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The interaction between Rhodnius prolixus and Trypanosoma cruzi has huge medical
importance because it responds to the transmission of Chagas disease, a neglected
tropical disease that affects about eight million people worldwide. It is known that
trypanosomatid pathogens depend on active lipid endocytosis from the insect host to
meet growth and differentiation requirements. However, until now, knowledge on how the
parasite affects the lipid physiology of individual insect organs was largely unknown.
Herein, the biochemical and molecular dynamics of the triatomine R. prolixus lipid
metabolism in response to T. cruzi acute infection were investigated. A qRT-PCR
approach was used to determine the expression profile of 12 protein-coding genes
involved in R. prolixus lipid physiology. In addition, microscopic and biochemical assays
revealed the lipid droplet profile and the levels of the different identified lipid classes. Finally,
spectrometry analyses were used to determine fatty acid and sterol composition and their
modulation towards the infection. T. cruzi infection downregulated the transcript levels of
protein-coding genes for lipid biosynthetic and degrading pathways in individual
triatomine organs. On the other hand, upregulation of lipid receptor transcripts
indicates an attempt to capture more lipids from hemolymphatic lipoproteins.
Consequently, several lipid classes (such as monoacylglycerol, diacylglycerol,
triacylglycerol, cholesteryl ester, phosphatidylcholine, and phosphatidylethanolamine)
were involved in the response to the parasite challenge, although modulating only the
insect fat body. T. cruzi never leaves the insect gut and yet it modulates non-infected
tissues, suggesting that the association between the parasite and the vector organs is
reached by cell signaling molecules. This hypothesis raises several intriguing issues to
inspire future studies in the parasite-vector interaction field.
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INTRODUCTION

Insects are vectors of the most prevalent human diseases. About
eight million people worldwide are estimated to be affected by
Chagas disease in Latin America, where this neglected tropical
disease remains a major social and health problem (1).
Triatomine bugs, such as Rhodnius prolixus (Insecta:
Hemiptera), are hematophagous insects and play a role in the
transmission of Trypanosoma cruzi parasites, the causative agent
of Chagas disease, during the ingestion of the blood meal. The
blood meal represents a significant challenge for hematophagous
insects since it is carried out at low frequencies, in huge amounts,
rich in proteins, and relatively poor in lipids and carbohydrates
(2). The ingestion of the blood meal also triggers important
metabolic and physiological events such as oogenesis and
molting, through gene expression regulation (2).

Regarding lipid metabolization, triacylglycerol lipases (as also
Brummer lipases – Bmm) catalyze the initial lipolysis step,
converting triacylglycerol (TG) to diacylglycerol (DG) and fatty
acid (FA) for epithelial gut cell absorption (3). In the midgut,
lipids, absorbed as FAs, are used to synthesize TG, DG, and
phospholipids (PLs), which are then transferred to lipophorin
(Lp), and directed to organs that require these lipids (4, 5). Lp is a
hemolymphatic insect lipoprotein composed of two protein
subunits: apolipophorin-I (ApoLp-I, ~ 240 KDa) and
apolipophorin-II (ApoLp-II, ~ 80 KDa). Although mostly
composed of DGs and PLs, Lp transports all lipid classes from
sites of storage, absorption, or synthesis to utilization sites (6).
Lipid capture is associated with Lp recognition by the Lp
receptor (LpR) located on cell surfaces, which can internalize
Lp particles through dependent (7–11) or independent (12)
endocytosis mechanisms.

In addition to the blood-feeding, lipids can also be produced
by non-lipid substrates through de novo FA synthesis. This
metabolic pathway requires the consecutive action of two
enzymes. First, acetyl-CoA carboxylase (ACC) carboxylates
acetyl-CoA to produce malonyl-CoA (13). Next, fatty acid
synthase I (FAS I) sequentially condensates several malonyl-
CoA molecules with one acetyl-CoA primer to build up FA,
generally ending in a C16 chain (14). The reaction catalyzed by
malonyl-CoA decarboxylase (MCD) is also important for FA
synthesis. This enzyme converts a malonyl-CoA to acetyl-CoA,
decreasing substrate levels for the lipogenic process and inducing
FA oxidation (15). Free FA can be successively processed to form
TG, where the final and committed step is catalyzed by the
diacylglycerol acyltransferase (DGAT) that forms TG from DG
and FA (16). TG is stored in lipid droplets (LDs), neutral lipid-
rich organelles surrounded by a PL monolayer, which are
essential for animals that display low feeding frequency, like
hematophagous insects. In addition to lipids, LDs also contain a
high diversity of associated proteins, such as DGAT (16) and TG
lipase (17).

An extremely important point concerning hematophagous
insect lipid physiology is their interaction with parasites. After
being ingested through blood-feeding, the parasite establishes
infection in the insect gut, reproducing and differentiating. And,
in the case of T. cruzi, never leaving the gut. Subsequent fecal
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transmission occurs in the following triatomine feeding (18).
During the infection, T. cruzi depends on active lipid endocytosis
from the host system to meet growth and differentiation
requirements (19, 20). Cholesterol (CO) and cholesteryl ester
(CE) derivatives are remarkably important, and not synthesized
by trypanosomatids, being constantly acquired through the
uptake of host lipoproteins (21, 22).

Noteworthy, both male and female hematophagous
Hemiptera feed on blood, presenting the same potential as
vector insects. However, male physiological processes are
greatly neglected, and knowledge regarding their lipid
metabolism and the molecular aspects of insect-parasite
interaction are largely unknown. In the present study, the
effects of acute T. cruzi infection on lipid metabolism
modulation in adult male R. prolixus were evaluated. The
findings indicate that the parasite downregulates lipid
degradation and synthesis pathways in different triatomine
organs. The transcription of lipid receptor proteins is
upregulated as a countermeasure, probably as an attempt to
capture more lipids from Lp. Consequently, several lipids are
involved in response to T. cruzi infection, although modulating
only insect fat bodies, non-infected tissues. Some effects on
hemolymphatic phospholipids were also observed. Therefore,
the success of R. prolixus and T. cruzi interaction appears to be
reached by cell signaling molecules that communicate the
parasite retained in the closed gut environment with other
insect organs.
MATERIAL AND METHODS

Insects
In this study, the Rhodnius prolixus adult males on the second
feeding cycle, from a colony, were maintained at 28°C and 70–
75% relative humidity at the Federal University of Rio de Janeiro,
Brazil. Adults were fed at 21-day intervals on rabbit blood.

Ethics Statement
The animal study was reviewed and approved by Committee for
Evaluation of Animal Use for Research at the Federal University
of Rio de Janeiro, CAUAP-UFRJ, under the registry #IBQM067-
05/16 and 24154319.5.0000.5257, and the NIH Guide for the
Care and Use of Laboratory Animals (ISBN 0-309-05377-3).
Animal facility technicians at the Leopoldo de Meis Medical
Biochemistry Institute (UFRJ) performed all aspects related to
rabbit husbandry under strict guidelines to ensure careful and
consistent animal handling.

Trypanosoma cruzi Infection
The epimastigotes forms of T. cruzi (y strain) were cultivated at
28°C in liver infusion tryptose (LIT) medium supplemented with
10% fetal bovine serum (FBS). Population growth was measured
by direct cell counting in a hemocytometer. In all experiments,
cells were used in the exponential phase of growth. To perform
the infection through an artificial blood-feeding system (23),
blood was taken from a central rabbit ear vein using heparin
(1:50) as an anticoagulant. After centrifugation, the plasma was
November 2021 | Volume 2 | Article 737909
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inactivated by incubation at 56°C for 1 h and blood cells were
washed three times with PBS (PBS: 137 mM NaCl, 2.7 mM KCl,
10 mM Na2HPO4, and 1.8 mM KH2PO4, pH 7.4). The
inactivated plasma and washed cells were mixed and 1x107

parasites were added to the infected group. The non-infected
group received the same blood meal without parasites.

Parasite Detection by kDNA Identification
To confirm R. prolixus infection with T. cruzi, gut compartments
were dissected from three insects (from each group) and
immediately placed on ice. DNA was extracted using the
PowerSoil® DNA Isolation Kit (MoBio) following the
manufacturer’s standard protocol. Subsequently, the DNA was
used for T. cruzi kDNA detection by conventional PCR with Taq
DNA polymerase (Inv i trogen™ ) according to the
manufacturer’s standard protocol. Primers used to amplify the
kDNA were previously published (24). Rp18S was used as a
reference gene. The primer nucleotide sequences are presented in
Supplementary Table S1. The standard PCR conditions were
also based on Guedes et al. (24) as follows: 50°C (2 min), 95°C
(10 min), 40 cycles at 94°C (30 s), 58°C (30 s) and 72°C (1 min),
followed by a final extension at 72°C (5 min). After PCR,
electrophoresis using a 2% agarose gel (UBS, Cleveland, OH,
USA) was carried out to determine the presence of
the amplicons.

Identification of Low-Density Lipoprotein
Receptors (LDLR) Family and Malonyl-CoA
Decarboxylase in R. prolixus
Based on the domains present in the first lipoprotein receptor
(LpR) described in insects from Locusta migratoria (25)
(CAA03855) we performed an HMMER search using FAT (26)
against the R. prolixus protein dataset v 3.3 (VectorBase; http://
www.vectorbase.org). The Pfam domains used in the search
were: Low-density lipoprotein receptor domain class A
(PF00057), Low-density lipoprotein receptor repeat class B
(PF00058). As a result of this search, we identified RpLpR
(RPRC011390) (27), and other five low-density lipoprotein
receptors (LDLR) family members in R. prolixus. RpLDLR
gene s : RPRC000138 , RPRC000060 , RPRC000281 ,
RPRC000270, and RPRC000551. Similarly, we used the
Malonyl-CoA decarboxylase C-terminal domain (PF05292)
from a human MCD sequence (NP_036345.2) to perform an
HMMER search sing FAT (26) against the R. prolixus protein
dataset v 3.3 (VectorBase; http://www.vectorbase.org). Only one
protein was found in R. prolixus – RPRC009749.

Quantitative PCR (qPCR)
Three days post-infection, the organs of adult males were
dissected, washed in PBS, and immediately frozen on dry ice
and stored at -70°C until use. The anterior midgut (amg),
posterior midgut (pmg), hindgut (hg), fat body (fb), flight
muscle (fm), and testis (ts) were isolated. A pool of 5 organs
was collected in each experiment (N= 8). Total RNA was
extracted using TRIzol Reagent (Thermo Fisher Scientific,
Waltham, MA USA) according to the manufacturer’s standard
Frontiers in Tropical Diseases | www.frontiersin.org 3
protocol and quantified with NanoDrop Lite Spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA). After, 1 mg of
total RNA was treated with 1U of DNase I (Invitrogen™,
Carlsbad, CA, USA) for 30 min at 37°C in a final volume of
10uL to remove any potential DNA contamination. The reaction
was stopped with incubation at 65°C for 10 min and the addition
of 50 mM EDTA. The treated RNA was used as a template for
complementary DNA (cDNA) synthesis using the High-
Capacity cDNA Reverse Transcription Kit (Applied
Biosystems™) following the manufacturer’s standard protocol.
The qPCR was performed in a StepOnePlus™ Real Time PCR
System (Applied Biosystems™) using Power SYBR™Green PCR
Master Mix (Thermo Fisher Scientific). The qPCR was
performed using the following parameters: 95°C for 10 min
followed by 40 cycles at 95°C for 15 s and 60°C for 1 min. The
2-DCT method (28) was used to calculate the relative abundance
of the transcripts employing Rp18S as the reference gene (29).
The primer nucleotide sequences used in this study are provided
in the Supplementary Table S1.

SDS-PAGE for Hemolymphatic
Protein Determination
Three days post-infection, adult males (pool of 5, N=8) had their
hemolymph (hm) collected into a tube containing a few grains of
phenylthiourea crystals, by cutting the first pairs of legs. A 0.15
M saline solution containing 1 mM EDTA and 1% protease
inhibitor cocktail (Sigma-Aldrich®) was added to the tube. After
centrifugation at 13.000 x g for 5 min, the supernatant was
collected and stored at -70°C for subsequent analysis. Samples
(1.5 µl of hemolymph/lane) were loaded onto an 8% (w/v)
polyacrylamide gel. The electrophoresis was performed as
previously described (30). After the electrophoresis run, the gel
was stained for 30 min with Coomassie Brilliant Blue G-250
(Thermo Fisher Scientific) and destained for 24 h in 10%
acetic acid.

Lipid Extraction
Three days post-infection, the anterior midgut (amg), posterior
midgut (pmg), hindgut (hg), fat body (fb), flight muscle (fm),
and testis (ts) were isolated from adult males. A pool of 5 organs
was collected in each experiment (N= 8). To analyze the lipid
profile of individual R. prolixus organs, lipids were extracted
following the protocol by Bligh and Dyer (31). Briefly, a
methanol, chloroform, and water solution (2:1:0.8, v/v) was
mixed with the samples, followed by intermittent agitation for
1h. After centrifugation (20 min at 3.000 x g), the supernatant
was collected, and the pellet was subjected to a second lipid
extraction for 1h. Both supernatants were pooled together and a
1:1 chloroform and water solution was added. The samples were
then centrifuged (30 min at 3.000 x g) and the organic phase was
collected and dried under a gentle nitrogen stream.

Thin-Layer Chromatography (TLC) for
Neutral Lipids
Extracted lipids were identified by one-dimensional TLC on
Silica Gel 60 plates (Merck) for neutral lipid determination.
November 2021 | Volume 2 | Article 737909
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Lipid separation was performed using a mixture of hexane,
diethyl ether, and acetic acid (60:40:1 v/v) as solvent. Each
lipid spot was identified by comparison with lipid standards
run in parallel. A total of 15 mg of 1-oleoyl-rac-glycerol (MG),
1,3-diolein (DG), glycerol trioleate (GT), cholesterol (CO),
cholesteryl palmitate (CE), and oleic acid (FA) were used as
the lipid standards, purchased from Sigma-Aldrich®. The plates
were stained with a charring reagent (10% CuSO4 w/v in 8%
phosphoric acid v/v), revealed at 200°C (32), digitized, and
subjected to a densitometry analysis using the TotalLab Quant
v11 (TotalLab Ltd, Newcastle, United Kingdom).

High-Performance Thin-Layer
Chromatography (HPTLC)
for Phospholipids
Extracted lipids were also used in one-dimensional HPTLC on
Silica Gel 60 plates (Merck) for phospholipid identification. Lipid
separation was performed using a mixture of chloroform, acetone,
methanol, acetic acid, and distilled water (20:7.5:6.5:6:4 v/v). Each
lipid spot was identified by comparison with lipid standards run in
parallel. A total of 15 mg of 3-sn-phosphatidic acid (PA),
L-a-phosphatidylethanolamine (PE), L-a-phosphatidylcholine
(PC), 3-sn-phosphatidyl-L-serine (PS), L-a-phosphatidylinositol
(PI), L-a-phosphatidyl-DL-glycerol (PG), L-a-lysophosphatidylcholine
(LPC), and sphingomyelin (SM) were used as the lipid standards,
purchased from Sigma-Aldrich®. Lipids were visualized using a
charring reagent (10% CuSO4 w/v in 8% phosphoric acid v/v),
after heating at 200°C (32). Subsequently, digital images of
chromatography plates were analyzed by densitometric
determinations using the Image TotalLab Quant v11 (TotalLab
Ltd, Newcastle, United Kingdom).

Gas Chromatography-Mass Spectrometry
Analysis (GC-MS)
Lipids extracted from the fat bodies were subjected to mass
spectrometry analyses for FA and sterol composition
determinations. For the FA profile, lipids were prepared and
analyzed according to Kluck et al., 2018 (33), whereas sterol
composition was determined by generating saponified and non-
saponified samples, as described by Pereira et al., 2011 (20).

Triacylglycerol Content Determination
The TG contents of fat bodies, flight muscle, and testes were
evaluated using the enzymatic TG determination Triglicérides
120 kit (Doles Reagentes) according to the manufacturer’s
recommendations. Gut compartments and hemolymph were
not considered in this experiment, as the color of their
homogenates is similar to the color generated by the kit
enzymatic reaction.

Lipid Droplet Histochemistry
To assess LD accumulation, R. prolixus fat bodies were isolated
from infected and non-infected insects (15 of each group). The
tissues were incubated with 0.001% Nile red (Molecular
Probes™) and 10 mg/mL DAPI (Molecular Probes™) in 75%
glycerol. After 15 min of incubation at room temperature in the
Frontiers in Tropical Diseases | www.frontiersin.org 4
dark, the fat bodies were washed in 100% glycerol and
transferred to a glass slide with a drop of 100% glycerol. The
slides were analyzed under a Leica TCS-SPE laser scanning
confocal microscopy with the filter set for Nile red (Ex/Em:
~552/636 nm) and DAPI (Ex/Em: ~358/461 nm) fluorescence.
Images were obtained from 40 to 60 optical sections (around 1.5
µm each) using a 20x objective, employing the “z-stack” function
and an overlap of 350 µm. Figures are presented as a 3D
reconstitution of such images, which were taken applying the
same acquisition conditions between the control and
infected groups.

Statistical Analyses
For all experiments, values were submitted to Grubb´s test to
detect outliers (34). Statistical comparisons were performed
using Student’s t-test, with a 95% confidence interval
(GraphPad Prism 7.0 software), to analyze infected insects
against their respective control group. Differences were
considered significant at p < 0.05. Data are presented as the
means ± S.E.M of eight independent experiments (four samples
were used for the GC-MS analysis).
RESULTS

Gene Identification and R. prolixus
LDLR Family
The LDLR family has as a defining structural characteristic the
presence of an ectodomain containing three types of protein
modules: LDL receptor type A (LA), Epidermal Growth factor
(EGF), and LDL receptor type B (LY – containing the YWTD
motif) modules (35). HMMER searches with these domains
yielded six genes – RPRC011390, RPRC000060, RPRC000281,
RPRC000138, RPRC000551, and RPRC000270, which mainly
differ in the number and combination of the three protein
modules (Supplementary Figure S1). Among them, the protein
encoded by the RPRC011390 gene exhibited 67% identity against
the lipophorin receptor from Locusta migratoria (e-value 0.0,
coverage 95%), presenting the unique set of sequence motifs of
the C-terminal domains that characterize insect LpRs (36).
Consequently, it was considered the true LpR homolog for R.
prolixus. It is important to note that a 3’-RACE-PCR (manuscript
under preparation) extended the RpLpR sequence from that
deposited in VectorBase, enhancing our bioinformatics analysis.
Based on the domain composition, we suggest that the other five
proteins from the LDLR family comprise one LDL-related protein
1 (RpLrp1) – RPRC000138; two LDL-related proteins 2 (RpLrp2
or megalin) – RPRC000060 and RPRC000281; one vitellogenin
receptor (RpVtgR) – RPRC000551.

LDLR Tissue-Specific mRNA Expression
and Lp Levels in R. prolixus Males
The highest abundance of RpLpR (RPRC011390) mRNA was
found in the midgut compartments, while the lowest level was
detected in fat bodies. In non-infected insects, low abundances
were also detected in the flight muscle, and testes (Figure 1A).
November 2021 | Volume 2 | Article 737909
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A trend for increased LpR mRNA levels in all R. prolixus organs
towards T. cruzi infection was observed (Figure 1A). T. cruzi
upregulated RpLpR mRNA levels, which were only significantly
different in the flight muscle (p = 0.0257) and testes (p = 0.0444).

Coomassie staining was used to detect the relative amount of
Lp in male hemolymph. Two prominent Lp particle bands,
corresponding to ApoLp-I (~ 240 KDa) and ApoLp-II (~ 80
KDa) subunits were detected. T. cruzi challenge did not alter Lp
protein levels and, as expected, other proteins were also
detectable in male circulation (Figure 1B).

As the exact function of the other LDLRs is still uncertain, the
mRNA levels of the four LDLR family genes found in the R.
prolixus genome were also evaluated. RpLrp1 (RPRC000138)
transcripts were less abundant in the anterior midgut and flight
muscle, with similar levels identified in the other investigated
organs. T. cruzi infection did not modify the expression of this
gene (Figure 2A). RpLrp2 (RPRC000060) mRNA levels were
most abundant in the hindgut, flight muscle, and testes, with
lower abundances detected in the other organs (Figure 2B).
T. cruzi infection upregulated RpLrp2 (RPRC000060) mRNA
expression in the hindgut (p = 0.0169), fat body (p = 0.0140),
flight muscle (p = 0.0037) and testes (p = 0.0333), modifying the
mRNA abundance profile due to the higher detection of this
transcript in fat bodies (Figure 2B). The other RpLrp2 gene
(RPRC000281) displayed a similar mRNA expression pattern
(Figure 2C). T. cruzi infection, however, only upregulated
mRNA abundance in fat bodies (p = 0.0361). Lastly, the
highest transcript levels of RpVtgR (RPRC000551) were
detected in the testes (Figure 2D). T. cruzi infection
upregulated the anterior midgut RpVtgR (RPRC000551)
mRNA expression (p = 0.0364).

Transcript Levels of De Novo Fatty Acid
Synthesis Enzymes in R. prolixus Males
To investigate the putative role of de novo FA synthesis during
T. cruzi infection we evaluated the expression of RpACC
(RPRC013987) (37, 38) in adult males. The transcript levels of
Frontiers in Tropical Diseases | www.frontiersin.org 5
the RpACC gene were most abundant in non-infected insect fat
bodies, compared to other R. prolixus organs. Infected insects
exhibited a reduced RpACC mRNA abundance in fat body (p =
0.0084), anterior midgut (p = 0.0296), and hindgut (p = 0.0313)
(Figure 3A). The MCD enzyme catalyzes the ACC opposite
reaction, carboxylate malonyl-CoA to acetyl-CoA, and its
transcripts in R. prolixus males were mainly found in the flight
muscle. T. cruzi infection did not modify the mRNA expression
of this gene (Supplementary Figure S2).

Fatty acid synthase I (FAS I) catalyzes the next step of FA
synthesis, condensing malonyl-CoA molecules with one acetyl-
CoA to build up FAs. Recent genomic analysis of triatomines
lipid metabolism genes (39) reported three distinct type I FAS
(FAS I) genes – RPRC000123, RPRC000269, and RPRC002909
(herein termed RpFASa, RpFASb, and RpFASc, respectively),
which were all evaluated in the present study. RpFASa
(RPRC000123) transcripts were not detected in any of the gut
compartments. Its mRNA was mainly found in the fat body and
flight muscle, and the infection with T. cruzi downregulated the
transcript abundance in the fat body (p = 0.0029), flight muscle
(p = 0.0418), and testes (p = 0.0013) (Figure 3B). The second
FAS I gene – RpFASb (RPRC000269) was mainly transcripted in
the fat body and midgut compartments (Figure 3C). Infected
insects presented the same profile of mRNA abundance through
the analyzed organs, with a reduction in the levels detected in the
anterior midgut (p = 0.0450) and fat body (p = 0.0335)
(Figure 3C). Transcripts of the third FAS I gene – RpFASc
(RPRC002909) were predominantly found in the testes. The
mRNA level profiles remained unaltered in infected insects, but
the parasite-induced a reduction in RpFASc mRNA abundance
in the testes (p = 0.0051) (Figure 3D).

Lipid Storage Metabolism in
R. prolixus Males
Given the importance of lipid storage for hematophagous insect
physiology, enzymes related to TG storage and degradation, as
well as TG itself, were investigated. Although identified in all
A B

FIGURE 1 | Lipid absorption and transport in R. prolixus males. (A) RpLpR transcript levels in individual triatomine organs. Analyses were performed using qRT-
PCR and the 2−DCT method, with Rp18S as the reference gene. Data are displayed as means ± S.E.M. from eight replicates with t-test for parametric data
comparing control (black columns) against T. cruzi infected (grey columns) insects. (B) Lp levels (apoLp-I and apoLp-II subunits) in the control (C) and infected (I)
male insect hemolymph. The experiment was performed using four different samples (1 – 4) and a purified R. prolixus Lp as standard. Amg, anterior midgut; pmg,
posterior midgut; hg, hindgut; fb, fat bodies; fm, flight muscle; ts, testes; LTP, lipid transfer particle; apoLp-I, apolipophorin I; vtg, vitellogenin; apoLp-II, apolipophorin
II; SP1, stored protein 1 and SP2, stored protein 2.
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evaluated organs, the highest RpDGAT (RPRC003808) (39)
transcript level was detected in flight muscle. T. cruzi infection
induced a downregulation of this mRNA in the anterior midgut
(p = 0.0324), hindgut (p = 0.0118), and fat body (p = 0.0165)
(Figure 4A). The Bmm lipase (39) catalyzes the DGAT opposite
reaction, and in R. prolixus males the highest abundance of its
mRNA was found in the posterior midgut, hindgut, and fat body.
Infected insects presented a reduction in RpBmm (RPRC002097)
mRNA levels in the hindgut (p = 0.0362) and fat body (p =
0.0460) (Figure 4B).

Regarding TG levels, the fat bodies of uninfected R. prolixus
males mainly presented a single and large LD in the cytoplasm,
delimiting cell nucleus size and shape (Figure 4C). Conversely,
in T. cruzi infected males, the fat body cells exhibited numerous
smaller LDs surrounding a large and rounded nucleus
(Figure 4D). Colorimetric assays confirmed a reduction in TG
content in the fat bodies of T. cruzi infected males (p = 0.0338).
However, the infection did not alter flight muscle and testes TG
content (Figure 4E).

R. prolixus Male Tissue-Specific
Lipid Content
To examine the lipid content of individual organs, lipids were
extracted and separated by chromatography for neutral lipid
(Supplementary Figure S3A) and phospholipid (Supplementary
Figure S4A) identification. It is important to note that this
chromatographic assay does not allow for efficient separation of
Frontiers in Tropical Diseases | www.frontiersin.org 6
1,2-DG from CO. Consequently, the presented 1,2-DG level may
contain some CO. T. cruzi infection modulated lipid levels only in
triatomine fat bodies and hemolymph (Figure 5).

TG and CE represented the most abundant neutral lipid
classes in the fat body. A high level of PLs was also identified.
Infected insects presented a reduction in MG (p = 0.0474), 1,2-
DG/CO (p = 0.0497), TG (p = 0.0364), CE (p = 0.0279), and PL
(p = 0.0311) levels (Figure 5A). The fat body phospholipids
were composed of phosphat idy lchol ine (PC) and
phosphatidylethanolamine (PE), both also downregulated by
T. cruzi infection, at p = 0.0397 and 0.0070, respectively
(Figure 5B). Other phospholipids, such as sphingomyelin,
phosphatidylinositol, and phosphatidic acid, were also
identified in the fat bodies, however at very low levels and
frequency (in two of eight experiments). Thus, they were not
considered representative in this study.

CE, 1,2-DG/CO, and PLs were the most abundant lipid
classes in hemolymph, (Figure 5C). Only PLs were reduced
(p = 0.0162) by T. cruzi infection, specifically PC (p = 0.0267)
and PE (p = 0.0447) (Figures 5C, D). The neutral lipid and
phospholipid composition of the other R. prolixus organs are
presented in Supplementary Figure S3, S4, respectively.

Fatty Acid and Sterol Composition
of R. prolixus Male Fat Bodies
To further investigate the effects of T. cruzi infection on the
modulation of R. prolixus fat body metabolism, extracted lipids
A B

DC

FIGURE 2 | Transcript abundance of LDLR family members in R. prolixus males. mRNA levels of (A) RpLrp1 (RPRC000138), (B) RpLrp2 (RPRC000060), (C)
RpLrp2 (RPRC000281), and (D) RpVtgR (RPRC000551) in individual triatomine organs. Analyses were performed using qRT-PCR and the 2−DCT method, with
Rp18S as the reference gene. Data are displayed as means ± S.E.M. from eight replicates with a t-test for parametric data comparing control (black columns)
against T. cruzi infected (grey columns) insects. Amg, anterior midgut; pmg, posterior midgut; hg, hindgut; fb, fat bodies; fm, flight muscle; and ts, testes.
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were subjected to a mass spectrometry analysis for FA and sterols
identification. Several FA types were identified (Supplementary
Figure S5), but at levels so low that they could not be quantified.
The most abundant types were myristic (C14:0), pentadecanoic
(C15:0), palmitic (C16:0), palmitoleic (C16:1), margaric (C17:0),
stearic (C18:0) and elaidic (C18:1n9t) acids. The insect challenge
with T. cruzi did not alter fat body FA composition or levels
(Figure 6A). On the other hand, the sterol analysis revealed CO
as the only sterol present in R. prolixus male fat body
(Supplementary Figure S6). Additionally, T. cruzi infection
did not modulate CO levels in this organ (Figure 6B).
DISCUSSION

While a significant amount of studies regarding the lipid
metabolism in R. prolixus females are available (4, 5, 37, 39–
44), scarce work has been conducted on male metabolism.
Additionally, how T. cruzi infection affects the lipid physiology
of individual R. prolixus organs is insufficiently understood. In
this context, several lipid metabolism parameters in adult male
R. prolixus specimens were investigated herein, revealing that T.
cruzi infection significantly alters several molecular and
biochemical aspects of insect lipid physiology.

Although the R. prolixus genome contains five genes closely
related to LDLR family members, the RPRC011390 gene is the
only one similar to other described LpRs in insects (12, 36, 45).
Frontiers in Tropical Diseases | www.frontiersin.org 7
The tissue-specific expression pattern of this gene three days
after feeding supports an Lp lipid loading route through the gut
compartments to subsequent fat body storage. This supports
previously observed Lp binding capacity in the midgut (42) and
concomitant transference of phospholipids and neutral lipids
from the posterior midgut to Lp (41) in R. prolixus females. The
upregulation of RpLpR mRNA expression in the flight muscle
and testes of T. cruzi infected insects may be a strategy to increase
parasite dispersal through greater flight activity and
reproduction, both sustained by additional lipid capitation.
The infection response observed herein is similar to that of
Plasmodium gallinaceum infected Aedes aegypti, where LpR
expression is enhanced by the infection (46).

Since the LDLR protein family presents multi-ligand binding
properties interacting with over 40 different molecules (47) and
some insect LpRs are not essential for TG storage or mobilization
in fat bodies (12), a potential role of the other R. prolixus LDLRs
on Lp internalization cannot be disregarded. The tissue-specific
mRNA expression pattern of these genes is different from that of
the true RpLpR and also responsive to the parasite challenge,
supporting possible participation in Lp uptake.

Despite the critical role Lp plays in lipid transport (6), the
finding that Lp protein levels were unchanged in T. cruzi
infection appears to conflict with the other results presented
herein. The working hypothesis is that the parasite affects only
the Lp lipid portion, which still requires further investigation.
Supporting this finding, insect LpRs favor the endocytosis of
A B
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FIGURE 3 | Transcript abundance of de novo fatty acid synthesis enzymes in R. prolixus males. mRNA levels of (A) RpACC, (B) RpFASa, (C) RpFASb, and (D)
RpFASc in individual triatomine organs. Analyses were performed using qRT-PCR and the 2−DCT method, with Rp18S as the reference gene. Data are displayed as
means ± S.E.M. from eight replicates with a t-test for parametric data comparing control (black columns) against T. cruzi infected (grey columns) insects. Amg,
anterior midgut; pmg, posterior midgut; hg, hindgut; fb, fat bodies; fm, flight muscle; and ts, testes.
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delipidated Lp particles leading to downregulation when
circulating Lp is fully lipidated (11), which occurs three days
after R. prolixus feeding (41).

Concerning the lipid biosynthetic pathway, the first enzyme
committed to the de novo FA synthesis, ACC, was mainly
transcribed in the fat body. This may sustain lipid storage until
the transference of dietary lipids from the midgut, which is
highest around days two-three after feeding (5, 41, 42). The next
enzyme in this route, FAS, was found in three copies in the R.
prolixus genome. Interestingly, each was mostly transcribed at a
specific site, ensuring the non-dietary lipid supply in all
investigated insect organs. Intriguingly, RpACC and RpFAS
were downregulated by T. cruzi infection.

As transcriptional factors, sterol regulatory-element binding
proteins (SREBPs) are key lipogenic activators (48, 49). Among
their control mechanisms, SREBPs can be inhibited by sirtuin
(SIRT) deacetylation (48, 50, 51). An increase in the abundance
of SIRT mRNAs in the hindgut and fat bodies of infected R.
prolixus was observed in the infection system investigated herein
(manuscript under preparation). Thus, T. cruzi may inhibit
SREBP activity (through SIRT-dependent or independent
manners) resulting in RpACC and RpFAS mRNA expression
downregulation and subsequent decreased lipid levels and
storage in the insect fat bodies.

RpDGAT transcription was also downregulated in the
parasite challenge, which strongly corroborates with lower LDs,
Frontiers in Tropical Diseases | www.frontiersin.org 8
TG, CE, and PLs accumulation in the insect fat bodies.
Considering that T. cruzi physiology is dependent on active
lipid endocytic processes (19, 20) and that R. prolixus fat bodies
are a rich source of lipids, it is not surprising that the parasite has
evolved mechanisms to promote the mobilization of these stocks.
In agreement, the most abundant lipids in T. cruzi storage – CE,
TG, and PLs (20) were all downregulated in infected insects.
Additionally, during the invertebrate host life cycle, the parasite
also takes nutrients directly from vertebrate blood ingested by
the insect. It is intriguing to note, however, that T. cruzi never
leaves the R. prolixus gut lumen (18) and yet regulates lipid fat
body metabolism. It has been shown in other insects that
parasites can modulate a great diversity of cell signaling
molecules to establish an association from the closed gut
environment with the other insect organs leading to effects,
such as immune response, change in behavior, modulation of
host development (55–57). microRNAs, which are known to be
significantly modulated by blood-feeding in vector arthropods
(58, 59), may be responsible for this association between the
parasite and the insect system.

Conversely, during the vertebrate host life cycle, intracellular
T. cruzi forms induce the accumulation of LDs (60, 61). It is well
established that a variety of intracellular pathogens, such as
viruses and bacteria, leads to LD proliferation and increases in
certain lipid levels (62–67). Indeed, a central immune response to
infection triggers LD accumulation as a primary source of
FIGURE 4 | Lipid storage profile in R. prolixus males. (A) RpDGAT and (B) RpBmm mRNA levels in individual triatomine organs. Analyses were performed using
qRT-PCR and the 2−DCT method, with Rp18S as the reference gene. Representative R. prolixus male fat bodies were stained with Nile red (red) and DAPI (blue) and
imaged under a confocal microscope from (C) control and (D) infected insects. Images are a 3D reconstitution from optical sections of ~ 60 µm, bars = 50 µm.
(E) TG quantification by colorimetric assay. Data are displayed as means ± S.E.M. from eight replicates with a t-test for parametric data comparing control (black
columns) against T. cruzi infected (grey columns) insects. Amg, anterior midgut; pmg, posterior midgut; hg, hindgut; fb, fat bodies; fm, flight muscle; and ts, testes.
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precursors for inflammatory mediators (such as prostaglandins,
thromboxanes, leukotrienes, lipoxins, resolvins, eoxins, and
others) biosynthesis (67). Neutral lipid and phospholipid
downregulation in R. prolixus may be rerouting these
molecules to form anti-immunity mediators, to allow T. cruzi
growth and differentiation in the invertebrate host gut. It is
important to note that a homeostatic mechanism that maintains
stored TG levels in fat bodies unchanged even during a lipid-free
diet period is present in other insect models (68). In addition, a
well-known correlation between increased TG synthesis and LD
formation and cell stress is known (69). T. cruzi thus appears to
have evolved strategies to overcome triatomine homeostasis,
stress, and immune system responses.

Inaddition to lower synthesis, lipid decreasesmay alsobe related
to greater oxidation. TG recruitment undergoes the action of TG
lipases to provide free FA (70). However, T. cruzi infection also
decreased RpBmm transcription. It has been recently reported that
induction of autophagy-dependent processing of LDs and TG
Frontiers in Tropical Diseases | www.frontiersin.org 9
(lipophagy) occurs in other infection systems to favor pathogen
development (71). Lipophagy may answer for the modification
identified inR. prolixus fat bodieswithout a concomitant increase in
RpBmm expression or RpBmm transcription mat not correlated
with enzyme activity.

Lipid importance in T. cruzi infections is evident when the
parasite regulates insect lipid physiology in its favor. It is proposed
thatT. cruziuptakes the lipid component ofR. prolixusLp, affecting
dietary lipid storage. It is known that protozoan parasites such as T.
rangeli and P. gallinaceum uptake their invertebrate host Lps as
their main lipid source (72, 73), strongly supporting the results
presented herein. Concomitantly, the parasite interferes with lipid
degradation and synthesis pathways. As a countermeasure, the
transcription of LpR and other proteins possibly related to lipid
uptake is upregulated, probably as an attempt to capture more Lp.
All lipid level modulations were identified in non-infected tissues.
This suggests that T. cruzi displays a great diversity of cell signaling
molecules to maintain its association from the closed gut
A B
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FIGURE 5 | Lipid composition of R. prolixus male fat bodies and hemolymph. Levels of (A, C) neutral lipids and (B, D) phospholipids in the fat body (A, C), and
hemolymph (B, D) of the triatomine. Lipids were extracted, separated, and identified by chromatography for subsequent densitometric analysis. Data are displayed
as means ± S.E.M. expressed in arbitrary units (A. U.) from eight replicates with a t-test for parametric data comparing the lipid levels of control (black columns)
against T. cruzi infected (grey columns) insects. Fb, fat bodies; hm, hemolymph; PL, phospholipids; MG, monoacylglycerol; UD, undeterminate lipid; 1;2-DG, 1;2-
diacylglycerol (and cholesterol); 1,3-DG, 1,3-diacylglycerol; FA, fatty acid; TG, triacylglycerol; CE, cholesteryl ester; NL, neutral lipid; PC, phosphatidylcholine and PE,
phosphatidylethanolamine.
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environment with insect fat bodies. The parasite may modulate
several other metabolic pathways that affect all insect organs in a
different manner, which raises several intriguing issues for future
studies in the parasite-vector interaction field.
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Supplementary Table S1 | Primer nucleotide sequences were used for the qRT-
PCR analyses.

Supplementary Figure S1 | Modular structure of the LDLR family in R. prolixus.
An analysis of the triatomine genome resulted in the identification of six genes
encoding proteins belonging to the LDLR family. The RPRC011390 gene is the true
insect LpR; RPRC000138 is an LDL-related protein 1 (Lrp1); RPRC000060 and
RPRC000281 are LDL-related proteins 2 (Lrp2 or megalin); RPRC000551 is a
vitellogenin receptor (VtgR); and, finally, RPRC000270 appears to be a gene related
to lipoprotein intracellular transport. FN3 – fibronectin 3 and VPS10 – vacuolar
protein sorting/targeting protein 10. Figure elaborated based on domain
architecture acquired from the Smart Domain database (http://smart.embl-
heidelberg.de/).
A B

FIGURE 6 | Fatty acid and sterol composition of R. prolixus male fat bodies. (A) FA and (B) sterol levels identified in triatomine fat body. After extraction, lipids
were prepared and analyzed by gas chromatography coupled to mass spectrometry. Nonadecanoic acid (C19:0) and 7-dehydrocholesterol were used as internal
standards, respectively. Data are displayed as the means ± S.E.M. from four replicates with a t-test for parametric data comparing the FA or sterol composition of
control (black columns) against T. cruzi infected (grey columns) insects. C14:0 – myristic, C15:0 – pentadecanoic, C16:0 – palmitic, C16:1 – palmitoleic,
C17:0 – margaric, C18:0 – stearic, C18:1n9t – elaidic acids and CO – cholesterol.
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Supplementary Figure S2 | Transcript abundance of malonyl-CoA
decarboxylase in R. prolixus males. RpMCD mRNA levels in individual triatomine
organs. Analyses were performed using qRT-PCR and the 2−DCT method, with
Rp18S as the reference gene. Data are displayed as means ± S.E.M. from eight
replicates with a t-test for parametric data comparing control (black columns)
against T. cruzi infected (grey columns) insects. Amg – anterior midgut, pmg –

posterior midgut, hg – hindgut, fb – fat bodies, fm – flight muscle, and ts – testes.

Supplementary Figure S3 | Neutral lipid content in individual organs of R. prolixus
males. Lipids were extracted, separated, and identified by chromatography for
subsequent densitometric analysis. (A) Representative thin layer chromatography
showing the profile of neutral lipids in the triatomine organs. Neutral lipid levels from the (B)
anterior midgut, (C) posterior midgut, (D) hindgut, (E) flight muscle, and f testes. Data are
displayed asmeans ±S.E.M. expressed in arbitrary units (A. U.) fromeight replicateswith a
t-test for parametric data comparing the lipid levels of control (C/black columns) against T.
cruzi infected (I/grey columns) insects. PL – phospholipids, MG –monoacylglycerol, UD –

undeterminate lipid, 1,2-DG – 1,2-diacylglycerol (and cholesterol), 1,3-DG – 1,3-
diacylglycerol, FA – fatty acid, TG - triacylglycerol, and CE – cholesteryl ester.

Supplementary Figure S4 | Phospholipid content in individual organs ofR.prolixus
males. Lipids were extracted, separated, and identified by chromatography for
subsequent densitometric analysis. (A) Representative high-performance thin-layer
chromatography showing the profile of phospholipids in the triatomine organs.
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Phospholipid levels from the (B) anterior midgut, (C) posterior midgut, (D) hindgut, (E)
flightmuscle, and f testes. Data are displayed asmeans±S.E.M. expressed in arbitrary
units (A. U.) from eight replicates with a t-test for parametric data comparing the lipid
levelsof control (C/blackcolumns)againstT.cruzi infected (I/greycolumns) insects.NL–
neutral lipids, LPC – lysophosphatidylcholine, SM – sphingomyelin, PG –

phosphatidylglycerol, PI – phosphatidylinositol, PS – phosphatidylserine, PC –

phosphatidylcholine, PE – phosphatidylethanolamine and PA – phosphatidic acid.

Supplementary Figure S5 | Chromatogram of the fatty acid composition of
R. prolixus fat bodies. Analysis from control (A) and infected (B) insects. After
extraction, lipids were prepared and evaluated by gas chromatography coupled to
mass spectrometry. Nonadecanoic acid (C19:0) was used as an internal standard.
The fatty acids identified were C12:0 - lauric, C14:0 – myristic, C15:0 –

pentadecanoic, C16:1 – palmitoleic, C16:0 – palmitic, C17:0 –margaric, C18:2n6c
– linoleic, C18:1n9c – oleic, C18:1n9t – elaidic, C18:0 – stearic, C19:0 –

nonadecanoic (standard), C20:4n6 – arachidonic, C20:0 – arachidic, C21:0 –

heneicosanoic, C22:1n9 – erucic and C24:0 – lignoceric.

Supplementary Figure S6 | Chromatogram of sterol composition of R. prolixus
fat bodies. Analysis from control (A) and infected (B) insects. After extraction, lipids
were prepared and evaluated by gas chromatography coupled to mass
spectrometry. 7-Dehydrocholesterol was used as an internal standard. Only
cholesterol was identified in this analysis.
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