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ANNOTATION

This thesis consists of two published articles athbof which | am the first author, and
unpublished results. My studies using RNA intenfieee in the model beetl&ribolium
castaneum(Coleoptera) and non-model insects contribute ébnohg the core of juvenile
hormone signalling in insect metamorphosis. Resflstudies inTribolium presented in my
first publication identify the JH-resistance geviethoprene-tolerant (Me®s the first known
transducer of the anti-metamorphic effect of juleehiormone; my unpublished studies on a
true bugPyrrhocoris apterugHemiptera) demonstrate that role Mét in metamorphosis is
shared by insects with hemimetabolous and holoro&iab type of metamorphosis. The
second publication demonstrates that Met exerftsiitstion by regulating thBroad-Complex
(BR-C) gene, and studies ifribolium and the lacewinghrysopa perla(Neuroptera) show
that its central role ofBR-C in holometabolan metamorphosis has changed during
Holometabola evolution. My unpublished results shbat the gen&rippel-homolog lis
another Met target whose function in preventing precocious ametrphosis has been
conserved between the holometabolous beetle anthe@immetabolous true bughodnius
prolixus
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RESEARCH OBJECTIVES

The objective of my Ph.D. study was to understaomd Insect metamorphosis is controlled
by juvenile hormone (JH) at the genetic level. dstheen known for decades that by its
morphostatic function JH prevents insect larvaenmtetamorphose into adults, but the
mechanism through which JH exerts this effect raeediunresolved and the JH receptor
unknown.

(1) By means of systemic RNA interference (RNAi}e model beetl@ribolium castaneum

| aimed to clarify the significance of tihethoprene-tolerant (Megene for JH signalling.

(2) After | had found out tha¥let was a key mediator of the anti-metamorphic JH tiong |
studied inTribolium an epistatic interaction betwedéhet and a JH-regulated gene that is
necessary for metamorphosis, Br@ad-Complex (BR-C)

(3) To see whether the central role BR-C in pupal morphogenesis has been conserved
within holometabolans | studied the requirement B&t-C function in Tribolium and in a

neuropteran lacewin@;hrysopa perlaboth insects with a primitive type of holometabol

My ongoing research aims to investigate (4) whathes role ofMet in insects with non-
holometabolous development and (5) and what isftimetion of the JH-response gene

Krippel-homolog in insect metamorphosis andMetdependent JH signalling.



INTRODUCTION

Metamorphosis is a sudden and conspicuous morpiealoghange that occurs at a specific
time point during postembryonic development of ggeérom many animal lineages. Prime
attention has been given to metamorphosis in issebitsects are ubiquitous and
transformation of crawling juveniles to winged adut a remarkable and notoriously known
phenomenon. Moreover, insect metamorphosis appsaas ideal model situation for studies
on how developmental extracellular signals co-atircomplex morphogenesis at the tissue

and genetic levels.

ORIGIN OF INSECT METAMORPHOSIS

Metamorphosis is a common feature of all recentgeth insects (Pterygota). During
metamorphosis some or many organs undergo markkdkanpt change of form or structure,
the wing size increases dramatically and the wirtgcidation is formed (Kukalova-Peck
1991, Sehnal et al. 1996). With the exception of/fires (Ephemeroptera) metamorphosis

takes place at the transition from larval to adtdpes.

Why do insects metamorphose? Clues from fossilrdesbbow that metamorphosis evolved as
a necessary consequence of the emergence of wig®lpva-Peck 1978, 1983, 1991).

Development of wings in recent larvae is retaragdg pads are immobile, firmly fused with

terga and lacking articulation. However, wings ainyitive Paleozoic insects developed

gradually, larval wings were articulated and oldevae probably could fly (Rasnitsyn 1981,

Kukalova-Peck 1991) (Fig. 1). But laterally growingng buds were vulnerable and useless
during early instars, in which they could not pawieffective flight, and instead prevented
the larvae from moving into confined spaces andngidrom predators. Thus, selective

pressure favoured individuals in which wing develgmt was delayed until late instars.
Finally, the suppression became so advanced tlsatdden metamorphic change restoring
wings into their functional condition became a restty. Originally, metamorphosis occurred
between larval instars and was followed by seviesdbars of subimagoes (= flying juveniles)

and imagoes; only recent pterygotes do not undeagimetamorphic moulting. There is

evidence from the fossil record that metamorphasiginated independently in several

pterygote lineages: ephemeropterans, odonatoids;oleroids, orthopteroids, blattoids,
hemipteroids and holometabolans (endopterygotesjdkva-Peck 1978, 1983).



Figure 1: Larval wing development in metamorphic anl ametamorphic Pterygota.(A, B) Comparison of
larval development in metamorphic and ametamoripisiects on the example of recent and Permian neayfli
(A) Metamorphic mayfly larvae have immobile wing patsl a metamorphic instar (boxed) (arvae of an
extinct ametamorphic lineage have articulated, rotevand gradually developing wing pads; there is no
metamorphic instarQ) A young and an older larva of ametamorphic Megagtera. Note the laterally
outstretched wing pads. From Kukalova-Peck (1991).

TYPES OF METAMORPHOSIS

In modern insects, not only wings but also othgaas, like the genitalia and cuticle, undergo
metamorphosis. Within the over 250 million yearsicsi the emergence of the first
metamorphosing insects, several types of postemhrydevelopment and metamorphoses
have evolved (reviewed in Sehnal et al. 1996, StykSobotnik 1999, Hemming 2003); their

main currently recognized categories are summais@dble 1.

Mayflies (Ephemeroptera) are the only group of mopdensects that retain two
postmetamorphic (flying) instars, the non-reprotécsubimago and the imago. In all other
insects, metamorphosis is followed by a single taskialge. In hemimetaboly, manifested for
example in true bugs (Hemiptera), cockroaches {@lat) and grasshoppers (Orthoptera),
external wing rudiments (wing pads) begin to apgean a certain larval instar or as late as
in the final larval instar. Functional wings, getid and other imaginal structures fully

develop during metamorphosis at the end of the famaal instar.

The recently most widespread and best studied noefdmt strategy is holometaboly. Unlike
hemimetabolans, holometabolous insects form a ntofefic unit, the Holometabola (=
Endopterygota = Oligoneoptera) (Kristensen 1999rvae differ morphologically from



Table 1: Types of postembryonic development with igard to metamorphosis in recent insects.

developmental type

present in lineages

specific ontogenetic features

metamorphic change

ametaboly (no
metamorphosis)

prometaboly

hemimetaboly

remetaboly’

allometaboly*

parametaboly*

holometaboly

Archaeognatha,
Zygentoma

most Ephemeroptera

some Ephemeroptera,
Odonata, "Polyneoptera”,
most Paraneoptera

Thysanoptera

Aleyrodomorpha

male Coccomorpha

Holometabola =
Endopterygota

gradual developemnt without
metamorphosis, several imaginal instars

older larval instars with immobile wing
pads, two postmetamorphic instars (final
larva = subimago, imago)

older larval instars with immobile wing
pads

wing pads first appear in the last two larval
instars that are quiescent

none of the larvae provided with wing
pads

wing pads first appear in the last two larval
instars that are quiescent

larvae without external wings and
rudiments of genitalia that first appear in
the quiescent final juvenile (pupa), usually
also ecological difference between larvae
and adults

none

penultimate larva with wing pads — flying final larva ("subimago")

final larva with wing pads — flying imago

antepenultimate wingless larva — penultimate larva Q with wing pads
penultimate larva Q with wing pads — final larva Q with wing pads
penultimate larva Q with wing pads — flying imago

final larva without external wings — flying imago

alike remetaboly

final larva without external wings — pupa (= Q juvenile with wing pads)
pupa — flying imago

! commonly called neometaboly
Q marks a quiescent stage. Metamorphic changéalicsiare less remarkable.
Based on Sehnal et al. 1996, Stys and Sobotnik.1999




adults and lack external wing pads and genitaliaickvfirst appear at the pupal stage (= a
quiescent final juvenile instar). Wings and someeotorgans may develop already in larvae,
but grow internally as so called imaginal discstthi@n externalize during larva-pupa
metamorphosis. Imaginal discs have evolved indegrthdin several lineages, for example
several times only within beetles (Tower 1903, $2ad992). During holometabolous
metamorphosis, larval tissues are reprogrammed saggientially form pupal and adult
structures whereas imaginal discs, if developedllatgive rise only to a few body parts,

primarily the wings.

A remarkable deviation from this typical mode igsén cyclorrhaphous Diptera that include
the genetic modeDrosophila melanogasteNijhout 1994). At metamorphosis, larval

epidermal cells of the head, thorax and abdomemngadprogrammed cell death, instead of
being reprogrammed, and are replaced by epithaitederive from large imaginal discs. Such
imaginal discs form as early as in the embryo, tipenv and become patterned during larval
stages. Abdominal epidermis also degenerates sdtaeting a pupal cuticle and is replaced
by adult abdominal epidermis that differentiatesrirhistoblasts. Clusters of these blast cells
are embedded in the larval epidermis and beginrtdifgrate rapidly at the onset of fly

metamorphosis (Bodenstein 1994).

Metamorphosis occurring through striking morphogenehanges and involving a quiescent
penultimate stage, similar to the pupa of Holomel@bhas evolved independently in several
lineages of Paraneoptera (Sehnal et al. 1996).farasting mode of this neometabolous
development occurs in whiteflies (Aleyrodomorph@jeper 1934, cited in Hemming 2003).
Wings are absent in all larval instars and larvaerpiologically differ from adults.
Metamorphosis to a fully winged imago involves ddesable histolysis and histogenesis at
the end of the quiescent final larval instar. Thterof metamorphosis thus exceeds that in

Holometabola, with no intermediate pupal stage.

HORMONAL CONTROL OF METAMORPHOSIS

20-hydroxyecdysone and juvenile hormone regulate nemorphosis

Insect metamorphosis is regulated by antagonistiora of two hormones, the steroid 20-
hydroxyecdysone (20E) and the sesquiterpenoid jlerbormone (JH) (Nijhout 1994). While
20E induces metamorphosis, JH prevents its effedt ensures that metamorphosis takes

place only at the right ontogenetic time.



Larval ecdysteroids are synthesized in the prothorglands (Gilbert 2004). In response to a
signal from the brain, the prothoracic gland seseecdysone, a relatively inactive
prohormone that is converted into the active 20Ehenfat body and epidermal cells (Nijhout
1994). Apart from metamorphosis, 20E is requiradoferiodic larval moulting (secretion of a
new and ecdysis of the old cuticle) and thus 2Q&r tiises several times during larval
development. It is due to the presence of JH, dymioof the corpora allata glands, in young
larvae that the pro-metamorphic function of 20BIecked, and thus moulting to a next larval
stage takes place. After reaching a critical bodgsn JH level decreases and a surge of 20E

induces the metamorphic changes.

The anti-metamorphic JH function was first demaatstl in the hemimetabolous true bug
Rhodnius prolixugWigglesworth 1934, 1936). When larvae of the pigmate (thus non-

metamorphic) instar were decapitated so that tlipoca allata gland was removed, some
showed partial development of adult characters sisclwings, genitalia, or cuticle structures;

later this effect was obtained also in youngerarss{Wigglesworth 1985).

The essential role of JH in preventing precociowetamorphosis has been validated in a
number of hemimetabolous and holometabolous insEgfseriments with ablation of corpora
allata glands (allatectomy) (Wigglesworth 1954, 39&taal 1986) have recently been
confirmed by genetic studies. Transgenic silkworBembyx mori overexpressing JH
esterase, a JH degradative enzyme, metamorphosedpte and next to adults before
reaching the final instar (Tan et al. 2005) juste lisiikworms that had been surgically
allatectomized (Bounhiol 1938, Fukuda 1944). Premcc pupation was observed in the
beetleTribolium castaneunafter RNA interference (RNAI) mediated silencirfgtloe juvenile
hormone acid O-methyltransferase (JHAMJEne, encoding a key enzyme in JH biosynthesis
(Minakuchi et al. 2008a). Interestingly, in somddmeetabolans the response to the absence
of JH may be so strong that certain tissues dyen#dtamorphose from the larval to the adult
state (Williams 1961, Kiguchi and Riddiford 1978).

Ectopic JH and its analogs supplied to larvae bltekir metamorphosis and may instead
cause moulting to supernumerary larval stages. I&iyiin holometabolous pupae, which
normally have low endogenous JH, ectopic hormomegnts metamorphosis to adults, and
leads to moulting into a second pupal instar. Thil4, function is to keep the current
developmental state, the “status quo” (Williams9,9861).
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Hormonal regulation of metamorphosis Dfosophila and other cyclorrhaphous Diptera
differs in that it mostly relies on ecdysteroidsiaa independent of JH. Ectopic JH cannot
induce supernumerary larval instars and only ingeuip causes deposition of a second pupal
cuticle on the histoblast-derived abdomen and d&fa@s of the genitals (Srivastava and
Gilbert 1968, Postlethwait 1974, Sehnal and Zddr@k6, Zhou and Riddiford 2002). The
latter phenotype was also observed upon misexpres$ithe JH-producing enzyme JHAMT
(Niwa et al. 2008). However, unlike ifiribolium the presumed depletion of JH by RNAI
silencing of JHAMT did not result in precocious metamorphosiDnosophila (Niwa et al.
2008).

Genetic studies on hormonal signalling

There has been an ongoing effort to understanchdineonal signalling that directs insect
development at the genetic level. An early mod@laring how genes are activated by 20E
derives from detailed studies on puffs of Br@sophilapolytene chromosomes (Ashburner et
al. 1974). In this model an ecdysteroid receptoeatly activates a set of early puffs, which
correspond to early-transcribed genes. The regubirly regulatory proteins then induce
many late puffs, or genes, while repressing thewn aactivity. With modifications, the
Ashburner model is still accepted over 30 yearsrait had been formulated. Molecular
characterization of the early puffs led to the tiferation of transcription factors, namely
E74, E75 and Broad-Complex (BR-C) (reviewed in Tme#h1996, Kozlova and Thummel
2000). Many other players in the ecdysone cascateding the 20E receptor (ECR; Koelle et
al. 1991, Yao et al. 1992, Thomas et al. 1993)ermottuclear receptors, transcription factors,
and some of the downstream genes have been destuiloate. Functional analyses of these
proteins usingdrosophilagenetics have substantially improved our undedstanof steroid
hormone signalling. However, the mode of actiodldfremains a mystery and the search for
a JH receptor has not yet been concluded (RiddR26fi8B).

Despite the evolutionarily derivedrosophiladevelopment this genetic model has provided
vital clues by uncovering genes that function dgmnetamorphosis and are regulated by JH,
such asBR-C Met, usp and Kr-h1 (Berger and Dubrovsky 2005, Riddiford 2008). With
current reverse-genetic methods and primarily withadvent of RNAI (Fire et al. 1998) it is
now possible to extend genetic studies of JH atbarther, suitable insect models.

The tenebrionid beetl€ribolium castaneunprovides an excellent model for such a research.
Apart from the ease to keep it, the beetle offevade spectrum of molecular genetic tools,

including transgenesis (Berghammer et al. 1999)dpaulos et al. 2004), efficient RNAI
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(Bucher et al. 2002, Tomoyasu and Denell 2004, Tyas0 et al. 2008) and the sequenced
genome (Richards el al. 2008). Developmentmbolium and other tenebrionids is sensitive
to JH, as ectopic JH induces extra larval and punzaérs (Connat et al. 1984, Bouhin et al.
1992, Konopova and Jindra 2007) while JH deficieteads to precocious metamorphosis
(Nakakita 1990, Quennedey and Quennedey 1999, Matalet al. 2008a).

JUVENILE HORMONE RECEPTORS

Although receptor proteins for the pro-metamorphied moulting hormone 20E were
identified seventeen years ago (Koelle et al. 193 et al. 1992, Thomas et al. 1993), the
JH receptor is unknown to date. Like ecdysone,sJA $small lipophilic molecule capable of
penetrating cell membranes to the nucleus, whepreisumably regulates transcription of
specific genes. Two nuclear proteins, encoded byuttraspiracle (usp)and Methoprene-
tolerant (Met) genes, have been the most favoured JH receptatidedes of last years
(Gilbert et al. 2000, Truman and Riddiford 2002rdga and Dubrovsky 2005, Goodman and
Granger 2005, Riddiford 2008). However, there soatvidence that JH signals by a non-
genomic pathway via a plasma membrane receptor élhand Nijhout 2003). The main
guestion is whether JH merely acts by modulatirey ébdysteroid signalling molecules or
whether it uses its own signal transduction pathway

Ultraspiracle (Usp)

Usp is a nuclear hormone receptor, an insect haynoldhe vertebrate retinoid X receptor
(RXR) (Henrich et al. 1990, Oro et al. 1990, Sheale1990). Like RXR, it functions as a

heterodimeric partner of other nuclear receptorduding the receptor of 20E (EcR) (Yao et
al. 1992, Thomas et al. 1993, Henrich et al. 184#herland et al. 1995, Hall and Thummel
1998).uspexpression responds to both 20E and JH (Hirunah 999, Barchuk et al. 2004).

These facts make Usp an attractive candidate thradngch JH might modulate 20E effects.

DrosophilaUsp has a large hydrophobic pocket that coulddeaimed by a lipophilic ligand
(Clayton et al. 2001, Billas et al. 2001). It ha=eb proposed that the ligand might be JH,
because JH can bind, even though with a low affiritie Drosophila Usp protein and can
cause its conformational change that in turn le¢ada reporter gene activation (Jones and
Sharp 1997, Jones et al. 2001, Xu et al. 2002, Mia&l. 2004, Fang et al. 2005). Later work
has shown that Usp binds a JH precursor methyefarate with a much higher affinity than
that for JH itself (Jones et al. 2006), but whetiethyl farnesoate can be a transcriptionally

activating ligand is unclear. A recent finding thatther complicates our understanding of
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Usp function suggests that the Usp/RXR ortholognftbe locustl(ocusta migratoria binds,
at nanomolar rates, retinoic acid, which naturaltgurs in the locust embryos (Nowickyj et
al. 2008).

Other findings argue against the possibility thapls the JH receptor. (1) It has been shown
that usp of mecopteroid insects, including dipterans, hadengone rapid evolution and thus
differs markedly fromusp of other insects (Bonneton et al. 2003, 2006) t@ilsyraphic
studies on the non-mecopteroid Usp/RXR ortholognfiiribolium have revealed that the
ancestral type of this insect protein cannot bevaietd by either juvenile hormone or retinoic
acid ligands in vitro or in vivo (lwema et al. 2Q@3t see contradictory evidence for retinoic
acid binding by locust Usp/RXR [Nowickyj et al. ZR (2) The non-mecopteroid locust
Usp/RXR does not bind JH either alone or in comibmmawith EcCR (Hayward et al. 2003).
(3) DrosophilaUsp binds functional JH weakly, at non-physiola@didoses, and biological
significance of higher-affinity ligands such as hgtffarnesoate (Jones et al. 2006) is unclear.
These ligands might be specific to the structurdéyived type oDrosophilaUsp. (4) Finally
and perhaps most importantly, loss-of-function mhwgnes observed fausp in Drosophila
(Henrich et al. 1994, Hall and Thummel 1998) ooiiher insects (Martin et al. 2006, Barchuk
et al. 2008, Tan and Palli 2008, and our unpubtisth&a) do not support deficiency of JH
signalling. Taken together, although Usp likely tiggpates somehow in JH signalling, it
probably does not function as the bona fide JHptere

Methoprene-tolerant (Met)

Role ofMetin development

Met is a basic helix-loop-helix (bHLH)-PAS trangation factor (Ashok et al. 1998, Miura et
al. 2005).Met mutations rendebDrosophilaresistant to morphogenetic effects of JH and its
mimics, e.g. methoprene (Wilson and Fabian 198@8d#ird and Ashburner 1991, Wilson et
al. 2003). Met binds JH and methoprene, but neicttrally related compounds lacking JH
activity, at nanomolar (physiological) concentrago(Miura et al. 2005). Met is present in
embryos and larval and imaginal tissues (includargal and adult salivary glands, gut cells,
imaginal discs, abdominal histoblasts in pupae @mtoductive organs) that represent JH
target sites (Pursley et al. 2000rosophila Met genetically interacts with a 20E- and JH-
response genBroad-Complex (BR-Q)Wilson et al. 2006a; and see below).

DrosophilaMet has a paralog, thgerm-cell expressed (gcgene (Godlewski et al. 2006,
Wang et al. 2006)gce mRNA occurs in early embryos and later in a sulo$egerm cells
(Moore et al. 2000). In other insect genomes indgdbasal dipteran mosquitoes, only single
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Met/gceorthologs have been found (Wang et al. 2006). @asesequence comparisons and
intron positionsgce was identified as the ancestral gene of the Bvosophila paralogs.
Although neitherDrosophilagce function nor sites of its expression during pogigranic
stages are known, it is suggested to co-operateMat based on direct interaction of the two

protein products (Godlewski et al. 2006).

The existence ofjce may explain the absence of notable developmerdgtdcts in Met
mutants. Even flies with Klet null mutation develop normally to viable fertildudts (Wilson
and Ashok 1998, Wilson et al. 2006b) Slight anoasain these mutants include slower pupal
development, increased pupal mortality and delayes®t of egg laying (Minkoff and Wilson
1992), lack of bristles between posterior ommatidiaompound eyes (Wilson et al. 2006a),
lower interest in courtship and mating in males I§af et al. 2003), and reduced protein
synthesis stimulated by JH in the male accessaydgl (Shemshedini et al. 1990). Although
functional redundancy betwegte and Met could explain lack of more severe phenotypes
that would reflect disrupted JH signalling (Wilseh al. 2006b), it is unclear how mere
absence of Met causes resistance to JH toxiciterépression olet leads to death during
larval stages and shifts methoprene-induced léyhimbm pharate adults to larvae; lethality is
perhaps caused by changed Met/Gce ratio (Barrl 088). InDrosophilaS2 cells, Met is
not required for JH-dependent suppression of aotobial peptides that become
transcriptionally induced by an immune challengehi@ presence of 20E (Flatt et al. 2008).

Whethergcesubstitutes foMet in the innate immune response has not been tested.

Although the functional significance of each of iesophilaparalogs for JH signalling has
yet to be clarified, studies on their single ortdplin the beetlelribolium have brought
evidence thaiMet is critical for the JH-regulated entry into metapiwosis (Konopova and
Jindra 2007), an affirmative proof that had beerkiteg in Drosophila Finally, Tribolium
Met is required for JH-regulated expression of BR-C and Kriippel-homolog 1 (Kr-hl)
genes. Whether Met acts as the JH receptor, ie1@ascomponent or at another level of the
JH signal transduction still needs to be determibed as of now, Met can be considered the

best JH receptor candidate.

How could Met transmit the JH signal?

Being a bHLH/PAS family member, Met is expectedfuaction with a partner protein in
gene regulation. This partner might most likely @dHLH/PAS protein and/or a nuclear

receptor.
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A model bHLH/PAS transcription factor is the Arydrocarbon (dioxin) receptor (AhR), the
only vertebrate member of the family known to beurb and activated by small chemical
ligands (reviewed in Furness et al. 2007). AhRdesiin the cell cytosol bound to chaperones
and upon ligand binding to the PAS-B domain, inslacates to the nucleus. Nuclear AhR
releases chaperones and binds its partner, anbtheH/PAS family member, the Aryl
hydrocarbon receptor nuclear translocator (ARN®)upregulate expression of xenobiotic
metabolising enzymes. Apart from mediating the otic response, AhR has a
physiological function and can also be activatedemglogenous ligands; the xenobiotic-
detoxifying function could have been secondarilguaced (Barouki et al. 2007). The ligand-
activated AhR/ARNT heterodimer was shown to bind #strogen nuclear receptor and
regulate its transcriptional activity (Ohtake et 2003). AhR also functions as a ubiquitin
ligase that upon ligand binding selectively targeisx steroid receptors for protein
degradation, which leads to suppressed resporsextbormones (Ohtake et al. 2007). ARNT
serves as a universal partner for several bHLH/PASeins including AhR, the Hypoxia
induced factor (HIF-1alpha, and others). The insemnologs of AhR and Arnt are called

Spineless and Tango, respectively (Sonnenfeld &08l7, Emmons et al. 1999).

Immunoprecipitation assays showed thHatosophila Met had the capacity to form
homodimers or heterodimers with Gce; these intenastwere weakened in the presence of
JH (Godlewski et al. 2006). Met did not interacthwihe promiscuous bHLH/PAS partner
Tango (Godlewski et al. 2006). Yeast two-hybridagssindicated thaDrosophila Met
formed complexes with each component of the ecdyseneptor dimer EcR-Usp (Li et al.
2007), thus suggesting a mechanism through whichmight modulate the ecdysteroid
response (Dubrovsky 2005). How exactly could tresence of liganded or unliganded Met

affect signalling by the ecdysone receptor compexmatter of future studies.

Plasma membrane receptor

There is now evidence that JH might also act byoa-genomic pathway via a plasma
membrane receptor and protein kinase C (WheeleNghdut 2003, and references therein).
The identity of the plasma membrane receptor isuygnown. Probably both a genomic
pathway regulating gene transcription and a fagperating non-genomic pathway affecting
protein activity are integrated into executionlod tIH effects, similarly as has been shown for

ecdysone (lga et al. 2007).
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BROAD-COMPLEX (BR-C), A KEY JH-DEPENDENT REGULATOR OF
METAMORPHOSIS

BR-C encodes several BTB-zinc finger transcriptiondestproduced by alternative splicing
from the single gene. FolrosophilaBR-C isoforms, Z1-Z4, differ in the carboxy-terrain

DNA-binding domain containing 4, zinc-finger pairs (DiBello et al. 1991, Bayer dt a
1996). The common BTB is thought to enable BR-C &tvomnd heterodimerization and

recruitment of corepressors (Bardwell and Treist@®4, Perez-Torrado et al. 2006).

In DrosophilaBR-Cis a primary 20E-response gene whose expressanplgtrises during
larva to pupa metamorphosis. LosB&t-Cfunction in null mutants leads to death in thedhi
(final) larval instar and inability to initiate mahorphosis (Kiss et al. 1988). Understanding
of BR-Crole in metamorphosis of diverse tissues comesaiiy from studies on mutants of
three fully complementing genetic lodr (broad), rbp (reduced bristle number on palpus
and 2Bc (Belyaeva et al. 1980, Kiss et al. 1988) that latk Z2 and Z3 isoforms,
respectively (Bayer et al. 1997, Crossgrove et1896, Emery et al. 1994BR-C in
Drosophilais thus required for secretion of glue proteirmnfrlarval salivary glands (Guai
and Guild 1991, Karim et al. 1993, Crossgrove etl8b6) and for the glands’ subsequent
degeneration by programmed cell death (Jiang eR@D0). BR-C activity transforms the
apolysed final larval cuticle into the sclerotizegparium (Hodgetts et al. 1995, Bayer et al.
1997). During pupal developme®R-Cenables rebuilding the larval body into the aduk,
being essential for elongation, eversion and fusibmaginal discs (Kiss et al. 1988), for
development of flight muscles (Restifo and Whit®2Pand specific bristles (Belyaeva et al.
1980), for compound eye morphogenesis and photpi@cepecification (Brennan et al.
2001), for remodelling of the central nervous sys{®estifo and White 1991), the fat body
(Emery et al. 1994, Bayer et al. 1997, Mugat eR@00) and the midgut (Restifo and White
1992), and also for degeneration of the prothorglaind (Zhou et al. 2004).

Although BR-C transcripts were found in embryos as well as dutarval stages (Fletcher
and Thummel 1995, Zhou et al. 2004), developmemir pio metamorphosis proceeds
normally withoutBR-C (Kiss et al. 1988). Embryonic and larval lethaktyas observed in
double mutants foBR-C andE74, another 20E-response gene that alone also &strbes
necessary at metamorphosis (Fletcher and Thumn®&l) 1Bhis genetic interaction illustrates
that diverse combinations of interacting proteipecify the fate of discrete organs during

development.
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Gain-of-function experiments in transgenic fliedinked BR-C as a major specifier of pupal
development and an essential mediator of the Jkbhkid\fter pupal ecdysiBR-Cexpression
sharply drops and has to stay low or absent fopgrpupa to adult metamorphosis to occur
(Zhou and Riddiford 2002). Ectopic JH applicatibattleads to the secretion of another pupal
instead of adult cuticle on the abdomen re-indiBRsC expression in the entire pupal body.
Mere BR-C misexpression in the pupa mimics this JH effdaistbringing evidence th&R-

C is a true executor of the JH signal at this st&pmnversely, early8R-C misexpression in
second instar larvae caused premature expressiapbal cuticle gene and suppression of a
larval-specific cuticle gene, thus bringing evidertbatBR-C in Drosophila functions as a

“pupal specifier”.

Further demonstration of BR-C role DrosophilaJH signalling is its genetic interaction with
the JH binding protein Met (Wilson et al. 2006ahefe is a shift in the lethal phaserbp
Met or br Met double mutants into earlier stages of metamorghasid absence dlet also
reduces complementation between particBlR-C alleles. To explain wh¥8R-C mutation
and treatment with the JH mimic methoprene prodiicelar phenotypes, a hypothesis was
proposed that during the period of low JH levekrs beginning of metamorphosis BR-C
binds the non-liganded Met and thus regulates sspmr of pro-metamorphic genes (Wilson
et al. 2006a).

Functional studies in lepidopteraBgmbyx mol), coleopteran Tribolium castaneuinand
neuropteran Ghrysopa perla species have demonstrated a conserved roRRe€C in the
holometabolous metamorphosigR-C function was dispensable during larval growth, itait
absence led to severe lethal defects during lamgapnetamorphosis (Uhlirova et al. 2003,
Konopova and Jindra 2008, Parthasarathy 2008a,kbetwal. 2008). For instanc®R-C
absence perturbed pupal cuticle differentiationngviextension and compound eye
development like irDrosophila On the contrary, loss @R-Cin Tribolium and Chrysopa
slightly accelerated differentiation of adult chaeas in some tissues, while it still allowed
transition to the pupal state in others (Konopowa dindra 2008, Parthasarathy 2008a,
Suzuki et al. 2008). The lethal periodBR-C(RNAi)animals was in accordance with |BR-

C expression in larvae and its increase at the étigedinal larval instar. It was found in the
lepidopteranManduca sextahat BR-C repression in larvae was caused by high hemolymph
JH titer, and only JH decline in the middle of theal larval instar allowed pupal

commitment andBR-C induction by ecdysone (Zhou et al. 199BR-C regulation by JH in
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Tribolium pupae (Konopova and Jindra 2008) was similar & i Drosophila (Zhou and
Riddiford 2002).

In a JH-dependent mann®&R-Calso regulates hemimetabolous development (Eraayilet
al. 2006). By contrast to holometabolaB&-Cin the hemimetabolous true bu@r(copeltus
fasciatu3 was highly expressed in larvae but then, similar the situation in the
holometabolans, its expression ceased during aiftétrentiation.BR-C silencing by RNAI
in Oncopeltuslarvae prevented proper wing growth and change®ady color pattern
between instars. Thus, if RNAI is similarly effaaiin Oncopeltusand holometabolans, then
the hemimetabolous development is less dependeBRe@G function. Since th&R-Cgene is
found in several other non-holometabolans (Erezaret al. 2006, Konopova and Jindra,
unpublished data) it will be of interest to examitiee role of BR-C in other species’

development a find out hoBR-Cfunction might have changed during evolution.
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RESULTS

The following section is composed of two publishedicles and additional unpublished
results.

Published articles:

Konopova B, Jindra M. 2007. Juvenile hormone resistance gelethoprene-tolerant
controls entry into metamorphosis in the bedtldolium castaneumProc Natl Acad
Sci USA104:10488-10493.

Konopova B, Jindra M. 2008. Broad-Complex acts downstrearief in juvenile hormone
signaling to coordinate primitive holometabolan amebrphosisDevelopmeni35:559-
568.
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Juvenile hormone resistance genlethoprene-
tolerant controls entry into metamorphosis in the
beetleTribolium castaneum

Konopova B, Jindra M. 2007. Juvenile hormone resistance gelethoprene-tolerant
controls entry into metamorphosis in the bedttdolium castaneumProc Natl Acad Sci
USA104:10488-10493.

Besides being a spectacular developmental prooestsmorphosis is key to insect success.
Entry into metamorphosis is controlled by juveriilermone (JH). In larvae, JH prevents
pupal and adult morphogenesis, thus keeping thexins its immature state. How JH signals
to preclude metamorphosis is poorly understood, adiH receptor remains unknown. One
candidate for the JH receptor role is the Methopiteterant (Met) Per-Arnt-Sim (PAS)
domain protein [also called Resistance to JH, RslH], whose loss confers tolerance to JH
and its mimic methoprene in the fruit fBrosophila melanogasteHowever,Met deficiency
does not affect the larval—-pupal transition, pdgdiecause this process does not require JH
absence iDrosophila By contrast, the red flour beefleibolium castaneunms sensitive to
developmental regulation by JH, thus making anlidgatem to examine the role bfetin

the antimetamorphic JH action. Here we show thatained function of théMet ortholog
TcMetrendersTribolium resistant to the effects of ectopic JH and, inr&kisgy contrast to
Drosophilg causes early-stage beetle larvae to undergo @oesometamorphosis. This is
evident asTcMetdeficient larvae pupate prematurely or developcsijoe heterochronic
phenotypes such as pupal-like cuticular structuaspmendages, and compound eyes. Our
results demonstrate thatMetfunctions in JH response and provide the critie@dlence that
the putative JH receptor Met mediates the antimetphic effect of JH.

Metamorféza je pozoruhodny okamzik ve vyvoji hmyzahoZz spu®hi je regulovano
juvenilnim hormonem (JH). U larev, JH brzdi morfogei v kuklu a dosfice, a udrZuje tak
jedince v juvenilnim stadiu. Jen malo rozumime topakym zpisobem signal JH brani
metamorféze, receptor JH neni znam. Jednim z katidita JH receptor je Methoprene-
tolerant (Met) [téZ zvan Resistance to JH, RstH],)protein obsahujici Per-Arnt-Sim (PAS)
domény, jehoz ztrata #pobuje u octomilkyDrosophila melanogastamnecitlivost k JH a jeho
analogu methoprenu. AvSak absence gbkfet nema vliv na larvakrkuklovou geménu,
pravdpodobré proto, Ze tento proces nenDuosophila tolik zavisly na nefitomnosti JH.
Naopak vyvoj brouka potemtka Tribolium castaneunge citlivy k regul&nim &inkam JH,
coz z tohoto druhiini idealni model pro vyzkum rol®élet v procesu, kterym JH brani
metamorféze. My zde ukazujeme, Ze ztrata funkdbolium orthologu genuMet, TcMet
zpasobuje rezistencitgi efektim ektopického JH a narozdil @fosophilg vede k pedtasné
metamorféze mladych bréich larev. Larvy s naruSenou funkdicMet se totiz Kkukli
piedcasre anebo vykazuji jiné znamky vyvojové heterochronako gitomnost kuklow
specifickych kutikularnich atvér kuklow utv&enych kowgetin a vyvojem sloZenych¢d
NasSe vysledky demonstruji, ZEcMet funguje v odpo¥di na JH a finaSime vyznamny
dukaz, Ze domély receptor JH Met, zprasgdkovava metamorfézu inhibujici efekt JH.

BK's contribution: 90%
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Broad-Complex acts downstream of Met in juvenile
hormone signaling to coordinate primitive
holometabolan metamorphosis.

Konopova B, Jindra M. 2008. Broad-Complex acts downstrearivief in juvenile hormone
signaling to coordinate primitive holometabolan amorphosisDevelopmeni35:559-568.

Metamorphosis of holometabolous insects, an elabataange of form between larval, pupal
and adult stages, offers an ideal system to stuelyeigulation of morphogenetic processes by
hormonal signals. Metamorphosis involves growth difigérentiation, tissue remodeling and
death, all of which are orchestrated by the morphegis-promoting ecdysteroids and the
antagonistically acting juvenile hormone (JH), whgwesence precludes the metamorphic
changes. How target tissues interpret this combirateffect of the two hormonal cues is
poorly understood, mainly because JH does not ptelaeval-pupal transformation in the
derivedDrosophilamodel, and because the JH receptor is unknown. &/e recently used
the red flour beetl@ribolium castaneuno show that JH controls entry to metamorphosis via
its putative receptor Methoprene-tolerant (Met)rdjlave demonstrate that Met mediates JH
effects on the expression of the ecdysteroid-respayeneBroad-Complex(BR-Q. Using
RNAI and a classical mutant, we show thabolium BR-Cis necessary for differentiation of
pupal characters. Furthermore, heterochronic coatioims of retarded and accelerated
phenotypes caused by impaiR-Cfunction suggest that besides specifying the ptatal
BR-C operates as a temporal coordinator of hormonalguleged morphogenetic events
across epidermal tissues. Similar results were alstained when using the lacewing
Chrysopa perlaNeuroptera), a member of another holometaboloosmmwith a primitive
type of metamorphosis. The tissue coordination c6lBR-C may therefore be a part of the
Holometabola groundplan.

Metamorféza holometabolniho hmyzu je slozitd vyv@djoznmeéna mezilarvou, kuklou
a dosplcem, a poskytuje idealni modelovy systém pro stedi hormonalni regulace
morfogeneze. Metamorféza zahrnujestr a diferenciaci, igtvé&eni tkani a bunou smrt.
VSechny tyto procesy jsou regulovany jednak ekagglg, které podécuji morfogenezi

a jednak antagonisticky apobicim juvenilnim hormonem (JH), jehoZitpmnost bréani
metamorfickym zminam. Jen malo rozumime tomu, jak cilové tkaghodnocuji spokné
pusobeni&chto dvou hormonalnich poétd, a to gedevSim proto, Ze JH neowvivje larvalré
kuklovou prom¢nu u modeluDrosophila a protoze JH receptor neni znam. My jsme
na broukovi Tribolium castaneumnedavno ukéazali, Zze JHidi vstup do metamorfozy
pies Methoprene-tolerant (Met), do#y receptor JH. Zde demonstrujeme, Ze Met
zprostedkovava JH efekt regulaci expredgroad-Complex (BR-C) genu ftizeného
ecdysteroidy. Pomoci RNAIi a klasického mutanta ujeme, Ze BR-C u Tribolium je
nezbytny pro diferencici kuklovych znak Heterochronni fenotypy vyvolané naruSenim
funkceBR-Ca projevujici se zpoZdim a urychlenim vyvoje naztigi, Ze krong specifikace
kuklového stavu, BR-C funguje jako casovy koordinator hormonain fizenych
morfogenetickych procésv epidermalnich tkanich. Podobné vysledkingsly pokusy se
zlatoatkou Chrysopa perla (Neuroptera), zastupcem dalSi holometabolni skupin
s primitivnim typem metamorfézy. Tkévé koordina&ni role BR-C tak mize byt sodasti
zakladniho planu Holometabola.

BK'’s contribution: 85%
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ROLE OF THE METHOPRENE-TOLERANT (MET) GENE IN HEMIMETABOLOUS
DEVELOPMENT (UNPUBLISHED RESULTS)

There is now strong evidence thMet is a key mediator of the JH signal and a regulafor
metamorphosis in holometabolous insects (KonopodaJandra 2007, 2008). However, it is
unknown whetheMet has a similar role in species with other typesi®felopment. To test
Met function in a non-holometabolan insect, | chdise linden bugPyrrhocoris apterus
(Hemiptera). By touch-down PCR with degenerate prarfollowed by RACE reactions |
isolated a fragment of Byrrhocoris Metortholog, PaMet A 953-bpPaMet sequence was
used for RNAI studies.

Pyrrhocorisdevelops by five larval instars in which wings\gras black immobile wing pads
(Fig. 2A). During metamorphosis, wings elongatezdme articulated and change colour (Fig.
2A). Melanin pigment disappears from particular gviareas so that the underlying red
epidermal pigment becomes visible (Socha 1993).Mhejected early second instar larvae
with PaMetdsRNA, all (n=11) moulted to normal third insthyt after another moult 8 (=
73%) showed precocious differentiation of adultrelters (Fig. 2B). None of the control
larvae (n=6) that had been injected with heteralisggfpdsRNA showed any developmental

abnormalities.

PaMet(RNAi)

egfp dsRNA

Figure 2: PaMetsilencing inPyrrhocorisinduces precocious development of adult featuregd) Control
larva that had been injected wighfpdsRNA, B) wild-type adult (= a post-metamorphic stag€) & larva-
adult intermediate that had been injected \WwitMetdsRNA.PaMetsilencing led to wing coloration similar to
that of adults (compare arrow in C with A and B)hi&' in control larvae wing pads were firmly attadro
terga, wing pads d?aMet(RNAi)individuals were separated by a suture, sugge#taigwing articulation
enabling wing folding in adults is being formed rfguare arrowheads in A-C). While abdomens of conamiae
is orange, dark color (melanin) appears on abdomERaMet(RNAi)animals, thus mimicking the situation in
adults (compare asterisks in A-C). Larvae had ligjented in early second instar and photographebén
fourth instar. Anterior is to the top in all panels
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This experiment demonstrated tivet function in regulation of the entry into metamoopls
has been conserved between holometabolous and le¢sbiolous insects. Next step in this

project will be to test wheth&aMetalso mediates the JH signal.

ROLE OF THE KRUPPEL-HOMOLOG 1 (KR-H1) GENE IN INSECT
METAMORPHOSIS (UNPUBLISHED RESULTS)

Next to BR-C Kr-h1l is another, only less studi€arosophilazinc finger gene (Schuh et al.
1986) that mediates both ecdysone and JH respéimdey embryosKr-hl expression is
centered to neurons (Beck et al. 2004), but ldtexpands and becomes ubiquitous at the
onset of metamorphosis (Beck et al. 200%)-h1 mutants show lethality already during
embryogenesis and early larval developmentKttil function becomes most critical during
the prepupal stage (Pecasse et al. 2000). By meglitte ecdysone primary response,
DrosophilaKr-h1l regulates a battery of genes includiBB-C (Beck et al. 2004, 2005). In
DrosophilapupaeKr-hl is epistatic tdBR-Cduring the response to ectopic JH (Minakuchi et
al. 2008b)Kr-h1 gene responds to JH alsoApisandTribolium (Hewes 2008, Minakuchi et
al. 2008b, Parthasarathy et al. 2008a). Tinbolium larvae, Kr-h1 mRNA expression
decreased afteMet silencing and increased aft&R-C silencing (Parthasarathy et al.
2008a,b).

My ongoing research aims to clarif§r-h1 function in the holometabolougibolium and in

the hemimetabolous true b&lodnius prolixusPreliminary results are summarised below.

Tribolium Kr-h1 (TcKr-h1) expression declines at time points critical for ntamorphosis

| have isolated a cDNA of thEribolium Kr-h1 gene(TcKr-h1)that predicts 82% amino acid
identity with itsDrosophilaortholog in the conserved zinc finger domain. Esggion of the
Kr-h1 transcript peaked in late embryos; then moderatel$ were seen throughout the non-
metamorphic 5th larval instar (Fig. 3). In the nmesaphic final (8th) larval instarTcKr-hl
MRNA expression was low at the beginning and dedlito undetectable levels at the end of
the feeding period (48 hours), at which time inductof pupal development (pupal
commitment, Riddiford 1976) probably takes placaddrate levels of expression appeared
in prepupae (i.e. pharate pupae, the last two déayke Tribolium final larval instar when
pupal characters differentiate). TAeKr-h1l transcript was undetectable during the pupal

stage when metamorphosis to adult takes place.
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Thus, TcKr-h1l expression profile reflects metamorphic changed @a MmRNA levels
decrease at time points when in holometabolansa#-dbe low for metamorphosis to occur
(Nijhout 1994). This suggests th&t-h1 regulates multiple JH-dependent steps during éeetl

development.

embryo 5th instar 8th instar pupa adult

12 24 36 48 60 72 0 24 48 0 24 48 72 84 0 24 48 72 96 108 F M
TeKr-h1 |00 e [ ] | v - | [
e e e T e

Figure 3: TcKr-h1l expression in wild typeTribolium. Total RNA from the indicated stages was subjected t
DNase treatment and RT-PCR with primers ToKr-h1 and controkp49 genes. Numbers indicate hours since
egg laying or ecdysis. F and M, 10-day old femalaes males, respectively. The prepupal stage begiasound
72 hours after the last larval ecdysis.

TcKr-h1 silencing in youngTribolium larvae induces precocious metamorphosis directly
to imago

To see what is the role #fr-h1 in Tribolium metamorphosis]cKr-h1l was knocked down
during the non-metamorphosing larval instar. Notlmalribolium metamorphosis starts at
the end of the final, seventh or eighth larvalanstvhen the larva enters the prepupal stage.
Injection of TcKr-h1l dsRNA at the beginning of the fifth larval instad to formation of
(eventually lethal) prepupae already at the enth@fsixth instar (Fig. 4C) in all experimental
animals (n=12). After | had removed the apolyseddkcuticle, seven of these animals
resembled nearly perfect adults, while others Idokdes pupae or pupal-adult intermediates
(compare Figs. 4D-F with A and B). No such heteronlg was seen in any individuals that
had been injected with contregfpdsRNA.

These results suggest that theKr-h1 function in the postembryonic beetle life is todk
morphogenesis. First,cKr-h1lin young larvae keeps them at the larval stage,d&cline of
TcKr-h1l triggers metamorphic changes. This is evidenceet ly the fact thaflcKr-
h1(RNAI) larvae entered metamorphosis precociously. Seconlr-hl reappearance in
prepupae normally interrupts the larva to adultamarphosis that had just started and as a
result the intermediary pupal stage appeacKr-h1(RNAi)preventedKr-hl upregulation in
the prepupal stage (Fig. 3), thus the larvae metainesed directly to adults, bypassing the
pupa. Appearance of pupal features in sdmmi€r-h1(RNAi)animals was probably caused by
a weaker RNAI effect. Pupal-adult intermediategy(FIE) were likely caused by unequal
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strength of RNAI among tissues. In summargKr-hlis a vital regulator of holometabolous

metamorphosis.

TcKr-h1(RNAI)

| wtpupa | wtadult

Figure 4: TcKr-h1 silencing inTribolium leads to precocious metamorphosis bypassing thegal stage.(A)
Wild-type pupa, B) wild-type adult, C-F) TcKr-h1(RNAi)phenotypesTcKr-h1silencing in the fifth instar
larvae leads to lethality in precocoius sixth ingteepupae (C). After manual removal of the laxuicle the
insects either resemble pupae with short wings pasearrows in D and A) and pupal gin traps (asiterin A
and D and inset in D), or pupae with adult featyEs such as adult legs and anterior part of #edh(black
arrowheads), but most of them looked like adul)swith short wings differentiated into elytrae (cpoane white
arrowheads in F with B) and membraneous hind wings shown). Panels are not in scale. Anterioo ithé top
in all panels, to the left in the inset in F.

TcKr-hlis a target ofTcMet

Next, | wanted to see what is the relationship lkeetw cKr-h1 andTcMet We have shown
(Konopova and Jindra 2008) that Tmibolium pupaeTcMet function is required for lethal
effects of ectopic JH and for JH-dependent uprdiguiaof the TcBR-Cgene. | used cDNA
samples from these same experiments and repe@& &P CR with primers for thecKr-h1
gene. LikeTcBR-C(Fig. 5A, also see Konopova and Jindra 2008), esgpon ofTcKr-hl
remains induced during all four days of pupal depaient once the JH mimic methoprene
had been applied to freshly ecdysed pupae (Fig. B&)et silencing before methoprene
treatment prevents this upregulationTaKr-h1 by methoprene (Fig. 5B) in the same way it
prevents misexpression dicBR-C (Fig. 5B, Konopova and Jindra 2008). These results
showed thatTcKr-hl is another gene regulated BcMet in response to JH. Future

experiments are necessary to clarify what is thiomship betweeicKr-hlandTcBR-C
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Figure 5: TcMetis required for TcKr-h1 upregulation by the JH mimic methoprene.(A) Tribolium pupae
aged up to 1 hour after ecdysis were briefly dipipéal 0.3 mM methoprene or its solvent acetonea(i) tested
(3-4 pupae per sample) focKr-h1andTcBR-CmRNA expression at the indicated times (adults radism
emerge after 108-120 hour3cBR-Cexpression was reported previously and is showa teedemonstrate
similarity in the response. AlthougftKr-h1expression in control pupae was undetectable, airlthat in
intact pupae of corresponding age (see Fig. 8)ag markedly induced by methoprer®) Early prepupae were
injected either witlregfpor TcMetdsRNA, and within four hours after pupal ecdysisevmeeated with
methoprene or acetone. Shown are exampl@skif-h1 mRNA expression in two individual pupae aged 48
hours. Methoprene could not induteKr-h1in TcMet(RNAipupae. Similar results were obtained with all
examined pupae (at least eight for each treatmage)] either 48, 72 or 96 hours. Arrows highligbKr-h1
expression. Expression nf49 serves for control.

Kr-h1 silencing in the hemimetabolous true budrhodnius prolixusleads to precocious
wing metamorphosis

Finally, to see whetheKr-hl plays any essential role also in non-holometal®lou
development | examined loss-of-function phenotypesthe hemimetabolous true bug
Rhodnius prolixusA 940-bp fragment oRhodniusKr-h1 (RpKr-h1)cDNA that | isolated by
RT-PCR was used as a template for dsSRNA synthesRNAi experiments.

RpKr-h1 silencing in Rhodniuslarvae leads to precocious wing metamorphosis. (6)g
Normally, Rhodniusdevelops by five larval instars. Wings grow ex&tynas non-articulated
lobes; articulation and venation of wings normalhly develops during metamorphosis to the
adult stage (Fig. 6B). In contrast, larvae injectath RpKr-h1 dsRNA in the second instar
possessed wings with marks of precocious arti@raéind venation already after the next
moult (Fig. 6C). Nine of ten injected larvae haé gtrong phenotype shown in Fig. 6C; in
one larva the effect was weaker. A few animals dlsplayed precocious development of the
genitals (not shown). None of the larvae injectetthvihe controlegfp dsRNA (n=9)
developed aberrantly, their wings remained firnttaehed to terga and lacked venation (Fig.
6A).
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These results demonstrate that regulation of meafamosis by Kr-hl is common to
hemimetabolous and holometabolous insekishl silencing in Rhodniusproduced less
pronounced phenotypes than it didTinbolium; perhaps it was due to a weaker RNAI effect
in Rhodniusor its a lower sensitivity to reducd€r-h1 function in tissues other than the

wings. Future studies are needed to examine the gbRpKr-hl in detail, particularly

changes of its expression during development amesiponse to hormonal cues.

egfp dsRNA ) RpKr-h1(RNAI)

Figure 6: RpKr-h1 silencing inRhodniuslarvae induces precocious wing metamorphosigA) Control larva
injected withegfp dsRNA, B8) wild-type adult, C) RpKr-h1(RNAi)larva. RpKr-h1 silencing in second instar
larvae led to premature maturation of wing padsnduthe next moult. Although these aberrant winglga
remained small (compare arrow in C with those iradd B; only part of adult wings covering the entire
abdomen is shown) they developed wing venation pkst-metamorphic wings of adults (compare black
arrowheads in C and BRpKr-h1(RNAi)wing pads showed hints of wing articulation trehormally lacking in
larvae, but which later enables adult wing movenaamt folding (compare white arrowhead in C withl ).

No heterochrony was observed in control larvae fterior is to the top in all panels.

Preliminary project conclusions

In summary, the initial results of this project basharacterize&r-h1 as a vital regulator of
metamorphosis and a new molecular component ofrivtiated JH signalling. The finding
that Kr-h1l has a key role in metamorphosis of both holometal®land hemimetabolous
insects suggests that studieskorhl function in insects of diverse developmental typdb

bring important information about the hormonal rdegon of metamorphosis and its

evolution.
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CONCLUSIONS

Met is a core mediator of the anti-metamorphic JH funton

By using RNAI | showed that depletion ®flet in larvae of the holometabolous beetle
Tribolium castaneumas well as a hemimetabolous true bBgrrhocoris apteruswas
sufficient to induce their metamorphosis prematyrele. before completing the normal
number of larval instars. Such a phenotype wasistamé with the anti-metamorphic JH
effect because it phenocopied loss of the hormisedf.iLoss oMet also protectedribolium
from lethal effects of ectopic JH, thus proving ttiMet was necessary for JH function
(Konopova and Jindra 2007, and unpublished resitg)results supported the long-debated
role of Met as the missing JH receptadn. vitro and cell culture experiments witfribolium
Met aimed to clarify this role are underway.

Met mediates JH response through downstream target ges,BR-C and Kr-h1

Experiments inlribolium pupae showed thet function was required for ectopic induction
of the BR-CandKr-h1 genes by added JH, thus demonstrating Bi«C andKr-h1 require
Met to be induced by JH in vivo (Konopova and Jing008, and unpublished results).

BR-C of holometabolans primarily serves as a co-ordinatoof tissue morphogenesis at
the larva-to-pupa metamorphosis rather than a strit pupal specifier

In the complex Drosophila metamorphosisBR-C specifies the pupal stage. In my
experimentsBR-Csilencing inTribolium and the neuropteran lacewi@rysopa perlaboth
with primitive type of holometaboly, led to unexpad heterochronic phenotypes with larval,
pupal and adult features all combined. | hypotledsigat the ancestral role &R-C in
holometabolans was probably not to strictly spethiy pupal stage but to coordinate precise

developmental timing at the onset of metamorph@&sopova and Jindra 2008).

Kr-h1 is an anti-metamorphic gene

My unpublished results showed théathl silencing inTribolium and in a true bughodnius
prolixus led to precocious metamorphosis, thus showingKinditl functions as an essential
anti-metamorphic factor whose role has been coedevetween holometabolous and

hemimetabolous insects.

In summary, my Ph.D. research has yielded two articles phbtisn peer-reviewed journals
and was presented at four international confereridepublished data outlined in this thesis

are being completed and prepared for publicatichenear future.
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