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A B S T R A C T

Cuticle tanning occurs in insects immediately after hatching or molting. During this process, the cuticle becomes
dark and rigid due to melanin deposition and protein crosslinking. In insects, different from mammals, melanin
is synthesized mainly from dopamine, which is produced from DOPA by the enzyme DOPA decarboxylase. In this
work, we report that the silencing of the RpAadc-2 gene, which encodes the putative Rhodnius prolixus DOPA
decarboxylase enzyme, resulted in a reduction in nymph survival, with a high percentage of treated insects dying
during the ecdysis process or in the expected ecdysis period. Those treated insects that could complete ecdysis
presented a decrease in cuticle pigmentation and hardness after molting. In adult females, the knockdown of
AADC-2 resulted in a reduction in the hatching of eggs; the nymphs that managed to hatch failed to tan the
cuticle and were unable to feed. Despite the failure in cuticle tanning, knockdown of the AADC-2 did not increase
the susceptibility to topically applied deltamethrin, a pyrethroid insecticide. Additionally, our results showed
that the melanin synthesis pathway did not play a major role in the detoxification of the excess (potentially
toxic) tyrosine from the diet, an essential trait for hematophagous arthropod survival after a blood meal.

1. Introduction

A particular characteristic of hematophagous insects is that they
ingest blood quantities that represent many times their body weight in a
single meal. Because the protein content represents more than 80% of
the vertebrate blood dry weight, its digestion in the midgut generates
amounts of free amino acids that are much larger than those observed
in other organisms. Therefore, tight regulation of amino acid metabo-
lism is particularly important in blood-sucking insects (Sterkel et al.,
2017). The kissing bug Rhodnius prolixus is one of the vectors of Try-
panosoma cruzi, the parasite that causes Chagas disease, which affects
approximately 8 million people mainly in Central and South America,
and 25 million individuals are living at risk of contracting it (World
Health Organization, 2018). Recently, the R. prolixus genome was se-
quenced (Mesquita et al., 2015), generating important information for
the study of enzymes involved in amino acid metabolism.

Tyrosine metabolism is especially important in insects because this
amino acid is the precursor of biogenic amines and melanin. Tyrosine is

necessary for the melanization of pathogens and cuticle tanning.
Consequently, insect genomes encode more copies of tyrosine meta-
bolism genes than mammals (Vavricka et al., 2014). Alternatively,
tyrosine can be catabolized through a degradative pathway of five en-
zymatic reactions, resulting in acetoacetate and fumarate (Fig. 1A) that
can be further catabolized through the Krebs cycle. In a previous report,
we showed that the inhibition of any of the first two enzymes of this
pathway (tyrosine aminotransferase (TAT) or 4-hydro-
xyphenylpyruvate dioxygenase (HPPD)) caused the death of blood-
feeding arthropods after a blood meal due to the accumulation and
precipitation of huge quantities of tyrosine in the hemocoel and tissues.
However, the inhibition of HPPD was demonstrated to be harmless to
non-hematophagous insects, revealing an essential role of this pathway
in the adaptation to hematophagy by detoxifying the excess dietary
tyrosine (Sterkel et al., 2016). Furthermore, the knockdown of other
tyrosine metabolism enzymes drastically affects fundamental processes
of R. prolixus physiology, such as embryogenesis, reproduction, ecdysis
and nymph survival, highlighting the pleiotropic role of tyrosine
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catabolism enzymes in this insect (Sterkel and Oliveira, 2017).
In the melanin synthesis pathway, DOPA and dopamine are syn-

thesized from tyrosine by tyrosine hydroxylase (TH) and DOPA dec-
arboxylase (DDC) enzymes, respectively. Dopamine, in turn, can be
converted into two other major catecholamine metabolites, N-β-ala-
nyldopamine (NBAD) and N-acetyldopamine (NADA). Finally, the
melanin required for pigmentation is produced from these catechola-
mines by phenoloxidases (POs) that change these products to their re-
spective quinones, which are then converted to DOPA melanin (black
pigment), dopamine melanin (brown/black), NBAD melanin (yellow),
or NADA melanin (colorless) (Borowsky et al., 2001; Wittkopp and
Beldade, 2009) (Fig. 1A). Moreover, oxidative conjugation of these
quinones to cuticular proteins is necessary for the crosslinking of

adjacent polypeptide chains, a process necessary for sclerotization
(Mun et al., 2015; Riedel et al., 2011). Different from mammals, in
which melanin is synthetized from DOPA, in all the insect species stu-
died to date, most of them holometabolous, melanin is synthetized
mainly from dopamine (Barek et al., 2018; Hiruma and Riddiford,
1984; Hiruma et al., 1985; Liu et al., 2014). Thus, the correct function
of DDC is crucial for those physiological processes that require melanin
(Arakane et al., 2009; Davis et al., 2008; Futahashi and Fujiwara, 2005;
Huang et al., 2005; Macey et al., 2005; Nappi et al., 1992; Paskewitz
and Andreev, 2008; Sideri, et al., 2008). Additionally, dopamine is a
neurotransmitter (Verlinden, 2018). Members of the aromatic amino
acid decarboxylase (AADC) family are also involved in the synthesis of
other neurotransmitters, such as tyramine, octopamine (also derived

Abbreviations

AADCs aromatic amino acids decarboxylases enzymes
TAT tyrosine aminotransferase
HPPD 4-hydroxyphenylpyruvate dioxygenase
DDC DOPA decarboxylase
TH tyrosine hydroxylase
NBAD N-β-alanyldopamine
NADA N-acetyldopamine
PO phenoloxidase
DCE dopachrome conversion enzyme
DCT dopachrome tautomerase
DOPA L-3,4-dihydroxyphenylalanine

TD tyrosine decarboxylase
PBS phosphate-buffered saline
dsRNA double-stranded RNA
RNAi RNA interference
QPCR quantitative polymerase chain reaction
PBM post-blood meal
cDNA complementary DNA
HD histidine decarboxylase
N1 first instar nymphs
N4 fourth instar nymphs
MAL maltose-binding protein
LD50 lethal dose that kills 50% of treated insects

Fig. 1. A: Tyrosine metabolism pathways in R. prolixus. PAH: phenylalanine hydroxylase; TAT: tyrosine aminotransferase; HPPD: 4-hydroxyphenylpyruvate diox-
ygenase; HgD: homogentisate 1,2-dioxygenase; MAAI: maleylacetoacetate isomerase; FAH: fumarylacetoacetase; TH: tyrosine hydroxylase, AADC: aromatic L-amino
acid decarboxylase; PO: phenoloxidase; DCE: dopachrome conversion enzyme, DCT: dopachrome tautomerase (not described in insects) aaNAT: aralkylamine N-
acetyltransferase; TβH: tyramine β-hydroxylase. The metabolites are abbreviated as follows: L-DOPA: L-3,4-dihydroxyphenylalanine; DHI: 5,6-dihydroxyindole,
NADA: N-acetyldopamine; NBAN: N-β-alanyldopamine. Red arrows describe possible pathways that are not described in insects. B: Aromatic L-amino acid dec-
arboxylases phylogenetic analysis. Note that AADC-2 (RPRC005848) is grouped with DOPA decarboxylases, AADC-1 and AADC-3 (RPRC004898 and RPRC006023)
are grouped with DHPAA synthases, and AADC-4 is grouped with tyrosine decarboxylase enzymes from other insects. RPRC: Rhodnius prolixus. TC: Tribolium
castaneum. ACYPI: Acyrthosiphon pisum. AAEL: Aedes aegypti. AGAP: Anopheles gambiae. CG: Drosophila melanogaster. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)
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from tyrosine; Fig. 1A) and serotonin (derived from tryptophan). These
amines selectively activate G-protein-coupled receptors to exert their
biological function (Balfanz et al., 2014; Bunzow et al., 2001; Wragg
et al., 2007).

The Drosophila melanogaster genome encodes four AADCs: a typical
DOPA decarboxylase (dDDC; gene number CG10697), two tyrosine
decarboxylases (dTD1 and dTD2; gene numbers CG30445 and
CG30446), and one α-methyl-DOPA-resistant protein (dAMD, gene
number CG10501) (Han et al., 2010). Recently, it was demonstrated
that α-methyl-DOPA-resistant proteins use L-DOPA as a substrate, as
does DDC, but they catalyze the production of 3,4-dihydrox-
ylphenylacetaldehyde (DHPAA). Hence, the authors proposed to re-
name this enzyme DHPAA synthase (Vavricka et al., 2011). In Droso-
phila, the Ddc gene expression pattern is complex and varies among
different developmental stages and innate immune responses (Davis
et al., 2007, 2008). In this insect, dDdc mRNAs are alternatively spliced
to produce epidermal or neural-specific transcripts (Morgan et al.,
1986). This enzyme was demonstrated to be active toward L-DOPA and
5-hydroxytryptophan but had no activity toward tyrosine, D-DOPA or
tryptophan (Han et al., 2010). D. melanogaster Ddc-null mutants are
homozygous lethal. Using transgenes to supply the epidermal isoform,
but not the neural-specific isoform, the lethal phenotype was rescued
(Morgan et al., 1986). DDC also affects D. melanogaster longevity (De
Luca et al., 2003). In the mosquito Anopheles gambiae, silencing of the
Ddc or Dopachrome conversion enzyme (Dce) genes reduces melanization
during the immune response (Paskewitz and Andreev, 2008). Ddc-si-
lenced Aedes aegypti also presented reduced melanization of inoculated
microfilariae. These mosquitoes exhibit high mortality, over-feeding
and abnormal movement, consistent with an involvement of DDC in
neurotransmission (Huang et al., 2005).

In D. melanogaster, DHPAA synthase is expressed in tissues that
produce cuticle materials. Apparent defects in regions of colorless,
flexible cuticular structures have been observed in DHPAA synthase
mutants (Vavricka et al., 2011). DHPAA is highly toxic because its al-
dehyde group reacts with the primary amino groups of proteins, leading
to protein crosslinking and inactivation. Hence, DHPAA synthases were
proposed to be involved in the formation of flexible cuticle through
their reactive DHPAA-mediated protein crosslinking reactions
(Vavricka et al., 2011). By contrast, tyrosine decarboxylase (TD) en-
zymes are expressed in nervous tissue. D. melanogaster Td2-mutants lack
neural tyramine and octopamine and are female sterile due to egg re-
tention (Cole et al., 2005).

The R. prolixus genome encodes four putative AADCs enzymes, each
presenting a particular tissue expression pattern (Figs. 1 and S1). In a
previous work, we reported that the chemical inhibition of AADCs by
carbidopa in female R. prolixus resulted in a delay in oviposition and a
small reduction in the egg-hatching rate (Sterkel and Oliveira, 2017).
Given that melanin synthesis is a major tyrosine-consuming pathway
and tyrosine detoxification is essential for hematophagous insect sur-
vival after a blood meal, in the present work we evaluated the relevance
of AADC-2, the putative DOPA decarboxylase enzyme, in the phy-
siology of R. prolixus using RNA interference (RNAi).

2. Materials and methods

2.1. Ethics statement

All the animal work was conducted according to the guidelines of
the institutional care and use committee (Committee for Evaluation of
Animal Use for Research from the Federal University of Rio de Janeiro),
which is based on the National Institutes of Health Guide for the Care
and Use of Laboratory Animals (ISBN 0-309-05377-3). The protocols
received registry number 115/13 from the Animal Ethics Committee
(Comissão de Ética no Uso de Animais, CEUA). Technicians at the an-
imal facility at the Institute of Medical Biochemistry (UFRJ) performed
all aspects related to rabbit husbandry under strict guidelines to ensure
careful and consistent handling of the animals.

2.2. Rearing of insects

R. prolixus were maintained under a photoperiod of 12 h of light/
darkness, at 28 °C and 50-60% relative humidity. The insects were fed
on rabbits at 4-week intervals. Only mated adult females that had been
previously fed once during the adult stage were used to perform the
experiments.

2.3. AADC phylogenetic analysis

The phylogenetic (Fig. 1B) analyses were conducted using MEGA 7
software (Kumar et al., 2016). The evolutionary history was inferred
using the maximum likelihood method based on the JTT matrix-based
model (Jones et al., 1992). The tree with the highest log likelihood
(−4904.31) is shown. Initial tree(s) for the heuristic search were ob-
tained automatically by applying Neighbor-Join and BioNJ algorithms
to a matrix of pairwise distances estimated using a JTT model, and then
selecting the topology with a superior log 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 (0.15M NaCl,
10mM Na-phosphate, pH 7.4). The total RNA from different tissues was
extracted using TRIzol reagent (Invitrogen, San Diego, CA, USA) ac-
cording to the manufacturer's instructions. Following treatment with
DNase (Fermentas International Inc., Burlington, Canada), first-strand
cDNA synthesis was performed using 1 μg of total RNA with the
“Superscript III First-strand Synthesis System for RT-PCR Kit” (Applied
Biosystems, Foster City, CA) and random hexamers according to the
manufacturer's instructions.

2.5. Synthesis of double-stranded RNA (dsRNA)

Specific primers for RpAadc-2 genes were designed. The same pri-
mers previously used for amplification of the RpHppd gene by PCR were
used in this work (Sterkel and Oliveira, 2017; Sterkel et al., 2016).
These primers contained the T7 polymerase binding sequence at the 5′
end, required for dsRNA synthesis (Table 1). The maltose-binding protein
(Mal) gene from Escherichia coli (GenBank: KIH35983.1) was used as a
control for the off-target effects of dsRNA injection. It was amplified

Table 1
Sequences of the primers used to amplify target genes for RNAi experiments. T7 promoter sequences that were necessary for transcription are shown in red. All
sequences and accession numbers used are as found in the Vectorbase database (https://www.vectorbase.org/).

Gene Vector Base ID Forward primer Reverse primer

Aadc-2 RPRC005884 TAATACGACTCACTATAGGGA
GACTGAGACCGCTCATCCCATC

TAATACGACTCACTATAGGGA
GAGCCACTAGGGTTGCTTCACT

Hppd RPRC003878 TAATACGACTCACTATAGGGA GAAGTGCAGCCAAATGGTACGA TAATACGACTCACTATAGGGA GAAGAACAGAGTGGGTCGGTCT
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from the Litmus 28i-mal plasmid (New England Biolabs) using T7
promoter primers. The PCR products were sequenced to identity con-
firmation. Double-stranded RNAs were synthesized using the MEGA-
script RNAi kit (Ambion) according to the manufacturer's instructions.
The dsRNA concentrations were determined spectrophotometrically
using the Nanodrop 1000 spectrophotometer v.3.7 (Thermo Fisher
Scientific) and were visualized in an agarose gel (1.5% w/v) to verify
the dsRNA size, integrity and purity.

2.6. RNAi to determine loss-of-function phenotypes

Fourth instar nymphs (N4) and adult female R. prolixus were in-
jected in the thorax with 2.5 μg of each target gene dsRNA dissolved in
1 μl of ultrapure water using a 10-μl Hamilton microsyringe. Control
insects were injected with 2.5 μg of Mal dsRNA. Insects were fed on
rabbits 7 days after dsRNA injection, which was considered day 0. On
that day, some starved insects were dissected, and tissues were col-
lected in Trizol reagent (Invitrogen, San Diego, CA, USA) to check the
efficacy of gene knockdown by QPCR. First instar nymphs (N1) were
collected 7 days after hatching from eggs laid by dsMal (Control) or
dsAadc-2 treated females.

2.7. Quantitative polymerase chain reaction (QPCR)

Total RNA was extracted from the intestine (anterior midgut, pos-
terior midgut and rectum) in the case of females and N4 or from the
whole body in the case of N1. cDNA was synthesized as previously
described. Specific primers for each target gene were designed to am-
plify a different region from that amplified by the RNAi primers to
prevent dsRNA amplification that may be retrotranscribed during the
synthesis of the cDNA together with insect RNA. They were also de-
signed in different exons to prevent genomic DNA amplification, and
their efficiency was experimentally tested (Table 2). The 18S genes
were used as reference (housekeeping) genes (Majerowicz et al., 2011;
Paim et al., 2012). QPCR was performed using the Brilliant III Ultra-
Fast SYBR® Green QPCR Master mix (Applied Biosystems) under the
following conditions: 95 °C for 15min, followed by 40 cycles of 95 °C
for 15 s, 60 °C for 30 s and 72 °C for 30 s and a final cycle of 72 °C for
10min. The 2e−ΔCT values obtained for dsAadc-2- and dsMal-injected
insects were used to evaluate the gene-silencing efficacy (Livak and
Schmittgen, 2001). T-test was used to evaluate significant differences
between the experimental and control groups.

2.8. Survival experiments

Insect survival was scored daily during 164 days after the blood
meal (PBM), considered as day 0 PBM. The log-rank (Kaplan-Meier) test
was used to evaluate significant differences in survival between the
experimental and control groups.

2.9. Oviposition and eclosion

Fully engorged females were individually separated into vials and
kept at 28 °C and 50–60% relative humidity, under a photoperiod of

12 h of light/12 h of darkness. The number of eggs laid by each female
was counted daily. The eclosion ratios were calculated by dividing the
number of hatched first-instar nymphs by the number of eggs laid by
each female. Two-way ANOVA was used to evaluate significant differ-
ences between the experimental and control groups.

2.10. Topical application of deltamethrin

Topical applications of 0.2 μl of five serial deltamethrin dilutions
(0.5–0.003125 ng/μl; 1 to 0.00625 μM) in acetone were applied in the
abdomen of first-instar nymphs (N1) with the aid of a 10-μl Hamilton
microsyringe equipped with a dispenser. At least 10 starved N1 hatched
from eggs laid by dsMal or dsAadc-2 treated females (approximately 10
days old) were used per dose and per replicate. Control groups received
0.2 μl of acetone. After treatment, N1 were kept as described above, and
the mortality was recorded every 24 h for 3 days. Probit analysis (POLO
Plus version 2.0) was performed to evaluate differences between con-
trols (MAL) and RpAadc-2-silenced N1 in the susceptibility to delta-
methrin.

2.11. Statistical analysis

At least three independent experiments were performed for each
treatment, each with N=8–15 insects per experimental group. The
data from multiple experiments were combined into a single graph.
Statistical analysis and design of the graphs were performed using
Prism 6.0 software (GraphPad Software, San Diego, CA).

3. Results and discussion

3.1. AADC identification and expression pattern in R. prolixus

Searches in the R. prolixus genomic database (www.vectorbase.org)
revealed that it expresses four putative AADCs enzymes. Phylogenetic
analysis (Fig. 1B) indicated that one of them (RpAADC-2; RPRC005884)
is closely related to DOPA decarboxylases from other insects, two
(RpAADC-1 and RpAADC-3; RPRC004898 and RPRC006023) are more
similar to DHPAA synthase enzymes, and one (RpAADC-4;
RPRC011470) presents characteristic features of a tyrosine decarbox-
ylase enzyme. No alternative splicing forms were found for these genes
in R. prolixus. Another sequence presented similarity to AADCs, but
phylogenetic analysis placed this gene product in the histidine dec-
arboxylases branch (HD) (Fig. 1B). AADCs and HDs both belong to
group II decarboxylase enzymes; they share many structural and func-
tional features and are characterized by the presence of a pyridoxal-
dependent decarboxylase conserved domain (Sanchez-Jimenez et al.,
2016).

Transcriptomic data analysis of published R. prolixus cDNA libraries
(Ribeiro et al., 2014) indicate that the RpAadc-1 gene, coding for a
putative DHPAA synthase, is expressed in the digestive system, mainly
in the rectum (hindgut) but also in the anterior and posterior midgut
(Fig. S1A). The rectum of insects is derived from ectodermal cells; it
produces a cuticle and undergoes ecdysis (Rowland and Goodman,
2016). Attachment of T. cruzi to the rectal cuticle of triatomines is

Table 2
Sequence of the primers used to quantify target genes by QPCR. The primer efficiencies were experimentally verified for each pair of primers. All sequences and
accession numbers used were as found in the Vectorbase database (https://www.vectorbase.org/), except the Ribosomal protein 18S, which was present in version
1.0 of the Rhodnius genome and was removed from VectorBase in the RproC3 assembly. The R. prolixus 18S rRNA gene can be found in the NCBI database with the
accession number indicated below.

Gene Vector Base/NCBI ID Forward primer Reverse primer % Efficiency

Ribosomal rRNA 18S AJ421962 TGTCGGTGTAACTGGCATGT TCGGCCAACAAAAGTACACA 89.2
Aadc-2 RPRC005884 TCCTTCGTGGGTTGTGAACG GTGCACGAAATCGCCTACCT 83.5
Hppd RPRC003878 GCTAAACAGGCGGCCAGCTA TGGACGCTCTGTAACCAGGA 98.6
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essential for parasite development and metacyclogenesis and involves
adhesion to hydrophobic components of the cuticle surface (Azambuja
et al., 2005; Schaub et al., 1998). The expression of RpAadc-1 in the R.
prolixus rectum is an interesting finding; further studies are required to
address its function.

Among the four members of the AADC family, RpAadc-2, the puta-
tive DOPA decarboxylase gene, presented the highest expression in
whole-body samples (Fig. S1B), but its expression in several tissues
analyzed was low (anterior midgut, posterior midgut, rectum, fat body,
Malpighian tubules, ovaries and testis). The former indicated that it
could be mainly expressed in other tissues that were not sequenced,
such as cuticle epithelium, hemocytes, nervous system and/or flight
muscle (Fig. S1B). Accordingly, the orthologous enzyme in D. melano-
gaster is mainly expressed in the epidermis and is also expressed in the
brain (Morgan et al., 1986).

The RpAadc-3 gene, which encodes the other putative DHPAA
synthase enzyme, presented a low number of reads in whole-body li-
braries, and its transcription was not detected in any of the tissues that
were analyzed (Fig. S1C). The expression of the RpAadc-4 gene, en-
coding the tyrosine decarboxylase enzyme (TD) that uses tyrosine as a
substrate to produce tyramine, was not detected in any of the tissues
sequenced or in whole-body samples, indicating that its expression is
low. Phylogenetic analysis indicated that this enzyme is closely related
to D. melanogaster TD-2 (CG30446, Fig. 1B), which is expressed in
nervous tissue.

Due to the importance of tyrosine metabolism in insects in general,
particularly in hematophagous arthropods (Sterkel et al., 2017;
Vavricka et al., 2011), in this work we focused on AADC-2, the putative
R. prolixus DOPA decarboxylase enzyme, which presents the highest
expression level among AADCs (Fig. S1). To study its physiological
relevance, RNAi-mediated gene silencing was used in fourth-instar
nymphs (N4) and adult females. Because this enzyme is part of a major
tyrosine-consuming pathway, we hypothesized that it could be im-
portant in the detoxification of excess tyrosine from the diet of hema-
tophagous insects, as was previously observed for TAT and HPPD
(Sterkel et al., 2016). We also performed experiments where the
RpAadc-2 and RpHppd genes were silenced together (HPPD/AADC-2
group). In all cases, a significant level of gene silencing was achieved
(Fig. S2).

3.2. RpAadc-2 functional analysis in nymphs and adult females through
gene silencing

Of the 47 dsAadc-2-injected R. prolixus N4 individuals, only 23
successfully molted to fifth-instar nymphs (N5. Fig. 2A–C) and the N5
emerged nymphs lacked the typical black pigmentation in the cuticle
(Fig. 2D and E). Moreover, when probed with tweezers, they clearly
showed a softer exoskeleton than controls. Of the 24 nymphs that did
not molt successfully, 13 insects died during ecdysis (aborted ecdysis
phenotype), and the remaining 11 died as N4, most of them during the
expected ecdysis period (Fig. 2A–C). The aborted ecdysis phenotype has
been previously described in R. prolixus for the knockdown of tyrosine
hydroxylase (TH), the first enzyme in the melanin synthesis pathway
(Sterkel and Oliveira, 2017). However, different from AADC-2 knock-
down, all the nymphs injected with dsTh presented the aborted ecdysis
phenotype (Sterkel and Oliveira, 2017). When the Aadc-2-silenced N4
that failed to complete ecdysis were manually dissected, they presented
a new untanned cuticle but failed to get out of the old cuticle.

The survival of the emerged untanned N5 was reduced compared
with that of the control group (Fig. 2A and B p < 0.0001). Despite the
high mortality observed in Aadc-2-silenced insects, different from the
HPPD-knockdown phenotype, no accumulation of tyrosine crystals in
the hemocoel was observed. This fact suggested that the higher rate of
death was not due to tyrosine accumulation and precipitation but was
instead due to failure in cuticle tanning (Fig. 2A–C). Most control in-
sects (dsMal; 32 of 37) normally molted to N5 at the expected ecdysis
time. Altogether, the results revealed that dopamine-melanin, not
DOPA-melanin, is the predominant pigment in R. prolixus, as has been
described for other insects (Barek et al., 2018; Hiruma and Riddiford,
1984; Hiruma et al., 1985; Liu et al., 2014). The failure in AADC-2
function prevented cuticle tanning, and this process is essential for
ecdysis and the survival of nymphs.

To gain more extensive knowledge about the role of AADC-2 in R.
prolixus, we also performed RNAi experiments in adult females. In these
insects, the knockdown of AADC-2 was not lethal after a blood meal
(Fig. 3A), confirming the previous conclusion that the reduced survival
observed in nymphs was not due to tyrosine accumulation but failure in
cuticle tanning. Although it did not affect female survival, AADC-2
knockdown caused a delay in oviposition (Fig. 3B) and a reduction in
the hatching of eggs (Fig. 3C). Similar to the TH knockdown phenotype
(Sterkel and Oliveira, 2017), in the eggs laid by Aadc-2-silenced

Fig. 2. AADC-2 activity is essential for cu-
ticle tanning after ecdysis in R. prolixus. A:
Survival of dsRNA-injected fourth-instar
nymphs (N4) after a blood meal (PBM). The
dotted vertical lines show the ecdysis
period. Insect survival was recorded until
164 days PBM. B: Instar of death of insects.
Red dots represent insects that died as N4.
Blue dots represent insects that died during
the ecdysis process, cyan dots represent in-
sects that died as fifth-instar nymphs (N5),
and white dots represent N5 that survived
longer than 164 days. The dotted lines show
the ecdysis period. C: Instar of insect's death
shown as a percentage. In all cases, at least
two independent experiments were per-
formed, each with N=8–15 insects per
experimental group. The data from multiple
experiments were combined into a single
graph. D: Dorsal view of control (left) and
RpAadc-2-silenced (right) insects. E: Ventral
view of RpAadc-2-silenced (left) and control
(right) insects. (For interpretation of the
references to color in this figure legend, the
reader is referred to the Web version of this
article.)
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females, embryo development proceeded until a late stage of embry-
ogenesis with first-instar nymphs fully developed (Fig. 3C), but only
approximately 20% could hatch (Fig. 3D). However, different from TH
knockdown, in which the nymphs that managed to hatch presented a
normal phenotype (Sterkel and Oliveira, 2017), the nymphs that hat-
ched from eggs laid by dsAadc-2-injected females failed to tan the cu-
ticle, as observed in N5 after ecdysis, but their survival was not sig-
nificantly reduced (Fig. 3F and G). These nymphs could not feed
because they could not bite the skin of the rabbit host, probably due to
failure in sclerotization of mouthparts. These results further confirmed
that melanin in R. prolixus is synthetized from dopamine and not from
DOPA as in mammals (Barek et al., 2018).

Contact insecticides must penetrate through the cuticle to reach
their action sites; impairments in cuticle penetration are involved in
insecticide resistance in several species (Balabanidou et al., 2018), in-
cluding the kissing bug Triatoma infestans (Pedrini et al., 2009). Because
Aadc-2-silenced insects failed to tan the cuticle, we hypothesized that
they might be more susceptible to topical application of insecticides.
Quite unexpectedly, no significant differences were observed in the
susceptibility to deltamethrin between control and Aadc-2-silenced N1,
presenting a LD50 (95% confidence interval) equal to 79.44
(58.26–102.37) and 64. 93 fmol/nymph (46.72–88.39), respectively
(0.040 and 0.033 ng of deltamethrin per nymph. Fig. 3H). These results
revealed that AADC-2 knockdown did not increase susceptibility to
deltamethrin as might be expected due to the failure in cuticle 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 HPPD knockdown to allow direct com-
parison with the Hppd/Aadc-2 double-silenced group. As was observed
in our previous works (Sterkel and Oliveira, 2017; Sterkel et al., 2016),
the knockdown of HPPD was lethal after a blood meal due to tyrosine
accumulation, leading to the precipitation of tyrosine crystals in he-
mocoel and tissues. Of 21 dsHppd-injected N4, only 1 molted to N5, 5
died during ecdysis and 15 died as N4, notwithstanding 11 of them
survived much longer than the expected ecdysis period (Fig. 2A–C). The

Hppd/Aadc-2 double-silenced insects presented the same lethal pheno-
type associated with tyrosine accumulation and precipitation observed
in Hppd-silenced insects. However, different from the HPPD phenotype,
around one-half of N4 performed ecdysis (p < 0.05) and the N5 pre-
sented the pale phenotype associated with AADC-2 knockdown
(Fig. 2A–C). Of 29 dsHppd/Aadc-2 injected N4, 15 molted into N5,
while 11 died as N4 and 3 during the ecdysis process (Fig. 2A–C). These
untanned N5 also presented tyrosine crystals in hemocoel and tissues,
as observed in Hppd-silenced nymphs, indicating superposition of both
phenotypes. The rate of death was enhanced in the Hppd and Hppd/
Aadc-2-silenced groups compared with that in Aadc-2-silenced insects
(Fig. 2A and B).

Most of the females injected with Hppd and Hppd/Aadc-2 dsRNA
died at the onset of oogenesis (Fig. 3A), so they laid only a few eggs
(Fig. 3B). Most of the eggs laid by Hppd-silenced females did not de-
velop into embryos, and the hatching rate was approximately 20%
(Fig. 3C and D). Because of the combined effect of a reduced number of
eggs laid and their reduced hatching, the reproductive fitness of
dsHppd-injected females was drastically reduced. Unexpectedly, the
phenotype associated with a reduced hatching rate observed in Hppd-
and Aadc-2-silenced insects was partially reverted in Hppd/Aadc-2
double silenced animals. In this group, in contrast to the dsHppd and
dsAadc-2 phenotypes (p < 0.005), approximately 60% of nymphs
hatched and they also failed to tan the cuticle, as observed for AADC-2
knockdown (Fig. 3C). In contrast to Aadc-2-silenced N1, Hppd/Aadc-2-
silenced N1 presented a reduced survival compared with controls al-
though they were not fed on blood (Fig. 3E, p < 0.0001).

A similar survival rate was observed in the Hppd- and Hppd/Aadc-2-
silenced groups in N4 and females (p=0.1686 and p=0.081, re-
spectively. Figs. 2A and 3A), suggesting that the double silencing of
Hppd/Aadc-2 genes was not additive regarding the lethal effect of Hppd
silencing. These results, in concordance with those previously obtained
for Hppd/Th and Hppd/Po double-silenced insects (Sterkel et al., 2016),
indicate that the melanin synthesis pathway does not play a major role
in tyrosine detoxification.

In Hppd-silenced insects, melanin deposition was observed around
tyrosine crystals (Sterkel et al., 2016), suggesting that excess melanin

Fig. 3. AADC-2 activity is required for reproduction. A: R. prolixus female survival after AADC-2 and/or HPPD knockdown by dsRNA injection. B: Number of eggs
laid. C: Hatching rate of egg. D: Phenotype of the eggs laid by control (left), RpHppd-silenced (center) and RpAadc-2-silenced females (right). Images were taken 20-21
days after the eggs were laid. F: Dorsal view of first-instar nymphs (N1) hatched from eggs laid by dsMal-injected (left) or with dsAadc-2-injected females (right). E:
Survival of first-instar nymphs. G: Ventral view of N1 (left) hatched from eggs laid by dsMal-injected (left) or ds dsAadc-2-injected females (right). H: Susceptibility of
control (MAL) and RpAadc-2-silencd N1 to deltamethrin. The data were plotted as the mean ± s.e.m in panels B, C and H. For all panels, at least two independent
experiments were performed, each with N=8–15 insects per experimental group. The data from multiple experiments were combined into a single graph.
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synthesis (that produce highly reactive o-quinones intermediates and
reactive oxygen species (ROS); reviewed by (Vavricka et al., 2014))
might be involved in the extensive tissue damage observed and death of
insects. Nevertheless, this phenotype was not reverted by the knock-
down of phenoloxidases or tyrosine hydroxylase enzyme (Sterkel et al.,
2016). The knockdown of AADC-2, the enzyme that supplies the do-
pamine necessary for melanin synthesis, also failed to rescue the lethal
phenotype observed upon Hppd-silencing, further confirming the hy-
pothesis that melanin formation around tyrosine crystals is not required
for the lethal phenotype to occur. Interestingly, in Hppd/Aadc-2 double-
silenced insects, some HPPD-associated phenotypes, such as no ecdysis
in N4 and reduced hatching of the eggs, were partially rescued. Further
studies are required to address the reasons for the partial reversion of
these phenotypes.

To summarize, in this work we found that the correct function of
AADC-2, the DOPA decarboxylase enzyme, is essential for cuticle tan-
ning. Thus, melanin is synthetized mainly from dopamine in R. prolixus.
The failure in cuticle tanning affected essential processes of R. prolixus
physiology, such as ecdysis, survival and hatching. It also prevented
feeding because insects could not pierce the skin of the rabbit hosts.
However, quite unexpectedly, failure in cuticle tanning did not increase
the susceptibility of nymphs to topically applied deltamethrin.
Altogether, these results indicate that the melanin synthesis pathway is
conserved among the class lnsecta and do not present any particular
phenotype related to hematophagy as observed for other enzymes in-
volved in tyrosine metabolism. These results further highlight the un-
ique importance of the TAT/HPPD catabolism pathway in the detox-
ification of excess dietary tyrosine in blood-sucking insects and,
consequently, in the adaptation to hematophagy.
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