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ABSTRACT 
Insects are one of the most widely distributed organisms on earth. They are known as the most 

highly adaptive populations in the face of environmental changes, including biotic stresses such as 

pathogens and abiotic stresses such as climate extremes, food limitation and chemical insecticides. 

They often respond to environmental stresses through the phenotypic expression of adaptive 

genetic- or epigenetic-variation, which is usually ‘cryptic’ under stable environmental conditions. 

The molecular chaperone, heat shock protein 90 (HSP90), the best known evolutionary capacitor, 

mediates the storage and release of such cryptic variation, providing a new mechanism for rapid 

evolutionary adaptation in unpredictable environments and was thus denoted an ‘evolutionary 

capacitor’.  

The current study demonstrates two important aspects of HSP90 function in the important model 

insect, the red flour beetle, Tribolium castaneum, namely its role in fitness and genetic variation 

buffering. I investigated the role of HSP90 in survival and reproduction as important measures for 

fitness. Additionally, I studied the possible phenotypic release of genetic variation upon HSP90 

impairment. I demonstrated the fitness benefits of the expressed HSP90-regulated phenotypes and 

the mechanism by which they are produced.  

When I checked for the role of HSP90 in the maintenance of fitness, I found that Hsp83 (HSP90 

encoding gene) knockdown using RNA interference (RNAi) significantly reduced the life span of 

the injected beetles and dramatically affected the ovarian phenotype, which depended mainly on 

Hsp83 reduction level. Female fertility which was measured by egg laying- and hatching rate was 

completely inhibited upon the strong reduction of Hsp83, while males did not significantly differ 

from the control, suggesting the essential requirement of HSP90 for egg production and maturation.  

By testing for the buffering hypothesis, I found that HSP90 impairment in the parental generation, 

using two independent methods (RNAi and the specific chemical inhibitor 17-DMAG), revealed 

the same 'reduced eye' phenotype in the untreated offspring. Interestingly, this released HSP90-

regulated trait was inherited by the successive generations with no further need for HSP90 

inhibition, suggesting its genetic assimilation.  

Importantly, beetles with the ‘reduced eye’ trait showed a higher fitness under specific 

environmental stress. They laid a significantly higher number of eggs and hatched larvae than their 

siblings with normal eyes when they were stressed by light for 48 hours. Interestingly, the 

penetrance of the ‘reduced eye’ trait significantly increased under the same environmental stress 
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condition, indicating the strong interaction between HSP90 and the environment in providing a 

mechanism for rapid adaptation.  

Furthermore, I tested specific hypotheses when trying to uncover the molecular underpinnings of 

the release and inheritance of the ‘reduced eye’ trait. Initial investigations showed that the ‘reduced 

eye’ trait is likely to be mediated by epigenetic changes because I found a significant suppression 

in the ‘reduced eye’ trait expression (i.e. reversion to the normal eye phenotype) when the beetles 

were treated with inhibitors for histone deacetylases enzymes such as sodium butyrate and 

Trichostatin A. Epigenetic mechanisms are known to allow the adaptive response to be fixed more 

rapidly than the genetic basis 

In the context of our data, the new trait might be a polymorphism masked by an epigenetic 

mechanism controlled by HSP90. However, further studies are still needed to confirm our findings. 

Our study demonstrates the vital and evolutionary capacitance role of HSP90 for the first time in 

T. castaneum and proposes a fitness advantage of an HSP90-buffered trait providing a mechanism 

by which organisms can adapt to stressful environments. The HSP90-buffered traits were usually 

found to be deleterious and rarely neutral.  

The obtained results will enable us to discover the genotype-phenotype map, elucidating our 

understanding of rapid evolutionary adaptation particularly under ecological conditions such as 

climate change or insecticide resistance. 
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1.1 Overview 

Organisms experience a wide range of environmental extremes or stresses throughout their lives. 

In response, they evolve different adaptive strategies to survive and then pass them on to the next 

generation in a phenomenon called evolutionary adaptation (Hayden, Ferrada and Wagner, 2011). 

Stress is defined as any environmental condition  that differ from an organism’s optimal favorable 

conditions (Ghalambor et al., 2007). Based on the intensity of the environmental stress, organisms 

can adapt by maintaining homeostasis and normal biological functions thereby remaining 

phenotypically stable, a phenomenon called canalization (Waddington, 1942a), or by releasing 

phenotypic variability which might be potentially adaptive, a phenomenon called de-canalization 

(Elgart, Snir and Soen, 2015). However, the adaptive, de-canalized phenotypes can be themselves 

canalized afterwards when they become an object for natural selection (Rutherford, Hirate and 

Swalla, 2007).  Thus, de-canalization or adaptation to stress acts as a driving force for species 

evolution and usually requires genetic variation as a raw material (Kaplan and Li, 2012; Raxwal 

and Riha, 2016). 

Genetic capacitors are the best modulators for both canalization and de-canalization (Rutherford, 

Hirate and Swalla, 2007). Under mild environmental stress, the capacitors maintain phenotypic 

robustness and accumulate a wide range of genetic variants hidden from selection, which is referred 

to as ‘cryptic genetic variation’ (Paaby and Rockman, 2014). These cryptic genetic variants can be 

phenotypically expressed as a mechanism for rapid evolution while under adverse environmental 

conditions and upon low expression of the capacitors (Rutherford, Hirate and Swalla, 2007). When 

advantageous , these phenotypic variants become fixed across generations as a product of natural 

selection through a phenomenon called ‘genetic assimilation’ (Waddington, 1953). In other words, 

the conditionally expressed cryptic alleles are essential for adaptation and evolution since they act 

as a source of a standing pool of genetic variations (Le Rouzic and Carlborg, 2008; McGuigan and 

Sgrò, 2009; Paaby and Rockman, 2014; Raxwal and Riha, 2016). 

One well-known genetic capacitor is HSP90 (Rutherford and Lindquist, 1998). Not only is it an 

essential modulator for life history traits including survival and fecundity but also for the rapid 

adaptation to adverse environmental conditions (Zhao and Jones, 2012). HSP90 is a molecular 

chaperone protein belonging to the Heat-shock protein (HSPs) group. HSPs are a class of 

ubiquitous molecular chaperone proteins found in all organisms from bacteria to humans (Lindquist 

and Craig, 1988). They are induced in response to thermal stress and a variety of other physical 
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and chemical stresses (Ritossa, 1962; Matz et al., 1995; Laplante et al., 1998; Cao et al., 1999; 

Tian et al., 2015). They protect the proteome against damaged and misfolded proteins caused by 

stress, and thus maintain protein functions and cellular networking (Balch et al., 2008; Kubota, 

2009). According to their molecular weight, they are subdivided into several families including 

HSP100, HSP90, HSP70, HSP60, HSP40, small HSP (sHSP) and HSP10 (Xu et al., 2012). Among 

all these proteins, HSP90 is the most abundant and evolutionarily-conserved across species. 

Therefore, it has been extensively studied and shows remarkable effects in biological development 

and evolutionary processes (McClellan et al. 2007; Franco et al. 2013).  

 

1.2 Heat shock protein 90 (HSP90) 

The HSP90 family consists of four 90-kDa proteins categorized according to their cell location: 1. 

cytosolic HSP90 which is encoded by the Hsp83 gene, 2. endoplasmic reticulum (ER)-based 

HSP90 (called 94-kDa glucose-regulated protein, GRP94) which is encoded by the Hsp90 gene, 3. 

mitochondrial TRAP1 and 4. chloroplast HSP90C (Chen, Zhong, and Monteiro 2006; Johnson 

2012; Marzec, Eletto, and Argon 2012; Xu et al 2010; Zhang et al. 2013).  

The cytosolic HSP90, our focus protein in the current study, plays an important role to maintain 

cell function not only under stress- but also normal-conditions through stabilizing the 

developmental processes leading to phenotypic robustness (Reviewed in Taipale, Jarosz, and 

Lindquist 2010). Therefore, it is expressed abundantly in the normal cells accounting 1-2 % of the 

total cell protein making it one of the highest expressed proteins (Langer, Rosmus and Fasold, 

2003; Taipale, Jarosz and Lindquist, 2010). Upon stress such as heat, toxins, invading pathogens 

and pesticides, its expression increases to a high level, up to 6 %,  to fulfil its normal function  

(Langer, Rosmus and Fasold, 2003; Liu et al., 2004; Yamada et al., 2007; Xu, Shu and Zhang, 

2010; Kaiser et al., 2011).  

 

1.2.1 History of HSP90 

In 1962, Ritossa reported that a temperature shock in fruit fly Drosophila busckii larvae induced a 

well-defined puffing pattern in the salivary gland 2L-chromosome that always occurred in the same 

region involving specific metabolic activities. This phenomenon led to the identification of HSPs 

since this puffing pattern represented a robust activation of some genes encoding HSPs, including 

HSP90 (Tissiéres, Mitchell and Tracy, 1974; Lindquist, 1981). In the 1980’s, the Hsp83 gene was 
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identified and showed a high conservation in several evolutionarily diverse organisms including 

bacteria (named htpG), yeast, fruit flies, chicken and mammals (Lindquist, 1981, 1986; Welch and 

Feramisco, 1982; Bardwell and Craig, 1987; Lindquist and Craig, 1988; Borkovich et al., 1989). 

Hsp83 was also characterized in Arabidopsis thaliana and its expression was found to rapidly 

increase upon higher temperatures (Conner et al., 1990).  

Cytosolic HSP90 was reported for the first time as a molecular chaperone facilitating protein 

folding by Wiech et al. (1992). They found that HSP90 recognized and bound non-native proteins 

in vitro, preventing their aggregation and affecting their folding into the native state in an ATP-

dependent manner. In 1998, HSP90 was reported for the first time as a genetic capacitor for 

morphological evolution in Drosophila melanogaster (Rutherford and Lindquist, 1998). 

Thereafter, a series of studies confirmed the genetic capacitance role of HSP90 in a variety of 

organisms such as A. thaliana (Queitsch, Sangster and Lindquist, 2002; Sangster et al., 2007), the 

vertebrate Zebrafish model, Danio rerio (Yeyati et al., 2007), D. birchii (Kellermann, Hoffmann 

and Sgrò, 2007), the yeast, Saccharomyces cerevisiae (Jarosz and Lindquist, 2010) and the surface 

populations of the cave fish, Astyanax mexicanus (Rohner et al., 2013). 1n 2003, Sollars and 

colleagues reported HSP90 as an epigenetic capacitor for morphological variation. Recent work 

showed that HSP90 acts as a suppressor of de novo mutations by controlling the mobility of 

transposable elements (TEs) (Specchia et al., 2010). 

 

1.2.2 Structure of HSP90 

HSP90 is present in a homodimer form (Figure 1a) where each monomer consists of three domains 

(Pearl and Prodromou, 2001, 2006; Buchner and Li, 2013; Jackson, 2013). The N-terminal domain 

contains an ATP-binding site with a series of conserved amino acids responsible for ATP binding, 

as well as motifs for co-chaperone interactions. In addition, it acts as a binging site for the chemical 

inhibitors. The middle domain is responsible for client binding by providing binding sites and 

contributes to ATPase pocket forming to activate ATP hydrolysis. Finally, the C-terminal domain 

contains a dimerization motif. The HSP90 molecule becomes functional by dimerization when both 

the C-terminal domains of two HSP90 monomers associate with each other forming a homodimer 

structure. This domain is considered as a second site for inhibitor-binding and for the interaction 

with other co-chaperones. In addition, HSP90 has a charged linker region that helps in the 

association of the chaperone to its client proteins such as kinases and steroid receptors. 
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1.2.3 Functional regulation mechanisms of HSP90 

As a chaperone, HSP90 plays an important role in protein homeostasis assisting in proper folding 

and assembly of a specific subset of proteins called HSP90-clients (Borkovich et al. 1989; Richter 

and Buchner 2011; Schopf, Biebl, and Buchner 2017). It helps the newly synthesized-, misfolded- 

and denatured-proteins in proper folding but it does give them their 3D structure. It helps them to 

find their correct structure encoded from the amino acid sequence (Hartl, 1996; Dobson and 

Karplus, 1999). HSP90 activity is modulated by some functional regulation mechanisms including 

the ATPase cycle and various co-chaperones and post-translational modifications (Buchner and Li, 

2013).  

During the ATPase cycle, HSP90 changes from an open nucleotide-free state conformation to a 

closed ATP-bound conformation where the ATP binding sites induce the closing of the ATP lids 

(Figure 1a). This leads to the dimerization of the N-terminal domain, forming a compact and 

twisted HSP90 molecule which allows client protein binding. HSP90 returns to its open 

conformation after hydrolysis by releasing ADP and Pi and becomes ready for another cycle 

(Trepel et al., 2010; Calderwood, 2013). 

The co-chaperones aid HSP90 in its function as a chaperone, they associate differently to HSP90 

molecule depending on the organism as well as the target client proteins (Johnson and Brown, 

2009). They modulate HSP90 ATPase activity by regulating its conformational dynamics and so 

determine the chaperone cycling rate (e.g., cell division cycle 37 homologue (CDC37), p23, and 

the activator of HSP90, ATPase 1 (AHA1)). Co-chaperones like Cdc37 and HOP (Hsp70-Hsp83 

Organizing Protein) link HSP90 to its client proteins and other co-chaperones (Trepel et al., 2010; 

Calderwood, 2013). 

Post-translational modifications play essential roles in the regulation of HSP90 activity. They 

affect the interaction between the co-chaperone and the client proteins thus affecting HSP90 

function. There are three major regulatory classes of post-translational modifications: 

phosphorylation, acetylation, and nitrosylation (Trepel et al., 2010; Calderwood, 2013). However, 

the Picard laboratory (University of Geneva, Switzerland) usually proposes updated lists of HSP90-

inteactors and HSP90-client proteins. When the co-chaperone p23 binds to the HSP90-complex, 

the complex dissociates, allowing the completion of client folding (Dittmar and Pratt, 1997). The 

target protein is then released and activated (Johnson and Brown, 2009). 
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1.2.4 HSP90 function 

Due to its essential function in important cellular processes, HSP90 has been given several names.  

Since it regulates the function of many signaling pathways, it has been called the ‘master regulator 

of master regulators’ (Lu et al., 2012), the ‘hub of protein homeostasis’ (Taipale, Jarosz and 

Lindquist, 2010), the ‘hub of hubs’ (Jarosz, 2016) and the ‘One Ring to rule them all’ (Lu et al., 

2013).  

HSP90-client proteins are diverse and involved in more than 150 different pathawys, this what 

makes HSP90 unique (Figure 1b) (Chen and Wagner, 2012). These clients are essential for 

developmental networking and cell communication because most of them are signal transducers 

such as, protein kinases and steroid hormone receptors (Cutforth and Rubin, 1994; Nathan and 

Lindquist, 1995), transcription factors, such as heat shock factor (HSF) (Helmbrecht, Zeise and 

Rensing, 2000; Morimoto, 2002), also several chromatin remodeling proteins, such as Trithorax 

(Tariq et al., 2009), as well as other enzyme complexes, such as telomerase (Holt et al., 1999). 

Therefore, HSP90 controls various cellular functions essential for survival, reproduction, 

developmental stability and phenotypic robustness (Richter and Buchner, 2001; Taipale, Jarosz 

and Lindquist, 2010; Chen and Wagner, 2012). The limited expression of HSP90 under stress 

conditions due to the continuous demand for it to fold the denatured proteins, results in extensive 

changes in protein homeostasis affecting therefore fitness and morphological phenotypes 

(Rutherford and Lindquist, 1998; Queitsch, Sangster and Lindquist, 2002; Cowen and Lindquist, 

2005; Jarosz and Lindquist, 2010; Jarosz et al., 2014). 

 

1.2.4.1 Longevity 

The role of HSP90 in longevity and how its reduction affects survival has been broadly studied. 

HSP90s were found to act as modulators of life span in several insects, such as T. castaneum (Knorr 

& Vilcinskas 2011; Zhang et al. 2013;), D. melanogaster (Chen and Wagner, 2012) and aphids 

(Acyrthosiphon pisum) (Will et al., 2017). Upon heat stress, organisms respond by upregulating 

Hsp83 expression, which plays a protective role in survival. This was demonstrated in several 

organisms such as the silkworm, Bombyx mori (Devi et al., 2014), the rice stem borer, Chilo 

suppressalis (Sonoda et al., 2006) and T. castaneum (Xu et al., 2009). 
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Figure 1: (a) HSP90 structure and functional mechanism. HSP90 monomer molecule consists of three domains N-
terminal, middle and C-terminal domain. To be functional, it must be in a homodimer form. With the help of some 
co-chaperones and ATP, HSP90 molecules dimerize forming a closed ATP-bound conformation. While it turns to 
an open nucleotide-free state conformation after hydrolysis with the help of other co-chaperones thereby releasing 
ADP and Pi and becomes ready for another cycle  (Calderwood 2013). (b) Co-chaperones and HSP90-dependent 
client proteins. HSP90 activity is modulated by several HSP90-interacting co-chaperones which determine the rate 
of chaperone cycling; and post-translational modifications which affect the interaction of HSP90 with the co-
chaperones, clients, ATP binding and ATP hydrolysis. (Trepel et al., 2010). 

 

a 

b 
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The overexpression of HSPs is one of the first molecular changes to take place during senescence, 

indicating their essential role during this period (Morrow and Tanguay, 2003). In D. melanogaster, 

this is characterized by the accumulation of abnormal, malfolded proteins and increased oxidative 

stress (Morrow and Tanguay, 2003). Therefore, HSPs are considered ideal biomarkers for aging 

(Johnson, 2006; Terry et al., 2006; Tower, 2011).  In D. melanogaster, strains with an increased 

lifespan showed higher expression of HSPs (Kurapati et al., 2000), which may suggest that 

longevity is  improved by increased HSP expression (Tower, 2011).  

HSPs promote longevity through counteracting proteotoxicity by mediating protein refolding 

(reviewed in Morrow and Tanguay 2003), inhibiting apoptosis (Zhao and Wang, 2004), 

suppressing deleterious and lethal mutations (Rutherford and Lindquist, 1998), favoring stress 

resistance by regulating autophagy and protein degradation during aging (Juhász et al., 2007) and 

by regulating several pathways in different tissues affecting lifespan (Tower, 2011).  

 

1.2.4.2 Reproduction 

HSP90 is a major component of reproductive performance because it is involved in oogenesis 

(Ding et al., 1993), spermatogenesis (Yue et al., 1999) and embryogenesis  (Pisa et al 2009). The 

reduction of Hsp83 negatively affected offspring production and embryonic development in A. 

pisum (Will et al. 2017), natural Hsp83-mutants of D. melanogaster (Chen and Wagner, 2012) and 

T. castaneum (Xu, Shu and Zhang, 2010). In addition, egg production ceased after ER-Hsp90 gene 

reduction in  T. castaneum (Zhang et al., 2013). 

The high expression of Hsp83 in the ovaries (Xu, Shu and Zhang, 2010) and testes (Yue et al., 

1999) demonstrates its essential role in oogenesis and spermatogenesis. However, expression is 

dependent on the developmental stage (Will et al. 2017). Gonad-specific variations in Hsp83 

expression occur in various animals. For example, in T. castaneum, Hsp83 expression was 3-fold 

higher in mature ovaries compared to expression in the whole body (Xu, Shu and Zhang, 2010). 

Hsp83 expression in D. melanogaster occurs at high levels in the germ cells at different 

developmental stages and in the posterior pole of the early embryo (Ding et al., 1993). In B. Mori, 

Hsp83 expression was higher in ovaries than in fat bodies during the pupal stage (Devi et al., 2014), 

while in the Chinese (oak) tussar moth, Antheraea pernyi, Hsp83 expression in the testes during 

the pupal stage was higher than in haemocytes, the midgut and the fat bodies (Chen et al., 2016); 

Furthermore, the expression of the Hsp83 gene in the Asian tiger shrimp, Penaeus monodon was 
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stronger during ovarian maturation (Jiang et al., 2009). Interestingly, in the European honey bee, 

Apis millefera, the homolog of the Hsp83 gene might be a molecular marker for queen-like ovary 

development because its expression in a queen’s ovaries is consistently four to five times higher 

than in worker ovaries (Lago et al., 2016).  

HSP90 controls the localization and translation of specific mRNAs of some essential 

developmental proteins within the growing oocyte and embryo (Song et al 2007; Pisa et al 2009). 

Additionally, it plays an important role in the synthesis of vitellogenin, an egg yolk precursor 

protein, and its deposition into the oocytes (Long and Ka, 2008). An Hsp83-mutation in D. 

melanogaster males negatively affects sperm maturation, individualization, and motility, leading 

to complete sterility (Yue et al., 1999), and in some cases the mutation leads to the activation of 

repeated-stellate elements which encode proteins forming crystalline aggregates (Specchia et al. 

2010). 

 

1.2.4.3 Morphological evolution 

Adaptive phenotypic variation is fundamental for evolution by means of natural selection (Darwin, 

1859). However, the selection for any trait entails not only being adaptive but also having 

underlying genetic mechanisms which assure its fixation over generations. Numerous evolutionary 

capacitors including HSP90 are involved in promoting the expression of genetic variation, thereby 

affecting developmental and phenotypic buffering during evolution (Flatt and Division 2005; 

Hornstein and Shomron 2006; reviewed in Kaoru Sato and Siomi 2010). The capacitance role of 

HSP90 in canalization and shaping genome evolution have been reported in several organisms 

(reviewed in D. Jarosz 2016).  

However, the term ‘canalization’ was coined by Waddington more than 60 years ago (Waddington, 

1942a; Waddington, 1953). Conrad Hal Waddington (1905-1975), was a biologist who studied the 

developmental stability of the phenotypes against genetic and environmental changes. In D. 

melanogaster, he showed that under sufficiently diverse conditions like heat shock, the buffering 

capacity or canalization is exhausted, inducing new phenotypes (e.g. crossveinless winges) which 

was found to be heritable though restoring normal conditions, a phenomenon called genetic 

assimilation. The breeding of affected flies enriched the frequency of the acquired trait in the 

population to near fixation. Importantly, these environmentally induced traits become canalized 

and were no longer affected by changing environmental conditions (Waddington, 1942a; 
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Waddington, 1953, 1956, 1959). Waddington, who is also known as the father of epigenetics (Lu 

et al., 2013), proposed a theoretical explanation for the mechanisms behind canalization, a 

phenomenon called ‘Waddington’s epigenetic landscape.’ This explains that phenotypic robustness 

is changed and stabilized by underlying developmental network controlled by master genes (Figure 

2) (Waddington, 1942b; Ruden et al., 2003). Depending on this model, Rutherford and Lindquist 

(1998) sugge sted that the stress protein HSP90 was an excellent candidate for Waddington’s 

landscape for being a highly connected node in many genetic circuits (Salathia and Queitsch, 2007). 
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Figure 2: Waddington epigenetic landscape. Waddington considered an embryonic cell is represented by a ball 
which located on a landscape. This landscape represents the developmental process which differentiated into 
different pathways or canals (A, B, C and D) through which the ball can roll down depending on the slope of the 
landscape. As far as this landscape is stable the ball or a certain trait in the embryonic cell will always follow up 
the same route (canal) or the same developmental pathway ending up with the same phenotype i.e. the trait is 
canalized. Interestingly, he hypothesized that this landscape is deformed and stabilized by underlying gene 
interactions. Genes are represented by pins stuck in the ground, pulled with ropes attached to the landscape, 
deforming it and fixing the path of the ball. When these genes change in their expression, the landscape structure 
or the developmental pathway of the trait will differ ending up with a new phenotype, i.e. the trait is de-canalized. 
Importantly, the new phenotype or the de-canalized trait can be itself canalized independent of the stimulus i.e. 
genetically assimilated. 
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1.2.4.3.1 HSP90 as a genetic potentiator and capacitor  

HSP90 can promote morphological evolution through genetic buffering either directly or indirectly 

(Figure 3) (Rutherford, Hirate and Swalla, 2007). The ‘direct’ genetic buffering is achieved by 

direct chaperoning of the mutated proteins, where HSP90 properly folds these proteins into normal 

phenotypes (Lindquist, 2009). Upon HSP90 reduction, these proteins cannot be folded on their 

own, resulting in phenotypic expression of the buffered mutations (Rutherford, Hirate and Swalla, 

2007). Thus, HSP90 is a potentiator since it potentiates new variation under normal condition, i.e. 

when its expression is normal (Lindquist, 2009). When beneficial, this new variation can be 

evolved. Therefore, HSP90 can facilitate evolvability through mutational robustness, i.e. 

stabilizing beneficial mutations, which might provide the organism with new or improved functions 

particularly under stress (Bloom et al., 2006). 

The chaperoning of mutated proteins by HSP90 has been reported in different studies. In S. 

cerevisiae,  Jarosz and Lindquist (2010) found that a fifth of all the variation in the yeast genome 

is concealed by HSP90 and they identified the genetic loci of phenotypic variation, which were 

either directly or indirectly (acting as a capacitor, see the next paragraph) affected by HSP90. They 

determined causal polymorphisms in several genetic loci, some of them occurring in HSP90-

clients, others found in non-clients and even in non-coding regulatory sequences. Also, the 

maturation and activity of mutated tyrosine kinase v-Src in S. cerevisiae was found to depend on 

the level of HSP90 (Xu and Lindquist, 1993). In addition, it was shown that HSP90 stabilizes gain-

of-function mutations; in the pathogenic fungi Candida albicans, the mutations which confer 

resistance against antifungal drugs required high levels of HSP90 for survival  (Vincent et al., 

2013).  

The other way for HSP90 role in genetic buffering is the ‘indirect’ way, which is more often than 

the direct way (Rutherford, Hirate and Swalla, 2007), where HSP90 acts as a genetic capacitor for 

morphological variation (Rutherford and Lindquist, 1998; Queitsch, Sangster and Lindquist, 2002). 

In various organisms, HSP90 maintains developmental stability and phenotypic robustness through 

stabilizing the signal transduction pathways by folding and functioning the involved HSP90-clients 

(Rutherford and Lindquist, 1998; Queitsch, Sangster and Lindquist, 2002). This robustness is 

usually achieved under normal conditions, when HSP90 is fully functional, allowing for the 

buffering of genetic variation such as polymorphisms and silent mutations which accumulate in a 

hidden form throughout the genome without any phenotypic consequences (Rutherford and 
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Lindquist, 1998; Queitsch, Sangster and Lindquist, 2002). These cryptic variations can be found in 

proteins, which are not themselves HSP90-clients, but they interact with them to regulate signal 

transduction pathways  (Rutherford, Hirate and Swalla, 2007). Accordingly, under stress conditions 

and when HS90 cannot fulfill the demand for its services, developmental stability unsettles and 

uncovers the buffered- (HSP90-masked) phenotypic variations, which can be fixed in the 

population when advantageous (Lu et al., 2013; Jarosz, 2016). HSP90 is, therefore, called a 

‘capacitor’ that stores genetic variation, cryptically without phenotypic expression under normal 

conditions, and releases it upon stress; like electrical capacitors which store a charge and release it 

only when needed  (Rutherford and Lindquist, 1998; Queitsch, Sangster and Lindquist, 2002). 

HSP90 has been reported as an evolutionary capacitor for morphological variation in several 

organisms, including D. melanogaster (Rutherford and Lindquist 1998), A. thaliana (Queitsch, 

Sangster and Lindquist, 2002; Sangster et al., 2007), D. rerio (Yeyati et al., 2007), D. birchii 

(Kellermann, Hoffmann and Sgrò, 2007), S. cerevisiae (Jarosz and Lindquist, 2010) and A. 

mexicanus, which is considered as an excellent system in nature (Rohner et al., 2013). Here, the 

genetic manipulation and chemical inhibition of HSP90 phenotypically released a wide range of 

cryptic variations, which was genetically assimilated across generations.  

However, the differentiation between direct and indirect buffering of HSP90 is not easy and needs 

further studies (Rutherford, Hirate and Swalla, 2007). In D. melanogaster and A. thaliana, the 

released traits were reported as pre-existed or cryptic because these traits depend mainly on the 

genetic background of the used strains. However, quantitative trait loci mapping (QTL) suggests 

that these new traits had genetic basis. In D. melanogaster, up to 17 QTLs are linked by 7 

interactions and can suppress or enhance the ‘deformed eye’ trait penetrance at its threshold (Carey 

et al, 2015). In A. thaliana, a QTL on chromosome 2 contributed to HSP90-dependent phenotypes 

by revealing some traits which are known to be phenotypically plastic, such as hypocotyl length 

(Sangster et al., 2007). In A. mexicanus, the pharmacological inhibition of the surface population 

released a significant reduction in the eye size and QTL analysis together with RNA-seq data lead 

to the identification of some interesting candidate genes which might be involved in eye regression 

(reviewed in Krishnan and Rohner 2017). 
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1.2.4.3.2 HSP90 as an epigenetic capacitor  

While the ‘genetic capacitor’, as mentioned above, stores the cryptic genetic variation for later 

release, an ‘epigenetic capacitor’ stores epigenetic potential for morphological variation.  

The epigenetic phenomenon is recognized as the inheritance of the changes in the gene expression 

profile without any change in the genome sequence. This can be mediated by epigenetic factors 

such as chromatin remodeling, histone modification, RNAi and DNA methylation (Smith et al., 

2002; Hake, Xiao and Allis, 2004; Tariq and Paszkowski, 2004; Rao and Sockanathan, 2005).  

The epigenetic capacitance hypothesis for HSP90 was proposed for the first time by Sollars et al. 

(2003). They found that HSP90 impairment by geldanamycin induced an eye outgrowth phenotype 

in isogenic fly lines and the same phenotype was observed in flies having mutations in some 

Trithorax group genes (TrxG) like verthandi (vtd3), which is involved in chromatin remodeling 

(Tariq et al., 2009).  Sollars and his colleagues could confirm that the HSP90-induced phenotype 

has an epigenetic basis, since they found an alteration in the chromatin state after HSP90 

impairment subsequently affected the acetylation level of histone H3, which was responsible for 

the epigenetic inheritance of the eye phenotype. This was reconfirmed when they found a reversion 

Figure 3: Genetic buffering role of HSP90 in canalization. (a) When HSP90 expression is normal, the development 
becomes stable and this leads to the accumulation genetic variation such as polymorphisms and mutation to 
accumulate in a cryptic form (gray peaks) without phenotypic outputs; black peaks represent the phenotypic variation 
within normal limits. Also due to its chaperoning function, HSP90 can fold the mutated protein which usually cannot 
fold by their own creating (potentiating) new phenotypes.  (b) When HSP90 is impaired which often occurred under 
stress, these hidden genetic variations start to be phenotypically expressed, resulting in increased phenotypic 
variation. While the mutated proteins will be misfolded and will be expressed as abnormal phenotypic variation (i.e. 
the new phenotype will disappear). (Modified from Sato and Siomi 2010) 
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for the eye outgrowth phenotype after using histone deacetylase (HDAC) inhibitors like sodium 

butyrate and trichostatin A. 

Through proteomic and genomic studies on S. Cerevisiae, Zhao R. et al. (2005)  demonstrated that 

HSP90 interacted genetically and physically with 10 % of the yeast proteome/genome. This study 

uncovered 451 genetic interactors and 198 putative physical interactors, including co-chaperones, 

several protein kinases and transcription factors, and importantly, components of the chromatin 

remodeling complex suggesting a functional linkage between HSP90 and the chromatin 

remodeling machinery.  

Although the molecular mechanism for the epigenetic inheritance of HSP90-buffered traits is 

poorly understood, several HSP90-buffered phenotypes resemble those which are caused by a 

mutation in the Polycomb group (Pc) and Trx group genes (Ringrose and Paro, 2004). PcG and 

TrxG encode regulatory proteins controlling the developmental pathways at the chromatin level, 

including the effect on chromatin remodelling and histone modifications, which is known to be 

involved in the maintenance of epigenetic gene expression patterns (Ringrose and Paro, 2004).  

Remarkably, a functional interaction between HSP90 and Trx is required for maintaining the gene 

expression pattern controlled by PcG and TrxG. HSP90 pharmacological inhibition led to the 

degradation of Trx and the subsequent downregulation of homeotic gene expression 

(Mollaaghababa et al., 2001; Wang and Brock, 2003; Tariq et al., 2009).  

Another epigenetic mechanism through which the HSP90-induced phenotypes can be inherited is 

DNA methylation affecting gene activity pattern and silencing (Ruden et al., 2003; Rutherford, 

2003; Ruden and Lu, 2008). CARM1 (coactivator-associated arginine methyltransferase 1) plays 

a crucial role in transcriptional regulation through the interaction with estrogen receptor (ER) 

which is regulated by HSP90 (Beato and Klug, 2000). HSP90 is required for the optimal activation 

of the histone methyltransferase SMYD3 which regulates some genes involved in different 

pathways controlling cell development (Hamamoto et al., 2004). HSP90 also was found to change 

the histone code through the interaction and stabilization of the histone demethylase KDM4B, 

where it demethylates H3K9 and the pharmacological inhibition of HSP90 led to proteasomal 

degradation of KDM4B  (Ipenberg et al., 2013). 
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1.2.4.3.3 HSP90 as a suppressor for transposable element mobilization 

A study performed by Specchia et al. (2010) on D. melanogaster proposed another genetic 

mechanism through which HSP90 can induce phenotypic variability. They demonstrated that 

HSP90 suppresses the activity of TEs through a silencing mechanism mediated by piwi-interacting 

RNAs (piRNAs), a class of small interfering RNAs specific to the germline (Figure 4, re-drawn 

from Chapman and Carrington 2007).  

TEs are genetic mobile elements considered as ‘selfish DNA’, move invisibly around the genome. 

Depending on their mechanism of transposition, TEs are classified into two classes:  Class I, also 

called retrotransposons, where TEs use “copy and  paste” mechanism for mobility by RNA 

intermediates and Class II, DNA transposons,  where TEs move through a “cut and  paste” 

mechanism via a DNA intermediary (Bonchev and Parisod, 2013; Ryan, Brownlie and Whyard, 

2016).    

Their mobility usually causes deleterious mutations in the insertion- or excision-site within the 

genome, which might be caused by sequence deletions or duplications, frame shifts, splice variants 

and alternative promoters (Kazazian, 2004; Cowley and Oakey, 2013; Ryan, Brownlie and 

Whyard, 2016). Therefore, host genomes evolve mechanisms to regulate the mobility of TEs either 

on the transcriptional level, including histone modification and cytosine methylation (Yoder, 

Walsh and Bestor, 1997; Bestor, 1998), or on post-transcriptional level, including  RNA silencing 

through the PIWI/piRNA pathway (Das et al., 2008). In some taxa, however, TEs are important 

for providing a source of adaptive genetic variation (Kazazian, 2004; Biémont and Vieira, 2006).  

HSP90 may act as a suppressor for TEs mobility because of its involvement in the biogenesis of 

piRNAs. HSP90 helps in the accurate loading of pre-piRNAs onto the PIWI complex (Olivieri et 

al., 2012; Izumi et al., 2013). It also ensures the proper function of PIWI proteins by mediating 

post-translational modification, such as phosphorylation (Gangaraju et al., 2011). TE silencing 

occurs when PIWI proteins direct the 5’ end formation of piRNAs (which are derived from the 

target TE) to cleave the TE transcript along the sense and antisense strands. This process is called 

the ‘ping-pong cycle’ because TEs act as a source for piRNAs and, at the same time, they are sliced 

by these piRNAs (Kaoru Sato and Siomi, 2010). 

However, in Specchia et al (2010), several TEs in D. melanogaster were highly activated upon 

HSP90 impairment, either genetically or pharmacologically, and resulted in the phenotypic 

expression of de novo TE-induced mutation, which was caused by transposon insertion in the 
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corresponding gene. HSP90 is, therefore, often identified as a ‘mutator’. In addition, in mice 

(Ichiyanagi et al., 2014; Hummel et al., 2017) and nematodes (Ryan, Brownlie and Whyard, 2016), 

the inhibition of HSP90 function by mutation, specific inhibitors or RNAi, activated some TEs of 

both TE classes. This might be a source for either genetic variation, by inducing de novo mutations, 

or epigenetic variation, by regulating the expression of TE-nearby genes (Hummel et al., 2017).  

 

 

1.3 RNAi as a tool for functional analysis of genes 

RNAi is a naturally occurring phenomenon for gene regulation which is conserved in eukaryotes. 

Artificial RNAi is employed as a promising research tool to study gene function in model and non-

model organisms (Huvenne and Smagghe, 2010). RNAi is also recently used as an efficient tool 

for insect control by silencing essential genes such as Hsp83 gene (our focus gene in this study) 

(Tian et al., 2015). 

 

1.3.1 Discovery of RNAi 

In 1998, RNAi was discovered as an efficient tool for gene functional analysis by Fire and 

colleagues. However, introductory studies started earlier and helped in RNAi discovery (Rosenberg 

et al., 1985; Fire et al., 1991). They made use the nucleic acid to study the phenomenon of gene 

Figure 4: HSP90 mechanism in TEs silencing. In the germ line, a complex of small interacting-RNAs  (piRNAs) 
which generate their sequence from the target transposon with PIWI proteins is responsible for transposon silencing 
by cleaving mRNA molecules of TEs. This complex is activated by HSP90 which facilitates precursor piRNAs 
loading onto PIWI proteins accurately and helps in the maturation of piwi proteins through phosphorylation. re-
drawn from Chapman and Carrington 2007). 

piRNA

PIWI

PIWI

PIWI

Transposon

Transcript cleavage

+
HSP90

Transcript



Introduction 
 

 17 

silencing by introducing anti-sense RNA or DNA into the organism in order to inhibit gene 

expression. In D. melanogaster, the Krüppel gene, which regulates segmentation during 

embryogenesis, is inactivated after injecting the embryo with antisense RNA (Rosenberg et al., 

1985). At that time, it was suggested that anti-sense RNAs bound to homologous RNAs, preventing 

the translation of genes (Rosenberg et al., 1985). Later on, another study on the model organism 

Caenorhabditis elegans, introduced homologous DNA that affected anti-sense RNA and 

subsequently, gene expression (Fire et al., 1991). A similar phenomenon was discovered in plants, 

when the introduction of an anti-sense transgene into petunia flowers resulted in reduced 

pigmentation or even complete loss of the phenotype (Napoli, 1990). 

Next, Fire et al. (1998) discovered that injecting C. elegans with double-stranded RNAs was a more 

efficient and specific method to inhibit gene expression than injecting them with single stranded 

anti-sense RNA. Injecting dsRNA led not only to the breakdown of the mRNA transcript of the 

target gene, but also resulted in the spread of RNAi from cell to cell (systemic RNAi) and even to 

embryos (parental RNAi), causing gene silencing.  Then, RNAi was tested in insects. One of the 

first studies demonstrating RNAi’s role in an insect was carried out by Kennerdell and Carthew 

(1998) when they checked whether a similar pattern of gene function inhibition will be obtained in 

D. melanogaster after introducing dsRNA into embryos. They found an efficient RNAi causing 

gene silencing, but they could not check the potential effect of systemic RNAi due to the lack of a 

cell membrane in the early stage (blastoderm) of the Drosophila embryo. In general, this discovery 

opened a new program for studying the function of genes in a living system through the knockdown 

of their expression. 

 

1.3.2 RNAi pathways and mechanisms 

After the discovery of RNAi, it was important to demonstrate its driving mechanisms. There are 

three major RNAi pathways characterized by small non-coding RNAs: 1. small interfering RNA 

(siRNA), 2. microRNA (miRNA) and 3. piwiRNA (piRNA). They function differently but have a 

related core RNAi protein. In nature, the miRNA and siRNA pathways negatively regulate gene 

expression (reviewed in Kaoru Sato and Siomi 2010), while the piRNA pathway defends against 

transposable elements, particularly in the germ line (Aravin, Hannon and Brennecke, 2007).   

RNAi is initiated when exogenous dsRNA is introduced into the cell (Figure 5, from Huvenne and 

Smagghe 2010). Here, dsRNA is processed into smaller interfering RNAs (siRNAs) ~20-30 bp by 
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an enzyme called Dicer-2 (Bernstein et al., 2001). siRNAs are incorporated into an RNA-Induced 

Silencing Complex (RISC) (Hammond et al., 2001). After the unwinding of siRNAs, the passenger 

strand is degraded while the antisense strand (guide strand) direct the RISC complex with the help 

of the attached the Argonaute-2 (Ago-2) protein (Hammond et al., 2001) into the complementary 

(target) mRNA (Nykänen, Haley and Zamore, 2001). mRNA is cleaved by the endonuclease 

activity of the RISC complex resulting in mRNA degradation and preventing the expression of the 

target protein (Nykänen, Haley and Zamore, 2001). 

 

1.3.3 RNAi for biological research and functional genetics   

The classical way to study gene function before the discovery of RNAi was through the genetic 

manipulation of the target gene, thereby generating mutant organisms (Bellés, 2010). The 

disadvantage of this method is the difficulty to obtain mutant organisms in the lab, ethics 

difficulties, in addition to the limitation to the genome-sequenced organisms (Brown et al., 1999). 

RNAi came up as a promising alternative method enabling us to study gene function without the 

need for mutant organisms or knowing information about the whole genome, since it just needs 

only information about mRNA sequence of the target gene, so it can be easily applied in all 

organisms. 

In biological research, RNAi has been used to investigate the important role of genes involved in 

essential processes, including physiology, behavior and embryonic development through gene 

silencing (Bellés, 2010). In an organism like T. castaneum, where RNAi is systemic and long 

lasting, a large-scale RNAi screen was used as a promising molecular tool to study the function of 

most genes involved in development and morphology, thereby establishing a beetles database 

(Schmitt-Engel et al., 2015). However, systemic RNAi is highly affected by the differences in the 

uptake mechanisms from cell to cell and by the genes involved in its machinery (Tomoyasu et al., 

2008). Interestingly, in organisms like C. elegans and T. castaneum, injected dsRNA could transfer 

from the injected mothers to their offspring by parental RNAi (Bucher, Scholten and Klingler, 

2002; Hannon, 2002), enabling us to study gene function during early embryogenesis without the 

need for microinjections into embryos. 

The efficiency of RNAi is reflected by the gene knockdown and depends greatly on several 

parameters such as the organism, the developmental stage, the gene of interest, the injected dsRNA 

(concentration, amount and length) and the duration after injection (Tomoyasu and Denell, 2004; 
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Mito et al., 2011; Miller et al., 2012). The dsRNA-concentration dependent pattern for RNAi is a 

very big advantage in particular for those genes which show a lethal effect upon knockout 

mutations  or strong knockdown, so the sublethal dose can be determined by controlling the dsRNA 

concentration (Bellés, 2010). However, it is possible to inject a combination of dsRNA for two 

different genes but sometimes it leads to a competitive inhibitory effect and therefore less efficient 

RNAi knockdown (Miller et al., 2012). 

 

1.3.4 Methods of dsRNA delivery to insects 

There are several methods for introducing dsRNA into insects which mainly depend on the species, 

developmental stage of the insect and the gene of interest. To get a successful gene knockdown, 

the introduced dsRNA must be delivered into the midgut or haemolymph so it can be taken up by 

the cells (Huvenne and Smagghe, 2010). Depending on the uptake mechanism, RNAi is divided 

into two groups (Figure 5,from Huvenne and Smagghe 2010): 1) cell-autonomous RNAi, where 

the silencing process is limited to the cell and dsRNA is introduced and processed within individual 

cell and 2) non- cell-autonomous RNAi, classified into environmental- and systemic-RNAi.  In 

case of environmental RNAi, dsRNAs are taken from the cell’s environment resulting in a 

knockdown effect in all cells which can take up the dsRNA (Whangbo and Hunter, 2008). For 

systemic RNAi, the introduced dsRNAs spread from cell to cell and from one tissue to another. 

Here, the silencing signal is transported (Jose and Hunter, 2007). 

There are three common methods for dsRNA delivery in insects, including injection, feeding and 

soaking (Huvenne and Smagghe, 2010). Injection delivers reliable gene inhibition. It was used in 

C. elegans, D. melanogaster and T. castaneum (Fire et al., 1998; Kennerdell and Carthew, 1998; 

Bucher, Scholten and Klingler, 2002; Tomoyasu and Denell, 2004). It directly delivers dsRNA into 

the haemolymph and embryos. A good advantage for this method is that the location of delivery 

and the amount of introduced dsRNA can be controlled in comparison to the other two methods. 

In addition, it needs a small amount of dsRNA. On the other hand, it is more labor intensive. The 

feeding method delivers dsRNA to the midgut cells through the uptake of dsRNA during ingestion. 

This method is efficient in insects that have difficulty with microinjection due to the injury. In 

addition, it can be can be used to treat a large number of animals at once or in a high-throughput 

manner (Scott et al., 2013). RNAi delivery by feeding is usually utilized in the control of insect 

pests, in particular in those which have a robust RNAi response like Coleopterans (Baum et al., 
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2007).  The third method is to deliver dsRNA by soaking. This method is mainly used in cell lines 

and it is also useful to analyse gene function on a large scale when we have to use a large number 

of animals (e.g. thousands) or for high-throughput screening like in C. elegans which take in a high 

concentration of dsRNA solution to achieve the knockdown (Maeda et al., 2001).  

 

 

1.3.5 RNAi as a tool for insect control  

A main aim of an integrated pest management (IPM) strategy is to develop novel means effective 

for insect control without allowing the target insects to acquire resistance during evolution or 

harming beneficial insects. The frequent use of chemical or bacterial insecticides induces rapid 

insect resistance such as in the western corn rootworm Diabrotica virgifera virgifera (Gassmann 

et al., 2011), cotton bollworm Helicoverpa armigera (Zhang et al., 2011) and pink bollworm  

Pectinophora gossypiella (Tabashnik et al., 2002), in addition to the negative effect on non-target 

organisms like honey bees and insect predators ( reviewed in Whyard, Singh, and Wong 2009). 

Figure 5: Overview on RNAi different types. RNAi is divided into two groups depending on the uptake 
mechanism.1) cell-autonomous RNAi where the silencing process is limited to the cell and dsRNA is introduced 
and processed within individual cell and 2) non-cell-autonomous RNAi which is classified into environmental- and 
systemic-RNAi. In case of environmental RNAi dsRNAs are taken from the cell’s environment resulting in a 
knockdown effect in all cells which can take up the dsRNA. For systemic RNAi, the introduced dsRNAs spread 
from cell to cell and from one tissue to another, here the silencing signal is transported. (Huvenne and Smagghe, 
2010). 
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This demonstrates the urgent need for a novel means of insect control that displays different modes 

of action targeting various sites.  

RNAi emerged as a promising, novel tool for the control of insect pests (Baum et al., 2007). RNAi 

was recently suggested as a new tool for crop protection by managing insect pests and envisaged 

as a tailor-made insecticide with high specificity (Rodrigues and Figueira, 2016; Thakur, Mundey 

and Upadhyay, 2016). A high rate of insect mortality can be obtained by silencing genes that are 

involved in vital processes affecting insect survival such as Hsp83 gene (our focus gene in this 

study). Hsp83 knockdown by RNAi was used to control the citrus red mite, Panonychus citri, in 

combination with abamectin (Tian et al., 2015). Moreover, it acts as highly species-specific 

insecticide since it depends on the gene sequence of the target organism (Whyard, Singh and Wong, 

2009). Specificity of RNAi was studied in a number of insects such as T. castaneum, A. pisum, and 

tobacco hornworms, Manduca sexta, where they showed a species-specific response to the 

introduced dsRNA (Whyard, Singh and Wong, 2009). This approach is very important because it 

reduces the effect on non-target organisms in comparison to using broad-spectrum insecticides.  

However, the most appropriate delivery method to use RNAi for insect control is the feeding 

method since the midgut is considered as one of the most targeted sites in insect control because it 

is not protected by cuticle and has a direct interaction with the environment (Wang and Granados, 

2001). Oral RNAi was used to control western corn rootworm Diabrotica virgifera by feeding 

them on transgenic corn plants expressing dsRNA targeting vital genes (Baum et al., 2007). Also, 

essential genes of the Colorado potato beetle, Leptinotarsa decemlineata, were targeted by feeding 

the beetles on bacteria expressing dsRNAs, which showed a high knockdown in the target genes 

causing a high rate of mortality (Zhu et al., 2011). Synthesizing and delivering the dsRNA in a 

bacterial vector is another advantageous method since it increases the stability of dsRNA in 

addition to the low production costs. Therefore this method is more practical to be used in field 

applications (Zhu et al., 2011). 

 

1.4 The model system, the red flour beetle, Tribolium castaneum 

Tribolium castaneum (Herbst 1797) is a coleopteran insect belonging to the Tenebrionid family 

(Sokoloff, 1972). It is a holometabolous insect, goes through a pupal stage and is spread around 

the world with human agriculture (Bucher, 2017). Dead beetles were found in the ancient Egyptian 

tombs, reflecting its existence in the ancient world. However, the exact place of origin is not known 



Introduction 
 

 22 

(Klingler, 2004). T. castaneum is one of the major pests of grain products and stored grains, 

including wheat, corn, peanut, cereals and oilseed (Klingler, 2004). 

T. castaneum has been established as an upcoming model insect in many fields of biology, 

including genetics, behavior, ecology and developmental biology (Wang et al., 2007; Brown et al., 

2009).  It is more representative to insects since more conserved features of insects are included in 

the development of T. castaneum than in Drosophila spp. (Schröder et al., 2008). In addition, it 

has a fully sequenced genome (Genome and Consortium, 2008), short life cycle and can be easily 

handled and cultured under laboratory conditions.  Interestingly, efficient genetic manipulation 

tools can be applied such as systemic RNA interference (RNAi) (Tomoyasu et al., 2008) and 

CrisprCas9 (Gilles, Schinko and Averof, 2015). Furthermore, a broad knowledge about its ecology, 

morphology and genetics are provided through extensive biological research performed over 

several decades to develop the effective control strategies (Sokoloff, 1972; Brown et al., 2009). All 

these characteristics makes T. castaneum a powerful model system to study insect development, 

gene function and ecological evolution. 

However, to date, the evolutionary capacitance hypothesis of HSP90 focused only on D. 

melanogaster as a model insect (Rutherford and Lindquist, 1998). But to study if HSP90 has a 

conserved evolutionary function among insects or if there are other biological aspects that might 

be not represented by D. melanogaster, I used T. castaneum in the current study. The role of Hsp83 

in T. castaneum was demonstrated in a few studies focusing only on developmental aspects. Its 

strong reduction was lethal, negatively affected the postembryonic development and affected the 

ovarian maturation and oocyte development (Xu, Shu and Zhang, 2010; Knorr and Vilcinskas, 

2011). The reduction of ER-based Hsp90 gene, the recently identified paralogue in T. castaneum, 

affected not only the larval and pupal development but also lifespan and fertility (Zhang et al. 

2013). In our lab, Peuß and colleagues (Peuß et al., 2015) found that Hsp83 expression in T. 

castaneum was consistently down-regulated by ecologically relevant cues which they hypothesized 

would reveal new genetic variants most likely to be adaptive under adverse conditions.  
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1.5 Aim of the thesis  

The general aim of the current thesis is to study HSP90 function in the model insect, T. castaneum, 

focusing on its role in fitness and evolutionary adaptation.  

This thesis is composed of five chapters including: 1. HSP90 impairment using two independent 

methods, 2. the role of HSP90 in fitness, 3. the role of HSP90 in phenotypic robustness 

(canalization), 4. the fitness advantage and genetic analysis of the obtained HSP90-canalized trait 

and 5. the possible underlying molecular mechanisms of the HSP90-canalized trait. 

In the first chapter, HSP90 was reduced either on the transcriptional level using RNAi to 

downregulate Hsp83 gene expression, or on the functional level by using the HSP90-specific 

chemical inhibitor 17-DMAG, 17- Dimethylaminoethylamino-17-demethoxygeldanamycin. 

In the second chapter, I investigated the role of HSP90 in fitness and showed how its reduction 

dramatically affected longevity and fertility in T. castaneum. The main aim here was to further 

elucidate what was already proposed by other studies about the essential function of HSP90 in 

survival, oogenesis and spermatogenesis (Yue et al., 1999; Xu, Shu and Zhang, 2010; Knorr and 

Vilcinskas, 2011). Therefore, we hypothesized that Hsp83 knockdown or HSP90 functional 

inhibition at different levels might negatively affect lifespan, egg number, hatchability rate and the 

gonad phenotype of T. castaneum. This effect was expected to positively correlate with the 

reduction level of Hsp83 gene expression or HSP90 function. 

The main aim of the third chapter was to study HSP90’s role in buffering the expression of genetic 

variation. Our hypothesis was that HSP90 inhibition will lead to the phenotypic release of genetic 

variation which is hidden when HSP90 is fully functional. Thus, I checked whether T. castaneum 

will show any morphological variation in the untreated subsequent generations upon HSP90 

impairment in the parental generation either by Hsp83 knockdown or by 17-DMAG. I also 

investigated the enrichment of the released HSP90-dependent phenotypic variation over a number 

of successive generations. 

The aim of the fourth chapter was to expand our knowledge about the released HSP90-canalized 

traits by studying some characteristics for genetic analysis. In this chapter, I investigated whether 

the fitness effects of the trait under normal and stress conditions are beneficial, deleterious or 

neutral. Also, I checked the trait penetrance under the same environmental conditions. In addition, 

since the trait maintained over generations without any further need for HSP90 inhibition, it was 

necessary to check Hsp83 gene expression in the affected beetles to see if the trait’s inheritance is 
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independent of HSP90 impairment. Furthermore, I demonstrated whether the trait follows 

Mendelian inheritance through outcrossing the affected beetles with wildtype beetles and checking 

the trait inheritance in the next two generations. 

Finally, the main aim of the fifth chapter was to study the molecular underpinnings of the 

phenotypic expression and inheritance of the HSP90-canalized trait. According to previous studies, 

three hypotheses were strongly suggested: either the trait has a genetic basis and here it might be 

TE-induced (de novo) or a polymorphic trait (pre-existed) or epigenetic basis mediated by a change 

in gene expression profile through histone modification. Therefore, I checked if the impairment of 

HSP90 will lead to the activation of TEs, causing a de novo mutation. On the other hand, I checked 

if changing the histone acetylation level in the affected beetles might reverse the trait to the normal 

state.  

Also, as initial investigation, I checked the partial sequence of a candidate gene which was thought 

to be involved in the released trait based on previous studies, to see if it has polymorphic forms. 

The expression of this gene was checked after HSP90 impairment. In addition, I checked whether 

the knockdown of this gene will produce the same HSP90-canalized trait. 
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All Materials used in the current study are listed in the Appendix (section 8.1) 

 

2.1 Insect culturing  

In the current project, I used the T. castaneum strain, Croatia 1 (Cro1). This strain was collected 

from a wild beetle population in Croatia in May 2010, so it represents a genetically diverse 

population (Milutinović et al., 2013). Stock animals were established from random mating pairs of 

multiple individuals (165 pairs) and their offspring were used to generate the stock population. The 

beetles were adapted to laboratory conditions for at least 35 generations (about four years) prior to 

the start of my experiments. They were maintained as non-overlapping generations under standard 

rearing conditions (30°C and 70 % relative humidity with 12 hour light/dark cycle) in heat-

sterilized (at 75°C) organic wheat flour (Type 550) with 5 % brewer’s yeast. Females need yeast 

as a protein source for egg production (Sokoloff, 1972). Beetles were reared in plastic boxes, 

covered with lids punctured with six holes (3 cm diameter) and plugged with foam stoppers (4.2 

cm diameter) to allow exchange of air and humidity. 

 

2.2 Experimental design 

2.2.1 Parental HSP90 impairment 

In our study, HSP90 was reduced transcriptionally by using RNAi and functionally by using 17-

DMAG. 

 

2.2.1.1 Hsp83 gene knockdown by RNAi  

I injected beetles during their pupal stage with dsRNA specific to Hsp83 gene to generate the 

parental RNAi. I used two different concentrations of Hsp83-dsRNA of a construct designed in the 

current study (called construct A), 20 (low) and 100 (high) ng/µl for two reasons. First, I wanted 

to observe a dose-response pattern and see if the effects on longevity, fertility and genetic variation 

depend on the reduction level of the Hsp83 gene. Second, it was also necessary for studying genetic 

variation, to determine the sub-lethal concentration of Hsp83-dsRNA, which causes strong 

knockdown and does not significantly affect survival and fertility so I can get enough offspring to 

study the phenotypic expression of genetic variation (see experimental design overview, Figure 6). 

Before starting the experiment, adults laid eggs for a period of 24 hours and eggs were collected 

by sieving the adults out of the flour (sieve 280 µm mesh size).   
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Figure 6: Summary overview for Hsp83-RNAi experimental design carried out in the current study.  
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To avoid cannibalism, 14-days old larvae of T. castaneum were individualized in 96-well plate 

with flour, then they were sexed as pupae when they were 3-days old and injected with dsRNA (for 

dsRNA synthesis and injection protocols, see sections 2.3.4 and 2.4.1, respectively).  As an off-

target control, pupae were injected with the same concentrations of dsRNA specific for Asparagine 

synthetase A (AsnA) gene, a specific gene for the bacterium Escherichia coli (Nakamura et al., 

1981). AsnA injected individuals were not expected to show any difference in gene expression in 

comparison to naïve beetles, which were also used as a negative control. In total I obtained ten 

treatments: non-injected beetles: 1. naïve male (Naïve, ♂) and 2. naïve female (Naïve, ♀), beetles 

injected with 20 ng/µl AsnA_dsRNA: 3. male (Asna, low, ♂) and 4. female (Asna, low, ♀), beetles 

injected with 100 ng/µl AsnA_dsRNA: 5. male (Asna, high, ♂) and 6. female (Asna, high, ♀), 

beetles injected with 20 ng/µl Hsp83_ dsRNA: 7. male (Hsp83, low, ♂) and 8. female (Hsp83, low, 

♀) and beetles injected with 100 ng/µl Hsp83_ dsRNA: 9. male (Hsp83, high, ♂) and 10. female 

(Hsp83, high, ♀). 

However, to validate the specific effect of the Hsp83 gene on survival and fertility, another 

construct from non-overlapping transcript fragment (called construct B) was used in our 

experiments. This construct was designed by Rüschoff  (2014) and applied in my experiments in 

the same way mentioned above (construct primer sequence, Table 5).   

For both constructs, the knockdown of Hsp83 gene expression was confirmed by using quantitative 

real-time polymerase chain reaction (qRT-PCR) analysis (qRT-PCR assay protocol, section 2.3.5). 

The expression was checked in the eclosed adults seven days after their pupal dsRNA-injection, 

four biological replicates of pools of five individuals were set per treatment. 

 

2.2.1.2 HSP90 inhibition using 17-DMAG 

HSP90 function was pharmacologically inhibited by using 17-DMAG as a second line of evidence 

for studying the functional role of HSP90 in T. castaneum (experimental design overview, Figure 

7).  To optimize the concentration and the method of delivery, some preliminary experiments were 

carried out (Results shown in Appendix, Figure S1). The optimum chosen method was to feed the 

beetles during their larval stage on flour feeding-discs contaminated with 17-DMAG at 10 (high) 

and 100 (low) µg/ml (flour discs preparation protocol, section 2.4.2).  48 larvae (12-16 days-old) 

were randomly chosen from the naïve stock and fed continuously on 17-DMAG for 12 days in the  

dark. The chemical was refreshed every other day or until pupation.  
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Figure 7: Summary overview for 17-DAMG experimental design carried out in the current study.  
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Then they were kept on normal 5 % yeasted flour under standard rearing conditions. Flour discs 

without 17-DMAG were used as a negative control. 

The inhibition of HSP90 function after 17-DMAG use was verified by checking the expression of 

the Hsp68a gene, a molecular marker of 17-DMAG’s potential effect  (Zhou et al., 2013; 

Kudryavtsev et al., 2017) using RT-qPCR (see section 2.3.3 and Table 5 for primer design; section 

2.3.5 for RT-qPCR protocol). Hsp68a expression was checked in individuals collected at different 

feeding time points (on feeding days: 2, 4, 7, 9 and 11 and one week after the last feeding time i.e., 

on day 18) for the high concentration treatment only. Four biological replicates of pools of eight 

individuals per time point were used. 

  

2.2.2 Measures of fitness after HSP90 impairment 

2.2.2.1 Survival and development 

To study the effect of Hsp83 impairment on fitness, it was necessary to check the effect on survival 

as one of the most important fitness measures. In a previous study done by Knorr and Vilcinskas 

(2011), the survival of T. castaneum was checked after Hsp83 knockdown but once after ten days 

of injection and without accounting for beetle sex. Therefore, I was interested to check Hsp83 

knockdown effect on survival during ageing and whether this effect differs in both sexes. 

For the pupal Hsp83-RNAi treatment, I performed a survival time course for the eclosed virgin 

adults, males and females, by recording their survival up to 120 days post injection after using 

dsRNA-construct A for Hsp83 knockdown and up to 48 days with dsRNA-construct B. Beetles 

were kept individually in glass vials under optimum conditions with 5% yeasted-flour and a secured 

exchange of air and humidity. The flour was changed every 15 days and survival was checked 

every three days. However, mortality occurring within two days post injection was considered to 

be due to injection injury rather than as a result of target knockdown. Generally, the mortality in 

the RNAi control due to the injection damage should not exceed 10% (Begum et al., 2009). For 

larval 17-DMAG treatment, larval survival was checked every three days and development until 

24 days of starting feeding.  

 

2.2.2.2 Reproductive success 

Reproductive performance was tested after Hsp83 knockdown using both dsRNA-constructs by 

measuring oviposition and hatchability rates and checking gonad phenotypes. 
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2.2.2.2.1 Oviposition and hatchability 

Egg production and hatchability rate were determined by crossing 5-days old adult beetles which 

eclosed after their pupal injection either with Hsp83- or AsnA-dsRNA. The beetles were randomly 

chosen after checking them for morphological variation, paired and kept in plastic breeding vials 

containing 5% yeasted flour under standard conditions and all allowed to lay eggs for three days. 

The sample size was 30 single pairs per treatment of nine combinations shown in (Table 1). 

Afterwards, the eggs were collected and counted as a measure of female oviposition rate and further 

incubated in new flour for ten days. Then the hatched larvae were counted in order to investigate 

the hatchability rate. These larvae were used for further morphological analysis which is detailed 

in the following section. However, the crosses made between Hsp83 dsRNA-injected beetles and 

the naïve ones checked the effect of Hsp83 knockdown on the fertility of males and females 

independently. However, it was not needed to make such combinations with AsnA-RNAi control, 

because from preliminary studies I did not find any differences in fertility of AsnA, low or AsnA, 

high for both sexes when tested independently in comparison to the naïve control. Thus, RNAi 

controls were only carried out by crossing AsnA-injected beetles together as this represents the 

greatest effect of the injection if any. The same steps were done for the beetles injected with the 

construct (B) of Hsp83-dsRNA. 

 
Table 1: Single-pair mating setup for differently treated beetles. Beetles, males and females, were injected as 
pupae with either with 20 (low) or 100 (high) ng/µl of dsRNA either specific for Hsp83-dsRNA (here Hsp83, 
low and Hsp83, high) or AsnA-dsRNA (here Asna, low and Asna, high or left as Naïve, n = 30 Single 
pair/Treatment. Names between brackets reflects the symbols shown in the results Figures 
 

Treatments 
Males 

 
Naïve  Asna, low Asna, high Hsp83, low Hsp83, high 

Fe
m

al
es

 

Naïve  (Naïve control)   (Hsp83, 
paternal, low) 

(Hsp83, 
paternal, high) 

Asna, low  (RNAi control, 
low) 

   

Asna, high   (RNAi control, 
high) 

  

Hsp83, low 
(Hsp83, 

maternal, low) 
  (Hsp83, 

parental, low) 
 

Hsp83, high 
(Hsp83, 

maternal, high) 
   (Hsp83, 

parental, high) 
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2.2.2.2.2 Gonad phenotype 

Gonads, testes and ovaries, were dissected from 5-days old eclosed virgin adults (seven days post 

injection) following the method described by Parthasarathy et al. (2010) (for gonad dissection and 

staining protocol, section 2.4.3). Gonad development takes place in T. castaneum during the first 

few days of adult emergence. 

   

2.2.3 Phenotypic variation in untreated subsequent generations after parental HSP90 

impairment  

To investigate whether HSP90 buffers genetic variation, it was necessary to check if Hsp83 

reduction or HSP90 functional inhibition in parents has any role in releasing morphological 

abnormalities into subsequent generations. 

 

2.2.3.1  Upon Hsp83-RNAi treatment 

Since buffering at a certain time of development might be important for developmental stability, I 

was interested to check the morphological variation in two different stages (larval- and adult-stage). 

Accordingly, 10-days old F1 larvae which produced from each combination treatment group 

clarified in table (1) were individualized in 96-well plates filled with flour to avoid cannibalism 

and morphologically visualized under the microscope when they were 15 days-old.  Then, all larvae 

were re-individualized and re-checked three weeks later for any phenotypic variation as adults. 

Larvae showing abnormal phenotypes were kept separately with an identification number to follow 

up their development as adults.  All body parts of adults such as body size, color, head, thorax, 

abdomen, antennae, eyes, mouthparts, legs and urgomophi were carefully screened. Images for 

interesting traits were captured, after light anesthesia with CO2, by a Canon digital camera attached 

to a Zeiss Axioskop compound microscope. The affected untreated F1 adult beetles which showed 

morphological abnormalities were selected, within treatments and within families, and intercrossed 

as single pairs (n = 14 – 19 F1 pairs) and allowed to lay eggs for seven days. The F2 adults were 

checked four weeks later, focusing on the trait of interest and any other new traits. Specific lines 

were established with the interesting HSP90-buffered traits observed in F2 adult beetles to check 

these changes for heritability without any further reduction of Hsp83 gene expression. Thus, the 

interesting F2 families, which showed specific traits within treatments were intercrossed, without 

making any artificial selection, in breeding glass jars to increase the population size by creating a 
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high mass of individuals. The trait was checked until the seventh generation without making any 

artificial selection. 

 

2.2.3.2 Upon 17-DMAG treatment 

The eclosed beetles which were treated with 17-DMAG during their larval stage, were crossed as 

single pairs, n = 6 – 13 parental family per treatment. In total, four treatments were obtained:  

1) 10 µg/ml-17-DMAG treatment (represented in result Figures as: 17-DMAG, low) 

2) 100 µg/ml-17-DMAG treatment (17-DMAG, high) 

3) Water treatment as a negative control (negative control) 

4) Naïve treatment as a naïve control (naïve control) 

The beetle pairs laid eggs for seven days, then their offspring were morphologically checked as 

untreated F1 adults. I was interested also to study the genetic assimilation for the obtained HSP90-

regulated phenotypes (i.e. if they are still expressed in the next generations in the absence of the 

stimulus, HSP90 inhibition). Thus, the affected untreated F1 adult beetles which showed 

morphological abnormalities were selected and intercrossed as single pairs (n = 18 - 29) within 

families and treatments to establish monomorphic lines and the unaffected siblings were 

intercrossed to establish polymorphic lines. Focusing on the trait of interest, a morphological check 

was done every generation until the seventh to study the trait penetrance over generations.  

However, this experiment was repeated two times more (using only 17-DMAG high concentration) 

to check if the same released genetic variation will be obtained. One time was exactly like what 

mentioned above (17-DMAG parental treatment) and the 2nd time was to check the parental, 

maternal and paternal effect on releasing the same inherited phenotype. 

 

2.2.4 Characteristics and genetic analysis of the obtained HSP90-canalized trait 

From the two previous experiments, RNAi and 17-DMAG, I found that the only heritable trait 

which was interesting for further studies was the ‘reduced eye’ phenotype. Therefore, I was 

interested to know more about this trait. In this chapter, I studied the fitness effects and the 

penetrance of reduced eye-beetles under normal and stress conditions. Also, I checked Hsp83 

expression in the affected beetles. In addition, I checked the trait inheritance after different 

outcrosses.  
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2.2.4.1 Fitness effects upon environmental stress 

The fitness of beetles showing the ‘reduced eye’ phenotype was compared to their normal siblings 

which showed normal eyes but were produced from the same grandparents and have the same 

genetic background. Beetles were selected from F5 of a polymorphic line which was established 

by a single pair crossing between a reduced eye-female and an unaffected male in F1, originally 

produced from 17-DMAG treated parents (P) and continued as polymorphic line without any 

further artificial selection. Naïve beetles were used as a control and were randomly chosen from a 

17-DMAG control line (F5). Virgin mature adult beetles (10 days old) were kept either under 

standard conditions (12h/12hour dark/light cycle, 70% relative humidity and 30°C) or stress 

conditions including continuous dark, continuous light and heat stress at 35°C (experimental design 

overview, Figure 8). Beetles were stressed for 24 hours then intercrossed as single pairs (n = 11 - 

12) and allowed to lay eggs for 24 hours under the same stress conditions. As fitness measures, I 

checked beetle survival until 23 days post stress, oviposition rate by recording the laid egg number, 

hatchability rate by determining hatched larvae number ten days later and offspring development 

11 days thereafter.  

 

2.2.4.2 Trait penetrance upon environmental stress  

It was interesting to study whether the trait penetrance into the next generation significantly differs 

by changing the environmental conditions (i.e. if keeping both parents, with and without ‘reduced 

eye’ phenotype) under stress will affect the trait’s inheritance in their offspring.  Therefore, adult 

offspring produced from the fitness experiment mentioned in section (2.2.4.1) were checked over 

34 days of egg laying for their ‘reduced eye’ phenotype.  

 

2.2.4.3 Hsp83 expression in beetles with decanalized traits 

The inheritance of the ‘reduced eye’ phenotype to subsequent generations did not need any further 

impairment for HSP90. Thus, I was interested to confirm this by checking Hsp83 expression in the 

affected beetles of both RNAi and 17-DMAG lines using RT-qPCR (RT-qPCR assay protocol, 

section 2.3.5). Mature adult beetles were randomly chosen from monomorphic lines (F5) with three 

biological replicates of pools of five beetles. 
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2.2.4.4 Outcrossing experiments 

2.2.4.4.1 Outcrossing with naïve beetles 

Whether the heritable ‘reduced eye’ phenotype follows ‘Mendelian inheritance’ or not, single 

outcrosses with naïve beetles were performed (n = 5 - 10) and the adult beetles of the two next 

generations were checked for the ‘reduced eye’ trait. Mature adult beetles were randomly chosen 

from 17-DMAG-monomorphic line and naïve control line. Two combination groups were obtained 

as shown in Table (2).  

 

2.2.4.4.2 Outcrossing between affected beetles of RNAi- and 17-DMAG- monomorphic lines 

We were also interested to determine if the ‘reduced eye’ phenotype resulting from Hsp83-RNAi 

and 17-DMAG treatments is caused by the same genetic determinant in both treatments or if a 

subset of multiple genetic determinants were involved to release the trait (i.e. both treatments 

affected different genetic loci).  Hence, affected beetles from 17-DMAG monomorphic line were 

outcrossed as single pairs with affected beetles from RNAi-monomorphic line (n = 6 - 10) and their 

offspring were checked as adults for ‘reduced eye’ penetrance. Pairing setup is shown in Table 3. 

 

 

  

Table 2: Pairing setup for the experiment of outcrossing with naïve 

Treatments 
Males 

Naïve line 17-DMAG line 

Fe
m

al
es

 

Naïve line  17-DMAG ♂× Naive ♀ 

17-DMAG line Naïve ♂ × 17-DMAG ♀  

Table 3: Pairing setup for the experiment of outcrossing between affected beetles of RNAi- and 17-DMAG-
monomorphic lines 

Treatments 
Males 

RNAi-line 17-DMAG line 

Fe
m

al
es

 

RNAi-line RNAi ♂ x RNAi ♀ 17-DMAG ♂ x RNAi ♀ 

17-DMAG line RNAi ♂ x 17-DMAG ♀ 17-DMAG ♂ x 17-DMAG ♀ 
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2.2.5 Possible underlying molecular mechanisms of the HSP90-decanlized trait  

Another important goal for our study was to investigate the molecular mechanisms behind the 

release and inheritance of the HSP90-canalized ‘reduced eye’ trait and to find the correlation with 

HSP90 function.  

 

2.2.5.1 Expression of transposable elements after HSP90 impairment 

One of the reported molecular mechanisms for an HSP90 buffering role is through the suppression 

of TE mobility. To test if the ‘reduced eye’ trait is mediated by TE activity which might be caused 

by HSP90 reduction, it was necessary, as a first step, to Figure out if HSP90 controls TE mobility 

in T. castaneum. Thus, I performed a series of experiments (summarized in Table 4) using RNAi 

and 17-DMAG.  Several TEs specific for T. castaneum were chosen for the current study by Prof. 

Schmitz’s group (Institute of Experimental Pathology, WWU)also designed the RT-qPCR primers 

listed in Table 5. TE expression was checked after HSP90 reduction using qRT-PCR. (For RT-

qPCR primer design and RT-qPCR assay protocol, see sections 2.3.3 and 2.3.5.) However, the 

effect on HSP90 impairment was confirmed by checking the expression of Hsp83 gene (for RNAi 

treatment) and Hsp68a gene (for 17-DMAG treatment) using qRT-PCR. 

 

2.2.5.1.1 after using RNAi  

TE expression in the whole body after pupal RNAi: Hsp83 gene expression was reduced by 

injecting pupae with dsRNA-construct B at 20, 50 and 100 ng/µl (pupal injection protocol, 2.4.1) 

and TE expression was checked in whole body samples of eclosed adults collected seven days post 

injection (n = 3 biological replicates of pools of five beetles). Six TEs were tested: Copia1, Copia2, 

Gypsy9, Gypsy11, Gypsy12 and R4.1 

TE expression in gonads after pupal RNAi: When I did not detect any TE-upregulation, I injected 

pupae with a higher dsRNA-concentration (1000 ng/µl) of construct B to get a stronger Hsp83-

knockdown. The expression of the six TEs was checked after six days of pupal injection in gonad 

samples rather than whole body samples (n = 6 biological replicates of pools of seven gonads, 

ovaries or testes). Gonads were dissected and checked under the microscope for their phenotypes 

(gonad dissection and staining see section 2.4.3). 

TE expression in gonads after adult RNAi: Because I continued to get unexpected results with TE 

expression upon Hsp83 knockdown, I performed RNAi by injecting mature adult beetles (10 days 
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old) rather than pupae. Pupae showed complete developmental arrest in their gonads after eclosion, 

using the same concentration of Hsp83-dsRNA (1000 ng/µl) of construct B (see adult injection 

protocol, section 2.4.1). TE expression was checked in gonad samples collected four days post 

injection with a sample size of four biological replicates with pools of 12 gonads. Here, nine more 

TEs were included in addition to the previous six mentioned above: CR1.1, CR1.4, Gypsy3, 

Gypsy4, Gypsy5, Gypsy8, Mariner1, Rehavkus2 and Rehavkus3. 

TE expression in ovaries after pupal RNAi: During these experiments, I observed that: 1) ovaries 

were drastically affected by strong Hsp83-knockdown, possibly because of the non-significant 

upregulation of any TE, since no normal germ cells were produced and  2) the AsnA RNAi-control 

always showed a significant response for some TE expression in comparison to the naïve control. 

Therefore, as a final step we decided to check TE expression in the ovaries after observing the 

slight reduction for Hsp83 expression and to include an injection control treatment.  To do this, I 

injected female pupae with a low concentration of Hsp83-dsRNA (20 ng/µl) of construct A and 

with phosphate buffered saline (PBS) as a buffer control (see pupal injection protocol, section 

2.4.1). Here, three more TEs were included: Crypton1, Crypton2 and Sine3, in addition to the 

previous 15 TEs mentioned above. Ovary samples were collected six days after pupal injection 

with four biological replicates of pools of 12 ovaries.  

 

2.2.5.1.2 after using 17-DMAG 

TE expression in gonads after 17-DMAG adult feeding: TE expression was also checked after 

inhibiting HSP90 function by 17-DMAG. Mature adults (10-days old) were fed on flour discs 

contaminated with 17-DMAG at 150 µg/ml for one week while renewing the chemical every other 

Table 4: Summary overview for all experiment carried out to check TEs activity upon HSP90 impairment 

Exp. 
No. 

Tool  Stage  Concentration  Duration RT-qPCR 
samples 

1 RNAi Pupal  20,50 and 100 ng/µl dsRNA 7 days  WB-adults 

2 RNAi Pupal  1000 ng/µl dsRNA 6 days Gonads  

3 RNAi Adult  1000 ng/µl dsRNA 4 days Gonads  

4 RNAi Pupal  PBS, 20 ng/µl dsRNA 6 days Ovaries   

5 17-DMAG Adult  150 µg/ml  6 days Gonads  

6 17-DMAG Larval 100 µg/ml  4 days WB-larvae 
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day (flour discs preparation, section 2.4.2). TE expression was checked in gonads collected after 

nine days of starting feeding (n = 4 biological replicates of pools of 14 gonads).  

 TE expression in larvae after 17-DMAG larval feeding: Since the inhibition of HSP90 function 

could not be achieved by adult feeding, some TE expression was checked in larvae after feeding 

when they were 15-days old on 100 µg/ml 17-DMAG for four days while refreshing the food every 

other day. Three to four biological replicates of pools of eight larvae were used for qRT-PCR.  

 

2.2.5.2  Epigenetic mechanism mediated by histone modification using histone deacetylase 

inhibitors (HDAC inhibitors)   

Another possible molecular mechanism behind the release and inheritance of the ‘reduced eye’ 

phenotype is the epigenetic mechanism. HSP90 can epigenetically buffer morphological traits by 

stabilizing histone acetylation level, thereby maintaining gene expression profiling. Hence, I 

treated the affected beetles (reduced eye-beetles) with inhibitors for histone deacetylases (HDACs), 

such as sodium butyrate (NaB) and trichostatin A (TSA), which triggers histone acetylation by 

binding to the zinc sites of class I and II of HDACs (Zhao et al., 2006). 

NaB treatment at 10 and 100 mM: Reduced eye-beetles were randomly chosen as pupae from F8 

monomorphic lines, originally established from Hsp83-RNAi or 17-DMAG treatments. They were 

sexed, individualized in 96-well plates and kept under standard conditions until eclosion. Adults 

beetles (five days old) were fed on flour feeding discs contaminated with NaB at 10 and 100 mM 

continuously for nine days with changing the chemical every three days (see flour disc preparation, 

section 2.4.2). After two days of the last feeding time, the beetles were crossed as single pairs (n = 

10) and allowed to lay eggs for three days and the offspring was checked for the ‘reduced eye’ 

phenotype in the adult stage one month later. To verify the potential effect of sodium butyrate, the 

expression of the marker genes Hsp68a was checked. HDAC inhibitors were found to induce the 

hyperacetylation of histone H3 thereby enhancing both the basal and the inducible expression of 

Hsp70 mRNA level (Zhao et al., 2006). Thus, qPCR samples were collected eight days of starting 

feeding (n = 3 biological replicates per treatment, pools of three individuals each). 

NaB (100 and 500 mM) and TSA (50 µM) treatments: 

The previous experiment showed a slight reversion of the ‘reduced eye’ to normal-eye trait which 

was observed to increase with the higher concentration in some families of both lines. Therefore, 

we decided to repeat the experiment with the same conditions except for NaB concentration which 
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increased to 500 mM (besides using 100 mM concentration again) and including the other HDAC 

inhibitor, TSA, at 50 µM. Here, 15 single pairs were used per treatment and the experiment was 

carried out in the same way mentioned above. To verify the potential effect of sodium butyrate, the 

expression of Hsp68a was checked. Thus, qPCR samples were collected nine days of starting 

feeding for virgin beetles and the parents of the checked offspring (n = 3 biological replicates per 

treatment, pools of three individuals or single pairs). 

 

2.2.5.3 Dachshund, as a strong candidate gene for mediating the expression of HSP90-canalized 

trait 

Dachshund (dac) is a gene involved in the development of compound eyes and legs of arthropods  

(Mardon, Solomon and Rubin, 1994). Its knockdown in T. castaneum reduced the eye size (Yang 

et al., 2009). Thus, I was interested to study if dac gene is involved in the ‘reduced eye’ trait 

mediated by HSP90 impairment. To test this, the following experiments were carried out. 

 

2.2.5.3.1 Dac expression upon HSP90 impairment 

The expression of the dac gene was checked after Hsp83 knockdown by RNAi and HSP90 

inhibition by 17-DMAG. Hsp83 knockdown was achieved by injecting 3-days old male and female 

pupae with 100 ng/µl of Hsp83-dsRNA (dsRNA synthesis, section 2.3.4 and dsRNA injection 

protocol, section 2.4.1). Dac expression was checked in the eclosed adult beetles (males and 

females), seven days post injection, in pools of five individuals per treatment using RT-qPCR (see 

RT-qPCR primer design and assay protocol, sections 2.3.3 and 2.3.5, respectively). For more 

confirmation, dac expression was checked in another Hsp83-RNAi qPCR samples where only 

males were injected with 100 ng/µl of Hsp83-dsRNA, three biological replicates of pools of five 

beetles were used. 

Also, dac expression was checked in individuals fed on feeding flour-discs contaminated with 17-

DMAG at 100 µg/ml continuously for 12 days during their larval stage with changing the chemical 

every other day (flour discs preparation, section 2.4.2).  Dac expression was checked in individuals 

collected at different feeding time points (on the 2nd, 4th, 7th, 9th  and 11th day from the first feeding 

time and on day 18, representing one week after the last feeding time, four biological replicates of 

pools of eight individuals per time point were used.  

 



Materials and Methods 
 

 41 

2.2.5.3.2 Larval and parental dac RNAi 

Larval dac knockdown was performed by injecting last instar larvae (19 days old), randomly 

chosen from the naïve stock, with 1000 (n = 28) and 3000 ng/µl (n = 35 - 38) of dsRNA specific 

for dac gene, which was provided by the Eupheria company under accession iB_04358 (larval 

dsRNA injection protocol, section 2.4.1). The injected larvae were kept individually in 96-well 

plates under standard conditions and checked for their eye phenotype as adults. To confirm the 

knockdown, RT-qPCR samples were taken four days after injection (n = 3 biological replicates of 

pools of four pupae).  

Parental dac RNAi was also carried out by injecting 3-days old male and female pupae with 2000 

ng/µl of Dac-dsRNA and they were crossed as single pairs (n = 17 - 25) with a 3-day egg laying 

period. Then, the adult offspring was checked for the ‘reduced eye’ phenotype. RT-qPCR samples 

were collected for the eclosed adults one week after their injection (n = 3 biological replicates of 

pools of five beetles). 

 

2.2.5.3.3 Partial sequencing of dac gene transcript 

T. castaneum has three predicted transcript variants of dac homolog 1 (2735-2787 pb) and a 

confirmed partial mRNA transcript of around 904 bp (Prpic et al., 2001). In our study, only the 

confirmed transcript was partially sequenced. Total RNA was extracted from individual beetles (n 

= 3) either with a normal- or reduced-eye, then PCR and purification steps were performed 

following the protocols shown in section 2.3.3.2. Primers for sequencing were designed using 

Primer3 and are shown in Table 5 and section 2.3.3. 

 

2.3 Molecular biology methods 

2.3.1  RNA extraction 

The total RNA from biological replicates of pools of individuals were extracted in which a 

combination of two protocols was used to get highly purified RNAs, phenol/chloroform lysis and 

SV Total RNA Isolation System. Here, to allow for better RNA extraction, I used TRIzol® reagent.  

In a first step, samples were put in a 1.5 ml micro reaction tube and ground them with a pestle after 

freezing them in liquid nitrogen. Then, 1 ml of TRIzol® Reagent was added and incubated for ten 

minutes at room temperature with vortexing in between. After centrifugation at 13,000 rpm at 4°C 

for 5 minutes, the supernatant was transferred to a new micro reaction tube and 200 µl chloroform 
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(1/5 of the volume of TRIzol reagent) was added. The samples were mixed well by inverting them 

and incubated at room temperature for 15 minutes, then centrifuged at 10,500 rpm at 4°C for 15 

minutes. After centrifugation, the upper (containing RNA) and lower (containing DNA and 

proteins) phases were obtained. The aqueous upper layer was transferred to a new reaction tube 

and mixed with 175 µl RNA lysis buffer (SV Total RNA Isolation System) and 200 µl 95 % 

Ethanol by pipetting up and down. Then, the entire sample was transferred into a spin column 

followed by steps for RNA washing and DNase digestion. Finally, RNA was eluted with 100 µl 

nuclease free water and its concentration was measured using a NanoPhotometer Pearl.  

 

2.3.2  cDNA synthesis 

The reverse transcription step was performed in order to synthetize complementary DNA (cDNA), 

as it is an essential step for RNAi and RT-qPCR experiments. Thus, RNA was reverse transcribed 

using SuperScript III Reverse Transcriptase kits after following the manufacturer’s instructions. 

The reaction started with 100 ng total RNA. I used random hexamer primers in this study.  

 

2.3.3 Primers  

2.3.3.1 Designing of primers 

All primers were provided by Metabion international AG (Martinsried, Germany) with 5 pmol/µl 

concentration. All primer pairs used in the current study are listed in Table 5. 

 

2.3.3.1.1 RNAi-primers 

To knockdown the Hsp83 gene at the mRNA level, dsRNA-primers were designed in the CDS  

(Coding Sequence) region of Hsp83 gene (Hsp83 gene scheme, Appendix, Figure S3).  By using 

the primer-BLAST software (http://www.ncbi.nlm.nih.gov) primers were picked up on nucleotides 

508-964 (457 bp) for my construct (construct A). Another two primer pairs were also suggested by 

the program (Appendix, Table S5) but I chose the pair which gave the best alignment with the 

cDNA template on the gel (Appendix, Figure S2). The other two pairs were excluded because one 

on them was overlapping with the other established construct in our lab, named as construct B 

(previously designed by Rüschoff 2014), while the third pair gave unusual results on the gel, 

especially after the 2nd PCR (Appendix, Figure S2). For construct B designed by Rüschoff (2014), 

the primers were on nucleotides 1463–1954 (492 bp) of the gene transcript (Table 5). For the 
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knockdown of dac (ID: iB_04358), dsRNA was ordered directly from Eupheria Biotech 

(http://www.eupheria.com/). 

 

2.3.3.1.2 RT-qPCR-primers 

We designed all RT-qPCR primers on gene transcript CDS to quantify the gene expression on the 

mRNA level. As shown in Table 5, primers were designed for housekeeping genes, ribosomal 

protein L13a (RpL13a) and ribosomal protein 49 (Rp49), Hsp83, Hsp68a (Hsp68a gene scheme, 

Appendix, Figure S4) and dac (dac gene scheme, Appendix, Figure S5) using Primer Blast 

software on NCBI. Primers for TEs were designed by Schmitz lab using Oligo7-Primer 

construction. Primers were designed to amplify up to 250 bp-sized fragments. For all RT-qPCR 

primers, the quantification efficiency was calculated by making serial dilutions from each primer 

to determine their efficiency using qRT-PCR. 

 

2.3.3.1.3 Sequencing-primers 

Sequencing primers for the dac gene were designed using Primer3 software (http://primer3.ut.ee/) 

on the partial transcript (dac gene scheme, Appendix Figure S5) (NCBI accession:  AJ307577) 904 

bp which has a confirmed sequence (Prpic et al., 2001). 

 

2.3.3.2 Testing for Primers 

All primers were tested for their accuracy by applying polymerase chain reaction using cDNA, 

from five pooled adult beetles as a template (Table 6). In the negative controls, cDNA was replaced 

by MilliQ® water. The temperature profiles of the PCR cycles are shown in Table 7.  To check the 

DNA-fragment size, the PCR products were applied to 1 % agarose gel in TBE buffer and 30 µl 

Roti®-GelStain, a fluorescent dye that binds to the DNA and facilitates its visualization under UV 

light, was added to a 50 ml gel. Electrophoresis was allowed to run at a voltage of 80 V for 45 

minutes. Then, DNA bands were checked under a UV light. Depending on the expected DNA size, 

either GeneRuler™ 100 bp Plus DNA Ladder or GeneRuler™ 1 kb DNA Ladder was used as 

marker (Appendix, Figure S6).  

To sequence the PCR product, I purified it with USB® ExoSAP-IT PCR Product Cleanup kits 

following the manufacturer’s instructions then it was sequenced using BigDye® Terminator v3.1 

Cycle Sequencing Kit and a capillary sequencer. The obtained sequences were blasted by using 
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Standard Nucleotide BLAST® on NCBI (https://blast.ncbi.nlm.nih.gov/Blast.cgi).  
Table 5: Primers used in this study 
Gene/TE 
name Sequence (5' --> 3') Efficienc

y Purpose  NCBI Reference 
Sequence Reference 

T7  GAATTGTAATACGACTCACTATAGG   ds-RNA 
synthesis   (Posnien et 

al., 2009)  

T7-SP6 TAATACGACTCACTATAGGATTTAGGTGAC
ACTATAGA   ds-RNA 

synthesis   (Posnien et 
al., 2009) 

Heat shock 
protein 83  
(Hsp83) 

F: TGGAAACCTTCGCCTTCCAG 
  RNAi 

(construct A) 

NM_001313877.1 / 
 TcasGA2_TC014606 

This study 
R: CTACCACCAGCTGACGACTC 

F: CCTCCTCTTTGTCCCACGTC 
  RNAi 

(construct B) 
(Rüschoff, 

2014) R: GCCACTTGCTCCTTGCTTTC 

F: CGCAGTTCATTGGCTATCCC 
2.00 qRT-PCR    (Peuß et al. 

2015) R: GTCTTCGCCTTCTTCCTCCT 
Ribosomal 
protein 49  
(Rp49) 

F: TTATGGCAAACTCAAACGCAAC 
1.98 qRT-PCR    XM_964471.3 

(Konopova 
and Jindra, 

2007) R: GGTAGCATGTGCTTCGTTTTG 
Riposomal 
protein L13a 
(RpL13a) 

F: GGCCGCAAGTTCTGTCAC 
2.00 qRT-PCR    XM_969211.3 (Lord et al., 

2010) R: GGTGAATGGAGCCACTTGTT 

Heat shock 
protein 68a 
(Hsp68a) 

F: CCTATTCCTGCGTCGGAGTC 
2.00 qRT-PCR    NM_001170728.1 /  

TcasGA2_TC009706 
(Peuß et al. 

2015) R: GGCAACTTGGTTCTTGGCAG 

Dachshund 
(dac) 

F: TCGGCGACTCCAAGATCAAC 1.94 qRT-PCR    XM_015979175.1 /  
TcasGA2_TC007637 This study 

R: TCGGCGCCACTTTTTCATTA 
F: GAGGACTCGGTGCCATTCA   

Sequencing AJ307577.1  This study 
R: TCCCTGGATGTTGCGGAG   

Copia 1 
F: ACTTTTGGCTACTGAAATTGGTGA 

1.98 qRT-PCR    
  

This study 
R: CTTTCCATGTTCAAATGACACGTT   

Copia 2 
F: CGATACGGCTAAAGAAATTCTCGACA 

1.85 qRT-PCR    
  

This study 
R: CTGATGAAACTCCTCGTGTATAAGCA   

Gypsy3 
F: GCTAAGCAGAAACAGGAAACCGAT 

1.97 qRT-PCR    
  

This study 
R: TGGTCACGTCTGTTAAACTTAGCTC   

Gypsy4 
F: GATAGCCCACCAACGTGTACCCA 

1.95 qRT-PCR    
  

This study 
R: CACAAACGCTTTCTTCGGCCTG   

Gypsy5 
F: CGACTTTTGCTTCCCCTACCTG 

1.96 qRT-PCR    
  

This study 
R: GTGCCATCTGCTGAAACTTCGT   

Gypsy8 
F: CCGTGCAATCCGAAATAATCGTT 

1.92 qRT-PCR    
  

This study 
R: CAAATAATTTCACCTTCGCAGCTTG   

Gypsy 9 
F: TTTCGCCGATTTATTGATCAGTTCG 

1.91 qRT-PCR    
  

This study 
R: TTTAAAGTGGTGAATGCCTCGTCT   

Gypsy11 
F: CGTACAAATCATCCCGACGTTT 

2.00 qRT-PCR    
  

This study 
R: GACTTTCGAGCAATTCATACGTCT   

Gypsy12 F: TGAAGACATCATAGCAGTTACCGTA 
1.99 qRT-PCR    

  
This study 

  R: CATAATTCCTCCTAACAGCACGAA   

Crypton-1 F: AAGCAATTAGAAACGAAGCGAGAA 
2.00 qRT-PCR    

  
This study 

  R: CATTCCTCGTCTTGTTTACACTCC   

Crypton-2 F: CAAAAAGTCTAAAACATTCCTCCGAGA 
2.00 qRT-PCR    

  
This study 

  R: GCCGGCAATTCCAAATATTAAAGCA   
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Rehavkus-2 
F: AGAAACTTTAGAAGGAGCTATACCTCT 

1.93 qRT-PCR    
  

This study 
R: TTCATCTTTCATTGTCTCGTCGTTG   

Rehavkus-3 
F: GTATTCATCTTCTCTTAACTTTTGCCAT 

1.94 qRT-PCR    
  

This study 
R: CCTTGCTTTTCTAATCACCGACT   

CR1-1 
F: CACAAGAATAACCGCACGCAGT 

1.97 qRT-PCR    
  

This study 
R: GTTAGCTGTATACCCATGTGATCCG   

CR1-4 
F: CGTCTCAAGCTATAAACCGCGAAG 

1.93 qRT-PCR    
  

This study 
R: GACCTCGAGGACATCATTTACCAC   

R4 -1 
F: ACCAAATCTCCTTATTATAAATATGAGCC 

1.97 qRT-PCR    
  

This study 
R: GTGTGTATTTGGAACAGCAATATCTATG   

Mariner-1 
F: AGACTTCGAGAAAATCGCACTCC 

1.96 qRT-PCR    
  

This study 
R: GGCAACCGCATCAATAATTGCTT   

Sine3 
F: AATGTAATGCCAAAACATCGC 

1.99 qRT-PCR    
  

This study 
R: ATCTACAGCCTCTGACCTGA   

 

 

 

 

 

 

Table 6: Standard PCR mix 

Component Conc. per reaction Vol. per reaction (µl) 
cDNA (template)  1.00 
5x Colorless GoTaq® Flexi Buffer 1x reaction buffer 5.00 
dNTP mix 2 mM of each dNTP 2.50 

MgCl2 25 mM 2.50 

Primer forward 5 µmol 1.00 
Primer reverse 5 µmol 1.00 
GoTaq® DNA Polymerase 5 U/µl 0.20 
MilliQ® water  11.80 
Total volume   25.00 

Table 7: Temperature profile for PCR 

Temperature Time (min.) Cycles 
94°C 3:00 1 
94°C 0:30   
58°C 0:30 30 

72°C 0:45   

72°C 3:00 1 
4°C ∞   
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2.3.4 RNAi  

2.3.4.1 Cloning and transformation  
For Hsp83-RNAi, Hsp83 fragment for the target construct was cloned into the pZERrO™-2 vector 

(Appendix, Figure S7). Cloning was necessary to add T7 and SP6 promoter sequences (Table 5) to the 

fragment for dsRNA in vitro transcription using T7 RNA polymerase-based protocol. 

The cloning procedure started by amplifying the targeted fragments of Hsp83 using PCR, followed 

by purification of the PCR products (see 2.3.3.2). Then, the PCR products were ligated into EcoRV 

digested pZErO™-2 vector (Table 8) and incubated for one hour at 22°C. Afterwards, the vector 

carrying the Hsp83 fragment was transformed into the competent bacteria DH10B E. coli and kept 

on ice for 30 minutes. For that, Heat/cold shocks were performed by incubating the bacteria for 

two minutes at 42°C then cooled on ice for another two minutes to facilitate the vector 

transformation into bacteria. Thereafter, the transformed bacteria were incubated in SOC medium 

(500 µl) for one and a half hours at 37°C, 250 rpm. The transformation mix was centrifuged for 

one minute at maximum speed and the precipitate containing transformed bacteria was resuspended 

in 100 µl of the medium and plated on Luria-Bertani (LB) agar containing streptomycin (10 µg/ml) 

and kanamycin (50 µg/ml) and 1 mM IPTG (isopropyl β-D-1-thiogalactopyranoside) under sterile 

conditions and incubated over night at 37°C. Adding streptomycin was to ensure that only E. coli-

cells will grow as it is streptomycin-resistant, also kanamycin addition inhibits the growth of all 

bacteria not carrying the plasmid and IPTG was needed to induce the expression of the lac-

promotor, which controls the expression of the lethal ccdB gene in this vector. This system was 

necessary to  ensure that only cells that carry the plasmid with our insert will grow on the media 

forming colonies.  

To test whether our target fragment was inserted, colony PCR was performed. Clones were picked 

up separately with a single pipette tip and dipped directly into a separate PCR tube with MilliQ® 

water (15,875 µl). Then, PCR master mix was added (Tables 9 and 10). PCR products were 

visualized on a 1 % agarose gel as described before. On the other hand, the pipette tip was dropped 

in a 15 ml-falcon containing about three ml LB medium with kanamycin and incubated overnight 

on a shaker (250 rpm) at 37°C. Plasmids were extracted and purified from the overnight cultures 

using Invisorb® Spin Plasmid Mini Two kits and finally sequenced and blasted as described 

before to validate the insertion of the target fragment. Recombinant E. coli of the overnight culture 

with the correct plasmid were kept in 80% glycerol at -80°C for long-term storage. Clones with 
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the other non-overlapping construct of Hsp83 (construct B) were previously produced by 

Alexander Rüschoff (2014). 

Table 8: Ligation reaction mix 

Component Vol. per reaction (µl) 

digested vector (pZErOTM-2) 1.00 

PCR product (insert) 3.00 

10x Ligation Buffer 1.00 

T4 DNA Ligase 0.50 

MilliQ® water 4.50 

Total volume 10.00 
 

Table 9: Components of colony PCR 

Component Conc. per reaction Vol. per reaction (µl) 
Clone (from one colony) as template  - 
5xGreen GoTaq® Flexi Buffer 1x 5.00 
dNTP mix 0.4 mM of each dNTP 0.50 
MgCl2 25 mM 2.50 
Primer T7 2.5 pmol 0.50 
Primer T7-SP6 2.5 pmol 0.50 
GoTaq® DNA Polymerase 0.625 U 0.13 
MilliQ® water  15.875 

Total volume   25 
 

 

2.3.4.2 Synthesis of dsRNA 

dsRNA was synthesized by in vitro transcription following the protocol of T7 MEGAscript® Kit 

where T7 RNA polymerase, from the bacteriophage T7, was applied for RNA synthesis. The 

synthesis process started by obtaining a PCR product. I used the plasmid containing our target 

Table 10: Temperature profile for colony PCR. 

Temperature Time Cycles 
95°C 5 min 1 
95°C 40 sec  

55°C 45 sec 34 
72°C 2 min  

72°C 12 min 1 
4°C ∞ 1 
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fragment as a template and T7 and T7-SP6 primers, containing T7 promoter sites, as amplification 

primers (Tables 11 and 12, Appendix, Figure S2).  

The PCR product was checked for the right size on a 1 % agarose gel, as described above and then 

purified using USB® ExoSAP-IT PCR Product Cleanup kits. For in vitro transcription of DNA to 

dsRNA, 300-500 ng of the purified PCR product was added to the enzyme mix provided with T7 

MEGAscript® Kit and incubated for 5 hours at 37°C (Table 13). Thereafter, dsRNA was 

precipitated by LiCl, provided with the T7 MEGAscript® Kit, and kept overnight at -20°C. The 

mix was centrifuged for 40 minutes at 14,000 rpm and 4°C and washed with 70% ethanol followed 

by centrifugation for another 40 minutes at 14,000 rpm and 4°C. Then, the pellet was left to dry 

for 30 minutes at room temperature and resuspended in injection buffer (PBS). Finally, the dsRNA 

solution was annealed by keeping the tube at 95°C on heat block for two minutes followed by 

putting it in a boiling water bath which was left to cool down to 70°C. Concentrations of dsRNA 

were checked using a Nanophotometer Pearl and stored at -80°C at the desired concentrations. 

 

 

 

Table 11: PCR mix for cloning T7 and T7Sp6 

Component Conc. per reaction Vol. per reaction (µl) 
Vector (clone as template) (1:100) 0.20 
5x Colorless GoTaq® Flexi Buffer 1x  8.00 
dNTP mix 2 mM of each dNTP 4.00 

MgCl2 25 mM 2.40 

T7 Primer 10 pmol 2.00 
T7Sp6 Primer 10 pmol 2.00 
GoTaq® DNA Polymerase 5 U/µl 1.00 
MilliQ® water  20.40 
Total volume   40.00 

Table 12: Temperature profile for PCR 

Temperature Time (min.) Cycles 
94°C 3:00 1 
94°C 0:30   

58°C 0:30 30 

72°C 0:45   
72°C 3:00 1 
4°C ∞   
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2.3.5 Gene expression (RT-qPCR assay)  

RT-qPCR was performed following the same protocol described in Peuß et al. (2015).  RT-qPCR 

is a method that quantifies the amount of the template in a PCR reaction. This quantification can 

be measured absolutely and compared to external standards or in comparison to the expression of 

the reference genes in the same sample (Pfaffl, Horgan and Dempfle, 2002). The reference genes, 

also called housekeeping genes, are stably expressed in different stages and with different 

treatments, thus they are used as references for the expression level of the other genes.  
We used RpL13a and Rp49 as reference genes. The RT-qPCR analysis was performed by using KAPA 

SYBR® FAST qPCR Light Cycler 480 reaction mix and the LightCycler® 480 Real-Time PCR System. 

During this system, the fluorescent dye, SYBR® Green binds to DNA during hybridization and its 

fluorescence proportionally increases with the number of DNA molecules which are measured after each 

cycle. The cycler produces a sigmoid amplification curve on a plot of the fluorescence measurements against 

the cycle numbers. This curve is divided into three phases, a lag phase, an exponential log-linear phase and 

a plateau phase.  

To check the expression of our target genes and TEs, total RNA was extracted from the frozen 

samples following the protocol in section 2.3.1, then reverse transcribed as mentioned in section 

2.3.2. Then, the total volume of each reaction mix was 10 µl per well (Table 14). Each sample was 

run in duplicates and PCR amplification was performed under the temperature profile shown in 

Table 15. The Light Cycler 480 software was used to calculate the crossing points (Cp) values with 

the second derivative maximum method (Luu-The et al., 2005). Cp is the inflexion point of the 

Table 13: In vitro transcription mix 

Component Conc. per reaction Vol. per 
reaction (µl) 

 

Template 300-500 ng 8 

Incubate at 37°C 
for 4-5 hours 

10x buffer  2 
GTP solution  2 
CTP solution   2 
ATP solution  2 
UTP solution  2 
Enzyme mix   2 

Total volume   20 

 LiCl-Precipitation:   
Incubate at -
20°C 
overnight 

H2O   30 

LiCl solution   25 
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amplification curve in the exponential phase and determined by the cycle number at which the 

fluorescence of the template rises for the first-time above background level. The mean of the Cp values 

from the two technical replicates was calculated and used for further analysis if the standard 

deviation (STD) was below 0.5. 

Table 14: RT-qPCR mix   

Component Conc. per reaction Vol. per reaction (µl) 
cDNA (template)  1 
KAPA SYBR® FAST  1x 4 
Primer forward 2 µM 0.3 
Primer reverse 2 µM 0.3 
MilliQ® water  4.4 
Total volume   10 

 

Table 15: Temperature profile for RT-qPCR temperature profile 

Temperature Time (min.) Cycles 
95°C 3:00 1 
95°C 0:15 

40 
60°C 1:00 
95°C continuous 1 
37°C 1:00 1 

 

2.4. Methodological protocols  

2.4.1 DsRNA-Injection  

The desired dsRNA-concentration for the target gene was adjusted with PBS solution.  The 

injection was performed following the protocol described in Posnien et al. (2009). Injections were 

done with a FemtoJet using borosilicate glass capillaries (100 mm length, 1.0 mm outside diameter, 

0.021 mm wall thickness). Capillaries were pulled by a NC-10 puller adjusted to a two-step 

program, 100°C and 68.2°C. For the injection, each capillary was opened by cutting the last end 

carefully with a razor blade and filled with 10 µl of dsRNA solution with microloader pipette tips, 

then it was connected to the Femtoject. The needle should be adjusted at an angle of 60° for 

injection. Individual beetles were fixed on a glass slide using double-sided tape to facilitate their 

injection. Each individual was injected with 0.4 – 0.5 µl dsRNA. To avoid damage to the beetles, 

it was important to make the tape less sticky or to weaken the adhesive force by first rubbing the 

tape with fabric.  

Pupal injection: Pupae were fixed on their back with their legs up on the taped-slide and injected 
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with dsRNA solution at the ventro-lateral position between the 3rd and 4th abdominal segments 

(Bucher et al. 2002).  

Adult injection: Beetles were anesthetized with CO2 for 30-60 seconds, then were fixed on their 

lateral side on the taped-slide. When they were anaesthetized, they relaxed and straddled their 

sclerites at the rear end, projecting their genitals. So, I injected into the dorso-lateral part parallel 

to the last abdominal segments without damaging the genitalia. As a sign of a successful injection, 

the head should be extended due to increased internal pressure after injection. 

Larval injection: Larvae were anesthetized by CO2 for 30-60 seconds then were affixed on their 

abdomen (legs down) on the taped-slide. Larvae were injected dorsally into the intersegmental part 

between the 3rd and 4th abdominal segments (Tomoyasu and Denell, 2004). Larvae stretching was 

used as evidence for successful injection. 

The injected individuals were separated gently using a fine wet brush and kept in a 96-well plate 

filled with 5 % yeasted flour and stored in an incubator under standard rearing conditions.  In all 

RNAi experiments, AsnA-dsRNA injected individuals were used as a positive control and naive 

individuals were used as negative control. 

 

2.4.2 Preparation of feeding flour-discs: 

In the current project, the beetles were fed on some chemicals such as 17-DMAG, NaB and TSA. 

The chemical was placed on flour by making chemical-flour discs following a previously described 

protocol by Milutinović et al. (2013), with slight modifications. The chemicals were dissolved and 

stored as stock solutions following the producer’s instructions. Then, solutions with the desired 

concentrations were prepared either by using water in case of larval feeding or absolute ethanol for 

adult feeding, which was used to make the discs less hard after drying and thus more palatable to 

the adult beetles. To make the discs, the solutions were well-mixed with heat-sterilized 5 % yeasted 

flour (0.25 g of flour per one ml of solution). For the control treatment, the diet was made in the 

same way but without adding the chemical. Then, 40 µl/well of the mixture was pipetted into 96-

well plates and left to dry in the dark for five hours at 30°C either in an oven with air circulation in 

the case of 17-DMAG or in the laminar flow in the case of NaB and TSA. After drying, beetles at 

the target stage were added (one individual/well) and allowed to feed on the flour discs. Plates were 

sealed with adhesive tape and punctured with holes in each well to allow air circulation and they 

were kept under standard conditions expect for the 17-DMAG plates, which were kept in 
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continuous dark due to the chemical’s light sensitivity. The advantage of using this protocol is that 

it was possible to observe whether the beetles had eaten from the feeding flour-discs and if they 

received the same dose of the chemical by comparing the size of the flour discs. Also, it was 

unlikely for the beetles to selectively avoid eating the discs contaminated with the chemical. 

However, it was generally observed that the rate of feeding was higher in the positive control in 

comparison to the treatment control. 

 

2.4.3 Gonad dissection and staining 

The beetles were first immobilized by keeping them on ice. For the females, the last abdominal 

segment was cut with scissors and removed. Using a razor blade, another cut was made between 

the 2nd and 3rd leg pairs and the remaining abdominal part was transferred into a droplet of PBS. 

The ovaries and the alimentary canal were pulled out and separated from each other using forceps. 

The ovary was kept in PBS on ice till staining. After immobilization, the males were put on their 

back and a cut behind the last pair of legs was directly made with a razor blade. The abdomen was 

transferred to a droplet of PBS and the testes were squeezed out from the abdomen using forceps 

and separated from the other tissues. At the end, the sampled testes were pooled in PBS on ice for 

staining. Gonads were stained following the protocol described by Parthasarathy et al., (2010) with 

minor modification. The same protocol was used for staining of both gonads ovaries and testes. 

The gonads were fixed with 1 ml of 4% Formaldehyde for 30 minutes on a nutator, washed with 

PBT three times for five minutes and stained with 1 ml 4′,6-diamidino-2-phenylindole (DAPI) (0.5 

µg/ml) for ten minutes on the nutator. After removing the DAPI, I added one drop of Vectashield 

and stored the gonads overnight at 4°C. Then the ovaries were mounted on glass slides by 

separating the ovarioles gently from each other and then they were covered with cover slips and 

sealed with nail polish. The gonads were imaged using a fluorescence inversion microscope.  

 

2.5.  Statistical analysis 

2.5.1 Gene expression 

For the statistical analysis of the RT-qPCR data, the relative expression software tool REST 2009 

was used to check the significant differences in gene expression between the treatment and control 

groups. It normalizes the expression of the genes of interest over the expression of the reference 

genes, RpL13a and Rp49, taking the RT-qPCR efficiencies of the genes into account. 
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2.5.2  Survival 

Survival curves were plotted using Kaplan-Meier Survival Analysis: Log-Rank test (SigmaPlot13). 

Pairwise multiple comparisons were used to compare the survival curves and p-values were 

corrected using the Holm-Sidak method. Individuals that were alive at the end of the experimental 

period were included as censored cases. The time of death (the day on which individuals were 

found dead) was used as the response variable (event). 

 

2.5.3  Oviposition and hatchability 

Tests were done in R (version 3.2.1) and graphs were created in both R and Sigmaplot (Version 

13, Systat Software, Inc.).  

Oviposition:  

For Hsp83-RNAi experiments, the residuals of generalized linear models (GLMs) which applied 

on egg number, produced from Hsp83-dsRNA injected beetles of both constructs, was not normally 

distributed exhibited overdispersion. Therefore, a Kruskal–Wallis nonparametric test (Rank Sums) 

in R using ‘agricolae’ package was performed. The egg number for each family within treatments 

was used as a response variable and the independent variable was the pairing treatment groups for 

the Hsp83-RNAi experiments. When the Kruskal–Wallis test showed significances, a post-hoc 

analysis using a Dunn test was performed to determine which levels of the fixed variable differ 

from each other level. The Dunn test is the most common test for this and can be performed in R 

in the FSA package. P-values were adjusted using the Benjamini-Hochberg method. 

Model: Egg number per family ~ pairing groups  

Fitness effects of ‘reduced eye’ trait experiment. Oviposition of reduced eye-beetles kept under 

different environmental conditions were checked for any significant differences in comparison to 

that of their normal eye siblings. I tested for changes in the laid egg number by using a linear model 

in ‘MASS’ package followed in case of significance by Tukey’s HSD test as a pairwise test 

available in the lsmeans package. The interaction between the independent variables was not 

significant, therefore it was excluded from the model. The response variable was the egg number 

laid by each family within treatments and the independent variable was the beetle group. I ran a 

separate model for each rearing condition and the model was as follows:  

Model: Egg number per family ~ Beetles groups (reduced & normal-eye groups) optimum, dark, light or heat 

Hatchability:  
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To test for significant differences in hatched larvae number produced from either Hsp83-dsRNA 

injected beetles of both constructs (experiment: section 2.2.2.2.1), or beetles kept under normal and 

stress conditions (experiment: section 2.2.4.1), non-parametric comparisons were performed by 

applying a Kruskal–Wallis (Rank Sums) test because the GLMs residuals were overdispersed. The 

response variable was percent hatchability for each family within treatments and the fixed variables 

were either the pairing treatment groups for Hsp83-RNAi experiments, or the beetle groups under 

a certain rearing condition. The individuals which did not lay eggs were excluded from the analysis 

of hatchability. If I saw significant difference, I would perform a post hoc test using a Dunn’s test: 

Model: Hatchability percent per family ~ Beetles groups  

 

2.5.4 Phenotypic variation 

For the RNAi and 17-DMAG experiments (sections 2.2.3.1. and 2.2.3.2), I used GLM, using JMP 

(JMP®, version 11, SAS Institute) with a binomial error distribution to look at differences between 

abnormal phenotypes for larvae and adults. The state of animals was used as a response variable. 

Each individual was given a value of 1 (affected) or 0 (not affected), and the pairing treatment 

groups were used as an independent variable. A post hoc contrast test was used to test against the 

naïve control groups.  

To check the penetrance of the ‘reduced eye’ phenotype in offspring under normal and stress 

conditions (section 2.2.4.2), the significant differences were checked only in the offspring produced 

from normal eye siblings. I excluded the reduced eye- and naïve-groups from the analysis since 

they showed eye penetrance of 100 % and 0 %, respectively, under all rearing conditions in all 

families. Non-parametric comparisons were performed by applying a Kruskal–Wallis (Rank Sums) 

test in R, since the residuals of GLMs were not normally distributed i.e. exhibited overdispersion, 

A post-hoc pairwise test was performed in the ‘multcompView’ package to determine which levels 

of the fixed variable differ from each other level: 

Model: Reduced eye percentper family ~ Rearing condition 

For the HDAC inhibitors experiment (section 2.2.5.2), I tested for the significant differences of 

‘reduced eye’ reversion in the subsequent two generations after feeding reduced eye-parents on 

HDAC inhibitors of both RNAi and 17-DMAG lines. I ran a separate model for each generation of 

each line. For F1 of RNAi line, a generalized linear mixed model (GLMM) fit by maximum 

likelihood was applied in R, ‘lme4’ package using a binomial error distribution where the number 
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of beetles which showed the normal eye phenotype per family per treatment was contrasted with 

the reduced eye-beetle number. The independent variable was NaB, TSA treatments and ethanol 

treatment as a negative control. Family number was used as a random factor: 

Model: Normal eye beetle number contrasted with reduced eye beetle number per family ~ Treatment 

Nab100, Nab500, TSA & negative control / Family number random. 

 For F2-RNAi line and F1 and F2 of 17-DMAG line, the residuals of GLMM exhibited 

overdispersion, therefore the model was corrected for overdispersion by using negative binomial 

error distribution: 

Model: Normal eye percent per family ~ Treatment Nab100, Nab500, TSA & negative control / Family number random. 

In the experiment of outcrossing with wildtype beetles (section 2.2.4.4.1), the reduced eye 

penetrance of F2 was checked for any significant change between the two different pairing groups 

by using GLMM. The model was as follows:  

Model: Reduced eye F2-beetle number contrasted with normal eye F2-beetle number per family ~ 

Treatment Reduced-eye ♂× WT ♀, Reduced-eye ♀× WT♂/ Family number random 

 

2.5.5 Quantitative trait measurement and analysis 

One of the interesting traits observed in adult beetles was the ‘reduced eye’ phenotype, so I was 

interested to score the variation in the eye size of these beetles. Beetle eyes were photographed in 

a fixed position from their ventral side. Then, the eye area of both left and right sides was manually 

measured using ImageJ. As the eye area was calculated in relation to the body size, the body length 

was measured dorsally and ventrally from the anterior end of the head to the posterior end of the 

abdomen and the mean of both sides represented the body length. All individuals were measured 

twice to test for repeatability (R) of measurements to evaluate the measurement error. Repeatability 

is the intraclass correlation coefficient and based on variance components from an ANOVA 

(Arnqvist and Mårtensson, 1998). It was calculated from the following equation:  R = S2A/(S2 + 

S2A), where S2A is the among-group variance component and S2 is the within-group variance 

component. These variance components can be calculated from the analysis of variance table (one-

way ANOVA) as: S2A= (MSAmong - MSWithin)/n and S2 = MSWithin, where MS is the mean of square 

and n is the number of repeated measures per individual. As our measurements were highly 

repeatable (R ≥ 0.9), the eye size was represented by the mean of the two measures for each 

individual and its variation was tested for any significant differences among treatment groups using 
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unequal variances analysis, two-tailed F-test , Levene’s test and Bartlett’s test using JMP (JMP®, 

version 11, SAS Institute) where the response variable was the eye size relative to body size in 

each individual and the independent variable was the parental treatment groups which produced 

the measured beetles.  

 

2.5.6 Development 

17-DMAG experiment. The development of larvae fed on 17-DMAG for 24 days (experiment: 

section 2.2.2.1) was analyzed in an ordinal logistic model using JMP. Since the response variable 

(i.e. development) has an ordinal modelling type (i.e. different developmental stages: larvae, pupae 

and adults), it was possible to check the cumulative response probabilities to the logistic function 

of a linear model using maximum likelihood which tests for the whole model. The developmental 

stages (categories) were entered as response variables and the number of individuals in each 

category was recorded as frequency and beetle groups were entered as a factor. 

Fitness effects of ‘reduced eye’ trait experiment. To statistically analyze the development of 

offspring (21-days old) produced from affected, unaffected and naïve beetles kept under normal 

and stress conditions (experiment: section 2.2.4.1), a GLM with a binomial error distribution was 

applied since I had two categories of development (pupae and larvae). The developmental stage of 

animals was used as a response variable. Each individual was given a value of 1 (pupae) or 0 

(larvae), and beetle groups at a certain rearing condition were used as independent variables. 
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3.1 Validation of HSP90 impairment  

To check the effect of HSP90 impairment on fitness and the release of genetic variation, it was 

essential as a basic step, to verify the potential effect of both tools used, RNAi and 17-DMAG. 

 

3.1.1 Hsp83 gene expression after parental RNAi 

For both constructs the knockdown of Hsp83 gene expression in Hsp83-dsRNA injected beetles 

was confirmed by using RT-qPCR. As shown in Figure 9a (i and ii), there was a strong reduction 

in Hsp83 expression in females and males injected with Hsp83-dsRNA of construct A at both tested 

concentrations, indicating that RNAi worked successfully. The relative expression in females and 

males injected with low Hsp83-dsRNA concentration (20 ng/µl) (Hsp83, low ♀ and ♂) 

significantly downregulated the expression to 27.6 and 33.8%, respectively. By increasing the 

dsRNA concentration to 100 ng/µl (Hsp83, high ♀ and ♂), the expression was further reduced to 

21.7 and 18% in females and males, respectively. There was no significant difference in the 

expression of Hsp83 between naïve beetles and the AsnA RNAi-control. However, in Fl larvae 

produced from injected beetles, Hsp83 expression did not change in comparison to controls, AsnA 

and Naïve. (Figure 9a (iii)).  

Hsp83-dsRNA of construct B also resulted in a down-regulation of Hsp83 gene expression of both 

sexes of the injected beetles, although it was not significantly different in comparison to the RNAi 

control. Hsp83 relative expression in injected females ranged from 74.5 to 77% and in males from 

18.1 to 23.9% (Figure 9b (i and ii)). Unexpectedly, Hsp83 expression in larval offspring produced 

from injected beetles, using B construct, was significantly down-regulated in the treatments of 

‘Hsp83, low’ which might be due to a transfer of Hsp83-dsRNA for mothers to their offspring 

(Figure 9b (iii)). 

 

3.1.2 Upregulation of Hsp68a expression after HSP90 functional inhibition by 17-DMAG 

The inhibition of HSP90 function after using 17-DMAG was confirmed by the significant 

upregulation in the expression of Hsp68a gene, a molecular marker for the potential effect of 17-

DMAG (Kudryavtsev et al., 2017). Hsp68a relative expression significantly increased in 

individuals which continuously fed on 17-DMAG at 100 µg/ml for 2, 4, 7 and 11 days in 

comparison to their negative control (Figure 10).  
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3.2  Effect of HSP90 impairment on fitness 

3.2.1  Effect of HSP90 impairment on survival 

After Hsp83 knockdown: Our results showed that the survival of all individuals injected with 

Hsp83-dsRNA of both constructs (A and B) at the two different concentrations (20 and 100 ng/µl) 

differed significantly for both females and males in comparison to the naïve beetles and the RNAi 

control (Figure 11a and b and Table (16)). Interestingly, the survival rate after Hsp83 knockdown 

negatively correlated with the concentration of the injected dsRNA. By reducing Hsp83 expression 

to about 20% (through injecting high dsRNA concertation,100 ng/µl), there was a dramatic effect 

on survival; all beetles (Hsp83, high, ♀ and ♂) had died by the 28th day of injection while a sharp 

decrease in their survival was observed on day 14th -16th of injection. Meanwhile, beetles which 

had been injected with the lower concentration 20 ng/µl of Hsp83-dsRNA (Hsp83, low, ♀ and ♂) 

showed a higher survival but it decreased with age i.e. over 120 days (the last day of survival 

check). For construct A, the survival rate on day 120 post injection, was 26 and 45% for the injected 

Figure 10: Relative expression of Hsp68a gene as a molecular marker for 17-DMAG potential effect at different 
feeding time points. Expression was checked in larvae fed on flour discs contaminated with 100 µg/ml of 17-
DMAG on day 2, 4, 7, 9 and 11 and after one week after termination of feeding on 17-DAMD (day 18) in which 
the expression was checked in eclosed adults. Four biological replicates of pools of 8 individuals were used. 
Expression at each time point is compared to the negative control (flour discs without 17-DMAG) at the 
respective time point. The expression for all is relative to that in the housekeeping genes RpL13a and Rp49. The 
means and error bars were calculated using the REST 2009 software. Asterisks indicate statistical significances, 
p<0.05. 
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females and males, respectively; while with construct B, it was only 10 and 16% after 48 days of 

injection. B, the mortality rates of naïve or AsnA-dsRNA-injected beetles did not exceed 15%. 

After HSP90 inhibition by 17-DMAG: Survival was also checked after inhibiting HSP90 function 

by 17-DMAG. Larvae which fed continuously on 10 and 100 µg/ml 17-DMAG for 12 days showed 

a significant decrease in their survival in comparison to the naïve control (Figure 12a and Table 

(16)). Unexpectedly, the survival of the negative control, larvae fed on water-flour discs without 

17-DMAG, was significantly reduced in comparison to naïve control which had fed on loose flour, 

this might be due to changing the nature of the beetle food. The survival rate of larvae which fed 

on 17-DMAG at both concentrations 10 and 100 µg/ml was about 50% by the day 24th of the 1st 

feeding time, while it was 63 and 88% for negative- and naïve-control, respectively. 

 

 

 

 

 

 

 

 

 

3.2.2 Effect of HSP90 impairment on development  

We were interested in investigating whether HSP90 reduction would affect the development of 

treated beetles. Hsp83 knockdown during the pupal stage did not affect beetle development, I found 

that, after injecting pupae with dsRNA there was no difference in the eclosion time between Hsp83-

dsRNA injected beetles and RNAi- or naïve-control beetles.  

On the other hand, when HSP90 function was inhibited during the larval stage using 17-DMAG, a 

significant difference in development was observed among treatments. Here, larvae (12-16 days 

old) were fed on 10 and 100 µg/ml of 17-DMAG and the development was checked till 24 days 

post the start of experimental feeding. As shown in Figure 12b, there was a significant difference 

in development between the naïve group and beetle groups which fed on either water-flour discs 

(negative control) or fed on the high concentration of 17-DMAG (100 µg/ml) (Likelihood ratio: 

Chisq = 28.27, df = 3, p<0.001). 

Table 16: Summary of Kaplan-Meier Survival Analysis, Log-Rank test for survival 
curves shown in Figures 11 and 12 

Experiments  Log-Rank test df P Value 

Construct A-female 122.449 4 <0.001 

Construct A-male 280.88 4 <0.001 

Construct B-female 158.83 4 <0.001 

Construct B-male 185.642 4 <0.001 

17-DMAG 19.178 3 <0.001 
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Figure 11: Survival curves of eclosed adults after Hsp83 knockdown achieved by pupal RNAi using either (a) 
dsRNA-construct A or (b) dsRNA-construct B (non-overlapping construct). Survival was checked in (i) females 
(♀) and (ii) males (♂) injected with 20 (low) or 100 (high) ng/µl dsRNA either specific for Hsp83 or AsnA gene 
during the pupal stage or left as naïve. Kaplan-Meier survival analysis, Log-Rank was performed (see Table 16). 
Significant differences compared to naïve group were checked using pairwise multiple comparisons and indicated 
by asterisk, p<0.001. The number between brackets indicates the sample size per treatment group. 

Hsp83, high, ♀ (n=32)
Hsp83, low, ♀ (n=35)
AsnA, high, ♀ (n=20)
AsnA, low, ♀ (n=11)
Naïve, ♀ (n=21)

(i) (ii)

Hsp83, high, ♂ (n=39)
Hsp83, low, ♂ (n=55)
AsnA, high,♂ (n=43)
AsnA, low, ♂ (n=36)
Naïve, ♂ (n=63)

*

*
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Figure 12: (a) Survival and (b) development of beetles fed, during their larval stage, on 17-DMAG at either 10 
(low) or 100 (high) µg/ml for 12 days with changing the chemical every other day. The negative control was flour-
feeding discs without 17-DMAG and naïve control was beetles fed on normal loose flour. N = 48 for each 
treatment. Kaplan-Meier survival analysis, Log-Rank was performed (see Table16). Significant differences 
compared to naïve group were checked using pairwise multiple comparisons and indicated by asterisks, p<0.001. 
Development was recorded on the 24th day after the larvae were placed on their treatment diet. 

a 

b 
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Most naïve beetles group (97.7%) developed into adults; while only 86 % of negative control and 

54.2% of 17-DMAG (100 µg/ml) group, developed into adults. For the latter two groups, it was 

also observed that some individuals were still larvae (3.3 and 12.5%, respectively) or pupae (10 

and 33.3%, respectively) after 24 days. This is might be due to changing the nature of beetle food 

from loose flour to flour discs. All beetles which fed on the lower concentration of 17-DMAG (10 

µg/ml) and which survived until the last survival check day (50%) developed into adults. 

  

3.2.3 Effect of Hsp83 knockdown on reproductive success 

In the current study, I was also interested to investigate the effect of Hsp83 knockdown on both 

offspring production - by checking the oviposition and hatchability rate - and the gonad phenotype 

by checking the development of oocytes and sperm.  

Oviposition rate:  

We estimated Hsp83 knockdown effect on oviposition rate by counting the total number of eggs 

produced from 30 single pairs for each treatment group. In general, there was a dramatic effect of 

Hsp83 knockdown on the egg production rate which was positively correlated with the 

concentration of the introduced dsRNA (Kruskal–Wallis nonparametric test (Rank Sums) (Table 

17). For both dsRNA constructs, the egg laying rate of females injected with 100 ng/µl Hsp83-

dsRNA was completely inhibited, either when these females were mated with males injected with 

the same dsRNA concentration or naïve males, no eggs were produced at all from the treatment 

groups (Hsp83, parental, high) and (Hsp83, maternal, high)  (Figure 13a (i) and b (i)), except for 

one family which produced a low number of eggs, where it could be that the Hsp83 knockdown 

was not strong enough in this female (Figure 13a (i)). In contrast, the fertility of males injected 

with the same concentration of Hsp83-dsRNA, 100 ng/µl, was not affected; there was no significant 

differences in the rate of egg laying between naïve females when they were mated with either 

injected males (treatment group:  Hsp83, paternal, high) or naïve males (treatment group:  Naïve 

control) (Figure 13a (i) and b (i)).  

On the other hand, when the Hsp83-dsRNA concentration was reduced to 20 ng/µl, most injected 

females could produce eggs when they were crossed either with males injected with the same 

concentration of dsRNA (treatment group: Hsp83, parental, low) or naïve males (treatment group: 

Hsp83, maternal, low). However, the laid egg number by these females was significantly lower  
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than eggs produced by the treatment group (Naïve control) or (Hsp83, paternal, low) (Figure 13a 

(i) and b (i)).  

Hatching rate:  

The proportion of hatched eggs produced by females injected with 20 ng/µl of Hsp83-dsRNA was 

significantly lower than RNAi- or naïve-control (Figure 13a (ii) and b (ii), Table 17). However, the 

fertility of males which had been injected either with 100 or 20 ng/µl of Hsp83-dsRNA did not 

differ significantly from the controls (Figure 13a (ii) and b (ii)). These results indicate that only 

females pay a strong fecundity cost to Hsp83 knockdown.  

Gonad phenotype:  

The gonad phenotype after Hsp83 knockdown explained the dramatic effect of the knockdown on 

female fecundity, shown above. Our results in Figure 14 showed that Hsp83 knockdown negatively 

affected the development of ovaries after injecting females with Hsp83-dsRNA in particular with 

the high concentration (100 ng/µl) which reduced Hsp83 expression to 20%. Ovaries showed a 

complete arrest for the oocyte development (Figure 14a). When Hsp83-dsRNA concentration was 

lowered to 20 ng/µl, smaller-sized ovaries were observed with some poorly developed small 

oocytes which showed interruption in the nurse cell number and usually they could not reach 

maturity (Figure 14b).  In contrast, all ovaries of the RNAi control beetles developed normally and 

produced mature oocytes. The testes of males injected with Hsp83-dsRNA at both concentrations 

(100 and 20 ng/µl) showed similar phenotypes; testes were smaller in size and the spermatogonia 

and spermatocytes did not show typical organization with regular spacing of cells like what 

observed in the controls (Figure 14c and d). Nevertheless, fertility was not affected since they could 

produce mature sperm and offspring after mating. These observations suggest that Hsp83 gene is 

essential for the oocyte maturation and might be for sperm development. 

Table 17: summary of oviposition and hatchability statistical analysis using Kruskal-
Wallis multiple comparison: p-values adjusted with the Benjamini-Hochberg method  

  Chisq df  P Value 

Construct A-oviposition 163.6695 8 <0.0001 

Construct A-hatchability 28.747 6 <0.0001 

Construct B-oviposition 165.3308 8 <0.0001 

Construct B-hatchability 19.7569 6 <0.0001 
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3.3 Effect of parental HSP90 impairment on releasing genetic variation in untreated 

subsequent generations 

Another main aim of this study was to investigate if the parental inhibition of HSP90, by RNAi or 

17-DMAG, releases genetic variation through uncovering new morphological phenotypes in 

untreated subsequent generations.  

 

3.3.1 Influence of parental Hsp83 knockdown on releasing morphological variation  

Since trait buffering at distinct times during development might be important for developmental 

stability, I checked the morphological variation in larvae and adults of the untreated-F1 generation, 

then I studied the fixation of the new traits over subsequent 7 generations. 

Effect of Hsp83 knockdown on untreated F1 larvae: 

As shown in Figures 15a and 16a, reducing Hsp83 in parents, using both constructs (A and B), 

significantly increased the morphological variation in untreated F1 larvae comparing to naïve and 

RNAi controls, n = 20-30 single pairs (Table 18). The abnormalities ranged from 0.1-3.7% (the 

total number of screened larvae for all treatments was 7,172 and 5,808 for both constructs A and 

B, respectively).  

 

Figure 14: Gonad phenotypes in eclosed adults after their injection, as pupae, with Hsp83-dsRNA (left side in each 
panel) and AsnA-dsRNA, as RNAi control, (right side in each panel). (a and b) ovaries dissected from females injected 
either with 100 ng/µl dsRNA (here, high) or 20 ng/µl dsRNA (here, low). (c and d) testes dissected from males injected 
with the same concentrations mentioned above. Gonads were stained with DAPI and imaged by fluorescence inversion 
microscope at 100 µm magnification. 

b a 

c
 

d 
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Figure 15: Morphological variation in F1 untreated offspring of HSP90-inhibited parents (RNAi-mediated 
knockdown of Hsp83 with 20 (low) and 100 (high) ng/µl dsRNA, construct A). (a) F1, proportion of affected 
larvae produced from 20-30 pairs; total number of screened individuals per treatment are shown above each bar; 
GLM using a binomial error distribution was applied, significant differences are indicated by asterisks, p<0.05, 
relative to naïve control; see details in Table 18. (b) F1 larvae, example phenotypes: (i) abnormalities in larval 
eyes (distant-, scattered-, reduced- or absent-ocular lobes); scale bars: 100 µm and (ii) other larval body parts 
(pigmentation, malformed or missing appendages); scale bars:1000 µm. 
 

a 

b 

Control

Control

(ii)

(i)

0

1

2

3

4

5

6

7

8

Naiv
e c

on
tro

l

RNAi c
on

tro
l, l

ow

RNAi c
on

tro
l, h

igh

Hsp
83, 

pa
re

nta
l,  l

ow

Hsp
83, 

pa
ter

na
l,  l

ow

Hsp
83, 

mater
na

l, l
ow

Hsp
83, 

pa
ter

na
l,  h

igh

Hsp
83, 

mater
na

l, h
igh

%
 a

ffe
ct

ed
 F

1 
la

rv
ae

  ±
SE

 

Abnormal eye
Missing leg(s)
Pigmented body/leg
Malformed body

1347 1115 1307

*
514

*
1150

652

*
1066

16

Treatment in P



Results 
 

 69 

 

Figure 16: Morphological variation in F1 untreated offspring of HSP90-inhibited parents (RNAi-mediated 
knockdown of Hsp83 with 20 (low) and 100 (high) ng/µl dsRNA of using the non-overlapping dsRNA 
construct B). (a) F1, proportion of affected larvae; total number of screened individuals per treatment shown 
above each bar; significant differences are indicated by asterisks, p<0.05, relative to naïve control. (b) F1 
larvae, example phenotypes: (i) pigmentation in different larval body parts, (ii) abnormalities in larval eyes 
(distant-, reduced- or absent-ocular lobes), and (iii) examples for malformed urgomophi.  
 

b 
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However, I observed that lower numbers of larvae were produced from the maternal treatment due 

to the negative effect of Hsp83 reduction on ovarian maturation and oocyte development reflected 

by ovarian phenotype previously shown in Figure 14.  

One of the most observed phenotypic abnormalities was abnormal larval eyes (ocelli). As 

background information, the larval eyes are rudimentary ocelli and each ocellus is a bilobed 

structure located somewhat dorsal and posterior to the basal segment of the antenna, imbedded in 

the hypodermis and easily detectable through the cuticle even in the first instar larvae (Sokoloff, 

1972).They maintain a relatively fixed position throughout most of larval life; but in the last larval 

instar, the ocelli begin to migrate to the head apex (Sokoloff, 1972). I observed some degrees of 

larval eye abnormality in all treatments including RNAi- and naïve-control but it was mostly 

observed in the offspring of Hsp83-knocked down parents. The larval eye abnormalities ranged 

from a strong reduction to a complete absence of one or both ocular lobes, unilaterally or bilaterally 

(Figures 15b and 16b). The other phenotypes I observed were missing leg segments, body 

pigmentation in which dark spots appear on different parts of the body and larval malformation 

(Figures 15b and 16b). All larvae were kept separately and re-checked again as adults to see if these 

larval abnormalities were maintained until the adult stage or if they affected longer-term 

development.  

Effect of Hsp83 knockdown on untreated F1 adults: 

We only checked untreated F1 adults for beetles where the parents had been injected with construct 

A. Adults which showed abnormal eyes during the larval stage did not show any phenotypic 

variation or any significant differences in their eye size in comparison to adults siblings that showed 

normal eyes during their larval stage (Unequal variances analysis, two-sided F test: F =  1.0851, df 

= 13, P = 0.3912; Bartlett’s test, P =  0.6857; Levene’s test, P =  0.5339) (Figure 17a).  

However, larvae with other abnormalities that I found, such as malformation and pigmentation, did 

not survive till adulthood indicating the lethal effect of these phenotypes. In total 5,101 untreated 

F1 adult beetles from all treatments were screened for morphological variation, including the ones 

which showed larval abnormal phenotypes and the ones which did not show any abnormalities. 

The most frequently observed morphological variation in F1 adults was the abnormal leg 

phenotype which found in all treatments including RNAi- and naïve-control; these abnormalities 

ranged from 1-4% and were characterized by missing whole leg(s) or some leg  
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Figure 17:  Morphological variation in F1 untreated offspring of HSP90-inhibited parents (RNAi-mediated 
knockdown of Hsp83 with 20 (low) and 100 (high) ng/µl dsRNA of construct A). (a) Quantification of eye size 
relative to body length in F1adults which showed, during their larval stage, either normal eye (black circles) or 
abnormal eye phenotype (blue circles). The eye size did not show any significant differences among treatments or 
even within treatments (Unequal variances analysis, two-sided F test: F-ratio = 1.0851, df = 13, P = 0.3912; 
Bartlett’s test, P = 0.6857; Levene’s test, P = 0.5339). (b) proportion of affected adults; total number of screened 
individuals per treatment shown above each bar; significant difference is indicated by asterisk, p<0.05, relative to 
naïve control; see details in Table 18. (c) example phenotypes: short- and missing-legs and abnormal eyes; scale 
bars: 100 µm.   
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segments were fused resulting in short legs or malformed due to having several claws instead of 

one (Figure17b and c). Unexpectedly, the only significant difference of the leg phenotype was 

found in adults produced from RNAi control treatment in comparison to naïve control (Table 18). 

One explanation for that might be due to a stress response which can be transferred from the 

injected parents to their offspring. 

Genetic assimilation of traits in untreated subsequent generations: 

To determine whether leg phenotype observed in F1 is a heritable trait, F1 adults with abnormal 

leg phenotype were selected and intercrossed as single pairs (n = 11-19, after excluding the pairs 

which did not produce eggs) within treatments whilst keeping to the family identity. By checking 

the untreated F2 adults, I found that the abnormal leg phenotype significantly transferred to F2 in 

Hsp83-treatment groups comparing to RNAi- or naïve-control groups and ranged from 0.2-1.2% 

(Figure 18a and b and Table 18). However, this abnormal leg phenotype disappeared in the 

subsequent generation (F3); it might be that the abnormal leg was due to a decreased developmental 

stability when parents were stressed by reducing the expression of this vital gene, Hsp83.  

Interestingly, I found another frequently observed phenotypic trait, ‘reduced eye’ phenotype, 

among the screened F2 adult beetles. It was characterized by reducing the eye size to approximately 

half due to a reduction in the number of ommatidia, nevertheless beetles which showed this trait 

did not show any leg phenotypes as in their F1 parents. This trait occurred in 4.2%, 32 out of 757 

of total screened F2 beetles produced from 16 F1 pairs of paternal RNAi-treatment. These 32 

reduced eye-beetles were produced from two F1 pairs, occurring in 25.5% (12/47) and 29.4% 

(20/68) of the offspring; both pairs came from the same parental family (P) where only father was 

injected with Hsp83-dsRNA (100 ng/µl) of construct A (Appendix, Figure S8a). More 

interestingly, this ‘reduced eye’ trait was inherited with a high ratio into the subsequent generations 

by breeding F2 beetles (affected and unaffected together) produced from those two interesting F1 

pairs without making any artificial selection and the beetles were screened every generation till F7 

(Figure 19).   

However, these affected F2 beetles were produced from untreated F1 adults which had been 

selected for their abnormal leg phenotype. An important question here was if the ‘reduced eye’ trait 

in F2 is correlated to the abnormal leg phenotype in F1. To answer this question, I intercrossed the 

siblings of the untreated ‘normal leg’ F1 adults which had been produced from the same parental 

family, as single pairs (n = 13) and checked their offspring i.e. F2 adults. Only one out of 13 pairs 
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produced the same ‘reduced eye’ phenotype with 23% (14 out 61 beetles), representing 1.5% of 

the total screened number produced from all families (954 beetles), indicating the absence of any 

correlation between the leg- and releasing the ‘reduced eye’ phenotypes (Appendix, Figure S8b).  

 

 

Figure 18: Morphological variation in F2 untreated offspring of HSP90-inhibited parents (RNAi-
mediated knockdown of Hsp83 with 20 (low) and 100 (high) ng/µl dsRNA of construct A). (a)  F2, 
proportion of affected adults produced from 11-19 pairs; total number of screened individuals per 
treatment are shown above each bar; significant differences indicated by asterisk, p<0.05, relative to naïve 
control; see details in Table 18. (b) F2 adults in (i) control- and (ii) affected-beetles showed ‘reduced eye’ 
phenotype, the development of the compound eyes and progressive retina differentiation in control and 
affected (reduced-eye) beetles at different ages (2-days old pupae, 1- and 10-days old adults). Scale bar = 
100 µm. 
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3.3.2 Influence of HSP90 functional inhibition, by 17-DMAG, on releasing morphological 

variation 

To verify the specific role of HSP90 in releasing the ‘reduced eye’ phenotype after paternal Hsp83-

RNAi, I used 17-DMAG, as another tool, to inhibit HSP90 function. Larvae were fed on flour discs 

contaminated with 17-DMAG at 10 and 100 µg/ml and they were checked as adults for 

morphological variation. Two treated beetles out of 26, fed as 12-days old larvae on 10 µg/ml 17-

DMAG, showed a similar ‘reduced eye’ phenotype as RNAi-phenotype accompanied with missing  

leg malformation. These beetles did not produce offspring when they were crossed with their 

unaffected siblings; one explanation for that might be the missing legs meant that they could not 

copulate. However, when 17-DMAG-treated unaffected beetles from both concentrations were 

intercrossed as single pairs, a ‘reduced eye’ phenotype, similar to that of Hsp83 knockdown 

treatment, was released in their untreated offspring. The ‘reduced eye’ trait occurred in 5.1% (39 

out of 764 screened beetles produced from all pairs per treatment), these 39 affected beetles were 

produced from 3 out of 13 pairs with a prevalence of 22.2 (8/36), 21.9 (9/41) and 16.6 (22/136), 

respectively, for the high concentration and 0.4% (1 beetle out of 226) for the lower concentration. 

The phenotype was never found in the control treatments (Figure 20a). In addition, short- and 

missing-leg phenotypes were observed in F1 generation in all treatments including the controls, 

ranged from 0.2-1.3% and did not penetrate to the subsequent generations (Figure 20a).  

The eye size of the affected beetles was measured in relation to the body size and it decreased 

Figure 19: Penetrance of the ‘reduced eye’ trait over seven generations observed in lines established after 
reducing HSP90 in parental generation by RNAi. Here, the trait appeared in F2 and the reduced eye-beetles were 
bred together with their normal eye-siblings without artificial selection. 
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significantly in comparison to the control or the unaffected beetles (two-sided F test, F = 10.64, df 

= 3, p<0.001; Bartlett’s test and Levene’s test, p< 0.0001). The average eye area for beetles of 17-

DMAG high concentration treatment was 0.0289 mm2, while it ranged from 0.0422 to 0.0434 mm2 

to the beetles of the other treatments (17-DMAG low concentration, negative- and naïve-control); 

meanwhile the body length for the four treatments ranged from 3.38 to 3.66 mm (Figure 20b and 

c). However, I did not observe any significant difference in the eye size between the negative 

control (beetles fed on flour discs free of 17-DMAG) and the naïve control.  

Interestingly, the artificial selection for the ‘reduced eye’ trait among untreated F1 adults showed 

a relatively complete penetrance for this trait in the subsequent generations till F7, which were 

maintained as monomorphic lines established by intercrossing the reduced eye-beetles together 

(i.e. brother-sister matings) (Figure 21). On the other hand, polymorphic lines were also established 

by intercrossing their normal eye siblings together, they were artificially selected for their normal 

eye only in F1 then the breeding and screening continued till the seventh generation without any 

further artificial selection (Figure 21).   

We repeated the 17-DMAG experiment two additional times, in one case to study the paternal and 

maternal effect on releasing the eye trait. A release for the ‘reduced eye’ trait was observed but 

only in F2 and only from parental treatment (Results shown in Appendix, Figure S9). 

 

3.4 Characteristics and genetic analysis of the obtained HSP90-canalized trait 

3.4.1 Fitness benefits of HSP90-canalized trait under stress conditions 

One of our aims was to address whether the reduction in eye size might be advantageous under 

normal- or stress-conditions. Fitness of reduced eye-beetles was measured by checking survival, 

oviposition, hatchability, and offspring development; and statistically compared to their normal 

eye-siblings, thereby controlling for the same genetic background. Therefore, both groups were 

exposed to continuous dark, continuous light, or heat stress or kept under optimum rearing 

conditions (12h/12h dark/light cycle and 30°C). However, no mortality was observed in both beetle 

groups under all stress conditions till 23 days of stress (n = 24 individual per group).  
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Figure 20: Morphological variations in F1 offspring of HSP90-inhibited parents (chemical inhibition mediated 
by 17-DMAG at 10 (low) and 100 (high) µg/ml). (a) F1, proportion of affected adults produced from 6-13 pairs; 
total number of screened individuals per treatment shown above each bar; significant differences indicated by 
asterisk, p<0.05, relative to negative control; see details in Table 18. (b) F1 adults, quantification of eye size 
relative to body length ± SEM for some untreated F1 adults shown in Figure 20a. (c) photos for normal- and 
reduced-eye beetles showing that there is no difference in body lengths in comparison to eye size. 
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Under continuous light stress, beetles with reduced eyes laid significantly more eggs (82 egg 

produced from 11 pairs in comparison to 55 egg laid by 12 pairs of the normal eye-siblings under 

the same conditions (Figure 22a); meanwhile under all other conditions, no significant differences 

were detected (LM: Optimum, F1,22 = 0.03, p = 0.870; Dark, F1,22 = 1.44, p = 0.244; Light, F1,21 = 

9.23, p  = 0.006 and Heat, F1,22  =  0.39, p  =  0.541).  

A higher proportion of larvae hatched (84%; 69/82) from the reduced eye pairs under the 

continuous light, while only 58% (32/55) of larvae hatched from the normal eye-sibling pairs 

(Figure 22b). There were no significant differences under all the other conditions (Kruskal Wallis 

nonparametric test: Optimum, Chisq = 0.23, df = 1, p = 0.628; Dark, Chisq = 1.50, df = 1, p = 

0.221; Light, Chisq = 9.55, df = 1, p = 0.002 and Heat, Chisq = 3.13, df = 1, p = 0.077).  

When the development of the hatched larvae was statistically analyzed separately under each 

rearing condition, no significant differences were found between the two beetle groups (Figure 

22c); (GLM binomial error distribution: Optimum, F1,20 = 0.001, p = 0.973; Dark, F1,20 = 2.843, p 

= 0.107; Light, F1,19 = 0.110, p = 0.744 and GLM quasibinomial error distribution: Heat, F1,20 = 

0.502, p = 0.487).  

 

 

Figure 21: Penetrance of the ‘reduced eye’ trait over seven generations observed in lines established after reducing 
HSP90 in parental generation by 17-DMAG. Here, the trait appeared in F1 and the reduced eye-beetles were selected, 
intercrossed and bred without any further selection till F7 as a monomorphic line and the same was made with their 
normal eye-siblings which were bred as polymorphic line. 
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Figure 22: Fitness effects of the ‘reduced eye’ phenotype under environmental stress. Reduced eye-beetles and 
their normal eye-siblings were kept for 48h in continuous dark (Dark), continues light (Light) or at 35°C (Heat) 
or kept under optimum rearing conditions (12h/12h dark/light cycle and 30°C). Beetles were crossed as single 
pairs in each treatment (n = ~12). Fitness measures were (a) egg number of 24h-egg laying period (LM: Optimum, 
F1,22 = 0.03, p = 0.870; Dark, F1,22 = 1.44, p = 0.244; Light, F1,21 = 9.23, p = 0.006 and Heat, F1,22 = 0.39, p = 
0.541); mean with SE are shown in red. (b) proportion of hatched larvae (Kruskal Wallis nonparametric test: 
Optimum, Chisq = 0.23, df = 1, p = 0.628; Dark, Chisq = 1.50, df = 1, p = 0.221; Light, Chisq = 9.55, df = 1, p = 
0.002 and Heat, Chisq = 3.13, df = 1, p = 0.077); shown are median (in red) with inner quartile: ranges from 25th 
to 75th percentile and outer quartile: ranges from 5th and 95th percentile (c) percent of offspring development after 
21 days of egg laying which represents a pupation time point. (GLM binomial error distribution: Optimum, F1,20 

= 0.001, p = 0.973; Dark, F1,20 = 2.843, p = 0.107; Light, F1,19 = 0.110, p = 0.744 and GLM quasibinomial error 
distribution: Heat, F1,20 = 0.502, p = 0.487). Treatments with different letters are significantly different from each 
other. Each data point, when existed, represents the proportion of offspring produced from one single pair. 
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3.4.2 Trait plasticity under stress conditions 

In the fitness experiment mentioned above, I was also interested to test whether stressing reduced 

or normal-eyed parents would differently affect the penetrance of ‘reduced eye’ phenotype in their 

progeny. There was a significantly higher penetrance of the ‘reduced eye’ phenotype from normal-

eyed parents under continuous light (median = 92%, n = 10 families) compared to continuous 

darkness (median = 10%, n = 10 families) and heat (median = 38%, n = 11 families) but not to the 

optimal condition (12h light/12h darkness and 30°C) (median = 33%, n = 11 families) (Kruskal 

Wallis nonparametric test:  Chisq = 10.004, df = 3, p = 0.019).) (Figure 23a). Meanwhile, the 

reduced eye-parents produced offspring with 100% ‘reduced eye’ penetrance (Figure 23b). 

 

3.4.3 Hsp83 expression in reduced eye-beetles  

In our current study, the inherited ‘reduced eye’ phenotype was mainly induced by HSP90 

impairment in the parental generation (P). However, the trait inheritance continued without further 

HSP90 reduction in the subsequent generations. Therefore, it was necessary to check the expression 

of Hsp83 in the reduced eye-beetles of subsequent generations of both established lines, RNAi and 

17-DMAG. By checking Hsp83 expression using RT-qPCR, there were no significant differences 

in Hsp83 expression between the reduced eye- and naïve-beetles (Figure 24). 

 

3.4.4 Trait inheritance upon outcrossing  

Outcrossing with naïve beetles: 

To check if the heritable ‘reduced eye’ phenotype follows Mendelian inheritance, single outcrosses 

with naïve beetles were performed. When reduced eye-males were outcrossed with naïve females, 

the trait completely disappeared in F1 and expressed again in F2 following Mendelian inheritance, 

the reduced eye penetrance ranged from 16 to 28% (Figure 25a). This penetrance ratio significantly 

differed in F2 in the other group when reduced eye-females were outcrossed (GLMM: LRT = 

12.57, df = 1, p<0.001), although the complete disappearance in F1, it ranged from 12-18%. 

However, two families that showed 35 and 66% penetrance were excluded from the analysis 

because they produced fewer offspring and we considered them as being outliers (Figure 25a).  



Results 
 

 81 

  

Figure 24: Hsp83 relative expression in reduced eye-beetles randomly chosen from RNAi- or 17-DMAG-
established lines. These lines were originally produced by HSP90 impairment in the parental generation, using 
either RNAi or 17-DMAG. Three biological replicates each containing a pool of 5 beetles were used.  

Figure 23: Penetrance of the ‘reduced eye’ phenotype under environmental stress in adult offspring produced from 
(a) normal eye-siblings, (Kruskal Wallis nonparametric test:  Chisq = 10.004, df = 3, p = 0.019); treatments with 
different letters are significantly different from each other; shown are median (in red) with inner quartile: ranges from 
25th to 75th percentile and outer quartile: ranges from 5th and 95th percentile; and (b) Reduced eye-beetles. Beetle 
parents of both groups were kept for 48h in continuous dark (Dark), continues light (Light) or at 35°C (Heat) or kept 
under optimum conditions (12h/12h dark/light cycle and 30°C). Each data point represents the proportion of offspring 
produced from one single pair; n = ~12 single pair per treatment.  
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Outcrossing between affected beetles of RNAi- and 17-DMAG- monomorphic lines: 

When reduced eye-beetles from monomorphic 17-DMAG lines were outcrossed with those of 

monomorphic RNAi-lines, they produced offspring, all of them having the same ‘reduced eye’ 

phenotype with 100% pene trance (Figure 25b).  

Figure 25: Penetrance of ‘reduced eye’ phenotype (a) in F1 and F2 adults after outcrossing the reduced 
eye-beetles with wildtype beetles. Reduced eye-beetles were randomly chosen from monomorphic line 
established by 17-DMAG treatment lines while naïve beetles were randomly taken from naïve control line 
(GLMM for F2: LRT = 12.57, df = 1, p<0.001). Each data point represents the proportion of offspring 
with reduced eyes of a single pair; the mean and SE are shown in red. (b) in adult offspring after 
outcrossing the reduced eye-beetles, which were originally produced from RNAi- and 17-DMAG 
treatments, with each other. Beetles were randomly chosen from monomorphic lines established from both 
treatments. 
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3.5 Possible underlying mechanisms of the released genetic variation 

Another important goal for our study was to investigate the molecular mechanisms behind the 

release and inheritance of the ‘reduced eye’ trait, we obtained. 

 

3.5.1 Effect of HSP90 impairment on the mobility of transposable elements (TEs) 

Our hypothesis was that if the ‘reduced eye’ trait is mediated by TEs activation, one could expect 

an upregulation in TEs upon Hsp83 reduction. 

Thus, I first determined the effect of Hsp83 knockdown on the transcriptional activity of TEs in 

male and female adult beetles (whole body samples), eclosed after pupal RNAi (20, 50 and 100 

ng/µl dsRNA, construct B). Unexpectedly, the results did not show any significant upregulation in 

TEs expression (Figure 26a). One explanation is that HSP90 specifically suppresses TEs activity 

in the germline cells not in the soma (Karam et al., 2017). However, by checking TEs expression 

in gonads (ovaries and testes) after Hsp83 reduction, using pupal- and adult-RNAi (1000 ng/µl 

dsRNA, construct B), no significant upregulation was observed in ovaries or testes samples and I 

observed that the strong reduction of Hsp83 negatively affected the ovarian maturation by arresting 

egg development (Figure 26b, c and e). 

 When I decreased the dsRNA concentration (construct A) to 20 ng/µl and then checked TEs 

expression in females which had well-developed ovaries, I found similar results in terms of no 

upregulation of TEs (Figure 26d and e). Generally, I frequently observed that RNAi control 

treatment (AsnA-dsRNA injection) compared to naïve control consistently showed a significant 

response in some TEs expression which might be due to introducing dsRNA (Figures 26d and 27). 

Therefore, it was relevant to check TEs expression after inhibiting HSP90 function using another 

technique such as 17-DMAG where no injection is needed, and the larvae are instead fed the 

compound. TEs expression was checked in gonads of adult beetles fed on 150 µg/ml of 17-DMAG. 

There were no significant differences in TEs expression but also no difference was observed in the 

expression of the marker gene Hsp68a, which means either the dose was too low or the adult beetles 

did not eat enough 17-DMAG to show a potential response (Figure 28a and b). However, by 

feeding larvae on 100 µg/ml of 17-DMAG and confirming the inhibition by Hsp68a upregulation, 

no significant changes in TEs expression were observed (Figure 28c). 
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Figure 26: Relative expression of Hsp83 and TEs after Hsp83 knockdown by RNAi, injection with Hsp83-dsRNA 
at 20, 50, 100 and 1000 ng/µl (symbolled here H, low; H, med.; H, high and H, ext. high, respectively). Expression 
in: (a) whole body samples (WB) of eclosed adult males (♂) and females (♀) after pupal RNAi. (b) gonads after 
pupal RNAi. (c) gonads after adult RNAi. (d) ovaries after pupal RNAi, PBS is a buffer injection control. The 
expression in all figures is relative to the respective RNAi injection control (AsnA-dsRNA injection) and compared 
to expression in naive showed in Figure S7. Given are the means and error bars calculated by REST 2009. Asterisks 
indicate statistical significances, p<0.05. p-value was corrected by FDR. (e) oocyte development in adult females 
after Hsp83-knockdown using (e.ii) pupal RNAi (H, ext.high), (e.iii) adult RNAi (H, ext.high), and (e.iv) pupal 
RNAi (H, low). 
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Figure 27: Relative expression of Hsp83 and TEs in naïve beetles relative to RNAi injection control used in Hsp83-
RNAi experiments (a) expression in whole body samples (WB) of eclosed naïve adult males (♂) and females (♀) 
relative to pupal RNAi injection control (using100 ng/µl AsnA-dsRNA). (b) expression in naïve gonads relative to 
pupal RNAi control with 1000 ng/µl AsnA-dsRNA injection. (c) expression in naïve gonads in relation to adult 
RNAi control using1000 ng/µl AsnA-dsRNA for injection. Given are the means and error bars calculated by REST 
2009. Asterisks indicate statistical significances, p<0.05, p-value was corrected by FDR.  
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Figure 28: Relative expression of TEs after HSP90 inhibition using 17-DMAG. (a) expression in gonad samples 
dissected from adult beetles fed on flour discs contaminated with 150 µg/ml 17-DMAG continuously for one 
week, four biological replicates of pools of 14 gonads were used. The ovarian development was checked, and it 
is shown in (b). (c) Expression is checked in larvae fed on flour discs contaminated with 100 µg/ml of 17-DMAG 
for 4 days. Hsp68a gene expression used as a molecular marker for 17-DMAG potential effect. Each bar is the 
mean of 3-4 biological replicates, each replicate is a pool of 8 individuals. Expression at each time point is 
compared to larvae fed on flour discs without the drug. The expression is relative to that in the housekeeping 
genes RpL13a and Rp49. Given are the means and error bars which calculated by REST 2009. Asterisk indicates 
statistical significance, p<0.05, p-value was corrected by FDR.  
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3.5.2 Effect of histone deacetylase (HDAC) inhibitors on trait reversion 

Another possible hypothesis for the molecular mechanisms behind the release and inheritance of 

the ‘reduced eye’ phenotype is that it is epigenetically mediated by histone modification, through 

a decrease in the histone acetylation level resulted after HSP90 impairment. If so, one could expect 

that by using inhibitors for HDACs such as sodium butyrate (NaB) and trichostatin A (TSA), 

thereby increasing the histone acetylation level again, the trait might be reversed into normal eyes, 

i.e. the ‘reduced eye’ trait will disappear. This epigenetic-based hypothesis was strongly supported 

in our study due to the findings (shown above) concerning the paternal effect of RNAi on releasing 

the heritable ‘reduced eye’ trait and also the fitness advantages and trait plasticity upon stress 

conditions, I observed. 

When the reduced eye-beetles which produced from Hsp83-RNAi and 17-DMAG established lines 

were fed on NaB (10 and 100 mM), a slight reversion of the ‘reduced eye’ to ‘normal eye’ 

phenotype was observed in their offspring (Figure 29). Interestingly, this trait reversion showed a 

positive correlation with the used NaB concentration i.e. increased by increasing NaB 

concentration, although the reversion did not differ significantly comparing to the negative control 

(GLMM, RNAi line: L-R χ² = 3.576, df = 2, p = 0.167, Variance = 28.41; 17-DMAG line: L-R χ² 

= 1.850, df = 2, p = 0.397, Variance = 2.264e-15). This might suggest the involvement of epigenetic 

mechanism, mediated by histone modification, in releasing and maintaining HSP90-buffered traits. 

However, by checking the expression of Hsp68a gene as a suggested molecular marker for the 

potential effect of HDACs inhibitors like NaB and TSA (Zhao et al 2006), no significant change 

was observed for NaB-100 mM treatment in comparison to the negative control (Appendix Figure 

S10a). 

Accordingly, I expected that by increasing NaB concentration, the rate of trait reversion might 

increase. By feeding the affected beetles, from both lines mentioned above, on a higher 

concentration of NaB (500 mM) or on the other HDAC inhibitor TSA (at 50 µM) and checking the 

proportion of the ‘reduced eye’ phenotype in their adult F1 and F2 offspring, reversion of the 

‘reduced eye’ phenotype was a rather rare event (Figure 30), but it occurred significantly more 

often following HDAC inhibition with TSA of 17-DMAG line (Table 19 and Figure 30a). 

However, no significant change in the expression of Hsp68a gene was observed either in virgin 

beetles or parents which showed trait reversion in their offspring (Appendix Figures S10b and c). 
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Table 19: Test for the significant differences of ‘reduced eye’ reversion for the subsequent two generations after feeding reduced
eye-parents on HDAC inhibitors (sodium butyrate (NaB) at 100 and 500 mM and Trichostatin A (TSA) at 50 µM). Generalized linear
mixed model (GLMM) fit by maximum likelihood was applied using either a binomial error distribution as in F1 of 17-DMAG line or
corrected for overdispersion by using negative binomial error distribution as in F1 of RNAi line and F2 of both lines (Fig. 4a and b).
Family number was used as a random factor. Degree of freedom = 3. A post hoc test was used to test the treatment groups against the
negative control group (ethanol-flour discs without HDAC inhibitors). P-values less than 0.05 are in bold.

Line: 17-DMAG line RNAi line
Generation: F1 F2 F1 F2
Whole model: L-R χ² p L-R χ² p L-R χ² p L-R χ² p

11.601 0.009 3.509 0.320 0.994 0.802 1.029 0.794
Fixed effects: z value  p z value  p z value  p z value  p
NaB (100 mM) -0.069 0.945 0.030 0.976 0.348 0.728 0.137 0.891
NaB (500 mM) 0.145 0.885 -0.119 0.906 -0.157 0.875 0.470 0.638
TSA (50 µM) 2.544 0.011 -1.550 0.121 -0.632 0.527 0.925 0.355
Random effects: Variance Std.Dev. Variance Std.Dev. Variance Std.Dev. Variance Std.Dev.

1.825 1.351 0.002 0.044 0.001 0.035 1.30E-09 1.14E-03

Figure 29: Penetrance of ‘reduced eye’ phenotype in adult offspring, after feeding the reduced eye-parents on 
the HDAC inhibitor sodium butyrate (NaB) at 10 and 100 mM. Beetles were randomly chosen from 
monomorphic line originally established by RNAi- or 17-DMAG-treatment. Each data point represents the 
reduced eye percent for one single pair.  
 



Results 
 

 89 

 

 

 

Figure 30: Penetrance of ‘reduced eye’ phenotype in F1 and F2 adults after feeding their reduced eye-parents 
on HDAC inhibitors including sodium butyrate (NaB) at 100 and 500 mM or trichostatin A (TSA) at 50 µM. 
Beetles were randomly chosen from monomorphic line originally established from (a) 17-DMAG treatment 
and (b) RNAi treatment. Each data point represents the proportion of offspring with reduced eye of one single 
pair; the mean and SE are shown in red; asterisk indicates statistical significance, p<0.05; see details in Table 
(19).  
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3.5.3 Effect of dac gene on reducing the eye size in T. castaneum 

Dac gene is involved in both eye and leg development as found in D. melanogaster and T. 

castaneum  after dac impairment in which the legs are drastically shortened and the eyes are 

reduced or absent (Mardon, Solomon and Rubin, 1994; Yang et al., 2009). We hypothesized that 

if the dac gene mediates the eye size reduction caused by HSP90 impairment, we might expect a 

positive correlation between the expression of Hsp83 and the dac gene, in addition the knockdown 

of dac might result in reducing the eye size of our beetle strain. 

 

3.5.3.1 Effect of HSP90 impairment on dac expression 

After Hsp83 knockdown: By checking dac expression in male and female adult beetles (whole body 

samples), eclosed after pupal RNAi (100 ng/µl dsRNA, construct A), a significant downregulation 

for dac was observed but only in males (Figure 31a). By repeating the male injection experiment, 

the same significant downregulation of dac gene expression was obtained (Figure 31b).  

After HSP90 inhibition: dac expression was also significantly reduced in larvae after inhibiting 

HSP90 function by feeding them on 17-DMAG continuously for 7 days (Figure 31c). 

 

3.5.3.2 Effect of dac knockdown on reducing the eye size 

Using our T. castaneum Cro 1 strain, dac larval RNAi was carried out by injecting last instar larvae 

with 1000 and 3000 ng/µl dac-dsRNA and the eclosed adult beetles were checked for ‘reduced 

eye’ phenotype. Our results showed that, no overt abnormal effects on the eye development was 

detected by reducing dac expression to 70% and 80% (Figure 32a and b).  

Also, I found that the parental RNAi of dac gene, which was achieved by injecting pupae with 

2000 ng/µl dsRNA and caused about 70% reduction in both males and females, did not result in 

any change in the eye size of the produced offspring. The number of screened offspring adults was 

248, 436 and 314 for naïve, RNAi-control and dac-RNAi treatment, respectively (Figure 32c).  

 

3.5.3.3 Partial sequencing of dac mRNA for SNPs detection 

Another scenario for the involvement of the dac gene in releasing the ‘reduced eye’ phenotype was 

that it might have a polymorphic form or a silent mutation which was buffered by HSP90 under 

normal expression. In the 700 bp of the confirmed partial mRNA (904 bp) that I sequenced, I did 

not detect any SNPs, i.e. the mRNA sequence of the reduced eye-beetles was identical to the normal 



Results 
 

 91 

eye beetles (Appendix Figure S11).  

 

 

 

Figure 31: Relative expression of dac gene after HSP90 impairment. (a) expression in eclosed adult males and 
females after their injection, as pupae, with 100 ng/µl Hsp83-dsRNA. (b) a repeated experiment where only males 
were injected with 100 ng/µl Hsp83-dsRNA. The expression in both figures is compared to the respective RNAi 
injection control (AsnA-dsRNA injection).  (c) expression in individuals fed on flour discs contaminated with 100 
µg/ml of 17-DMAG for 2, 4, 7, 9 and 11 days, expression also was checked after one week of the last feeding time 
(i.e. day 18).  Expression is compared to the negative control (individuals fed on flour discs without 17-DMAG) 
at each respective time point. Bars in all figures show the mean of 3-4 biological replicates of pools of 5-8 
individuals. The expression is relative to that in the housekeeping genes RpL13a and Rp49. Given are the means 
and error bars which calculated by REST 2009. Asterisks indicate statistical significances, p<0.05. 
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Figure 32: Relative expression of Dac gene after larval and parental Dac-RNAi. (a) expression in pupae after 
larval injection with (i) 1000 ng/µl or (ii) 3000 ng/µl of dac-dsRNA. (b) expression in eclosed adult males and 
females after their injection, as pupae, with 2000 ng/µl of dac-dsRNA. Three biological replicates of pools of 4-
5 individuals were used. The expression is compared to the respective RNAi control and relative to that in the 
housekeeping genes RpL13a and Rp49. Given are the means and error bars which calculated by REST 2009. 
Asterisks indicate statistical significances, p<0.05. 
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This thesis provides insight into the essential role of HSP90 in longevity and reproductive success 

and provides the first evidence that HSP90 acts as an evolutionary capacitor for genetic variation 

in our model organism T. castaneum. In this thesis we also studied the potential fitness advantage 

of an HSP90-canalized trait and the possible underlying molecular mechanisms. These studies were 

achieved by inhibiting HSP90 via Hsp83 knockdown and pharmacological inhibition. 

4.1 Validation of HSP90 impairment  

4.1.1 RNAi strongly reduced Hsp83 expression 

RNAi is a tool used to study gene function by downregulating its expression. In accordance with 

our expectations, RNAi resulted in a significant downregulation of Hsp83 gene expression in a 

dose-dependent manner (Figure 9), which is consistent with previous studies (Bucher, Scholten 

and Klingler, 2002; Tomoyasu and Denell, 2004; Kitzmann et al., 2013). In general, for the same 

concentration of dsRNA, males showed a stronger downregulation than females. Under normal 

conditions, the expression of Hsp83 in females is higher than males (Rüschoff, 2014) since it is 

necessary for ovary maturation and egg development (Xu, Shu and Zhang, 2010). Thus, females 

usually need a higher concentration of dsRNA to show the same level of Hsp83 reduction. 

Unexpectedly, the second, non-overlapping construct of dsRNA (construct B) did not always lead 

to a significant downregulation of Hsp83 gene expression in both sexes of the injected beetles 

(Figure 9), although it strongly reduced the lifespan and fecundity as a consequence for the 

knockdown in these beetles (as shown in the next section). This might be due to an upregulation 

for Hsp83 in the RNAi control due to the injection itself. Hsp83 as a stress gene is known to 

upregulate upon stress like wounding (Peuß et al., 2015). However, it was reported that the 

confirmation of gene knockdown after RNAi is sometimes difficult since several parameters can 

control this, such as level of gene expression, concentration and length of introduced dsRNA, the 

stage of injection and time after dsRNA introduction (Bucher, Scholten and Klingler, 2002; Holmes 

et al., 2010; Baumann et al., 2015; Schmitt-Engel et al., 2015). In relation to this, Will et al (2017) 

found a strong negative effect on fitness in A. pisum after Hsp83 knockdown although they did not 

find a significant knockdown.   

Furthermore, our results also showed that there was no reduction in Hsp83 gene expression in the 

offspring produced from the injected beetles (Figure 9) suggesting the depletion of dsRNA over 

time, in agreement with Bucher, Scholten, and Klingler (2002). 
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4.1.2 Upregulation of Hsp68a expression after inhibition of HSP90 function by 17-DMAG 

In our study, the inhibition in HSP90 function was confirmed by a significant upregulation of the 

stress gene Hsp68a, a member of the HSP70 family, in beetles raised on 17-DMAG. The induction 

of Hsp70 expression was used as a biomarker for the potential effect of HSP90 inhibitors in several 

organisms such as D. melanogaster (Yan Zhang et al. 2014), mice (Ambade et al., 2012; Zhou et 

al., 2013) and human cancer cells (Zajac et al 2010; Maloney et al 2007). Among several 

biomarkers, Hsp70 upregulation was the most sensitive and convenient predictive marker for 

detecting HSP90 dysfunction since it gives a quicker and more dramatic response upon HSP90 

inhibition than gradual degradation of any HSP90 client proteins (Kudryavtsev et al., 2017).  

In our beetles, Hsp70 upregulation was detected over most of the tested time points (2, 4, 7 and 11 

days after feeding on 17-DMAG) (Figure 10). However, it seems Hsp70 induction may not have 

occurred equally in all individuals since no upregulation was observed after 9 days of feeding; in 

accordance with some results of Kudryavtsev et al. (2017). 

Hsp70 upregulation was found to be positively correlated with HSP90 inhibitor concentration and 

mediated by the activation of heat shock factor-1 (HSF-1), which exists as a monomer in a complex 

with Hsp83, Hsp70, and Hsp40 under normal conditions (Paul and Mahanta, 2014). Under stress 

conditions or using HSP90 inhibitors, HSF-1 dissociates from this complex and binds to heat-shock 

element (HSE) which activates the triggering of the expression of various Hsps like Hsp70, Hsp83 

and Hsp40 (Paul and Mahanta, 2014). For this reason, HSP90 inhibitors are used in the treatment 

of neurodegenerative diseases and cancer since they upregulate the expression level of Hsp70, 

which in turn triggers the solubilization of diseased protein aggregates (Zhou et al., 2013; 

Kudryavtsev et al., 2017).  

However, Hsp70 is not the only molecular signature for confirming HSP90 function inhibition, 

other Hsps e.g. Hsp27, Hsp40 etc and other HSP90 client proteins, which may undergo proteasomal 

degradation downregulating their expression, e.g. Raf-1, Akt, HIF-1α etc can be used (Maloney et 

al., 2007; Zajac et al., 2010). However, by testing Hsp27 expression after using HSP90 inhibitors 

in one of our preliminary experiments, no change in their expression was observed (data not 

shown).  
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4.2 Hsp83 knockdown reduced survival 

A previous study by Knorr and Vilcinskas (2011) found that Hsp83 reduction in old pupae of T. 

castaneum was lethal within 10 days when they were injected with 250 ng/µl of Hsp83 dsRNA for 

a construct that does not overlap with any of the constructs used in the present study. Therefore, 

we were interested in studying the survival of the injected beetles using dsRNA concentrations 

lower than 250 ng/µl in order to check if Hsp83 reduction at different levels will affect the survival 

differently in both sexes particularly during aging. In addition, it was important to determine the 

sub-lethal concentration of dsRNA with which the injected beetles can survive and produce 

offspring enabling us to study the supposed HSP90 buffering role for genetic variation. 

Here, the knockdown of Hsp83 and HSP90 inhibition by 17-DMAG dramatically affected 

longevity in a concentration-dependent manner (Figures 11 and 12). The strong reduction in Hsp83 

expression - about 80% - (upon using high dsRNA concentration 100 ng/µl) was lethal within 28 

days suggesting a strong interruption of different pathways involved in vital processes (Tower, 

2011). Meanwhile, the survival after injection of the lower dsRNA concentration (20 ng/µl) showed 

a dynamic pattern of the survival curve during aging, survival was not affected for some days then 

it showed decreasing; this might suggest an accumulated effect of Hsp83 reduction on some 

proteins essential for survival. It was reported that Hsp83 reduction is followed by a decline of the 

protein turnover system(s) which likely triggers the accumulation of abnormal proteins during 

aging (Tower, 2011).  

Our findings agree with previous studies carried out on several insects. In A. pisum, Hsp83 

knockdown achieved by injecting 8-days old nymphs with 50 ng dsRNA was lethal within 22 days 

(Will et al., 2017). Experimental or natural mutations in the Hsp83 gene in D. melanogaster were 

found to be lethal when homozygous  (Rutherford and Lindquist, 1998; Chen and Wagner, 2012). 

The knockdown of ER-Hsp90 significantly reduced T. castaneum lifespan and all adult beetles died 

within 80 days when the last-instar larvae and early pupae had been injected with 200 ng/µl Hsp90-

dsRNA  (Zhang et al., 2013).  

Since other genes which affect Drosophila life span often have sex-specific effects (Burger, 2004; 

Tower, 2006; Waskar et al., 2009; Shen and Tower, 2010), it was interesting to investigate the 

effect of Hsp83 knockdown on survival in both T. castaneum sexes. we found that both males and 

females showed similar responses with both constructs suggesting that the same vital processes 

were affected in both sexes after Hsp83 knockdown. 
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The obtained survival pattern showed that HSP90 inhibition accelerated aging; this might be due 

to affecting the protein quality control which can be mediated by proteotoxicity, apoptosis and 

protein aggregation. HSP90 mediates many fundamental cellular processes (Rutherford, Knapp 

and Csermely, 2007) and several possible scenarios which might explain the lethal effect of Hsp83 

knockdown: first, HSP90 acts as a chaperone and its reduction results in misfolded, denatured and 

aggregated proteins and its impairment could be toxic to the cell by disrupting membrane structure 

in addition to the negative effect on some tissues such as the nervous system, gonads, gut and 

malphighian tubules (reviewed in Morrow and Tanguay 2003). Second, HSP90 inhibition might 

trigger apoptosis; HSP90 inhibits apoptosis through suppressing pro-apoptotic factors and playing 

an important role in apoptotic signal transduction pathways (Zhao and Wang, 2004). Third, it 

suppresses the expression of both germline and somatic mutations by maintaining developmental 

stability (Rutherford and Lindquist 1998). Lastly, HSP90 mediates many fundamental cellular 

processes including cell cycle control, hormone signalling and response to cellular stress and its 

reduction can interrupt these vital processes leading to severe mortality (reviewed in Rutherford, 

Hirate, and Swalla 2007). For example, the downregulation of Hsp83 gene decreased the 

expression of Dd-GRP94 (Dictyostelium discoideum Glucose-Regulated Protein 94) (Zhang et al., 

2013), which is essential for the integrated secretory and absorptive functions of the midgut 

(Maynard et al., 2010). Also, the loss of Gp93 expression was found to have a lethal effect in larvae 

of D. melanogaster (Maynard et al., 2010). This might also explain the lethal effect of the Hsp83 

knockdown that we found.  

 

4.3 Hsp83 knockdown negatively affected the reproductive performance of females 

HSP90 protein is highly expressed in the reproductive organs, i.e. the ovaries (Xu, Shu and Zhang, 

2010) and testes (Yue et al., 1999). Therefore, it was important to investigate the effect of Hsp83 

knockdown on offspring production and hatching rate as well as gonad phenotypes.  

Our results showed a dramatic effect of Hsp83 knockdown on gonad maturation and progeny 

production in T. castaneum. In females, strong Hsp83 reduction lead to a complete inhibition of 

offspring production (Figure 13); this was reflected by a strong ovarian phenotype (Figure 14), 

where there was no production of mature oocytes. However, by using lower dsRNA concentrations, 

the oviposition and hatchability rate in female beetles was less affected although they were still 

significantly reduced in comparison to the RNAi control. The effect was accompanied by small 
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ovary size and interrupted development for some oocytes suggesting a strong effect on oogenesis 

and embryogenesis. Our results are in consistent with Xu, Shu, and Zhang (2010) who found that 

female beetles were not able to produce mature oocytes due to the drastic effect on ovarian 

maturation after Hsp83 knockdown. Male fertility, on the other hand, was slightly affected only 

with the strong reduction of Hsp83 expression. The testes size was smaller than the controls and 

the spermatocytes were not well organized.  

In agreement with our results, it was found that the reduction of Hsp83 reduced offspring 

production and embryonic development in several organisms such as A. pisum, D. melanogaster 

and P. monodon (Jiang et al., 2009; Chen and Wagner, 2012; Will et al., 2017). Also,  a negative 

effect on fertility was observed by ER-based Hsp90 reduction in T. castaneum (Zhang et al., 2013).  

Several previous studies reported HSP90 as a major component of oogenesis and embryogenesis. 

In D. melanogaster, it is expressed at high levels in germ cells and embryos reflecting its important 

role in controlling essential developmental proteins within the growing oocyte and embryo (Ding 

et al., 1993). Also HSP90 is involved in the synthesis of vitellogenin and the production and 

deposition of egg yolk into oocytes (Long and Ka, 2008). However, tissue specific variation in 

Hsp83 expression was reported in several studies. In T. castaneum, Hsp83 expression was found 

to be 3-fold higher in the ovaries than in the whole body samples of mature adults during the stages 

of yolk deposition, while the newly eclosed adults did not show increased expression since they 

lack mature oocytes (Xu, Shu and Zhang, 2010). The same was observed in B. mori where Hsp83 

expression in ovaries was higher than in fat bodies during pupation, the time of follicular 

differentiation and yolk production (Devi et al., 2014). This might explain the dramatic effect 

obtained on female fertility in comparison to males after Hsp83 reduction. In other organisms such 

as the Chinese oak silkworm, A. pernyi, Hsp83 expression during pupation was higher in testes 

than haemocytes, fat bodies, midgut and ovaries (Chen et al., 2016). 

However, the slight effect on male fertility in our study is contrary to those of Hsp83-mutant males 

of D. melanogaster where all males were sterile and all stages of spermatogenesis including sperm 

maturation, individualization, and motility were highly affected (Yue et al., 1999). Also, some 

Hsp83-mutants activated ‘repeated stellate elements’ which encode protein forming crystalline 

aggregates (Specchia et al. 2010). A possible explanation for our result of incomplete male sterility 

might be the way in which HSP90 was reduced; here RNAi tool was used while the other studies 
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used point mutation, alternatively our knockdown might not have been strong enough to cause 

sterility. 

 

4.4 HSP90 impairment released genetic variation in T. castaneum 

Another important aim of this thesis was to study the buffering role of HSP90 in T. castaneum 

through studying the release of genetic variation upon its impairment. Several studies identified 

HSP90 as an evolutionary molecular mechanism affecting the phenotypic expression of genetic 

variation, which might be adaptive under certain conditions providing raw material for evolution 

to act upon (Rutherford and Lindquist, 1998; Queitsch, Sangster and Lindquist, 2002; Sollars et 

al., 2003; Rohner et al., 2013). In insects, the evolutionary role of HSP90 has been addressed only 

in D. melanogaster. The function of Hsp83 in T. castaneum has been reported only in a few studies 

focusing on developmental and postembryonic functions (Xu et al., 2009; Xu, Shu and Zhang, 

2010; Knorr and Vilcinskas, 2011). A recent study in our group showed that Hsp83 expression was 

consistently downregulated in naïve beetles through social cues elicited from the cohabitation with 

wounded conspecifics, which mimics a stressful environment where the expression of genetic 

variation could be advantageous (Peuß et al. 2015). Therefore, we were interested in studying the 

possibility of releasing genetic variation upon the direct impairment of HSP90. 

Here, we found that Hsp83 knockdown using RNAi revealed a 'reduced eye' phenotype in our 

model T. castaneum (Figure 18). Interestingly, the same ‘reduced eye’ phenotype was released 

upon the pharmacological inhibition of HSP90 function using 17-DMAG (Figure 20), indicating 

that the released trait is specifically regulated by HSP90 and it is unlikely to appear purely 

stochastically or due to developmental instability. More interestingly, this released HSP90-

regulated trait in both treatments was found to be inherited by successive generations without any 

further need for HSP90 inhibition (Figures 19 and 21), suggesting its genetic assimilation, and it is 

maintained over generations without the need for further artificial selection.  

The role of HSP90 in evolution has been studied in a variety of organisms including flies, plants 

and fish (Rutherford and Lindquist, 1998; Queitsch, Sangster and Lindquist, 2002; Sollars et al., 

2003; Yeyati et al., 2007; Chen and Wagner, 2012; Rohner et al., 2013), where several phenotypes 

were released by challenging HSP90 buffering capacity and were fixed through selection. In D. 

melanogaster (Rutherford and Lindquist 1998), Hsp83-mutant strains displayed a variety of 

morphological abnormalities at low frequencies (1%), which ranged from severe to subtle, and 
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were found in all body parts such as the eye, wings, abdomen and legs; they also obtained similar 

variations with abnormalities of up to 7% by inhibiting HSP90 using the specific chemical inhibitor 

‘geldanamycin’. Also, HSP90 function inhibition in A. thaliana by Geldanamycin and Radicicol 

produced dosage-dependent phenotypes (it ranged for example from 5 to 8%  by using 1.0 µM 

Geldanamycin) in leaves, roots and life history traits including flowering time and seeds number 

(Queitsch, Sangster and Lindquist, 2002; Sangster et al., 2007). In both species, the released 

phenotypes depended mainly on the genetic background of the lines used indicating that the effect 

was unlikely to be due to just destabilized development rather, it revealed the effects of previously 

hidden genetic variation. The novel traits were enriched across generations by artificial selection 

to the point where they were fixed in the population even when HSP90 activity was fully restored. 

HSP90 was found also to buffer the phenotypic expression of standing eye-size variation in the 

cave fish A. mexicanus, which was released upon its inhibition by Radicicol and genetically 

assimilated even after restoring its function (Rohner et al., 2013). 

We observed in our study that the ‘reduced eye’ trait was released in the F2 generation after Hsp83 

knockdown, while after HSP90 chemical inhibition it appeared in the treated beetles themselves 

and in the F1 generation. One possible explanation for this might be due to the treatment stage; 

beetles were treated with 17-DMAG during the larval stage, an early developmental time at which 

no compound eyes develop, meanwhile RNAi treatment was applied at late pupal stage during 

which beetles have developed retinal granules of compound eyes (Yang, ZarinKamar, et al., 2009).  

In addition, with Hsp83 knockdown, we found that F1 adults which showed abnormal eyes during 

the larval stage did not show any phenotypic variation or any significant differences in their eye 

size (Figure 17a). This might suggest a specific sensitivity of larval eye development to parental 

Hsp83 knockdown which can affect the pathways of specific eye genes involved in the larval visual 

system such as pax6 genes eyeless (ey) and twin of eyeless (toy) which are normally expressed 

during embryogenesis (Yang, Weber, et al., 2009). The parental knockdown of Pax6 genes in T. 

castaneum was found to strongly affect the offspring larval eye development, with phenotypes 

similar to ours, but it mildly affected the adult eyes of the treated individuals themselves (Yang, 

Weber, et al., 2009). 
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4.5 The HSP90-canalized ‘reduced eye’ trait showed a fitness advantage under a certain 

environmental stress 

Organisms can often respond to environmental changes via expressing adaptive phenotypic 

variation. An HSP90 buffering role could be one of the specific mechanisms which reveal variation 

under stress. However, most morphological changes controlled by HSP90 have serious fitness 

costs, while a rare beneficial change might have the potential to evolve free of deleterious fitness 

effects (Carey, Gorman and Rutherford, 2006). Hence, after getting the heritable ‘reduced eye’ 

trait, one of our main aims was to address whether the reduction in eye size might be advantageous 

under normal or stress conditions and might thus enable adaptive evolution. We found that the 

reduced eye-beetles showed a higher fitness under constant light stress condition in comparison to 

their normal eye siblings (Figure 22). This higher fitness was reflected by producing more eggs 

and more hatched larvae; meanwhile there was no difference between both beetle groups under 

other stress conditions such as dark or heat, suggesting an adaptive response under light stress.  

Tribolium adults are normally known as being photo-negative beetles (Park, 1934), they tend to 

aggregate in shaded positions of their rearing box and they crawl to the flour surface to the direct 

light from time to time (Misra and Englert 1985). Also, copulation in Tribolium occurs usually on 

the flour surface and repeated copulations increase female fecundity and fertility (Park, 1934). 

Depending on these two facts, one could predict that the ‘reduced eye’ phenotype could be 

advantageous under light condition and that the reduced eye-beetles would not suffer as much stress 

under light as their normal eye siblings. Therefore, the lower rate of oviposition of the normal eye 

siblings, observed under light stress, can be explained by less acclimation of these beetles to light 

exposure which subsequently reduced the normal activity of matings and thereby reduced the egg 

number, consistent with other studies demonstrating the negative effect of light on fecundity in T. 

castaneum (Hawk et al. 1974; Misra and Englert 1985).  Another explanation for reducing the 

oviposition and hatchability rate of normal eye beetles under light stress could be that it negatively 

affected the expression of circadian rhythm genes. HSP90 was identified as a potent capacitor of 

behavioural variation in D. melanogaster through affecting the circadian clock (Hung, Kay, and 

Weber 2009). The knockdown of Timeless gene, one of the circadian clock genes, in T. castaneum 

negatively affected the egg production, embryonic development and hatchability (Li et al., 2017).   
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4.6 The penetrance of the HSP90-canalized ‘reduced eye’ trait increases under light stress 

Based on the latter findings i.e. the adaptive advantages of eye reduction under light condition 

which was reflected by the higher fitness of reduced eye-beetles, we expected a higher penetrance 

of the ‘reduced eye’ trait in the offspring produced from normal eye siblings under the same 

condition i.e. light stress. Indeed, we found a significant increase in the penetrance of ‘reduced eye’ 

trait in normal eye sibling-group under light conditions (Figure 23). This suggests that a reduction 

of the eye size, upon HSP90 impairment, was a particularly fascinating possibility for beetles to 

quickly respond to environmental change. Moreover, the trait penetrance decreased significantly 

under dark stress condition supporting more the idea of rapid evolutionary adaptation. However, 

we observed the trait passed with 100% to the offspring produced from the reduced eye-beetle 

group under all stress conditions. 

In several studies some phenotypes, which were released by challenging HSP90 buffering capacity, 

were found to be adaptive. For example, in Arabidopsis: traits like the accumulation of purple 

pigment, alteration in leaf shapes and different degrees of hypocotyl extension were advantageous 

under particular conditions and the same phenotypes were also revealed by mild changes in growth 

conditions (Queitsch, Sangster and Lindquist, 2002). Another example is the surface population of 

cave fish A. mexicanus, reducing the eye size as a released phenotype after HSP90 inhibition was 

reported to be beneficial under the cave environment where they do not need their eyes (Rohner et 

al., 2013), although the fitness benefits of this phenotype have not been studied yet; however, the 

same eye phenotypic variation was released under other challenging conditions similar to that in 

caves (Rohner et al., 2013). Profound inhibition of HSP90 can also fuel other types of beneficial 

mutagenesis, HSP90 was found to potentiate the rapid evolution of drug resistance in fungi by 

inducing new mutations accompanied with immediate advantageous phenotypic consequences 

(Cowen and Lindquist 2005). Chen et al. (2012) found in the budding yeast that HSP90 inhibition 

increased the production of karyotypic diverse populations, due to chromosomal instability, which 

was found to be adaptive under varies stressors by showing drug resistance. Very recently, HSP90 

was reported to promote phenotypic plasticity in yeast, Zheng et al. (2018) found that yeast cells 

with higher levels of HSF-1 activity, which was mediated by the alteration in Hsp83 expression, 

acquired a higher resistance to an antifungal drug. 

However, HSP90-buffered traits were not always adaptive. In flies, HSP90 impairment lead to the 

expression of morphological abnormalities, which were mostly deleterious (Rutherford and 
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Lindquist 1998), nevertheless some traits like deformed eye trait was neutral in terms of relative 

and competitive fitness and the potential to evolve free of deleterious fitness effects (Carey, 

Gorman and Rutherford, 2006).  

Generally, it might be promising if we could check the release of ‘reduced eye’ in our Cro 1 strain 

after stressing them with some stressors particularly the light stress. Rutherford and Lindquist 

(1998) found that the expression of some HSP90-buffered traits was associated with some genetic 

determinants affected by the environment; these traits were more expressed by changing the 

environmental conditions such as decreasing or increasing temperature.  

 

4.7 Why is the eye often affected by HSP90 impairment?  

Although the genetic variation patterns and levels greatly differ among organisms, eye phenotypes 

were among the most frequent novel phenotypic variations caused by HSP90 inhibition (Rutherford 

and Lindquist, 1998; Queitsch, Sangster and Lindquist, 2002; Sollars et al., 2003; Yeyati et al., 

2007; Chen and Wagner, 2012; Rohner et al., 2013). This raises a possibility that the buffering 

mechanism by HSP90 is limited to specific morphological traits which might be appropriate for 

rapid evolutionary adaptation, particularly under stress conditions. 

By using QTL analysis and studying the genetic basis of eye regression in A. mexicanus, alleles 

that caused eye reduction were found to be consistent with evolution by natural selection, not 

genetic drift, indicating its adaptive value (Protas et al., 2007). Several studies have proposed the 

adaptive basis and selective advantages of eye loss or even reduction (Jeffery, 2009; Rohner et al., 

2013; Moran, Softley and Warrant, 2015; Niven, 2015). One important advantage is to save 

energetic costs which could be re-invested in improving survival, reproduction and foraging 

(Niven, 2015). It was shown that the vision of a cave fish consumes 5–17% of the total energy 

consumption, suggesting that selection to reduce energy consumption may drive eye loss or 

reduction (Moran, Softley and Warrant, 2015). Photoreceptors and neural tissue are among the 

most energetically expensive tissues in both vertebrates and invertebrates (reviewed in Niven 

2015), the energy required in light conditions can reach up to four times that needed in the dark 

(Okawa et al., 2008). It was suggested that even the small reduction in the eye size can reduce the 

energy costs due to the positive correlation between the eye size, visual neuropiles and energy costs 

(Niven, 2015).  
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In insects, it was reported that the reduction of compound eyes might also relate to considerable 

energetic savings (Buschbeck and Friedrich, 2008). In D. melanogaster, it was found that the visual 

process, which mediated by maintaining eclectic currents of photoreceptor cells, consumes about 

8% of the total energy (Laughlin, de Ruyter Van Steveninck and Anderson, 1998). Interestingly, 

studying the ecology of larval insects like D. melanogaster and T. castaneum  showed that they 

tend to stay in shaded places since vision is less important (Park, 1934; Busto, Iyengar and Campos, 

1999). Thus, it can be expected that reducing the eye size might be the result of evolution against 

the costly visual organs (Buschbeck and Friedrich, 2008). Accordingly, since T. castaneum shows 

photo-negative behaviour, it is possible that reducing the eye size would have a selective advantage 

by reducing energy consumption. 

Furthermore, our ‘reduced aye’ trait is characterized by reducing photoreceptor cell number per 

ommatidium not its dimension. However, it was found that most variations in insect retina usually 

occurs due to a change in the photoreceptor cell number per ommatidium, either by decreasing or 

increasing, and not in dimension or the cone cell number which was found to be constant (Oakley, 

2003). Some species in Lepidoptera and Hymenoptera, for example, show a higher photoreceptor 

cell number per ommatidium (Egelhaaf, Altenfeld and Hoffmann, 1988; Friedrich, 2006). Insects 

like dragonflies which have the largest eyes in insects show not only an increase in the 

photoreceptor cell number but also its dimension (Sherk, 1978). 

Depending on phylogenetic data it was reported that the eye reduction in insects is either ancestral, 

i.e. reduced by origin, or recent i.e. shaped by evolution (Buschbeck and Friedrich, 2008). 

Collembola, Protura and Diplura are known for their ancestral reduced, but complete, eyes. On the 

other hand, in some insect species belonging to the orders Orthoptera, Coleoptera and Diptera, the 

reduced eye appeared during evolution, particularly in those species that live in dark environments 

like caves, karsts and crevices, where there is even sometimes eye loss (reviewed in Buschbeck 

and Friedrich 2008).  

It was reported that adaptive eye reduction in the primitively oculated arthropod trilobites,  a fossil 

group of extinct marine arachnomorph arthropods, results from a change in hormonal 

environmentally controlled mechanisms responsible for growth and morphological development 

(Feist, 1995).  However, the change in eye size is determined by the overall fitness benefits where 

natural selection passes the most beneficial traits on to the next generations (Buschbeck and 
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Friedrich, 2008). Further studies to clarify the ecological and genetic correlations to eye reduction 

in insects is still needed.  

 

4.8 The molecular underpinnings of HSP90-canalized ‘reduced eye’ trait 

Although the buffering role of HSP90 is broadly studied, the underlying mechanisms are still a 

matter of a debate. Thus, another important goal of our study was to investigate the molecular 

mechanisms behind the release and inheritance of the ‘reduced eye’ trait in relation to HSP90 

impairment. Several studies have suggested different mechanisms for the buffering of phenotypic 

diversity by HSP90. HSP90 has been found to act as an evolutionary capacitor allowing the storage 

and release of pre-existing genetic variation such as polymorphisms and silent mutations 

(Rutherford and Lindquist, 1998; Queitsch, Sangster and Lindquist, 2002), which can occur in 

HSP90-client proteins, the components of their pathways and in non-client proteins (Jarosz and 

Lindquist, 2010). As a chaperone, HSP90 was also found to maintain genome stability and genetic 

fidelity through ensuring the function of proteins important for DNA repair (reviewed in Kaplan 

and Li 2012), TE suppression (Specchia et al., 2010), recombination and chromosome segregation 

(Chen et al., 2012); therefore, the inhibition in HSP90 function which might disturb diverse cellular 

mechanisms and pathways can lead to the expression of genetic variation through point mutations, 

TEs mobilization, chromosome rearrangements and aneuploidy. Furthermore, HSP90 was found 

to buffer the genetic variation through an epigenetic mechanism mediated by histone modification 

and chromatin remodelling (Sollars et al., 2003). Of all these mechanisms, we focused on studying 

TE activity and histone modification as intensely debated hypotheses, to test whether the release 

and fixation of the ‘reduced eye’ trait after parental HSP90 impairment is mediated by either of 

them. 

 

4.8.1 ‘Reduced eye’ phenotype is unlikely to be induced by TEs mobility  

One of the suggested molecular mechanisms for HSP90’s buffering role is through the suppression 

of TE activity (Specchia et al., 2010; Gangaraju et al., 2011; Hummel et al., 2017). TE mobilization 

is usually associated with deleterious effects particularly in the germline (Specchia et al., 2010), 

although it can generate occasionally adaptive genomic variability (Kazazian, 2004). Therefore, 

host genomes have evolved several mechanisms to regulate TE mobility including RNA silencing 

through the PIWI/piRNA pathway (Das et al., 2008; Sato and Siomi, 2010).  HSP90 is involved in 
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the biogenesis of piRNA, it facilitates the accurate loading of precursor piRNAs onto PIWI proteins 

and helps in the maturation of piwi proteins through phosphorylation (Gangaraju et al., 2011; Izumi 

et al., 2013). TE activation was found to cause genetic variation by inducing de novo mutations 

through transposition due to frame shifts, splice variants, sequence deletions or duplications 

(Kazazian, 2004; Ryan, Brownlie and Whyard, 2016). Specchia et al. (2010) found that after 

HSP90 impairment in flies several TEs jumped into new sites and about 1% (30 out of 3,220 files) 

of the screened Hsp83 mutants showed morphological variations. Interestingly one of these 

variations was scutoid phenotype (loss of bristles in adult’s head and thorax), and was caused by a 

TE insertion in the noc gene. Recently, endogenous retrovirus (ERVs) upregulation after HSP90 

inhibition was found to induce epigenetic variation, called cis-regulatory variation, through altering 

the expression of the nearby genes (Hummel et al., 2017). 

As a first step we determined which TEs are controlled (suppressed) by HSP90. We expected that 

if the ‘reduced eye’ trait is mediated by TE activation, we should get an upregulation in the 

expression of a particular TE upon HSP90 impairment. We checked the expression of 18 TEs, 

mostly in gonads, after Hsp83 knockdown (using different dsRNA constructs and concentrations) 

and HSP90 chemical inhibition using 17-DMAG, but we did not find a strong up-regulation for 

any of them, rather we found either down-regulation or no change in the expression (Figures 26-

28). This might suggest that either other ‘untested’ TEs are controlled by HSP90 and might be 

involved in releasing the trait or basically this hypothesis does not play a role in our case. 

However, similar results were found in some studies. In flies, although TEs expression increased 

by up to 44,000 fold in the ovaries of Hsp83-mutants, it did not change in ovaries after HSP90 

chemical inhibition by geldanamycin (Specchia et al., 2010). In mice, the knockout of Hsp83 

increased the expression of the L1 transposon in testes only on the protein level, but not on the 

mRNA level (Ichiyanagi et al., 2014). Recently, Hsp83 gene inhibition in the cell line of mice 

downregulated some TEs including GYPSYs, CR1 and Mariner (Hummel et al., 2017). It was also 

found in nematodes that the knockdown of Hsp83 gene increased the excision frequency of 

transposons but only when this knockdown was combined with a strong environmental stress like 

oxidative- or heat-stress; upon the knockdown only, no excision number was recorded (Ryan, 

Brownlie and Whyard, 2016). 

However, in our project, confirming the increase of TEs activity after HSP90 impairment still needs 

further studies and it will be relevant to consider other tools for mobility detection which were 
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already used in other studies such as southern blot analysis (Specchia et al., 2010), northern blot 

analysis (Ichiyanagi et al., 2014), excision frequencies (Ryan, Brownlie and Whyard, 2016) and 

inverse PCR analysis (Kalmykova, 2005). Furthermore, testing more TEs may be useful given that 

some of the tested TEs had a low expression level and in some cases came up after 30 cycles of the 

qPCR analysis; and combining HSP90 impairment with other environmental stressors (Ryan, 

Brownlie and Whyard, 2016) might provide additional insights. It also possible that our trait is not 

mediated by TEs activity. 

 

4.8.2 ‘Reduced eye’ phenotype is likely mediated by an epigenetic mechanism 

Another suggested molecular mechanism was that the release and inheritance of the HSP90-

regulated trait is epigenetic rather than genetic; this was supported by some studies (Ruden et al., 

2003; Sollars et al., 2003; Zhao et al., 2005; Tariq et al., 2009; Gangaraju et al., 2011; Sawarkar, 

Sievers and Paro, 2012). In our study, an epigenetic mechanism was supported for two reasons: 1) 

the ‘reduced eye’ trait was originally released by paternal Hsp83 RNAi, where only fathers were 

treated; 2) the trait penetrance was found to significantly respond to environmental changes.  

HSP90 has been shown to affect epigenetic canalization through affecting the acetylation level of 

histone H3, an epigenetic marker associated with active chromatin, after impairment (Sollars et al., 

2003; Tariq et al., 2009). In D. melanogaster a heritable trait, ectopic outgrowth phenotype, which 

is elicited by HSP90 inhibition could be reversed to the wild-type state two- to three-fold after 

using histone deacetylase (HDAC) inhibitors such as sodium butyrate and trichostatin A (Sollars 

et al., 2003). Hence, we examined whether HDAC inhibitors affect the penetrance of the ‘reduced 

eye’ phenotype in our reduced eye-beetles. Indeed, we found a reversion for the ‘reduced eye’ 

phenotype into normal eyes when we tested for the proportion of the ‘reduced eye’ phenotype in 

F1 and F2 adult offspring produced from reduced eye-beetles fed on the HDAC inhibitors sodium 

butyrate (NaB, 100  and 500 mM) or trichostatin A (TSA, 50 µM). Although this reversion was a 

rare event, it was significantly more often after HDAC inhibition particularly with TSA, compared 

to the negative control (Figure 30). This might suggest that the maintenance of the ‘reduced eye’ 

trait was a result of an epigenetic mechanism which might be mediated by histone modification, 

causing a heritable change in gene expression. These results confirm Sollars’ findings (Sollars et 

al., 2003) concerning the reversion of HSP90-canalized phenotype after using HDAC inhibitors, 
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allowing the maintenance and inheritance of parental chromatin state and preventing the spread of 

heterochromatin (Wong and Houry, 2006). 

Another suggested line of evidence that supports the epigenetic mechanism of our trait release and 

inheritance is that the trait was rapidly produced upon HSP90 impairment and was less stable over 

generations (Sangster, Queitsch and Lindquist, 2003). Similarly, traits such as ectopic outgrowth 

in D. melanogaster, color variegation or cold adaptation in plants were unstably inherited 

particularly under the negative selection due to an epigenetic event (Gould and Eldredge, 1993; 

Köhler and Grossniklaus, 2002; Sollars et al., 2003).  

HSP90 is involved in epigenetic gene regulation through the interaction with histone proteins. In 

hepatocellular cancer cells, HSP90 interacts with histone H3 methyltransferase SMYD3, SET and 

MYND domain-containing protein 3, and mediates the activation of a homeobox gene which was 

significantly reduced by HSP90 inhibition (Hamamoto et al., 2004). Due to the interaction with 

histone proteins, HSP90 was suggested to affect chromatin structure (Tariq et al., 2009). Since 

HSP90 is highly conserved among species, we can expect a conserved functional linkage between 

HSP90 and chromatin regulators. Therefore, the transgenerational inheritance of ‘reduced eye’ 

phenotype, as an HSP90-dependent variation, might have an epigenetic basis mediated by HSP90-

chromatin interactions; this subsequently might affect homeotic and developmental gene 

expression patterns which can be epigenetically inherited and transmitted to the next generation 

through meiosis (Cavalli and Paro, 1998). 

However, the link between HSP90 and chromatin regulators, which plays an important role in 

developmental and epigenetic canalization, was investigated in several studies. In D. melanogaster, 

HSP90 is required to maintain active gene expression and control epigenetic inheritance through 

the interaction with Trx protein which was found to be depleted upon HSP90 inhibition (Tariq et 

al., 2009). Trx is a member of TrxG chromatin proteins which modulate epigenetic signals affecting 

the global gene expression patterns and developmental fate of cells (Ringrose and Paro, 2004). 

Also, it was found that under normal and stress conditions, HSP90 facilities the stability and 

activity of Trx and helps with its recycling through a dynamic process of association and 

dissociation at their target sites (Tariq et al., 2009). HSP90 and TrxG were found to buffer the same 

phenotypic variation in Hsp83- and Trx- mutants in isogenic D. melanogaster strains by inducing 

epigenetically heritable altered chromatin states (Sollars et al., 2003) and both kinds of mutation 

resulted in a global reduction of histone H3 acetylation, which strongly reduced the expression of 
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Trx target genes (Tariq et al., 2009). Interestingly, a transgenerational epigenetic inheritance in D. 

melanogaster was found to be mediated by a potential effect of HSP90 on chromatin remodelling 

(Ruden and Lu, 2008). In yeast, the analysis of HSP90 interaction network showed that HSP90 

cofactors such as Tah1 and Pih1 associate physically and functionally with key components of 

chromatin remodelling factors like TIP60 histone acetyltransferase complex which might affect 

gene expression (Zhao et al., 2005).  

Moreover, by checking the localization of HSP90 on chromatin through mapping HSP90 

chromatin-binding sites, it was found that HSP90 is located near gene promoters affecting 

transcription through stabilizing the negative elongation complex (reviewed in D. Jarosz 2016; 

Sawarkar, Sievers, and Paro 2012). 

In conclusion, it is likely that in our beetle strain HSP90 epigenetically buffers the reduction in eye 

size through maintaining histone acetylation level and therefore keeping the expression of target 

genes, which might be involved in retina development. Accordingly, by inhibiting HSP90, a change 

in the acetylation level subsequently changed the expression of target genes and the trait was 

enriched over generations due to an epigenetic inheritance of altered chromatin state. This is 

supported by getting a reversion for our HSP90-regulated trait after the inhibition of histone 

deacetylases by NaB and TSA.  

 

4.8.3 Dachshund gene might not be the only gene involved in releasing the ‘reduced eye’ 

phenotype 

Assuming the mechanism behind the ‘reduced eye’ trait is epigenetic and its maintenance is 

mediated by the inheritance of changed gene expression pattern, we were interested to further study 

which genes might be involved in this mechanism. The dac gene arose as a strong candidate gene 

for two reasons: first, in a study on T. castaneum, dac knockdown resulted in a similar ‘reduced 

eye’ phenotype (Yang, ZarinKamar, et al., 2009) and abnormal leg phenotype (Prpic et al., 2001). 

Second, we found a positive correlation between dac and Hsp83 expression. Dac is a gene involved 

in the development of compound eyes and legs of arthropods (Mardon, Solomon and Rubin, 1994). 

It is essential for eye specification and lies downstream of the receptor tyrosine kinase (RTK), one 

of HSP90-client proteins (Cutforth and Rubin, 1994; Kumar, 2001; Sreedhar, Soti and Csermely, 

2004), which might mediate dac downregulation. We found that dac expression was significantly 

and consistently downregulated upon HSP90 impairment either by chemical inhibition (check only 
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in larvae) or RNAi where the downregulation was observed only in males (Figure 31), suggesting 

a sex-linked effect. In D. melanogaster, dac is differentially expressed in the male and female 

genital discs and plays sex-specific roles in the development of the genitalia. This expression is 

controlled by sex-specific signalling either wingless signalling which activates dac expression in 

female or decapentaplegic signalling which activates dac expression in males (Keisman and Baker 

2001). It might be that dac expression is sex-specific also in the eye imaginal discs of T. castaneum. 

If HSP90 is involved in the decapentaplegic signalling, it might be expected that its knockdown 

subsequently affected dac expression in only males. 

Whether HSP90 and dac function in the same pathway or parallel pathways affecting the eye size 

is not yet studied. We hypothesized that if the dac gene or one of its downstream is involved in 

reducing the eye size, its knockdown might result in a ‘reduced eye’ phenotype. However, dac 

knockdown did not reduce the eye size in our beetle strain, using either larval or parental RNAi 

(Figure 32). This might indicate that expression changes in this gene are not directly responsible 

for the ‘reduced eye’ phenotype and upstream genes are most probably involved. Our results are in 

disagreement with Yang, ZarinKamar, et al. (2009) which might be explained by strain specificity 

to RNAi; RNAi phenotypes were found to be influenced by the genetic background of the injected 

strain (Kitzmann et al., 2013). However, further studies are still needed to confirm the involvement 

of dac in our trait, may be the knockdown of dac should be stronger or even combined with the 

knockdown of other eye genes involved in retina development because it can be possible that a set 

of genes (which might include dac gene to a certain extent) that interact with each other in a 

complicated interwoven regulatory network (Kumar, 2001), is involved in releasing and fixing the 

‘reduced eye’ phenotype. It was reported that eye genes such as eyes absent (eya), sine oculis (so) 

and dac interact with Pax6 in an evolutionarily conserved eye specification regulatory network 

(Friedrich, 2003). 

 

4.8.4 Inheritance of the ‘reduced eye’ trait suggests a partial involvement of a genetic mechanism 

Releasing the same ‘reduced eye’ phenotype which was observed from our genetically diverse 

wildtype population in several independent experiments, suggests that a genetic variant producing 

the ‘reduced eye’ phenotype cryptically resides in our experimental population meaning the trait 

might also have a genetic basis. This prompted us to check the release of this trait after outcrossing 

with beetles from different established lines and with naïve beetles. Thus, we produced ‘reduced 
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eye’ monomorphic lines from each treatment, Hsp83-RNAi and 17-DMAG. 

First, we tested whether the ‘reduced eye’ phenotype is based on the same or different genetic loci 

in both lines.  We hypothesized that if the same genetic loci of the trait were similarly affected 

upon HSP90 impairment in both treatments, the crossing between reduced eye-beetles of both 

established monomorphic lines will produce offspring with a full inheritance for the ‘reduced eye’ 

trait; and if different genetic loci were affected in both treatments, the crossing between beetles of 

both lines might produce offspring with lees inheritance for the trait. When we crossed individuals 

from the monomorphic lines, we observed 100% ‘reduced eye’ offspring, which suggests that the 

same genetic locus in affected in both methods of HSP90 impairment (Figure 25).  

Next, we tested whether the ‘reduced eye’ phenotype follows ‘Mendelian inheritance’. When 

affected males were outcrossed with non-related unaffected females, the trait disappeared in the F1 

and was expressed again in F2 offspring, with a range consistent to the expected ratio for a recessive 

Mendelian trait (Figure 25). This penetrance ratio slightly differed in the F2 when affected females 

were outcrossed, which might suggest additional, potentially sex-specific effects.  

From these outcross experiments, it can be concluded that the molecular underpinnings of the 

release and transgenerational inheritance of the ‘reduced eye’ phenotype might be complex 

interactions between genetics and epigenetics i.e. a change in an epigenetic pathway, controlled by 

HSP90, might provide a mechanism by which the hidden genetic variation can be uncovered 

(Wong and Houry, 2006). The trait enrichment or reversion over generations might depend on 

several different factors such as the biochemistry included in trait induction, the involved genes 

and their products, if there is a genetic background-specific effect, if the trait inheritance is 

independent of the stimulus and more importantly if this inheritance is stable over successive 

generations (Wong and Houry, 2006). Recently it was reported that evolution depends on both 

genetic and epigenetic factors (Nishikawa and Kinjo, 2018). 

However, future experiments using genomic analyses are still needed to address the interplay 

between genetics and epigenetics and to investigate more clearly the molecular underpinnings of 

canalization. The molecular mechanisms of HSP90-dependent phenotypic variation released in D. 

melanogaster (Rutherford and Lindquist, 1998), Arabidopsis (Queitsch, Sangster and Lindquist, 

2002) and A. mexicanus (Rohner et al., 2013) were studied by using QTL mapping analysis which 

showed involvement of a complex gene network responsible for the released phenotypes (Sangster 

et al., 2007; Carey et al, 2015; Krishnan and Rohner, 2017). Therefore, studying the molecular 
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basis of our trait using Bulked segregant analysis, or even QTL mapping if several loci are 

involved, is promising to determine the genetic loci of this trait and to identify some interesting 

genes as candidates for further study. 
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In the light of the current study, our data strongly confirm the essential role of HSP90 in fitness 

and as an evolutionary capacitor. It provides evidence that HSP90 acts as a driving force for rapid 

evolutionary adaptation through de-canalization, which is advantageous under environmental 

stress conditions. This might explain why a consistent downregulation of Hsp83 was observed in 

the recent paper published by Peuß and colleagues when beetles were kept in a risky environment 

(Peuß et al 2015).  

In addition, our work confirmed the vital role of HSP90 on the maintenance of fitness in T. 

castaneum. Hsp83 reduction significantly shortened the life span of the injected beetles and 

dramatically affected the gonad phenotype in a dose-dependent manner. Female fertility, measured 

by the egg laying- and hatching rate, was completely inhibited upon Hsp83 reduction (80 % 

reduction), while males did not significantly differ from the control, suggesting the essential 

requirement of HSP90 for egg production.  

Furthermore, I found that when HSP90 was experimentally impaired in the model insect T. 

castaneum using two independent methods, the same genetic variation was phenotypically 

expressed. This phenotype was characterized by a reduction of beetle eye size by almost half. We 

called it the ‘reduced eye’ trait. The transcriptional inhibition of the Hsp83 gene by RNAi released 

the ‘reduced eye’ phenotype with 4.2 %, while the pharmacological inhibition of HSP90 by 17-

DMAG showed 5.1 % of the same phenotype.  

Once established, the ‘reduced eye’ trait became fixed and stably transmitted into the subsequent 

generations independently of HSP90 expression and with no further need for HSP90 inhibition. I 

checked the trait inheritance until the seventh generation in both treatments. In the RNAi treatment, 

I checked the persistence of the trait in the absence of selection, by the continuous breeding of 

offspring (reduced eye-beetles together with their normal eye- siblings) produced from the F1 leg-

affected families and found a stable proportion (about 20%) of the trait penetrance over 

generations. While in 17-DMAG treatment, I found the trait was almost fully inherited in the 

‘monomorphic line,’ which was established by selecting the reduced eye-beetles in the F1 

generation for breeding. When their normal eye-siblings were selected for breeding (i.e. the 

‘polymorphic line’), the trait was inherited consistently in 10% of cases. 

Interestingly, this released genetic variation was beneficial in terms of fitness under light stress. 

When the reduced eye-beetles and their normal eye-siblings were stressed with light for 48 hours, 



Summary 
 

 115 

the reduced eye-beetles laid significantly more eggs with a significantly higher hatchability rate in 

comparison to for their normal eye-siblings. Importantly, the group of normal eye-siblings showed 

significantly higher penetrance of the ‘reduced eye’ trait upon the same light stress conditions in 

comparison to other stressors such as dark or heat, which might favor a rapid evolutionary 

adaptation for this de-canalized trait under certain conditions.  

After investigating the molecular mechanisms behind the release and maintenance of the ‘reduced 

eye’ phenotype induced by HSP90 impairment, our preliminary experiments suggest that it is likely 

that an epigenetic mechanism is involved and might be mediated by histone modification. 

However, further studies are needed to confirm our findings. The penetrance of the ‘reduced eye’ 

trait was significantly suppressed (i.e. reverted to the normal eye phenotype) when I fed the reduced 

eye-beetles on inhibitors for HDACs enzymes. 

This thesis sheds light on how populations adapt to environmental changes and ultimately, on the 

diversity of life. Our study proposes a mechanism illustrating how evolutionary adaption can occur 

through de-canalization, which is regulated by HSP90 expression. This will enable us to determine 

the genotype-phenotype map by studying the molecular underpinnings of HSP90-buffered 

variations and will help us to understand rapid adaptive evolution.  Furthermore, the involvement 

of HSP90 in essential physiological processes that affect survival and reproduction makes it a 

strong candidate protein to be targeted for insect control.  
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The results of the current study are relevant not only for HSP90 being a vital gene for fitness but 

also as a basic step to understand the molecular mechanisms behind rapid evolutionary adaptation. 

However, some questions arise from these results which need further study.  

 

6.1 HSP90 as an ideal predictive biomarker of lifespan 

In the current study, HSP90 was strongly confirmed as an essential protein for longevity in T. 

castaneum. Nevertheless, the molecular mechanisms behind the dramatic effect of HSP90 

inhibition on beetle’s survival need further study through investigating the connectivity between 

HSP90 and other regulators linked to longevity. 

In insects, aging which is accompanied by functional declines and subsequently an increased 

mortality rate is usually correlated with increasing HSPs expression as an essential molecular 

aging-correlated change (reviewed in Tower, 2011). Therefore, it might be promising to study the 

role of HSP90 during aging and how this protein can regulate aging phenotypes such as life span 

and stress resistance. However, HSPs expression was found to increase upon the animal death. In 

D. melanogaster, Hsp22 and Hsp70 increased in expression about 10 hours before the fly dies 

(Grover et al., 2008, 2009).  

In this context, studying Hsp83 gene expression during aging and before death in T. castaneum is 

a promising approach making HSP90 as an excellent predictive biomarker for aging and mortality 

and enabling us to better understand organisms aging and disease.  

 

6.2 HSP90 role in male fertility and testes maturation 

In the current thesis, we were able to demonstrate the essential role of HSP90 in female fertility of 

T. castaneum which was consistent with all previous studies. Meanwhile, male fertility was not 

found to be affected after Hsp83 knockdown in contrast to other studies carried out on D. 

melanogaster where Hsp83-mutant males were sterile and formed crystalline aggregates in their 

tests (Yue et al., 1999; Specchia et al., 2010). In this context, it might be relevant to check male 

fertility in T. castaneum after inhibiting Hsp83 by mutation and see if the same results will be 

obtained as in D. melanogaster. Furthermore, the results should be supported by checking the testes 

phenotype using higher magnification tools such as scanning electron microscope (Yue et al., 

1999).  
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6.3 Testing the evolutionary capacitance role of HSP90 in other T. castaneum populations 

Although we obtained a clear release of genetic variation after HSP90 impairment by two 

independent methods, this was only tested in one beetle population of our lab (Cro 1 strain).  

Whether the same genetic variation (reduced eye phenotype) will be also released from other beetle 

strains or not needs further study i.e. we should check if the released trait is genetic background-

specific or not. This has been shown already in flies and plants (Rutherford and Lindquist, 1998; 

Queitsch, Sangster and Lindquist, 2002) when they found HSP90 impairment released 

morphological variation depends mainly on the genetic background of the tested strains. These 

results revealed the effects of pre-existing hidden genetic variation rather than being destabilized-

development, stochastic errors or de novo genetic variation. It might be also worthy to reduce 

Hsp83 gene expression through the Crispr Cas9 genetic tool (Gilles, Schinko and Averof, 2015).  

Here, it will be also promising to study the effect not only the on morphological- but also 

behavioral-variation. HSP90 was reported as a capacitor for behavioral variation in D. 

melanogaster; its impairment gave rise to a large variation in individual behavioral activity 

patterns, which continued to the lifetime of individuals, mediated by the effect on circadian rhythms 

and molecular oscillations (Hung, Kay, and Weber 2009). 

 

6.4 T. castaneum as a model organism to study adaptive evolution and eye development 

The current results confirm the globally conserved buffering role of HSP90 across species and 

propose a mechanism (releasing beneficial HSP90-regulated phenotypes) through which the rapid 

evolutionary adaptation can occur. However, the fitness advantage of HSP90-buffered traits in 

previously tested organisms was not directly shown as done so here in our model organism T. 

castaneum. Therefore, T. castaneum might be an ideal model to study adaptive evolution to 

understand the mechanisms behind biodiversity. 

T. castaneum has been reported as an upcoming model insect in many fields of biology including 

genetics, behavior, ecology and developmental biology (Wang et al., 2007; Brown et al., 2009) 

since it is more representative of insects than D. melanogaster because most ancient features of 

insects are included in the development of T. castaneum than D. melanogaster spp. (Schröder et 

al., 2008), it has a short life cycle, easy and cheap to breed, has a sequenced genome (Genome & 

Consortium 2008) and many genetic tools can be applied (Tomoyasu et al. 2008; Gilles, Schinko 

and Averof, 2015).  
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On the other hand, studying the underlying mechanisms of the adaptive ‘reduced eye’ trait, that we 

discovered, will increase our knowledge about how the compound eye develops not only in T. 

castaneum but also in the other organisms making it an excellent model for eye development. 

 

6.5 Molecular mechanisms behind the decanalized trait ‘reduced eye’ phenotype  

Although we could undoubtedly confirm that HSP90 plays a key role in canalization, further 

studies are still needed to investigate the molecular underpinnings, which is still elusive also in the 

wider research community, of the de-canalized ‘reduced eye’ trait that is released after HSP90 

impairment. This might uncover how evolutionary diversity is produced and expand our knowledge 

about plasticity in natural populations including the identity, frequency, and fitness effects of 

plastic traits.   

A promising start point to understand the mechanisms behind the ‘reduced eye’ release and 

maintenance would be to identify the genetic loci of eye development through the comparative 

analysis of Bulked segregant analysis or QTL mapping between the reduced eye-beetles and their 

normal siblings. This will provide us not only with the mechanism behind reducing the eye size 

but also behind the fitness advantage, we observed. Sequencing might also show if the responsible 

genes are typically under positive, negative, balancing or neutral selection which can directly 

uncover HSP90’s role in evolution (Salathia and Queitsch, 2007). The molecular mechanisms of 

Hsp90-dependent phenotypic variation released in D. melanogaster (Rutherford and Lindquist, 

1998), Arabidopsis (Queitsch, Sangster and Lindquist, 2002) and A. mexicanus (Rohner et al., 

2013) were studied by using QTL mapping analysis and showed involvement of a complex gene 

network responsible for the released phenotypes (Sangster et al., 2007; Carey et al, 2015; Krishnan 

and Rohner, 2017).  

However, although the patterns of genetic variation and levels greatly differ among organisms, the 

‘deformed eye’ phenotype was the most common heritable trait found to be released after HS9P90 

inhibition (Rutherford and Lindquist, 1998; Yeyati et al., 2007; Rohner et al., 2013) highlighting 

the question of whether the alleles of the obtained ‘reduced eye’ trait, in particular, are HSP90-

dependent. Is the buffering by HSP90 limited to specific morphological traits? This will need 

further studies to identify the genes involved in HSP90-buffered polymorphisms and to test 

whether these genes are HSP90-clients and if they are responsible for molecular functions and/or 

stress response. 
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Lastly, the initial results of our study showed that the expression and maintenance of the ‘reduced 

eye’ trait might have genetic and an epigenetic basis interact with each other, and a complex gene 

network such as Retinal Developmental Gene Network (RDGN) (Yang, ZarinKamar, et al., 2009) 

and several pathways might be involved. Therefore, uncovering the complex relationship between 

both epigenetic and genetic mechanisms is required to better understand the molecular link between 

HSP90 activity and canalization/de-canalization. 
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8.1 Tables:  

Table (S1)f: Chemicals and Enzymes used in this study. Slightly modified from Rüschoff  (2014). 

Product Supplier 

5x Green GoTaq Flexi Buffer Promega GmbH, Mannheim, Germany 

Brewer’s yeast Agravis Raiffeisen markt GmbH, Münster, Germany 

Chloroform Merck KGaA, Darmstadt, Germany 

dATP, 10 µM Promega GmbH, Mannheim, Germany 

dCTP, 10 µM Promega GmbH, Mannheim, Germany 

dGTP, 10 µM Promega GmbH, Mannheim, Germany 

dTTP, 10 µM Promega GmbH, Mannheim, Germany 

EDTA Carl   Roth GmbH    &    Co.    KG,  Karlsruhe, 
Germany 

Glucose Carl   Roth GmbH    &    Co.    KG,  Karlsruhe, 
Germany 

GoTaq Polymerase Promega GmbH, Mannheim, Germany 

KapaSybr Fast qPCR Mastermix for 
LightCycler480 

Peqlab Biotechnologie GmbH, Erlangen, 
Germany 

Kanamycin 50 µg/mL Carl   Roth GmbH    &    Co.    KG,  Karlsruhe, 
Germany 

LB agar Carl   Roth GmbH    &    Co.    KG,  Karlsruhe, 
Germany 

LB broth Carl   Roth GmbH    &    Co.    KG,  Karlsruhe, 
Germany 

LE Agarose Biozym Scientific GmbH, Oldendorf, Germany 

MgCl2, 25 µM (for molecular biology 
methods) Promega GmbH, Mannheim, Germany 

Na2HPO4 Carl   Roth GmbH    &    Co.    KG,  Karlsruhe, 
Germany 

NaCl Carl   Roth GmbH    &    Co.    KG,  Karlsruhe, 
Germany 

PBS tablets Calbiochem affiliated to Merck KGaA, 
Darmstadt, Germany 

Streptomycin, 10 µg/mL Carl   Roth GmbH    &    Co.    KG,  Karlsruhe, 
Germany 

T4 DNA Ligase (1 U/µL) Fermentas Life Scinces 
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Tris Base Carl   Roth GmbH    &    Co.    KG,  Karlsruhe, 
Germany 

Trizol reagent Ambion RNA by Life Technologies GmbH, Darmstadt, 
Germany 

Wheat flour type 550 Alnatura GmbH, Bickenbach, Germany 

IPTG (isopropyl ß-D-1- 
thiogalactopyranoside) 

AppliChem GmbH, Darmstadt, Germany 

Roti®-GelStain  Carl Roth GmbH + Co. KG, Karlsruhe 

 

Table (S2): Machines and lab ware used in the current study. Slightly modified from Rüschoff  
(2014). 

Product Supplier 

0.2 mL PCR tubes Kisker Biotech GMbH& Co. KG, Steinfurt, 
Germany 

0.6 mL reaction tubes BöttgeroHG, Bodenmais, Germany 

1.5 mL reaction tubes BöttgeroHG, Bodenmais, Germany 

2 mL reaction tubes BöttgeroHG, Bodenmais, Germany 

8 x 0.2 mL PCR tube stripes Kisker Biotech GMbH& Co. KG, Steinfurt, 
Germany 

15 mL falcon tubes Sarstedt AG & Co., Nürnbrecht, Germany 

15 mL falcon tubes Sarstedt AG & Co., Nürnbrecht, Germany 

96-well plates, flat bottom Sarstedt AG & Co., Nürnbrecht, Germany 

96-well plates, white Kisker Biotech GMbH& Co. KG, Steinfurt, 
Germany 

384 well plates, white Roche Diagnostics GmbH, Mannheim, Germany 

Binocular Olympus SZ60 Olympus Corporation, Tokyo, Japan 

Binocular SZH10 research stereo Olympus Corporation, Tokyo, Japan 

Balance Sartorius AG, Göttingen, Germany 

Centrifuge 5804R Eppendorf AG, Hamburg, Germany 

Centrifuge 5415D Eppendorf AG, Hamburg, Germany 

Centrifuge 5417R Eppendorf AG, Hamburg, Germany 

Concentrator 5301 Eppendorf AG, Hamburg, Germany 

Borosilicate glass capillaries for injection Hilgenberg GmbH, Malsfeld, Germany 

Drygalskispatle Made from Pasteur pipettes 
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Excella E24 Incubator shaker series Wesseling-Berzdorf, Germny 

FemtoJet®  Eppendorf AG, Hamburg, Germany 

Forceps A. Dumont& Fils, Vve. DumontF& Cie. Succ., 
Switzerland 

Gel electrophorese chamber BioRad Mini-Sub® Cell GT; Biostep® GmbH, 
Jahnsdorf, Germany 

Heat block Thermomixer compact Eppendorf AG, Hamburg, Germany 

Incubator Rumed® Rubarth Apparate GmbH, Laatzen, Germany 

Laminar flow Thermo scientific LED GmbH, Langenselbold, 
Germany 

Light cycler® 480 Roche Diagnostics GmbH, Mannheim, Germany 

Mikropipettes Eppendorf AG, Hamburg, Germany 

NanoPhotometer™ Pearl Implen GmbH, München, Germany 

PCR cycler Mastercycler Eppendorf AG, Hamburg, Germany 

PCR cycler Mastercycler nexus 
flexlid Eppendorf AG, Hamburg, Germany 

PCR cycler vapo. protect Eppendorf AG, Hamburg, Germany 

Petri dishes (diameter 100 mm) Waldeck GmbH & Co. KG, Münster, Germany 

Pipette tips (10 µL) Biozym Scientific GmbH, Oldendorf, Germany 

Pipette tips (200 µL and 1000 µL) Sarstedt AG & Co., Nürnbrecht, Germany 

Pipette filter tips (10 µL, 20 µL, 200 
µL) Biozym Scientific GmbH, Oldendorf, Germany 

Vortexer Vortex genie 2 Scientific Industries Incorporation, New York, USA 

Capillary sequencer 
 

3130xl Genetic Analyzer, Applied Biosystems®, Foster 
City, CA, USA 

UV light  (INTAS UV-System, Science Imaging Instruments 
GmbH, Göttingen) 

 

Table (S3): Kits used in the current study. Slightly modified from Rüschoff  (2014). 

Product Supplier 

CloneJet PCR Cloning Kit Fermentas GmbH, St. Leon-Rot, Germany 

First Strand cDNA Synthesis Kit Fermentas GmbH, St. Leon-Rot, Germany 
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SuperScript®III Reverse Transcriptase Invitrogen by Life Technolgies GmbH, 
Darmstadt, Germany 

SV Total RNA Isolation System Promega GmbH, Mannheim, Germany 

TRIzol® Reagent Ambion® by Life Technologies™ GmbH, 
Darmstadt, Germany 

USB® ExoSAP-IT PCR Product Cleanup Affymetrix, Inc. High Wycombe, United Kingdom 

BigDye® Terminator v3.1 Cycle Sequencing 
Kit Applied Biosystems®, Foster City, CA, USA 

PZERrO™ InvitrogenTM, Life Technologies GmbH, Darmstadt, 
Germany 

Invisorb® Spin Plasmid Mini Two  Invitek, Berlin, Germany 

T7 MEGAscript® Kit  (Ambion® by Life TechnologiesTM GmbH, Darmstadt, 
Germany). 

 

Table (S4): Buffers, Media and stock solutions used in the current study. Slightly modified from 
Alesxander Rüschoff (2014). 
Chemical name Concentration (mM) Amount 
TBE buffer (10x): 
Tris Base (MW 121.1) 890 107.78 g 
Boric Acid (MW 61.83) 890 55.03 g 
EDTA (MW 372.24) 20 7.445 g 
MilliQ® water   up to 1 L 
   

SOC medium (Super Optimal Broth with catabolite repression): 
LB broth   100 ml 
Glucose 1M 2 ml 
MgCl2 1M 1 ml  
   

LB- agar medium:     
LB agar (Luria/Miller)  40 g 
MilliQ® water   up to 1 L 
   

LB- broth:     
LB-medium (Luria/Miller)  20 g 
MilliQ® water   up to 1 L 
   

Phosphate buffered saline (PBS):   
PBS tablets  one tablet 
MilliQ® water   up to 1 L 
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17-DMAG stock solution (10 mg / ml):   
17-DMAG (MW 653.2)  5 mg 
MilliQ® water   up to 500 µl 
   

Sodium butyrate stock solution (1 M):   
Sodium butyrate (MW 110.09)  1.1 g 
MilliQ® water   up to 10 ml 
   

Trichostatin A stock solution (4 mM):   
Trichostatin A (MW 302.37)  1.2 mg 
MilliQ® water   up to 1000 µl 
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able (S5): designed prim

er pairs suggested by N
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B
I prim

er B
last for R

N
A

i construct (A
) of H

sp83 gene (accession no. L
O

C
656270) 

 
Sequence (5'->3') 
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strand 
L

ength 
Start 

Stop 
Tm

 
G

C
%

 

Self 
com
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-
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Self 3' 
com
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- 

entarity 

1st prim
er pair (457 bp)* 
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ard prim
er 

(Tc-H
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x1.F) 
TG

G
A

A
A

C
C

TTC
G

C
C

TTC
C

A
G

 
Plus 

20 
29 

48 
60.25 

55.00 
5.00 

1.00 

R
everse prim

er 
(Tc-H
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x1.R

) 
C

TA
C

C
A

C
C

A
G

C
TG

A
C

G
A

C
TC

 
M
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20 

485 
466 

59.83 
60.00 

6.00 
3.00 

2nd prim
er pair (402 bp) 
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(Tc-H
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x2.F) 

C
C

G
A
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G

A
C

A
A

G
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A
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C
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4.00 
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sp83_E
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) 
G

G
C

C
A

A
C
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C
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G

A
A

C
A

A
C

T 
M
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20 
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511 

60.25 
55.00 

4.00 
1.00 

3rd prim
er pair (317 bp) 

 
 

 
 

 
 

 
 

 

Forw
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(Tc-H
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x3.F) 

A
C

C
G

C
C

A
A

C
A
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G

A
A

C
G
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20 

285 
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4.00 
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R
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) 
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C
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C

A
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TTC
G

G
T 

M
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20 
601 

582 
60.04 

55.00 
4.00 

0.00 

*This is the prim
er pair w

hich w
e decided to use for synthetizing dsR

N
A

, ‘called construct A
’, in order to knockdow

n H
sp83 gene expression 
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8.2 Figures:  
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Figure (S1): 17-D
M

A
G

 prelim
inary experim

ent results. (a)  Pupal injection w
ith up to 100 µg/m

l of 17-D
M

A
G

, survival check 
every 3 days till 30dpi (days post injection), n=15, m

= m
ale, f=fem

ale and the num
bers represent the used concentration in µg/m

l, 
(R

esults: Log-Rank Test: statistic=8.564, df=11, P=0.662). (b)  A
dult injection w

ith up to100 m
g/m

l of 17-D
M

A
G

, survival check 
till 22dpi, n=15, (R

esults: Log-R
ank Test: statistic=36.913, df=7, P <0.001). (c) Pupal repeated injection every other day for 3 

tim
es w

ith up to100 µg/m
l of 17-D

M
A

G
, survival check till 13 dpi, n= 20, (Results: Log-Rank Test: statistic=21.251, df=4, P 

<0.001). (d) Larval injection w
ith up to100 µg/m

l of 17-D
M

A
G

, survival &
 developm

ent check till13 dpi, n=10, (R
esults: Log-

R
ank Test: statistic=2.167, df=3, P =0.539).  
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Figure (S2): Testing RNAi construct primers and the produced dsRNA on gel electrophoresis. (a) PCR 
products for three designed primer pairs specific for Hsp83 (shown in appendix Table 5) using cDNA from 
total RNA as a template. (b) 2nd PCR product using the 1st PCR product as a template. (c) PCR product to 
test ligation success of our target insert using HSP83-nominated primer pair (Ex1.F/Ex1.R) into the vector.  
The EcoRV digested  pZErO™-2  vector from 2 different clones was used as template and T7 and T7-SP6 
as primers. (d) dsRNA specific for HSP83 and AsnA (RNAi control) at two different concentrations (1000 
and 100 ng/µl).  
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Tribolium castaneum heat shock protein 90 (LOC656270), mRNA 

NCBI Reference Sequence: NM_001313877.1 
 
>NM_001313877.1 Tribolium castaneum heat shock protein 90 (LOC656270), mRNA 
 
AAAAGCAAGCGCTAAGTGAAGAGCTAAGAAGCGACAAATTTTCCAAGTGATAATTTTCCCAAAGCAATTT 
TCAAGTGATTTGTTCGTGTGTGCATTAATTTAAGCAAGATGCCGGAAGAAAACCAAAATGGAGATGTGGA 
AACCTTCGCCTTCCAGGCGGAAATCGCCCAGTTGATGAGTCTGATCATCAACACCTTCTACTCGAACAAG 
GAAATTTTCCTTCGGGAGTTGATTTCCAATTCGTCAGATGCGTTGGATAAAATCCGTTACGAGTCCTTGA 
CCAACCCTTCCAGACTCGATTCAGGCAAAGAACTCTACATCAAGATCATCCCTAACAAGAATGACGGGAC 
CTTGACCATTATTGACACCGGGATCGGGATGACTAAAGCCGATTTGGTCAATAACTTGGGCACCATCGCC 
AAGTCCGGCACCAAAGCCTTCATGGAGGCCCTCCAAGCTGGGGCTGACATCAGCATGATCGGTCAATTCG 
GTGTTGGTTTCTACTCGGCTTACTTGGTAGCAGACAAGGTCACAGTCGTTTCGAAGAATAACGATGATGA 
GCAATACGTTTGGGAGTCGTCAGCTGGTGGTAGCTTCACTGTAACACAAGACCGTGGCGAGCCTTTGGGC 
CGTGGCACCAAGATTGTCCTTCACATGAAAGAGGACCAAACCGAATTTTTGGAAGAACACAAAATTAAAG 
AAATTGTAAAGAAACACTCGCAGTTCATTGGCTATCCCATCAAATTGGTCGTGGAGAAGGAACGCGAGAA 
GGAGTTGAGCGACGATGAGGCCGAAGAAGAGAAGAAGGAGGAAGAAGGCGAAGACAAGGATAAAGATAAG 
CCAAAGATTGAGGATGTAGGCGAGGACGAAGATGAAGACACGAAGAAGGAAGATAAGAAAAAGAAGAAGA 
CTATTAAGGAGAAATACACAGAAGATGAAGAATTGAACAAAACCAAGCCGATTTGGACAAGAAACGCTGA 
CGATATCAGTCAGGAAGAATACGGAGAGTTTTACAAATCGTTGACTAATGATTGGGAGGACCATTTGGCC 
GTCAAACACTTTAGTGTTGAGGGTCAATTGGAGTTCCGTGCCCTCCTCTTTGTCCCACGTCGCGTTCCAT 
TCGATCTTTTCGAAAATAAGAAGCGCAAGAATAATATTAAATTATACGTGAGGAGGGTTTTCATTATGGA 
CAACTGCGAAGAACTCATCCCCGAATATTTGAACTTTATCAAGGGTGTCGTCGATTCGGAAGACTTGCCT 
TTGAACATTTCCCGTGAGATGTTGCAACAAAATAAGATCTTGAAGGTCATTCGTAAGAATTTGGTCAAGA 
AATGCCTAGAGTTGTTCGAGGAGTTGGCCGAGGATAAGGACGGCTACAAGAAATTCTACGAACAGTTCTC 
GAAGAATATTAAATTGGGTATTCATGAAGACTCGCAAAACCGGGCCAAATTGTCCGAATTGCTCCGTTAT 
CACACTTCTGCAAGTGGCGATGAGGCTTGCTCTTTGAAGGACTACGTGAGCCGCATCAAGCCTAACCAGA 
AACACATTTATTACATTACTGGCGAAAGCAAGGAGCAAGTGGCGAATTCGTCGTTCGTTGAGAGGGTCAA 
GAAGCGCGGTTTCGAGGTCGTTTACATGACTGAGCCCATTGATGAATACGTCGTACAACAAATGAAAGAA 
TTCGACGGCAAAACTCTCGTTTCGGTCACAAAGGAAGGTCTCGAATTGCCTGAAGACGAAGAAGAGAAGA 
AGAAGCGCGAAGAAGACAAAGCCAAATTTGAAGGACTTTGCAAGGTTATGAAGAGTATCCTCGATAATAA 
GGTTGAGAAGGTCGTGGTATCGAACCGTCTAGTCGAATCTCCCTGCTGTATTGTTACGTCGCAGTATGGC 
TGGACCGCCAACATGGAACGTATCATGAAAGCCCAAGCTTTGAGAGACACCTCCACTATGGGCTACATGG 
CGGCCAAGAAACACCTCGAAATCAACCCCGACCATTCAATCATCGAGAATTTGAGGCAGAAGGCTGAGGC 
TGATAAGAATGACAAGGCTGTTAAAGACTTGGTTATTCTTTTGTTTGAAACCGCTTTACTCAGCTCTGGG 
TTCACCTTGGATGAGCCTCAAGTCCACGCATCCAGGATCTACAGGATGATCAAGCTGGGTCTGGGTATTG 
ATGAGGAGGAAGCCATGATCACCGAAGATGCACAAGGAGGCGATGCACCCTCTGCTGATGCCGCCGAGTC 
CGAGGACGCGTCGAGGATGGAGGAAGTTGATTAAGTGTTCGAATGTTAGGACATGTGTTCTAGTATGTTC 
TAATTGTCATTCCTAGTGTTTTTTTATATTTCTTAATTATTTTTATAAAAAATGAAGTATTATTTTGGCG 
GCCTACCGCCGCCGTGTTAACACCTGTAAAAGTCTGAGTTCGTTTTTTGTGAATAAAATTGATTTAATTA 
A 
 

Green highlight: forward and reverse designed primers used for RT-qPCR (Peuß et al 2015). 
Grey  highlight: forward and reverse designed primers used for 1st  construct of Hsp83-dsRNA 
(designed by Aboelsoud Rasha). 
blue highlight: forward and reverse designed primers used for 2nd construct of Hsp83-dsRNA 
(designed by Alexander Rüschoff 2014). 
Hsp83 has two exons, Blue letters represent exon 1 and Black letters represents exon 2. 
 

 

Figure (S3): A schematic overview of the cytosolic Hsp90 (recently called Hsp83) gene mRNA 
sequence showing the position of the primers used in this study. Green highlights represent forward 
and reverse designed primers used for RT-qPCR (Peuß et al 2015). Grey highlights represent forward 
and reverse primers for Hsp83-dsRNA construct (A) designed by Rasha Aboelsoud. Cyan highlights 
represent forward and reverse primers for Hsp83-dsRNA construct (B) designed by Rüschoff  (2014). 
Hsp83 has 2 exons: Blue letters represent exon 1, Black letters represent exon 2.  
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Tribolium castaneum heat shock protein 68a (hsp68a), mRNA 

NCBI Reference Sequence: NM_001170728.1 
 
>NM_001170728.1 Tribolium castaneum heat shock protein 68a (hsp68a), mRNA 
 
ATCAAGCGAAGCGAAAGCAACAAAGCTAAGCAAGCGACTCAAATCAAATTTTCAAAGCGACTTTAACAAA 
GTTGAGTGAATTATTTACTAGTGAATTCAAAGTAAATCGAAAAGTGCAAAAATGGTGAAATCTCCAGCAG 
TTGGTATTGACTTGGGAACGACCTATTCCTGCGTCGGAGTCTGGCAGCATGGAAAAGTCGAGATCATCGC 
CAACGACCAAGGTAACAGAACTACCCCAAGTTATGTTGCCTTCACCGACACCGAGCGCCTTCTCGGAGAC 
GCTGCCAAGAACCAAGTTGCCATGAACCCCAGCAACACCATTTTCGACGCCAAACGATTAATCGGAAGGA 
AATTCGACGACCCGAAAATCCAACAAGACATCAAACACTGGCCCTTCAAAGTCATCAACGATTGTGGCAA 
GCCGAAAATTCAAGTCGAACACAAGGGAGAAGTCAAGAAGTTTGCACCGGAAGAAATCAGTTCGATGGTG 
CTGACGAAGATGAAGGAAACAGCCGAAGCTTATTTGGGAACTAGTGTGAGGGACGCCGTCATCACAGTCC 
CGGCATATTTCAACGACTCACAGAGGCAAGCCACAAAGGACGCCGGTGTTATCGCCGGTTTGAACGTCAT 
GAGGATAATTAATGAACCGACAGCGGCTGCATTGGCTTATGGGTTAGATAAGAATTTGAAGGGCGAAAGA 
AACGTCTTGATCTTCGATTTGGGTGGTGGCACTTTCGACGTGTCTATTCTAACTATCGACGAAGGCTCGT 
TGTTTGAAGTAAGAGCCACTGCAGGTGACACCCACCTCGGTGGTGAAGACTTCGATAACCGCCTTGTTAA 
CCACTTGGCCGACGAATTCAAACGCAAATACAAGAAAGATCTGAGAAGCAATCCGAGGGCTTTACGACGA 
TTGAGAACCGCCGCTGAAAGAGCGAAGCGAACCTTGTCTTCGAGCACCGAAGCATCGATTGAAATCGACG 
CCCTCTTCGACGGAATTGACTTCTACACCAAAGTCAGCAGAGCAAGGTTCGAAGAACTGAACGCCGACCT 
GTTCAGAGGCACACTTCAACCAGTGGAAAAGGCCCTCACCGACGCTAAAATGGACAAAGGAATGATCCAC 
GACATTGTCCTCGTCGGCGGTTCCACTCGAATCCCGAAAATCCAACAACTCCTCCAGAATTACTTCAATG 
GAAAATCACTGAATCTCTCGATCAACCCTGACGAAGCTGTCGCCTACGGAGCCGCCGTCCAAGCGGCTGT 
TCTGAGCGGCGAAACCGACTCGAAGATCCAAGACGTGCTCCTCGTCGACGTGACTCCACTATCACTAGGT 
ATCGAAACCGCCGGAGGCGTTATGACGAAGATCATCGAACGCAATGCAAGAATCCCATGCAAGCAAACCC 
AAACCTTCACCACTTACGCCGACAACCAACCGGCCGTCACCATCCAAGTCTTCGAGGGTGAAAGAGCCAT 
GACAAAAGACAACAACCTTTTGGGAACCTTCGATTTAACGGGAATTCCACCAGCACCACGTGGAGTCCCG 
AAAATCGAAGTCACTTTCGACCTGGACGCCAACGGCATCCTCAACGTTTCCGCCAAAGACACGAGCTCCG 
GCAATTCTCGCAACATTACCATCAAGAACGACAAAGGAAGATTATCACAGAAAGATATCGACAGGATGGT 
CTCAGAAGCGGAACAATACAAGGAAGAGGATGAGAAGCAGAGACAAAGAATTGCCGCCAGAAACCACCTC 
GAAGGCTACATCTTCCAACTCAAGCAAGCCGTGTCCGACTGTGGCGACAAATTGTCTTCAGCGGACAAAG 
AAACTATAACGAGGGAATGTGACAGCTGCTTGCAATGGTTGGATGCCAACACTCTCGCAGAGAAAGAAGA 
ATACGAAGATAGACAGAAACAGCTGACTCAGATCTGCAGTCCGATTATGGCCAAATTGTATCAACAAGGA 
GCGCCTCAAGGAGGACAGATGCCTGGAAGCTGCGGACAACAAGCCGGCGGTTTCGGAGGACAGAGACAAG 
GTGGACCGACCATTGAAGAAGTCGACTAAGTCATTAAATTA 
 

Green highlight: forward and reverse designed primers used for RT-qPCR. Figure (S4): A schematic overview of Hsp68a gene mRNA sequence showing the position of the 
primers used in this study. Green highlights represent forward and reverse designed primers used for 
RT-qPCR (Peuß et al 2015). 
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PREDICTED: Tribolium castaneum dachshund homolog 1 (LOC652934), transcript 
variant X2, mRNA 
 
NCBI Reference Sequence: XM_015979175.1 
 
>XM_015979175.1 PREDICTED: Tribolium castaneum dachshund homolog 1 
(LOC652934), transcript variant X2, mRNA 
 
TTGTACCCGGCGAGTGTACCGGTCGTGTCCGCACCAGTCGAGTACAGAGTGTACCCCGTGCGCACGACGC 
CCCGCCCGGCCATCCATCCGAGCCCTCACTGTTGCGACTCCTCTTCTGGGTGATGGACTCTGGTGCAGTG 
CTCTAGGTGTTCGCGTCGCGATGGACAACTCCGGGATGGACTCCGCCAGCGAGCACAGCAGCCACGCGTC 
CTCGGGCTCGCCGGCCGTCGCCGTCAAGCCGTCGCCGTCGCCGCCCGCCGCCAACAGCAACACGCACCAG 
GTGCACAGCCCGCGCCAGGCCAGCCCGCTGGGGCCGCCCATGTCCATGGCGCACCCGCTGAGCCCGCCGC 
CCGTCAGCTCGGCCAGTCTGGCCCGCAGCATGGCTCTGGGCCACCTGCCGCCCCCCGGCTTGGGCTTGCT 
CAACTCGCTGGGGGTGCTGCACAGCCCTCTGGACCTCATGGCGCATCACGCACCGCCACGGTCCTACAAC 
AGCCCGCCGCCGATTTCCACCTCCGATCCCACGGCTAATGAGTGCAAACTGGTTGATTACAGAGGACAGA 
AGGTCGCCGCTTTTATCATCGCCGGCGATACCATGCTGTGTCTTCCGCAAGCCTTTGAGCTCTTCCTCAA 
GCACCTCGTCGGAGGACTGCATACGGTTTATACCAAGCTTAAAAGGCTAGACATCGTGCCGTTGGTTTGT 
AACGTCGAGCAGGTCAGGATCTTGAGAGGACTCGGTGCCATTCAACCAGGGGTTAACAGATGCAAGCTAC 
TCTCATGCAAAGACTTCGATACACTCTACAGAGACTGCACTACGGCCAGGCCCGGACGTCCTCCCAAGCG 
AGCGCCGGTGGGCCTCAGCCTCGCAGCATCGCATCTTCAACAGCAACAGCTCAAGAAACAACGCCTCGAC 
AACGGTGATTATCCGTACGAAAACGGACACATGGGTGCCGAGTTTCCACTTGACATAATGATGCGAAGAG 
ATATGTCAAGACTAGAAAAATCGCCGCTTTTGGCGAACGGTTACAATCATCCTCCTCATTTAAGTCACAT 
GCAGTTTATGCAACTTCCTCATCCGGCGGCTGCACATTCGGCACTCTTGTCGCCTGCGATGCCCCACAAT 
CTCACAAGACACGACGGCTCCGTTATAAAGAACCAAGGAATGCCCACGATGGAGGCTATAGCGAGGTCAG 
GCATTTGGGAAAACTGCAGGGCCGCGTACGAAGACATCGTCAAACATTTAGAAAGGCTGAGGGAGGAGCG 
GTGCGATCCCGACAGACCGCTGCCCTTGGACCAGAAAGCCAGGGACCTCAGTCCACGAAACGGCTCTCCG 
ACCGATCACAGTCCCGTGCTGAATCTGTCGAAGAGTGGCGGCGGCAGCGCCGGCTCGTTAGGGGACGGCG 
ACCATTCGGGCAGCGAAGCCGACGGGCCGGACGTCCCGCCGTCGCCGCGCTCCCCCAGGTCCGCCGCCGA 
GGACGAGGACGACGACAACATCTCCGACCCGGAGGACGACGACGACAAGGATCAAGACATGGACGAGGGC 
GACCTGCCCCTCCCGGCGGCCCCCGGGGGCGACTCCCAGCAGGCAGCCCTGAACTATTCGACTCTTGCGA 
GTGCGGTGGCTTCGGCCAACGGTCCTAGTCAAGACCCGAGCATTTCCTCGACGGAGACGCTGCTCCGCAA 
CATCCAGGGACTCCTGAAGGTGGCAGCGGACAACGCCCGCCAGCAGGAACGCCAGATCAACTACGAGAAA 
GCCGAATTGAAGATGGACGTGCTTCGGGAAAGAGAGGTGAAAGACAGCTTAGAAAGACAACTGGTCGACG 
AACAAAAAATGCGAGCACTGGTGCAGAAGCGGCTCCGGAGGGAGCGTCGCGCACGTCGGCGACTCCAAGA 
TCAACTGGAGGCGGAAGTCAAAAGACGCACCCTGATGGAAGAGGCCCTTAAGGCGGCGGGGGCCGCAGAA 
CAGCTCAGGATAATTAATGAAAAAGTGGCGCCGAGCGAGCAGAAGCTGAGCAACCCGAAGGTGACCACAA 
GCTCAACCCCAAACCAGAGCATCTCGTCGGAGCGTGAGAGGGTATCGGAACGTGTCGAAAGGATGGAAAG 
AGAACGTGTGGAAAGCCCACCGCCGGCATATGGGCAGCAAACTGTCCGAGAGCCGCCGCCACCTCCGCCC 
GAAAATAAGCCGTGGGGCTATTCCGGAATCGACCTCATGAATACCGGAGCCGCCTTCTGGCAGAATTACT 
CCGAATCCTTAGCACAAGAACTCGAATTGGAGAGAAAATCCCGGCAGCAACAAGTTGAGAGAGACGTGAA 
GTCACCGCTTCAAGATCGTTCCGGGTATTACAAAAATTCCATGCTGTTCACAAGCACGGCTACATAAACA 
TAACGTACGAGTTTTGCTTAGATAAAAGTATAAAGTAGGTTTTAGATCAGAGCGTACAGTGCTTAGCAAT 
GTTTCGATTGGTATTATGCATTCGTTTTAAACGAGATATTAAGTTTTTTCCTTAAAATACGTCCAGTGTC 
GTGGAGCATATCAGTTAGTGATTGTTTGATTTTTAAGACTGATTTTGGGCATGGAGAGGAACGATAACAA 
TTTCAGTACTTAACTTTTCTTATTGCTCAGAATTCGCACTTCGTGTACATAAACACACCTGTATATAATT 
TCTATTTTGTAATCCAACCCAATTACTTTACTATGACTGTTTGGAATTATTCTAATTAAATATCTCCGCT 
TTACATGTACATATGAGCGTCAGTATAAACCTGTAGAAAAGTCATTTTTCA 
 
Green highlight: forward and reverse designed primers used for RT-qPCR. 

Grey highlight: Tribolium castaneum partial mRNA for dachshund protein (dac gene) 

(confirmed sequence, NCBI ID: AJ307577.1). 

Yellow highlight: forward and reverse designed primers used for sequencing partial dac-mRNA. 

Figure (S5): A schematic overview of dachshund (dac) gene mRNA sequence showing the 
position of the primers used in this study. Green highlights represent forward and reverse 
primers used for RT-qPCR designed by the current study. Grey highlight represent confirmed 
sequence of Tribolium castaneum partial mRNA for dac gene (NCBI id: AJ307577.1). Yellow 
highlights represent forward and reverse primers used for sequencing partial dac-mRNA 
designed by the current study. 
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Figure (S6): Used DNA ladders Detailed band pattern of GeneRuler™ 1 kb 
DNA ladder and GeneRuler™ 100 bp DNA ladder 

Figure (S7): Map of the pZErO™-2 cloning vector 
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Figure (S8):  Percent of m
orphological abnorm

alities observed in untreated F2 adults originally produced after paternal H
sp83 knockdow

n using R
N

A
i w

here 
only fathers w

ere treated, injection achieved w
ith 100 ng/µl H

sp83-dsR
N

A
 of construct A

. These F2-betles w
ere produced from

 F1-pairing com
binations show

n 
on x axis w

here (a) F1-beetles w
hich show

ed leg phenotype and (b) F1 beetles w
hich did not show

  any abnorm
al phenotype. This figure show

s that the expression 
of ‘reduced eye’ trait w

as com
pletely independent of the expression of leg phenotype. F1 pair ID

 w
hich highlighted in “grey” cam

e from
 the sam

e parental fam
ily 

(P). Total num
ber of abnorm

al individuals / total screened num
ber from

 each pair is show
n above each bar.  

a 

b 
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Figure (S9): Proportion of ‘reduced eye’ trait in F2 adults checked in two independent repeated 
experiments (a) and (b). F2 beetles were produced after HSP90 inhibition in parental generation by 17-
DMAG at 100 µg/ml. Total number of screened individuals per treatment shown above each bar. (a) 12 
beetles out of 1905 of total screened F2 adults showed reduced-eye phenotype. These 12 beetles were 
produced only from two F1 pairs with 6.8% (6/88) and 3.8% (6/156). (b) 7 beetles out of 712 of total 
screened F2-beetles showed ‘reduced eye’ phenotype. These 7 beetles were produced from only one F1 
pair with 12.3% (7/57).  

a 

b 
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 a 

b 

c 

Figure (S10): Relative expression of Hsp68a gene as a strongly suggested molecular marker for the potential 
effect of HDACs inhibitors (sodium butyrate (NaB) and Trichostatin A (TSA). Expression was checked in 
virgin males and females fed on ethanol-flour discs contaminated with (a) 100 mM of NaB for 8 days (17-
DMAG monomorphic line). or (b) NaB (100 (repeated) and 500 mM and TSA at 50 µM) for 9 days (RNAi-
monomorphic line).  N= 3 biological replicates of pools of 3 beetles each. Expression is compared to the 
respective negative control (flour discs without the chemicals) (c) Expression in treated parents of RNAi-
monomorphic line which showed trait reversion in their offspring relative to parents which did not show trait 
reversion per treatment. N= 3 biological replicates of pools of single pairs. The expression for all is relative 
to that in the housekeeping genes RpL13a and Rp49. Given are the means and error bars which calculated 
by REST 2009.  
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Figure (S11): Scheme for partial sequencing of confirmed dac mRNA gene. Sequence was checked in 
three individual beetles either with normal- or reduced-eye. 
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