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ABSTRACT
Expression of the transcription factorbroad and RNA binding factors in the midgut of the
mosquito Aedes aegypti during metamorphosis

by Kathryn Ray

Thesis supervisor: James T. Nishiura, AssociabtéeBsor, Brooklyn College, CUNY

Transcription factors, microRNAs and RNA bindingttars frequently interact to coordinate
gene expression during development. The transonpéictorBROAD(BR) is a global regulator
of insect gene transcription and governs the tinoihdpe commitment to pupate. | determined
BRexpression in th&e. aegyptmidgut by gPCR, and correlated its expression thi¢th of nine
mMiRNAs and three RNA-binding factors. During midgu¢tamorphosis the expression of these
factors was dynamic and reproducible.

To better understand the changes in expressioarpsaitl evaluated the effects of hormone
analogs on expression. Using this approach | umeoveoncurrent up-regulation BR, miR-34
andmiR-14in the pupal midgut when treated with methopreme, found that RH2485
accelerated expressionBR, BRATand microRNAdet-7, andmiR-125 Treatment with each
hormone analog resulted in a changBhexpression.

Finally, | evaluated the effect of nutrients on eegsion levels. Surprisingly, though most
transcripts were down-regulated during starvatiba,expression dRdid not decrease, while
microRNAsmiR-34andmiR-14were elevated. This may identify a novel rolerfoR-34during
starvation in an invertebrate, and raises the piisgithat miR-34andmiR-14are part of a

starvation-induced stress response in the mosqudgut.
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In summary, this expression analysis suggestati@dbRNA regulation plays an important role
during midgut metamorphosis, and reveals a new lafyeegulatory complexity in the control of

development irAe. aegypti
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Project overview

The purpose of this project is to determine theleofBROAD(BR)expression in the midgut of
the mosquitdAe. aegyptand to correlat8R expression with that of RNA-binding factors that
might modulateBR transcript abundance to coordinate the timing wofgut metamorphosis.
Chapter 1 describes midgut metamorphosis, provides a rewieBR expression patterns and
regulation in other insects, identifies potentedulatory factors (microRNAs and RNA binding
factors) that might affe@R mRNA expression levels, and analyzes their exmpedsvels in
parallel withBR expression in order to establish a baseline ofessgion patterns in the
developing midgut.

Chapter 2 analyzes the effects of ecdysone and juvenile boenvagonists on the expression of
BRand potentiaBR regulatory factors. Hormones control developmepitagression in the
midgut, and alter the expression patternBRfand of microRNAs (miRNAs). Possible
interrelationships emerge as expression patterasgehin response to treatment with hormone
agonists.

Chapter 3 shows the results of experiments designed toméaterthe effect of starvation and

nutrient restriction oBR and RNA-binding-factor expression in the midgut.

Public health significance

The mosquitAe. aegyptis the vector for Dengue fever. Dengue fever ésrttost rapidly
spreading viral disease in the world. Preventicth @ntrol of Dengue depends on vector control
methods. In the adult female mosquito, midgut egigih cells form the first barrier to the

Dengue virus. A better understanding of the fadoas regulate mosquito midgut development



may suggest novel control measures to prevent emtry through midgut epithelial cells, and
S0, prevent vector ability to transmit the Denguras/to humans.

Additionally, it is clear that miRNAs participate many biological processes, yet little is known
about the hormonal regulation of miRNA expressmrthe roles they play in mosquito
development. This study offers insight into hormaral metabolic regulation of ancient and
evolutionarily-conserved miRNAs and suggests nbiabgical functions for these miRNAs in

the context of a dynamic developing system.



CHAPTER 1

The expression 0BROAD (BR) and RNA binding factors in the midgut of the mosqito
Aedes aegypti (Aaeg)

BACKGROUND
Role of BROAD in insect development
Winged insects undergo morphological changes irtréresition from immature to adult form.
Hemimetabolous insects undergo a partial metamaiplo which progression from nymph to
adult does not involve a pupal stage. The heminodtals adult often has wings and is
reproductive but its appearance resembles the nyrmptontrast, holometabolous insects have a
complete metamorphosis, and pass through foustigfiges: egg, larva, pupa, and adult.
Holometabolan adult morphology is completely difetr from that of the larva. The expression
pattern oBR homologs differ in holometabolous and hemimetab®liosects, as does the pace
of their developmental timing [1, 2].
The gendBR encodes an insect transcription factor widely iswidor its role in insect
development. Certain genes are considered impdrenause they control pivotal developmental
programs in response to multiple signaling pathwBfgsmay be such a gene.
In Drosophila melanogaster (D. melanogaster), ®&pression is restricted to the late third
instar, at the end of larval development, whenaygone pulse initiates a cascade of
transcription factor signaling and the onset ofaneirphosis [3-7]. Evidence thAR s required
for the initiation of metamorphosis . melanogastecomes from the analysis BR mutants
that develop normally as larvae, but are unablenttergo metamorphosis, and die as larvae [8].
The expression @R has become known as the molecular marker of thergoment to pupate

[9, 10].



The abundance of an mRNA transcript during devekaqmims determined not only by the rate at
which it is synthesized, but also by the rate actiit is degraded [11]. Transcribed gene
products might be translated into protein, or bgraéed, or be sequestered and protected [12].
Control of the abundance of an mRNA transcriphatlevel of translation allows a rapid
response to environmental change, because it doegalve mRNA synthesis, processing, or
transport [13].

Post-transcriptional regulation of mMRNA by microRNAs (miRNAS)

MiRNAs are short, non-coding RNAs that imperfetilyd an mRNA target to regulate gene
expression post-transcriptionally [14-17]. miRNAessb-pair to partially complementary targets
in the 3’ untranslated regions (3' UTR) of the &trgnRNA [12, 18].

MiRNAs were first discovered in the nematd@tleelegansas heterochronic mutants with
developmental timing defects [14, 17, 19]. Hetaroaic genes encode factors that control
developmental timing, and heterochronic mutantehather precocious or delayed development
[20]. Characterization of the heterochronic pathwe§. eleganoffered, by analogy, a new
basis for understanding the regulation of develagaldiming in insects at the molecular level
[21]. D. melanogastehomologs ofC. elegandieterochronic miRNAs includaiR-125 (lin-4),
let-7 and another ancient miRNA)iR-34 During metamorphosis ID. melanogasterincreased
ecdysone concentrations eleviie7 andmiR-125expression, but reduceiR-34expression
[22-25].D. melanogastemutants unable to synthesize ecdysone have higbwels ofmiR-34

and lower levels omiR-125andmiR-100[25].

mMiRNAs, hormonal regulation, andBR

Three lines of evidence connect the insect devebdopah timing gen®8Rto these heterochronic

mMiRNAs during metamorphosis. First, themelanogastemutant gen@onpupariating (npr)



encodes a defective BR protein. Homozygotes dordetgo metamorphosis, and die as larvae
[8, 10]. Thus, BR is required for metamorphosis. @& atedet-7 andmiR-125expression, and
reducesmiR-34expression, becauselh melanogastenpr mutants)et-7 andmiR-125levels

are lower ananiR-34is higher [25]. Second, when ecdysone is addé&d taelanogastef2
cells,miR-125andmiR-100are induced, but adding the juvenile hormone anaiethoprene to
S2 cells increasaniR-34levels, and decreasesR-125andmiR-100 It is well established that
ecdysone induceBRexpression [3, 5-7, 26, 27]. Third, it was showattRNA interference
(RNAI) against théd8R common region (targeting all fo@R isoforms - Figure 1.2) down-
regulatesmiR-125andlet-7 expression ifD. melanogastej25].

Possible feedback loops betwedm and miRNAs

Often, both transcription factors and miRNAs aiféedentially expressed during development.
Both can widely impact gene expression, and they fiman reciprocal regulatory loops [28, 29].
Translational control of mMRNA levels: the importance of the 5’ UTR and the 3’ UTR
Translational control can result from interactidaesween RNA-binding proteins and the 5 and
3’ untranslated region (UTR) of an mRNA transcripegulatory elements found in the 5’ and
the 3’ untranslated regions permit RNA-binding bgtbrs that can mediate multiple aspects of
MRNA processing, including cytoplasmic localizatitnanslational efficiency, and mRNA
stability [12, 30, 31]. In particular, the 3’ UTiR critical for mRNA translational control [32],
and the length of the poly-A tail affects translatefficiency. Long poly-A tails correlate with
translation, while short poly-A tails correlate wiranslational repression [32].

MiRNAs bind the 3'UTR of their target genes

MiRNAs associate with th@iRNA inducedsilencingcomplex (miRISC), which is composed

of Argonaute (AGO1) and its binding partner GW183][ This miIRNA-RISC complex



recognizes and binds target mRNAs through impedeqtience complementarity between the
MiRNA and the target mMRNA 3’ untranslated regiotJR) [34]. miRISC controls gene
expression by affecting the translational efficignc the stability of target mRNA [33] (Figure
1.1). One miRNA might bind many mRNAs, and sevar®@NAs may target a single mRNA
transcript [35].

FIGURE 1.1 miRNA-induced silencing complex (miRISC)omponents

coding region

shortened
poly (A)

Figure 1.1 Inhibition of translation by mRISC canponents AGO1, GW182, and the de-
adenylase scaffold NOTbinding to the target mMRNA 3'UTR to confer postrsariptional
gene repression. (after Hafner 2011 [36])

In silico analysis ofBR secondary structure and possible miRNA binding site

To evaluate the possibility of miRNA or RNA-bindif@actor interaction witlBR, | began with
an analysis oBRmRNA isoform 3'UTRs.

Genomic organization ofAe. aegypti Broad - isoforms resulting from alternative splicing
The N-terminal BTB (Broad, Tramtrack, Bra&cbrac) domain facilitates dimer- or
multimerization [37]. A central common region iggdicted to be intrinsically unstructured.
There are four sequencB® isoforms inAe. aegyptiwhich differ in their terminal exon due to

alternative splicing. Each variable terminal exonaes a unique pair of C2H2 sequence-

specific DNA-binding zinc fingers. In the encodadteins, conserved cysteine and histidine



residues coordinate a zinc ion that enable domain to fold and fit into the groove of t
double helix, allowing cisegulatory, sequen-specific binding [38] Each isoform has differe
DNA binding affinities and may target different regs in the genome

FIGURE 1.2 BR isoforms in Ae. aegypti genome (Vectorbase)
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Figure 1.2BR locus inAe. aegypti genome showing alternateicing of the terminal exon
5" and 3' UTRorange BTB domair-dark blue, common regiorit. blue, zinc finges-green
We cloned the first exoim our lab in 2003 (Genba AY528664).

Table 1.1 3'UTR length and total transcript length for each isoform

4risoform | locus length | ¢cDNA (nt) | 3’'UTR | protein (aa)
brZzl 50.31 2371 510 561
brZ2 59.65 2201 424 607
brZ3 77.08 2139 201 609
br 74 48.95 2228 134 542

Table 1.1Comparison oBRisoforms:distance spanned in tiB&Rlocus, cDNA lengt, and
3'UTR length.BRZ3 has the most distal exon, anspans 77.08 kb 5° UTR3'UTR. Note the
shorter lengths of Z3 and Z4 3'UTFs compared to Z1 and Z2 3'UTRs.

A comparison of the 3'UTR lengths isoformsZ3 and Z4 with Z1 and Z2 shows t the Z4
and Z3 isofornB’UTRs are much shorter (Table 1.1, Figure 1.3

Predicted secondary structureof BR isoform mRNA

Folding analyses doren MFOLD [39] offer insight into the potential RNA structuref BR

messenger RNA. These folding approximations shos-dimensional representationsRNA



transcript secondary structure, and are basedesmtidynamics and the estimated free energies
of the structures. But predicted structures akg approximations, and the number of potential
structures increases greatly with the RNA sequérttgth. Analysis of predicted potential
secondary structures can suggest inherent foldiagacteristics and energetic binding
constraints within individuaBBR mRNA isoforms. This may help estimate the likebdaoof

possible interactions with RNA-binding proteindrianslational regulation R mRNAs.
Transcribed RNAs may switch amoung different sutetstatesn vivo because of sub-cellular
conditions, such as local pH changes, or RNA bigdactor interactions [39]. In the folding
analyses shown, the secondary structures are ddpich circle, with the 5’ end depicted
adjacent to the 3’end. In Figure 1.3, which shawspresentative prediction for each of the four
BRisoforms, the 5’UTR is red (start) and the 3’ UTblack (end).

In addition to directing the identity of a protethe mMRNA sequence dictates the three
dimensional structure of the encoded RNA in thé déle transcript’s folded shape itself may
have a regulatory effect on processes such asrgphnd translation. In tH@R transcripts, a
central loop was consistently predicted to be westired (Figure 1.3A). This loop lies within

the common region of the encoded protein, wheraragime (N) repeats are encoded in the
nucleodtides (AAC-AAC-AAC..which encodes N-N-N). This large loop occurs neaexon-
exon boundary.

Each of thdBRisoform mRNAs has a different terminal exon angdfslals differently in the 3’

UTR, where miRNAs are most likely to bind (Figur8RB).



FIGURE 1.3 BR isoform mRNA - predicted secondary structure — (MOLD)
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FIGURE 1.3 BR isoforms - last exon only - predicted secondaryrsicture — (MFOLD)
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Figure 1.3 B. Folding predictions for the four varable terminal exons 3'UTRs of Z1 and Z2
are longer than 3'UTRs of Z3 and Z4, and so haveemamplex secondary structures

Zinc-finger coding region - black.

3 UTR - grea.

Folding of a single RNA strand on the MFOLD webvegreturns many potential secondary

structure folds, so there are high false positates, but it is informative to compare different

folds to look for regions of stem loop formatiorhieh are stable common structures. The

openness and structural context of the target R Wi¥ucture is thought to have a strong effect
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on target recognition by miRNAs [41]. Figure 1.4Aosvs regions of stem-loop folding variants

in BRZ3 3'UTR that are consistenty predicted becausmefgetic favorability.

FIGURE 1.4 Different folding predictions for BRZ3 3' UTR in Ae. aegypti (MFOLD)
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Figure 1.4 A. Ae. aegypti BRZ3: different folding predictions for 3’'UTR with predictedstem
loop secondary structures highlighted in greefMFOLD)
B. BRZ3 3'UTR formatted sequence wistem loop nucleotides in boldand_miR-34 binding
predictions underlinedMFOLD [39] miRNA binding predictionMicroinspector [42].

In silico analysis of possible miRNA binding tBR 3'UTRs

To determine if mMiIRNAs might targ&R transcripts | did a bioinformatic search for paizin
mMiRNA binding interactions witlBRisoform 3'UTRs.

MiRNAs are only partly complementary with theirgets, which makes binding prediction

uncertain. Most prediction programs consider segtbn (nucleotides 2-8 in the 22 nt miRNA)
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complementary pairing with the target mMRNA 3'UTRowkver, 3’ base- pairing can
compensate for sites with imperfect seed compleangyn{43]. Also important is the energetic
(-AG) favorability of binding, which involves the ‘opeess’ of the target-binding site (free from
3'UTR secondary structures), and evolutionary coregen of the target binding site motif in
the 3'UTRs of closely related species [34, 41]. MiRbinding sites are frequently found in
local A-U rich regions of the 3'UTR, but usuallytneithin the first 15 nucleotides, or in the
center of long 3’ UTRs [41].

FIGURE 1.5 miR-34 binding predictions onBR Z3 3'UTR
A

position 147

TARGET : 23 kogih: M7 MIR-3H  leagih: 22
mie: <222 kcal'mesl poskifen 37

Figure 1.5 An example of 2 possible binding sites on Z3 3'UTRr miR-34 (red arrows and
lines indicate regions of MIRNA complementarityggiction-RNA hybrid: Bielefeld University
Bioinformatics Server [44])
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FIGURE 1.6 BR 3’ UTR secondary structure in closely relatecC. quingquefasciatus
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Figure 1.6A.C. cinquefasciatus BRZ3 3' UTR folding predictions with stem loop secondan

structures highlighted in greer (MFOLD) B BRZ3 3'UTR formatted sequenwith stem
loop nucleotides in boldandmik-34 binding prediction underline@MFOLD- Zuker,

FIGURE 1.7 miR- 34 blndlng predictions onBRZ3 3'UTR in Culex and Ae. aegypti
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Figure 1.7 Comparison oimiR-34 binding predictions on Culex and Ae. aegypti 3' UTR

13



BecausdBRZ3 expression levels were highest in the midgutdmaed the steepest drop, |
focused primarily on miRNAs predicted to tar@®Z3: miR-34, miR-317, miR-186dmiR-7
were predicted to bind3 3'UTR (Microinspector [45], PITA algorithm at Sedab [46],
Targetscan [47], StarMir [48]). These miRNAs aregent in thée. aegyptgenome (Broad
Institute, MIT), and predicted to fold as hairpirepursor miRNAs (pre-miRNAs) by MFOLD.
They all are in miRbase [49]. | clon@de-miR-7, miR-7*, let-7, miR-3dndmiR-277.

Table 1.2 _miRNA bioinformatic prediction programs used
program reference url

microinspector Rusinov 2005  http://bioinfo.uni-plovdiv.bg/microinspector/

RNA hybrid Kruger 2006 http://bibiserv.techfak.uni-bielefeld.de/rnahybrid/
submission.html

Targetscan Lewis 2005, http://www.targetscan.org/fly/
(fly) Ruby 2007

Pictar Lall 2006 http://pictar.mdc-berlin.de/cgi-bin/
(invertebrates) new_PicTar_fly.cgi?species=fly
RNA22 Miranda 2006 http://cm.jefferson.edu/rna22v1.0/

pita (Segal lab) Kertesz 2007 http://genie.weizmann.ac.il/pubs/mir07/
mir07 prediction.html

starMir Ding 2005 http://sfold.wadsworth.org/cgi-bin/starmir.pl
Other RNA binding proteins that may affectBR mRNA levels
BRz3 and Z4 have short 3'UTRs, and don't offer mamgding possibilitiesBRZ3andz4
transcripts were also the most abundant in the middhe presence of a predicted miRNA target
sequence alone is a poor indicatoboha fidebinding and regulation. Competition for binding
sites with other RNA-binding co-factors can chalugal sequence context to either prevent or
provide better access for miRNA binding. To deternivhich miRNAs and RNA-binding
proteins might targeBR 3'UTR, | did a bioinformatic and literature sear@able 1.2). Based

on these results, | selected nine miRNAs and tRigA-binding factors for further analysis

because they were predicted to bBR or to interact wittBRtranscripts (Tables 1.3 and 1.4).
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Table 1.3 Selected miRNAs and their location iAe. aegypti genome

miRNA Primary transcript location Hormonal regulation
miR-317 Aedes supercontig. 1.265 cluster miR-34 is juvenile-hormone induced and
miR-277 miR-277 and mir-34 are 545 base pairs ecdysone repressed in Drosophila (Sempere
miR-34 apart — possibly in the same primary 2003)
transeript
miR-100 Aedes supercontig. 1.43 cluster miR-125 and let-7 are ecdysone induced in
let-7 miR-125 and let-7 are 255 base pairs Drosophila (Sempere 2003)
miR-125 apart — probably in the same primary
transcript
miR-7 Aedes supercontig 1.359 Not known to be hormonally regulated but
Located inside the terminal intron of known to act in Notch and EGFR signaling in
hnRNP-K (rhea in fly), a deeply Drosophila (Lai 2005, Carthew 2005)
conserved position for miR-7
miR-190 Aedes supercontig 1.195 Not known to be hormonally regulated. mir-190
Located inside the last intron of talin, a function has not yet been studied in insects.
deeply conserved position for miR-190
— .';'_mill = o kb 0 e L
miR-14 Aedes supercontig. 1.249 miR-14 acts in ecdysone signaling and
regulation in Drosophila (Varghese 2007)
Table 1.4 RNA-binding proteins in this stdy
RNA- BINDING | FUNCTION RNA BINDING MOTIF/ | REFERENCE
FACTOR DOMAINS
brat Translational repressor NHL-RBCC, interacts Edwards 2003
with Agol, pumilio
lin-28 Inhibits let-7 Cold shock.flexible linker, Moss 2007
zinc knuckle
ImRNE-K Translational repressor, HEAT repeat — scaffolding | Basquin 2012
affects mRNA stability, platform
splicing (harbors miR-7)
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Ae. aegypti larval midgut morphology and developmer

The basic structure of the larval mosquito alimgntanal consists of three main regions,
foregut (pharynx, esophagus, proventriculus oriegrthe midgut (with anterior gastric ceci
and the hindgut (malphigian tubules, ileum, rect@irgure 1.)).

The proventriculugcts as a valve to control food passage into tlagumti Cells inside th
proventriculous secrete the peritrophic nbranea chitinous tube that holds ingested fc
Nutrients pass though this tube to be digestedaasdrbed in the midgut. The hindgut and
malphigian tubules reabsorb fluids and baleéions and metabolites [50].

FIGURE 1.8 Ae. aegypti larval midgut (from Christophers [51])

FIGURE 1.8 The larval alimentary canal Mo mouth,P pharynx,g-1, g-2supr& and sub
esophageal ganglio@e oesophagu Pv proventriculussgsalivary glandCsgastric ceac Mg
midgut, Mt Malpighian tubules (dorsolateral and ventrolatelll ileum,Co colon,Rerectum
The larval midgut is composed of ceof different sizes and functions. Among these
polyploid enterocytes (EC) of various ploidy leveltiese cells have microvilli on their apit
side, face into the lumen, and basally attach edisement mebrane, which is surrounded |
the visceral rascles. There are also secretory et-endocrine (EE) cells, and small diplc
adult midgut progenitor (stem) cells that lie ckts® the basement membrane.

stomatogastric nervous system forms a networkrggitadinal peripheral ganglia around f

midgut that connects with the brg52].
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FIGURE 1.9 Ae. aegypti midgut epithelial cells and visceral muscle netwdr
A B C

| 005 mm. :

Figure 1.9 ASchematic of midgut tissueshows large larval migut enterocytes and smaller,
more basal diploid cells (b), overlying the periienuscle [51B. Epithelial cell nuclei on

the visceral muscle networkthat surrounds the midguE. Cryosection of larval midgut
showinglarge, polyploid nuclei in enterocytes with actin-rch apical microvilli, andsmall
nuclei closest to the muscle networkhat surrounds the basement membrane on the barsbla
side (top). B and C: DAPI (nuclei) and phalloidmi¢rovilli and muscle network).

The visceral muscle network that surrounds therhasé membrane of the midgut epithelial
cells (Figure 1.9) is open to the circulating heyngbh, and undergoes rhythmic peristaltic
contractions. The axons of the stomatogastric nergystem enervate the midgut and extend
from anterior to posterior. Tracheal attachmenpgpiuoxygen to the midgut epithelium via
tracheal ducts from air taken in through the redpiy siphon in the tail.

Midgut epithelial cell proliferation

Progenitor stem cells have long been observékirmegyptmidgut [51, 53], but stem cells are
difficult to identify unambiguously. Lineage anallyss the best way to identify a self-renewing
pluripotent cell [54] Ae. aegyptis not amenable to genetic studies, and stem lzalls not been
identified in the midgut epithelium by mosaic arsadywith a repressible cell marker (MARCM).
However, in theD. melanogastemidgut, MARCM has clearly identified intestinaést cells.

They lie close to the basement membrane, and gtesecells depend on signals from the

visceral muscles and trachea to maintain theirtghd self-renew [54-57]. The visceral muscles
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and the basement membeaform a niche environment from which the morpins
decapentaplegic (DPP, a TGkgand) and veinVN, an EGFRligand) signal to instru cells
closest to the basement mieran« to remain as stem cells [58]. The safewing stem cein
the larval midgut maintaingrogenito-cell identity as long as it lies closest to thehei[54, 55,
59]. InD. melanogaster, BB required for adult midgut progenitor cell digatiation and act
in the EGFR pathway [60].

FIGURE 1.10 Larval enterocytes anddiploid adult midgut precursors

Figure 1.10Small, potehtially undifferentiated adult precursells with cytoplasmic extensio
surround large larval enterocytesAe. aegyptmidgut, mid-&' instar. (Methylene blue stai

RESULTS
Morphological description of Ae. aegypti midgut developmental changes
The developmental stagdescribechere correspond to the sample timethmexpressio
analyseghat follow, and span the course of midgut metamaosgs from late larva to adu
Larval midgut development: 24-36 hoursBy 24 hours after the last larval molt, v-fed larvae
attain critical weight [9]. At 3hoursthe midgut epithelium is composedlafge larval
enterocytes with nucleand some large enterocywithout nuclei (Figure 1.11 C), as well
diploid cells with small nucleiAt 32 hours these small cells are oftepairs, as irecently

divided. Visceral muscles surrounding the midgweha lattic-like structure olongitudinal and
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crosswise fibers. Phalloidin highlights a ring wffiense staining that may correspond to the
pyloric ring, thought to have endocrine functiod][§Figure 1.11A, arrow). Methylene blue
stain shows diploid cells extending around oldengér larval epithelial cells (Figure 1.11).

FIGURE 1.11 Midgut at ~ 32 hours

Figure 1.11 A. ~32 hour midgut showing gastric cecae (anterior, right), and malphigian
tubules (lower left) B. Large enterocytes with small cells extending around them at
~36 hr C. Midgut epithelium at 32 hours, composed of large and intermediate larval
enterocytes, some without nuclei (arrows), and small cells, frequently paired
perhaps recently divided (dark arrows). (DAPI, phalloidin and methylene blue staining)
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48 hoursAround 48 hours the midgut reaches maximum sizee(ohéned by measuring midguts
in living larvae through transparent cuticles ogtevelopmental time) Figure 1.12.
FIGURE 1.12Larva and midgut at ~48 hours

A it

[ ;

Figure 1.12 A. 48 hr 4 instar larva at “V” stage of respiratory trumpet developmemtdw).
Imaginal discs beginning to form in larval thor&.~ 48 hr midgut.Peritrophic membrane
inside midgut. Fat body loosely associated withrgaseacae (top, right).

Cell proliferation in the midgut occurs mid-4™ instar

Cell proliferation in the midgut has been descridadng midgut metamorphosis [62, 63], and

cell division increases, particularly in the potemidgut, around 48 hrs in th& nstar.

FIGURE 1.13 Anterior midgut ~ 60 hr

Figure 1.13Small proliferative cells (gray arrows) surround large larval enterocytes (white
arrow)
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66 hoursLarvae are a range of sizes and developmentakstime have already molted by 66
hours and others are still large and without pigie@mespiratory trumpets, such that it is a
challenge to confirm their true developmental st&grhaps small variations in feeding affected
developmental progress, though feeding was coattoMore likely, developmental diversity
within a staged cohort comes from differences betweales, which are smaller and pupate
earlier, and females, which grow larger and pufsts.

Another way to stage larvae, rather than countmg$from the last larval molt, is to look for
developmental markers. Towards the end of thimdtar, pupal respiratory trumpets form and
become visible underneath the larval cuticle. Sigdpy respiratory trumpet and eye
development is another way to measure developmpragtess in the larva, and to anticipate
when they might pupate.

V-stage: Pre-pupal respiratory trumpets form a visiWlshape underneath the larval cuticle
(Figure 1.15A). The midgut is close to maximumesit this stage. Larvae still feed, and fat
body accumulates in their thorax and abdomen. trfiaebody is analogous to the liver, and acts
as a lipid storage vessel. Fat body reserves anead¢aver from the larvae to the pupa. (V stage
corresponds to ~42 hours after molt).

RT stage (RespiratoryT rumpets): Under the transparent cuticle of thedbtlvorax, respiratory
trumpets are visible, and the leg imaginal discsvgiarger. Clouds of fat body surround the
gastric cecae. Even after dissection, gastric cegatnue to contract rhythmically, a reminder
of how dynamic the midgut environment is in a lyilarva. Tracheal branches are attached to
the gastric cecae and connect to the midgut atviaitealong the length of the midgut
epithelium. The peritrophic membrane is intactdesihe lumen. The larval midgut has not yet

fully contracted. This stage roughly correspondsi6 hours after the last larval molt. The
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posterior midgut has many diploid cells, while bptilyploid and diploid cells are present in the
anterior midgut. Sexual dimorphism is apparenhet $tage, and the larger females take longer
to pupate than the smaller males.

PRT stage: RgmentedRespiratoryT rumpets are visible under the larval cuticle, a shat the
larva will soon pupate (Figure 1.14A). Imaginal igcs enlarge on both sides of the thorax, and
the eyes change as a semi-arc of adult compoundatichengrows around the 5 larval ocelli.
The posterior-central midgut contracts slightlycualar visceral muscle bands pull closer
together. The contracted bands of visceral musaiedie diploid cells arranged in lines parallel
to the muscle bands: perhaps the muscles orgdrezaeetv cells, which seem to lie on top of
them. Few polyploid cells remain in the posteriodgut, though large larval enterocytes are still
present in the anterior midgut, surrounded by ~8lsfizloid cells at this stage (Figure 1.13).
Near pupation, the peritrophic membrane detachigsi1.14B, arrow) and the midgut

contracts and shortens.

FIGURE 1.14 Larva and larval midgut at PigmentedRespiratory Trumpet (PRT) stage

i

Figure 1.14 A. PRT-stage larva with pigmented respiratory trumpets (arrow) and
developing eyes

B. Larval midgut with peritrophic membrane detached and passing out of the midgut
(arrow). Note that gastric cecae are opaque, as if filled (Anterior right, posterior left.)
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Figure 1.14 C

Figure 1.14 C. Same midgut as B, fluorescent image: visceral muscles (phalloidin) and

nuclei (DAPI -blue). Note large polyploid nuclei (blue) in gastric cecae (right). Also note
contraction just below gastric cecae and in central midgut (posterior-left, anterior-right)
Pupal midgut development

PUPA 0-15 hrsThe new pupa have a soft, unpigmented cuticle.l3ival headcap is no longer
present; the head and the thorax merge into thal mephalo-thorax. The adult eyes continue to

mature and darkenP(stage in upcoming expression analyses.)

FIGURE 1.15 New unpigmented pupa and pupal mldgut
respiratory trumpets .

Figure 1.15 A. The newly emerged pupal cephalothorax, with devetppiing and legs visible
though the soft transparent pupal cuticle, andrdrak air bubble (middle).

B. Contracted pupal midgut, with degenerating gaseixae (anterior, right) and meconium
forming inside (beige mass inside midgut).
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Figure 1.15 C. Same midgut as in Bstained with DAPI and phaloidi®. 4 hr pupal midgut.
Visceral muscle network and contracted tips of degating gastric cecae (phalloidin).

An air bubble forms in the cephalothorax (FigurE5h) that helps orient the pupa at the air
surface in relation to the respiratory trumpetd.[Bleveloping legs and wings are visible under
the transparent cuticle. A newly-molted pupa takear through the respiratory trumpets in the
cephalothorax (Figure 1.15A), instead of throughl#drval respiratory siphon in the tail; the
transition from larva to pupa literally turns itsige down, and the pupa attaches to the water
surface by its respiratory trumpets instead of hangead-down from its siphon. Pupae are
sensitive to movement and quickly move down inwlager column in response to light and
motion. The pupa has no mouth and does not feedih@npupal midgut is closed to the outside
while the adult midgut forms.

Internally, fat body surrounds the gastric cecaggréor to the midgut. Breakdown of the gastric
cecae begins shortly after pupation (Figure 1.18)B4n the anterior midgut, obsolete larval
enterocytes detach from the basement membrandarghdnto the central lumen to form the

meconium. This inner mass can be seen inside tha& pudgut (Figure 1.16 B, D). The
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gastric cecae shrink. After approximately 15 hng, duter cell layer of the midgut is entirely
composed of small diploid cells, and the larvalscate clustered in the interior lumen. During
the first 15 hrs after pupation the midgut chandyasnatically as the larval midgut degenerates.
This stage correspondsRa3-15hr in the expression analyses.

FIGURE 1.16 Pupa ~10 hours aﬁer pupating

Figure 1.16Pupa ~10 hours after pupating APupa at ~10 hours. The pupal cuticle darkens
and hardensB. Detached larval cells formed the internalized magaon(arrow) as the larval
midgut degenerated. DAPI and phalloidin stain of midgut showing innardal cells and a
central and an anterior constriction (arrows). ghstric cecae are gon®. Larval enterocytes
clumped inside the newly-formed adult midgut congabsf much smaller cells. (phase contrast)
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PUPA-15 hrs-24 hours: day 1 By 24 hours after the molt the outer midgut cejelais entirely
composed of diploid cells, with a localized denssaaf small nuclei at the border of the anterior
midgut where three adult structures take shapestwall paired dorsal diverticula and a larger,

single oval structure, the ventral diverticulumgcoop (Figures 1.17, 1.19).

detached gastric

cecae inside lumen

new adult structures
forming

(crop) forming at anterior (circles, to right). Ndaigian tubules are to left (posterior). This stage
corresponds to P1 in expression analyses. Ploas&ast image.

Inside the midgut detached larval enterocytes miblg and their mass seems to diminish over
time. These cells are thought to be absorbed ft]the mechanism of resorbtion is unknown. It
is uncertain if surrounding pre-adult midgut celie capable of digestion.

PUPA — day 2The day 2 pupa encloses a pharate adult: adultgritation and structures can be
seen beneath the pupal cephalothorax (Figure 1)18h%& difference between a male and a
female midgut becomes obvious: the male midgutagped like a thin tube, while the female

midgut has an urn-like widening in the posteriohjatr will later hold the blood meal.
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FIGURE 1.18 Pupaday 2 (P2in expression analyses)

wing

eye

p rnhiscg

larval cells inside pupal midgut

Figure 1.18 Pupaday 2 A. Late pupadarkly pigmented, eyes fully formed, probiscusps
around wing inside pupal cephalothorax. Dark may&ion dorsal segments show adult
pigmentationB. Adult diverticulum forming (right - posterior). Laal cells (meconium) inside
midgut.C. Late pupal female midgut showing adult anterioucttures (phalloidin, DAPI) D.
Late pupal female midgut with meconium still vigibhside, now more diffuse (anterior - right)

NEWLY ECLOSED ADULT

FIGURE 1.19 Adult alimentary canal: mosquito alimentary canal showing the positionhef t
dorsal and ventral diverticulum and the midguthea &dult mosquito [64].
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Pr-probiscus Esesophagou$)D-dorsal diverticulaSG-salivary glandyD-ventral diverticula
(or crop — see C and DfG-foregut,MG-midgut, HG-hindgut
FIGURE 1.20 Newly emerged adult midgut
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Figure 1.20 Newly emerged adult (Al in expressicanalysis)

A, B. Adult female midgut tracheal branches (arrovggme midgut: phalloidin - visceral
muscles (orange), DAPI - nuclei (blu€). Dorsal and ventral diverticula (right, anterior) filled
with air. D. Ventral diverticulum or crop (closer view) foldsdkaunder midgutyd — top

drawing) holds floral nectar and microorganismg[64

The period immediately after eclosing from aquptipa to winged adult is a critical time of
ovarian maturation for the female mosquito [6%¢wly emergedhe. aegyptfemales require
about three days to become competent for vitellegsnyolk production) in response to a blood
meal [66]. Biosynthesis of juvenile hormone (JHYibs after adult emergence, and increased

JH levels indicate readiness to begin reprodudt@h By day 3 A3) the adult is competent for

a blood meal.
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This is the stage where the expression analysis, ¢émds the span studied follows midgut

metamorphosis from the earl{} ihstar larva to the reproductively mature adult.

Expression pattern ofBR isoforms in the midgut during metamorphosis

To analyzeBRtranscript levels in the midgut during metamorpsiolsused quantitative PCR
(qPCR). Of the four isoform&RZ3 and Z4 had the highest expression levels imtiokgut

(Figure 1.21A). At the beginning of th& ihstarBRZ3 expression was moderate, then increased
around 24 hr and reached a peak around 48 hr. thitepeak BR transcript levels dropped
precipitously before pupation, and stayed low tages (Figure 1.21). This expression pattern
was repeatable. ID. melanogsteBRis transcribed in response to increasing ecdystare

[68]. In Ae. aegyptiecdysone titers have been determined [69], amédldysone level increases
first around 20 hours after the molt t8 @igure 2.6), wheBR expression increased.

FIGURE 1.21 BR isoform expression inAe. aegypti mldgut 4" instar — early adult

(x103) br isoform expression
45

40
35
30

25+—F ——21
' 22
——73

-4

expression relative to R actin

Ohrdth 24hr 48hr 66hr PO P1 P2 Al A2 A3
A. br isoform expression inAe. aegypti midgut during metamorphosis — relative expression
levels of fourBR isoforms, 4" instar to early adult BRexpression increased until ~48 hours,
thenBRtranscript levels fell sharply and remained lowha pupa and adulZ3 was most
abundant isoform in the midgutPO - larva to pupa molt (Figure 1.19)1 - pupa day 1 (Figure
1.17)P2: pupa day 2 (Figure 1.18A1: adult, day 1 (Figure 1.192: day 2 A3: day 3
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Figure 1.21 B. Expression pattern of eacBR isoform during midgut metamorphosis
BRZ1 had the lowest expression, Z2 peaked at 24 handBRZ3 and Z4 expression levels
were the highest, and showed the steepest decrease.

Expression of miRNAs during midgut metamorphosis

| hypothesized that changesBR expression levels during metamorphosis might resufiart,
from developmental timing mechanisms involving mi#&\ Therefore, by using gPCR, |
measured the expression levels of mMiIRNAs prediiedteract withBR. These experiments
were repeated several times, and results shownwereerepeatable.

Genomic organization ofmiR-317-2, miR-277 and miR-34

BecauseniR-34is ecdysone-responsive in other organisms, theesgon oimiR-317 miR-277
andmiR-34was investigated iAe. aegyptimiR-34is deeply conserved in all metazoans [70].
These three miRNAs are located in Supercontig.li2@deAe. aegyptgenome (Fig 1.22).
Clustering of these three miRNAs is evolutionadbnserved in insects (Fig 1.22B). Their

genomic proximity suggested they might be coordilyategulated. Another copy afiR-317is

located in Supercontig. 1.153. In the honeybeey fieeetle, and annelid worm, these 3 miRNAs
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are situated inside an intron of the gRBP§ which encodes subunit of RNA pc Il (Figure

1.22).

FIGURE 1.22 miR-317, miR-277, miR-34 in Ae. aegypti genomeon Supercontig 1.265 a
mMiR-34, miR-277 and miR-317 proximity in insects and in an Annelid
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Figure 1.22As in the honeybee arthe flour beetlein Capitella tellata the annelid wormmiR-

317, miR-277 and miR-34 are intronic withinrRBP8[71]. The conserved proximity of the
three miRNAs suggests they were grouped togethe@icommon ancest before the Arthropod
separated from the Annelids ~ 600 m'RBP8is a small common subunit BINA polymerase:
[, 11, and Ill. This intronic location fomiR-34has not been previously annotated. Num
above the lines indicate the number of basebetween the miRNAs.

miR-31-/brown miR-277- yellow miR-34- red
Expression ofmiR-317, miR-277 and miR-34 during mosquito midgut metamorphosis
miR-34andmiR-317expression levels were hiin 4" instars, decreased lupae, thel
increased again in the adulfheir sinilar expression pattern in the midgut supportec
hypothesis that they were cegulated (Figure 1.2. However, the relative abundance ¢
expression pattern ofiR-277expressin differed from that omiR-34andmir-317, miR-277

was lower in the larvae, increased in the pupay texzreased in day 3 adt
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FIGURE 1.23miR-317, miR-34, miR-277 expression -Ae. aegypti midgut 4th instar-adult
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Figure 1.23 miR-317, miR-277, and miR-34 expression during midgut metamorphosis:
mMiR-34 andmiR-317 were similar, bumiR-277 was low.miR-34 andmiR-277 pre-miRNA
hairpins - alignment aihiR-34* with miR-277 (top right) suggested potential duplication then
arm-switch.miR-34* (3’ side of hairpinpink) andmiR-277* (5’ side of hairpinpink ) miR-34
expression was more abundant thaR-277 but miR-277 was minimal in the midgut.
miR-34, the cleavage-product passenger-strand on thdeo$ the pre-miR-34 hairpin, was
less abundant thaniR-34 but more abundant thamR-277 miR-34 and miR-277shared
expression patterns, suggesting théR-34 might function in the midgut (Figure 1.23).

The lower abundance and different expression pattemiR-277suggestsiR-277may not be
part of a common primary transcript that includa®-317, miR-27andmiR-34 In D.

melanogastean independent primary transcript was recentlpetbthat only encoded a single

MIiRNA, miR-277([72], Genbank FJ45605). By 3' RACE | cloned angeript with a similar 3’
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end inAe. aegypt(Genbank KC897652). This suggested that, thoughtéacbetweemiR-317

andmiR-34 miR-277may be transcribed independenthAie. aegyptias inD. melanogaster

(Figure 1.24).

FIGURE 1.24 Aae-pri-miR-277 3' RACE product
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Figure 1.24Sequence alignment of theae-miR-2773’ RACE-product (Genbank KC897652)
with A. aegyptigenomic DNA from Broad Institute (left), and pret#id secondary structure of
that 3' RACE product showing the hairpin structafeniR-277(right).

Genomic organization and expression pattern ahiR-100, let-7 and miR-125 during
metamorphosis

In Ae. aegypt{and many bilateransipiR-100Q let-7 andmiR-125are clustered in the same
genomic locus, and may be coordinately expressgld IfYD. melanogastetthe primary

MIiRNA transcript that encod@siR-100, let-7andmiR-125has been cloned and characterized
[23]. DuringD. melanogastemetamorphosidet-7 andmiR-125levels increase in response to

ecdysone signaling. Ecdysone elevd¢s andmiR-125expression, but decreases the level of

miR-34[22, 23, 25].
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FIGURE 1.25 miR-100, let-7, miR-125 in Ae. aegypti
A

erefl-100 LR g7 255 b mé-125
Figure 1.25 A miR-100, let-7 and miR-125 are clusteredin the same genomic regionAe.
aegyptigenome.

Figure 1.25 B.miR-100, let-7, miR-125 expression in midgut 4th instar-adult
miR-100 let-7 miR-125

expression relative to B actin x10-3
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Figure 1.25 B let-7, mir-125, miR-100: Expression during midgut metamorphosis

In contrast tamiR-125andmiR-10Q which increased mostly in the pupa and adett7 was also
elevated during the larval stage.

Expression level oimiR-100, let-7 and miR-125 during midgut metamorphosis.

let-7 transcript levels decreased during larval growthn increased in the pupa and the adult
(Figure 1.25 B). Unlikéet-7, miR-12%ndmiR-100expression levels were lower during the 4
instar. In pupal midguts, the expression levelaliothree miRNAs increased.

miR-14 expression during midgut metamorphosis

In D. melanogastemiR-14regulates fat metabolism and insulin productich [75]. In
addition,miR-14targets the ecdysone receptor mRNA and is anegiitator of ecdysone
production [74]. Since ecdysone signaling is afieeyor in the timing and control of
metamorphosigniR-14levels were investigated during mosquito metamasgsh Of the
MiRNAs studiedmiR-14was overall the most abundantly expressefldnaegyptmidgut. miR-

14 levels were lower during the feeding larval stagen increased in the (non-feeding) pupa

and adult (Figure 1.26).
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FIGURE 1.26 miR-14 expression inAe. aegypti midgut 4th instar-adult
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Figure 1.26 Expression omiR-14 during midgut metamorphosis: miR-14was the most
abundant miRNA in the midgut.miR-14increased in the pupa and in the newly-eclosett.adu

miR-7 and miR-190: microRNAs that map to introns of protein-coding genes

The genomic position 0imiR-190, and its expression during metamorphosis

miR-190is located within the T2intron ofAaegTALIN TALIN encodes a cytoskeletal protein
involved in connecting cellular actin with extrdoér-matrix integrin. Overall, the abundance
of miR-190was relatively lowmiR-190expression was highest in earl{ itistar, decreased
during the remainder of the instar, then increadigthtly again in the adult (Figure 1.27). The
expression oTALIN mirrored that omiR-190:TALIN mRNA levels were also low in the
midgut.

Figure 1.27 Expression omiR-190 and host gendalin
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Figure 1.27 Expression ofmiR-190 and its host generALIN during midgut metamorphosis:
mMiR-190is located in an intron of the gene encodi#d.IN. Both were expressed at low levels
in the midgutmiR-190andTALIN levels were higher in early4nstars than in pupae or adults.
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The genomic position oimiR-7, and its expression during metamorphosis
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miR-7is located in the last intron of heterogeneoudearaibonucleoprotein-KhhRNP-K, an
RNA-binding protein involved in translational regtibn [76-78] (Figure 1.28 A). This ancient
intronic location is conserved from insects to ham9].

FIGURE 1.28 A miR-7 in the last intron of hnRNP-K:
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FIGURE 1.28 B Expression omiR-7 and of host gendinRNP-K
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Figure 1.28 AmiR-7is in an intron ohnRNP-K; an evolutionarily conserved position. An
independent promoter foniR-7may be in the long upstream (5-6) intron [76].
B. Expression ofmiR-7 and of its host gendinRNP-K in the midgut at metamorphosis:miR-
7 abundance was low in the midgut. LikéR-19Q miR-7expression was highest in the early 4
instar. In contrashnRNP-Kwas abundantly expressed in the midgut, with gmession pattern
that differed frommiR-7.
The relative abundance ofiR-7was low. miR-7expression level was highest in earfy 4
instars, then subsequently decreased, remainethltvwe pupal stage and then moderately
increased in the adult (Figure 1.28 B). The expoassf intronic miRNAs usually follows that
of the host gene, but in the midgut both the exgoespattern and the abundancemR-7and
hnRNP-Kdiffered:hnRNP-Kwas abundantly expressed throughout midgut devetop,
decreasing slightly at the larva-to-pupa and pupaelult transitions.

Expression patterns of RNA-binding factors in the ndgut of Ae. aegypti during

metamorphosis: heterochronic gene homolode-28 and Brain Tumour (BRAT)
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BRAT, an RNA-binding translational regulator

BRAT is an RNA-binding factor from the partite_notif andNcl, Ht2a, andLin-41 (Trim-NHL)
family. The NHL domain forms a beta-propeller thegdiates protein-protein interactions.
Members of the Trim-NHL family act as translationgpressors [80]. BRADinds miRISC
component AGOL1, and co-immunoprecipitates withithiRISC-associated deadenylase
complex factor, NOT1 iilb. melanogastef80-82]. The level oBRATexpression ie. aegypti
midgut dramatically increased near pupation (Fidug® B). This expression pattern was
repeatable, and was the opposit®Bf which sharply decreased near pupation (Figure A)2
Expression oBRAT]just at pupation suggested it might have a funatiathat process.

FIGURE 1.29 RNA-binding factor expressioncompared wittBRisoform expression
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Figure 1.29 A. Total expression oBR isoforms in the midgut at metamorphosisB. BRAT
(lin-41 homolog)increased at pupation. Wh8R expression decreasd®lRATisoforms

increased.C. LIN-28 expressionwas similar tdBR, butLIN-28 transcript abundance was very
low.
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Midgut expression levels oL IN-28, an RNA-binding regulator of developmental timing
LIN-28 was first characterized as a developmental timaggilator in theC. elegans
heterochronic pathway, and its role in developmidirtang is highly conserved across species
[83, 84]. LIN-28 binddet-7 post-transcriptionally to inhiblet-7 transcript expression and
prevent differentiation [85]. Whilket -7 function is associated with terminal differentati[86],
LIN-28 function is associated with an undifferete state [87].
LIN-28 expression in the mosquito midgut was similar ®BR expression pattern: it was
highest in the first 48 hours of th¥ istar, declined towards the time of pupation, serdained
low in the pupa and adult. HoweveiN-28 transcript abundance overall was much lothen
BRandhnRNP-K(Figure 1.29 C).

DISCUSSION
A rationale and summary of midgut developmental higlogy
Micrographs of the developing midgut provided asaisrecord of morphological changes that
occurred during metamorphosis and allowed studgidfut morphology and cellular
composition. | first established what normal middavelopment looked like as a baseline
against which to later compare the results of homrtoeatment or of dietary restriction.
| used basic techniques of dissection, stainind,raitroscopy to characterize and record midgut
metamorphosis as a series of developmental chavgesime. Imaging the midgut at different
stages both documented and provided insight irdgtbcesses it undergoes during the transition
from the larval stages to the adult. Correlatingphological changes with changes in
expression patterns in well-fed, untreated larva& oan provide a baseline against which to

compare morphological and expression-pattern clsaimgexperimentally treated larvae. This is
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a first step in exploring the molecular mechanisinas underlie the observed morphological
changes.

As midgut remodeling progressed, coordinated chaongeurred; small diploid adult midgut
progenitor cells proliferated, obsolete larval €eletached from the basement membrane, and

new cells differentiated to form adult structures.

FIGURE 1.30 Landmarks of the timing of metamorphoss in the midgut

times during midgu development that samples were taken for gPCR analysis of transeript levels:
(ihr X hr 48 hr iy har Pk Pl P2 Al A2 A3

,m T I max imeum

erly 4™ larvnl imstar SO growth Late % instur pre-papaticn remidel b0 aduki madgan

Ty 24 i iid rouiid 48 hours

JH I ' ECDYSONE JH I
Figure 1.30Sequence of developmental timing events during midg metamorphosis
correlated with sample times for expression analys{sample times - written above).
0 hr: Early 4" instar - larval feeding and growth

24 hr: Continued larval feeding. Onset of cell prolifératby ~32 hours suggested that a
commitment to pupate might have been made.

48 hrs: Larval feeding, fat body accumulation. Maximum gutisize ~48 hours.

66 hrs: Obsolete larval cells began to detach from theinant membrane into the lumen.
PO hr: Pupation, no more feeding, the midgut was closed.

P0O-P1:0Obsolete larval cells filled the central lumen, déinel outer nascent adult midgut was
composed of small, newly proliferated cells.

P1-P2 The adult midgut formed, the larval cells inside midgut were — reabsorbed? Adult
structures formed, the male and the female midguewlifferent.

Al: Aquatic, non-feeding pupa eclosed to winged adilltrsliant on larval nutrient reserves,
not yet reproductively competent.

A2-A3: The young adult female mosquito in a preparastaye before the first blood meal.
(Biosynthesis of juvenile hormone, synthesis ofyettypsin mMRNA.)
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FIGURE 1.31 Summary ofBR expression relative to miRNA and RNA-binding factes in
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Figure 1.31 Summary ofBR and RNA-binding factor expression in midgut ofAe. aegypti
BR isoform expression (composite of 4 isoforms) — bluep left.

Expression of mMRNASs relative to B actin ()0 gray

Expression of miRNAs relative to 5S rRNA (X390 blue
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Expression patterns of miRNAs and RNA binding factos during midgut metamorphosis
The expression patterns of the miRNAs and RNA mgdactors studied here can be loosely
grouped into three categories: (1) those expressedly in larvae (2) those expressed mostly in

pupae and in adults (3) those expressed mainriaé and in adults.

1. Factors expressed mainly in 4th instar larvae

Mosquito metamorphosis is initiated if ihstar larvae. The miRNA®IR-7andmiR-190 the
transcription factoBR and the RNA-binding proteiin-28 were primarily expressed irf'4
instars. miR-7andmiR-190expression levels were highest in newly-molt@dr&tars then
gradually decreased over the course of the stages\erlin-28 andBR expression increased
over the first 2 days of thé"4nstar, to peak around the time that ecdysonestitee the greatest,
then decreased while ecdysone titers remained high.

miR-7

miR-7 has a well-documented role in patterning and dgmekent. miR-7 is involved in
regulating the timing of oocyte-follicle cell deepiment, and targets the BTB-zinc-finger
transcription factotrantradk 69 {tk69) to promote the transition from endoreplicationthe
selective amplification of the chorion genes fog#tell production [88].miR-7is involved in
the differentiation of photoreceptors duribg melanogasteeye formation [89]. In this context,
miR-7 expression is dependent on EGFR signalmgR-7 can regulate multiple effectors of
EGFR signaling [90] as well as seven Notch targemteg [76]. EGFR signaling promotes
proliferation of adult midgut progenitor cells imetD. melanogastelarval midgut, and promotes
intestinal stem cell division in the adult midga®[ 91].

In the context of cell divisiomAae-miR7 was expressed in the earf§ idstar larval midgut near
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the onset of cellular proliferation (Figure 1.27. By analogyAae-miR-7may participate in cell
proliferation during midgut remodeling. Althougls gxpression level was low during the time of
maximum diploid cell division,miR-7 may be required to initiate cell division. ID.
melanogastefollicle cells, the expression level afiR-7is also relatively low, suggesting that
miR-7may have high regulatory efficiency [88]. Altetivaly, miR-7may only be expressed in
a subset of cells in the midgut, such as neuragitd.c

Based upon the critical weight model of metamorphosewly-molted % instars were
hypothesized to have relatively high JH titers.c8imiR-7 transcripts were highest in newly-
molted 4" instars, then decreased when the JH titer wasceegh¢o decrease, one explanation
for this expression pattern is thaiR-7 may be JH-regulatethiR-7was expressed in the early
4" instar; so waBR Since miR-7 was predicted to targd8R miR-7 might dampenBR
translation in the midgut during the earf{ ihstar, before critical weight is reached.

miR-7is located inside an intron bhRNP-K but, althoughhnRNP-Kwas highly expressed
throughout midgut metamorphosmsiR-7was not(Figure 1.27). This uncoupled expression
pattern also occurs ID. melanogastenvhere @Dme-miR-7specific promoter was identified
inside intron 5-6 of th®. melanogastehomolog othnRNP-K(calledBANCAL) [76].
hnRNP-Kencodes a highly conserved RNA-binding factor BitkH domains and an RNA-
binding RGG box, a domain structure shared by thgife X Mental Retardation Protein
(FMRP), which acts with the RNAI machinery to reggéranslation of mRNA targets [92].
hnRNP-Ktranscripts are induced by ecdysam®. melanogasterand hnRNP-K may interact
with BR during leg and wing morphogenesis [93]. hnRNP-#dsito C-rich regions, and is

involved in translational silencing [94, 95]. Atdnally, hnRNP-K is known be targeted by
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viruses [78] and interacts with the Dengue virueqwotein and the Chikungunya virus non-
structural protein nsP2 [77, 96], two viruses eatibyAe. aegyptthat cause human illness.
miR-190 and talin expression levels were low in the late larva andhé pupa

The expression patterns miR-190andmiR-7were very similarmiR-190expression peaked in
the early 4 instar, when JH is hypothesized to still be presaiR-190s intronic location inside
the genélALIN, and the similarity between their expression pasisuggests that they may be
co-regulatedmiR-190was predicted to have multiple binding sitesB#Z3 and Z4 3'UTRs.
LIN-28 The expression pattern bfN-28 was limited mostly to #instars, and highest
expression was concurrent with the peak in {hngtar ecdysone titer. The peakLiiiN-28
expression was also coincident with an increaskpioid cell proliferation and the attainment of
maximum larval midgut size. LIN-28 is associatethvan undifferentiated cellular state, while
let -7is associated with terminal differentiation [8&[84]. LIN-28 binddet-7 post-
transcriptionally to inhibitet-7 expression and prevent differentiation in humabmnic stem
cells [85].LIN-28 was first characterized as a developmental timeggilator in theC. elegans
heterochronic pathway, and its role in developmnidirtang is conserved across species [83, 84].
The reported interaction between LIN-28 detd7 in other species is very interesting and may
have relevance to the results presented Heter is also a heterochronic geneGnelegansthe
let-7 transcript was the second miRNA ever characterire@. eleganslet-7 expression
determines the onset of the adult developmentarpm [19].let-7 is highly conserved in
metazoans, and up-regulationlett7 expression accompanies the onset of adult reptivgduc
maturity [73, 97]. The timing dkt-7 expression in the pupal and adult midgut (Figugs B)

was consistent with its conserved role in adufedéntiation.
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2. Factors expressed mainly in pupae and adults: RNbinding factor BRAT, and miR-14,
miR-100, let-7, miR-125, and miR-277.

Midgut metamorphosis in the pupa and adult includedetachment of larval cells from the
basement membrane and their subsequent degradatlmmlumen, and the differentiation of
diploid adult midgut precursor cells that will forttme adult midgut. Nutrients stored in obsolete
larval endoreplicated cells are digested and retaeadult development. In the early pupa the
titer of ecdysone increases several fold over thimgtar level, so hormonal stimulus BR
expression is present, MBR expression is minimal.

BR expression decreased theBRAT expression increased

The time ofBR expression was correlated with cell proliferat{ieigure 1.13). The transient and
dramatic up-regulation dRATnear pupation was coincident with the down-regutadf BR
(Figure 1.29).

In other organismBRATfunction is associated with cellular differentiatjdoy translational
silencing of factors that promote proliferation [9BRATsuppresses self-renewal in stem cell
daughters, to promote their differentiation [99])Q. elegansdevelopmental time progresses
with the sequential and regulated increase andedserof heterochronic cell-fate determinants
[15]. lin-41,aBRAThomolog, is a key heterochronic gen&inelegans.

During midgut metamorphosiBRandBRATmay function as sequentially expressed
developmental timing regulators (as heterochroagulators). | hypothesize that BR may initiate
the pupal program and the proliferation of aduldguit precursors, then BRAT might repress
BR,terminate cellular proliferation and initiate thecess of differentiation. This hypothesis of

timing regulation is consistent with two lines ®idence inD. melanogasterfirstly, BRis
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highly expressed in proliferating adult midgut presors at the larva-pupa transition [60] and
secondlyBRis upregulated prematurely BRAT mutants [5].

Of the miRNAs studiedniR-14 was the most highly expressediia. aegyptmidgut,

particularly during the pupal and adult stages, WBR expression was lowniR-14is an
arthropod-specific miRNA [100)n D. melanogastemiR-14has been implicated in a negative
feedback loop involving the ecdysone receptdreremiR-14targets the ecdysone receptor
(EcR), and ecdysone signaling reducaiR-14levels [74].

miR-100, let-7, and miR-125 may be coordinately regulated in mosquitoes. Tileysical
linkage was demonstratedn melanogastemnvhere the three miRNAs are co-transcribed in a
common primary transcript, but they do not havesdime abundance in the cytoplasm. This
suggests that the pre-miRNAs of the primary trapsonay be differently processed post-
transcriptionally [23]. Data presented here sugtiesexpression patterns and relative
abundance ahiR-100, let-7andmiR-125also differs in the mosquito midgut.

The expression level ohiR-277 was relatively low in the midgut, amliR-277expression was
higher in the pupa and the adult than in the lam&R-277is predicted to have numerous targets
involved in development, growth factor signalindlpeays, metabolism, and hormonal
regulation [101-103]; therefore the expressiomdR-277may be highly regulated. In the
midgut, themiR-277expression pattern clearly differed from thattseftwo closest neighbors,
miR-317andmiR-34,and was highest in the pupal stage. This diffeegptession pattern
suggestsniR-277may not be part of a common primary transcript theludesmiR-317, miR-
277andmiR-34 In D. melanogasteran independent primary transcript was recentpet that
only encoded a single miRNAiR{Genbank FJ45605) [72]. By 3' RACE | cloned a

homologous product iAe. aegypti(Genbank KC897652). This suggests that, althoughtéal
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betweermiR-317andmiR-34 miR-277might be transcribed independentlyAa. aegyptias it

is in D. melanogaste(Figure 1.24).

3. Factors expressed mostly in larvae and adultsiR-317, and miR-34
miR-34andmiR-317were expressed in the midgut throughout the lastaae. Their expression
decreased in pupae, then had greatly increasée iadult by the third day after eclosing (Figure
1.23). While this expression pattern was not elyticensistent with hypothesized JH titer
fluctuations, it does to some extent follow thetgrat of BR expression. IiD. melanogaster
miR-34was up-regulated by a juvenile hormone analogdaneh-regulated by ecdysone [25].

The results presented here are consistent witle tineshanisms.

CONCLUSION
This expression analysis establishes a baselindaifve expression patterns. Potential
relationships between the RNA binding factors BiRtheed to be further studied.
There is very likely a role for miRNAs in midgut\ddopment, and the heterochronic pathway
homologs may be important regulators of the tinohghosquito midgut development. This
study therefore provides a foundation for furthrereistigation of the complex molecular

regulatory interactions that underlie mosquito midgetamorphosis.
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TABLE 1.5 Summary of Chapter 1 - The expression dBR in the midgut of the mosquito

Ae. aegypti and the expression of RNA binding factors that maynodulate BR expression

knowledge gained

caveats/limitations/observations

1. The relative abundance of factors in
the midgut was determined.

A. We do not know where they were
localized

B. Factors with a low expression level
may still have an important function in a
subset of cells (ex: enteroendocrine cells,
or visceral muscle cells)

2. The expression patterns were
established -we learned when a factor’s
expression peaked and when it
decreased

A. We know expression at discrete time-
points in a complex tissue composed of
different kinds of cells

B. We cannot relate the expression of
one factor to that of another - for
example, if BR decreased, and BRAT
increased, the two events are not linked,
just correlated - we cannot say BRAT
caused BR to decrease, or BR decrease
allowed BRAT to increase.

3. A rough outline of the course of
midgut metamorphosis over time was
established, which can be correlated
with the expression analysis to allow a
sense of what is happening in the
developing midgut at a given expression
point.

A. This did not confirm mechanistic
molecular relationships between, for
example, the expression of lin-28 and the
proliferation of epithelial cells.

B. Clues of molecular function can be
derived from the literature, and also
from the domain structure of the factor.

4. Bioinformatic and RNA structural
analysis suggested possible relationships
between BR and miRNAs (and RNA-
binding proteins); coupled with co-
expression in the same tissue this
provides two lines of evidence to
support hypotheses for molecular
interactions.

A. Bioinformatic predictions are not
reliable. Not enough is yet understood
about the molecular interactions
between miRNAs and their targets to
rely on bioinformatic predictions.

B. Sometimes miRNAs with perfect seed
identity do not bind in vivo, while other
miRNAs bind when not expected to.
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MATERIALS AND METHODS

Mosquito culture

Ae. aegypteggs (Orlando strain) were obtained from LouisiBi@ogicals. Larvae were grown
at 24°C and fed a mixture of Tetramin chiclid foGth) and bakers yeast (2g) in 500 mls
distilled water. To obtain timed™nstars, 2 or 3% instars were individually placed into
12X100 mm culture tubes containing approximatelyivater and excess food. Laté Bistars
were checked every 2 hours, and the presence shereed' instar cuticle was taken as the start
of the 4" instar.

Larval midgut staining

Midguts were dissected in phosphate buffer safS) and stained with either 4’6-diamdino-
2-phenylindole (DAPI), phalloidin AlexaFluor 54 itrogen/Molecular Probes) (5ul in 100ul
PBS), orcein (midguts fixed in Carnoy'’s buffer)roethylene blue.

RNA extraction and purification

10-20 midguts were dissected in PBS then transfea€IAzol Lysis reagent (Qiagen), heated
briefly at 60°C, vortexed then stored at -20° Glymbcessing. Chloroform (0.2 volume) was
added to separate phases. The samples were thed ama rotator for 15 minutes, and
centrifuged for 20 minutes at 4°C. The resultiggeous phase was transferred to an RNAeasy
mini-column, washed and DNase-digested on the aolusmg the Qiagen RNAse-free DNase
set (catalog 79254). Total RNA was eluted fromdblumn with RNAse-free water (~30-50p1)
then the total RNA yield was quantitated using@hent-it RNA broad range assay kit (catalog
Q10213; Invitrogen/Molecular Probes). 1 ug of t&RAlA was used for each sample in the

reverse transcription reaction.
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MRNA and miRNA expression analysis

FIGURE 1.32 Overview of expression analysis

gPCR to determine expression patterns of br and RNA
binding factors

timed midgut samples - total RNA

/N

MRNA expression miRNA expression

MiRNA and mRNA expression was analyzed quantititiusing the miScript PCR System from
Qiagen that includes the miScript Reverse transoriit (catalog no. 218061) and the miScript
SYBR Green PCR Kit (catalog 218075). These kisvalihe detection of both mRNAs and
mMiRNAs from the same total RNA sample. During téeerse transcription step miRNAs are
poly-adenylated by poly(A) polymerase. Reversedtaptase then converts RNA to cDNA
using oligo-dT and random primers. The oligo-dTh@rs have a universal tag sequence on the
5’ end; this universal tag allows miRNA amplificatiin the real-time PCR step. To amplify
MIiRNA, the forward primers used are specific far thiRNA (see chart for primer sequences)
and reverse primers prime the universal tag segquappended during reverse transcription.
Real-time PCRconditions on an MJ Research Opticon thermocyeése as follows: Hot start
95°c for 15 min, then 35 cycles of: Melt-15 secnAal- 30 sec, Extend-30 sec. This was
followed by melt curve analysis to ensure thatnglei product was amplified that melted at the
expected temperature (MiRNAs tend to melt arourR€ 7/8epending on their CG conterig.
aegypti5S rRNAwas used as the reference gene for the miRNAioeasctmRNA products were
amplified using the same PCR conditions and efeeraegyptACTINor Ae. aegyptRPS7as

the reference gene.
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Quantitation of differences in the expression levels of target genes was calculated
using the relative standard curve method, by re-writing the slope-intercept form of the line
equation (Y = mX + B) to solve for X:
X=(Y-B) /m where Y = c(t) value,

M = slope

B =Y intercept

X = nucleic acid abundance
Calculations were set up in Excel spreadsheets using the raw data from the PCR analysis:

X =(c(T)-20.89)/-3.5
then: anti-log of target x value is divided by the anti-log of the control (reference) gene:
= 10"x experimental /1 ()*x control

For the Chapter 1 expression charts, the reference gene for mRNA was f3 actin, and the
reference gene for miRNA was 5S rRNA. Error bars show the standard error of 3 technical
replicates. If no error bars are shown, 3 technical replicates were not performed.
Analysis of standard error for technical PCR repliates: Standard error = standard deviation
of samples/inumber of samples

TABLE 1.6 PRIMERS USED FOR PCR — miRNAs and control

miRNA A. aegypti sequence (from miRBase)

miR-317-2 | 5TGAACAGCYGGYGGYAYCT3

miR-277 5TAAATGCACTATCTGGTAGACS’

miR-277* 5'CGTGTCAGAAGTGCATTTACA3

miR-34 5TGGCAGTGTGGTTAGCTGGTTGZ
miR-34* 5'CAACCACTATCCGCCCTGCCGCCT
miR-100 5’AACCCGTAGATCCGAACTTGTG3’
let-7 5TGAGGTAGTTGGTTGTATAGT3
miR-125 5TCCCTGAGACCCTAACTTGTGAZ
miR-7 5TGGAAGACTAGTGATTTTGTTGTZ
miR-14 S5TCAGTCTTTTTCTCTCTCCTATZ

miR-190 5’AGATATGTTTGATATTCTTGGTTG3

5S rRNA 5'GTCAACGATCATACCATGTTGAAAZ

U6 snRNA | 5’GTCTTTGCTTCGGCAAGACATATZ
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Table 1.7 PRIMERS USED FOR PCR - mRNAs

MRNA forward (5’-3’) reverse (5'-3’) accession numier
BR Z1 TCACCACAAGGCGAGGACT TCGTTCTGATCCACGGCAC AY499537
BR Z2 GTTCACCACAAGGCTGCTC GACGGCAACTAGTGGCAAG AY499538
BR Z3 TCTCGGCAGCGTCCTCAT ACAGCGTGTCGGATTGTTCG AY499539
BR Z4 AACGGCACAAGGAGCAACAG GGATGATGCAAAGGACTGGC AY499540
BRAT TGTCCACTTCACCCTCACAA GACGAATGGTCCCAGACTGT XP_0016694
LIN-28 TGCAAGTGGTTCAACGTGAT GAAACCCCTCCATTTGAAGC XP_0016483
hn-RNPK | GCAAGATTTTCACGCACACT CGCTTTTATCCAGATTGATGAAG | EAT3806
TALIN GAAGTTAAGGAAACGGACGAA CTCTCGTTGAGCAGCATTTG EAT42216
AGO1 shrt| ATTCGATGGGCGTAACAATC CGTATGGGATCTGTGTCGTGTG XP_00%6170
AGO1-Ing | GCCTCCAAGTCCGACTCA AGTTCGTTTTGCATCAGTCC XP_00166265
Gwi182 ATCTCATCGGAGGTGACTGG ATACGGAACTGCTTGCTGCT EAT40860
NOT-1 TCCCGTAACCGTATCTCGTC TGTGTCTCAGCGAAGGATTG EAT33966
3 ACTIN | GACTACCTGATGAAGATCCTGAC | GCACAGCTTCTCCTTAATGTCAC | XP001655176
RPS7 ATGGTGGTCTGCTGGTTCT ACCGCCGTCTACGATGCCA EAT38624
Tablel.8 Databases and software used

Software/database purpose Website URL

mfold

nucleic acid folding and
hybridization prediction

http://mfold.rma.albany.edu/?q=mfold

CLUSTALW

multiple sequence alignment/
tree

http://www.genome.jp/tools/clustalw/

miRBase

Database of miRNA sequences
and annotation

http://www.mirbase.org/

Broad Institute 4edes

A. aegypti genome database

http://’www.broadinstitute.org/annotation/genome/aedes_aegypti.2/Home.html

Vectorbase Aedes

A. aegypti genome database

https://www.vectorbase.org/organisms/aedes-aegypti
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CHAPTER 2

The effects of juvenile hormone and ecdysone @R and RNA-binding-factor expression
and on midgut metamorphosis

BACKGROUND
To investigate potential relationships betw&hand candidate RNA regulators, and to learn
more about the role @R as a developmental timing switchAe. aegyptil studied the effect of
the juvenile hormone analog methoprene and thesecdyanalog RH2485 on midgut
metamorphosis, and on the expressioBREnd RNA-binding-factors.
Sincejuvenile hormone (JH) repressBRresponse to the molting hormone ecdysone and delays
pupal development [7, 10, 104], and since ecdystinalatesBR expression, | hypothesized
that inappropriate exposure to methoprene and t84Rbl might give insight into the roles of
juvenile hormone and ecdysone in the potentiallegigun of BRtranscripts by RNA-binding
factors.
The JH titer is not known in Ae. aegypti larva or pupa, but JH increases in early adult
JH levels are known in the newly-eclosed adult fien@osquito, where JH directs reproductive
maturation (Figure 2.6B). JH increases in the aditing the first two days after eclosion, and
remains high until the blood meal [105, 106]. Jbklnthesis in the early adult is dependent on
the teneral reserves (nutrient stores) carried fvoer larval feeding [107].
The JH titer has not been determinedAer aegyptlarval or pupal stages, but juvenile hormone
esterase (JHE), which degrades JH, is expressbe midgut during the larst larval instar. JHE
plays a critical role in reducing juvenile hormdeeels. In X instar larvae JHE gradually

increases, and reaches a peak at around 42 heerrshaf molt [108].
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1. Effect of Juvenile hormone and methoprene on gerexpression

Methoprene is a juvenile hormone analog used asrecide and also as an experimental tool to
understand the action of juvenile hormone. Methogiaterferes with normal metamorphosis
and remodeling of the midgut &ke. aegypt[63, 109].

FIGURE 2.1 Methoprene, Juvenile Hormone

0

0

Methoprene Juvenile Hormone 111

Figure 2.1 A comparison of the chemical structures of methogr@deft) and JHIII (right)
Methoprene has greater activity than JH

The level of JH in the hemolymph of most insectadslly ranges from 0.3-180 nM, with the
maximum level of JH Il activity at ~25-35 nM [110]n D. melanogasterthe 50% effective
dose (ERy) of methoprene was measured at 5 picomoles/pupatvitnile the EQyof JHIII was
143 picomoles/puparium in the same assay [111]hdMeene may have higher activity relative
to JHIII because methoprene is more resistantzgreatic degradation by JH esterase [110].
How juvenile hormone may inhibit BR expression

A methoprene-resistant mutant was discoverdd. imelanogastemethoprenetolerant MET),
that encodes a basic helix-loop-helix, Per-Arnt-S{isHLH-PAS) domain transcription factor
with a small, hydrophobic binding pocket that iseaio bind JHIII with high affinity [112, 113].
To test the hypothesis that the JH analog metheprearferes wittBR function at
metamorphosis thouglET, mutant flies were treated with methoprene [11H4¢. Tesulting
phenotypes oMET mutants were the same as those of flies with ¢efaBR function. That is,
MET mutants phenocopid8R mutants. This finding placedET in a signaling pathway that

connects JH witlBR[114].
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The JH receptor may be a heterodimer, of whiBhET is an obligate component and another
bHLH transcription factor is a variable partner Ale. aegyptnewly-eclosed adult$MET forms

a heterodimer with the hormone receptor coactial8C (3-FushiTarazuF1 I nteracting
Steroid-receptoCoactivator) or with another bHLH factdZ,Y CLE to induce the expression of
Kruppel-Homologl KRH),a C2H2 zinc finger transcription factor thoughtitd downstream of
MET to repres8R [115, 116]. Heterodimerization MET with different partners may explain
the pleiotrophic effects of JH [115, 116]. In the. aegyptearly adult, theéMET/FISC
heterodimer binds the promoter of tBARLY TRYPSIene to induce its expression in a JH-
dependent manner [115].

FIGURE 2.2 Effects of JH and JHA signaling onBR expression
JH inhibits premature metamorphosis B Methoprene re-upregulat&Rin the pupa

A B B .
JH METHOPRENE

prevent

premature | :
metamorphosis e :
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“ N ]

-
br specify pupal stage

LARVA PUPA
Figure 2.2 A.JH signals througMET andKRHZ1to block precociouBR expression and inhibit
early metamorphosis in th2 melanogastelarva [104, 117].
B. Adding exogenous JH or methoprene causes inapat®BR re-expression in the pupa,
whenBRis not normally expressed [104]. In the. aegyptmidgut, methoprene causes a
reiteration of the larval program and inhibits rtissue histolysis in the pupal midgut [109].
Perhaps metamorphosisAe. aegyptfollows a more ancestral pattern.lDn melanogaster,
metamorphic changes occur in the late last inaftar larval growth has ende@melBRis
directly induced at the beginning of the wandestape, when larvae leave the food [118], but in

Ae. aegyptimetamorphic changes overlap larval growth andifiegib2, 119]. In more basal
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holometabolous insects, such as flour beEtleastaneurand mosquit\e. aegyptiBRZ3
isoform is expressed at low levels during the elaryal instars (Figure 2.3) then up-regulated
during the final larval instar. This may reflectamcient evolutionary identity f@Rz3 [120],
the most distal isoform in tH8R locus (Figure 1.3), and seemingly the most JH-cdibfe.

FIGURE 2.3 BRZ3 expression in the early larval instars ofAe. aegypti
(xw)br Z3 whole larvae 1st - 3rd instar
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Figure 2.3 BRZ3 expression in the first three larval instars(la-early i'instar, 1b-late
instar; 2a-early ¥, 2b-early-mid &, 2c-late-mid 2, 2e-late 2, 3a-early ¥, 3b-mid 3°)

2. Effect of Ecdysone and ecdysone analog RH2485 gene expression

The insect steroid hormone ecdysone induces andioates molting and metamorphosis in
insects [7, 121-124].

Ecdysone biosynthesis i\e. aegypti

Prothoracicdropic hormone (PTTH) is a neurohormone that stimulatedysction of ecdysone
in insects [69]. I'D. melanogasterecdysone is synthesized in the ring gland, agegwocrine
gland that includes the prothoracic gland, the c@gardiaca, and the corpora allata, described
by Marguerite Vogt in 1930. IAe. aegyptiPTTH is expressed in the brain, and its highest
expression occurs around 24-36 hours in thindtar [125], after the critical weight is reached
No specific site of ecdysone biosynthesis has lmatified inAe. aegyptlarvae[125]. The
prothoracic gland is reported to be inactive indfiénstar, though there is coordinated and
synchronous release of ecdysteroids from the thanalxthe abdomen [125, 126]. In the adult

female after the blood meal, ecdysone is synthdsizéhe ovary [127].
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Evidence that insulin signalingaffects ecdysone biosynthesomes from experiments
melanogasterwhere over-expression of phosphatidylinositolirfake PI3K), a downstream
effector kinase in the insulin pathway, causesdaro attain critical weight earlier, and to
metamorphose into tiny adults [128]. Enhanced inssigjnaling inD. melanogasteincreases
the expression of the ecdysone biosynthetic enzyhsesnbodied§/B) and phantomRHM),
which are induced by BR [129, 130]. Ae. aegyptiinsulin signaling also regulates ecdysone
biosynthesis [131], and eight insulin-like peptidgds) have been identified - of these, ILP6,
ILP5, and ILP2 are found in the larval abdomen [131

Several RNA-binding factors in this study may beoirved in insulin signaling. In mouskt-7
represses the insulin receptor, and this repressiblocked by LIN-28. AntisensmiR-7in the
mouse embryo reduces insulin expression in thelodpveg pancreas [132DPme-miR-14inds
and represseSUGARBABEa zinc-finger transcription factor that regulattes expression of
ILPs in neurosecretory cells B. melanogastebrain in response to nutritional cues [me-
miR-14directly binds a complementary, conserved sithéen3’'UTR of SUGARBABHE74].

FIGURE 2.4 Conservation ofmiR-14 binding site onAe. aegypti SUGARBABE 3'UTR

sug-3'utr 5* AUUU AC U UU U 3’
A G GA ARAGACUG
U C CU UUUCUGAC
miR-14 3' AUCCCUOU U Us*

Amdes sugarbabe 3I'UTR -TAACA
Ely sugarbeba 1°UTR

Aodoas sugarbaba 3'UTR
ly sogazbabe J*UTR

Aades sugarbaba J3'"UTR TTOGAT
fly sugarbabe }*UTR

Andaz sugarbake J'UTH TAOTU-——OTOATTARACACACATRATTACRLAAS
Ely sugarbebe 1°UTH TATTTAADGTOATTARALAC T T T UTARATTUAR -

...........

Figure 2.4miR-14 binding prediction on AaegSUGARBABE 3'UTR, showing 8
complementary pairs in the seed region predicteRNs Hybrid [133]

Alignment of the 3' UTR of AaegSUGARBABE with Dmel SUGARBABE 3'UTR, abona
fide biological target omiR-14binding inconserved region(bold) [74]
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Alignment ofDmelSUGARBABRith theAe. aegypthomolog (Figure 2.4) shows that thneR-

14 binding sites are identical. Conservation of iti®-14binding motif suggestdaemiR-14
might also targefAaegSUGARBAB® regulate insulin signalindhae-miR-14vas highly
expressed in pupal and adult midguts when ecdyleweés decrease (Figure 1.25).
Transmission of ecdysone signaling by the ecdysoreceptor

How does a single hormone circulating in the hemmglly coordinate morphological change in
diverse tissues at different times? An early usiderding of ecdysone regulation of gene
expression came from the observation that if eatlys® added to the large polytene
chromosomes dbD. melanogastesalivary glands in tissue culture, a puffing resgresults [3,
134-136]. Ashburner hypothesized that an intratallecdysone receptor receives the ecdysone
signal, and proposed that a hierarchical cascattamdcription factors responds to that signal.
These factors then activate downstream factorsaatategulate their own promoters to allow a
sequential progression of gene activation. It stdssequently shown that the early-puff gene
products indeed include three ecdysone-responatv@{M) transcription factorsE75[137],
E74,[138], andBROADI[68].

The ecdysone receptor heterodimer

The cellular response to ecdysone is mediatedhstexodimer composed of two nuclear
hormone receptors, the ecdysone rece@oR([139, 140], and Ultraspiracl&&P), an ortholog
of the vertebrate retinoic acid receptBXR [141, 142]. Nuclear receptors belong to an emici
transcription-factor family. They share a commomdm structure, which includes a conserved
DNA binding domain (DBD), a central hinge regiondaa ligand binding domain (LBD) [143].
Nuclear receptors activate or repress transcrigifdarget genes by direct recognition of

specific cis-regulatory regions [144]. The ecdysoeaeptor binds ecdysone in a flexible ligand-
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binding pocket [145], bUECRby itself cannot bind ecdysone, it must first faarheterodimer
with USP[146].

Response to ecdysone is tissue and cell-type specif

The two ecdysone receptor isoformsA@. aegypti, ECRAnNdECRRB differ in their N-terminal
activation domains and 5’ UTRs [147, 148]. Diffeiahexpression oEcRandUSPisoforms
allows different tissues and developmental stagémve distinct responses to ecdysone
circulating in the hemolymph [149]. The t@Risoforms vary in sensitivity to ecdysone;
EcRBresponds to low levels of ecdysone, and seems theofirst-responder to rising ecdysone
titers [148]. ThdJSPAandUSPBisoforms also differ from each other only in thditerminal
activation domain and 5’UTR. Thus each isofornEoRand ofUSPrecognizes the same cis-
regulatory region with their DNA binding domaingitlmay vary in their induction and their
partners due to differences in their promoter negjiand activation domains.

The EcR heterodimer in the larval mosquito midgut

In Ae. aegyptmidgut,USPAexpression increases around 48 hours after th&ataal molt, and
EcRBalso increases towards the end of thénétar [150]. EcRBandUSPAmay form the
heterodimer that transduces the ecdysone sigaéimidgut during metamorphosis.
Co-repressors and co-activators of the ECR heteroaher

The ECR/USP heterodimer interacts with co-repressoco-activators to coordinate the
ecdysone response. A co-repressor attaches ab#®nce of a ligand [151] then, when
ecdysone binds, the EcR ligand-binding domain uymkes a conformational change, and
releases the co-repressor to recruit a co-actiyas®]. InAe. aegyptithe co-activator FISC
may mediate crosstalk between JH and ecdysonelisignBISC interacts with MET via its PAS

domain in the presence of juvenile hormone [15@,bnds the ECR/USP heterodimer with its
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conserved LXXLL nuclear-receptor-binding motif metpresence of ecdysone [153, 154]. Like
BR, FISCresponds to both JH and ecdysone.

FIGURE 2.5 EcR/USP heterodimer co-activators and co-repressors
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Figure 2.5 Ecdysone binding causes ECR/USP heterodimer tagehlasal chromatin from
repressed to open.

Ecdysone levels in the mosquitdedes aegypti during metamorphosis, and Juvenile
Hormone levels in the newly eclosed female adult

FIGURE 2.6 A Ecdysone levels ii\. aegypti larva and pupadetermined by the Palli lab
[69]

Ecaysis Ecdysis Ecdysis

J’ Fourth instar larva I Pupa ‘I
I 11 1

—.—‘—g 20E

FIGURE 2.6 B Juvenile hormone levels in newly ecles pre-vitellognenic female adult [66]
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Days After Eclosion
Figure 2.6 A. Ecdysonelevels rise in 3 peaks in the middle and ldféntar, then there is a
high peak of ecdysone in the early pupa within @érk, after which ecdysone levels decrease
[69]. B. JH levels are not known in larva or pupa. In newlyeseld adult femalegH levels
increase during the first two days after emergetie® slowly decline (Raikhel lab) [66].
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1. RESULTS: Treatment of mosquito larvae with meth@rene, a juvenile hormone analog

To determine the effect of juvenile hormone on sualy fed larvae were treated with the
juvenile hormone analog methoprene, or with an legpiame of the solvent as a control.
Larvae were treated at 24 hours after the moltabse the level of JH was expected to normally
decrease then, after the critical weight was redctied when JH esterase increased.

The effect of methoprene on survival and midgut deslopment

Methoprene-treatment of larvae caused an intewopti midgut development, and ultimately
resulted in death approximately a day after pupafiogures 2.7 and 2.8).

FIGURE 2.7 Survival after treatment with methoprene, or treatment with solvent alone

A Effect of methoprene on survival Effect of solvent alone on survival
1.2 1 B Concentration and 1 7 Concentration and
population size (N} 0.9 population size (N)
1 0.8
z — Cimethoprene 5x10°-5% = g7 DMSO 1%6N=20
- DMSO 01% N=58 5 s ethanol 0.1% N=137
e g
g 06 Emethoprene 5x10°-5% g ¢ ethanol 0.05% N=50
= EtOH 0.1% N=146 =
2 - £ 04 DMSO .1% N=20
T 04 & methoprenelx10°-5% ]
- etOH 0.05% N=50 - 03 ethanol 0.1% N=137
0.2 - — ~  Emethoprene 1x104-5% 02 ¥ ethanol 0.05% N=50
‘ - EtOH 0.1% N=50 o4 1] | = ethanol 0.1% N=50
o += 0

larval deaths pupal deaths normal larval deaths pupal deaths normal
eclosion eclosion

Figure 2.7 A. Effect of methoprene on survivalAt the concentrations tested, most
methoprene-treated larvae died after pupafta§ome DMSO (green) and ethanol (gray)
controls also died as pupae, though many eclosedrtoal adults. Concentrating the stock
solution to 2ul methoprene/ml ethanol allowed kt$mnol to be used in the experiment,
resulting in fewer pupal deaths in the controlsilevmethoprene still killed at the pupal stage.
DMSO was used to dissolve methoprene, however, DS affected larval viability. Later,
ethanol was substituted as the solvent for metm@pr€oncentrating the stock solution
decreased pupal deaths in the controls, becausetlesnol was added in the experiment. In the

following expression analyses, both untreated d@nanel-treated controls were included for

comparison with the methoprene-treated sample.
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Midgut phenotype In untreated individuals, the midguts shrank dredgastric cecae
contracted during pupation. Concurrent with thdsenges was the appearance of a yellowish
meconium in the midgut lumen, likely composed abdbied larval epithelial cells. The pupal
midgut was smaller than the larval midgut, and hagberitrophic membrane. In contrast,
midguts of pupae developed from methoprene-trdatede still had intact gastric cecae,
midguts remained large, and no meconium. Therenegseritrophic membrane (Figure 2.8). In
short, the pupal midgut had a larval phenotypeepktor the absence of the peritrophic
membrane. Pupae from methoprene-treated larva@eggpstraightened, as if their midgut was
too large to fit into their cuticle, and their swimng movements were irregular.

FIGURE 2.8 A. Phenotype of untreated larval and pupal midgut (lef) and of pupal midgut
of a larva treated with methoprene (right)

larval peritrophic
membrane

no peritrophic
membrane,
no meconium

N\

A. Untreated larval midgut (Iefttop) and pupal midgut (left bottom) ~15 hr after pupation.
Meconium (detached larval cells) visible inside gut] no gastric ceacaBupal midgut (right)
from methoprene treated larvahad a larval phenotype; no meconium, gastric cetihéntact.
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FIGURE 2.8 B Midgut epithelial cells from a pupa treated with methoprene as a larva:

2
B. Seen aB different focal planedarge Iarval cells (black arrow) andsmall d|p|0|d adult
precursors (gray arrows)were crowded together on the basement membraoerfastaining).
FIGURE 2.8 C Midgut epithelial cells from a pupa treated with methoprene while a larva

Figure 2.8C. Disordered dploid cells surrounded #l-intact large larval cells in the pupal
midgut. Orcein stain shows intact chromatin in pupal ete cell nuclei. In pupal midgut,
larval cells (black arrow) remained attached while numeraahilt midgut precursor cells

(gray arrows) surrounded them. (Compare with Figure 1.13) @reeid methylene blue stains.
Methoprene-treated larvae, after pupating, had oiglthat retained the large polytene epithelial
cells, while the small diploid adult precursor sedurrounded them. This caused the pupal
midgut to become crowded and disordered (Figur€R.8 he gastric cecae didn’t shrink, and
larval epithelial cells failed to detach from thessement membrane.

The effect of methoprene treatment on midguBR expression during metamorphosis

To determine the effect of methoprene on expressi@R and RNA-binding factors, larvae

were treated with methoprene at 24 hours aftentbl to 4th, and midgut samples were taken at

intervals until the treated individuals died, appnaately one day after pupating. Midgut
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development of methoprene-treated larvae appeamsdlah before they pupated. Larval midgut
BRexpression was highest around 48 hr then decreagedd pupation (Figure 2.9). In midguts
of post-molt pupae developed from methoprene-tdelaiwae BRZ3 and Z4 expression was
substantially higher than it was midguts of pupae developed from untreated laaté8 15

hours after pupatiorBRZ1andZ2 levels were low, and Z1 expression was inconsisiscause

of the low level of expression, differences betweentrol and methoprene-treated expression of
BRZ1may have been beyond the ability of the assagterdhine. Elevation dR expression in
Aaeg.pupal midguts of methoprene-treated larvae has pemmously reported [155].

FIGURE 2.9 BR isoform expression in midguts of methoprene-treatélarvae
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Figure 2.9BR isoform expression in methoprene-treated larvaeln methoprene-treated
larval midgutsBRZ3 & Z4 increased in the pupa(red) In untreated and control larval
midguts,BR expression peaked at 48 hr then decreased befpagipuo. EtOH — ethanol unt -
untreated #instar: 27 hr, 48 hr, 64 hr, p 0-3 - pupa 0-3 p8:15 - pupa 3-15 hr
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Methoprene treatment and miRNA expression in the ndgut
The effect of methoprene on miRNA expression waduated in multiple experiments using
DMSO or ethanol as solvents, and results of theperements were consistent with data

presented here.
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Effect of methoprene treatment on midgutmiR-317, miR-277 and miR-34 expression

The expression levels afiR-317andmiR-34in methoprene-treated larvae were higher in the
controls near pupation. There was a three-foldeiase irmiR-34expression in the midguts of
the pupae developing from methoprene-treated Igivigeire 2.10). miR-277 levels were low.

FIGURE 2.10 Effect of methoprene treatment omiR-317, miR-277 and miR-34 expression
during metamorphosis
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Figure 2 10 m|R 34 was up- regulated in the pupal midgut by methoprene
untreated: gray left —methoprene-treatedmettle EtOH control: gray right

expression relative to 55 RNA [x10-5)
axpression relative to 55 rANA [x10-5)

expression relati

The effect of methoprene treatment on midguimiR-14 expression levels
Methoprene didn’t greatly affeatiR-14expression in the larval midgut, but the treatadde
had elevatedhiR-14transcript levels in the pupal midgut.

FIGURE 2.11 Effect of methoprene treatment ormiR-14 expression in the midgut
miR-14 methoprene

i = mik-14 untreated

1 ]

P - [ . [ i

0 l i B l R

= | | | _Ll ||
24 hrs 50 hr 70 hr P

Figure 2.11miR-14 was upregulatedin pupal midguts by methoprene treatment of larvae
untreated: gray left —methoprene-treatedmettle EtOH control: gray right
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The effect of methoprene treatment oret-7 and miR-125 expression levels
At pupation the expression of let-7 and miR-125 giaslar in methoprene-treated larval

midguts and in the ethanol controls.
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Note that methoprengeated pupe died before the normal pupal elevatiotetf7 andmiR-125
expression (showngray bars to riht, Figure 2.21).

FIGURE 2.12let-7 and miR-125 expression in midgut of methoprenedreated larvae
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Figure 2.12 let-7 and miR- 125 expression after methoprene treatmenllet-? andmir-125
expression levels were not greatly affected by o@tne treatmer
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Methoprene treatment and the midgutexpression level of the RNAinding factor BRAT
Figure 2.13 shows that methoprene treatment oh&amay have delayed the normal increas
BRATexpressiorthat occurred near pupation in untreated larvaas fiesult agreed with earli
experiments using DMSO as a solv

FIGURE 2.13 Effect of methgrene treatment of larvae onBRAT expressior in the midgut
brat methoprene

24 hrs 50 hrs late 4th

Figure 2.13Methoprene treatment of larvdelayed the increase BRATexpressiornear
pupation.
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DISCUSSION - Effect of methoprene on midgut development and gene expressi
In insects, ecdysone signaling induBRtranscription, but in the presence of JH, (tion is
delayed. JH repressB&transcription througIMET and Kruppel-homologKr-H1) [156, 157].

This is whyLynn Riddiford and others considBR a “JH-dependent switch tveeen larval an

65



pupal programs” [156]. Perhaps the responsiveoieBR to both JH and ecdysone underlies the
ability of BRto control the timing of pupation.

In this study, the time of methoprene exposureaged on Nijhout's theory (1994) that attaining
the critical weight triggers a drop in JH levelscls that a subsequent increase in ecdysone titers
induces a metamorphic molt. JH analog treatmetfiefarva after 24 hours post-molt would be
inappropriate and might prolong larval developmktmae. The larva-like phenotype of the
pupal midgut in methoprene-treated larvae suppdhischypothesis.

Midgut remodeling did not occur in the pupa whea 4fi instar larva was treated with
methoprene, and treatment resulted in a conculeemg-like up-regulation dBRandmiR-34
transcripts in the pupal midgut. Another possilffea of methoprene treatment was a delay in
BRATexpression in the pupal midgut of treated individu@ihese results were similar to those
described irC. eleganswhere retarded heterochronic gene mutants regtstage-specific

events, so that subsequent development is delay@gyver occurs [20]. Treatment with
methoprene caused a heterochronic shitenaegyptmidgut development so that physiological
and molecular events that normally occurred"ringtars reocurred in the pupal midgut.

The pupae do not feed, so methoprene would not #rgenidgut, but it is possible that
molecular effects of larval treatment might havesisted in the pupal midgut because
methoprene had higher activity than JH, and resisteymatic degradation by JH esterase.

A central focus of this thesis is to try to bettederstand what causBR levels to decrease at

the end of the®larval instar. Ashburner proposed that early gemeoregulate, and that the
protein products of the early ecdysone-induced géial their own promoters to down-regulate
their own transcription to allow the sequentialgression of the transcription factor cascade that

is the molecular underpinning of metamorphosis [3].
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To explain methoprene’s inhibition of pupal devetagmt, and the up-regulation BR andmiR-

34 in the pupal midgut of methoprene-treated larvagpothesize that methoprene treatment
leads to translational regulationBR transcripts. This hypothesis implies that normaftypre-
critical-weight A instar larvae, JH restraifR translation in order to prevent premature
metamorphosis, by acting through RNA-binding fagtior limit BR translation into protein. The
observed physiological effects of methoprene treatrmight result from the repressionBR
translation, and are consistent with this hypothesi

ThemiR-34expression pattern was somewhat similar to th&rRh the larva. As irD.
melanogastef25], Aae-miR-34may respond to both JH and ecdysone signalinBRaoes, but
in the opposite way (induced by JH, repressed bdysame). JH has been studied intently in
insect development for more than thirty years tgete are few known effectors of JH signaling.
One way that JH may influence the timingBR-induction of pupal programming is through
MET andKr-H1-mediated repression BR but there may be other JH pathways not yet define

miR-34may be a miRNA mediator of JH signaling.
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FIGURE 2.14 Summary of expression in midgut of untreated vs mébprene treated larvae

UNTREATED

4 instar : PUPA

METHOPRENE-TREATED death

LARVA i PUPA

Figure 2.14 Inuntreated larvae, BR andmiR-34transcript levels peaked then decreaB&AT
transcripts peaked at pupation, timeiR-125andlet-7 transcripts increased (top).

In methoprene treated larvag BR expression levels increased again in the pBpa#Tpeak
was delayednmir-34 was elevated, and pupa died before upregulatiomi@f125andlet-7
(bottom). miR-34-orange BR-blue BRAT-red let-7 and miR-125-green

Discrepancies in reported expression levels

A critical flaw in the experimental design was thathough the methoprene experiments were
repeated in independent experiments, the expersnoenidd not be directly compared because
the samples were not taken at the same develophtiemta. This precluded statistical analysis
of the results t@valuate their validityThe pupal death of the controls was also problemat
However, the main conclusions drawn from the expenits were derived from results consistent
with earlier experiments using DMSO as a solvenedch methoprene-treatment experiment,

BRZ3andmiR-34were up-regulated in the pupa, whidR-125andlet-7 expression levels were

not greatly affected by methoprene treatment. Ththoprene-treatment expression charts show
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a single example of the gPCR data obtained. There discrepancies between the untreated and
the ethanol-treated controldirst used DMSO as a solvent for methoprene, 4SO had

adverse effects on larval survival, ssubsequently used ethanol. One possible explanfation
differences in the expression levels of the coati®khat ethanol treatment may have delayed
larval development, making the ethanol-treated @sgon levels out-of-phase with the untreated
levels.In a study irD. melanogasterethanol affected developmental progress, andramel-

free environment reduced development time [158].

CONCLUSION - Effect of methoprene on midgut develoment

Methoprene treatment caused a retarded develophpdreiaotype in the pupal midglBR and
miR-34transcripts were expressed inappropriately irpthy@a at a time they should normally
have disappeared. Additionally, the expressiomefRNA-binding-factoBRAT, which

typically increased near pupation, was delayethénmidguts of methoprene-treated larvae.
Treatment of the larvae with the juvenile hormonalag methoprene caused a reiteration of the
larval midgut developmental phenotype, and resuttgeersistenBR expression. In the pupal

midgutBRtranscripts did not fully decrease, and midgutodating did not occur.
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2. RESULTS: The effect of methoxyfenozide, an egdone analog, on midgut development
Although it has a different chemical structure (Fg2.15), the diacylhydrazine agonist
methoxy-fenozide (RH2485) acts as an ecdysone gutlagd mimics the binding properties of
ecdysone. RH2485 binds in the flexible ligand-bmgddomain pocket of the ecdysone receptor
[159]. However, RH2485 is not easily metabolizedrupts metamorphosis, and kills a treated
insect [160]. Synthetic insect growth-regulators ased as biorational insecticides and also as
tools of discovery to learn about the biologicahaty of ecdysone [123].

FIGURE 2.15 Methoxyfenozide VS 20-hydroxy-ecdyse
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Figure 2.15 A comparison of the molecular structure of methexgizide and 20-hydroxy
ecdysone shows that they have quite different cutde structures.

Effect of ecdysone analog methoxyfenozide (RH248&) BR expression

The ecdysone agonist RH2485 was used to deteririmegpipropriate exposure would affect the
pattern oBR expression during midgut metamorphosis. Undemabconditions, ecdysone
titers peak about 48 hours after the last larvaldlmolt. | exposed larvae to RH2485 earlier, at
24 hours after the molt, by placing staged larvaeointainers of water with RH2485 added (final
concentration of about 135nM), and foolle. aegyptlarvae treated with RH2485 were unable
to complete the pupal molt, and died as larvaeuong pupation.

Phenotype of the midgut of larvae treated with RH285

Most of the dead larvae had pigmented respiratoimpets. Cuticle pigmentation was variable,

and frequently RH2485-treated larvae had abnorm@d oharkings on their cuticle, in contrast to
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cuticles of untreated larvae. There was also ewe@h premature imaginal disc development,
and eye development seemed advanced: in RH248&drkzavae a wider crescent of pigmented
pre-adult ommatidia surrounded the larval ocellihan in the controls, but this difference was
not quantitatively compared. In some larvae, acstire resembling the larval hindgut extended
from the anal papillae (Figure 2.16A). Disseat@dguts of treated larvae often had anterior
and medial muscular constrictions. Many larvae hebat could not successfully complete, the
pupal molt. The larval headcaps of treated lareagained attached, though the pupal
cephalothorax formed. The disastrous result ofdttechment was that the cuticle could not be
completely shed (Figure 2.16C). The onset of popatias delayed in these larvae, and most
died 3-5 days after treatment with RH2485. Melanpttches observed in the RH2485-treated
larvae when they died (Figure 2.16D) seemed to tmryD.melanogastemutants defective
for the ecdysone inactivation enzyme Cypl8al; sagtants have melanotic masses resulting
from local concentrations of ecdysone [161].

FIGURE 2.16 Phenotype of RH2485 treatment in the rdigut
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Figure 2.16 Phenotype of RH2485 treatment in the midgut AEarly-developed hindgut
extruded from anal papilld®. RH2485-treated larval midg@. Larva with pupal thorax, unable
to complete molt, with larval head-case stuck ooteNextent of eye development.
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FIGURE 2. 16 D. Phenotype of RH2485 treatment inhe midgut

Figure 2.16 D. Phenotype of RH2485 treatment in thmidgut: dark melanotic patches
(arrows) on RH2485-treated larval cuticle

Effect of RH2485 treatment onBR expression in the midgut

The expression level of tlERisoforms was analyzed by qPCR with midgut RNA siasifrom
control and RH2485-exposed larvae treated by thieneedescribed above. This inappropriate
exposure to RH2485 at 24 hours after the molt was&ed to occur approximately 24 hours
before the endogenous peak in ecdysone titer. Zhe thidgut RNA expression levels shown in
the charts are the pre-treatment levels. L4teatmples were taken at the onset of pupation,
when RH2485-treated larvae were trying to molt (Fég 2.16, 2.17). After approximately 26
hours exposure to RH2485 (at 50 hrs into tAéndtar, wherBR expression normally peaked)
BRexpression in the treated larvae was unexpectedlgr than in untreated larvae. In the late
4" instar midgut, the levels of th&l, Z2 andz3 isoforms were similar in both the treated and
the untreated control samples, but in RH2485-tcklatevae BRZ4 levels remained elevated at
the larval molt, whilez4 decreased in untreated larvae.

Results of three subsequent experiments with RH24&Gvae that were refed after starvation

were consistent with the results reported her&RrmiRNA andBRATexpression.
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FIGURE 2.17 BR expression in RH2485-treated larval midguts
brZ1 RH2485 br Z2 RH2485

¢ 10

2 ]

4

EZ1unt o 72 unt
1
71 RH2485 4 22 RH2485

(. | 2 |

o I 0 I 1

24 hrs

24hrs 50 hrs late dth 50 hrs late 4th

br Z3 RH2485 br Z4 RH2485

expression relative to B actin (x10-3)
expression relative to B actin (x10-3)

expression relative to actin (x10-3)
expression relative ot actin (x10-3)

80

70

60

50

40 BZ3unt : 0 ®Zaunt

30 73 RH2485 24 RH2485
20 5 |

10 I | l 1 I

0 0 [ |

24 hrs 50 hrs late dth 24 hrs 50 hrs late ath

Figure 2.17BR expression in RH2485-treated larvaavas lower at ~50 hr than in untreated
larvae. In RH2485-treated larvae, Z4 was higher in Idteebmpared to Z4 in transcript levels
in untreated larvae. RH2485-treated larvae digrupation. RH2485-purple untreated-gray
Note: A relatedBR expression analysis of the midguts from starvedhk, re-fed and treated
with RH2485, or re-fed and left untreated, gavefthiewing result:

FIGURE 2.18 BR expression after starvation when treated with RH285
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Figure 2.18BR expression increased in RH2485-treated midgutshen larvae were re-fed
after starvation. RH2485 treatment elevaB&® 3 expression at 39 hr after re-feeding, in

contrast tBBRZ3 expression in untreated larvae at 39 hours.

expression relative toRPST

One interpretation of these results is that RH248&tment may have caused a peakin
expression earlier than normally expected in utdickee-fed larvae. This would and support the
hypothesis that treatment with RH2485 may accad&@Rtexpression during recovery from
starvation and re-entry into midgut metamorphosis.

Effect of RH2485 exposure omiR-317, miR-34, and miR-277 expression

In the same experiments miRNA expression levelgewetermined. Figure 2.19 shows that

miR-317andmiR-277expression was relatively unaffected by RH2488irtbontrol and
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RH2485-treated levels were similar. However, duthng course of exposunaiR-34increased
in control larvae but in RH2485-exposed larvaéR-34decreased. The overall abundance of

miR-277was low.

FIGURE 2.19 Expression ofmiR-317, miR-277 & miR-34 in RH2485-treated larvae
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Figure 2.19 miR-317, miR-277 and m|R 34 Expressmn levels ahiR-317andmiR-277were
not greatly affected by treatment with RH2485, mifR-34levels decreased in lat&
RH2485-treated larvaeiR-277was overall less abundant.
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Effect of RH2485 exposure otet-7 and mir-125 expression

Bothlet-7 andmiR-125were elevated in RH2485-treated midguts (Figu2®2 However, this
increase was moderate compared to the normal wpatean oflet-7 andmiR-1250bserved later
in untreated pupae (gray bars to right).

FIGURE 2.20let-7 and miR-125 in RH2485-treated larvae
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Figure 2.20 A.let-7 and miR-125 expression levels were elevated in RH2485-treat&tvae,
but treated larvae died before the pupal ped&tef andmiR-125that normally occurred in
untreated midguts.

Effect of RH2485 exposure omiR-14

expression relative to 55 rRNA (X10-5)
expression relative tor 55 rRNA (X10-5)

Treatment with RH2485 did not greatly affect th@mssion omiR-14in the midgut (Figure

2.21).
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FIGURE 2.21 miR-14 expression levels in RH2485-treated larvae
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Figure 2.21RH2485 treatment had little affect aniR-14expression.
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RH2485-treatment andBRAT expression levels in the midgut
In RH2485-treated larva@RATexpression was higher at 70 BRATIincreased at pupation in
untreated midguts (Figure 2.22).

FIGURE 2.22 Expression of RNA-binding factor BRAT in midguts of RH2485-treated
larvae
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Figure 2.22 Expression of RNA-binding factoBRAT in midguts of RH2485-treated larvae
The expression dRATwas highest at 70 hours in RH2485-treated larvaentreated larvae
BRATIevels increased in the pupa. (purple - RH248ated gray - untreated).
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DISCUSSION - Effect of RH2485 on midgut developmen

After treatment with RH2485, subsequent pre-pupaktbpment became uncoordinated.
Ultimately, treated larvae were unable to pupatabse, although the pupal cephalothorax
formed, the animals were unable to separate frentattval headcase (Figure 2.16 C).
Effect of RH2485 onBR expression levels

It is possible that RH2485 treatment shifBd@expression earlier than it normally occurs in

untreated larvae, such that a peaBiexpression was not observed at the 50 hr sanmpéeiti
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RH2485-treated larvae (Figure 2.18). Alternatiyéthe higher level of RH2485 may actually
represBR becaus®Ris not normally expressed in the early pupa wihenecdysone level is
highest. Premature developmental midgut phenotgesulted from ecdysone analog
treatment might correlate with the decreasBRexpression, just as, in untreated langie,
expression decreases near pupation (Figure 1.21).

Effect of RH2485 on miRNA expression levels

The data reported here can be grouped as follows:
TABLE 2.1 Effect of RH2485 on miRNA expression leve

Effect of | Expression unaffected by | Expression elevated by | Expression decreased
RH2485 | RH2485 treatment RH2485 treatment by RH2485 treatment

miRNA | miR-14, miR-317, miR-277 | let-7, miR-125 miR-34

Elevated miRNA expression

In both control and experimental larvae, the exgogslevels ofet-7 andmiR-125were
relatively low during the @instar. Under normal developmental conditionsetbaysone titer
rapidly increases just after the pupal molt, ashddet-7 andmiR-125expression levels.
RH2485 treatment resulted in an earlier increasbhétet-7 andmiR-125expression, in@instar
larvae.

Decreased miR-34 expression

Like BR,miR-34also decreased after exposure to RH2485. Furkparienents need to be done
to resolve BR expression levels between the tinteeatment and 50 hours after tH&idstar to

determine if and when a peakBiRR expression occurs.
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FIGURE 2.23 Expression patterns in the midgut
untreated larvae (top) methoprene-treated larvae (nadle) RH2485-treated larvae (bottom)
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Figure 2.23 Expression pattern summary

In untreated larvae (top),BRtranscript levels increased then decreased,libarranscripts
increased, thelet-7 (andmiR-125 transcripts increased.

In methoprene treated larvae (middle chart) BRexpression levels increased again in the
pupa,BRATwas never upregulated, and the pupa died beforepitegyulation ofet-7 andmiR-
125 (botton). Expression patterns expanded over time.

In RH2485-treated larvae (bottom chart),BRATexpression increased earlilt-7 levels
increased, and there was no peaBRfobserved (possible earlier peak indicated in dditae
lines).Expression patterns compressed over timd@he expression pattern of these midgut
developmental timing regulators when treated wimtone analogs suggests they may have
undergone heterochronic shifts, with the JHA anat@ghoprene slowing and the ecdysone
analog RH2485 accelerating expression patterns.

miR-34 - orange BR - blue BRAT - red let-7 and miR-125 - green
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SUMMARY': Treatment of larvae with methoprene and with RH2485

Changes irBR expression in midguts when larvae were treatel thi2¢ JH and ecdysone
hormone analogs suggested tBRwas responsive to both methoprene and to RH248&nwW
larvae were treated with methoprene, pupal midgitsned larval characteristics, such as the
presence of gastric cecae and the persistent atexthof larval epithelial cells to the basement
membrane. Methoprene-treated larvae may have umade shift in developmental progression
where the timing of midgut development was delayerepeated.

When treated with RH2485, larvae underwent eargdut development, early midgut
contraction and perhaps premature delaminatioargél epithelial cells from the midgut
basement membrane. RH2485-treated larvae appe&ahed ¢ precocious development,
suggesting a heterochronic shift where the timihigniolgut development accelerated.

These changes in the pace of developmental progréise midgut when larvae were treated
with hormone analogs were consistent with the cebabroles for juvenile hormone (to maintain

thestatus quopand for ecdysone (to initiate change).
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MATERIALS AND METHODS
Timing of control and treated larval cohorts:
Cohorts of 50 larvae that attainel idstar within 5 hours of each other (timed by aypace of
cast off & instar cuticles in tube) were collected and anfiety At 24 hours % instar they were
distributed at 50 larvae/container into100 ml desti water and the following treatments:
Treatment with methoprene: 4 pl of methoprene (technical grade) was addednids2of
ethanol, well-vortexed and stored at -20°C. 50fithis stock solution was then added to the
experimental100 ml of distilled water, to obtaifiral concentration of ~ 2x18methoprene in
the larval water. When the larvae reached 24 fiisstar, 50 larvae were added to this
container and fed. When DMSO was used as a sol2ghgf technical grade methoprene was
dissolved in 2 ml of DMSO, well-vortexed, and stbegt -20°C. This stock solution was used at a
concentration of 1pl/Aml distilled water (individdarvae in tube) or at 100u1/2100 ml distilled
water to treat cohorts of ~50 larvae.
Treatment with RH2485: Methoxyfenozide (Fluka) was first dissolved ihatol at a
concentration of 50 mg/ml. 1 pl of this stock smntwas added to 100 ml of distilled water for
a final concentration of about 135nM. When theadarveached 24 hr&'4dnstar, 50 larvae were
added to this container and fed.
Ethanol-treated larvae: When the larvae reached 24 'hisstar, 50 larvae were added to a
container of 100ml distilled water and 50! ethaaold fed.
DMSO-treated larvae: When the larvae reached 24'hisstar, 50 larvae were added to a
container of 100ml distilled water and 100u! of D®I&nd fed.
Untreated larvae: When the larvae reached 24 Htsnétar, 50 larvae were added to a container

of 100ml distilled water and fed.
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Timed samples:Approximatelyl5 midguts from each treatment canditvere dissected in

PBS, placed in 300ul Qiazol lysis reagent, vorteiefly heated to 65°C, vortexed again, then

stored at -20°C.

RNA extraction, reverse transcription, and PCR vesrelescribed in Chapter 1.
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CHAPTER 3

The effect of starvation and nutrient restriction cn BR and RNA-binding factor expression
Evidence is presented in Chapter 2 that both tdgsene analog RH2485 and the juvenile
hormone analog methoprene can d@&Brexpression, suggesting that, in the. aegyptmidgut,
BRmay integrate information from diverse signaliraghpvays to control developmental timing
[1, 60].
The duration of the larval phase is affected byiant availability [9, 162]. | hypothesized that
suboptimal nutrient conditions might delay the dridgupation by altering the time whémRis
expressed. To test this hypothesis, experiments dame to investigate the role of nutrition in
the expression @R and RNA-binding factors in th&e. aegyptmidgut under the following
conditions:

1. Starvation

2. Re-feeding after starvation

3. Fed nutrient-restricted diets

4. Starvation then treatment with RH2485

BACKGROUND

Current models concerning regulation of larval growth and metamorphosis in insects
Current models concerning the regulation of groarid development propose that
metamorphosis is initiated after the insect hasragtl a critical weight [122]. Nijhout defined
critical weight as “the minimum weight at which tflaer feeding and growth are not required for
a normal time-course to metamorphosis and pupat@nte the critical weight is reached, JH
levels decrease, and a subsequent peak in ecdgpeaiies a pupal molt [122, 163]. Although

JH concentration in mosquito larvae has not besgrisned, based on work in other insects |
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hypothesized thaby analogy JH is present in the earfyistar until the critical weight is
reached.

Ae. aegyptiflth instar larvae must feed for approximately 24 haitsr the molt from "4 to attain

a critical weight of 2.7-3.2 mg. [9, 125, 16&]ritical weightthus is an approximate size
threshold based on the mass and feeding time eshfdr a 4 instar larva to commit to pupate.
Hereafter, critical weight ike. aegyptiarvae refers to a minimum larval mass that provide
sufficient reserves for the larva to pupate. After critical weight is reached ecdysone
biosynthesis is initiated, and the larva commitpupal development, even if starved later [164,
165]. If nutrients are available after the critivadight is reached there is a final growth period,
and larval growth continues until a peak in theysode titer, when growth ceases and the larva
pupates [166].

In the midgut of fed larva@Rz3 is expressed in laté®and 4" instars. BRexpression remains
relatively low until ~24 hours, when it begins t@iease. The increaseBiR expression

coincides with the attainment of critical weightdathe first small peak of ecdysone (Figure 3.1).
The peak iBR expression around 48 hours after the molt coirscwdiéh the pre-pupal peak in
ecdysone level (Figures 1.21 and 3.1) and thenatiemt of maximum weight [9, 162].

FIGURE 3.1 Developmental timescale2 instar - pupa with Palli lab ecdysone titers
ECdysis Ecdysis

1 Fourth instar larva I. Fupa
' 11

carlly 4% instar z remodel to adult midgut

JH 111 ECDYSONE
Figure 3.1Sequence of developmental phases during midgut metarphosis relative to
ecdysone titer fluctuations [69]JH levels not known, only hypothesized.
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1. RESULTS: Response of % instar larvae to prolonged starvation

Mosquito larvae with constant access to food pripéthin 3 days of thelinstar molt when
raised at 25°C. However, if starved before thecalitveight is reached, larvae enter a state of
developmental arrest and can live for 2-3 weeksare, but never pupate [125, 162]. If re-fed,
most larvae resume development, pupate, and beaduiis.

Expression ofBR during the state of developmental arrest induced yostarvation

If BR controls the timing of pupation ie. aegyptiwhat happens tBRtranscripts during
starvation-induced developmental arrest? This stiidlge effect of starvation on the expression
patterns oBRand RNA-binding factors during larval developmesats done to better
understand the larva-to-pupa transition inAlee aegyptmidgut and the roles &R and

candidate regulators &R during the larval response to food scarcity.

Morphology of starved larvae

If starvation began before the critical weight a#tsined, 4 instars did not pupate. If starvation
conditions continued, larvae began to die arounegeks after the withdrawal of food, but some
larvae remained alive for more than a month.

Larvae starved for 14 days have a transparentlepliitle visible imaginal disc development in
the thorax, and no visible fat body accumulatedebémthe cuticle. They are less active than fed
larvae, and although they avoid light and go toldb#om in response to movement, they mostly
rest still in the water. Their midguts are thin atedicate with a transparent epithelium,
suggesting a lack of accumulated lipids. Extengibednched trachea attach to the midgut. The
peritrophic membrane remains intact. After 14 daitkout nutrients, both DAPI and methylene
blue staining showed small diploid adult precursgiswithoutcytoplasmic projections,

encircling larger endoreplicated enterocytes, paldrly in the posterior midgut of starved
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larvae (Figure 3.2D). Although starved larvae arahle to pupate, over time some changes do
occur in the midgut (Figure 3.2).

FIGURE 3.2 Morphological response of % instar larvae to prolonged starvation
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Figure 3.2 A.14 day starved larva with transparent cutldranslucent 18 day starved

midgut: branching trachea (arrows) and intact pephic membraneC. Transparent larval

thorax (ventral view) revealing undeveloped periphanaginal discs and (central) midgut
gastric cecaeD. Midgut epithelial cells: large larval enterocytesd small, often paired diploid
adult precursor cells (arrows) without cytoplasextensions.

BR isoform expression during starvation - larval midaits after 4" instar molt

During the first 7 days of starvatioBR transcript levels remained similar to the inigakly 4"
instar level before starvation, with Z3 still th@sth abundant isoform. After 14 days of starvation

BRtranscript levels decreased, but remained pregegtire 3.3 showBR expression levels just

at the molt (pre-starvation), and at 24 hours th4Binstars, after the critical weight was
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reached (gray bars). Red bars show expressiorslafter 7 and 14 days of starvation. These
experiments were repeated at least three timethanesults were consistent and reproducible.

FIGURE 3.3 BR isoform expression in the & instar larval midgut during starvation
br isoform expression in the midgut of fed or starved larvae
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Figure 3.3 BRisoform expression after 7 days of starvation re@aiapproximately at the
same level as when the larva molted to tAéndtar, then decreased after 14 days of prolonged
starvation. In fed larva&R expression levels increased 24 hours after the tmdf.

FED sampled at Ohrs, 24 hrgray STARVED sampled at 7 days, 14 daysed

mMiRNA expression in the midgut of starved larvae

The effect of starvation on miRNA expression waaleated. The experiments were repeated
(with the exception of miR-34* and miR-277*) ancktresults reported here were reproducible
miR-14 expression during starvation The expression aghiR-14clearly increased during

starvation. This suggests tmtR-14may have a function during starvation (Figure 3.4)
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FIGURE 3.4 miR-14 expression in starved larvae, compared to fed lele4™ instar
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Figure 3.4miR-14levels increased in larval midguts after 7 daystafvation, and further
increased after 14 dayse(l).

expre sion relative to 55 MRNA

Expression ofmiR-317, miR-34 and miR-277 during starvation

When larvae were starved, midgut expression lesfetsiR-317and ofmiR-34increased over
time. In contrast, expression miR-277decreased after the beginning of tHemstar, and
remained low in both starved and fed larvaéR-277expression was substantially lower than
miR-317andmiR-34 While the expression ofiR-34increased in starved larvariR-34 did
not, and neither dithiR-277, suggesting they were not needed during starmgtogure 3.5 C).

FIGURE 3.5 miR-317, mir-277, and mir-34 expression in starved larval midguts
A miR-277 miR-34 miR-317 fed 24 hours or starved
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Figure 3.5
A. miR-317, mir-277, and mir-34 expression in starved larval midguts. miR-34 incrased 4-
fold in starved larvae. B.miR-317, miR-27&ndmiR-34cluster inAaeggenome.
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C. Expression ofmir-277* and of miR-34* in starved larvae
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Figure 3.5 C.The expression (mir-277 and of miR-34 decreased during starvatio
Expression ofmiR-100, let-7, and miR-100 during starvation

The expression ahiR-100, miRL25 andlet-7 decreased over time @tarving larvae
FIGURE 3.6 let-7 cluster expression in starved larval midgut

A  miR-100, let-7 and miR-125 expression in starved larvae
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Figure 3.6 A. Expression omiR-100, let-7 and miR-125 decreasedn starved larval midgut:
B. miR-100, let-7andmiR-125are clustere in theAe. aegyptgenome

Expression ofmiR-7 and host genehnRNP-K in the midgut during starvation
The expression ohiR-7sharplydecreased, whilaenRNP-Kdecreasednly slightly.

FIGURE 3.7 miR-7 and hnRNP-K expression levels in starved larvae
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Figure 3.7 miR- 7 and hnRNP-K expression davels decreased in starved larvacompared to
fed larval expression levels @arly " instars.
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Expression ofmiR-190 and host genelALIN during starvation

In starved larvae, as in fed larva@R-190andTALIN expression was similar. Transcript levels
of miR-190decreased during starvation (Figure 3.8), anck¥peession of host geA&LIN,
which encodes a cytoskeletal protein connectinm agth integrin, also decreased. Lik@R-7,

in larvae fed a normal dieiR-190expression was highest in the eaﬂymstars.

FIGURE 3.8 miR-190 and talin expression in starved larval midguts
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Figure 3.8miR-190 and host gene€lALIN transcripts decreased in starved .Iérval midguts
Expression ofBRAT during starvation

In the fed-larval midgutBRATexpression pattern was inversely correlated BRexpression
(Figure 1.28).BRATexpression in the midgut was delayed by methoptrera¢ment, and
accelerated by treatment with RH2485 (Figure 2.@)en larvae were fed a normal dBRAT
sharply increased near pupation. After two weekstarfvation BRATtranscripts remained at
nearly the same level as they were at 24 hoursdrt instar larvae (Figure 3.9).

FIGURE 3.9 RNA-binding factor BRAT expression in starved larval midguts
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Figure 3.9BRAT expression levels did not decrease during starvath.
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Expression oflin-28 during starvation
During starvationl.IN-28 expression level was negligible, suggesting tiia,let-7, LIN-28
function was not required during starvation; durstgrvation the midgut is in a state of

developmental arrest.

FIGURE 3.10LIN-28 expression in starved larval midgutgvs fed levels % instar)
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Figure 3.10LIN-28 transcript levels were very low in midguts of staved larvae while they
increased in fed larvae until ~ 48 houlsidstar.

2. RESULTS: Response ofinstar larvae to RE-FEEDING after starvation

When the starved larvae were re-fed, they compligtedarval phase and pupated. To determine

midgut transcript expression levels in starv&dnétar larvae after re-feeding, larvae were

isolated late % instar, allowed to molt to"4 then starved. After a week of starvation theyaver

re-fed a normal diet (yeast and fish food) and dadhat 5, 21, 30, 42, 56, and 64 hours after re-

feeding.
Female larvae that had been starved and re-fedrisesmaller adults than the female adults
developed with adequate nutrition throughout dgwalent (Figure 3.11). There was less

difference between the sizes of the males whenwwseg fed or starved-then-re-fed.
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FIGURE 3.11 Phenotype of adults that developed frometarved and re-fed larvae
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Flgure 3 11 Top Wlngs of fed and of starved-themefed adult female and male mosquitoes
Female adults resulting from larvae starved 7 dlags re-fed had smaller wings than those
resulting from larvae that were never starvedottom: Average wing sizethe average wing
size was 3.4 mm in fed females vs 2.82 in stareethfes; and was 2.62 mm in fed males vs 2.4
in starved males (N=10 each groupgxual dimorphisnt there was a greater difference on
average between the female wing sizes (0.58mmpp4,3=9.21) than between the male wing
sizes (0.22mm, p = 0.0032, t=3.4 http://wphysics.csbsju.edu/stats/t-test_bulk_form.html
BR isoform expression in the midgut of larvae starved days, then re-fed

When re-fedBRZ3 expression levels at first decreased, then asa@ around 42 hours. The
peak ofBRexpression occurred around 56 hours in the midfyg-fed larvae (Figure 3.12).

A comparison 0BRZ3 expression in well-fed larvae (Figure 1.21) wéalhvae that were re-fed
after starvation shows that, in the midgut of thedlvied larvae, Z3 levels increased around 24
hours, and 8RZ3 expression peak occurred around 48 hours, while-fed larvae, Z3 began to
increase later, near 42 hours, and the peak inxg@ession occurred around 56 hours. Thus the

peak ofBRZ3 expression in re-fed-larvae was delayed if caiebavith the expression peak in

un-starved larvae.
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FIGURE 3.12BR isoform expressiorin the midgut of larvae that were starved then refe
br isoform expression in midguts of larvae that were starved then re-fed
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Figure 3.12Fed larvae were sampled at la™ instar, starved 1 week, thenfesand sampled
at 5, 21, 30, 456, and 64 hours after refeedi BRtranscript expressidevel starved 7 day
(red) was higher than when feedingumed. It took 42 hours after f@ieg resumed to brinBR
expression beyond ttetarved leve BR expression was highest at 56 hr aftefeeding.
STARVED: red RE-FED: gray, right of red

30 hr
42 hr
56 hr
64 hr

expression relative to B actin (x10-3)

mMiRNA expression in themidgut of larvae that were starved 7 daythen re-fed

Expression ofmiR-14 in midguts of starved then refed larvae

miR-14expression increasedter re-feeding. Following amnitial increase upon -feeding,miR-
14 expression decreasegaan 30 hour after being re-fed (Figure 3.13).

FIGURE 3.13miR-14 expression in midguts of larva r-fed after starvation
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Figure 3.13miR-14expression levels ireased during starvation, remairtegh until 21 hr aer
refeeding, then decreased. (gray bars right of ee— hours after re-feeding)
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Expression ofmiR-317, miR-34 and miR-277 in midguts of starved then re-fed larvae

In fed, starved, then re-fed larvae, the expresgieal ofmiR-277was consistently lowmiR-
317andmiR-34transcripts were elevated in midguts of larvaevsthfor 7 days. When starving
larvae were re-fed, expressionmiR-317andmiR-34decreased over a period of 30 hours, and
remained low for the duration of th& tstar (Figure 3.14). This suggesteiR-34andmir-317
may have a special function during starvation regded in the larval midgut after feeding
resumes. As in normally fed larvae, re-fatR-34andmiR-317transcript levels decreased
towards pupation (Figure 1.23).

FIGURE 3.14 Relative expression omiR-317, miR-277 and miR-34 in midguts of larvae re-
fed after starvation
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Figure 3.14 Expression omiR-317 and miR-34 was high in midguts of larvae starved for 7
days.When re-fed, expression levels gradually decreased30 hr. The abundancerafR-277
was low in comparison tmiR-317andmiR-34

expression relative to SS5rRNA

Expression ofmiR-100, let-7 and miR-125 in midguts of starved then re-fed larvae
When starved larvae were re-fed, by 21 hours aftéeedinget-7 andmiR-125resumed
expression levels comparable to normal levels gutie 4" instar (Figure 1.25). In larvae re-fed

after starvationlet-7 was more abundant thamR-125(Figure 3.15).
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FIGURE 3.15let-7 and miR-125 expression in midguts of larvae re-fed after staration
let-7 & miR-125 in refed larval midguts
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Figure 3.15 When larvae were re-fedle;fter starvatio, I:-l;sand miR-125 expression levels
increasedin the midgut.

Expression ofmiR-7 and hnRNP-K in midguts of starved then re-fed larvae

miR-7is located in an intron insidenRNP-K In re-fed larvae expression levelsnaR-7and
hnRNP-Kincreased at first, then decreased towards thefthe 4" instar. This pattern was
similar tomiR-7andhnRNP-Kexpression in fed larvae (Figure 1.28). The oVaetalindance of

miR-7was low, whilehnRNP-Kexpression level was higher.

FIGURE 3.16 miR-7 and hnRNP-K expression in midguts of starved then refed larvae
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Figure 3.16The expression levels afiR-7and its host genenRNP-Kfollowed a similar
pattern. Both were reduced in starved larvae, atid jpeaked at 21 hours after re-feeding.
Numbers on the X-axis of the charts indicate samgpiime (hrs after re-feeding)
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Expression ofmiR-190 and host genelALIN in midguts of starved then re-fed larvae
miR-190expression level decreased in the midgut at S5shaftier re-feeding, then increased. In
the midgut of normally-fed larvae, and also in ed-farvae, miR-190 expression was highest
around 24 hours, then decreased after that (Figuggs 3.17).

FIGURE 3.17 miR-190 expression in midguts of larva re-fed after starvaon

«10%) miR-190 in refed larval midguts
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Figure 3.17 5 hours after re-feedin@)iR-190expression levels dropped, then increased to a
peak level at 21 hours after re-feeding. Numbarthe X-axis of the chart indicate sampling
times (hrs after re-feeding)

Expression of RNA-binding-factor BRAT in midguts of starved then re-fed larvae
BRATtranscript levels were moderately elevated inntindguts of starved larvae. When larvae
were re-fedBRATdecreased, then increased again towards the ehd df instar, at 56 and at

64 hours. In fed larva&RATnormally strongly increased at pupation.

FIGURE 3.18 BRAT expression levels in midguts of larvae that were &tved then re-fed
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Figure 3.188RATtranscriprts were slightly elevated during starvatibecreased when feeding
was resumed, then increased again in I4ge @t 56 and 64 hours. Numbers on the X-axis of the
chart indicate sampling times (hrs after re-feefling
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1 & 2 DISCUSSION: The effects of (1) Starvation anaf (2) Starvation then re-feeding on
larval development and gene expression

1. Starvation

When starved in the early'dnstar, larvae underwent an extended developmpatale, during
which the expression ®&RZ3 transcripts was maintained at a moderate |&ugling starvation
the expression dét-7, miR-125, miR-7, miR-190, hnRNP-K, TABMNILIN-28 clearly
decreased, while the expression levelmd®-14, miR-31,7andmiR-34increased (Table 3.1).

TABLE 3.1 Expression levels in the midgut after préionged starvation

expression level | increased or unchanged decreased after prolonged

in midgut after prolonged starvation starvation

miRNA miR-14, miR-317, miR-34 miR-277, miR-7, miR-190,
miR-100, let-7, miR-125

mRNA br, brat lin-28, hnRNP-K, talin

Up-regulation omiR-34, miR-31,7/andmiR-14during starvation and increased expression of
these miRNAs in response to methoprene may bescklédince starvation was initiated during a
period of larval development when JH levels aratretly high, one could imagine that
starvation conditions led to persistently high leve& JH and this resulted in increased levels of
miR-34andmiR-14expression, just as observed with methoprene exeoslp-regulation of
miR-34andmiR-14during starvation (and, to a lesser extemRR-317 was consistent with the
possibility that juvenile hormone may regulate gerpression during starvation, and added
support for the hypothesis that JH mediates a balatate [65] between survival and

developmental progression in response to starvatide. aegyptd™ instar larvae.
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miR-34 and let-7 in the regulation of dauer diapause irC. elegans

Dauer diapause in the nematode is an alternatige staused by environmental cues such as
food, temperature and dauer pheromone [167]. Dawal progenitor cell lineages arrest at the
end of the second larval stage [168]. Studies &M#A expression during dauer diapause have
shown thamiR-34expression is up-regulated in diapause state$e Velti7 is down-regulated
[168, 169].

miR-34andlet-7 are among the most ancient and the most highlgarerd miRNAs found in
metazoans [170]. The molecular regulatory mechmasihat control dauer diapausedn
elegansmay play similar roles in the starvation-inducedelopmental arrest éfe. aegypti.

The similar expression patterns of the ancient trABRNiR-34andlet-7 in C. elegansandAe.
aegyptilarvae confronting starvation suggested that thas&NAs might be part of an
evolutionarily-conserved molecular response toientrscarcity. Alternatively, other factors,
such as adipokinetic hormone, may mediate develataharrest during mosquito development
[171].

Larvae re-fed after starvation

The pattern of miRNA expression after the regimestarvation and re-feeding was similar to
the pattern obtained under conditions of contindeading. As in normally fed larvae, upon re-
feedingmiR-14, miR-34andmiR-317were the most abundant miRNAs in the larval midgut
let-7 andmiR-125expression levels remained low during the 4thainst re-fed larvaget-7 and
miR-125normally increased in the pupal stage. Generfahall transcripts assayed, there was a
slight delay after starvation before normal expspatterns resumed (Figure 3.19). This result
agreed with previous studies done thidstarAe. aegyptlarvae that were starved then re-fed

[162].
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BRtranscripts began to increase around 42 hrBihexpression peaked around 56 hr. By 64 hr
after re-feedingBRtranscripts had decreased, suggesting that thedanight soon pupate.
Seemingly, after re-feeding, a period of readjustinierequired before a normBR expression
pattern resumes (Figure 3.19, bottom panel).

FIGURE 3.19 Developmental time to pupation in fed ad starved then re-fed larvae
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Figure 3.19 A hypothetical model for control of deelopmental timing by nutrition -
modified from Layalle [165] Transcript levels chagwhen the larvae were starved. When re-
fed, after an initial delay, transcript levels nesd normal expression patterisp:
Developmental progression of fed larvBettom: Developmental progression of starved then
re-fed larvae, showingr@covery period before development resumes. (JH regulation is
hypothetical)
While developmentally arrested, starved larvae mesd to be ready to respond rapidly if
nutrients become available. This might explain \BiRtranscripts were maintained during
starvation. IBBRis needed for commitment to pupate, a requireritgrtte novarranscription of
BRupon re-feeding might delay developmental prognebs;h could decrease survival rates in
a nutrient- restricted environment.
Translationally-repressed mRNAs accumulate in dgisipic foci calledProcessing bodies (P-

bodies), or other sub-cellular localizations in gfhmiRISC componen#&golandGW182and

mMiRNAs are found [18]. | hypothesize that, duringrgation, miRNAs and miRISC may target
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BRtranscripts to a subellular locatiorto protectthem from degradation or autophagy, an

nutrients become availabBRtranscripts arreleased and translated.

3. RESULTS: Response of starved" instar larvae when re-fed nutrientrestricted diets

Is there a nutritional cause of developmenteest? To determine if larvae on nutr-restricted
dietsare able to pupate, and hBRtranscript abundance correlates with availinutrients,
larvae were fed different diets according to tHeWing desi(n:

FIGURE 3.20 Experimental desigr— dfect of nutrient restriction on the ability to pupate

4 instar fed restricted nutrients  dissect midguts at 48 hours after re-feeding-qPCR look for pupa

—_
starved 11 days
Figure 3.20After molting to the " instar, larvae were starved 11 dapen divided into fou
groups and fed 3 different die®&% sucrose(carbohydrate)peptone(amino acids- 500 ul of a
stock solution of 0.1g peptone/ml 100ml distilled water, or fed@ormal diet (fish food and
yeast). The fourth cohort wast fed (prolonged starvation). At 48 hours afte-feeding, larvae
from each groupvere dissectecthen RNA was extracted fromidguts, reverse transcribed ¢
used as template for gPCR. Remaining lain each group were checked daily pupation.

To determine how nutrient content and abundanez@fpupation, | starve" instar larvae for
11 days, then divided them into 4 grolaccording to the following feedinggimes: pepton
only, sucrose only, complete diet, or ood. After 48 hrg6 hours after the increaseBR
expression at 42 hours in fed larvar), midguts weralissected from each cohort for Pt
analysis, and remaining larvae were scored for ability to pupate (Figure 3.).

The effects ofnutrient restriction after starvation on larval development and gen:
expression(2 independent biological experims gave similar results)

Four days after being re-fethe cohorre-fed a normal diet had gdupated. About 70% of tt
larvae that weréed peptone also pupated by then, anifed peptondad pupated by 8 da

after being re-fed peptongnexpectedly, ree weeks after being re-feithe larvae fed only 2¢
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sucrose began to pupate, and all larvae in thisrtdlad pupated 25 days after re-feeding.
Starved larvae never pupated and died as larvaeebdd” day, if not before (Figure 3.21).

In this experiment there was no control for thestmty that microorganisms might grow in the
water of the larvae fed only 2% sucrose, to proaaritrient source that would sustain them.
But after a long time, the larvae in 2% sucrosepdidate, while those that were unfed never did.
One cannot conclude that metabolism of sugar edghlpation, but this result reaffirms that the
time to pupation is dependent on the nutrient ressu[172], and that larvae with fewer
available nutrients take longer to pupate.

FIGURE 3.21 Ability to pupate when fed different diets
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Figure 3.21 A. Time to pupation after re-feeding (dys)when fednormal diet (blue), fed
peptone only (orange, or fed2% sucrose (greeh Starved larvae never pupatede(, black)
B. Bar graph shows relative duration of time beforpation when fed different diets

BR expression in the midguts of larvae re-fed with vaous diets

BRZ3 and Z4 expression increased 48 hours afteraaitig in the midguts of larvae that were

re-fed a normal dieBR expression was also up-regulated in midguts ofakathat were re-fed

only peptone. These results were reproducible.
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FIGURE 3.22 BR expression in midgut at 48 hrs in larvae re-fed vaous diets
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Figure 3.22After re-feedingBRZ3 and Z4 transcriptsicreasedin larvae re-fed aormal diet
(blue) and also in larvae fegaeptone only (orangé. Z2 transcript levels had not increased at 48
hr sample time. In larvae fesicrose only (greepBR transcripts remained lovstarved, red).

B sucrose
B starved 48 hrs
B fed

expression relative to RPS7

Larvae that were fed a normal diet subsequenthatag Unexpectedly, larvae fed only peptone
also pupated (Figure 3.2BRexpression in midguts of larvae fed sucrose wagidihan in the
larvae fed normal food or peptone. ThBRexpression varied in larvae when they were fed
different diets.

MiRNA expression in midguts of larvae re-fed nutriat restricted diets

Expression ofmiR-14 in larvae re-fed on various nutrient-restricted deets

miR-14transcripts strongly increased in starved larvagure 3.23)miR-14expression was also
high in the 2% sucrose-fed larvae, but low in teptpne-fed larvae, and lowest in the larvae fed
a normal diet. ThusniR-14expression was inversely nutrient-dependent: teatgr the nutrient
restriction, the higher the expressiomuR-14in the midgut. This result was reproduciliB&

had the opposite expression patt@Rwas highest in the larval midguts re-fed a normet, d

and lowest in starved larvae.
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FIGURE 3.23 miR-14 expression at 48 hrs in larvae re-fed a nutrientestricted diet
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Figure 3.23miR-14 expression in midguts of larvae fed nutrient-resticted diets
Expression ofmiR-317, miR-277, and miR-34 in larvae re-fed nutrient-restricted diets
Like miR-14, miR-34vas clearly up-regulated during starvationR-34expression differed
from miR-317andmiR-277levels, which did not specifically increase in 8tarved larvae.

FIGURE 3.24 miR-317, miR-277, and miR-34 expression in larvae re-fed a nutrient-
restricted diet
miR-34, miR-317, and mir-277 — nutrient restricted diet
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Figure 3.24 miR-34, miR-277, and miR-317 expression in larval midguts when re-fed
restricted nutrients after 11 days of starvation miR-317andmiR-277were higher in
starving larvae and in larvae f@éb sucrose (greei miR-317andmiR-277decreased in larvae
re-fedpeptone (orange, and re-fed amormal diet (blue) miR-34was also higher when re-fed
sucrose than when re-fed peptone or a normallaietnmuch more thamiR-317 and miR-277
miR-34 was sharply elevated in the midguts of staed larvae.

expression relative to 55 RNA (x10-5)

A biological replicate experiment gave similar reslis to the first: as in the initial experiment,
miR-317, miR-277, miR-34ndmiR-14expression levels were higher in the starved antbse-

only larvae, and the levels ofiR-34andmiR-14were specifically elevated in starved larvae.
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The expression dRZ3 followed the opposite pattern: highest in theda re-fed a normal diet
and in the larvae re-fed peptone, lower in thedarke-fed sucrose, and lowest in the midguts of
starved larvae.

3. DISCUSSION: Effect of nutrient restriction on larval development and gene expression
Peptone (protein hydrolyzed to amino acids) praviskfficient nutrients to allow larvae to
pupate, although larvae re-fed peptone took lotmpupate than those re-fed a normal diet.
More surprisingly, after 3 weeks, the larvae in 2d6rose pupated. Starved larvae never
pupated.

In larvae re-fed a normal diet after starvationexpression increased. These larvae
subsequently pupateBRwas also elevated in larvae fed peptone, and isetdR expression
was followed by pupation of this cohort severalgsiger. These results suggested that up-
regulation oBR may correlate with subsequent pupation, and detraied a connection
betweerBR expression and nutrient status, since larvaederbse had loweBR levels and
long-delayed pupation, while starved larvae haddhestBR transcript levels, and never
pupated.BR expression seems to be nutrient-status-depenuéet iaegyptiThese results are
consistent with the proposed role 8RR as a molecular marker of commitment to pupate.
The miR-34 and miR-14 expression pattern was the inverse dir expression

In contrast to th&R expression patteymiR-34andmiR-14transcript levels were highest in
starved larvae, and elevated in sucrose-fed latustdpwer in larvae fed peptone, and lowest in
larvae re-fed a normal diet. Coincident up-regofaof miR-34andmiR-14during nutrient
depletion in these experiments further supportechifpothesis that they both function in the

midgut to promote survival or developmental artesing starvation and nutrient insufficiency.
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HYPOTHESIS: miR-14 and miR-34 might mobilize lipids during starvation

Control of lipid metabolism is a central issue avdlopment and plays an important role in
hormone biosynthesis [173] and in the respons&ateation [174]. During starvation-induced
autophagy, cellular stores of triglycerides in finem of lipid droplets are modified by lipases to
release fatty acids [175]. These fatty acids unal@&-xidation in the mitochondria to produce
ATP [176]. This results in the mobilization of sdrfat for energy.

A better understanding of the regulation of thisgess may be valuable Ae. aegyptibecause
the Dengue virus induces autophagy in order to ghaellular lipid metabolism to release free
fatty acids and generate ATP, and this processgusired for efficient Dengue virus replication
in cell culture [176].

miR-14expression was up-regulated in the midgut durtagvation.miR-14may be important in
the regulation of lipid metabolism in tihe. aegyptmidgut, because iD. melanogastea miR-
14 deletion greatly increases levels of triacylglydes (TAG) and diaclyglycerides (DAG) [75] .
Additionally, Aae-miR-34wvas sharply up-regulated in the midgut of stateedae. HumamiR-
34 (miR-34A)s associated with elevated free fatty acids amghired nutrient-induced secretion
of insulin from pancreatic (3 cells [17ThiR-34Atargets SIRT1, a regulator of lipid and glucose
metabolism [178]. ThusniR-14andmiR-34may both act to mobilize fatty acids in the midgut
during starvation. The functions wiiR-14andmiR-34in the midgut aren’t known, but further

investigation of their roles may have relevancettier control of Dengue viral replication.
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4. RESULTS: Response of starved" instar larvae to treatment with ecdysone analo
RH2485

When larvae were ried after starvatiormidgut metamorphosis was @tated. A response i
nutrient availability might havstimulated translation of ecdysone biosyntlvetinzyme to
produce ecdysonehieén ecdysonmight have signalled for comrtmbent to pupatic. To see if
the ecdysone analog RH248&®on¢, could bypass the need for nutrientglicit pupation, larvae
were starved for two weeksaH of the starved larvae we then treatedavith the ecdyson
analog RH2485 to a final concentration of ~135iand the othr starved larvae were l¢
untreated. Samples were taken from the two group8 hours after treatment in order
determine the effect of RH2485 dranscript expressiolevels and larval developme
Survival and phenotype at pupation olstarving larvae that were treated with RH248!
Most larvae ftieated with RH2485 died withir days, with prepupal characteristics. contrast,
untreated starved larvae died gradually over timgrawtl-arrestedundevelope larvae.

FIGURE 3.25 Survival of larvae treated with RH2485 or lefuntreated
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Figure 3.2517-daystarved larvae were treated with RH2485 or lefteated. Treated larvae
died within 6 days of treatment, while the numbiliving, untreated larvadecreased gradual
over time.

When starved larvae were treated with RH2485 althvay, unerwent pre-ppal developmel,

including growth ofimaginal diss andpigmented respiratory trumpets, precocious cutic
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pigmentation and advanced eye development. Badigeated larvae appeared contracted
(Figure 3.26B). These developmental changes cedtum the absence of food and resulted
from treatment with the ecdysone analog alone.

FIGURE 3.26 Phenotype of starved larvae treated whit methoxyfenozide (RH2385)
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Figure 3.26 A.Pigmented respiratory trumpets in RH2485-treated sdrved larvae

B. Contracted body phenotype of starved larvae grid@485 C. Midgut of RH2485-treated
starved larva. Epithelial cells detached from aatemidgut, and posterior midgut appeared to
be filled, perhaps, with the detached epithelilsce

BR and RNA-binding factor expression in midgut of staved larvae treated with RH2485
Unexpectedly, at 48 hours after treatmBRitranscripts were low in the midguts of larvae
treated with ecdysone analog RH2485, while theesgon oBRAT, hnRNPKandLIN-28 was

elevated (Figure 3.27).

105



FIGURE 3.27 BR and RNA binding factor expression in starve, RH2485+reated larvae
brz3, brZ4 RH2485 starved brat, hnRNP-K, lin 28 RH2485 starved
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Figure 3.27 A. At 48 hoursBRZ3 and Z4 levels were loer in starved, RH24¢-treated larvae,
but levels oBRAT, hnRNP-K andLIN-28 increased in midguts ¢feated larvar ~ Control-
starved larvagray starved larvae treated wiRH2485-purple

MiRNA expression in the midgut of starved larvae treateavith methoxyfenozide (RH248%
miR-34andmiR-317expressionevels were not greatly affected by treatrneith RH2485, an
neither was the expressionmafk-14, miR-7 or miR-190 In contrast, expressi of let-7 and
miR-125clearly increased ithe starved larvaéreated with RH2485 (Figure 3.2).

FIGURE 3.28 miRNA expression in the midgut of starved larvae teated with RH248!
A B C

miR-34, mir-317 RH2485 starved let-7, miR-125 RH2485 starved miR-14, miR-7, miR-190 RH2485 starved
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Figure 3.29 (A)miR-34 and miR-317 and(C) miR-14, miR-7, and miR-190 expression levels
were not greatly affectedby treatment with RH2485

B. In contrast/et-7 and miR-125 levels were elevatedh starved larvae &8 hcurs after
treatment with RH2485  untreatecontrol-gray = RH2485-purple

4. DISCUSSION: Effect ofRH24850n starved larval developmentand gene expressic
Starved larvae, at 48 ts after treatment with RH248had elevated midguexpressio levels
of BRAT, let-7andmiR-125transcript. In contrastBR expression was low in RH24-treated

starved larvae. In normalfied larvae BRtranscript expression peakatbund 48 hours in the™"

instar larval midgutthen declind sharply before pupation (Figure 1.2Ajditionally, BRAT
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levels increased at pupation, dat#7 andmiR-125increased after pupation in the midguts of
normally fed larvae Up-regulation oBRAT, miR-12%ndlet-7 all followed a decrease BR
expression. PerhaR expression was low in RH2485-treated larvae bexARpeaked
earlier,beforethe 48-hour sample time.

Though starving, RH2485-treated larvae might haaeera molecular commitment to pupate,
because at 48 hours after treatment, the midguatsharacteristic pre-pupal transcript-
expression patterns. The developmental phenotygieedfeated larvae supported this
hypothesis: though starved for more than 2 wee&atdd larvae showed the definitive marks of
pre-pupal development: pigmented respiratory trus)@ed well-developed imaginal discs.
RH2485 treatment may have caused unfed larvaederga a heterochronic shift that
accelerated development even without the supportfents (Figure 3.29). Clearly, in these
long-starved larvae, commitment to pupate wasrpedéent on the attainment of a critical
weight, but was initiated solely by the ecdysonalag signal, and pre-pupal development
progressed in the absence of nutrients.

FIGURE 3.29 Hypothetical model of RH2485-mediated accelerationf development

time to maximum growth
carly 4" larval instar [ ETETCITTT R ST T e it gl late 4" before pupation@LEEN remodel to adult midgut

refeeding

JH 111 . ECDYSONE

time to
kgl maximum
carly 4% larval instar [ESTILYY = erowth late 4 before pupation  precocious development
i " after
refeeding

death at
pupation

JH 111 RH2485
Top: Developmental progression of starved then re-fecaa Bottom: RH2485 shortens the
time of critical commitment to pupate and acceksaire-pupal development
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CONCLUSION: These starvation and nutrient-restriction expmsstudies offer insight into
coordinated molecular responses that occur durikgum development. While these
experiments don’t reveal the functionBR or miR-14andmiR-34 they do link their transcript
abundance to key phases of growth and survivadentbnstrate that, consistently and in a
context-dependent manner, these factors respomagtti@nt and hormonal signals which direct

the timing of development.

HYPOTHESIS: JH controls the timing of pupation through miRNA expression andBR

While few factors have been shown to be directhutated by JH [S5]BRand a subset of the
MIiRNAs in this study may be amongst those that di¢-mediated targeting &R mRNA by
mMiR-34 mir-317 and/ormir-14 during starvation and in the earISV thstar larvae would present a
novel mechanism for JH regulation of developmetmaing thoughBR.

After eclosing, it takes a few days for the adathfile mosquito to mature before becoming
competent to take a blood meal. During that tinkeinitiates the transcription &ARLY
TRYPSINEARLY TRYPSIMRNA accumulates in midgut epithelial cells untiétblood meal,
when it is rapidly translated to digest the bloddq]. Thus there is a stockpile BARLY
TRYPSINNMRNA ready for the blood meal, when it is needed taanslated.

To explainBR transcript levels in the midgut during starvatiasenBRZ3 transcript levels

didn’t decrease while other ecdysone-regulatedstiapts did, | propose an analogous situation:
if BRis required for the commitment to pupate, it maybgcal to maintain a pool @R

MRNA transcripts in order be able to quickly respdmutrients become available, as it might
take too long or require unavaliable resourcesatoscribe nevBR mRNA. BRtranscripts might

be sequestered in the starving larva, perhaps BNiiand miRISC components, until nutrient
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or ecdysone signals end the starvation-induced dwldevelopmental growth. Then translation
of BR could release the larva from the developmenteescence imposed by starvation, and
commit the larva to pupate, by BR transcriptiontdadénduced regulatory changes of the
molecular developmental program. In the abseneedysone signaling, developmental
guiescence during starvation might be a JH-mediatatls qucstate. If there is a gatekeeper,
thenBR may be that gatekeeper, and act to integrategpesing but interconnected forces of

JH (status qupand ecdysone (change).
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MATERIALS AND METHODS
Reference genes used for standardization during gtaation
During starvation, the expression levels of themaice genes changed slightly.
For example, here actin ¢(T) valyegcle Threshold value - the number of PCR cycles
required for fluorescence to exceed background levels and begin exponential amplification]
increased slightly in the starved samples [thedrighe c(T) value, the lower the copy number
present in the sample]:

FIGURE 3.30 c(T) values of reference genes underasved and fed conditions
actin and 55rRNA fed vs starved
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While 5S rRNA stayed fairly constan;, the actin)o¢@lues for the starved samples were slightly
higher, suggesting that actin was less abundastaived larvae, (and also less abundant in the
posterior midgut than in the anterior). Maybe BSIA c(T) values were more stable because it
is more abundant: due to statistical distributioeré is more c(T) value variation during
amplification of less abundant transcripts, theretbere is less precision in the ¢(T) values of
less abundant RNAs, and so, less ability to déveetfold changes [180].

5S rRNA is a component of the large ribosomal sitband frequently used as a reference gene
for miRNA gPCR, as it is very small, only 119 nhtp It is ubiquitous and was abundantly

expressed in these assays. The forward primes sthatthe first nucleotide.
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Reverse transcription

In the reverse transcription reaction, 1pg of RN&swsed for each sample to ensure that
samples were uniform. But during starvation, the@amt of total RNA production probably
decreased, so equivalent concentrations of RNA umstitk reverse transcription reaction don’t
represent equal numbers of midguts, or equal nusnifdarvae sampled. Here, 20 midguts were
used for each sample:

FIGURE 3.31 Total amount of RNA recovered from staved vs fed larval midguts
RNA yield fed vs starved midguts

(20)

g 05 |
203
g 02— - —
E | fed pg/p] | starved u_g/pl
g 1 0.48 0.1674
5 2| 0.424 ' 0.1364
2 3 0.466 _ 0.1636

4 0.376 0.134

This chart shows the RNA yield from 20 larval mitigtrom fed (blue) or starved (pink) larvae.
Starvation affected the expression of actin slightbre than ribosomal protein S7 (RPS7) (not
shown) so | switched to RPS7 as the reference fpertee more recent RH2485 and restricted
nutrient analyses.

Analysis of standard error for wing sizes and techical PCR replicates:Standard error =
standard deviation of sampléslimber of samples

Discrepancies between reported gene expression leresources of experimental variation
Some of the analyses of gene expression in mosopdtguts presented in Chapters One, Two,
and Three showed variable results. Inter-assagbitity was larger than it ought to have been.

Experiments should have been planned more carefutiglly, to consider what kind of
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statistical analysis would be needed to supporv#teity of any conclusions to be drawn from
the results.

There is inherent biological variability in a developing system, and many factors might

affect analysis of gene expression in the midgut over developmental time in a developing
mosquito population. Three reasons for variability in experimental results:

1. The principal variable might be differences in the ratio of males to females in a sample,

and also differences in the photoperiod (time of dissection, day or night), the ambient
temperature (controlled for at 252C but maybe varied due to weather) and season that the
analysis was done. These factors all may affect gene expression in the developing mosquito
midgut.

2. Another variable might be the number and composition of the midgut tissues sampled.

The midgut is a diverse composite of many kindsedis and tissues: the gastric cecae, the
proventriculus, the malphigian tubules, the hingdguatroendocrine cells, enterocytes, neuronal
axons, tracheal branches, and the visceral muddidguts are very small, and even with careful
dissection there may not always be identical pdpuia of cell types and tissues in each sample.
3. Finally, there is variability in preparation atie processing of total RNA samples, especially
in the reverse transcription of RNA into cDNA.

Dietary constituents of normal dietincluded:Brewers yeast flakeqsupplies all amino acids
plus trace minerals including calcium, chromiurmonirmagnesium, manganese, molybdenum,
nickel, potassium, selenium, silicon, sodium, aim¢,zalso various vitamins and carbohydrates

andTetramin fishfood (> 40 ingredients).
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