthopterans provide for an ideal model system for exploring genome size evolution. This 

insect order contains over 28,000 species described (Cigliano et al., 2018). They have the 

largest and most variable of all insect genomes with C-values ranging from 1.55 in the cave 

cricket, Hadenoecus subterraneus, to 16.93 in the large mountain grasshopper, Podisma 

pedestris by a significant degree (see Figure 2). 

Orthopterans are also crucial to many food webs (Laws et al., 2018). Several species of 

grasshoppers are considered pests when they develop into local and large-scale population 

outbursts. Although most grasshoppers seem to have limited dispersal capability due to 

short wings, they are rather diverse in terms of size, body morphology, ecology and life 

history traits. In many studies, they can serve as bioindicators as they are ecologically 

sensitive and mobile, especially in the effect of chemical pollution (Andersen et al., 2001; 

Devkota & Schmidt, 2000).  

Acrididae grasshoppers are the prominent ubiquitous herbivores of grasslands around the 

world, where they contribute to more than half the above ground arthropod biomass 

(Branson et al., 2006; Laws et al., 2018). The Acrididae family of grasshoppers includes more 

than 6700 species and represents one of the most diverse in the sub-order of Caelifera. The 

Acrididae family had a monophyletic origin in South America in the mid to late Cenozoic era 
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(Song et al., 2018). Even though the Acrididae is a relatively young group, a recent study by 

Song et al (2018) suggests that their cosmopolitan distribution was achieved by rapid 

radiation though multiple migrations out of South America to Africa and Eurasia (Song et al., 

2018). Within this family, the clade consisting of Acridinae, Gomphocerinae, and 

Oedipodinae represents the largest subgroups within the Acrididae with over 2700 species 

(Cigliano et al., 2018). Gomphocerinae, with 192 genera, and 1273 species, is the largest 

sub-family within the Acrididae. There is evidence that it is a paraphyletic group 

intermingled with Acridinae and Oedipodinae (Cigliano et al., 2018). However, this group is 

also one of the best studied for its mating behavior. Here, many gomphoceminae species 

show pre-copulatory courtship behavior using complex acoustic, vibrational and visual 

signals.  

A large number of grasshopper species occur at least two different colorations in their life. 

Variable coloration is associated with geophilous, grassland, temperate and alpine habits 

(Uvarov, 1977)(see Figure 3). The variable coloration of Acrididae grasshoppers is either 

environmental (for example: Schistocerca americana) (Tanaka, 2004)  or genetically 

determined (for example: Gomphocerus sibiricus, Pseudochorthippus parallelus) (Köhler et 

al., 2017; Valverde & Schielzeth, 2015). One remarkable color polymorphism is the one of 

green and brown, which is frequent among many orthopteran species in  central and 

western Europe(Bellmann & Luquet, 2009). Furthermore, this polymorphism is also 

common in the orders of Phasmatodea and Mantodea which have diverged about 250 MYA 

from orthoptera (Misof et al., 2014). The green color in orthoptera is formed by 

tetrapyrroles such as biliverdin, where different oxidation states leads to pigments of 

yellow, red, violet, blue or green (Rowell, 1971).  

Recently, Köhler, Samietz and Schielzeth studied altitudinal variation in morphology and 

color in the color-polymorphic meadow grasshopper, Pseudochorthippus parallelus, which 

suggested a gradient of morph population proportions, where lowland populations were 

dominated by the green morph and high-altitude populations by the brown morph (Köhler 

et al., 2017). This evidence is strongly indicative of local adaptation along an altitudinal 

gradient with a role in efficient thermoregulation under high-altitude conditions.  
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In another recent study by Dieker et al 2018, which surveyed 42 sites across the alpine 

range of Gomphocerus sibiricus, observed co-occurrence of green and brown morphs with 

proportions ranging from 0-70% with considerable spatial heterogeneity where green 

individuals tended to increase with decreasing summer and winter precipitation (Dieker et 

al., 2018). The authors argue that small scale migration-selection balance and balancing 

selection may maintain such polymorphic populations. 
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Figure 2: This plot shows the distributions of genome sizes across major insect orders. The order Orthoptera shows the 

widest variation by a large margin. 
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Figure 3: Widespread green brown dimorphism is observed in many members of the polyneoptera clade. (a-b) Brown and 

green morph of the large mountain grasshopper (Stauroderus scalaris), (c) brown male morph of orange-tipped 

grasshopper (Omocesthus haemorrhoidalis) (d) meadow grasshopper (Pseudochorthippus parallalus), (e) green female 

morph of Aeropedellus variegatus, (f) brown male morph of Gomphocerus rufus, (g) green male morph of steppe 

grasshopper (Chorthippus dorsatus), (h) brown morph of bow-winged grasshopper (Chorthippus biguluttus), (i) female 

green morph of the club legged grasshopper (Gomphocerus sibiricus),(j) green male G. sibiricus with prominent clubbed 

legs, (k-l) green and brown morphs of Manta religosa, (m-n) brown and green morphs of the wart-biter bush-cricket 

(Decticus verrucivorus), a member of the Ensifera group.    

Gene expression analysis and de novo transcriptome assembly 

A central goal of functional genomics is to establish a link between genetic polymorphism 

and phenotypic variation. Initially, most gene expression analysis relied on hybridization-

based microarray technology which offered limited ability to record various transcripts in a 

limited dynamic range (Grabherr et al., 2011). However, with the development of high 

throughput sequencing of cDNA libraries, these limitations were lifted (Wang et al., 2009). 

Orthopteran transcriptomes 

There have been a few studies utilizing gene expression analysis to investigate orthopterans 

and till date about 20 orthopteran species have reference transcriptomes assembled. Many 

of them have been possible through the 1KITE project. However, a few of these have been 

investigated further mainly for gene expression differences in ontology, phase 

polymorphism and color polymorphism. In Chorthippus biguttulus, key pathways and 

processes were highlight 9 difference patterns of gene expression which were involved in 

development pathways that progress embryo to imago (Berdan et al., 2017). This was the 

first time that the differential gene expression of developmental stages was studied in a 

hemimetabolous insect. Phase polymorphism from solitarious to gregarious phases, and the 

associated behavioral, biological, nutritional, metabolical, physiological, color, reproduction 

and developmental changes in locusts is a remarkable transformation (Anstey et al., 2009; 

Heifetz et al., 1996; Sword & Simpson, 2000; Wang et al., 2014; Wu et al., 2012). Locusta 

migratoria and Schistocerca gregaria are most prominent locust study systems for 

differential gene expression of phase polymorphism in Orthoptera (Bakkali & Martín-

Blázquez, 2018; Jiang et al., 2012). In a recent transcriptomic study of Schistocerca gregaria 

by Bakkali and Martín-Bláquez, suggested that gregarious  phase locusts are more active and 
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exposed to a more stimulating and challenging environment than solitarious ones (Bakkali & 

Martín-Blázquez, 2018). Furthermore, they also report a positive correlation between 

population size, behavioral activity and gene expression. In Locusta migratoria, Wang and 

colleagues report that about 28.3% of the gene sets were differentially expressed genes 

between the brain tissues from locust nymphs experiencing short-term solitarization and 

gregarization (Wang et al., 2014). Color polymorphism was investigated in Tetrix japonica 

(pygmy grasshopper) using differential expression analysis by Qiu and co-workers (Qiu et al., 

2016). They focused on specific putative genes involved in pigment pathways, juvenile 

hormone, and signaling pathways. More specifically, they identified and probed several 

pigment related genes involved with melanin, pteridine and ommochome pathways. Out of 

the 82 pigment genes in their screen, they report that were 12 differentially expressed (Qiu 

et al., 2016). 

Transcript analysis using RNA-seq 

Gene expression sequencing by RNA-seq combines transcript discovery and quantification of 

gene expression into one high throughput sequencing assay (Wilhelm & Landry, 2009). For 

sequencing, mRNA molecules are converted into cDNA as they provide equivalent sequence 

information. Current generation of cDNA sequencing technologies allow us to obtain 

copious amounts of transcriptomic data, in principle, allowing us to identify all expressed, 

contiguous mRNA sequences for multiple alternatively spliced isoforms and variants, allele-

specific expression, and promoters (Bryant et al., 2017). This provides for a cost-effective 

way to obtain transcriptome data from various species and tissues. RNA-seq can also be 

used in combination with other biochemical assays to investigate other types of RNA biology 

(Wang et al., 2009).  

In a typical eukaryotic cell, ribosomal RNA (rRNA) constitutes over 90% of the total RNA, 

while messenger RNA (mRNA) comprises only 1-2%. In order to control for the relatively 

high abundance of rRNA, two approaches are commonly used. First, rRNA depletion is 

carried out using selective hybridization of oligonucleotides to rRNA, followed by 

recognition with a hybrid-specific antibody and subsequent removal of this antibody-hybrid 

complex on magnetic beads (O'Neil et al., 2013). Second, enrichment of mRNA can be 

performed using the ability of poly(A)+ tails of mRNA to form stable oligo(dT) under high salt 
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conditions. Hybrids molecules are destabilized when salt is absent, which allows for mRNA 

to be recovered (Qing et al., 2013). The choice for mRNA enrichment using poly(A) selection 

or deplete rRNA depends on the specific experimental design and sample quality as the 

former requires samples with minimal degradation and yields a higher overall fraction from 

exonic regions while the latter is preferable when optimal samples are not available. 

Furthermore, poly(A) mRNA selection enrichment procedure will miss capturing non-coding 

RNAs. During the cDNA library preparation phase, the extracted RNA is fragmented. This 

creates a significant hurdle in the accurate de novo assembly of novel transcript data. 

However, this impediment can be overcome by using the outputs of multiple de novo 

assembly software packages followed by removing redundant transcripts via greedy 

sequence clustering steps (Cerveau & Jackson, 2016). The resultant yields coding 

transcriptome assemblies that are more credible and perhaps more accurate (Cervea and 

Jackson 2016). Furthermore, these optimizations also improve the ability to annotate the 

transcriptome assembly, especially for non-model organisms (Conesa et al., 2016).  

De novo transcriptome assembly 

Short reads (35-500 bp) obtained from high throughput platforms necessitate the need to 

reconstruct full-length transcripts through transcriptome assembly. De novo assembling of 

full-length transcripts from short reads is computationally challenging for a number of 

reasons. Firstly, coverage of transcripts is not uniform, even along the length of same 

transcript, and often this can vary by several orders of magnitude. Secondly, some 

transcripts maybe more highly abundant than reads originating from lowly expressed 

transcripts. Lastly, reads from adjacent loci can overlap and fuse to form chimeric transcripts 

(Grabherr et al 2011).   

Most de novo transcriptome assemblers are based on a graph-based approach to 

reconstruct transcripts from a broad range of expression levels and then merge contigs to 

decrease redundancy. This allows for the discovery of novel isoforms and transcripts as well 

as novel splicing sites.  

Three of the most commonly used de novo transcriptome assembly packages are Oases, 

Trinity and SOAPdenovo-trans (Haas et al., 2013; Schulz et al., 2012; Xie et al., 2014). Most 
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of these short read assembly software packages rely on de Brujin graphs (DBGs) to 

determine how and which reads should be joined to form contiguous sequences. The 

earliest (genomic) short read packages incorporating DGBs (for example: Atlas, ARACHNE, 

Celera, phrap) relied on an overlap-graph-layout-consensus approach where each read 

represents a node and each detected overlap as an arc between appropriate nodes. Later 

assemblers adopted a different approach to utilizing DGBs where the data elements were 

organized around pieces of sequence of k nucleotides (k-mers), and reads were mapped as 

paths going through the graph going from one node to another in order.  Most modern de 

novo transcriptome assembly pipelines run the assembler algorithm at different k-mer 

lengths and then merge these assemblies into one. Lower values of k permits for the 

assembly of more sensitivity by increasing the connectivity of the graph, leading to the 

probability of observing overlaps between reads, whereas higher values allow for more 

specific assemblies, leading to more unique contigs assembled (Cerveau & Jackson, 2016; 

Conesa et al., 2016).  

Overview of the Oases assembler 

The Oases transcriptome assembler combines the use of multiple k-mers and topological 

analysis with dynamic error removal adapted for RNA-seq data, and finally merges single k-

mer assemblies (Schulz et al., 2012). Here, the initial phases of creating a read hash table 

and the graph structure are identical to these steps in Velvet genome assembler (Zerbino & 

Birney, 2008). A hash table is an efficient table lookup structure which maps keys to values 

of the table, and where the hash function computes a binned index, an efficient look-up 

method. When a k-mer is observed in a set of reads, the hash table is used to record the 

observation with the read ID and position of the k-mer. The reads are then converted into a 

set of original k-mers combined with overlaps from previously recorded reads. Next, 

another database with opposite information is created, where the original k-mers are over-

lapped by subsequent reads. This ordered set of original k-mers is cut each time an overlap 

with another read begins or ends where the uninterrupted sequences of the original k-mers 

form the nodes, proceeding from one node to the next creates an arc in the graph structure.  

Dynamic contig error correction is carried out by a modified TourBus algorithm, which 

searches through the graph for parallel paths that have the same start and end nodes 
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(Schulz et al., 2012). If highly similar sequences are found, then the path with lower 

coverage is merged with the path of higher coverage. This controls for the high variation 

observed in transcript coverage depth. Furthermore, Oases borrows local the edge removal 

algorithm from the Trinity de novo transcriptome assembly package to remove errors in 

high coverage regions where the same errors are likely to reoccur. Next, the scaffold is 

constructed using connection weights which are estimated using the number of spanning 

reads and the likelihood of observing a read at that position in the contig assuming that to 

be a normal insert length distribution bound. This is followed by applying multiple static and 

dynamic coverage filters to the conitgs, as coverage does not reflect the uniqueness of a 

sequence.  

Long contigs, which have a higher likelihood of being unique are then clustered into 

connected components under the assumption that such components probably belong to the 

same gene. These are further extended by adding short nodes to the long nodes in the 

cluster. Redundant long distance connections are removed using transitive reduction to 

improve efficiency. Branching on the graph most likely indicates alternate splicing events, 

hence full length isoform transcripts are extracted using information from the topology of 

the loci. Furthermore, some topologies may not be trivially decomposed, hence a robust 

heuristic method which uses partial order multiple sequence alignment graphs to resolve 

them. Finally, as the DBG is highly sensitive to the k-mer value selected, the Oases pipeline 

allows for merging of transcript fragments from multiple assemblies (with a range of k-mer 

values). These are added to the graph after the TourBus algorithm removes small or 

identical transcript fragments.  

Overview of Trinity assembler 

The Trinity de novo transcriptome assembler is perhaps the most commonly used de novo 

transcriptome assembly pipeline available and has been used in thousands of studies and 

many analysis pipelines (Haas et al., 2013). Trinity uses a novel DBG approach with the 

assumption that during the assembly process, many disconnected individual graphs would 

be detected, each representing transcriptional complexity at non-overlapping loci. Hence, 

Trinity can partition many individual graphs and processes them independently and extracts 

various isoforms and transcripts. This method is more efficient than computing a full graph 
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from all reads and an intermediate output of contigs which are strongly supported by many 

k-mers. This process proceeds in three phases, named Inchworm, Chrysalis and Butterfly.  

In the Inchworm phase, Trinity uses a greedy k-mer based approach for transcript assembly 

in six steps. First, it constructs a k-mer dictionary from all sequenced reads. Second, it 

removes likely error-containing k-mers from the dictionary. Third, it selects the most 

frequent k-mer in the dictionary to seed a contig assembly excluding highly repetitive and 

singleton k-mers. Fourth, it extends the seed in each direction by finding the highest 

occurring k-mer with k-1 sequence overlap with current contig terminus and concatenating 

its terminal base to the growing contig sequence. Trinity then removes the k-mer used from 

the dictionary. Fifth, it extends the sequence in each direction and reports the linear contig. 

Lastly, it repeats steps three to five till all k-mers in the dictionary are depleted.  

In the Chrysalis stage, Trinity clusters minimally overlapping intermediate contigs obtained 

at the end of the Inchworm stage into sets of connected components and constructs 

complete DBGs for each component. Each component defines a collection of contigs that 

are likely to be derived from alternate splicing isoforms or close paralogs. This is achieved in 

three steps. First, it recursively groups Inchworm contigs into connected components. Next, 

it builds a DBG for each component using a word size of k-1 to represent nodes and k to 

define the edges connecting the nodes. Lastly, it assigns each read to the component with 

which it shares the largest number of k-mers.  

In the Butterfly stage, Trinity reconstructs plausible full-length linear-transcripts by 

reconciling the individual DBGs generated by Chrysalis with the original reads and paralog 

genes. It also reconstructs distinct transcripts for splice isoforms and paralogs and resolves 

ambiguities stemming from errors or from shared sequences between transcripts. 

Overview of SOAPdenvo-trans transcriptome assembler 

SOAPdenovo-trans (Short Oligonucleotide Analysis Package–transcriptome) (Xie et al., 2014) 

is another DBG based de novo transcriptome assembler, which is derived from 

SOAPdenovo2 genome assembler (Luo et al., 2012). Unlike SOAPdenovo2, SOAPdenovo-

trans integrates the error-removal module from Trinity and the robust heuristic graph 

transversal method from Oases pipelines. SOAPdenovo-trans has two main phases of 
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assembly, namely contig assembly and transcript assembly. During the contig assembly 

phase, SOAPdenovo-trans constructs a sparse DBG in exactly the same way as SOAPdenovo2 

where the reads are cut into k-mers and a large number of linear unique k-mers are 

combined as a group instead of being stored independently. Furthermore, sequencing 

errors are also detected and removed during this phase. This involves removal of low 

frequency k-mers edges arcs and tips based on a weak depth cut off. Next, the error-

removal method from the Trinity package is deployed which filters based on a proportional 

threshold of maximal depth of adjacent graph elements. In the transcript assembly phase, 

first reads are mapped back onto the contigs to build linkages. The number of reads is then 

used to assign weights to these linkages and insert-sizes are used to estimate the distance 

between them. Next, very short contigs are removed (default contigs below 101 bp), which 

generally also removes many ambiguous contigs with repetitive content, followed by 

stringent linearization. In the third stage, the robust heuristic graph transversal method 

from Oases is used to transverse the graphs generated by clustering contigs into sub-graphs 

according to their linkage to generate transcripts. Finally, in the gap-filling and correction 

stage, a DBG-based method which considers all aligned reads during the previous alignment 

stages in the pipeline. Here, paired-end information is used to cluster semi-unmapped reads 

into the gap regions followed by local assembly into consensus sequences. This module is 

based on the gap closing and filling module of SOAPdenovo2. This final gap closing step can 

be repeated a few times to improve scaffolding and overall median contig length.   

Furthermore, downstream in the analysis pipeline, significant computational resources (high 

performance compute clusters) are required for the annotation and analysis of the 

assembled transcripts. Merging non-redundant transcripts from multi-k-mer assemblies 

from three highly proven de novo transcriptome assemblers provides for an optimal balance 

between novel transcript discovery and computational effort for de novo transcriptome 

assembly from a non-model species with a complex genome (Conesa et al., 2016; Vijay et 

al., 2013). 

Challenges and overview 

Developing genetic and bioinformatic resources for non-model organism, especially with 

ones with large and highly repetitive genomes is certainly an uphill challenge. Additionally, it 
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has long been known that even developing basic genetic markers (such as micro-satellites) 

for large and highly repetitive genome has been predicament (Garner, 2002) for exploratory 

studies.  

Perhaps, such issues are also the likely causes for dearth of resources and information on 

many orthopteran species. However, emergent bioinformatics methods, third generation 

sequencing platforms and novel contemporary approaches may provide plausible solutions 

to some, if not most of these issues. These resources will also allow us to investigate genetic 

questions in insects with large and complex genomes and transcriptomes with provide 

insights into genome size evolution and TE evolution. Arcididae grasshoppers could serve as 

a model system to investigate large and complex genomes. 

Current RNA-seq technology platforms can facilitate the transcriptome assembly of complex 

non-model species. One of the most ambitious project pursuing these goals, is the 1KITE (1K 

Insect Transcriptome Evolution) project, which aims to assemble over 1000 de novo 

transcriptomes from insect species and pursue evolutionary questions. However, the entire 

Acrididae clade is only represented by two species (Melanoplinae podismini and 

Stenobothrus lineatus), of which one (Stenobothrus lineatus) transcriptome has already 

been published previously. Hence, the current efforts that facilitate development of non-

model orthopteran species is vital to further our understanding of orthopteran biology and 

perhaps, large, complex and highly repetitive genomes.  
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Objectives and Structure 

In this thesis, I explored genomic and transcriptomic architecture in Acrididae grasshoppers, 

a group of organisms with unusually large and complex genomes.  

In manuscript I, I optimized microsatellite marker discovery for organisms with large and 

highly repetitive genomes, to facilitate further studies. More specifically, my objective was 

to dramatically improve the overall odds of discovering polymorphic microsatellite markers 

in complex genomes with high repetitive content where classical microsatellite markers 

discovery yields low results due to primer binding interference.  

In manuscript II, I constructed a high-quality reference transcriptome for Gomphocerus 

sibiricus, a member of the Acrididae, in order to facilitate the development of this species as 

a model organism for future studies. Specifically, my objective is to assemble a highly 

annotated reference transcriptome for Gomphocerus sibiricus, which is at least as good, if 

not better, than other published orthopteran reference transcriptomes.   

In manuscript III, my objective was to conduct comparative de novo repetitive DNA 

discovery and analysis in 6 gomphocerine members. My specific objective was to investigate 

the relationship between genome size and repetitive DNA, with emphasis on satellite DNA 

and the distribution of major TE families. Furthermore, investigate if there are any major 

sex-related genomic differences.    
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Abstract 

Eukaryotic organisms vary widely in genome size and much of this variation can be 

explained by differences in the abundance of repetitive elements. However, the 

phylogenetic distributions and turnover rates of repetitive elements are largely unknown, 

particularly for species with large genomes. We therefore used de novo repeat identification 

based on low coverage whole-genome sequencing to characterize the repeatomes of six 

species of gomphocerine grasshoppers, an insect clade characterised by unusually large and 

variable genome sizes. Genome sizes of the six species ranged from 8.4 to 14.0 pg DNA per 

haploid genome and thus include the second largest insect genome documented so far 

(with the largest being another acridid grasshopper). Estimated repeat content ranged from 

79 to 96% and was strongly correlated with genome size. Averaged over species, these 

grasshopper repeatomes comprised significant amounts of DNA transposons (24%), LINE 

elements (21%), helitrons (13%), LTR retrotransposons (12%) and satellite DNA (8.5%). The 

contribution of satellite DNA was particularly variable (ranging from <1% to 33%) as was the 

contribution of helitrons (ranging from 7 to 20%). The age distribution of divergence within 

clusters was unimodal with peaks around 4–6%. The phylogenetic distribution of repetitive 

elements was suggestive of an expansion of satellite DNA in the lineages leading to the two 

species with the largest genomes. Although speculative at this stage, we suggest that the 

expansion of satellite DNA could be secondary and might possibly have been favoured by 

selection as a means of stabilising greatly expanded genomes.
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Introduction 

Large fractions of eukaryotic genomes consist of repetitive elements, which vary 

considerably in their abundance across species (Charlesworth et al., 1994; Lynch & Conery, 

2003). The repetitive fraction of the genome, known as the repeatome, correlates with 

genome size both within and among species (Lynch, 2007) and therefore likely plays a major 

role in genome size evolution (Charlesworth et al., 1994; Talla et al., 2017). Some repeats, 

such as transposable elements, spread as selfish elements that do not benefit the host 

organism (Doolittle & Sapienza, 1980; Orgel & Crick, 1980). However, repeats are also 

known to assume functional roles (Shapiro & von Sternberg, 2005), such as centromeric 

satellite DNA, which is necessary for appropriate chromosome pairing during cell division 

(Hartl, 2000; Plohl et al., 2008). Repeat elements have also been associated with genetic 

innovation and speciation (Ellegren et al., 2012; Feliciello et al., 2014; Maumus et al., 2015), 

rendering repeatome analysis relevant to understanding the origin and maintenance of 

biodiversity in general. 

A small number of clades have evolved genome size gigantism including some 

gymnosperms, amphibians, crustaceans, lungfish, sharks, velvet worms, flatworms and 

grasshoppers (Gregory, 2018). Despite these independent origins of extreme genome size 

expansions, most species have rather compact genomes (Gregory, 2018). Overall, genome 

size does not appear to be related to organismal complexity, a disparity that is known as the 

C-value enigma because genome size is typically quantified by the C value (the molecular 

weight of a haploid genome, (Gregory, 2005)). Instead, certain factors or circumstances may 

have allowed genome sizes to increase in some groups but not in others, although these 

conditions are in general poorly understood. A comparative analysis of the repeatomes of 

species with large genomes may therefore shed light on the C-value enigma and contribute 

towards an improved understanding of genome size expansions. 

A desirable approach would be to conduct a comparative analysis of assembled and 

annotated genomes in which specific repetitive elements can be clearly identified. However, 

it is precisely the repeat content that has hindered the assembly of reference genomes for 

species with large genomes (Plohl et al., 2012; Ruiz-Ruano et al., 2017). The largest genomes 

published so far are draft genomes of the migratory locust Locusta migratoria (6.38 Gb 
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(Wang et al., 2014)), Norway spruce Picea abies (19.6 Gb, (Nystedt et al., 2013)) and 

Mexican axolotl Ambystoma mexicanum (32.39 Gb, (Nowoshilow et al., 2018)). The case of 

the migratory locust illustrates the difficulty of assembling large and repetitive genome 

sequences, as the current assembly is fragmented into more than 550,000 scaffolds with an 

N50 of 322 kb, despite only 12 chromosomes contributing to the species’ large genome size 

(Wang et al., 2014). The difficulty of assembling repetitive regions in particular has 

hampered progress in the analysis of repetitive elements in such species.  

Recent comparative studies on genome sizes in insect have focused on the entire group at 

large and included the migratory locust as the only orthopteran with the largest genome in 

the sample (Petersen et al., 2019; Wu & Lu, 2019). Here, we use a comparative approach to 

study repeat content in a group of grasshoppers that has genome sizes exceeding that of 

the migratory locust. We chose to study grasshoppers of the subfamily Gomphocerine 

(Orthoptera, suborder Caelifera, family Acrididae) because they have highly variable 

genome sizes, both across and in some cases within species (Gregory, 2018; Jetybayev et al., 

2018; Schielzeth et al., 2014). This clade hosts the largest genomes among all insects and, 

even across all organisms, it represents one of only a small set of clades with extremely 

large genomes (Gregory, 2018). Although this makes genome assembly challenging for 

orthopterans, it offers an outstanding opportunity for a comparative analysis of the 

repeatome. 

The short-horned grasshoppers (Caelifera) have a rather conserved basic karyotype with 9 

or 12 chromosome pairs (John & Hewitt, 1966), so that genome size variation across species 

are largely due to differences in the sizes rather than the numbers of chromosomes. At the 

same time, grasshoppers often vary intra-specifically in chromosome number (Palestis et al., 

2004). Supernumerary chromosomes (B chromosomes) and chromosomal segments consist 

mostly of heterochromatin, which is rich in repeats, especially satellite DNA (Ruiz-Ruano et 

al., 2017; Ruiz-Ruano et al., 2018). Consequently, grasshoppers show stark contrasts 

between phylogenetically conserved karyotypes, substantial variation in chromosome size, 

and facultative variation in dispensable DNA segments. The frequent presence of large 

pieces of additional DNA also suggests that mechanisms of genome size control are rather 

weak and/or that tolerance to increases in genome size is high. 
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We used whole-genome shotgun sequencing to characterise the repeatomes of six species 

of gomphocerine grasshoppers (Figure 1). With low-coverage sequencing it is unlikely that 

sequences with single copies in the genome will be represented multiple times in the data. 

Repeated sequences with hundreds or thousands of copies, however, are represented by 

multiple reads even when sequencing coverage is low. Comparative de novo assembly of 

low coverage sequences therefore facilitates the assembly of the repetitive fraction of the 

genome and thus provides insights into the types and distributions of repetitive DNA. We 

used a multi-stage analytical pipeline incorporating graph-based de novo clustering of 

repeat elements (Figure S1) building on the software packages RepeatExplorer (Novák et al., 

2013) and dnaPipeTE (Goubert et al., 2015b) as well as RepeatMasker (Smit, 2015) and 

RepBase (Bao et al., 2015) for annotation. 

We recently analysed the repeat content of one species of gomphocerine grasshopper, the 

club-legged grasshopper Gomphocerus sibiricus (Shah et al., 2016). The distribution of 

repeat types across read clusters of transposable element copies differed markedly from 

other published distributions (e.g. (da Silva et al., 2018; Lower et al., 2017; Piednoel et al., 

2012)) in that this species shows a large dominance of one particular cluster annotated as 

satellite DNA. The existence of one predominant class of repeats argues for a recent 

expansion of this type of repeat sequence in the focal genome, because with an ancient 

expansion, we would have expected the repeat sequences to have diverged by mutation, 

which would result in them assembling into multiple clusters rather than into a single 

cluster. One motivation for the current analysis was therefore to determine whether 

satellite DNA repeats also appear at high frequency in the genomes of related grasshopper 

species. 

We tested the prediction that grasshopper repeatomes show a strong phylogenetic signal, 

being more similar in closely related species, while also searching for particular repeat 

classes showing signs of expansion or reduction in specific lineages. Furthermore, we aimed 

to evaluate if the unusual pattern of striking dominance of satellite DNA in the genome of G. 

sibiricus is species-specific or represents a more general characteristic of gomphocerine 

grasshoppers. By analysing a suite of species that vary substantially in their genome sizes, 

we aimed to test for a relationship across species between genome size and repeat content. 
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Finally, by analysing sequence divergence within clusters, we attempted to evaluate the 

relative ages of expansions of particular repeat classes. 

Results 

We combined low coverage short-read sequencing with graph-based clustering to 

characterize the relative abundances of the most common repeats across six species of 

gomphocerine grasshoppers (Figure 1). For brevity, and because genus assignment has 

recently been in flux, we hereafter refer to each taxon only by its species name (parallelus, 

variegatus, biguttulus, rufus, sibiricus and scalaris, respectively). Genome size was 

determined by flow cytometry using the house cricket Acheta domesticus as a size standard 

(2.1 pg DNA per haploid genome). We found that genome size varied across species by a 

factor of 1.7, with scalaris having the largest genome (approx. 14.0 pg) and biguttulus the 

smallest (approx. 8.4 pg, Figure S2). Sequencing of 12 individuals, comprising one individual 

of each sex from six different species, resulted in a total of approximately 311 million reads, 

which after quality filtering was reduced to approximately 300 million reads (20.4–43.0 

million reads per sample) totalling 34.1 Gb of data (Table S1). 

Repetitive content and genome size 

We estimated the size of the repetitive fraction of each individual’s genome based on five 

satMiner iterations as described in the methods section. The fraction pi of newly discovered 

repeats declined as iterations i progressed but stabilized at a positive value (Figure S3). In 

total, satMiner identified between 2,376 and 5,544 contigs per sample. The fraction of reads 

qi that matched repeat clusters increased per iteration and then stabilized (Figure S3). The 

sum of these two fractions represents an estimate of the total repeat content. This was 

highly correlated between the two sexes of the same species (r = 0.96, t4 = 6.56, p = 0.0028) 

and variable among species, with biguttulus showing the lowest repeat content (79%) and 

scalaris the highest (96%, Figure S3). Applying the same procedure to reads from the 

published Locusta genome (Wang et al., 2014) resulted in an estimated repeat content of 

71%. Alternative quantifications by a single RepeatExplorer run and based on dnaPipeTE 

yielded lower, but highly correlated estimates for our set of six species (Table S2).  
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Genome size quantification was performed using flow cytometry and compared to the three 

species for which published genome sizes are available (Table S3). Our estimates were 

similar to previous publications for scalaris (13.98 vs. 14.72), lower for parallelus (9.73 vs. 

12.31) and higher for sibiricus (10.43 vs. 8.95). Both these cases might represent population 

differences, since our measurements were taken from other populations than previous 

estimates (Table S3). Total repeat content was strongly and positively correlated with 

genome size across species (gomphocerine species only: r = 0.87, t4 = 3.62, p = 0.022, 

including Locusta: r = 0.93, t5 = 5.70, p = 0.0023, Pearson’s correlation test, Figure 2). 

Characterization of repeat content within species 

Averaged across species dnaPipeTE annotated around 24% of the repeatome as DNA 

transposons, 13% as helitrons, 21% as LINE elements, 12% as LTR retrotransposons, 1.6% as 

SINE elements, 8.5% as satellite DNA and 19% as low-copy number elements (Figure S4-S5). 

There was marked variation of the relative proportions of these different repetitive 

elements among species. Particularly pronounced was the large abundance of satellites in 

sibiricus and scalaris and the low abundance of satellites in parallelus (Figure S4-S5). 

Helitrons were found to be quite common in all species, but were most abundant in scalaris 

(Figure S4-S5). Other repeat classes were less variable among species in their relative 

abundances. 

When assembling the repeatome de novo using RepeatExplorer, we found a ‘tapering’ 

pattern of repeat cluster frequencies in all species and in both sexes (Figure 3). In most 

species, there was no markedly dominating cluster of repeats. A similar pattern was present 

in Locusta (Figure S6). However, a strikingly different pattern was obtained for scalaris as 

well as for the female sibiricus individual, both of which appear to be dominated by a single 

highly abundant cluster. In these species, the most abundant cluster accounted for around 

10–15% of the total number of reads. In all samples of scalaris, sibiricus and biguttulus, as 

well as in the variegatus male, the most abundant cluster was annotated as satellite DNA, 

while in all other cases the top cluster was either annotated as helitrons or could not be 

annotated. 
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Divergences within clusters of transposable elements 

We estimated the average divergences within read clusters of transposable element copies 

using dnaPipeTE (Figure S7-S8). Sequence divergence was highest for SINE elements (6.9%) 

and DNA transposons (6.3%), intermediate for helitrons (5.9%) and LINE elements (5.4%) 

and lowest for LTR retrotransposons (4.2%). Variation in sequence divergence across species 

was low for DNA transposons, LINE elements and LTR retrotransposons, but pronounced for 

helitrons (lowest in scalaris, 4.8%; greater than 5.7% in all other species) and SINE elements 

(lowest in scalaris, 4.5%; greater than 6.5% in all other species). 

Variation in repeat content across species 

While the sample-by-sample analysis provided an unbiased picture of repeat content 

distribution within samples, matching clusters across samples was less straightforward. We 

therefore conducted an additional analysis in which we pooled reads across samples and 

collectively de novo assembled their repeat content. We extracted the first 15 repeat 

clusters (constituting 12–37% of the genome per sample) and analysed how reads of 

different samples contributed to these clusters. We found strong positive correlations in 

repeat content between the two samples from the same species (average Pearson 

correlation r = 0.94 across the first 15 clusters, Figure S9) implying that the two biological 

replicates within each species were highly similar and that intraspecific differences were low 

compared to interspecific variation. 

To visualise the distribution of repeat clusters both within and among species, we 

conducted a principle component analysis (PCA) focusing on the 15 most abundant clusters 

that could be matched across runs. Three main patterns emerged (Figure 4). First, all runs 

from the same sample clustered tightly together, illustrating that our subsample size was 

sufficiently large to robustly estimate among-sample variation. Second, samples of females 

and males from the same species also clustered closely together, except for the two sibiricus 

individuals, which showed a marked intraspecific difference in PC1 values. Third, related 

species tended to cluster together, in particular the species pair biguttulus/rufus. To 

investigate these patterns further, we plotted the frequencies of the most abundant clusters 

separately for males and females of all species (Figure 5). Variation within sibiricus was 
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found to arise mainly from differences in the abundance of the satellite cluster (cluster 1) 

although the female also had a higher frequency of cluster 7 (helitrons) and the male had a 

higher frequency of clusters 6, 9 and 10 (helitrons, LINE1 elements and unnamed, 

respectively).  

Intra-specific differences in Gomphocerus sibiricus 

The male sibiricus sample was unusual in several aspects (cluster size distribution, Figures 3; 

principle component analysis, Figure 5; sequence divergence within clusters, Table S4). 

However, three lines of evidence suggest that these patterns were not simply caused by 

sample mix-up, sequencing artefacts or contamination, since (a) both independent MiSeq 

and HiSeq runs yielded similar patterns, (b) the samples of the two sibiricus individuals 

clustered together in our phylogenetic reconstruction based on mitochondrial reads (Figure 

S10-S11), and (c) blast queries against standard databases did not yield any unusual hits. 

Nevertheless, we placed more confidence in the female sibiricus sample because of the 

better match with independent samples analysed previously (Shah et al., 2016). 

For among species comparisons, the characteristic feature of the rufus/biguttulus pair was 

the high abundance of helitrons of clusters 2 and 8 and the low abundance of cluster 10. 

Scalaris showed a particularly high abundance of satellites (cluster 1) and helitrons of cluster 

7. Parallelus and variegatus as the two most divergent species in our dataset showed rather 

different distributions, with variegatus being an outlier in the principle component analysis 

(Figure 4) and parallelus in the abundance of clusters 1–4 (Figure 5). Parallelus was 

characterised by a low abundance of satellites (cluster 1) and helitrons of clusters 2 and 7, 

but a relatively high abundance of helitrons from clusters 4 and 6. Variegatus was different 

in being rather average in representation across clusters. Mapping changes in clusters size 

across the phylogeny using ancestral state reconstruction provided tentative evidence for 

increases in satellites (cluster 1), helitrons (cluster 7), simple repeats (cluster 15) and 

unknown (cluster 3) from the most ancestral species (parallelus/variegatus) to the most 

derived species (sibiricus/scalaris), but also some apparent decreases in cluster sizes, such 

as for helitrons of cluster 11 (Figure S12). Strongest positive correlations between repeat 

abundance and genome size were found for cluster 1 (satellite), cluster 7 (helitron) and 

cluster 15 (simple repeats) (Table S8). 
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Species differences explored by cluster painting 

Reads within clusters (as identified by RepeatExplorer) can be visualized as graphs in which 

individual reads are represented by nodes and read overlaps by edges. If a given repeat class 

spread prior to the split of two species, we would expect reads of those species to be 

distributed randomly across graphs due to sequence divergence prior to and after the 

species split. By contrast, if a repeat class expanded and diverged after the split of two 

species, we would expect reads from the same species to cluster together within graphs. We 

therefore colour-coded reads by sample in the joint graph in an approach that can be 

described as ‘pool-and-paint’ cluster painting (Figure 6, Figure S13). We found that clusters 

1 (annotated as satellite DNA) showed closer relationships of reads within species as 

opposed to between species (Figure 6), indicating sequence divergence after species split. 

Clusters 3 and 7 showed similar tight clustering of reads from biguttulus and rufus that both 

covered similar regions of the graph (Figure 6, Figure S13). In contrast, clusters 2, 4-6 and 9-

10 showed a much more even distribution of samples across graphs (Figure 6, Figure S13), 

suggesting that the divergence is older such that diversity is shared among species. 

Discussion 

We here present a comparative analysis of the repeat content of six species of 

gomphocerine grasshoppers, including Stauroderus scalaris, which has the second largest 

insect genome described to date (Gregory, 2018). We found a large fraction of 

retrotransposons, in particular LINEs and LTRs but few SINEs, and a relative high abundance 

of satellite DNA and helitrons. We also found substantial variation in repeat content among 

species, while marked intraspecific differences were only found in Gomphocerus sibiricus. 

The distribution across repeat classes was evenly skewed in most of the species, apart from 

sibiricus/scalaris, where a single repeat class was dominant, indicative of a recent expansion 

of satellite DNA in these two species or their common ancestor. The remaining species 

exhibited a relatively even distribution of repeat classes, suggesting that invasion by repeats 

is either ancient or that multiple repeat types spread simultaneously in the more recent 

past. The latter conclusion is supported by the relatively young and unimodal distribution of 

divergence times within clusters. 
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Repeat content varied between 79 and 87% across most of the species, the only exception 

being scalaris, which had an estimated repeat content of 96%. Overall, there was a strong 

positive correlation between repeat content and genome size as described elsewhere 

(Charlesworth et al., 1994; Petersen et al., 2019; Talla et al., 2017; Wu & Lu, 2019). The 

repeat content in Locusta (genome size 6.44 pg) was estimated at 71% using our method, 

which linearly prolongs the positive correlation between genome size and repeat content. 

Repetitive elements are thus likely drivers for genome size expansion, possibly due to 

positive feedbacks that allow these elements to spread more easily in large genomes 

(Hollister & Gaut, 2009). Our asymptotic estimate of repeat content in Locusta was slightly 

higher than that of Wang et al. (2014), possibly reflecting the difficulty of assembling and 

estimating repeat content through genome assembly (Wang et al., 2014). 

One of our most striking results was the expansion of satellite DNA in sibiricus/scalaris. We 

suggest that causality might be reversed in this case, in the sense that satellite DNA may not 

be the cause of genome size expansion, but rather a consequence. Previous studies suggest 

that satellite DNA may contribute substantially to genome size in grasshoppers with large 

genomes (Ruiz-Ruano et al., 2016; Shah et al., 2016). Satellite DNA is known to be 

particularly abundant in in the centromeric and telomeric parts of the genome and leads to 

densely packed heterochromatin structures (Plohl et al., 2008). Centromeric 

heterochromatin has a function in the pairing of sister chromatids and is therefore 

important for proper cell division (Hartl, 2000; Plohl et al., 2008). It is conceivable that a 

stabilizing function of satellite DNA might be required when chromosomes become greatly 

expanded as in the case of grasshoppers. Satellite DNA often evolves in a concerted fashion 

(Garrido-Ramos, 2017; Palomeque & Lorite, 2008; Plohl & Meštrović, 2012), as indicated in 

our data by the clustering of reads within species, but different variants of satellite motifs 

seem to be recruited from a conserved pool of ancestral satellites. Satellite DNA occurs both 

unclustered and spatially clustered in the genome and it has been suggested that local 

clusters may have evolved secondarily (Palacios-Gimenez et al., 2017; Ruiz-Ruano et al., 

2016). If satellite DNA contributes to chromosome integrity, such expansions might be 

adaptive in species with large genomes. 

Our results also suggest that helitrons have accumulated in gomphocerine grasshoppers. 

Helitrons spread via rolling circle replication (Thomas & Pritham, 2015). They can occur in 
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large numbers (such as in some plants, (Xiong et al., 2014)) but tend to be rarer than 

retrotransposons in most animals (Kapitonov & Jurka, 2007). Although we also detected 

many retrotransposons, the relatively high abundance of helitrons in grasshoppers is 

noteworthy. As with satellite DNA, it is possible that the abundance of helitrons is not the 

primary cause of genome size expansion, but that they have proliferated in already large 

genomes. However, relatively high sequence divergence suggests a relatively old age for the 

spread of helitrons. Scalaris represents an exception to the otherwise largely similar 

representation across species in that helitrons are particularly common in this large-genome 

species. There are multiple avenues for such positive feedbacks, including more target 

insertion sites and weaker negative selection per insertion (Hollister & Gaut, 2009). 

Helitrons are biologically significant because they often include fractions of non-helitron 

DNA, sometimes entire genes, and thus offer a vehicle for the genomic translocation of 

functional elements (Thomas & Pritham, 2015). Furthermore, helitrons and a number of 

other transposable elements have been shown to be involved in horizontal gene transfers 

across insects (Peccoud et al., 2017; Wu & Lu, 2019).  

In order to visualize interspecific patterns, we mapped species-specific reads to clusters. We 

used an approach that we describe as pool-and-paint cluster painting to visualize if reads 

from different samples occupy different parts of the graphs of pooled reads. As we describe 

above, we pooled reads in order to avoid biases that could arise if we had clustered 

different libraries independently. Our approach allows shared clusters to appear in the joint 

analysis even if cluster sizes are small in individual samples. Cluster painting allows 

explorative assessment, based on the idea that within clusters, reads originating from a 

recent expansion within a species should cluster more closely together. While this 

represents an explorative analysis that does not in itself yield a quantitative measure of 

variation within and among samples, it has the potential to serve as a visualization 

technique and explorative tool for other applications, particularly when comparing different 

populations or species. The method relies on sequence differences among lineages and is 

thus likely to work best for data from rather divergent forms. 

Our cluster painting approach showed that reads within cluster graphs were structured by 

phylogenetic relatedness in at least some cases (Figure 6, Figure S13). This suggests that 

repetitive elements often proliferated after lineage splits. However, not all clusters showed 
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such a pattern (e.g. clusters 2, 4–6 and 9-10), suggesting that some elements may have 

expanded during the earlier phylogenetic history of the Gomphocerinae. The relatively 

similar sequence divergence within clusters (Figure S7–S8) is also suggestive of older 

expansions, except for LTR retrotransposons, which appear to be younger (Table S4). 

Gomphocerus sibiricus was the only species for which the distribution of repeats differed 

markedly between the two samples. In principle, this difference may be driven by the sex 

chromosomes. Sibiricus has three large and five medium-sized pairs of autosomes and the X 

chromosome is of similar size to the smaller autosomes (Gosalvez & López-Fernandez, 

1981). It also has an X0 sex determination system, in which females have two and males one 

copy of the X chromosome. However, as the repeat content of the two sexes did not differ 

substantially from one another in any of the other species, we consider a sex chromosome 

explanation unlikely. Alternatively, inter-individual differences within species may result 

from the presence or absence of supernumerary chromosomes (B chromosomes) or 

supernumerary segments of normal chromosomes, which are facultatively present in some 

individuals (Gosalvez & López-Fernandez, 1981). However, the male sibiricus sample was 

unusual in several aspects and also differed markedly from data generated for different 

individuals of the same species in a recent study (Shah et al., 2016). Consequently, it is 

possible that this particular sample may be untypical, possibly due to genuine differences in 

genome structure, or alternatively as a result of unknown biases that could have arisen 

during the sequencing or assembly procedure. However, the congruence of the two 

independent library preparations and sequencing runs as well as the results of our 

mitochondrial phylogenetic reconstruction suggest that these differences probably have a 

biological rather than technical origin. 

Overall, our analysis of repeat content in the large genomes of gomphocerine grasshoppers 

reveals a strong link between genome size and repeat content, and in particular high 

abundances of various helitrons and satellite DNA. We suggest that the expansion of 

satellite DNA might be secondary and could potentially have been favoured by selection as a 

means of stabilising these greatly expanded genomes. Whether or not helitrons played a 

primary or secondary role in grasshopper genome size expansions remains an open 

question, but it seems reasonable to speculate that increases in genome size likely followed 
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a multi-step process, in which different repetitive elements proliferated during the earlier 

and later phases of genome size expansion.  

Methods 

Species and sample collection 

We sampled hind legs from one male and one female each of six species from the subfamily 

Gomphocerinae of acridid grasshoppers (total n = 12 individuals): meadow grasshoppers 

Pseudochorthippus parallelus (Bielefeld, Germany), alpine thick-necked grasshopper 

Aeropedellus variegatus (Engadin, Switzerland), rufous grasshopper Gomphocerippus rufus 

(Engadin, Switzerland), bow-winged grasshopper Chorthippus biguttulus (Bielefeld, 

Germany), club-legged grasshopper Gomphocerus sibiricus (Engadin, Switzerland) and large 

mountain grasshopper Stauroderus scalaris (Engadin, Switzerland). Based on previous 

mitochondrial analyses (Dumas et al., 2010; Vedenina & Mugue, 2011) as well as our own 

results (Figure 1), sibiricus-scalaris and biguttulus-rufus appear to be sibling taxa, while 

parallelus and variegatus are more distantly related. Hind legs were stored in 70% ethanol 

at -20°C prior to DNA extraction from postfemur muscle tissue using a standard chloroform-

isoamyl alcohol extraction protocol (Sambrook et al., 1989). 

Genome size determination by flow cytometry 

We quantified genome sizes by flow cytometry following a standard protocol (Hare & 

Johnston, 2011). Nuclei were extracted from heads of three male grasshoppers per species. 

Preliminary analyses have shown that freezing after nuclei isolation leads to blurred peaks in 

the flow cytometer. Therefore, all samples were processed immediately before 

measurement. Half a brain, split longitudinally, was used per extraction. First, 1 ml of cold 

Galbraith buffer was added to each sample. Samples were then ground with 15 strokes of a 

pestle in a Dounce grinder. Both the grinder and pestle were washed with Milli-Q water 

between the processing of each sample. Homogenates were transferred to Eppendorf tubes 

and left to incubate for 15 minutes. Ground samples were filtered through a 20 µm nylon 

mesh filter to remove cell debris and the filtrate was recovered into a 5 ml falcon tube on 

ice. 20 µl (5% of the total volume) of the standard Acheta domesticus extract was added to 
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each sample. Each extract was further diluted with 100 µl of 0.5 mg/ml propidium iodide to 

obtain a final concentration of 50 µg/ml. Samples were left to stain for one hour on ice in 

the dark before being filtered again using a 20 µm nylon mesh filter and then analysed on a 

BD FACS Canto II flow cytometer. Analyses continued at a medium flow rate until 10,000 

gated events were recorded.  

Flow cytometry data were processed using the BD FACSDiva software. Besides the 

pronounced peak of the cricket size standard, we usually observed a smaller peak at 

approximately twice the signal intensity that was putatively caused by mitotically dividing 

cells. A second peak at twice the signal intensity of the target sample was also sometimes 

visible, but the peak was small and usually blurred, so that it could not be analysed. 

However, these results demonstrate overall linearity of the signal across the observed 

range. We converted signal intensities to genome sizes by taking the least squares fit of 

published genomes sizes (averages available for four species, Table S3) on signal intensity 

(adjusted R2 = 0.82, Figure S14). 

High throughput sequencing and short read pre-processing 

We generated separate sequencing libraries for all 12 individuals using an Illumina Nextera 

DNA library preparation kit and size-selected fragments ranging from 300 to 700 bp. These 

libraries were then 2x300 bp paired-end sequenced on the Illumina MiSeq sequencing 

platform, which resulted in 4.5 Gb of sequence and an average depth of coverage across the 

entire genome of around 0.0034x. To further increase the quantity of data, we sequenced 

the same samples with 150 bp single-end reads on two Illumina HiSeq 2500 lanes to yield 

31.1 Gb of sequence, corresponding to an average depth of coverage of around 0.23x. The 

resulting raw reads were pre-processed and filtered using trimmomatic (version 0.36, 

(Bolger et al., 2014)) and FASTX toolkit (version 0.06, (Gordon & Hannon, 2010)) to remove 

sequencing adapters, sequencing artefacts and low quality reads (<20 phred). Trimmomatic 

was set to remove sequencing adapters, leading and low quality bases (below quality 3), 

bases which fall below quality 15 in a 4 bp wide window and reads with final lengths below 

120 bp. 
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Phylogenetic analysis 

We used MitoFinder (version 1.2,(Allio et al., 2020)), a pipeline to extract and assemble 

mitochondrial genome from sequencing data, to harvest as many mitochondrial sequences 

as possible from all samples. Although nuclear sequences would be preferable for 

phylogenetic reconstruction, our low coverage sequencing does not yield sufficient 

coverage of well-represented nuclear genes. Nevertheless, mitochondria are present in 

higher copy numbers than nuclear mitochondrial copies (which frequently cause problems 

for phylogenetic analysis in orthopterans, (Hawlitschek et al., 2017; Song et al., 2014)) and 

are therefore ideally suited for phylogenetic analysis. We used MAFFT (version 7.313, (Katoh 

& Standley, 2013)), with the L-INS-i option to create a multiple sequence alignment of 

mitochondrial genes. We reconstructed phylogenies on a gene-by-gene basis for 15 

mitochondrial genes (Figure S11). Since many genes had missing sequences for some 

samples, we selected the COI, COII and COIII genes, which had the least missing data, for a 

final analysis in which multiple sequence alignments were concatenated (Figure S10). Pacris 

xizangensis (Li et al., 2020) was added as an outgroup for rooting. The phylogenetic analysis 

was performed using PartitionFinder (version 2.1.1, (Lanfear et al., 2016)) in order to select 

best-fitting partitioning schemes and models of molecular evolution, followed by a 

maximum-likelihood based phylogeny estimating using RAxML (version 8.2.12, (Stamatakis, 

2014)), with a GTR substitution model and GAMMA rate heterogeneity across sites. De novo 

repeat identification  

De novo repeat identification 

We used RepeatExplorer (version 0.9.7.8) for de novo repeat identification (Novák et al., 

2013). Clustering was based on read similarity across multiple copies of repeat elements and 

in the ideal case, clusters represent all reads from a family of repeats. RepeatExplorer relies 

on RepeatMasker (version 4.06, (Smit, 2015)), RepBase (version 20160829, (Bao et al., 

2015)) and Dfam (version 2.0, https://dfam.org/help/tools) for identification of repeat 

families. Initially we did this separately for each sample based on HiSeq reads. As 

RepeatExplorer can handle only a limited number of reads, we randomly selected 10% of 

the reads from each sample. This process was repeated five times but the replicate runs 
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yielded virtually identical results, so we present only data from a single RepeatExplorer run 

per sample (Figure 3).  

We conducted an independent analysis to confirm our results from RepeatExplorer using 

dnaPipeTE (version 1.3, (Goubert et al., 2015a)), an alternative pipeline for the de novo 

assembly, annotation and quantification of transposable elements. We ran dnaPipeTE with 

default settings and five Trinity iterations. dnaPipeTE is a fully automated pipeline to 

assemble and quantify repeats, which assembles repeats from short-read data using the 

Trinity de novo transcriptome assembler in an iterative fashion. This is followed by 

annotation of the assembled contigs using RepeatMasker and the RepBase database. 

Finally, BLASTN is used to estimate the relative abundance of transposable elements, to 

shed light on the transposable element divergence landscape, and to further annotate the 

assembled unannotated contigs. 

Iterative repeat identification and filtering 

We used a custom version of satMiner (Ruiz-Ruano et al., 2016) to filter the sequence data 

for reads associated with repetitive elements and to estimate the total repeat content per 

sample. The 12 libraries and the MiSeq and HiSeq reads were processed separately at this 

stage, resulting in 24 satMiner runs. satMiner uses RepeatExplorer to analyse a small subset 

of each library (set to 300,000 reads) in order to identify repeat clusters de novo. The 

fraction of reads assigned to repeat clusters was then used to query the remainder of the 

sequences. Sequences of high similarity were assigned to newly identified clusters and 

removed from the pool of sequences before progressing with the next iteration of satMiner 

by parsing a new subset of 300,000 reads from the remaining pool of reads to 

RepeatExplorer. 

We ran satMiner for five iterations, which involved six de novo assembly steps and five 

mapping and filtering steps. As satMiner does not retain reads which are assigned to 

clusters, we modified the code so that this information was retained. Our modified version 

of satMiner is available via https://github.com/abshah/satminer. To facilitate downstream 

analyses, the MiSeq read pairs were merged using PEAR (version 0.9.10, (Zhang et al., 

2014)). We then used custom Linux shell scripts to collate MiSeq and HiSeq reads revealing 

https://github.com/abshah/satminer
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homology to repeat clusters identified by satMiner into a single readsets, which we refer to 

as 'repeat-enriched readsets'.  

Again, we used the dnaPipeTE pipeline as an independent method to analyse repeat-

enriched readsets. We ran dnaPipeTE with default settings with the number of Trinity 

iterations set to 5 on all repeat-enriched readsets. Results of repeat-enriched readsets were 

similar to the dnaPipeTE analysis of full readsets before enrichments (see above) and we 

therefore present only the former. 

Repeat content estimation 

The five successive satMiner iterations were used to estimate the total repeat content of 

each sample. During each iteration i, we quantified the percentage of the reads that was de 

novo assigned to clusters, pi. We then searched for the set of reads qi that showed sequence 

similarity to reads in pi. As reads that are assigned to clusters (pi) or that show sequence 

similarity to reads within clusters (qi) were sequentially removed, we expected this fraction 

to decline progressively with each iteration. However, we found that pi remained 

approximately constant across iterations, while querying the remaining pool of reads gave 

rapidly diminishing yields of repetitive sequences qi (Figure S3). This suggests that the query 

step was not fully efficient and that each iteration re-discovered the same repeat clusters 

rather than finding new ones. In fact, the sum of the fraction filtered out of the total pool 

and the fraction assigned de novo to clusters quickly stabilized after two iterations (Figure 

S3). We therefore used the sum Σ(p+q) calculated after the last satMiner iteration to provide 

the best estimate of total repeat content. 

Joint repeat clustering and comparison across species 

Comparing clusters across species can sometimes be difficult due to issues with merging 

clusters across independent runs in different readsets. Consequently, we analysed readsets 

that contained reads from different individuals and species in equal proportions as 

described below. We processed the repeat-enriched readsets using RepeatExplorer (version 

0.9.7.8, (Novák et al., 2013)). In order to ensure equal representation of repetitive elements 

from all biological samples, we sub-sampled each of the twelve enriched readsets 20 times 
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without replacement, each time drawing 25,000 MiSeq reads and 75,000 HiSeq reads at 

random to produce a total sub-sample of 100,000 reads per readset. This generated 20 

datasets, each comprising 1,200,000 sub-sampled reads pooled over all 12 individuals that 

were analysed by RepeatExplorer to generate de novo assembled repeat clusters.  

We then used reciprocal BLAST to match contigs from clusters identified by RepeatExplorer 

pairwise across independent runs. We aimed to pool the 15 most abundant repeat classes 

that we assumed to be represented in all runs. As rank order may change across runs, we 

used the first 50 clusters produced by each run to determine pairwise matches (of which the 

first 30 are shown in Table S5). Within the pool of 50x50 reciprocal BLAST matches across 50 

clusters from each of two runs, there was a single best match for the most abundant 15 

clusters in all cases (Table S6). Reads from clusters identified as best matches were pooled 

and the 15 clusters with the most reads across pooled samples were further processed.  

We used principle component analysis (PCA) to compare the overall pattern of repeat 

clusters across individuals. This was based on the 15 most abundant clusters keeping the 20 

replicated sampling draws as independent cases as they contained no overlapping reads. 

The PCA was therefore performed on 15 items (clusters) and 240 cases (20 replicated 

subsamples each of 12 individuals). We performed the PCA with variance-standardized 

items, thus giving all clusters equal weight in the analysis. The first three axis showed 

eigenvalues above unity and thus explained more variance than any of the original clusters 

alone. Analyzing only the first ten clusters yielded qualitatively similar results (with two 

eigenvalues above unity). 

Furthermore, we identified reads from different biological samples by visualizing 

aggregations of reads from different species in different regions of the cluster graphs. 

Cluster graphs were built on the repeat-enriched pool across all samples and we thus refer 

to this approach as ‘pool-and-paint’ cluster painting. 

Cluster annotation 

Cluster contigs were annotated by RepeatMasker using the Metazoan database of repeats 

from RepBase (version 20160829, (Bao et al., 2015)). dnaPipeTE uses RepeatMasker and 

RepBase database for annotation and we used BLASTN to further annotate the assembled 
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unannotated contigs (Table S7). Annotating de novo assembled clusters is challenging and 

not all annotations are likely to be correct. Nevertheless, most of our analyses relied on 

relative cluster sizes and the distribution of reads from clusters across samples, and so were 

not dependent on accurate annotations. 

Ancestral state reconstruction 

We used ancestral state reconstruction to estimate changes in repeat abundances 

separately for the major repeat clusters in our set of species. Topology and branch lengths 

were based on our mitochondrial phylogenetic tree. Repeat abundance was estimated from 

our RepeatExplorer analysis by multiplying the proportion of reads assigned to each cluster 

with the estimated genome size of each species. This resulted in an estimate of total 

sequence content per cluster for each sample. Estimates for males and females were highly 

correlated and were therefore averaged in the analysis. We then implemented ancestral 

state reconstruction using REML fits based on a Brownian motion model (as implemented in 

the ace function of R package ape, version 5.3, (Paradis & Schliep, 2019)) to estimate 

ancestral states for each node. These were subsequently converted to changes per branch 

in Mb of sequence per haploid genome. 

Comparative analysis of the migratory locust 

For some of our analyses, we also incorporated published sequence data from the migratory 

locust L. migratoria, the only acridid species (from the subfamily Oedipodinae) for which a 

draft genome has been published (Wang et al., 2014). Raw paired-end Illumina HiSeq 2000 

sequences (73.6 Gb) were downloaded from the short read archive (accession number 

SRR764584 and SRR764591). We merged read pairs using PEAR (version v0.9.10, (Zhang et 

al., 2014)) to create a readset with long single-end reads for comparability with our analysis 

of gomphocerine species described above. Merged reads below 60 bp were removed. We 

did not combine reads from L. migratoria with reads from the six gomphocerine species in 

our pooled RepeatExplorer analysis because the species is too distantly related and would 

distort the pattern of interspecific variation. 
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Data access 

The short read data generated in this study have been submitted to the NCBI BioProject 

database (https://www.ncbi.nlm.nih.gov/bioproject) under the accession number 

PRJNA559340. Additional files have been deposited in the iDiv data repository 

(http://idata.idiv.de/ddm/Data/ShowData/1838).  

Tables and Figures 

Figure legends 

Figure 1: Phylogenetic relationships among six species of gomphocerine grasshoppers (tree 

rooted using Pacris xizangensis as an outgroup) with Locusta migratoria, a species used for 

comparison in some analyses, added with unestimated branch length (the divergence time 

from gomphocerine grasshoppers is about 61 Mya, (Song et al., 2015)). This phylogeny was 

based on mitochondrial markers (using COI, COII and COIII genes). Numbers show branch 

lengths and pie charts at nodes show bootstrap support. The topology is congruent with COI 

mitochondrial sequence-based analyses published by Vedenina and Mugue (2011) and 

Dumas et al. (2010).  

Figure 2: Relationship between repeat content as estimated by de novo clustering (see 

Figure S3) and genome size as estimated by flow cytometry (see Figure S2) for six species of 

gomphocerine grasshoppers and Locusta migratoria. par = Pseudochorthippus parallelus, 

var = Aeropedellus variegatus, ruf = Gomphocerippus rufus, big = Chorthippus biguttulus, sib 

= Gomphocerus sibiricus, sca = Stauroderus scalaris, mig = Locusta migratoria. 

Figure 3: Distribution of de novo assembled repeat content over repeat clusters. The upper 

half of the plot shows results for the female sample while the lower half shows the male 

sample. Each histogram is based on a single clustering run, with other runs being 

qualitatively similar. Dashed vertical lines show the estimated repeat content for males and 

females as estimated by RepeatExplorer based on this single run. 

Figure 4: Principle component analysis of repeat content (based on the 15 most abundant 

clusters) across six species of gomphocerine grasshoppers using variable scaling and 

rotation of axes. The first three principle components explain 48%, 25% and 15% of the 

https://www.ncbi.nlm.nih.gov/bioproject
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variation respectively. Each point represents the results of a single run, with species 

distinguished by colour, females shown as circles and males as triangles. par = 

Pseudochorthippus parallelus, var = Aeropedellus variegatus, ruf = Gomphocerippus rufus, 

big = Chorthippus biguttulus, sib = Gomphocerus sibiricus, sca = Stauroderus scalaris. 

Figure 5: Abundance of the ten most abundant repeat clusters across six species of 

gomphocerine grasshoppers. Species are arranged horizontally according to their 

phylogenetic relatedness, as shown in Figure 1. Females are shown in black and males are 

shown in grey. Each dot represents one of twenty independent clustering runs based on 

non-overlapping subsets of the data. par = Pseudochorthippus parallelus, var = Aeropedellus 

variegatus, ruf = Gomphocerippus rufus, big = Chorthippus biguttulus, sib = Gomphocerus 

sibiricus, sca = Stauroderus scalaris. 

Figure 6: Cluster-paining approach to species-specific differences within cluster. The plot 

shows the four largest cluster with dots representing reads and read overlap by edges. The 

six different species are shown by different colours. Tight clustering of reads from the same 

species (as for clusters 1 and 3) indicate divergence within a species, while dispersion of 

colours across the graph (as for clusters 2 and cluster 4) indicates that either cluster 

expansion predates divergence or expansion has continued from a range of diversified 

repeat copies. 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Supplementary Material for Manuscript III  

Figure S1: Flow chart of the data processing procedure. Each species is symbolized by a 

different shade of grey and the two sexes are symbolized by filled and hatched texture. 

Horizontal lines symbolize subsets of the data. 
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Figure S2: Genome size as determined by flow cytometry based on three males per species 

using a single Acheta domesticus male (diamonds) as a size standard (horizontal line shows 

the mean value across all Acheta domesticus measurements). Flow cytometry signals were 

converted to genome sizes by regression (Figure S23). rCV varied between 3.8 and 7.4 per 

sample with a mean of 3.9-7.0 per species (lowest in Chorthippus biguttulus, highest in 

Gomphocerus sibiricus). Numbers above data points show average values (± SE) per species. 
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Figure S3: Repeat content estimation based on multiple satMiner iterations. Dashed lines 

show the proportion of reads (pi in main text) de novo assigned to repeat clusters in each 

iteration i. Dotted lines show the proportion of reads identified as repeats (based on de 

novo clustering of a subset in combination with querying the main pool, qi in main text). 

Solid lines show the sum pi + qi of the proportion of reads already identified as repeats and 

the fraction identified as repeats in a subset of the remaining reads. Numbers in the upper 

left corner show the cumulative estimate of repeat content in the final iteration. Numbers in 

the lower right corner show the total number of contigs assembled by satMiner. Results for 

females are shown in black and results for males in grey. 
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Figure S4: Distribution of repetitive DNA across repeat clusters annotated by RepeatMasker 

for six species of grasshopper. The data show results from a single female per species.  
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Figure S5: Distribution of repetitive DNA across repeat clusters annotated by RepeatMasker 

for six species of grasshopper. The data show results from a single male per species. 
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Figure S6: Distribution of de novo assembled repeat clusters for a Locusta migratoria 

female. Results are based on a single RepeatExplorer run. The vertical line shows the repeat 

content as estimated by RepeatExplorer based on this single run. 
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Figure S7: Divergence distribution within clusters of repetitive DNA in six species of 

grasshoppers across repeat-envirched datasets. The data show results from a single female 

per species. 
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Figure S8: Divergence distribution within clusters of repetitive DNA in six species of 

grasshoppers across repeat-envirched datasets. The data show results from a single male 

per species. 
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Figure S9: Correlation of repeat cluster size across the sexes. Results are shown across the 

first 10 repeat clusters with different clusters shown by different symbols. Each data point 

refers to a single cluster for a single species with six data points per cluster and thin lines 

showing the major axis regression line for each cluster. The dashed grey line shows the line 

of equal cluster size in females and males. 
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Figure S10: Sample specific phylogeny based on COI, COII and COIII mitrochondrial genes. 
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Figure S10: Sample specific phylogeny based on COI, COII and COIII mitrochondrial genes. 
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Figure S11: Sample-specific unrooted gene trees by mitochondrial gene locus. 
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Figure S11: Sample-specific unrooted gene trees by mitochondrial gene locus. 
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Figure S12: Repeat cluster size changes across the phylogeny. Grey dots show estimated 

abundance of reads (standardized to percentage of the largest node within a cluster). Edge 

width shows the proportional change (black = increases, red = decreases).  
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Figure S12: Repeat cluster size changes across the phylogeny. Grey dots show estimated abundance of 

reads (standardized to percentage of the largest node within a cluster). Edge width shows the 

proportional change (black = increases, red = decreases). Correlations of genome size with repeat 

abunances are shown in Table S8. 
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Figure S13: Cluster-paining approach to species-specific differences within cluster. The plot 

shows the four largest cluster with dots representing reads and read overlap by edges. The 

six different species are shown by different colours. 
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Figure S14: Calibration of flow cytometric signal intensity to genome sizes based on 

regression of published genome sizes (Table S3) and signal intensity. Published genome sizes 

are available for only four species (dom = Acheta domesticus, par = Pseudochorthippus 

parallelus, sib = Gomphocerus sibiricus, sca = Stauroderus scalaris, Table S3). Furthermore, 

we used the published genomes of Chorthippus brunneus as a substitute for the very closely 

related Chorthippus biguttulus (big/bru). 
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Table S1: Summary of sequencing output (after quality filtering) in seven species of Acridid 

grasshoppers. The Locusta dataset is a subset of the Locusta genome project sequencing 

runs (Wang et al., 2014). 

 

SPECIES SEX # PE READS # SE READS TOTAL BP 
COVERAG
E 

Pseudochorthippus parallelus Male 431,243 26,123,484 3,004,651,879 0.32x 

Pseudochorthippus parallelus Female 368,771 22,047,786 2,538,590,762 0.27x 

Aeropedellus variegatus  Male 898,886 42,144,856 4,935,907,687 0.45x 

Aeropedellus variegatus  Female 486,548 23,135,739 2,702,135,625 0.25x 

Gomphocerippus rufus Male 510,974 21,326,566 2,520,426,131 0.26x 

Gomphocerippus rufus Female 615,659 22,032,317 2,638,581,869 0.27x 

Chorthippus biguttulus Male 375,586 23,198,795 2,640,534,948 0.32x 

Chorthippus biguttulus Female 374,817 22,850,071 2,612,756,133 0.32x 

Gomphocerus sibiricus Male 463,973 19,980,621 2,376,345,690 0.23x 

Gomphocerus sibiricus Female 511,351 21,892,521 2,589,274,427 0.25x 

Stauroderus scalaris Male 375,939 28,034,183 2,448,458,508 0.18x 

Stauroderus scalaris Female 290,636 21,662,158 3,167,983,886 0.23x 

Locusta migratoria Female 8,420,257 0 7,482,931,189 1.28x 
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Table S2: Comparison of repeat content estimation by satMiner, RepeatExplorer and 

dnaPipeTE (correlations estimates satMiner-RepeatExplorer r = 0.56, satMiner-dnaPipeTE r = 

0.93, RepeatExplorer-dnaPipeTE r = 0.72). 

Species Sex satMiner RepeatExplorer dnaPipeTE 

Pseudochorthippus 

parallelus Male 

0.79 0.68 0.61 

Pseudochorthippus 

parallelus Female 

0.83 0.69 0.63 

Aeropedellus variegatus Male 0.84 0.73 0.64 

Aeropedellus variegatus Female 0.86 0.70 0.65 

Gomphocerippus rufus Male 0.84 0.69 0.64 

Gomphocerippus rufus Female 0.83 0.67 0.63 

Chorthippus biguttulus Male 0.82 0.67 0.62 

Chorthippus biguttulus Female 0.86 0.69 0.65 

Gomphocerus sibiricus Male 0.89 0.67 0.63 

Gomphocerus sibiricus Female 0.94 0.71 0.68 

Stauroderus scalaris Male 0.99 0.72 0.70 

Stauroderus scalaris Female 0.79 0.68 0.61 
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Table S3: Published genome size estimates as compiled in the Animal Genome Size Database 

(http://www.genomesize.com/). DNA content refers to haploid genome size. NA = 

Information not available. 

SPECIES 

DNA 
CONTENT 
[PG] METHOD 

CELL 
TYPE SIZE STANDARD ORIGIN REFS 

Pseudochorthippus  
    parallelus 

12.31 Fuelgen 
densitometry 

Testes Locusta migratoria 
(5.5 pg DNA) 

UK? John and 
Hewitt (1966) 

Pseudochorthippus  
    parallelus 

13.36 Fuelgen 
densitometry 

Testes Mus musculus  
(3.3. pg DNA) 

UK? Wilmore and 
Brown (1975) 

Pseudochorthippus 
    parallelus 

13.83 NA NA NA NA Petitpierre 
(1996) 

Pseudochorthippus 
    parallelus 

14.72 Fuelgen 
densitometry 

Testes Gallus domesticus 
(1.25 pg DNA) 

Spain Belda et al. 
(1991) 

Chorthippus brunneus 8.55 Fuelgen 
densitometry 

Testes 

 

Locusta migratoria 
(5.5 pg DNA) 

UK? John and 
Hewitt (1966) 

Chorthippus brunneus 8.55 Fuelgen 
densitometry 

Testes Locusta migratoria 
(5.5 pg DNA) 

UK? Wilmore and 
Brown (1975) 

Chorthippus brunneus 10.15 Fuelgen 
densitometry 

Testes 

 

Allium cepa  
(16.5 pg DNA) 

Spain 

 

Gosalvez et 
al. (1980) 

Gomphocerus sibiricus 8.95 Fuelgen 
densitometry 

Testes Allium cepa  
(16.5 pg DNA) 

Spain? Gosalvez et 
al. (1980) 

Stauroderus scalaris1  14.72 Fuelgen 
densitometry 

Testes Gallus domesticus 
(1.25 pg DNA) 

Spain Belda et al. 
(1991) 

Stauroderus scalaris 16.34 NA NA NA NA Petitpierre 
(1996) 

1Listed as Chorthippus scalaris. 
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Table S4: Sequence divergence within clusters summarized by repeat class and sample as 

estimated by dnaPipeTE. 

Species Sex 

DNA  

transposons Helitrons 

LINE 

elements 

 

LTR retro-

transposons 

SINE 

elements 

Pseudochorthippus 

parallelus 

Female 6.184 6.288 5.204 4.364 8.006 

Pseudochorthippus 

parallelus 

Male 6.354 6.463 5.255 4.313 7.995 

Aeropedellus variegatus Female 6.298 6.297 5.260 4.009 6.475 

Aeropedellus variegatus Male 6.293 5.215 5.270 4.071 6.635 

Chorthippus biguttulus Female 6.555 6.313 5.510 4.343 7.840 

Chorthippus biguttulus Male 6.681 6.313 5.522 4.298 7.654 

Gomphocerippus rufus Female 6.390 6.057 5.349 4.205 7.393 

Gomphocerippus rufus Male 6.222 6.167 5.372 4.123 7.518 

Gomphocerus sibiricus Female 6.207 5.872 5.219 4.101 7.193 

Gomphocerus sibiricus Male 7.616 7.996 7.043 7.865 9.245 

Stauroderus scalaris Female 6.168 4.944 5.510 4.012 4.735 

Stauroderus scalaris Male 6.171 4.738 5.387 4.050 4.291 

 

 



 

 101 

Table S5: Matching of repeat clusters across independent runs here shown by example of runs 1 and 2. Rows show clusters as assigned in run 1 

and columns show clusters as assigned in run 2. Numbers in cells show the number of reciprocal blast hits for contigs from each cluster in one run 

against all contigs from each clusters in the other run. In this particular example, the best-matching clusters for the first 20 clusters of each run are 

(Run 1-Run 2): 1-1, 2-3, 3-2, 4-4, 5-5, 6-6, 7-7, 8-8, 9-10, 10-13, 11-14, 12-12, 13-18, 14-15, 15-9, 16-17, 17-20, 18-16, 19-20, 20-11, 21-19. Among 

those, we consider the 17-20 match somewhat ambiguous. 

 

 Cluster in Run 2 

 

 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 

C
lu

st
er

 in
 r

u
n

 1
 

1 9 ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
2 ∙ ∙ 13 ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 1 ∙ ∙ 
3 ∙ 480 ∙ 3 ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 1 ∙ 1 ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 2 ∙ ∙ ∙ 
4 ∙ 5 ∙ 229 ∙ 1 ∙ ∙ ∙ ∙ ∙ 1 ∙ ∙ 1 ∙ ∙ 1 ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
5 ∙ ∙ ∙ ∙ 50 ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 1 ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
6 ∙ 1 ∙ ∙ ∙ 109 ∙ ∙ ∙ ∙ ∙ ∙ ∙ 1 ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
7 ∙ ∙ ∙ ∙ ∙ ∙ 11 ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
8 ∙ ∙ ∙ 1 ∙ ∙ ∙ 22 ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
9 ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 29 ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 

10 ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 66 ∙ ∙ ∙ ∙ 1 ∙ ∙ 5 ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
11 ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 3 ∙ ∙ 35 ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
12 ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 42 ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 2 ∙ ∙ ∙ 2 ∙ ∙ ∙ ∙ ∙ 
13 ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 26 2 1 ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
14 ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 3 ∙ ∙ ∙ 37 ∙ ∙ ∙ ∙ 13 ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 2 ∙ 
15 ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 221 ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
16 ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 203 ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
17 ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 5 ∙ ∙ ∙ ∙ 1 ∙ 8 ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
18 ∙ 1 ∙ 5 ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 119 ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 1 ∙ ∙ ∙ ∙ 4 
19 ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 1 ∙ ∙ ∙ 3 ∙ ∙ ∙ ∙ 52 ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 7 ∙ 
20 ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 154 ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 1 2 ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
21 ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 17 ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
22 ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 9 ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
23 ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 9 ∙ ∙ ∙ ∙ ∙ ∙ 
24 ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 6 ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
25 ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 18 ∙ ∙ ∙ ∙ ∙ 
26 ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 12 ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 141 ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 
27 ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 30 ∙ ∙ ∙ ∙ 
28 ∙ 30 ∙ 1 ∙ ∙ ∙ 1 ∙ ∙ 1 1 ∙ 1 ∙ 2 ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 3 ∙ ∙ 2 
29 ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 1 ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 13 ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 23 ∙ 
30 ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ ∙ 5 ∙ ∙ 
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Table S6: Rank order in which the top 15 most abundant clusters appear in each of the 20 

independent de novo repeat assembly runs on data pooled from six species of 

Gomphocerine grasshoppers. 

 RUN 

CLUST
ER 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

2 3 3 3 2 3 2 3 2 2 3 2 2 2 2 3 2 2 2 2 2 

3 2 2 2 3 2 3 2 3 3 2 3 3 3 3 2 3 3 3 3 3 

4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 

5 5 5 5 5 5 5 5 5 5 5 5 6 5 6 5 5 5 5 5 5 

6 6 6 6 6 6 6 6 6 6 6 6 7 6 5 6 6 6 6 6 6 

7 7 7 7 7 7 8 7 7 7 7 7 8 7 7 7 7 7 7 8 7 

8 8 8 8 8 8 9 8 8 8 8 8 9 8 8 8 8 8 8 9 8 

9 9 10 9 9 10 10 9 9 9 10 9 11 11 11 9 9 9 9 10 9 

10 10 11 11 10 11 11 10 10 10 12 11 12 13 12 11 12 10 11 11 11 

11 19 12 13 11 9 19 12 11 13 9 10 10 12 10 10 11 19 10 12 19 

12 12 14 12 13 12 13 13 12 11 14 12 13 14 13 12 13 11 12 13 12 

13 11 13 14 12 13 12 11 13 12 15 13 14 15 14 13 14 12 13 14 13 

14 14 15 15 14 14 14 15 14 14 16 15 16 16 15 14 15 13 15 7 14 

15 13 16 16 16 15 16 14 15 20 18 14 17 19 17 16 16 16 17 16 15 
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Table S7: Annotation of repeat clusters using RepeatMasker with the Metazoan database of 

repeats. The table shows all cases with more than 1% hits. 

CLUSTER CLASS FAMILY # HITS HITS 
[%] 

1 Satellite Satellite 108,700 92.3% 

2 DNA DNA 13,135 20.7% 

 RC Helitron? 7,849 15.1% 

 RC Helitron 6,216 8.7% 

 DNA hAT-
Charlie 

2,281 3.2% 

 Unknown Unknown 1,291 1.6% 

3 - - - all 
<1.0% 

4 RC Helitron 28,700 72.0% 

 Unknown Unknown 704 1.5% 

 DNA hAT-Ac 888 2.0% 

 Unknown Unknown 704 1.5% 

5 LINE CR1 21,554 95.3% 

6 RC Helitron 14,331 54.7% 

 DNA hAT-
Tip100 

2,404 9.2% 

 LINE CR1 1,413 3.4% 

 DNA hAT-
Blackjack 

491 1.4% 

7 RC Helitron 5,130 27.7% 

8 RC Helitron 10,494 46.7% 

 DNA TcMar-
Tc1 

5,405 15.5% 

9 LINE I 15,349 96.7% 

10 tRNA tRNA 1,088 2.37% 
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11 RC Helitorn 12,521 55.6% 

12 LINE CR1 13,919 92.8% 

13 LINE BovB 13,572 95.7% 

14 LINE BovB 10,994 75.7% 

15 - - - all 
<1.0% 
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General Discussion 

Main Findings 

The dramatic decline of high throughput sequencing and computational costs in the last few 

years have enabled us to explore many less studied organisms which was previously not 

possible (Wetterstrand). Furthermore, recent advances in bioinformatics methods has also 

enabled us to tackle significant challenges in terms of informational, genomic and 

computational complexity. This has allowed us to explore species with enormous and 

complex genomes chalk full of repetitive elements.  

In this thesis, manuscript I demonstrated the utility of high-throughput sequencing and prior 

bioinformatics analysis to reduce the costs and improve the efficiency of traditional genetic 

approaches such as using microsatellite markers for exploring species with complex 

genomes. The repeat landscape and proportion of repetitive DNA in the genome, highly 

informative statistics, were also estimated along with our main goals of developing viable 

microsatellite marker. This method will definitely allow us to investigate many other species 

which have been difficult to work with due to genomic complexity.  

Manuscript II described the assembly and analysis of transcriptome of species (Gomphocerus 

sibiricus) with a large and complex genome. Here, I was also able to reconstruct the 

mitochondrial genome which suggested that another closely related species (Gomphocerus 

licenti) was less divergent than another population of the same species. I also provided 

additional evidence for the presence of the endo-parasite Wolbachia. Furthermore, this also 

paves the way for future expression analysis studies such as green brown polymorphism, 

development of club ornaments in Gomphocerus sibiricus. 

Manuscript III explored the genome size through a comparative genomics approach. We 

analyzed the repetitive DNA of 6 species, which also included Stauroderus scalaris, an insect 

with an estimated genome size of approximately 14 GB and estimated repeat content over 

95%. Overall, we observed positive correlation between genome size and repeat content. 

Here, the repetitive sequence content estimate of Locusta migratoria was in line with the 

estimate from the assembled genome of the species. Furthermore, my main findings 

suggested that expansion of satellite DNA in Gomphocerus sibiricus and Stauroderus scalaris, 
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and this is rather a consequence of genome size expansion than a cause. I also suggest that 

expansion in satellite DNA elements is to stabilize chromosome structure. Overall, genome 

size expansion may occur in a complex multi-step process where various phases are 

governed by varied processes.  

Methodological Advances and Future Directions  

This dissertation is a testament to the potential possibilities of optimizing and reducing costs 

of investigating biological assays by employing cutting-edge bioinformatics methods in the 

design process.  

In manuscript I, I developed a new method to maximize the discovery of polymorphic 

microsatellites from complex genomes, thereby reducing overall costs of using such markers 

in classical genetic studies. This methodological advancement has already yielded benefits in 

studies involving the bow winged grasshopper, Chorthippus biguttulus, where it was used for 

parentage analysis in order to study cryptic female choice. This study was carried out by a 

PhD student, Michael Haneke-Reinders at Bielefeld University. This experimentally 

demonstrated improvement in efficiency will certainly be appreciated by other future 

studies on species with complex genomes.  

In manuscript II, I assembled and annotated a high-quality reference transcriptome. In most 

modern reference transcriptomes are usually the result of the consensus of many 

assemblies of multiple k-mer lengths. However, as more assemblies are used to create 

consensus contigs, the risk of assembling chimeric contigs also significantly increases. Here, I 

screened individual contig assembly metrics to lower this risk considerably. Thereby 

improving upon already available reference transcriptome assembly protocols. 

Gomphocerus sibiricus is now poised to become a model system to model study system for 

behaviour, quantitative genetics, green-brown dimorphism, sexual selection and perhaps 

orthopteran genomics. 

In manuscript III, I surveyed and compared complex insect genomes using low coverage 

(<0.45X) sequencing data. The de novo discovery of TEs and other repetitive elements are 

incredibly compute and memory intensive pipelines which require considerable resources. 

Furthermore, the pragmatic upper limit of data for the RepeatExplorer pipeline is about 400 
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million bases (Novák,P. 2017, personal communication). This scales considerable with 

repetitive content especially during the graph based clustering phase and the all-to-all 

similarity search steps of the pipeline. Although RepeatExplorer automatically estimates an 

appropriate sample size, the run time of the pipeline more than 32,000 CPU hours. 

Furthermore, non-repetitive read sequences are also included in the sequence input of 

typical runs (in our case about 30-40%), which, however, are mostly uninformative to the 

pipeline, and therefore contribute to the inefficiency of the pipeline. In manuscript III, I 

describe a method, which yields repeat enriched read-sets which have an average repetitive 

content of over 91%. Furthermore, my method of running multiple sub-samples followed by 

re-ordering of clusters, instead of a single large run allows us to further speedup the run 

times by leveraging the multiple compute nodes on various subsets of repeat enriched 

reads. In the future, it will be possible to run high coverage data-sets in this fashion to fully 

unravel the complexity of the TE landscapes of even the largest and most complex genomes.   

In the future it we may also extend this approach in other directions. In essence, the repeat 

enrichment step partitions the input read data into reads which are likely to contain 

repetitive sequences and reads which are unlikely to contain repetitive reads. However, in 

our study we did not fully utilize the information from the reads unlikely to contain 

repetitive sequences. A “low-hanging fruit” would be to assemble the non-repetitive faction 

of the genome from these reads as they would represent the faction of the genome most 

computationally easy. As most genome assembly pipelines extensively exploit DGBs, 

repetitive sequences pose a significant challenge due to their repetitive nature, which in 

many instances causes the constructed graph to become extremely large and perhaps 

unresolvable. Assembling the non-repetitive reads would probably yield a partial genome 

assembly with perhaps many fully intact genes, albeit highly fragmented and with significant 

missing portions.   
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