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Abstract

Pigmentation in insects has been linked to mate selection and predator evasion, thus representing an important aspect for natural selec-
tion. Insect body color is classically associated to the activity of tyrosine pathway enzymes, and eye color to pigment synthesis through the
tryptophan and guanine pathways, and their transport by ATP-binding cassette proteins. Among the hemiptera, the genetic basis for pig-
mentation in kissing bugs such as Rhodnius prolixus, that transmit Chagas disease to humans, has not been addressed. Here, we report the
functional analysis of R. prolixus eye and cuticle pigmentation genes. Consistent with data for most insect clades, we show that knockdown
for yellow results in a yellow cuticle, while scarlet and cinnabar knockdowns display red eyes as well as cuticle phenotypes. In addition, tyro-
sine pathway aaNATpreto knockdown resulted in a striking dark cuticle that displays no color pattern or UV reflectance. In contrast, knock-
down of ebony and tan, that encode N-beta-alanyl dopamine hydroxylase branch tyrosine pathway enzymes, did not generate the
expected dark and light brown phenotypes, respectively, as reported for other insects. We hypothesize that R. prolixus, which requires
tyrosine pathway enzymes for detoxification from the blood diet, evolved an unusual strategy for cuticle pigmentation based on the
preferential use of a color erasing function of the aaNATpreto tyrosine pathway branch. We also show that genes classically involved in the
generation and transport of eye pigments regulate red body color in R. prolixus. This is the first systematic approach to identify the genes
responsible for the generation of color in a blood-feeding hemiptera, providing potential visible markers for future transgenesis.

Keywords: eye pigment; melanin; cuticle; Rhodnius prolixus; Chagas disease; tyrosine pathway

Introduction
Pigmentation is largely recognized as an evolutionarily selected
trait, with important functions in mate choice, camouflage, ther-

moregulation and resistance to desiccation and infection, among

others (Wittkopp and Beldade 2009). In insects, mutations in

genes implicated in pigmentation were first identified in

Drosophila melanogaster, such as the eye color mutant white [w;
Morgan (1910) and Lewis (1952)] and cuticle color mutant yellow

[y; Chia et al. (1986) and Wittkopp et al. (2002)]. Among Hemiptera

(true bugs), pigmentation has been functionally analyzed in 3

plant feeding species: Oncopeltus fasciatus (Liu et al. 2014, 2016),
Acyrthosiphon pisum (Zhang et al. 2018b), and Nilaparvata lugens

(Xue et al. 2018). However, the Hemiptera order also harbors a

great number of blood-feeding insects. Kissing bugs, including

species belonging to the Triatoma, Panstrongylus, and Rhodnius
genera, display a range of cuticle, and eye color patterns, yet the

evolutionary conservation of the pigment pathway in these spe-

cies has not been investigated.
Yellow (y) is part of a highly conserved modular gene network

that controls cuticle pigmentation and sclerotization (Fig. 1a).

This biosynthetic pathway starts with hydroxylation of phenylal-
anine to tyrosine, followed by hydroxylation to dihydroxypheny-
lalanine (DOPA) (Shamim et al. 2014), by the enzymes
phenylalanine hydroxylase (PAH) and tyrosine hydroxylase (TH),
respectively. DOPA is substrate for black melanin production and
for DOPA decarboxylase (DDC), that converts DOPA to Dopamine,
substrate for black/brown melanin production. y, that encodes
dopachrome conversion enzyme (DCE), uses both DOPA and
Dopamine precursors to generate the dark melanin pigment
within the cuticle (Walter et al. 1991; Neckameyer and White
1993; Wittkopp et al. 2002; Futahashi et al. 2008; Gorman and
Arakane 2010; Zhang et al. 2017). The Dopamine precursor is also
used by N-beta-alanyl dopamine hydroxylase (NBAD) to generate
yellow/tan colored sclerotin pigment. The tan, ebony, and black
genes reported in Drosophila (Hovemann et al. 1998; Han et al.
2002; True et al. 2005), the silkworm Bombyx mori (Futahashi et al.
2008), the butterfly Vanessa cardui (Zhang et al. 2017), and the
beetle Tribolium castaneum (Arakane et al. 2009), encode NBAD
pathway enzymes. A third branch uses dopamine N-acetyl trans-
ferases (NAT) to convert Dopamine to N-acetyldopamine (NADA),
which is the precursor of colorless NADA sclerotin (Shamim et al.
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2014). aaNAT, with reported roles in pigment pattern of O. fascia-
tus (Liu et al. 2016) and B. mori (Zhan et al. 2010), encodes the cen-
tral enzyme that generates unpigmented NADA sclerotin
(arylalkylamine-N-acetyltransferase) (Fig. 1a). Phenoloxidases
(POs) participate in all branches of the pigmentation pathway.

Insect eye color relies on ommochrome and pteridine pig-
ments, synthesized from tryptophan and guanine precursors, re-
spectively (Shamim et al. 2014; Figon and Casas 2018). vermillon
(v), that encodes tryptophan dioxygenase, and cinnabar, that enc-
odes kynurenine hydroxylase (cn or kynu), are associated with the
production of ommochromes (Sullivan et al. 1973; Paton and
Sullivan 1978; Lorenzen et al. 2002; Han et al. 2007). Loss-of-
function phenotypes for sepia (se), that encodes a glutathione-S-
transferase, have been associated to a decrease in red pteridines
(Kim et al. 2006). Additionally, w, scarlet (st) and brown (bw) loci en-
code members of the ATP-binding cassette (ABC) superfamily
that form heterodimeric transporters present in pigment gran-
ules. In D. melanogaster (Ewart and Howells 1998) and T. castaneum
(Grubbs et al. 2015), proteins encoded by bw and w transport the
red pteridines into cells of developing eyes, while w plus st trans-
port brown ommochrome pigments. Eye color phenotypes associ-
ated to components of either pathway have been described in

several insect orders (Besansky et al. 1995; Li 1999; Rasgon and
Scott 2004; Insausti et al. 2013; Grubbs et al. 2015; Khan et al. 2017;
Jiang and Lin 2018; Xue et al. 2018; Zhang et al. 2018a; Reding and
Pick 2020), but have not been investigated in blood-feeding
Hemiptera.

Beyond pigmentation, tyrosine metabolizing pathways are
also important for melanization associated with the immune re-
sponse (Biland�zija et al. 2017; Whitten and Coates 2017) and for
detoxification of tyrosine ingested from diet (Sterkel et al. 2016),
which is of particular importance for insects feeding on blood.
Due to the excessive amount of protein ingested during the blood
meal, blood-feeding insects depend on the detoxification of die-
tary tyrosine for optimal fitness, having evolved strategies to re-
duce the redox stress by employing the tyrosine pathway (Sterkel
et al. 2017). Thus, investigating how the functions of tyrosine
pathway associated loci evolved in blood-feeding species may be
particularly relevant for the biology of these insects. A similar
problem arises from the high levels of tryptophan present in the
blood meal, an essential precursor for ommochrome synthesis.
Accordingly, after a blood meal the midgut of R. prolixus expresses
high levels of both tryptophan and tyrosine degradation pathway
enzymes (Ribeiro et al. 2014).

Fig. 1. Cuticle pigmentation phenotypes resulting from KD of tyrosine pathway genes. a) Schematic representation of pigmentation pathways and
Rhodnius prolixus loci associated with cuticle color. Loci herein investigated are shown in italic and red brown color. PAH, phenylalanine hydroxylase; TH,
tyrosine hydroxylase; DDC, DOPA decarboxylase; PO, phenoloxidase; KF, kynurenine formamidase. b) Viability of adult animals injected with dsRNA. No
significant differences between experimental conditions vs control were observed. Graph shows mean 6 STD. The number of fifth instar nymphs
injected is displayed inside the bars. c–f) Control (c, c0) and cuticle phenotypes resulting from KD for y (d, d0) t (e, e0), and aaNATpret (f, f0). c0–f0) High
magnification of (c–f) showing details of the 3-color pattern of the R. prolixus first thoracic segment in control and KD animals. g) Cuticle darkness as
quantified for black (bl), tanned (tan), and white (wh) stripes or the corresponding positions in the thorax for the different KDs. Graph shows mean 6

SEM. **P < 0.01, ****P < 0.0001, Student’s t-test. h) KD efficiency for the different KDs, with expression levels for yellow, tan, and ebony, as defined by RT-
qPCR. Expression levels were normalized to control dsGFP-injected animals with R. prolixus EF1a. Graphs show mean 6 SEM (n¼ 3). *P < 0.1, **P < 0.01,
1-way ANOVA.

2 | GENETICS, 2022, Vol. 221, No. 2



We hereby describe the identification and functional analyses
of pigmentation pathway genes in R. prolixus. We show that
knockdown (KD) of the R. prolixus orthologs of the y, st, and
aaNAT genes produce striking cuticle and eye color phenotypes.
In contrast, we were unable to detect visible phenotypes for the
tyrosine NBAD tanning branch. Our data may shed light on the
evolution of the pigmentation pathways in insects and provide
easily scored phenotypic markers, which will facilitate future
transgenesis, and genome editing in R. prolixus.

Materials and methods
Insect rearing
Rhodnius prolixus rearing was performed at 28�C and 70–75% hu-
midity. Animal care and experimental protocols were conducted
following guidelines of the Committee for Evaluation of Animal
Use for Research from the Federal University of Rio de Janeiro
(CEUA-UFRJ, #01200.001568/2013-87, order number 155/13).
Technicians dedicated to the animal facility at the Institute of
Medical Biochemistry (UFRJ) conducted all aspects related to rab-
bit husbandry under strict guidelines to ensure careful and con-
sistent animal handling.

Identification of cuticle and eye color related
genes in R. prolixus genome and phylogenetic
construction
Drosophila melanogaster, Anopheles stephensi, and O. fasciatus pro-
tein sequences were used as query to BLAST into the R. prolixus
genome (https://www.vectorbase.org/). After manual curation,
protein sequences were aligned using the CLUSTALW algorithm
available at the Molecular Evolutionary Genetics Analysis version
6.0 (MEGA6) package (Tamura et al. 2013). Accession numbers for
the genes analyzed are provided in Table 1. Trees were con-
structed when loci identified displayed than less 45% identity to
the query sequences used. For phylogenetic analysis of ABC
transporter and yellow genes, the evolutionary histories were in-
ferred by applying the Maximum Likelihood method (Hall 2013)
as described in Brito et al. (2018). Briefly, the amino acid sequen-
ces were aligned by the Multiple Sequence Alignment with Log
Expectation (MUSCLE, version 3.8.31) method (Edgar 2004),
employing standard parameters. The evolutionary history was
inferred by MEGA6 (Kumar et al. 2018), and visualized using inter-
active Tree of Life (iTOL, v2) (Letunic and Bork 2016). The trees
were validated by 500 bootstrap replications. The amino acid
sequences of proteins used in this study were obtained from
VectorBase (https://www.vectorbase.org/), FlyBase (http://fly

base.org/), and NCBI (https://www.ncbi.nlm.nih.gov). The Uniprot
or NCBI ID of each protein sequence is indicated in the trees.
Trees are shown in Supplementary Fig. 1 (yellow proteins) and
Fig. 4 (ABC proteins). CLUSTAL alignment for AaNAT proteins in
selected hemiptera is shown in Supplementary Fig. 6.

Functional analysis
RNA interference (RNAi) assays were used to study gene function.
Double stranded RNA (dsRNA) was synthesized from DNA frag-
ments generated by 2 rounds of PCR. For the first round, primers
contained sequences to amplify specific products plus short (8
nucleotides) overhangs to the T7 Universal forward and reverse
primers. For the second PCR, 2 ll of the first reaction were used as
template for T7 universal forward and reverse primers. Primer
pairs are listed in Supplementary Table 1. For dsRNA synthesis,
in vitro transcription followed, using the MEGAscript kit
(Ambion), as per the manufacturer’s instructions. For parental
RNAi (pRNAi), 2 ll of each dsRNA (1 lg/ll) were injected in the ab-
domen of adult females, 3–5 days prior to blood feeding. Eggs
were collected, counted, and the hatch rate defined after 20 days
at 28�C, taking into account that wild-type embryogenesis lasts
14–15 days at this temperature. Since molting to second instars
requires �15 days following feeding, viability at this stage was de-
fined 20 days after blood ingestion. For fifth instar nymph RNAi,
2–6 lg of dsRNA per insect were injected into the female or male
abdomen. The insects were blood fed 5 days after the injection
and let develop to the adult stage (15–20 days). For every RNAi as-
say, we performed parallel control dsRNA injections for GFP
(dsGFP) or for the bacterial gene Mal (dsMal), as in Berni et al.
(2014). KD of gene expression is presented in Fig. 1 and
Supplementary Fig. 7.

Total RNA extraction, cDNA synthesis, and
quantitative real time PCR assays
For cDNA generation, total RNA was extracted from premolt
adult carcasses (once the shredding of the old cuticle becomes
visible, as defined by daily observations, �15 days after blood in-
gestion), using Trizol Reagent (Invitrogen) as per the manufac-
turer’s instructions. Since animals molt according to the amount
of blood ingested, and that animals feed on variable amounts of
blood, visual identification of the morphological hallmark of loos-
ing the old cuticle resulted in less variability in RNA levels than
as defined based on days after feeding. Total RNA was treated
with RNAse free Turbo DNAse (Ambion, Life Technologies) to re-
move genomic DNA traces. cDNA was synthesized form 1 mg total
RNA using in vitro High-Capacity cDNA Reverse Transcription Kit

Table 1. Pigmentation-associated genes identified and functionally analyzed in this study.

Locus Symbol Protein/enzyme encoded Process involved Accession number

DDC DDC Dopa decarboxylase Tyrosine pathway RPRC005884-RA
aaNAT/preto aaNAT pret Arylalkylamine-N-acetyltransferase Tyrosine pathway/NADA branch RPRC015310-RA
ebony e N-Beta-analyldopamine syntase Tyrosine pathway/NBAD branch RPRC007578-RA
Tan t N-Beta-analyldopamine hydroxylase Tyrosine pathway/NBAD branch RPRC007817-RA
black bl Aminoacid decarboxiyase Tyrosine pathway/NBAD branch RPRC010142-RA
yellow y Dopochrome conversion enzyme (DCE) Tyrosine pathway/melanin synthesis RPRC005424-RA
yellow C y C “ Tyrosine pathway/melanin synthesis RPRC008209-RA
yellow-like y-like “ Tyrosine pathway/melanin synthesis RPRC014337-RA
sepia se Gluthatione-S-transferase Pteridine synthesis RPRC007741-RA
white w ABC transporter Eye pigment transporter RPRC012709-RA
scarlet st “ Eye pigment transporter RPRC010854-RA
ok A ok A “ Eye pigment transporter RPRC009214-RA
ok B ok B “ Eye pigment transporter RPRC002598-RA
cinnabar cn Kynurenine hydroxylase Ommochrome synthesis RPRC001714-RA
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(Applied biosystems). Quantitative real time PCR (RT-qPCR) was
performed on a StepOnePlus Real Time PCR system (Applied
Biosystems) using power SYBR-green PCR Master Mix (Applied
Biosystems). The relative gene expression was calculated using
the comparative DDCT method (Livak and Schmittgen 2001), us-
ing the ribosomal 18S (18S), and elongation factor 1 (Ef1) genes as
reference genes as in (Berni et al. 2014). The oligonucleotides used
in RT-qPCR assays are listed in Supplementary Table 2. All assays
were conducted with biological triplicates and 3–4 technical repli-
cates.

Image acquisition and processing
Microscopic images were obtained using a Leica MZ10F
Stereomicroscope, always on live animals. To minimize possible
variation of the captured images, the background microscope
and camera settings, as well as image processing, were standard-
ized. To avoid cuticle pigmentation age-related changes, all
images were acquired during equivalent periods after molting.
Adults were imaged 5 days after molt and first instar nymphs
were imaged 2 days after hatching. To determine cuticle darkness
for colored stripes of the adult thorax, 2 (wh stripes) or 3 (bl and
tan stripes) regions per animal were chosen to define arbitrary lu-
minosity levels using the mean from the “Analyze > Histogram”
function in Fiji (Schindelin et al. 2012). UV images were collected
under UV light and appropriate filters, in the presence or absence
of ambient light.

Field emission scanning electron microscopy
Insects were fixed by immersion in 2.5% glutaraldehyde (grade I)
and 4% freshly prepared formaldehyde in 0.1 M cacodylate
buffer, pH 7.3. Samples were washed in cacodylate buffer, dehy-
drated in an ethanol series, critical point dried, and coated with a
thin layer of gold. Models were observed in an FEI Quanta 250
field emission scanning electron microscope operating at 15 kV.

Light microscopy
Adult insects were fixed by immersion in 4% freshly prepared
formaldehyde in 0.1 M cacodylate buffer, pH 7.2 for 12 h at room
temperature. Fixed insects were washed 3 times for 10 min in the
same buffer and embedded in increasing concentrations (25%,
50%, 75%, and 100%) of OCT compound medium (Tissue-TEK)
plus 20% glucose as a cryoprotectant. Once infiltrated in pure
OCT, 20 mm transversal sections of the adult abdominal cuticles
were obtained in a cryostat. The slides were mounted in glycerol
50% followed by observation in a Zeiss Axio Imager D2 equipped
with a Zeiss Axio Cam MrM. Sections from the dorsal abdominal
cuticle were used to show pigment distribution in endo- and exo-
cuticle.

The authors affirm that all data necessary for confirming the
conclusions of the article are present within the article, figures,
tables, or supplementary material. Sequence data are available
at Vectorbase and Genebank, the accession numbers are listed in
Table 1, primers in Supplementary Tables 1 and 2.

Results
Identification of pigmentation genes in R. prolixus
We have identified several putative cuticle and eye pigmentation
genes in the R. prolixus genome, based on protein sequence simi-
larity to D. melanogaster, O. fasciatus, and Anopheles sp. At least 1
ortholog was identified for each of the most evolutionarily con-
served genes coding for enzymes of the tyrosine degradation,
ommochrome, and pteridine synthesis pathways (Table 1;

Supplementary Table 1). For the identification of y
(Supplementary Fig. 1a), as well as of genes encoding putative
ABC transporters (see below, Fig. 4a), phylogenetic analyses were
performed to identify the most likely orthologs of the genes in-
volved in insect pigmentation, among several sequences. We
identified 4 close orthologs of D. melanogaster yellow, which we
called y, y B, y C, and yellow-like (y-like). In the search for R. prolixus
eye pigment ABC transporters, we identified 1 w, 1 st, and 2 ok
orthologs, which we refer to as ok A and ok B. The absence of bw
and the ok duplication events might be unique to the Hemiptera,
since only 1 w, 1 st, and 1 bw gene have been described in D. mela-
nogaster, T. castaneum (Grubbs et al. 2015), and B. mori (Zhang et al.
2018a), while no bw ortholog and 2 ok paralogs have been identi-
fied in O. fasciatus and the stink bug Halymorpha halys (Reding and
Pick 2020). Notably, the analysis presented below shows that
most of the genes herein identified in silico are functional.

Visible phenotypes associated with loss of
function for genes in the melanin synthesis
pathway
To explore a putative cuticle pigmentation function for tyrosine
pathway genes, we initially injected the corresponding dsRNAs in
fifth instar nymphs (Fig. 1). These nymphs molt �15 days after
feeding, emerging as unpigmented adults and regaining full color
in �12 h. We observed no significant effect on adult viability as a
result of any of the KDs (Fig. 1b) and a significant change in cuti-
cle color for y and aaNAT KD (Fig. 1, c–g). This is especially evident
in the thorax, where 3 different colored stripes are seen: dark
black stripes (bl), tanned stripes (tan), and white stripes (wh)
(Fig. 1c0). In y KD, the bl and tan stripes are lighter, consistent
with a role for y in generating black/brown melanin (Fig. 1, c, d,
and g). Two other yellow loci, y C and y-like, displayed only a weak
effect on cuticle pigmentation (Supplementary Fig. 1, b–d and
Supplementary Table 2). However, the y C plus y-like double KD
resembles the y KD cuticles, suggesting redundancy among yellow
paralogs (Supplementary Fig. 1e). Surprisingly, the NBAD branch
genes ebony (e) and tan (t) KD had no effect on pigmentation
(Fig. 1, e and g), despite the extremely dark and the light tanned
phenotypes observed in several insect species as a result of loss
of function for e and t, respectively [Supplementary Table 3;
Futahashi et al. (2008, 2010), Liu et al. (2016), and Zhang et al.
(2017)]. The KD of black (bl), the presumptive acetate-1-
decarboxylase, that should provide b-alanine for the NBAD
branch, also generated an unexpected light cuticle phenotype
(Supplementary Fig. 3b). In contrast, aaNAT KD cuticles are ho-
mogeneously dark (Fig. 1, f and g), losing the tan and wh stripes
of the thorax and any color pattern characteristic of the insect
throughout the entire body (Fig. 1, f0 and g). The aaNAT KD bl
stripes are also darker than in the control (Fig. 1g). Since aaNAT is
predicted to generate uncolored sclerotin through the NADA
branch, this observation indicates that an aaNAT erasing func-
tion is required to produce all the light color patterns of the insect
body. In most insects, only a few dark spots are gained upon
aaNAT loss of function, although the B. mori mln mutant does
show an overall darkened body (Zhan et al. 2010; Liu et al. 2016).
Due to the strong KD phenotype displayed by aaNAT, we hence-
forth refer to the R. prolixus locus associated with this function as
aaNATpreto (pret), preto being the Brazilian Portuguese term for
“black.”

Considering the significant decrease in mRNA levels for t
(98%) and e (60%) KD, as defined by quantitative RT-PCR (Fig. 1h),
the absence of a cuticle phenotype could suggest that these genes
have lost a pigmentation function in R. prolixus. To challenge the
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role of the NBAD branch tyrosine pathway enzymes on cuticle
pigmentation, we performed double KDs for e plus y and for
aaNATpret plus y (Fig. 2). Since e, y, and aaNATpret branches use the
same substrate (dopamine) for enzymatic conversion, it is
expected that the double KDs will favor the sole remaining path-
way and the pigment resulting from its activity, thus generating
a phenotype that is different from the single KD alone. Double KD
for e and y produced a phenotype comparable to y KD, indicating
that e KD is unable to produce a pigmentation phenotype even in
a sensitized y KD background (Fig. 2, a–c, g–j, m, and o). On the
other hand, aaNATpret plus y double KD generates animals that
are unpatterned (Fig. 2, e and f). Animals display a light brown
cuticle up to 24 h after molting (Fig. 2e), when control insects are
already fully pigmented, and gain a dark cuticle that resembles
the aaNATpret KD phenotype (Fig. 2, d–f, k, and l) at 72 h. Different
from what is expected by preserving a reminiscent prospective e
function to generate light tanned color (Fig. 2n), the 24 h
aaNATpret plus y double KD brown cuticle color is equivalent to
the darkest stripes of the y KD alone (compare Fig. 2, b and e and
luminosity measurements in P). The progressive and delayed
darkening of aaNAT plus y double KD may result from residual
Yellow activity slowly building up the dark pigmentation. It also
suggests that the amount of pigment converted from dopamine
and deposited by Yellow activity may be sufficient to generate
the different stripes of the kissing bug thorax, as opposed to an
NBAD function to generate the tanned stripes, resulting from
conversion of dopamine to b-alanyl-dopamine by Ebony activity.

To further investigate aaNATpret function in the cuticle, we an-
alyzed cuticle fluorescence under UV light, an important feature
in insect color recognition. aaNATpret KD animals show a unique
loss of all reflectance under UV light, including the entire body
and the eyes (Fig. 3, a and b). We also analyzed cuticle structure
in aaNATpret KD, given the softness of the cuticle perceived at the
touch of the aaNATpret KD animals. Unlike, the structurally modi-
fied butterfly wing scales that result from the tyrosine pathway
KO (Matsuoka and Monteiro 2018), scanning electron microscopy
shows that aaNATpret KD cuticle elements are identical to wild-
type and control (Fig. 3, c and d). On the other hand, light micros-
copy of cuticle sections reveals a thin cuticle in aaNATpret KD,
with dark color not only restricted to the exocuticle, but also pre-
sent in deep cuticle layers (Fig. 3, e–g).

Next, we performed pRNAi to investigate putative tyrosine
melanization/sclerotization pathway phenotypes on early first
instar animals (Supplementary Fig. 2 and Supplementary Table
3). We injected dsRNA molecules specific to each cognate gene
into the hemocel of adult females and analyzed pigmentation in
first instar progeny (Supplementary Fig. 2a). Confirming previ-
ously reported effects of DDC, we observed a great decrease in
embryo hatching rate and a total loss of pigmentation among the
few surviving DDC KD embryos [Supplementary Table 3; Sterkel
et al. (2019)]. e KD also resulted in a significant decrease in hatch-
ing rate (Supplementary Fig. 2b), but no apparent pigmentation
phenotype. On the other hand, y KD displayed a change in cuticle
coloration in the thorax, head, and legs, with no significant de-
crease in viability (Supplementary Fig. 2, b–d). We were unable to
detect any effect on pigmentation as a result of dsRNA injections
for additional tyrosine pathway loci at this stage. Since tyrosine-
metabolizing enzymes are also important for detoxification of ty-
rosine ingested from the blood diet, we also investigated whether
blood feeding had any effect on animals resulting from pRNAi.
Only yC and y-like KD showed a tendency for loss of viability in re-
sponse to a blood meal (Supplementary Fig. 2e).

Loss of function for classical eye color genes
generates visible phenotypes
As one of the enzymes at the basis of ommochrome synthesis,
loss of function for A. stephensi kynu, the ortholog of D. mela-
nogaster cn, generates white eyes (Han et al. 2003; Gantz et al.
2015). In order to investigate the function of the R. prolixus cn/
kynu ortholog, we injected dsRNA in fifth instar nymphs, and
looked for a visible eye color phenotype in the adults that emerge
after molting (Fig. 4). As a result, cn KD adult R. prolixus have red-
dish eyes and uncolored ocelli (Fig. 4, b and d). pRNAi results in
progeny displaying a similar eye color phenotype (Supplementary
Fig. 4). These first instar nymphs have either reddish eyes or dis-
play a red circle around the black colored eye (Supplementary
Fig. 4, b and c). The circular pattern is observed in early molting
wild-type animals where the wild-type black color slowly builds
from a red eye, but, unlike cn KD, the red circle disappears with
age (Supplementary Fig. 5). Importantly, we observed no effect of
cn KD on injected females viability or egg hatching rate
(Supplementary Fig. 4, a and g). However, after blood feeding all
cn pRNAi nymphs die before they could molt to second instars
(Supplementary Fig. 4f). This suggests that cn function is essential
either for tryptophan detoxification and/or for the molting pro-
cess that is induced by blood intake in young animals. Therefore,
it could perform a function in blood feeding, similar to that sug-
gested for this pathway in mosquitoes (Bottino-Rojas et al. 2022).

Next, we performed fifth instar dsRNA injections for the puta-
tive ABC pigment transporters (Fig. 4a), w, st, ok A, and ok B (Fig. 4,
c, e, f, and g). No visible eye phenotype was observed for ok A
(Fig. 4c) or ok B (Fig. 4f), while w KD resulted in unpigmented om-
matidia around the eye circumference (Fig. 4g), where new om-
matidia are built during the fifth instar to adult molting process,
as well as uncolored ocelli. Accordingly, fifth instar (Fig. 4e) and
parental (Supplementary Fig. 4, d and e) st KDs give rise to red
ommatidia and uncolored ocelli. The bright red eye phenotype in-
duced by the parental st KD is carried on to second instar nymphs
(Supplementary Fig. 4e). Interestingly, pRNAi for w leads to
unpigmented ommatidea (Supplementary Fig. 4, a, g, and h) and
a great loss in viability (Supplementary Table 3). Since a decrease
in cn expression results in red eyes, these results suggest that w
and st act in the eye for the transport of dark ommochrome pig-
ments.

Interestingly, spontaneously generated R. prolixus mutants
have been identified that display red eyes and clear ocelli (Fig. 4,
h and i), due to lack of dark ommins and maintaining red xan-
thommatin in secondary pigment cells (Insausti et al. 2013).
These animals also display loss of red pigment spots in adult ab-
dominal connexives (Fig. 4, h00 and i00). Therefore, we decided to
closely investigate whether dsRNA injections for cn, se, and the
ABC transporters also generates cuticle pigmentation pheno-
types. st KD resulting from dsRNA injection in fifth instar nymphs
generates cuticles that are slightly reddish in appearance (Fig. 5, f
and j), missing the red spots in adult connexives (Fig. 5p). ok A KD
shows a strong effect on the cuticle (Fig. 5, b and h): in the ani-
mal’s thorax, originally light regions of the cuticle are now all
tinted red (Fig. 5, g and h). Interestingly, KD of se, whose protein
product has been reported to function in the synthesis of insect
pteridines, generates a body pigmentation phenotype that is
identical to ok A KD (Fig. 5, c and i). This suggests that ok A and se
KD result in loss of a pigment that acts to mask the red cuticle
color. Alternatively, red pteridines are transported away from the
cuticle or modified to another color in order to maintain light
stripes and patterns. We detected no visible eye phenotype, but
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observed the complete loss of red pigment spots in adult connex-
ives, resulting from dsRNA injections for ok B (Fig. 5, d and n), as
shown above for st KD and for the red eye mutant and also ob-
served in cn KD (Fig. 5, e, f, o, and p). This suggests that ABC pro-
teins encoded by st and ok B transport red ommochrome
pigments (such as xanthommatin) to the adult cuticle, which are
generated through the activity of kynurenine hydroxylase
encoded by cn (Fig. 5q). Since w KD leads to loss of pigmentation
in the eye, similar to st KD, loss of red pigment spots in

connexives, as does ok B KD, and loss of clear (wh) thoracic and
head stripes, resembling the effect of ok A and st KDs (Fig. 4g;
Supplementary Figs. 3c and 4h), the ABC encoded by w most
likely forms heterodimeric receptors with each of the ABC half
transporters herein characterized. However, given the possibility
of functional redundancy, particularly for ok A and ok B, double
KD assays should be performed before we are able to unambigu-
ously define all the contexts in which the different ABC trans-
porter genes exert a role.

Fig. 2. Double KD for tyrosine pathway genes indicates limited cuticle pigmentation function for the NBAD branch. Effects on body (a–f) and wing (g–l)
pigmentation, resulting from single or double KD for tyrosine pathway loci. a, h) e KD cuticles are identical to wild-type or control (g); b, i) y KD; c, j) eþ y
KD; d, k) aaNATpret KD, and e) y þ aaNATpret KD at 24 h after molting; f, l) y þ aaNATpret KD at 48 h after molting. g) Wings from control KD. m) Expected
outcome of the double eþ y KD; n) Expected outcome of the double y þ aaNATpret KD. (o) and (p) Cuticle darkness as quantified for black (grey circles),
tanned (brown circles) and white (yellow circles) stripes in the thorax for the different KDs, as in Figure 1. (o) displays luminosity measurements for
single an double KDs as in (m); (p) displays luminosity measurements for single and double KDs as in (n). Graphs show mean 6 SEM. **P < 0.01, ***P <
0.0005, ****P < 0.0001, One Way ANOVA. ns: non-significant.
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Discussion
Rhodnius prolixus cuticle pigmentation strategies
based on tyrosine metabolism
Hematophagous insects such as Triatomine vectors of Chagas
disease have to deal with potentially toxic amounts of metabo-
lites such as heme and aminoacids, generated by digestion of
large amounts of blood (Sterkel et al. 2017). Excess tyrosine and
tryptophan from the diet may be lethal if not properly processed
(Sterkel et al. 2016). Tyrosine detoxification requires enzymes of
the tyrosine degradation pathway, one of the possible routes
taken by dietary tyrosine that, alternatively, can be fueled to the
melanization/sclerotization pathway. Genetic loci that encode
enzymes in the initial steps of the tyrosine/melanin pathway
have been associated with tyrosine detoxification in blood-feed-
ing insects (Sterkel et al. 2016). They are also required for cuticle
coloration and integrity/strength, consistent with subsequent
branching of the pathway for the production of melanin and
sclerotin: loss of function for the genes encoding PAH, TH, and
DDC lead to changes in cuticle coloration in D. melanogaster, O.
fasciatus, and V. cardui, to soft cuticles in T. castaneum and
Anopheles sinensis (True et al. 1999; Gorman and Arakane 2010),
and decrease in first instar hatching in R. prolixus and B. mori (Liu
et al. 2010; Sterkel et al. 2019). The reduction in hatching rates
may result from inadequate eggshell or cuticle sclerotization,
making it difficult for the emerging nymphs or larvae to punch
through the eggshell. Loss of pigmentation is also associated with
loss of desiccation resistance, as shown for Aedes, Anopheles, and
Culex (Farnesi et al. 2017).

Subsequent steps of the tyrosine/melanization pathway are
restricted either to the melanin or the sclerotin production
branches and are thus less likely to affect viability. Accordingly, y

KD produced the expected lightened cuticle phenotype for paren-
tal and fifth instar KDs, without a significant effect on fertility,
hatching rate or adult and nymph viability. Likewise, inhibiting
the NADA branch by aaNATpret KD had no effect on viability or
hatching, but generated a completely dark and thin cuticle phe-
notype. The dramatic effect of R. prolixus aaNATpret KD on cuticle
pigmentation suggests that AaNAT activity is required to produce
low-pigmented areas by “erasing” color, as suggested for other
insects (Liu et al. 2016; Popadi�c and Tsitlakidou 2021), where the
dopamine substrate is subtracted from the PO/yellow branch and
funneled through colorless NADA production. Nevertheless, the
resulting loss of all color patterns constitutes a much stronger
phenotype than previously reported for other hemimetabola
(Zhan et al. 2010; Liu et al. 2016). Interestingly, the aaNATpret KD
phenotype resembles a natural dark variant of Rhodnius nasutus
that has been associated with a loss-of-function allele of an
unidentified gene (Dias et al. 2014). Similarly, dark variants of the
Chagas disease vector Triatoma infestans have also been reported,
termed the “melanosoma” phenotype (Ceballos et al. 2009;
Piccinali et al. 2011).

Using Dopamine as substrate, the NBAD sclerotin branch has
been associated with the generation of tanned/yellow cuticle. In
D. melanogaster, O. fasciatus, T. castaneum, B. mori, and V. cardui, e
(ebony) and bl (black) KDs produce animals with dark cuticle due
to loss of dopamine conversion to the tan/yellow pigment, leav-
ing Dopamine available for the conversion to black pigment
(Futahashi et al. 2008, 2010; P�erez et al. 2010; Liu et al. 2016; Zhang
et al. 2017). Conversely, loss of t (tan) function results in light pig-
mented cuticles in Drosophila, O. fasciatus, N. lugens, and C. capitata
(Futahashi et al. 2010; P�erez et al. 2011; Liu et al. 2016). The func-
tions of the e and t genes in blood-feeding insects have not been

Fig. 3. Loss of aaNAT function results in cuticle defects. Cuticle UV reflectance was examined in the presence (a, b) or absence (a0, b0) of ambient light for
control (a) or aaNATpret (b) KD. Scanning EM shows the unchanged pattern of external structures in the control (c) or aaNATpret (d) KDs, while thin
sections of the abdominal cuticle show a broad control cuticle (e) and thin aaNATpret KD (f) cuticle structure, as quantified in (g). exo, exocuticle; endo,
endocuticle.
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investigated previously, although a study in A. gambiae showed
that a bl allele generates animals with dark cuticle and reduced
fertility and vigor (Benedict et al. 1999). In this report, we have
shown that R. prolixus e and t KD do not produce pigmentation

phenotypes, and bl KD results in a slightly light thoracic pheno-
type instead of the expected overall dark cuticle pigmentation
(Supplementary Fig. 3b). The reduction in e and t mRNA levels
upon KD, as defined by quantitative RT-PCR, the lack of e and t

Fig. 4. Eye color phenotypes resulting from the KD of genes involved in pigment production and transport. a) Phylogenetic analysis of R. prolixus ABC
pigment transporters. The ABCs evolutionary history was inferred by the Maximum Likelihood method followed by 500 bootstrap replicates. Bootstrap
values are displayed in nodes. The tree is drawn to scale, with branch lengths measured as the number of substitutions per site. This analysis involved
43 amino acid sequences. Adult eye color phenotypes observed following fifth instar dsRNA injections for b) control; c) ok A; d) cinnabar; e) scarlet; f) ok B;
and g) white. h) Spontaneous R. prolixus red eye mutant. h0) Detail of the mutant eye and ocelli, compared to the i) wild-type. Note the absence of ocelli
pigmentation (asterisk). h00) Detail of mutant abdominal connexives, with loss of red pigment in veins, present as red spots in the i0) wild-type (arrows).
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Fig. 5. Pteridine and ommochrome pigments generate color in the R. prolixus cuticle; 76 h old adults resulting from fifth instar dsRNA injections against
a) GFP (control); b) ok A; c) sepia; d) ok B; e) cinnabar; f) scarlet. Details of the thorax for g) control GFP; h) ok A; i) sepia; and j) scarlet KD. No differences in eye
color were observed for sepia, ok A, or ok B KDs. Note the red cuticle color in ok A, sepia, and scarlet KD (asterisks). Details of the abdominal connexives for
k) control GFP; l) ok A; m) sepia; n) ok B; o) cinnabar; and p) scarlet KD. Observe the loss of red pigment spots in ok B, cinnabar, and scarlet (double arrows). q)
Prospective function of loci associated with the production and transport of ommochrome and pteridine pigments in R. prolixus, based on KD
phenotypes herein presented. In italic: red represents R. prolixus loci that resulted in a change in eye color compared with wild-type; pink letters or
asterisks indicate loci that resulted in no visible eye pigmentation phenotype, but generated connexive pigmentation defects upon KD. Orange letters
refer to functions associated with body pigmentation, particularly in the thorax and head. KF, kynurenine formamidase; PG, pigment granule.
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paralogs in the R. prolixus genome, added to the reduction in in-
sect viability observed in the parental e KD, suggest that we have
attained a significant decrease in e and t function, despite the ab-
sence of a visible phenotype. NBAD synthase and NBAD hydro-
lase, encoded by e and t, respectively, may display several
functions in addition to pigmentation. They exert a role in brain
neurotransmitter metabolism (P�erez et al. 2011), and e is
expressed in the foregut and tracheal epidermis in D. melanogaster
(P�erez et al. 2010). Accordingly, e and t are expressed in the R. pro-
lixus nervous system and in the gut (Ribeiro et al. 2014; Latorre-
Estivalis et al. 2017). The impairment of similar or yet unexplored
roles may explain the loss of viability observed for R. prolixus e
KD, despite the absence of a pigmentation phenotype.

Given the strong aaNATpret KD cuticle phenotype and the lack
of any visible effect of e and t in single and double KDs, it is
tempting to suggest that R. prolixus evolved the preferential use of
nonpigmented NADA sclerotin (from AaNAT activity) and mela-
nin (from Yellow activity) as pigments for cuticle coloration
pattern, rather than a pigmentation function for the ebony/tan
branch of the tyrosine pathway (see Fig. 1a). In this scenario,
transparent, light brown, dark brown, and black pigmentation
observed in the thorax of wild-type and tyrosine pathway KD
animals would result from the respective levels of Yellow vs
AaNAT activity. In support of this hypothesis, that suggests the
loss of a pigmentation/sclerotization function for the NBAD
branch in R. prolixus that is substituted by another branch, aaNAT
loss of function produces cuticles that are soft and thin, a pheno-
type classically associated to ebony or laccase 2 loss of function
(Wittkopp et al. 2002; Futahashi et al. 2011). Recently, functional
analysis in the black colored Platymeris biguttatus assassin bug
reported that aaNAT is essential for the formation of colorless
patterns. It was shown that aaNAT RNAi for this blood-feeding
species obliterates white spots as well as yellow and red colors
(Zhang et al. 2019). Together with aaNATpret KD phenotype in R.
prolixus, these findings may suggest that hemimetabolous blood-
feeding insects rely greatly on the NADA branch for cuticle color
patterning (Fig. 6). It will be interesting in the future to investigate
aaNAT and ebony function in additional blood-feeding insects.

ABC transporters exert eye and cuticle
pigmentation functions in the kissing bug
Kissing bugs display dark and frequently monotonous pigmenta-
tion patterns, when compared with their plant feeding relatives
(Jurberg et al. 2015). Among blood-feeding triatomines, the sole
color that diverges from the black-tan-clear pallet is red. For in-
stance, R. brethesi displays large regions of red color in abdominal
connexives. Interestingly, dsRNA injections for cn, w, ok B, and st
result in loss of red pigments in small veins that connect to the
abdominal connexivum, suggesting they are required for the
transport or synthesis of a red xanthommatin ommochrome. In
contrast, comparable red pigmentation unfolds in R. prolixus head
and thorax as a result of dsRNA injections for st, ok A, and se, im-
plicating the transport of pteridines to define color patterns of
the kissing bug cuticle. In fact, synthesis of ommochromes (from
tryptophan) and pteridines (from guanine), and their transport by
multiple ABC heterodimers, regulate cuticle pigmentation in
many insect orders (Shamim et al. 2014), in addition to the
reported effects on eye color. It will be interesting to investigate
whether kissing bugs in general require pteridine and ommo-
chrome pigments for cuticle pigmentation as our results suggest
for R. prolixus.

From our exploratory studies, it is yet unclear which ABC pro-
teins combine to form heterodimers to transport cuticular pig-
ments. dsRNA injections for w, st, and ok A KDs result in red
cuticles that resemble the pteridine synthesis enzyme-encoding
se KD phenotype. Likewise, dsRNA injections for w, st, ok B, and cn
result in a similar loss of spatially restricted abdominal red spots,
implying W, St, and Ok B function in the transport of red ommo-
chrome pigments generated by cn activity. Future protein interac-
tion studies should be able to define which ABC proteins combine
for the transport of pigments in the R. prolixus cuticle.

With respect to eye color, loss of function of w genes generates
eye pigmentation phenotypes in most insects studied to date. We
observed a strong loss of ommatidial pigmentation upon R. pro-
lixus w KD (Fig. 4g; Supplementary Fig. 4h). Accordingly, KD of st
generated bright red ommatidia in adults and red eyes in first in-
star nymphs. This phenotype is likely due to a reduction in the
transport of brown ommochrome pigments, since KD for cn, that
encodes a key enzyme in ommochrome synthesis, generates red
eyes as well. Therefore, st and w possibly form heterodimeric
transporters in the eye pigment granules (Fig. 5p). The total loss
of colored ommatidea in w KD, when compared with st and cn
KDs red eyes suggests that another pigment is present in the eye
in addition to dark ommochromes. These may be red xantom-
mantins, present in secondary pigment cells of the kissing bug
eye (Insausti et al. 2013). Why cn KD would not affect these colors,
since xantomantins are part of the same dark ommochrome syn-
thesis pathway, is unclear. Inefficient cn KD and additional
unidentified loci performing this function are reasonable possi-
bilities. Lack of an eye color phenotype resulting from ok A and ok
B KD is also surprising. This may result from inefficient KD, func-
tional redundancy of ok paralogs, or to Rp-ok genes being dedi-
cated to the transport of pteridine pigments, which are
apparently absent in the R. prolixus eye (Insausti et al. 2013).

Fig. 6. Preferential pathways for cuticle patterning in hematophagous
hemiptera. Loss-of-function analysis for pigmentation genes suggests
that the blood-feeding insects R. prolixus and P. biguttattis rely
preferentially on the level of melanin deposition controlled by the yellow
and aaNATpret genes for cuticle patterning (in bold). The relative
expression of these genes would define the dark and light brown hues of
the insect. The plant feeding O. fasciatus utilizes all 3 tyrosine pathway
branches, where the NBAD pathway (via ebony function) generates light
brown/orange pigmentation. In addition to pattern based on melanin
deposition, background red hues of the R. prolixus cuticle appear to result
from ommochrome and pteridin pigments, transported by the action of
ABC proteins.
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Therefore, there is still much to learn concerning the genetic ba-

sis of eye pigmentation in R. prolixus.

Visible markers for R. prolixus
Using KD assays, we have identified several loci that change eye

or cuticle color and thus may be suitable as transformation

markers in transgenic constructs or as targets for gene disruption

and construct integration upon CRISPR-based genome editing

and homology directed repair. The most promising targets for

gene disruption are y, aaNATpret, and st, which present easily

scored phenotypes and no significant effect on viability.
In contrast to the loci above, y C KD led to a drop in nymph vi-

ability after blood feeding. This effect may result from loss of a

waterproofing function, as shown for the beetle T. castaneum

(Noh et al. 2015). Similarly, cn KD also resulted in loss of viability

after blood feeding. Therefore, despite their clear visible pheno-

types and broad use as markers in several insect species, we con-

sider their potential as visible markers for gene disruption

smaller than aaNATpret, y, and st.
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