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Abstract

Cuticle tanning occurs in insects immediately aftatching or molting. During this process, the
cuticle becomes dark and rigid due to melanin diépasand protein crosslinking. In insects,
different from mammals, melanin is synthesized tydirom dopamine, which is produced from
DOPA by the enzyme DOPA decarboxylase. In this wear& report that the silencing of the
RpAadc-2 gene, which encodes the putati®rodnius prolixus DOPA decarboxylase enzyme,
resulted in a reduction in nymph survival, withighhpercentage of treated insects dying during
the ecdysis process or in the expected ecdysisgerhose treated insects that could complete
ecdysis presented a decrease in cuticle pigmentatid hardness after molting. In adult females,
the knockdown of AADC-2esulted in a reduction in the hatching of eggs; tlymphs that
managed to hatch failed to tan the cuticle and wesble to feed. Despite the failure in cuticle
tanning, knockdown of the AADC-2 did not increase tsusceptibility to topically applied
deltamethrin, a pyrethroid insecticide. Additiogallour results showed that the melanin
synthesis pathway did not play a major role indb®xification of the excess (potentially toxic)

tyrosine from the diet, an essential trait for htaphagous arthropod survival after a blood meal.

Keywords: hematophagous arthropods, aromatic amino acidlo@cdases, melanin synthesis,

tyrosine metabolism

Abbreviations. AADCs: aromatic amino acids decarboxylases enzymA3: tyrosine
aminotransferase. HPPD: 4-hydroxyphenylpyruvateydienase. DDC: DOPA decarboxylase.
TH: tyrosine hydroxylase. NBAD: M-alanyldopamine. NADA: N-acetyldopamine. PO:

phenoloxidase. DCE: dopachrome conversion enzyn@dd.: Mopachrome tautomerase. DOPA:
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L-3,4-dihydroxyphenylalanine. TD: tyrosine decarplase. PBS: phosphate-buffered saline.
dsRNA: double-stranded RNA. RNAi: RNA interferen€@PCR: quantitative polymerase chain
reaction. PBM: post-blood meal. cDNA: complementalNA. HD: histidine decarboxylase. N1:

first instar nymphs. N4: fourth instar nymphs. MAbaltose-binding protein. LD50: lethal dose

that kills 50% of treated insects.
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1 Introduction

A particular characteristic of hematophagous irséthat they ingest blood quantities
that represent many times their body weight in rglsi meal. Because the protein content
represents more than 80% of the vertebrate blogdwaright, its digestion in the midgut
generates amounts of free amino acids that are narger than those observed in other
organisms. Therefore, tight regulation of aminodagietabolism is particularly important in
blood-sucking insects (Sterkel et al., 2017). Thesikg bugRhodnius prolixus is one of the
vectors of Trypanosoma cruzi, the parasite that causes Chagas disease, whiectsaf
approximately 8 million people mainly in CentraldaBouth America, and 25 million individuals
are living at risk of contracting it (World Healtbrganization, 2018). Recently, tiie prolixus
genome was sequenced (Mesquita et al., 2015), afgrgermportant information for the study of
enzymes involved in amino acid metabolism.

Tyrosine metabolism is especially important in stsebecause this amino acid is the
precursor of biogenic amines and melanin. Tyroggenecessary for the melanization of
pathogens and cuticle tanning. Consequently, ingesbmes encode more copies of tyrosine
metabolism genes than mammals (Vavricka et al.,4RO0Alternatively, tyrosine can be
catabolized through a degradative pathway of fiveymatic reactions, resulting in acetoacetate
and fumarate (Fig. 1A) that can be further cataeolithrough the Krebs cycle. In a previous
report, we showed that the inhibition of any of thist two enzymes of this pathway (tyrosine
aminotransferase (TAT) or 4-hydroxyphenylpyruvaitexggenase (HPPD)) caused the death of
blood-feeding arthropods after a blood meal duthéoaccumulation and precipitation of huge
guantities of tyrosine in the hemocoel and tissuéswever, the inhibition of HPPD was

demonstrated to be harmless to non-hematophageast#y revealing an essential role of this
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pathway in the adaptation to hematophagy by detmgfthe excess dietary tyrosine (Sterkel et
al., 2016). Furthermore, the knockdown of otheosyme metabolism enzymes drastically affects
fundamental processes Bf prolixus physiology, such as embryogenesis, reproductiotyss
and nymph survival, highlighting the pleiotropiclacof tyrosine catabolism enzymes in this
insect (Sterkel and Oliveira, 2017).

In the melanin synthesis pathway, DOPA and dopamiaesynthesized from tyrosine by
tyrosine hydroxylase (TH) and DOPA decarboxylas®) enzymes, respectively. Dopamine,
in turn, can be converted into two other major cladéamine metabolites, Ralanyldopamine
(NBAD) and N-acetyldopamine (NADA). Finally, the faein required for pigmentation is
produced from these catecholamines by phenoloxsd@@s) that change these products to their
respective quinones, which are then converted t&>®@nelanin (black pigment), dopamine
melanin (brown/black), NBAD melanin (yellow), or NDA melanin (colorless) (Borowsky et
al., 2001; Wittkopp and Beldade, 2009) (Fig. 1A)orebver, oxidative conjugation of these
guinones to cuticular proteins is necessary forctiosslinking of adjacent polypeptide chains, a
process necessary for sclerotization (Mun et @152 Riedel et al., 2011). Different from
mammals, in which melanin is synthetized from DORAall the insect species studied to date,
most of them holometabolous, melanin is synthetimathly from dopamine (Barek et al., 2018;
Hiruma and Riddiford, 1984; Hiruma et al., 1985y ket al., 2014). Thus, the correct function of
DDC is crucial for those physiological processest trequire melanin (Arakane et al., 2009;
Davis et al., 2008; Futahashi and Fujiwara, 2005ar) et al., 2005; Macey et al., 2005; Nappi
et al., 1992; Paskewitz and Andreev, 2008; Sidarial., 2018). Additionally, dopamine is a
neurotransmitter (Verlinden, 2018). Members ofdh@matic amino acid decarboxylase (AADC)

family are also involved in the synthesis of othsurotransmitters, such as tyramine,
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octopamine (also derived from tyrosine; Fig. 1A)l @erotonin (derived from tryptophan). These
amines selectively activate G-protein-coupled remspto exert their biological function
(Balfanz et al., 2014; Bunzow et al., 2001; Wraggle 2007).

The Drosophila melanogaster genome encodes four AADCs: a typical DOPA
decarboxylase (dDDC; gene number CG10697), twcsiiyeodecarboxylases (dTD1 and dTD2;

gene numbers CG30445 and CG30446), and wneethyl-DOPA-resistant protein (dAMD

gene number CG10501) (Han et al., 2010). Recentlyas demonstrated thatmethyl-DOPA-
resistant proteins use L-DOPA as a substrate, as B®C, but they catalyze the production of
3,4-dihydroxylphenylacetaldehyde (DHPAA). Hencege thuthors proposed to rename this
enzyme DHPAA synthase (Vavricka et al., 2011).0Orosophila, the Ddc gene expression
pattern is complex and varies among different dgwekental stages and innate immune
responses (Davis et al., 2007, 2008). In this insodc mMRNAs are alternatively spliced to
produce epidermal or neural-specific transcriptsordén et al., 1986)This enzyme was
demonstrated to be active toward L-DOPA and 5-hygtrgptophan but had no activity toward
tyrosine, D-DOPA or tryptophan (Han et al., 201D). melanogaster Ddc-null mutants are
homozygous lethal. Using transgenes to supply pieeeemal isoform, but not the neural-specific
isoform, the lethal phenotype was rescued (Morgamale 1986). DDC also affect®.
melanogaster longevity (De Luca et al., 2003). In the mosquitmpheles gambiae, silencing of
the Ddc or Dopachrome conversion enzyme (Dce) genes reduces melanization during the
immune response (Paskewitz and Andreev, 20D8¢-silencedAedes aegypti also presented
reduced melanization of inoculated microfilariabe$e mosquitoes exhibit high mortality, over-
feeding and abnormal movement, consistent withnanlvement of DDC in neurotransmission

(Huang et al., 2005).
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In D. melanogaster, DHPAA synthase is expressed in tissues that pedudicle
materials. Apparent defects in regions of cologle$sxible cuticular structures have been
observed in DHPAA synthase mutants (Vavricka et28111). DHPAA is highly toxic because
its aldehyde group reacts with the primary aminougs of proteins, leading to protein
crosslinking and inactivation. Hence, DHPAA syn#smsvere proposed to be involved in the
formation of flexible cuticle through their reacivDHPAA-mediated protein crosslinking
reactions (Vavricka et al.,, 2011). By contrast,ogine decarboxylase (TD) enzymes are
expressed in nervous tissuz. melanogaster Td2-mutants lack neural tyramine and octopamine
and are female sterile due to egg retention (Cioéd. €2005).

The R. prolixus genome encodes four putative AADCs enzymes, eaebepting a
particular tissue expression pattern (Fig. 1 anyl 8ila previous work, we reported that the
chemical inhibition of AADCs by carbidopa in female prolixus resulted in a delay in
oviposition and a small reduction in the egg-hatghiate (Sterkel and Oliveira, 2017). Given
that melanin synthesis is a major tyrosine-consgnpathway and tyrosine detoxification is
essential for hematophagous insect survival aftdoad meal, in the present work we evaluated
the relevance of AAD, the putative DOPA decarboxylase enzyme, in thgsiplogy of R.

prolixus using RNA interference (RNAI).

2 Materials and methods

2.1 Ethics statement

All the animal work was conducted according to guedelines of the institutional care and use
committee (Committee for Evaluation of Animal Use Research from the Federal University

of Rio de Janeiro), which is based on the Natidnsiitutes of Health Guide for the Care and
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Use of Laboratory Animals (ISBN 0-309-05377-3). Tpwotocols received registry number
115/13 from the Animal Ethics Committee (Comiss@okHtica no Uso de Animais, CEUA).
Technicians at the animal facility at the InstitofeMedical Biochemistry (UFRJ) performed all
aspects related to rabbit husbandry under stricejnes to ensure careful and consistent

handling of the animals.

2.2 Rearing of insects
R. prolixus weremaintained under a photoperiod of 12 h of lightkdass, at 28 °C and 50-60%
relative humidity. The insects were fed on rabhitg-week intervals. Only mated adult females

that had been previously fed once during the atalie were used to perform the experiments.

2.3 AADC phylogenetic analysis

The phylogenetic (Fig. 1B) analyses were conducigidg MEGA 7 software (Kumar et al.,

2016). The evolutionary history was inferred uding maximum likelihood method based on the
JTT matrix-based model (Jones et al., 1992). Téwe with the highest log likelihood (-4904.31)
is shown. Initial tree(s) for the heuristic searslere obtained automatically by applying

Neighbor-Join and BioNJ algorithms to a matrix afrpise distances estimated using a JTT
model, and then selecting the topology with a dopdog likelihood value. The analysis

involved 46 amino acid sequences.

2.4 RNA isolation and cDNA synthesis
R. prolixus tissues were dissected in ice-cold PBS (0.15 MINKCmM Na-phosphate, pH 7.4).

The total RNA from different tissues was extraatsthg TRIzol reagent (Invitrogen, San Diego,
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CA, USA) according to the manufacturer's instrugsio Following treatment with DNase
(Fermentas International Inc., Burlington, Canadiagi-strand cDNA synthesis was performed
using 1 pg of total RNA with the “Superscript llirgt-strand Synthesis System for RT-PCR Kit”
(Applied Biosystems, Foster City, CA) and randomxdmers according to the manufacturer’s

instructions.

2.5 Synthesis of double-stranded RNA (dsRNA)

Specific primers forRpAadc-2 genes were designed. The same primers previowssy €or
amplification of theRpHppd gene by PCR were used in this work (Sterkel ande®&, 2017,
Sterkel et al., 2016). These primers containedlthpolymerase binding sequence at the 5’ end,
required for dsRNA synthesis (Table 1). Tha&ltose-binding protein (Mal) gene from
Escherichia coli (GenBank: KIH35983.1) was used as a control for affearget effects of
dsRNA injection. It was amplified from the LitmusBi2mal plasmid (New England Biolabs)
using T7 promoter primers. The PCR products wegeesgced to identity confirmation. Double-
stranded RNAs were synthesized using the MEGAs@&IgAI kit (Ambion) according to the
manufacturer's instructions. The dsRNA concentnatiwere determined spectrophotometrically
using the Nanodrop 1000 spectrophotometer v.3.7erfb Fisher Scientific) and were

visualized in an agarose gel (1.5% w/v) to vertifg dsRNA size, integrity and purity.

Table 1. Sequences of the primers used to amplify targeegdor RNAI experiments. T7

promoter sequences that were necessary for tratisariare shown in red. All sequences and

accession numbers used are as found in the Vesmdsabase (https://www.vectorbase.org/)

10
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Gene Y[)ector Base Forward primer Reverse primer

/
Aadc-2 RPRC00588 I'TAATACGACTCACTATAGGGA TAATACGACTCACTATAGGGA

GACTGAGACCGCTCATCCCATC | GAGCCACTAGGGTTGCTTCACT

Hond RPRCO003878 TAATACGACTCACTATAGGGA | TAATACGACTCACTATAGGGA
PP GAAGTGCAGCCAAATGGTACGA | GAAGAACAGAGTGGGTCGGTCT

2.6 RNAI to determine loss-of-function phenotypes

Fourth instar nymphs (N4) and adult femBleprolixus were injected in the thorax with 218

of each target gene dsRNA dissolved inullof ultrapure water using a 10-Hamilton
microsyringe. Control insects were injected with gg of Mal dsRNA. Insects were fed on
rabbits 7 days after dsRNA injection, which wassidared day 0. On that day, some starved
insects were dissected, and tissues were coll@ct&dzol reagent (Invitrogen, San Diego, CA,
USA) to check the efficacy of gene knockdown by @Pirst instar nymphs (N1) were

collected 7 days after hatching from eggs laid $ial (Control) or dsAadc-2 treated females.

2.7 Quantitative polymerase chain reaction (QPCR)

Total RNA was extracted from the intestine (antemdgut, posterior midgut and rectum) in the
case of females and N4 or from the whole body endase of N1. cDNA was synthesized as
previously described. Specific primers for eaclgéaigene were designed to amplify a different
region from that amplified by the RNAI primers toepgent dsRNA amplification that may be
retrotranscribed during the synthesis of the cDMgether with insect RNA. They were also
designed in different exons to prevent genomic Da&lAplification, and their efficiency was
experimentally tested (Table 2). The 18S genes wsesl as reference (housekeeping) genes

(Majerowicz et al., 2011; Paim et al., 2012). QP@&s performed using the Brilliant Il Ultra-

11



213 Fast SYBR® Green QPCR Master mix (Applied Biosysteonder the following conditions: 95
214  °C for 15 minutes, followed by 40 cycles of 95 @ 15 seconds, 60 °C for 30 seconds and 72
215 °C for 30 seconds and a final cycle of 72 °C fornibutes. The 2&°T values obtained for
216 dsAadc-2- and dsMal-injected insects were usedvétuate the gene-silencing efficacy (Livak
217 and Schmittgen, 2001). T-test was used to evals#@jaificant differences between the
218 experimental and control groups.
219
220 Table 2. Sequence of the primers used to quantify targetegeby QPCR. The primer
221 efficiencies were experimentally verified for egudir of primers. All sequences and accession
222 numbers used were as found in the Vectorbase daalbéps://www.vectorbase.org/), except
223 the Ribosomal protein 18S, which was present igigar1.0 of theRhodnius genome and was
224 removed from VectorBase in the RproC3 assembly. Rhprolixus 18S rRNA gene can be
225 found in the NCBI database with the accession nunmogcated below.
Vector _ _ %

Gene IBS.S&’NCBI Forward primer Reverse primer Efficiency

Ribosomal | AJ421962 | TGTCGGTGTAACTGGCATGT| TCGGCCAACAAAAGTACACA 89.2

rRNA 185

Aadc-2 RPRC00588ATCCTTCGTGGGTTGTGAACG| GTGCACGAAATCGCCTACCT 835

Hppd RPRC003878GCTAAACAGGCGGCCAGCTA TGGACGCTCTGTAACCAGGA| 98.6
226
227 2.8 Survival experiments
228 Insect survival was scored daily during 164 daysrahe blood meal (PBM), considered as day
229 0 PBM. The log-rank (Kaplan-Meier) test was usedwaluate significant differences in survival
230 between the experimental and control groups.

12
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2.9 Oviposition and eclosion

Fully engorged females were individually separated vials and kept at 28 °C and 50-60%
relative humidity, under a photoperiod of 12 hight/12 h of darkness. The number of eggs laid
by each female was counted daily. The eclosionsatiere calculated by dividing the number of
hatched first-instar nymphs by the number of eggs by each female. Two-way ANOVA was

used to evaluate significant differences betweerettperimental and control groups.

2.10 Topical application of deltamethrin

Topical applications of 0.2l of five serial deltamethrin dilutions (0.5 to 03125 ngil; 1 to
0.00625uM) in acetone were applied in the abdomen of finstar nymphs (N1) with the aid of
a 10ul Hamilton microsyringe equipped with a dispengérleast 10 starved N1 hatched from
eggs laid by dsMal or dsAadc-2 treated femalesr(apmately 10 days old) were used per dose
and per replicate. Control groups received |.2f acetone. After treatment, N1 were kept as
described above, and the mortality was recordedye®4 hours for 3 days. Probit analysis
(POLO Plus version 2.0) was performed to evaludfferdnces between controls (MAL) and

RpAadc-2-silenced N1 in the susceptibility to deltamethrin.

2.11 Statistical analysis

At least three independent experiments were peddrfor each treatment, each with N=8-15
insects per experimental group. The data from plel&xperiments were combined into a single
graph. Statistical analysis and design of the ggapbre performed using Prism 6.0 software

(GraphPad Software, San Diego, CA).

13
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3 Results and discussion

3.1 AADC identification and expression pattern in R. prolixus

Searches in th&. prolixus genomic database (www.vectorbase.org) revealedittiexpresses
four putative AADCs enzymes. Phylogenetic analy§igy. 1B) indicated that one of them
(RpAADC-2; RPRC005884) is closely related to DOP&carboxylases from other insects, two
(RpAADC-1 and RpAADC-3; RPRC004898 and RPRCO006028) more similar to DHPAA
synthase enzymes, and one (RpAADC-4; RPRCO0114#}3epts characteristic features of a
tyrosine decarboxylase enzyme. No alternative isigilorms were found for these genesRin
prolixus. Another sequence presented similarity to AADQG#,dhylogenetic analysis placed this
gene product in the histidine decarboxylases brghtih) (Fig. 1B). AADCs and HDs both
belong to group Il decarboxylase enzymes; theyeshaany structural and functional features
and are characterized by the presence of a pyridi®@endent decarboxylase conserved domain
(Sanchez-Jimenez et al., 2016).

Transcriptomic data analysis of publishBd prolixus cDNA libraries (Ribeiro et al.,
2014) indicate that thBpAadc-1 gene, coding for a putative DHPAA synthase, is egped in
the digestive system, mainly in the rectum (hindigput also in the anterior and posterior midgut
(Fig. S1A). The rectum of insects is derived frootodermal cells; it produces a cuticle and
undergoes ecdysis (Rowland and Goodman, 2016)ckttant ofT. cruz to the rectal cuticle of
triatomines is essential for parasite developmedtraetacyclogenesis and involves adhesion to
hydrophobic components of the cuticle surface (Azajaet al., 2005; Schaub et al., 1998). The
expression oRpAadc-1 in theR. prolixus rectum is an interesting finding; further studaee

required to address its function.

14
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Among the four members of the AADC familygpAadc-2, the putative DOPA
decarboxylase gene, presented the highest expression in whalg-bamples (Fig. S1B), but its
expression in several tissues analyzed was loverjantmidgut, posterior midgut, rectum, fat
body, Malpighian tubules, ovaries and testis). Ttxener indicated that it could be mainly
expressed in other tissues that were not sequersceth, as cuticle epithelium, hemocytes,
nervous system and/or flight muscle (Fig. S1B). ¢kdingly, the orthologous enzyme D.
melanogaster is mainly expressed in the epidermis and is akpwessed in the brain (Morgan et
al., 1986).

The RpAadc-3 gene, which encodes the other putative DHPAA ssghenzyme,
presented a low number of reads in whole-bodyiésaand its transcription was not detected in
any of the tissues that were analyzed (Fig. ST6¢.expression of thepAadc-4 gene, encoding
the tyrosine decarboxylase enzyme (TD) that usessitye as a substrate to produce tyramine,
was not detected in any of the tissues sequencad whole-body samples, indicating that its
expression is low. Phylogenetic analysis indicatieat this enzyme is closely related fo
melanogaster TD-2 (CG30446, Fig. 1B), which is expressed invoes tissue.

Due to the importance of tyrosine metabolism ineats in general, particularly in
hematophagous arthropods (Sterkel et al., 2017ritkav et al., 2011), in this work we focused
on AADC-2, the putativér. prolixus DOPA decarboxylase enzyme, which presents the sighe
expression level among AADCs (Fig. S1). To stugypihysiological relevance, RNAi-mediated
gene silencing was used in fourth-instar nymphs) @ adult females. Because this enzyme is
part of a major tyrosine-consuming pathway, we Hiypsized that it could be important in the
detoxification of excess tyrosine from the diet h@matophagous insects, as was previously

observed for TAT and HPPD (Sterkel et al., 2016 &ko performed experiments where the
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RpAadc-2 and RpHppd geneswere silenced together (HPPD/AADC-2 group). In cdkes, a

significant level of gene silencing was achieveig)(52).

3.2 RpAadc-2 functional analysisin nymphs and adult females through gene silencing

Of the 47 dsAadc-2-injecteld. prolixus N4 individuals, only 23 successfully molted to
fifth-instar nymphs (N5. Fig. 2A-C) and the N5 egedl nymphs lacked the typical black
pigmentation in the cuticle (Fig. 2D and E). Moregwvhen probed with tweezers, they clearly
showed a softer exoskeleton than controls. Of thayanphs that did not molt successfully, 13
insects died during ecdysis (aborted ecdysis plypedtand the remaining 11 died as N4, most
of them during the expected ecdysis period (FigQAThe aborted ecdysis phenotype has been
previously described iRR. prolixus for the knockdown of tyrosine hydroxylase (TH)e thrst
enzyme in the melanin synthesis pathway (SterkeélQiiveira, 2017). However, different from
AADC-2 knockdown, all the nymphs injected with dsTmesented the aborted ecdysis
phenotype (Sterkel and Oliveira, 2017). When Madc-2-silenced N4 that failed to complete
ecdysis were manually dissected, they presentezivauntanned cuticle but failed to get out of
the old cuticle.

The survival of the emerged untanned N5 was redaoatpared with that of the control
group (Fig. 2A and B. p<0.0001). Despite the higbrtadity observed inAadc-2-silenced
insects, different from the HPPD-knockdown phenetypo accumulation of tyrosine crystals in
the hemocoel was observed. This fact suggestedttirahigher rate of death was not due to
tyrosine accumulation and precipitation but wagsead due to failure in cuticle tanning (Fig.
2A-C). Most control insects (dsMal; 32 of 37) notipjanolted to N5 at the expected ecdysis

time. Altogether, the results revealed that dopasmrelanin, not DOPA-melanin, ithe
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predominant pigment iR. prolixus, as has been described for other insects (Barek, &04.8;
Hiruma and Riddiford, 1984; Hiruma et al., 1985y 18t al., 2014). The failure in AADC-2
function prevented cuticle tanning, and this precssessential for ecdysis and the survival of
nymphs.

To gain more extensive knowledge about the rol&dADC-2 in R. prolixus, we also
performed RNAI experiments in adult females. Insthensects, the knockdown of AADC-2 was
not lethal after a blood meal (Fig. 3A), confirmitizge previous conclusion that the reduced
survival observed in nymphs was not due to tyrositemulation but failure in cuticle tanning.
Although it did not affect female survival, AADC¥hockdown caused a delay in oviposition
(Fig. 3B) and a reduction in the hatching of egg®.(3C). Similar to the TH knockdown
phenotype (Sterkel and Oliveira, 2017), in the elggd by Aadc-2-silenced females, embryo
development proceeded until a late stage of emilenegs with first-instar nymphs fully
developed (Fig. 3C), but only approximately 20% Idoatch (Fig. 3D). However, different
from TH knockdown, in which the nymphs that manatgetatch presented a normal phenotype
(Sterkel and Oliveira, 2017), the nymphs that hedclirom eggs laid by dsAadc-2-injected
females failed to tan the cuticle, as observed tdfter ecdysis, but their survival was not
significantly reduced (Fig. 3F and G). These nymptisld not feed because they could not bite
the skin of the rabbit host, probably due to falim sclerotization of mouthparts. These results
further confirmed that melanin . prolixus is synthetized from dopamine and not from DOPA
as in mammals (Barek et al., 2018).

Contact insecticides must penetrate through thécleuto reach their action sites;
impairments in cuticle penetration are involved imsecticide resistance in several species

(Balabanidou et al. 2018), including the kissingy Auiatoma infestans (Pedrini et al., 2009).
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BecauseAadc-2-silenced insects failed to tan the cuticle, wedtlgpsized that they might be
more susceptible to topical application of insedés. Quite unexpectedly, no significant
differences were observed in the susceptibilitydédtamethrin between control amhdc-2-

silenced N1 presenting a LD50 (95% confidence interval) eqoal9.44 (58.26-102.37) and 64.

93 fmol/nymph (46.72-88.39), respectively (0.04@d &033 ng of deltamethrin per nymph. Fig.
3H). These results revealed that AADC-2 knockdowdh dot increase susceptibility to

deltamethrin as might be expected due to the failucuticle tanning.

3.3 RpAadc-2 gene silencing in conjunction with RpHppd gene silencing. Functional analysis

in nymphs and adult females

In this work we repeated HPPkhockdown to allow direct comparison with thigpd/Aadc-2
double-silenced group. As was observed in our previworks (Sterkel and Oliveira, 2017,
Sterkel et al., 2016), the knockdown of HPPD wakdkeafter a blood meal due to tyrosine
accumulation, leading to the precipitation of tynescrystals in hemocoel and tissues. Of 21
dsHppd-injected N4, only 1 molted to N5, 5 died idgrecdysis and 15 died as N4,
notwithstanding 11 of them survived much longenttize expected ecdysis period (Fig. 2A-C).
The Hppd/Aadc-2 double-silenced insects presented the same Iphli@dotype associated with
tyrosine accumulation and precipitation observedippd-silenced insects. However, different
from the HPPD phenotype, around one-half of N4 qreneéd ecdysis (p<0.05) and the N5
presented the pale phenotype associated with AADKR@ckdown (Fig. 2A-C). Of 29
dsHppd/Aadc-2 injected N4, 15 molted into N5, wHilk died as N4 and 3 during the ecdysis
process (Fig. 2A-C). Thesmtanned N5 also presented tyrosine crystals irokesl and tissues,

as observed ilMppd-silenced nymphs, indicating superposition of botienotypes. The rate of
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death was enhanced in tHppd andHppd/Aadc-2-silenced groups compared with thatAadc-
2-silenced insects (Fig. 2A and B).

Most of the females injected with Hppd and Hppd/&2ddsRNA died at the onset of
oogenesis (Fig. 3A), so they laid only a few edgs.(3B). Most of the eggs laid byppd-
silenced females did not develop into embryos, tedhatching rate was approximately 20%
(Fig. 3C and D). Because of the combined effeca séduced number of eggs laid and their
reduced hatching, the reproductive fitness of dsHpjected females was drastically reduced.
Unexpectedly, the phenotype associated with a estlinatching rate observed hppd- and
Aadc-2-silenced insects was patrtially revertedHppd/Aadc-2 double silenced animals. In this
group, in contrast to the dsHppd and dsAadc-2 piyees (p<0.005), approximately 60% of
nymphs hatched and they also failed to tan thecleytas observed for AADC-2 knockdown
(Fig. 3C). In contrast tAadc-2-silenced N1,Hppd/Aadc-2-silenced N1 presented a reduced
survival compared with controls although they weoéfed on blood (Fig. 3E, p<0.0001).

A similar survival rate was observed in tHppd- and Hppd/Aadc-2-silenced groups in
N4 and females (p=0.1686 and p=0.081, respectiglys. 2A and 3A), suggesting that the
double silencing oHppd/Aadc-2 genes was not additive regarding the lethal eféécHppd
silencing. These results, in concordance with thpseviously obtained foHppd/Th and
Hppd/Po double-silenced insects (Sterkel et al., 2016¢licate that the melanin synthesis
pathway does not play a major role in tyrosine xiétmtion.

In Hppd-silenced insects, melanin deposition was obse@dind tyrosine crystals
(Sterkel et al., 2016), suggesting that excess mrelsynthesis (that produce highly reactive o-
guinones intermediates and reactive oxygen sp€Ri®S); reviewed by (Vavricka et al., 2014))

might be involved in the extensive tissue damageented and death of insects. Nevertheless,
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this phenotype was not reverted by the knockdowph&noloxidases or tyrosine hydroxylase
enzyme (Sterkel et al.,, 2016). The knockdown of AAD, the enzyme that supplies the
dopamine necessary for melanin synthesis, alsedfdd rescue the lethal phenotype observed
upon Hppd-silencing, further confirming the hypothesis thatlanin formation around tyrosine
crystals is not required for the lethal phenotyp@dcur. Interestingly, itHppd/Aadc-2 double-
silenced insects, some HPPD-associated phenotgpehl, as no ecdysis in N4 and reduced
hatching of the eggs, were partially rescued. Furgtudies are required to address the reasons
for the partial reversion of these phenotypes.

To summarize, in this work we found that the cdrfeaction of AADC-2, the DOPA
decarboxylase enzyme, is essential for cuticleitanmhus, melanin is synthetized mainly from
dopamine irR. prolixus. The failure in cuticle tanning affected esserpiacesses dR. prolixus
physiology, such as ecdysis, survival and hatchih@lso prevented feeding because insects
could not pierce the skin of the rabbit hosts. Heeve quite unexpectedly, failure in cuticle
tanning did not increase the susceptibility of njasipto topically applied deltamethrin.
Altogether, these results indicate that the melaymthesis pathway is conserved among the
classlnsecta and do not present any particular phenotype rtlatérematophagy as observed for
other enzymes involved in tyrosine metabolism. Ehessults further highlight the unique
importance of the TAT/HPPD catabolism pathway ie thetoxification of excess dietary

tyrosine in blood-sucking insects and, consequeintlthe adaptation to hematophagy.
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Figure captions

Fig. 1 A: Tyrosine metabolism pathways i prolixus. PAH: phenylalanine hydroxylase; TAT:
tyrosine aminotransferase; HPPD: 4-hydroxyphenylpgte dioxygenase; HgD: homogentisate
1,2-dioxygenase; MAAI: maleylacetoacetate isomergsél: fumarylacetoacetase; TH: tyrosine
hydroxylase, AADC: aromatic L-amino acid decarbasgd; PO: phenoloxidase; DCE:
dopachrome conversion enzyme, DCT: dopachrome rtarase (not described in insects)
aaNAT: aralkylamine N-acetyltransferaseHr tyramine B-hydroxylase. The metabolites are
abbreviated as follows: L-DOPA: L-3,4-dihydroxyplytaianine; DHI: 5,6-dihydroxyindole,
NADA: N-acetyldopamine; NBAN: Ns-alanyldopamine. Red arrows describe possible
pathways that are not described in insects. B: AtamL-amino acid decarboxylases
phylogenetic analysis. Note that AADC-2 (RPRC005848 grouped with DOPA
decarboxylases, AADC-1 and AADC-3 (RPRC004898 arrRR006023) are grouped with
DHPAA synthases, and AADC-4 is grouped with tyresotecarboxylase enzymes from other
insects. RPRCRhodnius prolixus. TC: Tribolium castaneum. ACYPI: Acyrthosiphon pisum.

AAEL: Aedes aegypti. AGAP: Anopheles gambiae. CG: Drosophila melanogaster.

Fig. 2 AADC-2 activity is essential for cuticle tanninfiex ecdysis irR. prolixus. A: Survival of
dsRNA-injected fourth-instar nymphs (N4) after add meal (PBM). The dotted vertical lines
show the ecdysis period. Insect survival was resbuhtil 164 days PBM. B: Instar of death of
insects. Red dots represent insects that died a88Né dots represent insects that died during
the ecdysis process, cyan dots represent inseadtsligd as fifth-instar nymphs (N5), and white
dots represent N5 that survived longer than 164.d8lge dotted lines show the ecdysis period.

C: Instar of insect’'s death shown as a percentdgeall cases, at least two independent
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experiments were performed, each with N=8-15 iisspet experimental group. The data from
multiple experiments were combined into a singlapyr D: Dorsal view of control (left) and
RpAadc-2-silenced (right) insects. E: Ventral viewRpAadc-2-silenced (left) and control (right)

insects.

Fig. 3 AADC-2 activity is required for reproduction. &R prolixus female survival after AADC-

2 and/or HPPD knockdown by dsRNA injection. B: Nwmniof eggs laid. C: Hatching rate of
egg. D: Phenotype of the eggs laid by control Xlé&pHppd-silenced (center) anBpAadc-2-
silenced females (right). Images were taken 2084 éfter the eggs were laid. F: Dorsal view
of first-instar nymphs (N1) hatched from eggs IbiddsMal-injected (left) or with dsAadc-2-
injected females (right). E: Survival of first-iastnymphs. G: Ventral view of N1 (left) hatched
from eggs laid by dsMal-injected (left) or ds dsA&d&injected females (right). H: Susceptibility
of control (MAL) andRpAadc-2-silencd N1 to deltamethrin. The data were plo#sdhe mean +
s.e.m in panels B, C and H. For all panels, at le&s independent experiments were performed,
each with N=8-15 insects per experimental groupe @hta from multiple experiments were

combined into a single graph.

32



Phenylalanine m’ Tyrosing === DOPA

Fumaric acid

Octopamine Colorless  Yellow
melanin melanin

T6H
PO PO

Tyramine
DHPAA NADA  NBAN

AADC-1

AADC4 AADC-3 aaNAT\ TAN //

AADC-2

TAT po

4-Hydroxyphenylpyruvic acid DOPA-quinone

HPPD
Homogentisic acid Dopachrome
HgD pcr
?
4-Maleylacetoacetic acid DHICA
" MAAI PO

Fumarylacetoacetate

/o \

Acetoacetic acid

Black melanin

Dopamine
PO

Dopamine-quinone

Dopamine-chrome

PO

Black/brown melanin

AAEL014632-B
AAEL009593-B
AAEL009593-A
AAEL014632-A
AAEL009593-C
AGAP009001-A
CG3454-B

CG3454-A

RPRC001055-56
TC010062-A
TC010062-B
ACYPI1000916
AAEL003462
AGAP007302
CG30445
ACYPI009336
TC030580
TC012567
RPRC011470
CG30446
AAEL018302
AGAP007305
AAEL018197
AGAP009090
CG10501-A
CG10501-B
TC013401
TC013402
RPRC004898
RPRC006023
ACYPI43207
ACYPI001761
ACYPI070346
ACYPI

RPRC 4
TC013480

AGAP009091-A
AGAP009091-B
AAEL014238-C
AAEL014238-B
AAEL014238-A

Histidine
decarboxylases

Tyrosine
decarboxylases

DHPAA
synthases

DOPA
decarboxylases



A

100+
757

50+

% survival

4th/5th instar nymph survival

Ecdysis period

- MAL

~— HPPD

— DDC-2

—— HPPD/AADC-2

% of insects

25 50 75 100 125 150 175
Days PBM
Instar of nymph death

DDC-2 DDC-2/HPPD HPPD

Death day PBM

Instar of nymph death

0
] fcericcen)
150 o
135
o
60 ° oo
° °
40+ 0,0° . 0o
ooo 000 o,
o0 _oo o °
4 . ’
e s =
e® o

MAL AADC-2  HPPD HPPD/AADC-2




(2]

A Female survival B Oviposition Hatching rate

o 50 2 1.0
100 E 4 - ml;n
-~
- % 40 s %8| = Aapc2
. - MAL -] -+ HPPD/AADC-2
s ~ HPPD § 30 S 06
== AADC-2 MAL o
E 50 — HPPD/AADC-2 G 20 > HpPp 2 04
» 5 -= AADC-2 3
X 25 .E 10 -+ HPPD/AADC-2 £ 02
S £
o . . . , % £ g0
20 40 60 80 0 10 20 30 40 50 0 10 20 30 40 50
Days PBM Days PBM Days PBM
3 Deltamethrin topical appication
E 15t instar nymph survival F \ G / H

°
=3

1
100} N // \ /

NI > N
3 X — - MAL

- MAL B » =z = AADC-2

== AADC-2 4

~ HPPD/AADC-2 . :

T\
o > & 0 30 60 90 120 150 180 210
20 —

40 60 80 —
Days after hatching 0.8 mm 0.95 mm Fmol deltamethrin/N1

~
o

~

Q

% survival
@
o
\

N
@
%

% mortality 24h
3

after application
g




Highlights

DOPA decarboxylase is necessary for cuticle tanning in Rhodnius
prolixus.

Failure in cuticle tanning affects ecdysis and reproduction but does
not increase susceptibility of nymphs to deltamethrin.

Melanin synthesis pathway does not play amajor rolein
detoxifying the excess of dietary tyrosine associated with
haematophagy.

Melanin synthesis pathway is conserved among the class Insecta.



