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A B S T R A C T

The triatomine bug Rhodnius prolixus is a hematophagous hemipteran and a primary vector of Trypanosoma cruzi,
the causative agent of Chagas’ disease (CD), in Central America and Northern South America. Blood-feeding
poses significant challenges for hematophagous organisms, particularly due to the release of high doses of
pro-oxidant free heme during hemoglobin digestion. In this arthropod, most of the free heme in the gut is
aggregated into hemozoin (Hz), an inert and non-oxidative biocrystal. Two major components present in the
perimicrovillar membranes (PMM) of triatomine insects have been previously implicated in heme crystallization:
lipids and the biochemical marker of the PMM, the enzyme α-glucosidase. In this study, we investigated the role
of R. prolixus α-glucosidase isoform G (Rp-αGluG) in heme detoxification and the effects of its knockdown on the
insect physiology. The effect of α-glucosidase isoform G (αGluG) knockdown on T. cruzi proliferation and met-
acyclogenesis was also investigated. Initially, a 3D structure of Rp-αGluG was predicted by comparative modeling
and then subjected to molecular docking with the heme molecule, providing in silico support for understanding
the process of Hz biocrystallization. Next, adult females of R. prolixus were challenged with RNAi against Rp-
αGluG (dsαGluG) to assess physiological and phenotypic changes caused by its knockdown. Our data show that
the group challenged with dsαGluG produced less Hz, resulting in more intact hemoglobin available in the
digestive tract. These animals also laid fewer eggs, which had a lower hatching rate. In addition, T. cruzi met-
acyclogenesis was significantly lower in the dsαGluG group. The present work demonstrates the importance of
Rp-αGluG in heme detoxification, the digestive and reproductive physiology of R. prolixus, as well as its influence
on the life cycle of T. cruzi. Since heme neutralization is a vital process for hematophagous bugs, our study
provides useful information for the development of new strategies targeting the Hz formation and potentially
affecting the vectorial transmission of Chagas disease.

1. Introduction

Hematophagy has enabled many arthropod groups to act as vectors
in the transmission of a variety of pathogens that cause several diseases
of public health importance, such as Chagas Disease (CD) (WHO, 2022),
caused by the unicellular eukaryote Trypanosoma cruzi. CD is an
anthropozoonosis that affects approximately 8 million people world-
wide and is endemic to the Americas, but has spread from its original

boundaries through migration to 21 countries in Europe, Africa, and
occasionally in Asia and Oceania (Patel, 2020; WHO, 2022). Vector
borne transmission is limited to both endemic and nonendemic areas of
North, Central, and South America (Bern, 2015; Pérez-Molina and
Molina, 2018; Mills, 2020). Other infection routes include blood trans-
fusion, organ and bone marrow transplantation, and congenital trans-
mission occur mainly in non-endemic countries (Guarner, 2019;
Iglesias-Rus et al., 2019). Food contamination has been predominantly
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reported in Latin America, where transmission cycles involving wild
vector populations and mammalian reservoir hosts are prominent. The
infection persists due to the absence of effective early treatment. CD
causes approximately 12,000 deaths annually and significantly reduces
the life expectancy of the infected population, resulting in negative so-
cial impacts (DNDI, 2023). Treatment of the disease is currently limited
to the drugs benznidazole and nifurtimox, which are more effective
when administered at the initial acute phase of CD. However, the effi-
cacy of these drugs decreases when administered later in the chronic
phase of the disease, and the chances of a good prognosis and relief of
symptoms are reduced (WHO, 2022). Therefore, other methods of dis-
ease control are needed, such as restricting transmission routes, espe-
cially transmission by its insect vectors (Pérez-Molina and Molina,
2018).

Rhodnius prolixus (Hemiptera, Reduviidae, Triatominae) is one of the
most efficient vectors of T. cruzi, the causative agent of CD. It is assumed
to have evolved from the ancestral forms of other Rhodniini in or around
the Amazon region of South America, becoming highly adapted to do-
mestic and peridomestic habitats - especially in the llanos of Venezuela
and Colombia, where it remains a significant domestic vector of T. cruzi
(Schofield and Galvão, 2009; Justi and Galvão, 2017).

The parasites are taken up from an infected vertebrate blood as
trypomastigotes. In the vector midgut, T. cruzi develops into epi-
mastigote forms, which are capable of multiplying and colonizing the
intestinal tract of hematophagous Triatominae Hemiptera. Later, in the
hindgut, under a condition of nutritional restriction, it differentiates into
metacyclic trypomastigotes (non-replicative and infective forms) in a
process called metacyclogenesis. These trypomastigotes are then
excreted in large numbers in insect feces as the triatomines feed on their
hosts and can gain immediate access to the bloodstream when dragged
to the bite site or mucosal surfaces (Kollien and Schaub, 1999; Ferreira
et al., 2016; Melo et al., 2020).

The digestion of blood by hematophagous organisms allows the ab-
sorption and utilization of host derived nutrients for their development,
survival, and reproduction (Lehane, 2005). In R. prolixus, the breakdown
of hemoglobin is accomplished by digestive enzymes that lead to the
release of heme, which is the prosthetic group of hemoglobin (Terra and
Ferreira, 2012; Graça-Souza et al., 2006). Heme, or iron-protoporphyrin
IX (Fe(III)PPIX), is a molecule involved in biological processes crucial
for the body homeostasis, including oxygen transport (Shimizu et al.,
2019). However, free heme is known to cause pro-oxidant effects and
induces oxidative stress by the formation of reactive oxygen species
(ROS) (Dansa-Petretski et al., 1995; Gutteridge and Smith, 1988; Ryter
and Tyrrell, 2000; Stiebler et al., 2011; Shimizu et al., 2019). In addi-
tion, since it is a low molecular weight amphiphilic molecule, an over-
load of heme can lead to several detrimental effects (Ryter and Tyrrell,
2000), such as lipid peroxidation (Schmitt et al., 1993), nucleic acids
oxidation (Aft and Mueller, 1983), and cell death (Slimen et al., 2014).

In the gut of R. prolixus, most of the free heme is converted into
insoluble hemozoin crystals (Hz), which are excreted in the feces (Silva
et al., 1995, 2006, 2007; Oliveira et al., 1999). This conversion repre-
sents the first line of defense against the oxidative effects of heme in the
intestinal lumen (Oliveira et al., 2002; Sterkel et al., 2017). Interest-
ingly, Ferreira et al. (2018) demonstrated that chemical blockage of Hz
formation resulted in poorly developed ovaries and fewer eggs laid. In
addition, authors showed that T. cruzi load was strongly reduced under
such conditions.

In addition to Hz formation, other compensatory defense mecha-
nisms such as antioxidant enzymes, the hemoxisomes, urate, and the
hemolymphatic Rhodnius Heme-Binding Protein (RHBP), also help to
combat heme overload and its oxidative effects (Dansa-Petretski et al.,
1995; Souza et al., 1997; Paes and Oliveira, 1999; Paes et al., 2001; Braz
et al., 2002; Silva et al., 2006; Ferreira et al., 2018).

Silva et al. (2007) reported the involvement of gut lipid and protein
components in heme crystallization in R. prolixus. The lipid fraction is a
major component of the perimicrovillar membranes (PMM) present in

the gut of Hemiptera, and the protein fraction associated with the PMM
contains considerable amounts of the enzyme α-glucosidase (Silva et al.,
2007). In most species, this enzyme is involved in the primary meta-
bolism of oligosaccharides. In this arthropod, however, it plays a crucial
role in the Hz formation (Mury et al., 2009). According to the proposed
model of Hz formation, this enzyme is involved in the nucleation step by
assisting in the clustering of heme molecules, at the beginning of the
process (Stiebler et al., 2011). Genome sequencing of R. prolixus
revealed that there are seven α-glucosidase isoforms encoding genes,
whose products are either membrane-associated or soluble (Ribeiro
et al., 2014; Mesquita et al., 2015).

Once unveiling which α-glucosidases are involved in the heme
detoxification process, it may reveal new molecular targets for novel
drugs to control CD and its vector, R. prolixus. In the present work, we
have investigated the role of Rp-αGluG in a heme detoxification route
and in the biology of this triatominae. We also present evidence that its
knockdown has an impact on T. cruzi metacyclogenesis.

2. Materials and methods

2.1. Bioinformatic analyses

The phylogenetic analysis utilized 32 sequences of the hemipteran
alpha-glucosidase enzyme (Supplementary Table S1) and MEGA XI
software (Tamura et al., 2021). The protein sequences were aligned
using the Muscle tool, and a phylogenetic tree was estimated using the
maximum likelihood method. To root the phylogenetic tree, the
Drosophila virilis sequence (B4LLB7) was used as an outgroup. The
phylogeny test was conducted using the bootstrap method with 500
replications. The resulting phylogenetic tree illustrates the hypothetical
evolutionary relationships between protein sequences.

The alpha-glucosidase sequence, identified by the VectorBase data-
base (https://vectorbase.org/vectorbase/app/record/gene/RPRC0130
46) with the ID RPRC013046, was subjected to a Blast search against
the PDB database on the NCBI server. This search aimed to identify
proteins with similar sequences that could serve as templates for con-
structing a three-dimensional model of alpha-glucosidase via compara-
tive modeling. As a result, the PDB template with the ID 6LGA with 1.85
Å of resolution (Miyazaki and Park, 2020) was identified, exhibiting a
coverage and identity of 95% and 39%, respectively. A homology based
three-dimensional structure of Rp-αGluG was predicted using the
Swiss-Model server (Waterhouse et al., 2018). The initial model was
submitted to energy refinement in the ModRefiner (Xu and Zhang,
2011). The geometric parameters of structures were validated with
PROCHECK (Laskowski et al., 1993) from the UCLA-DOE LAB (saves.
mbi.ucla.edu) server, which generated the Ramachandran plot
(Table S1). Molecular docking was performed with the software GOLD
v.5.8.1 (Jones et al., 1997). The parameters for docking were deter-
mined by analysis of poses obtained by redocking of a homologous
protein (PDB ID 6LGB; Miyazaki and Park, 2020) co-crystallized with
alpha-d-glucopyranose. The comparison between the co-crystallized
structure and the preferred conformation obtained by redocking
revealed an RMSD value of 0.39 Å, indicating the satisfactory quality of
the parameters for the molecular docking study. Therefore, the docking
was performed with Goldscore function with a 10 Å of distance from
His352 (NE2 id 5398). ChemAxon program (http://www.chemaxon.
com) was used to build and protonate the heme molecule, considering
pH 5.4, which was subsequently minimized using the PM3method in the
Gaussian 03 W program (Frisch, 2004). The visual inspection of inter-
molecular interactions and figures were generated using PyMOL
v.2.4.0a0 (Schrödinger, 2015).

2.2. Ethics statement

All animal care and experimental protocols were conducted in
accordance with the guidelines of the Committee for Evaluation of
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Animal Use for Research (Federal University of Rio de Janeiro –
NUPEM/CCS) and the protocols were approved by CCS-UFRJ, under
register 01,200.001568/2013–87.

2.3. Insects

A colony of R. prolixus was kept in an incubator (FT 1020 model –
DeLeo) at 28 ◦C and 70–80% relative humidity, at the Institute of
Biodiversity and Sustainability – NUPEM – UFRJ and fed onto the ear of
live rabbits every 28 days. This colony was first started with insects
derived from a colony at Leopoldo de Meis Institute for the Biochemistry
of Medicine – UFRJ. The adult females challenged with dsRNA of Rp-
αGluG and dsGFP were fed in two different ways: females were fed
directly into the rabbit ear for standard experiments or alternatively
females were fed in an artificial feeder at 37 ◦C, in case of T. cruzi
infection, detailed below. The post-feeding intervals were determined by
the specific conditions of each experiment. The details of the post-
feeding duration for each experiment are provided in the subsequent
sections.

2.4. dsRNA synthesis

The DNA template for dsRNA synthesis was made up using cDNA
from R. prolixus’ posterior midgut. dsRNA from GFP (dsGFP) was used as
control and synthetized from a Green Fluorescent Protein (EGFP) gene
cloned on a pGEM®-T Easy vector (Promega) (Gama et al., 2022). Both
dsαGluG and the control dsGFP were synthesized and used in the bio-
assays. The PCR reactions were performed using GoTaq® Flexi DNA
Polymerase Kit (Promega – Cat. No. M8295), followed by purification of
products withWizard® SV Gel and PCR Clean-Up System Kit (Promega –
Cat. No. A9282) and quantification on NanoDrop™ (Thermo Scientific).
Then, the dsRNA was synthetized using T7 RiboMAX™ Express RNAi
System Kit (Promega – Cat. No. P1700) from 1 μg of template DNA. On
each step, a 1% agarose gel stained with ethidium bromide was used to
confirm the template integrity. Nucleotides in bold lowercase letters in
the primers were used in a second PCR reaction to add T7 promoter sites
at the ends. All primers for dsRNA synthesis contained the T7 sequence
adaptor on their 5′ ends, which is recognized by T7 RNA polymerase
(Table S2).

2.5. RNA interference-mediated knockdown of α-glucosidase

The dsRNA solutions (4 μg 2 μL− 1) were injected into the thoracic
hemolymph of adult females using a Hamilton syringe (Paim et al.,
2013a) with a needle outer diameter of 0.05 mm, which avoided mor-
tality and considerable damage to the insect cuticle. The injected insects
were fed with rabbit blood on the following day. Four days after blood
feeding, posterior midguts were dissected and homogenized in 500 μL
TRIzol™ (ThemoFisher – Cat. No. 15,596,026), and total RNA was
extracted according to the manufacturer’s protocol. Then, the RNA was
quantified on NanoDrop™ and 2 μg were used to synthetize cDNA, with
High Capacity cDNA Reverse Transcription Kit (Applied Biosystems™ –
Cat. No. 4,368,814).

The qPCR was performed using qPCRBIO SyGreen Mix Hi-ROX Kit
(PCR Biosystems – Cat. No. PB20.12–05) and reaction carried out on
QuantStudio 3 (Applied Biosystems) using Rp-αGluG primers, and Rp-
EF-1 (Rhodnius prolixus Elongation Factor 1) as endogenous control
(VectorBase Gene ID: RPRC015041; Majerowicz et al., 2011) (Table S2).

2.6. Alpha-glucosidase activity

Alpha-glucosidase activity assays were performed with midgut pro-
tein extracts to confirm the success of Rp-αGluG knockdown. Midgut
epithelium samples from rabbit blood fed R. prolixus were obtained 4
days after feeding, homogenized in 1 mL of phosphate-buffered saline
0.1 M pH 7.4, centrifuged for 30 min at 15,000 g at 4 ◦C and the

supernatants were discarded. This procedure was repeated three times,
and the resulting pellets were resuspended in 400 μL of extraction buffer
(sodium phosphate 20 mM pH 7.4, Triton X-100 0.1%, imidazole 5 mM,
PMSF 1 mM and benzamidine 1 mM) and incubated overnight at 4 ◦C.
After that, the sample was centrifuged for 30 min at 15,000 g at 4 ◦C and
the supernatant was used as source of enzyme. Alpha-Glucosidase ac-
tivity was determined using p-nitrophenyl α-d-glucopyranoside (10mM)
(Sigma Ltd.) in 100 mM citrate phosphate buffer (pH 5.5) as substrate
and by following the appearance of p-nitrophenolate, according to the
method described by Terra et al. (1988). All assays were performed at 30
◦C. Incubations were carried out for at least four different periods of time
(15, 30, 45 and 60 min). Reactions were stopped with 200 µL of Na2CO3
0.5 M and initial rates of hydrolysis were calculated. The absorbance of
released p-nitrophenolate was read in a GBC-UV/Vis-920 spectropho-
tometer (Multiskan GO – ThermoFisher) at 410 nm. One unit of enzyme
was defined as the amount required to hydrolyze 1 µmol of substrate per
minute in the assay conditions.

2.7. Hemozoin extraction

Hz was extracted from the midgut of R. prolixus as previously
described (Oliveira et al., 1999). The midgut contents of 2 blood-fed
R. prolixus were collected in cold 100 µL phosphate-buffered saline 0.1
M pH 7.4, four days after feeding. Tissues were used for qPCR analysis
and the suspensions were centrifuged at 20,000 g for 15 min. The
insoluble pigment was further purified by washing three times with
NaHCO3 0.5 M, SDS 2.5%, pH 9.2 and twice with deionized water. The
final sediments were solubilized in NaOH 0.1 N and samples containing
purified Hz were quantified in a MultiSkan Go spectrophotometer
(Thermo Scientific) at 400 nm.

2.8. Hemoglobin content

To analyze whether there was any impairment in blood digestion,
foreguts were dissected, homogenized in 50 μL of phosphate-buffered
saline 0.1 M pH 7.4 and centrifuged at 14,000 g for 15 min at 4 ◦C.
The supernatant was added to native sample buffer (Tris–HCl pH 6.8 100
mM, glycerol 20%, bromophenol blue 0.02%). For this experiment,
samples were submitted to a native PAGE (6% stacking and 12% running
gel) run at 20 mA. The gels were fixed in 12.5% trichloroacetic acid for
30 min, followed by a wash with deionized water for the same period.
Finally, the gels were revealed in a solution containing 20 mg of dime-
thoxybenzidine (DMB) solubilized in 18 mL of deionized water, 2 mL of
sodium citrate buffer 0.5 M pH 4.5 and 40 µL of 30% H2O2. Densito-
metric analyses were performed with ImageJ (v. 1.46), considering the
control group (dsGFP) as a normalizer.

2.9. H2O2 formation

Oxidant levels in the posterior midgut were evaluated to assess the
redox status of the microenvironment. For this purpose, Amplex™ Red
Kit (Thermo Fisher Scientific – Cat. No. A22188) was used for detection
of hydrogen peroxide (H2O2) and/or peroxidase activity. The epithelium
midguts were dissected four days after feeding, homogenized in 100 μL
phosphate-buffered saline 0.1 M pH 7.4 and centrifuged at 12,000 g for
15 min at 4 ◦C. The supernatants were incubated with the reaction
mixture and the products of reactions were quantified by spectropho-
tometry at 560 nm. For evaluation by fluorescence microscopy detec-
tion, individual dissected epithelium samples were incubated in the
same reaction mixtures for 20 min and visualized on a stereo microscope
model M205FA (Leica), containing a DSR ET fluorescence filter.

2.10. Oviposition, hatching and survival

For each experiment, five females were separated from both control
and knockdown groups and the laid eggs were collected every 4 days,
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until reaching 28 days after feeding. The hatching and mortality rates
were monitored for 40 days after blood feeding. The overall morphology
of the eggs was also evaluated by observation with a stereo microscope.

2.11. T. cruzi infection

Epimastigotes from Dm28c T. cruzi lineage were cultivated in LIT
medium supplemented with 10% fetal bovine serum, 10,000 U/L peni-
cillin, 10 mg/L streptomycin and 0.0025% hemin at 28 ◦C. For infection
experiments, the blood was collected from marginal veins of a rabbit,
with a heparinized syringe, and then centrifuged at 3000 g for 10 min at
24 ◦C. The plasma was incubated at 56 ◦C for 2 h to inactivate the
complement system. Red blood cells were washed 3 times with
phosphate-buffered saline 0.1 M pH 7.4, centrifuged under the same
conditions described above, and resuspended in the inactivated plasma.
R. prolixus females were fed artificially with blood containing 107 epi-
mastigotes/mL, as described by Azambuja and Garcia (1997) and
Guarneri (2020). The parasite load in the hindgut lumen was evaluated
at 7, 14 and 21 days after infection. Infected insects were dissected, and
hindgut samples were homogenised in 100 µL of phosphate-buffered
saline 0.1 M pH 7.4. The number of parasites was determined by
counting in a Neubauer chamber. T. cruzi epimastigotes were differen-
tiated from metacyclic trypomastigotes based on their characteristic
morphologies and motility patterns. Intermediate stages were consid-
ered as epimastigotes.

2.12. Statistical analysis

Data from all quantitative experiments were submitted to a Shapiro-
Wilk normality test. For most experiments, statistical comparison was
performed using the parametric Student’s t-test with unpaired data. For
the RT-qPCR data were compared with non-parametric Mann-Whitney

test. Differences were considered significant whenever p ≤ 0.05. All
statistical analysis were performed using GraphPad Prism 8 (v 8.0.1;
GraphPad Software, San Diego, California USA).

3. Results

3.1. Evolutionary analysis of α-glucosidase isoform G from R. prolixus

In this study, we conducted a comparative analysis of 32 deduced
amino acid sequences of α-glucosidase isoforms derived from various
species, including R. prolixus (RPRC006247, RPRC010194,
RPRC012963, RPRC006918, RPRC012570, ACI96031, RPRC013046,
RPRC007096), Cimex lectularius (A0A8I6RGT7, A0A8I6RXP7,
A0A8I6RXS2, A0A8I6S7S3, A0A8I6S9G1), Panstrongylus lignarius
(A0A224XA41, A0A224×6Q8, A0A224XGR4, A0A224XH82,
A0A224XHG6, A0A224XIW2, A0A224XJG5), P. megistus
(A0A069DVS1, A0A069DX91), Pristhesancus plagipennis (A0A2K8JSD1,
A0A2K8JWU1), R. neglectus (A0A0P4VHZ7, A0A0P4VP68,
A0A0P4VMN3, A0A0P4VMU2), Triatoma dimidiata (A0A0V0G4S7),
T. infestans (A0A023EYE6, A0A16 1N196), and D. virilis (B4LLB7). The
latter served as an outgroup for the analysis (Fig. 1A).

Our phylogenetic analysis, inferred by Maximum Likelihood,
revealed that the F isoform of R. prolixus is the most basal among the
Hemiptera isoforms, with the node that unites the F isoform and the
others presenting a 60% bootstrap support. This position of the F isoform
in the topology of the tree was expected, since, after the publication of
the R. prolixus genome by Mesquita et al. (2015), we were unable to find
the sequence of the F isoform in the genome databases. Furthermore,
when we compared the sequence of the F isoform with the GenBank
database, using the BLAST tool we found greater similarity of the F
isoform (Mury et al., 2009) with species of the order Diptera. Except for
the F isoform, the G isoform of R. prolixus is the most basal among all

Fig. 1. In silico analysis of Rp-αGluG. (A) The phylogenetic tree shows alpha-glucosidase sequences from eight Hemiptera species. The tree was constructed using the
maximum likelihood method and a phylogenetic test with bootstrap by 500 replications on MEGA XI software (Tamura et al., 2021). The outgroup used was
Drosophila virilis (B4LLB7). (B) Molecular docking between Rp-αGluG and heme molecule, showing the cavity that fits this ligand and contains histidine and aspartic
acid residues. (C) The cavity marked in C, with all the aminoacids that heme can possibly interact with in a space of 5 Å.
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isoforms documented for R. prolixus and is therefore the most similar to
that published by Mury et al. 2009. Isoform A of R. prolixus is most
similar to isoform B, both known to be soluble and have no role in heme
detoxification (Supplementary Fig. S1).

To evaluate whether Rp-αGluG can be directed to the exocytic
pathway for secretion by cells or inserted into the plasma membrane, we
conducted a signal peptide analysis using SignalP 6.0 server. Our results
indicate an endoplasmic reticulum targeting peptide at the N-terminus,
specifically in the first 21 amino acids (Supplementary Fig. S2). Also, we
performed a dimensional representation of PRED-TMBB prediction,
indicating the corresponding aminoacids on the transmembrane region
as well as the prediction of the loops in the outer portion of the mem-
brane (Supplementary Fig. S2).

We also constructed a 3D homology-based model of Rp-αGluG and
usedmolecular docking with heme (Fig. 1B, Supplementary Fig. S3). It is
noteworthy that heme can bind to a protein cavity that exposes histidine
and aspartic acid residues. Mury et al. (2009) proposed that these resi-
dues play a fundamental role in heme binding and Hz formation. Fig. 1C
shows the amplified version of Fig. 1B and depicts the potential amino
acids that may bind heme. Previously, we determined the potential
docking site of heme molecule, with evident contribution of both ami-
noacids residues (Supplementary Fig. S3).

3.2. Knockdown of R. prolixus α-glucosidase isoform G significantly
reduces Hz formation

We examined the dynamic of blood digestion post feeding. The
average volume ingested per female after blood feeding (Supplementary
Fig. S4) and total protein levels measured in the anterior midgut (AM),
in the Rp-dsαGluG group and the control, were equivalent at four days
after feeding (Supplementary Fig. S5), indicating that blood digestion
was progressing normally in both groups. Thus, the investigation of Rp-
αGluG role in heme biocrystallization involving gene knockdown in
R. prolixus (dsαGluG), highlighted the significant decrease on the pa-
rameters of RT-qPCR (Fig. 2A), enzymatic activity assessment of
α-glucosidase (Fig. 2B) and Hz formation (Fig. 2C), four days after
feeding, confirming the effectiveness of Rp-αGluG knockdown and its
physiological effects. Analyzing another isoform for comparison, we
performed the knockdown of the Rp-αGluA gene that indicated no effect
on hemozoin formation, suggesting that this isoform is not involved in
the process (Supplementary Fig. S6). Therefore, our results of in silico
analysis of Rp-αGluG indicate important features of a PMM biomarker,
and in vivo experiments demonstrated that dsαGluG reduced both
enzyme expression and activity, resulting in reduced efficiency of Hz
production, confirming the involvement of Rp-αGluG in the process of
heme biocrystallization.

3.3. Knockdown of α-glucosidase isoform G delays hemoglobin digestion

When preparing the samples for Hz quantification, we noticed that
the supernatant from the midguts of females injected with dsαGluG was
reddish (data not shown), that was not seen in the control samples. This
could be an indication of a heme fraction not converted into Hz and/or
the presence of hemoglobin not fully digested. We performed a quanti-
fication of total protein, but there was no significant difference (Sup-
plementary Fig. S5). Thus, we quantified the hemoglobin content by
native polyacrylamide gel through band densitometry, four days after
feeding. Females injected with dsαGluG showed higher levels of avail-
able hemoglobin if compared to control (Fig. 3A).

Since dsαGluG caused a reduction in the content of Hz, we evaluated
whether lower expression of Rp-αGluG would also be associated with
redox imbalance in the midgut. To this end, we quantified H2O2 for-
mation in the midgut, four days after blood feeding. The levels of mid-
guts H2O2 trend to be higher in the dsαGluG group when compared to
dsGFP (Fig. 3B). When analyzing the midguts under a fluorescence
stereo microscope, midgut of females injected with dsαGluG were
positively stained for H2O2, both on the margins of the posterior midgut
epithelium as well as in its inner side, suggesting a more oxidative
environment than the control group (Fig. 3C). Our results show that
dsαGluG affects heme biocrystallization and delays hemoglobin diges-
tion, which is associated with higher levels of ROS and a more oxidative
environment.

3.4. RNAi sensitivity leads to important physiological effects in dsαGluG
injected insects

In addition to the digestive process, there are several other processes
that are triggered by blood feeding. For example, the process of ecdysis,
in the case of nymphs, and the process of oogenesis, in the case of adult
females (Buxton, 1930; Atella et al., 2005; Pascual et al., 2021).
Oviposition was observed every four days until reaching a period of 28
days after feeding. Egg hatching rate and nymph survival were analyzed
for 40 days after both dsαGluG injection and unrelated dsGFP.

In both groups (dsGFP and dsαGluG), there was no difference in the
survival rate of females, which was 100%, nor in the total number of
eggs (data not shown). However, the spatio-temporal distribution on the
number of eggs on each specific day (Fig. 4A) for dsαGluG females
showed a significant reduction four and eight days after feeding, when
compared to the dsGFP group.

Regarding the hatching process, at the end of a period of 40 days
after blood feeding and 20 days after the first record of nymph hatching,
we observed that the number of nymphs in dsαGluG group was signifi-
cantly reduced, if compared to dsGFP (Fig. 4B). In addition, the number

Fig. 2. Knockdown of α-glucosidase isoform G significantly reduces Hz formation. (A) RT-qPCR of posterior midgut, four days after feeding, with significantly
reduced relative expression of Rp-αGluG. Statistical analysis using Mann-Whitney test, of three independent experiments. (dsGFP – n = 18; dsαGluG – n = 18; ** p =
0.0014). (B) α-glucosidase activity in the posterior midgut, four days after feeding. Compared to the control group (dsGFP), a significant reduction upon treatment
with dsαGluG. (dsGFP – n = 4; dsαGluG – n = 4; *** p = 0.0006) was observed. Mean and SEM of two independent experiments with paired Student’s t-test. Enzyme
activities were carried out at 4 different periods of 15-minutes. (C) Hz formation four days after feeding. Compared to the injected control group (dsGFP), a significant
difference was observed, using unpaired Student’s t-test, expressed with mean and SEM. (dsGFP – n = 21; dsαGluG – n = 18; * p = 0.0121). dsGFP: control females
injected with dsRNA unrelated GFP; dsαGluG: females injected with Rp-αGluG).
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of eggs per female in dsαGluG group was smaller if compared to the
control (dsGFP) (Fig. 4C). As for the remaining eggs, the morphology in
dsαGluG group presents an uneven distribution of the contents inside,
also showing a proportion of deformations higher when compared to the
control (Fig. 4D).

3.5. Knockdown of α-glucosidase isoform G impacts T. cruzi
metacyclogenesis in the hindgut

Since the Rp-αGluG isoform plays a role in heme detoxification, we
checked whether its knockdown would affect T. cruzi proliferation and
metacyclogenesis. To quantify the parasite load, rectums were collected
and conditioned individually, 7, 14 and 21 days after T. cruzi infection.
We recorded the numbers of the different evolutive forms, namely epi-
mastigotes (replicative form) and metacyclic trypomastigotes (infective
form). We also performed RT-qPCR during the three timepoints of
infection, and a significant reduction on mRNA of Rp-GluG was
observed, showing that the RNAi effect endures, at least, the entire
period of the infection (Supplementary Fig. S7). We observed that fe-
males injected with dsαGluG presented an apparent increase in the
number of epimastigotes at 7 days after infection. At 14 and 21 days,
parasite numbers in hindgut of both dsαGluG and dsGFP hindgut were
apparently equal (Fig. 5A). On the other hand, trypomastigotes parasite
load (Fig. 5B) indicates a similar profile between the dsαGluG and dsGFP
groups, 7 and 14 days after infection, but on the 21st day of infection,
there was a more noticeable difference, suggesting fewer trypomastigote
form in the rectum of females injected with dsαGluG. We calculated the
metacyclogenesis rate based on the ratio of the metacyclic trypomasti-
gotes over the total number of parasites found in the hindgut, which
depicted the difference (Fig. 5C). In addition, hemozoin formation was
also measured 7, 14 and 21 days after infection, but no significant dif-
ference was observed between groups (data not shown).

Our results suggest that the physiological environment induced by
dsαGluG seemed to favor epimastigote proliferation at the 7 initial days
post infection, but this difference was not sustained later days upon
infection. However, knockdown of αGluG is detrimental to metacyclo-
genesis, thereby impairing the emergence of infectious forms critical for
pathogen transmission.

4. Discussion

The heme molecule is involved in biological processes such as oxy-
gen transport and signal transduction, however, in its free form it pro-
motes oxidative stress by generating ROS (Gutteridge and Smith, 1988;
Dansa-Petretski et al., 1995; Ryter and Tyrrell, 2000; Stiebler et al.,
2011; Shimizu et al., 2019), such as superoxide anion (O2-), hydrogen
peroxide (H2O2) and hydroxyl radical (OH) (Mittler, 2002). During
blood digestion in the midgut of R. prolixus, huge amounts of heme are
released, posing an important oxidative threat to the bug. The main line
of defense against the toxic effects of hemoglobin digestion is the for-
mation of Hz, an inactive and insoluble crystal of heme (Silva et al.,
1995; Oliveira et al., 1999; Graça-Souza et al., 2006; Silva et al. 2007)
that is synthesized in the PMMs (Silva et al., 2004, 2007). Hz formation,
in addition to other strategies to overcome heme toxicity (Graça-Souza
et al. 2006), is a very efficient mechanism for reducing heme availability
and redox imbalance in the gut of hematophagous organisms such as
R. prolixus (Oliveira et al., 2000; Mury et al., 2009; Ferreira et al., 2018).
Previous works have revealed the significance of Hz formation in heme
detoxification and upkeep of redox balance in R. prolixus midgut
(Oliveira et al., 2000; Mury et al., 2009; Ferreira et al., 2018).

Even though the importance of Hz formation to biological systems is
well recognized, the mechanism of its formation is still not fully un-
derstood. Earlier studies suggested the involvement of a so-called heme
polymerase, and a few proteins have been considered for this role (Slater

Fig. 3. Knockdown of α-glucosidase isoform G increases remaining hemoglobin and H2O2 levels. (A) Females’ foregut from insects injected with dsαGluG show
higher residual hemoglobin levels if compared to females injected with dsGFP (controls). Hgb: Hemoglobin; dsGFP, females injected with unrelated double strand
RNA; dsαGluG, females injected with dsRNA of Rp-αGluG. (dsGFP - n = 4; dsαGluG - n = 4; **** p < 0.0001). (B) Quantification of H2O2 content in the posterior
midgut, showing significant higher levels of ROS in females injected with dsαGluG, if compared to control. dsGFP: females injected with unrelated double strand
RNA; dsαGluG: females injected with Rp-αGluG. (dsGFP – n = 5; dsαGluG – n = 6; * p = 0.0034). Statistical analysis using unpaired t-test and expressed with mean
and SEM (A, B). (C) Tissue analysis shows fluorescence staining in the posterior midgut in females injected with dsαGluG compared to control. Amplex Red Fluo-
rescence images on the right are correspondent to the brightfield on the left. Scale bar=2mm. (dsGFP – n = 2; dsαGluG – n = 2).
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and Cerami 1992; Mury et al., 2009; Villiers and Egan 2021). Oliveira
et al., (2000), Silva et al. (2007) and Mury et al. (2009) demonstrated
either direct or indirectly that α-glucosidases participate in the forma-
tion of the Hz biocrystal. Therefore, the secondary function that α-glu-
cosidases acquired in hematophagous hemipterans deserves a more
accurate investigation. We used the sequence published by Mury et al.
(2009) to decide which isoform would be chosen for the study. After
analyzing the complete R. prolixus genome and its digestive tract tran-
scriptome (Ribeiro et al., 2014; Mesquita et al., 2015), we identified
seven α-glucosidase genes. Therefore, we hypothesize one enzyme
encoded by these genes may play a role in the heme detoxification. We
conducted a phylogenetic analysis of the α-glucosidase sequences of
R. prolixus (Fig. 1A). The analysis revealed that isoforms G
(RPRC013046) and C (RPRC012963) are more similar to that published
by Mury et al. (2009). However, the A isoform is less similar to the G and
C isoforms on the phylogenetic tree. The inability of A isoform to affect
hemozoin formation may be due to sequence differences that affect the
enzyme’s structure and function (Fig. 1A and Supplementary Figus. S1
and S6).

Further bioinformatics analysis indicates that the prediction of the
amino acid sequence of Rp-αGluG harbors a signal peptide and mem-
brane anchoring sequences (Supplementary Fig. S2). The molecular
docking between Rp-αGluG and the heme molecule (Fig. 1B and C)
highlights the cavity that holds the heme ligand, containing histidine
and aspartic acid residues and representing the same region of interac-
tion with the natural substrate. Previous studies indicate the contribu-
tion of these residues in the Hz formation in Plasmodium vinckei (Soni
et al., 2015) and P. falciparum (Nakatani et al., 2014), also in

α-glucosidase activity of E. histolytica (Bravo-Torres et al., 2004), as well
as in Hz formation and α-glucosidase activity in R. prolixus (Mury et al.,
2009). Furthermore, it has been shown that in a competition assay, prior
incubation of α-glucosidase with maltose, a substrate of this enzyme,
blocks the formation of Hz, suggesting that these molecules share the
same binding site (Mury et al., 2009). Since gene knockdown was
confirmed by reduced mRNA expression (Fig. 2A), as well as the enzyme
activity was lower (Fig. 2B), it is possible to indicate that the observed
effects were caused by dsαGluG. This finding indicates that this isoform
is present in the PMMs participating in the heme detoxification process,
as reduced Hz formation was detected in vivo in adult females challenged
with dsαGluG (Fig. 2C). Therefore, these results strongly indicate that
this molecule is indeed a biomarker of PMMs that contributes to the
heme detoxification mechanism in R. prolixus.

Hemoglobin is the most abundant protein found in erythrocytes (Ball
et al., 1948; Emadi et al., 2019). Unpublished data from our group show
that free heme overload impairs hemoglobin proteolysis in vitro, most
likely because higher levels of this molecule are associated with reduced
digestive enzymes efficiency. Marques et al. (2015) reported an allo-
steric inhibition of the P. falciparum cysteine protease falcipain-2 by free
heme. During the preparation of our samples for analysis of H2O2
quantification levels, the supernatant of posterior midgut from females
injected with dsαGluG was reddish (data not shown), which may indi-
cate a greater accumulation of hemoglobin and/or heme in this area of
the gut. Previous studies support our observation as a stronger reddish
pigmentation in the hemolymph of females injected with dsαGlu has
been observed elsewhere (Mury et al., 2009) as well as in the hemo-
lymph of insects fed with quinoline drug quinidine that blocks Hz

Fig. 4. Analysis of phenotypic changes upon the knockdown of Rp-αGluG. (A) The spatio-temporal distribution reveals a significant reduction in oviposition in
females injected with dsαGluG four and eight days after feeding (4 days * p = 0.0377; 8 days ** p = 0.010; 12 days 0.1483; 16 days 0.3196; 20 days 0.9348; 24 days
0.9098 28 days 0.4408) n = 10 per group. Unpaired parametric t-test was used for all analyses. (B) After 40 days of feeding, 20 days from the start of hatching with
the proportions of dsGFP (left) and dsαGluG (right) groups. Scale bar=1 cm. Percentage of hatched nymphs (dsGFP: 69.8%; dsαGluG: 5%; p = 0.0002). (C)
Oviposition per female (dsGFP – n = 14; dsαGluG – n = 17; p = 0.0437). Statistical analysis using unpaired t-test and expressed with mean and SEM (A-C). (D)
Phenotype of the remaining eggs, showing that microinjection with dsαGluG, causes deformations, indicating the occurrence of an abnormal process triggered by
metabolic and/or physiological dysfunction. Scale bar = 1mm. dsGFP: females injected with unrelated double strand RNA; dsαGluG: females injected with dsRNA of
Rp-αGluG.
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formation by binding to heme (Ferreira et al., 2018), suggesting
increased extravasation of both free heme and hemoglobin, from the gut
to the hemolymph. Our results showed the injection of dsαGluG led to an
increase of remaining hemoglobin in the anterior midgut, which turns
out the knockdown is affecting hemoglobin digestion. Since dsαGluG
injection caused a reduction in the levels of Hz formed during blood
digestion, it is feasible that an increase of free heme is causing an
inhibitory effect on the hemoglobin digestion, as demonstrated for
P. Falciparum cysteine protease, once blood digestion in R. prolixus is
accomplished mainly by cysteine protease as well (Henriques et al.,
2021).

Mitochondria are organelles known for their crucial role in aerobic
metabolism, where ATP synthesis obtained through the proton gradient
and the oxidative phosphorylation process constantly produce ROS
(Moller, 2001; Vanlerberghe, 2013; Dache and Thierry, 2023). Mito-
chondrial uncoupling proteins (UCPs) are used to control the ROS level,
with the role of protecting against oxidative stress (Maxwell et al., 1999;
Brandalise et al., 2003). In R. prolixus, both gene expression and protein
content of UCP 4 (RpUcp4) are induced after blood feeding while lower
H2O2 levels were observed (Alves-Bezerra et al., 2014), indicating that
this protein plays an important role in protection against oxidative
stress. mRNA expression analyses indicate that RpUcp4 is the predom-
inant isoform expressed in anterior midgut (Alves-Bezerra et al., 2014)
where the molecule may be assisting in the antioxidant defense process.
This activity may happen concomitantly with the detoxification process
via heme biocrystallization in the posterior midgut. Upon dsαGluG
microinjection, females bugs show increased H2O2 formation in the
posterior midgut, as quantified, and detected by the fluorescent

microscopy. As hypothesized, the reduction in Hz formation and po-
tential accumulation of free heme generates an environment that facil-
itates the formation of ROS. This effect may propagate a reactive
environment in other areas of the gut. In adverse conditions, the action
of RpUcp4 may be impaired, leading to formation of ROS in higher
quantities in the mitochondria.

Other physiological processes are also triggered by blood feeding
such as oogenesis (Buxton, 1930), in which the presence of RHBP bound
to the hememolecule in significant amounts (Oliveira et al., 1995), plays
an important role in this mechanism. A delay in the spatio-temporal
distribution of oviposition was observed in females injected with
dsαGluG (Fig. 4A). Additionally, higher levels of remaining hemoglobin
were found in the anterior midgut (Fig. 3A), four days after feeding, a
period in which delayed oviposition is already observed. Thus, the lower
rate of hemoglobin proteolysis by cysteine proteases may negatively
affect oviposition, which explains the delay observed. In second repro-
ductive cycle females’ oviposition, a compensation phenomenon is
observed from the 16th day after feeding, that may be related to the
resumption of the digestion, since seven days after feeding this scenario
is no longer observed (data not shown). Our data suggest that the pro-
cess of hemoglobin digestion and subsequent heme release are impor-
tant for the maintenance of oogenesis.

A smaller number of hatching nymphs was frequent throughout our
study, in which less than half of the nymphs in the dsαGluG group
hatched, when compared to the control (Fig. 4B). At 40 days after
feeding, remaining eggs from females injected with dsαGluG had an
abnormal morphology with a non-homogeneous distribution of the egg
content (Fig. 4D). A similar phenotype was observed in eggs from

Fig. 5. T. cruzi load, (A) Epimastigotes and (B) Metacyclic trypomastigotes. In replicative forms (A), there was a trend toward an increase in parasite load 7 days post
infection in the group injected with dsαGluG, compared to dsGFP, but in 14 and 21 days of infection, there was no clear difference. As for the infective forms (B), the
most remarkable change was found on the 21st day of analysis, indicating a reduction in the number of this form in the hindgut of dsαGluG females. (seven days:
dsGFP – n = 5 and dsαGluG – n= 5; 14 days: dsGFP – n = 5 and dsαGluG – n = 7; 21 days: dsGFP – n= 4 and dsαGluG – n= 7). (C) Rate of metacyclogenesis of T. cruzi
21 days after infection. It was assumed that the total number of parasites, counting epimastigotes and trypomastigotes, was 100% and the percentage of trypo-
mastigotes was calculated (dsGFP – n = 4 and dsαGluG – n = 5;* p = 0.0340). Statistical analysis using unpaired t-test and expressed with mean and SEM. dsGFP:
females injected with unrelated double strand; dsαGluG: females injected with Rp-αGluG.
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females microinjected with the ferritin double strand molecule (dsFer),
which is important in heme and iron metabolism. Eggs displayed a
morphology very similar to what we have seen, and according to these
authors, the abnormal morphology may be induced by dehydration
(Walter-Nuno et al., 2018).

Even though heme is an important element for embryogenesis when
properly associated to the RHBP in the oocytes (Braz et al., 2002; Atella
et al., 2005), the reduction observed in oviposition may be related to the
impact of higher free heme after reduction in Hz formation, which may
have impaired embryonic development due to redox imbalance
(Ferreira et al., 2018). On the other hand, the reduced hatching of
nymphs from the group injected with dsαGluG suggests the action of the
parental RNAi on the offspring (Fig. 4B). We have not observed the same
phenotype when performing the same experiments with females at the
second reproductive cycle (data not shown). The response to exogenous
RNAi (exo-RNAi) varies according to the species (Bellés, 2010). In the
Caenorhabditis elegans model, exo-RNA led to systemic effects that trig-
gered a parental effect of RNAi (Winston et al., 2002). In R. prolixus,
microinjection into 5th stage nymphs was shown to have an effect that

lasted up to 2nd stage nymphs of the F1 generation, indicating the
persistence of dsRNA (Paim et al., 2013b). Yet, in studies with this tri-
atomine, it has been seen that the knockdown of genes related to heme
and iron metabolism induced increased mortality of adults and 1st stage
nymphs after feeding, in addition to reduced ecdysis of the latter group
(Walter-Nuno et al., 2018). In our experiments, the nymphs showed a
higher mortality rate even before a blood meal, supporting the hy-
pothesis of the parental effect of dsαGluG, with more detrimental con-
sequences on offspring survival.

After taking an infected blood meal from a vertebrate host, the
T. cruzi parasite develops exclusively in the midgut of Triatominae.
Throughout parasite-host coevolution, T. cruzi developed strategies to
escape the intense hemoglobin hydrolysis in the anterior midgut and to
take advantage of products derived from blood digestion to fulfill pro-
liferation in the posterior midgut, and metacyclogenesis in the hindgut.
Nogueira et al. (2017) showed that heme-induced mitochondrial ROS
favors the proliferation of T. cruzi epimastigotes forms. Ferreira et al.
(2018) reported that the drug quinidine, that forms a stable complex
with heme, impairs Hz formation in the midgut lumen of R. prolixus.

Fig. 6. Summary of effects based on Rp-αGluG knockdown. After dsRNA treatment, impairment to hemozoin biocrystallization was observed, resulting in higher
levels of H2O2 in the posterior midgut. The buildup of free heme affects hemoglobin digestion, delay oviposition, reduce hatching and caused morphological changes
in eggs. For the T. cruzi establishment, knockdown of αGluG leads to heme overload, what has a positive influence on proliferation, but provide a detrimental
environment for metacyclogenesis.
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Furthermore, they noticed that non-biocrystallized heme accumulated
in the midgut induced cytotoxic effects for the T. cruzi. The evolutionary
forms of T. cruzi that complete their life cycle in the gut of this vector
require distinct environments for their development. The replicative
forms, epimastigotes, depend on the most oxidative environment to
replicate in the posterior midgut, which is triggered by the presence of
heme. For the metacyclic trypomastigotes, which are the infectious
forms, their differentiation occurs in the hindgut, which is a more
reducing and nutrient-poor environment (Nogueira et al., 2011;
Nogueira et al., 2015; Nogueira et al., 2017).

It has been shown that a pro-oxidant environment plays an important
role in the proliferation of epimastigote forms, as shown by treatment
with pro-oxidant molecules in vitro (Nogueira et al., 2015). In the pre-
sent work, levels of epimastigote forms suggest an increase at 7 days
after infection of females injected with dsαGluG (Fig. 5A). These data
indicate that the replicative forms of T. cruzi develop better in a
pro-oxidant environment, since they are found in higher quantities in
the rectum of females injected with dsαGluG. Thus, dsαGluG, by trig-
gering a reduction in Hz formation, would probably be causing an
overload of free heme, which may be favoring the maintenance of epi-
mastigote proliferation in a pro-oxidant environment. In addition,
Nogueira et al. (2015) demonstrated that infection of R. prolixus nymphs
with T. cruzi supplemented with antioxidant molecules was associated
with significantly higher levels of metacyclic trypomastigotes in the
three segments of the gut (anterior and posterior midgut, and rectum),
indicating that a less oxidative environment favors T. cruzi metacyclo-
genesis. Upon microinjection with dsαGluG, fewer trypomastigotes, 14
and 21 days post infection (Fig. 5B), is a strong indication that the
oxidative scenario caused by knockdown of αGluG is impairing meta-
cyclogenesis (Fig. 5C).

Additionally, Garcia et al. (1995) showed that hemoglobin-derived
proteins present in the blood, during digestion, modulate the differen-
tiation of T. cruzi in the intestinal tract of R. prolixus, with contribution of
peptides corresponding to fragments of hemoglobin, the αD-globin.
Thus, the possibility of a shortage of hemoglobin fragments, marked by a
delay in the digestion of this molecule, as demonstrated by dsαGluG,
may also be an additional limiting factor that explains the presence of
fewer trypomastigotes in females microinjected with dsαGluG.

5. Conclusion

Herein we provide evidence that Rp-αGluG is important in Hz for-
mation, an important mechanism of heme detoxification. However, it
remains to be shown whether other isoforms also play a role in the heme
detoxification process in this organism. The identity of each isoform, as
well as which of them are involved in this process remains unknown.
Additionally, the contribution of the G isoform in the metacyclogenesis
of the T. cruzi parasite has been reported for the first time.

The knockdown of Rp-αGluG lead to a gene expression that was
significantly lower compared to the control, but the activity of
membrane-specific α-glucosidases was not proportional to the lower
level of the α-GluG gene knockdown. This fact supports the idea that
other α-glucosidases might be involved with heme detoxification,
otherwise we should have seen a drastic fall in enzyme activity. Here we
were unable to specifically define the activity of Rp-αGluG and how
much of it is functionally abundant in PMMs. Lastly, it is still necessary
to explore how Rp-αGluG interacts with the other isoforms.

We were also able to show the negative impact of knockdown of
αGluG on egg laying and hatching, even though further studies may be
important to understand the impact of dsαGluG on biochemical and
physiological parameters during digestion as well as other components
associated with oxidative homeostasis and defense systems (Fig. 6).
Whether the build-up of free heme impacts the cellular architecture of
the intestinal epithelium should also be further investigated.

Funding sources

This work was supported by grants from the Fundação de Amparo à
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PRODBIO-Macaé (Coordenação de Aperfeiçoamento de Pessoal de Nível
Superior - CAPES scholarship).

CRediT authorship contribution statement

Fernanda Ferreira Maissner: Conceptualization, Methodology,
Validation, Formal analysis, Investigation, Resources, Writing – original
draft, Writing – review & editing, Visualization. Carina Azevedo Oli-
veira Silva: Methodology, Validation, Formal analysis, Investigation,
Resources, Writing – original draft, Visualization. André Borges Farias:
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