Biochimica et Biophysica Acta 1840 (2014) 396-405

Contents lists available at ScienceDirect

Biochimica et Biophysica Acta

journal homepage: www.elsevier.com/locate/bbagen

A phospholipase A, gene is linked to Jack bean urease toxicity in the
Chagas' disease vector Rhodnius prolixus

@ CrossMark

M.S. Defferrari **, D.H. Lee ®, C.L. Fernandes ¢, I. Orchard ™!, C.R. Carlini >

@ Graduate Program in Cellular and Molecular Biology, Center of Biotechnology, Institute of Biosciences, Universidade Federal do Rio Grande do Sul, Porto Alegre, RS, Brazil

b Department of Biology, University of Toronto Mississauga, Mississauga, ON, Canada

¢ Department of Biophysics & Center of Biotechnology, Universidade Federal do Rio Grande do Sul, Porto Alegre, RS, Brazil and Graduate Program in Cellular and Molecular Biology Applied to
Health, Universidade Luterana do Brasil, Canoas, RS, Brazil, Present address: Instituto do Cérebro-InsCer, Pontificia Universidade Catdlica do Rio Grande do Sul, Porto Alegre, RS, Brazil

ARTICLE INFO ABSTRACT

Article history:

Received 12 May 2013

Received in revised form 26 July 2013
Accepted 11 September 2013
Available online 18 September 2013

Background: Ureases are multifunctional enzymes that display biological activities independent of their enzymat-
ic function, including exocytosis induction and insecticidal effects. The hemipteran Rhodnius prolixus is one of the
known susceptible models for this toxicity. It has been shown that Jack bean urease (JBU) has deleterious effects
on R. prolixus, and these effects are modulated by eicosanoids, which are synthesized in a cascade involving
phospholipase A, (PLA;) enzymes.

Methods: R. prolixus genome was screened for putative PLA,s and matching transcripts were cloned. Predicted

K ds: . . R N . . .
l:gevg: T amino acid sequences were analyzed and transcript distribution among tissues was determined by qPCR. RNAi
Eicosanoid techniques were used and subsequent JBU toxicity assays were performed.

qPCR Results: Two PLA; genes were identified, Rhopr-PLA2IIl and Rhopr-PLA2XII. The transcripts are widely distributed
Transcript cloning in the tissues but at different levels. The analyses fit the putative proteins into groups Il and XII of secretory PLA,s.
RNAi After 70% of Rhopr-PLA2XII expression was knocked down, JBU's toxicity was decreased by more than 50% on 5th

Gene knockdown instars R. prolixus.

Conclusions: Rhopr-PLA2XII gene is linked to JBU's toxic effect in R. prolixus and our findings support previous
studies demonstrating that eicosanoids modulate this toxicity.

General significance: Besides identifying and characterizing two PLA, genes in the major Chagas' disease vector
R. prolixus, we have shown that the potent toxicity of JBU is linked to one of these genes. Our results contribute
to the general comprehension of urease's mechanisms of action in insects, and, potentially, to studies on the

control of the Chagas' disease parasite transmission.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Ureases are metallo enzymes that catalyze urea hydrolysis and are
synthesized by plants, fungi and bacteria [12,28]. These enzymes
have other biological properties that are independent from their catalyt-
ic function, such as entomotoxic activity and exocytosis induction
[18,19,44]. Urease isoforms isolated from the seeds of the legume
Canavalia ensiformis display strong insecticidal effects, partly due to
the processing of urease and release of internal peptides inside the
insects' gut. Nymphs of the hemipterans Rhodnius prolixus, Dysdercus
peruvianus and Oncopeltus fasciatus are examples of susceptible insects
[11,14,38]. It was recently demonstrated in nymphs of R. prolixus that
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within hours after feeding on a urease solution, intact molecules are
detected in the hemolymph, and when urease is directly injected into
the hemolymph it displays insecticidal effects [46]. These findings indi-
cate that urease's entomotoxic activity is also due to actions of the in-
tact molecule. When tested ex vivo on individual R. prolixus tissues,
urease interferes with different cell signaling pathways and these effects
are modulated by eicosanoids [45,46]. The same happens in different
mammalian models, where plant and bacterial ureases induce exocyto-
sis modulated by eicosanoids [3,21,40,52,53].
Phospholipases A,

(PLAys; EC 3.1.1.4) are enzymes on the beginning of the eicosanoid bio-
synthetic pathway, where they catalyze the hydrolysis of the fatty acid
ester at the sn — 2 position of glycerophospholipids, releasing both unsat-
urated fatty acids and lysophospholipids [7,8]. These enzymes are re-
markably diverse and are found in viruses, bacteria, plants and
animals. They are classified into 18 different groups and several sub-
groups based on their sequence homology and biochemical charac-
teristics [7,8]. Arachidonic acid, like other polyunsaturated fatty
acids with 20 carbon chains, is released by PLA; hydrolysis reaction
and it can be subsequently oxygenated by three different enzymes:
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cyclooxygenase (yielding prostaglandins), lipoxygenase, or cyto-
chrome P 450 — ‘epoxygenase’. Most work on insect systems has fo-
cused on the prostaglandins, which act as central mediators of the
insects' immune response, particularly in cellular reactions [48]. In
insects PLA;s also act in digestion, reproduction and general metab-
olism [47]. Previous studies characterized the genes encoding PLA,s
in Drosophila melanogaster [41], in the bumblebee Bombus ignitus
[54] and in Tribolium castaneum [43].

Rhodnius prolixus is a major vector of human Chagas' disease, a
chronic parasitic disease caused by the protozoan Trypanosoma cruzi.
It is endemic in all Latin American countries, where approximately
100 million people are at risk and 16 million people are estimated
to be infected [13,15]. Rhodnius prolixus feeds exclusively on verte-
brate blood, ingesting up to ten times its own body mass per meal.
After ingestion, it must rapidly eliminate large volumes of salts
and water, defecating on the host's skin and thereby transmitting
the parasite [2,34]. Phospholipids and lysophospholipids (products
of PLA, hydrolysis) have been shown to be present in the saliva of
R. prolixus, where lysophosphatidylcholine acts as an antihemostatic
molecule facilitating the feeding process [20]. The activity of PLA,s
has also been detected in R. prolixus hemolymph and hemocytes,
where PLA;s play roles in cellular immune reactions [16,17]. More re-
cently, it was demonstrated that the lysophosphatidylcholine present
in saliva modulates the transmission and infection of T. cruzi, along
with being present in the feces of R. prolixus [27].

Although urease toxicity is modulated by eicosanoids both in in-
sects and in mammals, the oxygenation pathway of arachidonic
acid seems to be different in each case. In R. prolixus the effect is
modulated by prostaglandins, products of cyclooxygenase [46],
while in different mammal models the effects are modulated by
lipoxygenase products [3,53]. Considering that the common step
for both cases is the release of arachidonic acid by PLA,s, we have
investigated the connection between urease toxicity and a PLA,
gene in the well known model R. prolixus.

Here we have identified two PLA, genes from R. prolixus and
cloned the complete coding sequence of the two transcripts. After
isolating and identifying the transcripts we have analyzed their ex-
pression profiles in different tissues by real time qPCR. We have phy-
logenetically compared the two R. prolixus PLA, sequences with
other PLA; sequences from vertebrates and invertebrates available
through GenBank. Also, we have inferred some of the properties of
the proteins, which suggest that they are both secretory PLA,s but
possibly with distinct functions. Based on function predictions for
the two PLA,s and their distribution among tissues, we have chosen
to knockdown the Rhopr-PLA2XII transcript in order to study effects
on urease toxicity. We have tested urease on knockdown insects
and observed a significant decrease in mortality when compared to
control insects, suggesting that in R. prolixus urease toxicity is linked
to Rhopr-PLA2XII gene.

2. Methods

2.1. Screening of the predicted peptidome and the transcriptome of
R. prolixus for the identification of putative PLA,s

In order to identify putative PLA,s present in R. prolixus, the predict-
ed peptidome (available at rprolixus.vectorbase.org/GetData/Down-
loads/) was screened using the search tool in the program Geneious
Basic [25]. The PLA, conserved pattern present in all known functional
PLA;s, and characterized by the sequence C-C-{P}-x-H-{LGY}-x-C (ac-
cordingly to the online tool PROSITE, prosite.expasy.org, X means
any residue, {} means any residue but the ones indicated and the his-
tidine indicates the active site), was used as a reference for the
search. After the identification of putative amino acid sequences,
the relative mRNA sequences were used to design primers and
clone the transcripts.

2.2. Identification of PLA, cDNA sequences from 5th instar R. prolixus CNS
cDNA library

For the identification of the previously predicted PLA, cDNA se-
quences, a cDNA library from the CNS of 5th instar R. prolixus [36] was
screened using a modified amplification of cDNA ends (RACE) PCR as
outlined below. Gene-specific primers (GSPs) were designed based on
two predicted PLA, mRNA sequences (Table S1). For the 3’ RACE PCR,
GSPs were used successively combined with the cDNA library plasmid
reverse primers (Table S1) in a semi-nested PCR approach, which was
used to increase the specificity of the amplified products. Next, 5’
RACE GSPs (Table S1) were used successively combined with the
cDNA library plasmid forward primers (Table S1), also in a semi-
nested approach. After the first round of PCRs was completed, the prod-
ucts were column purified (Biobasic, Markham, ON, Canada) and used
as a template for the second semi-nested PCRs. The conditions of all re-
actions were 3 min initial denaturation at 94 °C, 35 cycles of denatur-
ation for 30 s at 94 °C, annealing for 30 s at 59-60 °C, extension for
1 min at 72 °C, and a final extension for 10 min at 72 °C. The final am-
plified PCR products were run on 1.5% agarose gels stained with
ethidium bromide, and the desired bands were extracted. The amplified
fragments extracted from the gels were column purified and cloned
using the pGEM-T Easy Vector system, according to the manufacturer
instructions (Promega, Madison, WI, USA). The clones expressing the
desired products were submitted to column purification and the PLA,
nucleotide sequences were determined at the Centre for Applied Geno-
mics, at the Hospital for Sick Children in Toronto (MaRS Centre, Toronto,
ON, Canada). Sequences were confirmed from at least three indepen-
dent clones to ensure base accuracy.

2.3.Isolation of the complete PLA, ORF nucleotide sequences from 5th instar
R. prolixus CNS cDNA library

In order to isolate the complete PLA, open reading frame (ORF) nu-
cleotide sequences, the cDNA library from the CNS of 5th instar R.
prolixus [36] was used as template for PCRs with GSPs (Table S2)
designed from the sequences obtained with RACE PCRs. The conditions
of all reactions were 3 min initial denaturation at 94 °C, 35 cycles of de-
naturation for 30 s at 94 °C, annealing for 30 s at 60-61 °C, extension
for 1 min at 72 °C, and a final extension for 10 min at 72 °C. The final
amplified PCR products were run on 1.5% agarose gels, stained with
ethidium bromide, and the desired bands were extracted. The amplified
fragments extracted from the gels were column purified and cloned
using the pGEM-T Easy Vector system, according to the manufacturer
instructions (Promega, Madison, WI, USA). The clones expressing the
desired products were submitted to column purification and the PLA,
nucleotide sequences were determined at the Centre for Applied Geno-
mics, at the Hospital for Sick Children in Toronto (MaRS Centre, Toronto,
ON, Canada). Sequences were confirmed from at least three indepen-
dent clones to ensure base accuracy.

24. Prediction of PLA; gene structure and sequence analyses

The predictions of location and size of introns in the identified
PLA; genes were performed using the nucleotide sequences in a
local BLASTN search against the R. prolixus genome assembly data-
base with Geneious Basic [25]. After selecting the high scoring hits,
the PLA, cDNA sequences were compared to the assembled genomic
sequences to predict the location and size of exons/introns. The
sequences were analyzed for potential signal peptides using the
SignalP 4.0 server (www.cbs.dtu.dk/services/SignalP) and TargetP
1.1 server (www.cbs.dtu.dk/services/TargetP), and the membrane
topologies were predicted using the TMHMM Server v. 2.0 189
(http://www.cbs.dtu.dk/services/TMHMM/).
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2.5. Phylogenetic analysis of PLA, proteins

The predicted protein sequences of Rhopr-PLA2IIl (JQ670894)
and Rhopr-PLA2XII (KC896626), along with other arthropod and
chordate PLA;s (Triatoma matogrossensis, gi|307095164; Anasa tristis,
gi[391226623; T. castaneum, gi|225543488; Acyrthosiphon pisum, gi|
326368257; Phlebotomus arabicus, gi|242554316; Drosophila virilis,
gi|195396407; Drosophila erecta, gi|194895667; D. melanogaster,
gi|24641677; Megachile rotundata, gi|383849880; Bombus impa-
tiens, gi|350406620; Bombus terrestris, gi|340721396; B. terrestris, gi|
340725190; Bombus lucorum, gi|229890780; Harpegnathos saltator, gi|
307198397; Acromyrmex echinatior, gi|332029748; Glossina morsitans,
gi|289742203; Camponotus floridanus, gi|307187781; A. echinatior, gi|
332031357; Apis mellifera, gi|328786047; M. rotundata, gi|383848342;
Apis florea, gi|380021879; Nasonia vitripennis, gi|156542901; Pediculus
humanus corporis, gi|242020505; Branchiostoma belcheri, gi|374675332;
Gallus gallus, gi|50749318; Salmo salar, gi|209737974; Sus scrofa, gi|
343183417; Xenopus (Silurana) tropicalis, gi|56118646; Mus musculus,
gi|148680280; Anolis carolinensis, gi|327274146), were aligned using
ClustalW [50], and the regions with conserved residues were used to
construct the phylogenetic tree. In order to select the best-fit model of
amino acid substitution for the data set, the Molecular Evolutionary
Genetics Analysis 5 (MEGA5) [49] evaluation tool was employed,
suggesting that the most appropriate model would be WAG + G. Two
different phylogenetic trees were constructed with the WAG + G
model, a maximum likelihood (ML) and a Bayesian inference. The ML
trees were generated by MEGA5 with phylogeny test by bootstrap
method with 1000 replications to calculate the consensus tree. In
order to construct the Bayesian inference, the analyses were carried
out with MrBayes [24] for 100,000 generations, sampling every 10 gen-
erations with a ‘burn-in’ of 25%. The obtained topologies were used to
calculate the consensus tree, with the percentage of samples recovering
any particular clade representing that clade's posterior probability.

2.6. Insects

Fifth instars R. prolixus were maintained at high relative humidity
in incubators at 25 °C and were fed on defibrinated rabbit blood
(Cedarlane Laboratories Inc., Burlington, ON, Canada). Tissues were
dissected under nuclease-free phosphate-buffered saline (PBS)
(Sigma-Aldrich, Oakville, ON, Canada) and stored at —20 °C in
RNAlater™ RNA stabilization reagent (Qiagen Inc., Mississauga, ON,
Canada) until use for RNA isolation. Hemolymph samples were carefully
collected from a cut leg with a 10 pl micropipette and immediately
added to RNA extraction TRIzol Reagent (Invitrogen, Burlington, ON,
Canada).

2.7. Quantitative tissue-specific expression analysis by real time qPCR

Quantitative expression profiles were conducted with starved fifth
instars (3-4 weeks after feeding as fourth instars). Tissues were dissect-
ed as described above and pooled into eleven different groups: (1) cen-
tral nervous system — CNS, (2) salivary glands, (3) foregut, (4) anterior
midgut, (5) posterior midgut, (6) hindgut, (7) Malpighian tubules, (8)
fat bodies and trachea, (9) immature testes, (10) immature ovaries
and (11) hemocytes. Total RNA was isolated from the tissues with
TRIzol Reagent (Invitrogen, Burlington, ON, Canada), according to the
manufacturer's protocol, and quantified using a NanoDrop System
(ND-1000, Thermo Scientific). cDNA was synthesized with 100 ng of
RNA from each tissue using the cDNA iScript Reverse Transcription
Supermix (Bio-Rad, Mississauga, ON, Canada) following the manufac-
turer recommendations. The cDNA synthesis reactions were diluted to
the appropriate concentrations with nuclease-free water and 5 ng of
cDNA per well was used as template for real time qPCR reactions.
Primers for the amplification of Rhopr-PLA2IIl and Rhopr-PLA2XII
(Table S2) were optimized to amplify target fragments of similar size

across all experimental and reference genes (rp49, p-actin and o-
tubulin) [35]. All qPCR reactions were carried out on a CFX384
Touch™ Real-Time PCR Detection System (Bio-Rad, Mississauga,
ON, Canada) with reaction parameters as follows: initial denatur-
ation at 95 °C for 30 s, followed by 40 cycles of denaturation for 5 s
at 95 °C, annealing for 5 s at 59.5 °C, and extension for 5 s at 72 °C,
with data acquisition during the extension step. To validate the spec-
ificity of the SYBR Green detected products, melting curve analyses
along with gel electrophoresis were performed. The expression
levels were quantified using the AACt method [37] and quantities
were normalized to the reference genes. Experiments were repeated
for a total of three biological replicates with three technical repli-
cates each.

2.8. Rhopr-PLA2XII double-stranded RNA synthesis

Two fragments, of 653 and 589 nucleotides, from different but
overlapping regions in the Rhopr-PLA2XII transcript were amplified
by PCR from the R. prolixus CNS cDNA library [36] using gene specif-
ic primers (Table S3). The amplification of two distinct fragments
from the same transcript was performed in order to use one of the
fragments as a positive control for the gene expression knockdown.
As previously validated in the lab, a fragment of the ampicillin
resistance gene (ARG) from the pGEM-T Easy Vector system
(Promega, Madison, WI, USA) was amplified by PCR with specific
primers (Table S3) and used as a negative control throughout the
experiment. After the first PCR amplification round, each reaction
product was used as template for a PCR with gene specific primers
conjugated with the T7 RNA polymerase promoter at the 5’ end
(5'-TAATACGACTCACTATAGGGAGA-3') (Table $3). All PCR amplifi-
cation conditions were as follow: initial denaturation for 5 min at
94 °C, 35 cycles of 30 s at 94 °C, 30 s at 58 °C and 60 s at 72 °C,
and final extension for 10 min at 72 °C. The resulting products of
the second round of PCRs were used as templates for the double-
stranded RNA (dsRNA) synthesis using the T7 Ribomax Express
RNAi System (Promega, Madison, WI, USA). After synthesis the
dsRNAs were precipitated with isopropanol and resuspended in
nuclease-free water. Subsequently, the dsRNAs were quantified by
a260 nm wavelength using a NanoDrop System (ND-1000, Thermo
Scientific) and the quality of products was verified by 1% agarose
gel electrophoresis. The dsRNA products were stored at —80 °C in
aliquots, which were independently thawed and diluted with
nuclease-free water, to a 1 pg/ul concentration, immediately before
use.

2.9. Injections of Rhopr-PLA2XII double-stranded RNA into unfed 5th instar
R. prolixus and gene expression knockdown quantification

Injections of the two different Rhopr-PLA2XII dsRNAs and the
ARG dsRNA were performed using a 10 pl volume capacity Hamil-
ton Syringe (Hamilton Company, Reno, NV, USA) into the hemocoel
of starved fifth instars (3-4 weeks after feeding as fourth instars)
R. prolixus, where 1 pl of nuclease-free water containing 1 ug of
dsRNA was injected per bug. The bugs were divided into 3 groups
of 20 to 30 individuals each after injections: (1) dsRhopr-PLA2XII
injected, (2) positive control dsRhopr-PLA2XII injected and (3)
negative control dsARG injected. In order to quantify Rhopr-PLA2XII
gene expression knockdown, different tissues of bugs from each of
the three groups were dissected every day, from day 1 to day 5 after
injections. Tissue dissection, RNA extraction and quantitative qPCR
were performed as described above, using gene specific primers for
Rhopr-PLA2XII (Table S2) and reference genes for normalizing ex-
pression (rp49, p-actin and a-tubulin) [35]. The Rhopr-PLA2XII
transcript expression knockdown in dsRhopr-PLA2XII injected
bugs, and in positive control dsRhopr-PLA2XII injected bugs, was
quantified relatively to the expression of the transcript in dsARG
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injected bugs. The expression knockdown screening was repeated
to a total of three biological replicates.

2.10. Rhodnius prolixus saline and Jack bean urease

Rhodnius prolixus saline was prepared as follows: NaCl 150 mM,
KCl 8.6 mM, CaCl, 2.0 mM, MgCl, 8.5 mM, NaHCO3 4.0 mM, glucose
34.0 mM, HEPES 5.0 mM, and pH 7.0 [26]. Crystalline Jack bean
urease type III (JBU) was obtained from Sigma-Aldrich (Mississauga,
ON, Canada) and diluted into R. prolixus saline to the appropriate
concentrations.

2.11. Injections of JBU into Rhopr-PLA2XII knockdown 5th instars R. prolixus

Two days after the injections of 5th instars R. prolixus with
dsRhopr-PLA2XII and dsARG, 20 to 25 bugs from each group were
injected into the hemocoel with JBU diluted in R. prolixus saline to
a final dose of 0.14 pg per mg of insect. Experiments were repeated
for a total of three biological replicates. A negative control group
was injected solely with saline along with each toxicity experiment
to ensure that the injections were not killing the insects.

A

2.12. Statistical analysis

Results are expressed as mean + standard error. Significance of dif-
ferences between means was determined using one-way ANOVA
followed by Holm-Sidack method (SigmaPlot software), and results
were considered statistically different when P < 0.001.

3. Results

3.1. Identification, cloning and characterization of two PLA, transcripts
from 5th instars R. prolixus

Based on predicted features of the two identified PLA, transcripts,
we have named the genes Rhopr-PLA2IIl and Rhopr-PLA2XII, because
they match with secretory PLA,s from groups III and XII, respectively.
We have cloned and sequenced 862 base pairs of Rhopr-PLA2IIl cDNA,
where the coding sequence starts at base 55 and ends at base 768, yield-
ing a protein of 238 amino acids (Fig. 1A). When comparing the cloned
cDNA sequence with the genome assembly of R. prolixus, using a local
BLASTN search on Geneious Basic [25], the corresponding gene
exhibited 4 exons and 3 introns, ranging at least 12 kb of the whole
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Fig. 1. Nucleotide sequence and predicted structure of Rhopr-PLA2III gene in R. prolixus. (A) Nucleotide sequence of Rhopr-PLA2IIl and deduced amino acid sequence of the protein. The
numbering for each sequence is shown at right. The underlined region from residues 1 to 23 indicates the signal peptide. The characters highlighted in bold indicate the PLA, consensus
pattern with the histidine residue on the active site inside the box. The dots indicate 10 cysteine residues that form 5 disulfide bonds and the arrows indicate the Ca** binding loop res-
idues, both characteristic features to the group IIl SPLA,s in arthropods. The nucleotides in squares indicate exon-exon boundaries. (B) Schematic diagram of predicted structure of the

Rhopr-PLA2IIl gene, with exons and introns represented as boxes and lines, respectively.
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genome (Fig. 1B). The putative protein has a signal peptide predicted
with the cleavage site between residues 23 and 24, according to SignalP
v4.1. The online tool TargetP 1.1 also predicted a signal peptide for the
sequence, along with indicating that the protein is secreted to the extra-
cellular environment. According to TMHMM Server v. 2.0, residues 1 to
6 stay inside the cell, residues 7 to 26 comprise a transmembrane
helix and residues 27 to 238 are outside the cell, reaffirming the
presence of a signal peptide in the N-terminal region of the protein.
The putative Rhopr-PLA2IIl protein has the conserved catalytic
histidine residue inside the PLA; signature, defined by the residues
156-163 (C-C-R-T-H-D-L-C). As specific features for the group III of
sPLA,s, Rhopr-PLA2IIl has 10 cysteine residues that are likely to
form 5 disulfide bonds in the mature enzyme, and the conserved
Ca%*-binding loop with tryptophan, glycine and aspartic acid resi-
dues, respectively, in positions 134, 136, 138 and 161 [32] (Fig. 1A).

For Rhopr-PLA2XII we have cloned and sequenced a length of 1016
base pairs of the cDNA, with the coding sequence ranging from base
114 to base 716 and resulting in a 201 amino acid protein (Fig. 2A).
After performing a local BLASTN search with the sequenced transcript
on Geneious Basic [25], against the genome assembly of R. prolixus, it

was demonstrated that the correspondent gene has an estimated
size of at least 1.2 kb and is composed of 4 exons and 3 introns
(Fig. 2B). According to the online tool SignalP v4.1, the putative
protein does not have a signal peptide; however, the online tool
TargetP 1.1 predicts a signal peptide with a very low score,
suggesting that the protein could be secreted. The TMHMM Server
v. 2.0 predicts that residues 1 to 6 remain inside the cell, residues
7 to 29 comprise a transmembrane helix and residues 30 to 201
are outside the cell, along with suggesting that there is the possibil-
ity of a signal peptide in the N-terminal region of the protein. Again
though, this prediction has low scores. The putative Rhopr-PLA2XII
protein shows the consensus sequence present in the invertebrate
group XII PLA, functional domain, with conserved cysteines, aspar-
agine, histidine and aspartic acid in the histidine-catalytic site,
denoted by residues 114-121 (C-C-N-E-H-D-I-C). For the Ca’?*
binding site, Rhopr-PLA2XII has the conserved glycine (residue
95) and the aspartic acid residue in the HD dyad inside the catalytic
site, like other invertebrate group XII PLA,s [31]. Also, as another
conserved feature of group XII PLA,s, the protein has 14 cysteine
residues that will form 7 disulfide bonds [7] (Fig. 2A).
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Fig. 2. Nucleotide sequence and predicted structure of Rhopr-PLA2XII gene in R. prolixus. (A) Nucleotide sequence of Rhopr-PLA2XII and deduced amino acid sequence of the protein. The
numbering for each sequence is shown at right. The characters highlighted in bold indicate the PLA; consensus pattern with the histidine residue on the active site inside the box. The dots
indicate 14 cysteine residues forming 7 disulfide bonds and the arrows indicate the Ca?* binding loop residues that are conserved in group XII sPLA,s. The nucleotides in squares indicate
exon-exon boundaries. (B) Schematic diagram of predicted structure of the Rhopr-PLA2XII gene, with exons and introns represented as boxes and lines, respectively.
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3.2. Characterization of Rhopr-PLA2III and Rhopr-PLA2XII expression
profiles in unfed 5th instars

The spatial distribution pattern of Rhopr-PLA2IIl and Rhopr-PLA2XII
was investigated using qPCR. Rhopr-PLA2III transcript is observed in
most tissues with relatively low expression levels, except for the CNS,
the salivary glands and the hindgut where it is highly expressed
(Fig. 3). Rhopr-PLA2XII transcript is expressed in all tissues examined
with similar abundant levels. The highest expression, observed in the
salivary glands and in the immature testis, is only 3 fold higher than
the lowest, observed in the anterior midgut and in the hemocytes
(Fig. 4). In order to compare the expression of both transcripts, we
quantified Rhopr-PLA2XII relative to Rhopr-PLA2III, where we observed
that in all tissues scanned, except for the hindgut, Rhopr-PLA2XII has a
higher expression rate. The anterior midgut has the biggest difference
between the two transcripts, with Rhopr-PLA2XII being expressed
almost 120 fold higher than Rhopr-PLA2III (Fig. 5).

3.3. Phylogenetic analyses of PLA,s

The alignments of the PLA, sequences were performed with
ClustalW and the conservative region around the active site was
used to construct the phylogenies (Fig. 6). Two types of phylogenetic
trees were constructed, a Bayesian inference and a maximum likeli-
hood (ML). The Bayesian inference was used to generate trees and
measure nodal support for the relationship among sampled se-
quences. The analyses were carried out with MrBayes for 1,000,000
generations, sampling every 10 generations, with a ‘burn-in’ of 25%.
The obtained topologies were used to calculate the consensus tree,
with the percentage of samples recovering any particular clade
representing that clade's posterior probability (Fig. 7). The ML trees
were generated with MEGA5 using phylogeny test by bootstrap
method and 1000 replications to calculated the consensus tree
(Fig. S1). The two PLA,s from R. prolixus group separately into two
distinct branches. As expected, Rhopr-PLA2XII grouped with other
arthropod's group XII PLA;s, while Rhopr-PLA2III grouped with a
different set of sequences, where some of them have already been
identified as possible group IIl sPLA,s, like T. castaneum PLA, [43]
and H. saltator PLA, [5].
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Fig. 3. Expression pattern of Rhopr-PLA2IIl in various tissues of 5th instar R. prolixus. Tissues
were dissected from at least 10 insects and pooled together into different categories:
CNS — central nervous system, SG — salivary glands, FG — foregut, AMG — anterior midgut,
PMG — posterior midgut, HG — hindgut, MT — Malpighian tubules, FB/Tr — fat body and
trachea, IT — immature testes, IO — immature ovaries and Hem — hemocytes. The expres-
sion was quantified by qPCR and fold difference is relative to the anterior midgut (AMG),
which is the tissue with lowest expression levels for Rhopr-PLA2III transcript. Results are
shown as means of 3 biological replicates with standard error.
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Fig. 4. Expression pattern of Rhopr-PLA2XII in various tissues of 5th instar R. prolixus. Tis-
sues were dissected from at least 10 insects and pooled together into different categories:
CNS — central nervous system, SG — salivary glands, FG — foregut, AMG — anterior midgut,
PMG — posterior midgut, HG — hindgut, MT — Malpighian tubules, FB/Tr — fat body and
trachea, IT — immature testes, |0 — immature ovaries and Hem — hemocytes. The expres-
sion was quantified by qPCR and fold difference is relative to the anterior midgut (AMG),
which is the tissue with lowest expression levels for Rhopr-PLA2XII transcript. Results are
shown as means of 3 biological replicates with standard error.

3.4. Knockdown of Rhopr-PLA2XII expression in 5th instars and influence on
urease toxicity

Based on what is known about urease toxic activity in R. prolixus
[45,46] and the observed characteristics and distribution of both
PLA; transcripts described here, we decided to investigate the in-
volvement of the toxin with Rhopr-PLA2XII gene. We have tested
the influence of Jack bean urease (JBU) on the expression of the tran-
script, where we observed that it does not alter transcript expression
following injection with JBU (data not shown). In order to further in-
vestigate the connection of JBU toxicity with Rhopr-PLA2XII we used
RNA interference to silence the expression. Rhopr-PLA2XII transcript
in the knockdowns was always quantified relative to the expression
of the transcript in the bugs injected with ARG dsRNA. We quantified

140
120 l
100 4

80

60 1

relative to Rhopr-PLA21II

40

20 | H
" - |

CNS SG

Fold difference in expression of Rhopr-PLA2XII

FG AMG PMG HG MT FBMr IT
Tissues

LL
IO Hem

Fig. 5. Expression pattern of Rhopr-PLA2XII relative to Rhopr-PLA2III in various tissues of
5th instar R. prolixus. Tissues were dissected from at least 10 insects and pooled together
into different categories: CNS — central nervous system, SG — salivary glands, FG — fore-
gut, AMG — anterior midgut, PMG — posterior midgut, HG — hindgut, MT — Malpighian
tubules, FB/Tr — fat body and trachea, IT — immature testes, [0 — immature ovaries and
Hem — hemocytes. The expression was quantified by qPCR and fold difference in Rhopr-
PLA2XII transcript expression is relative to the expression Rhopr-PLA2III in the indicated
tissues. Results are shown as means of 3 biological replicates with standard error.
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Fig. 6. Alignment of different PLA, sequences from arthropods and chordates. ClustalW alignment of the sequences was used to construct the trees. The gray shadows represent the
conservative region around the active site. “*” indicates highly conserved residues and “.” indicates residues with similarity.

the knockdown of Rhopr-PLA2XII expression from 24 h up to 5 days
after injection, and we observed an average reduction of 70%
among tissues that was persistent throughout this period, with
exception of the hemocytes, where we did not observe any reduction
in expression. JBU toxicity was significantly reduced in Rhopr-
PLA2XII knockdown insects when compared to insects that have nor-
mal expression of the transcript. 72 h after JBU injections, 90% of
negative control bugs (ARG dsRNA injected) had died, in contrast

to only 40% mortality in the Rhopr-PLA2XII knockdown group (Fig. 8).

4. Discussion

In the present work we have identified two genes encoding PLA,s in
R. prolixus, Rhopr-PLA2III and Rhopr-PLA2XII. We have cloned the two re-
spective transcripts and inferred characteristics of the putative proteins,
which, according to the predictions, are both secretory PLA,s, but from
different groups. The first gene, Rhopr-PLA2IIl, encodes a protein of
238 amino acids with several conserved features of group Il PLA,s,
while the second gene, Rhopr-PLA2XII, encodes a 201 residue protein
with characteristics of group XII PLA,s. When phylogenetically com-
pared to other PLA,s, including representatives of groups Il and XII,
the sequences from R. prolixus group separately in the respective
branches of each group, supporting the classification based on structural
predictions. Rhopr-PLA2III is expressed in most tissues of 5th instars
R. prolixus in relatively low levels, with exception of the central nervous
system, the salivary glands and the hindgut, where expression is rela-
tively high. On the other hand, the Rhopr-PLA2XII transcript is more
highly expressed, and in similar levels, in all tissues scanned. When
comparing the expression of the two transcripts we observed that in
all tissues, except for the hindgut, Rhopr-PLA2XII has the highest levels,
especially in the anterior midgut and in the hemocytes. The presence
of PLA,s was reported in the saliva and salivary glands of arthropods, in-
cluding the caterpillar Manduca sexta [51] and the tick Amblyomma

americanum [6], where they are involved in digestive processes.
Also, PLA,; transcripts were identified in the salivary glands of the sand
fly P. arabicus [ 23], the mosquito Anopheles funestus [9] and the dipteran
‘Tsetse’ G. morsitans [1]. Rhopr-PLA2III has a strongly predicted signal
peptide, suggesting that the mature enzyme could act in digestion of
phospholipids outside the cell, such as inside the salivary glands. It
was demonstrated that group III secretory PLA;s efficiently hydrolyse
high density phospholipids releasing lysophosphatidylcholine (lysoPC)
[42]. Phospholipids and lysophospholipids are present in R. prolixus sa-
liva, where they play antihemostatic roles during the feeding process
[20]. LysoPC is one of the lysophospholipids present in R. prolixus saliva,
acting as a modulator of T. cruzi infection to the vertebrate host [27]. The
prominent presence of Rhopr-PLA2III transcript in the hindgut, along
with cell signaling, could be related to the digestion of the remaining
phospholipids in the blood meal, and once the parasite is transmitted
with the feces, the parasite could be taking advantage of the availability
of these products for the infection process. In the CNS, Rhopr-PLA2III is
probably linked to the breakdown of phospholipids from cell mem-
branes and to cell signaling, as already observed for sPLA;s in vertebrate
models [8,30].

In contrast to Rhopr-PLA2III, Rhopr-PLA2XII does not have a signal
peptide predicted by the online tool SignalP; however other tools sug-
gest, with a low score, that there could be a signal peptide present in
the N-terminal region of the protein. Rhopr-PLA2XII could be associated
with cell membranes, or even with organelle membranes as shown for a
murine group XII PLA, that is associated with Golgi/endoplasmic reticu-
lum membranes. It was suggested that this same group XII PLA,
provides arachidonic acid to cyclooxygenase 2 for the generation of
prostaglandins in cells of the immune system of murines [22]. The bio-
synthesis of eicosanoids seems to be dependent on the cellular location
of the enzymes involved in the process, which apparently occurs in
perinuclear locations [4]. Since there is considerable conservation with-
in the group XII PLA; catalytic functional domains across evolution from
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Fig. 7. Bayesian inference for phylogenetic analysis of different PLA, sequences from arthropods and chordates. Phylogenetic tree illustrating the relationships among 30 PLAs, Rhopr-
PLA2III and Rhopr-PLA2XII, generated by the Bayesian inference using the WAG + G model. The analyses were carried out for 100,000 generations, sampling every 10 generations

with a ‘burn-in’ of 25%. Rhopr-PLA2XII and Rhopr-PLA2III are indicated by arrows.

vertebrates to invertebrates [31], Rhopr-PLA2XII could also be an
enzyme releasing arachidonic acid inside the cells for subsequent oxy-
genation and production of prostaglandins. The activity of PLA,s, some-
times also along with presence of prostaglandins, has been detected in
R. prolixus hemolymph and hemocytes, where they apparently play
roles in cellular immune reactions. This activity has been identified in
living insects as well as in isolated hemocytes [16,17], suggesting that
the eicosanoid signaling for hemocyte functions can be locally produced
in those cells. When Jack bean urease (JBU) was tested in preparations
ex vivo on R. prolixus anterior midgut [46] and Malpighian tubules
[45], it caused disturbing effects modulated by eicosanoids, indicating
that these molecules can also be locally produced in those tissues.
Because of the relatively very low expression of Rhopr-PLA2III in
the anterior midgut and other tissues, we have tested the influence
of a JBU treatment on the expression of the gene, in order to check
for a possible up-regulation after exposure to the toxin. 1, 6 and
18-20 h after injecting 5th instars R prolixus with JBU, neither
Rhopr-PLA2III nor Rhopr-PLA2XII expression levels changed in any
tissues. These findings suggest that it is unlikely that Rhopr-PLA2III
is linked to JBU's toxic activity, since the transcript is not significantly
present in the anterior midgut (where JBU has a strong eicosanoid

mediated effect), even when the insects are challenged with the
toxin. The fact that Rhopr-PLA2XII does not have its expression al-
tered is not enough to discard any linkage with JBU's toxicity, since
the connection could be downstream with PLA, products.

To further investigate a possible interaction between Rhopr-PLA2XII
presence and JBU's toxicity, we used RNA interference to knockdown
the expression. The Rhopr-PLA2XII transcript was reduced by an average
of 70% in the tissues throughout the 5 days of quantification. Subse-
quently we tested JBU on knockdown insects. Interestingly, JBU's toxic-
ity was significantly decreased in knockdown insects, with more than
50% reduction in mortality when compared to those normally express-
ing the transcript. When 5th instars R. prolixus are injected into the he-
molymph with 0.25 pg of JBU per mg of insect, a 96% mortality is
observed 24 h after injection [46], but whether this lethal action was
mediated by eicosanoids, as in isolated tissues, was unclear. With our
results we can conclude that normal expression levels of Rhopr-PLA2XII
are necessary for JBU's toxicity in living insects, and Rhopr-PLA2XII is
likely to be responsible for the release of eicosanoids modulating this
toxicity. We are not excluding the existence and involvement of more
PLA;s in the eicosanoid biosynthesis pathway in R. prolixus, and
also we are not excluding the possibility that Rhopr-PLA2III produces
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Fig. 8. Mortality of Rhopr-PLA2XII knockdown in 5th instar R. prolixus after JBU injections.
Insects were injected into the hemocoel with 1 pl of nuclease-free water containing 1 pg of
dsRhopr-PLA2XII or 1 pg of dSARG. 48 h after the dSRNA treatment, the same insects were
injected with JBU to a final dose of 0.14 pg per mg of insect. Mortality was monitored for
72 h after JBU injections. Results are shown as means of 3 biological replicates with stan-
dard error. “*” indicates statistically significant difference.

eicosanoids in this insect. The fact that JBU's toxicity was not totally
inhibited suggests that the cells that are still expressing Rhopr-
PLA2XII could be sufficient to signal deleterious effects in R. prolixus.
It is interesting to note that in the hemocytes we did not observe any
reduction in expression, which could mean that those cells play a
significant role in JBU's toxicity signaling. In order to better under-
stand the interactions between Rhopr-PLA2XII and JBU, future exper-
iments focusing on the PLA, protein and at the physiological level are
necessary.

For the past 30 years ureases have been studied as potent toxins that
display a variety of effects in different models, including fungi, insects
and mammals [10,14,18,33,39]. Throughout the years many advances
have been made in elucidating ureases' effects, such as the discovery
of urease's internal insecticidal peptides, which led to the design of a re-
combinant peptide with high potential for biotechnological applications
[29]. Other advances have been made in the fields of medically impor-
tant organisms, as for example the bacterial urease from Helicobacter
pylori that induces inflammation and exocytosis in different cell models
modulated by eicosanoids [52,53]. The recent findings on the eicosanoid
modulated toxic effects of JBU in R. prolixus opened the door for the
present study, where, for the first time, an insect gene linked to urease's
toxic effect was identified and characterized. Also, Rhopr-PLA2IIl and
Rhopr-PLA2XII are the first phospholipase A2 genes to be identified
and to have their transcripts cloned in a Chagas' disease vector, which
may be helpful for future studies on the control of the transmission of
the parasite T. cruzi.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbagen.2013.09.016.

Acknowledgements

This research was funded by the Brazilian agency CAPES-MEC
(Coordenacdo de Aperfeicoamento de Pessoal de Nivel Superior),
through the Edital de Toxinologia program and providing Marina S.
Defferrari the scholarship for the interchange program to University of
Toronto Mississauga, in the Sciences Without Borders program; by a
Natural Sciences and Engineering Research Council of Canada grant to
Dr. Ian Orchard; and by grants from the Brazilian agencies CNPq-MCT
(Conselho Nacional de Desenvolvimento Cientifico e Tecnol6gico) and
FAPERGS (Fundagdo de Amparo a Pesquisa do Estado do Rio Grande

do Sul) to Dr. Celia R. Carlini. Thanks to Dr. Angela B. Lange for the sup-
port at University of Toronto Mississauga, and to Nikki Sarkar for
maintaining the R. prolixus colony used in all experiments presented
here.

References

[1] J. Alves-Silva, .M. Ribeiro, ]. Van Den Abbeele, G. Attardo, Z. Hao, L.R. Haines, M.B.
Soares, M. Berriman, S. Aksoy, M.J. Lehane, An insight into the sialome of Glossina
morsitans morsitans, BMC Genomics 11 (2010) 213.

[2] L.O.Andrade, N.W. Andrews, The Trypanosoma cruzi-host-cell interplay: location, in-

vasion, retention, Nat. Rev. Microbiol. 3 (2005) 819-823.

C. Barja-Fidalgo, J.A. Guimaraes, C.R. Carlini, Lipoxygenase-mediated secretory effect

of canatoxin the toxic protein from Canavalia ensiformis seeds, Toxicon 29 (1991)

453-459,

C.0. Bingham III, KF. Austen, Phospholipase A, enzymes in eicosanoid generation,

Proc. Assoc. Am. Physicians 111 (1999) 516-524.

R. Bonasio, G. Zhang, C. Ye, N.S. Mutti, X. Fang, N. Qin, G. Donahue, P. Yang, Q. Li, C. Li,

P. Zhang, Z. Huang, S.L. Berger, D. Reinberg, J. Wang, J. Liebig, Genomic comparison

of the ants Camponotus floridanus and Harpegnathos saltator, Science 329 (2010)

1068-1071.

[6] AS. Bowman, C.L. Gengler, M.R. Surdick, K. Zhu, R.C. Essenberg, J.R. Sauer, J.W.

Dillwith, A novel phospholipase A; activity in saliva of the lone star tick, Amblyomma

americanum (L.), Exp. Parasitol. 87 (1997) 121-132.

J.E. Burke, E.A. Dennis, Phospholipase A, biochemistry, Cardiovasc. Drugs Ther. 23

(2009) 49-59.

J.E. Burke, E.A. Dennis, Phospholipase A, structure/function, mechanism, and signal-

ing, J. Lipid Res. 50 (2009) S237-5242(Suppl.).

E. Calvo, A. Dao, V.M. Pham, J.M. Ribeiro, An insight into the sialome of Anopheles

funestus reveals an emerging pattern in anopheline salivary protein families, Insect

Biochem. Mol. Biol. 37 (2007) 164-175.

[10] CR. Carlini, ]J.A. Guimaraes, Isolation and characterization of a toxic protein from
Canavalia ensiformis (jack bean) seeds, distinct from concanavalin A, Toxicon 19
(1981) 667-675.

[11] CR.Carlini, A.E. Oliveira, P. Azambuja, J. Xavier-Filho, M.A. Wells, Biological effects of
canatoxin in different insect models: evidence for a proteolytic activation of the
toxin by insect cathepsinlike enzymes, J. Econ. Entomol. 90 (1997) 340-348.

[12] E.L Carter, N. Flugga, J.L. Boer, S.B. Mulrooney, R.P. Hausinger, Interplay of metal ions
and urease, Metallomics 1 (2009) 207-221.

[13] J.R. Coura, A.C. Junqueira, M.N. Boia, O. Fernandes, C. Bonfante, ].E. Campos, L. Santos,
R. Devera, Chagas disease in the Brazilian Amazon: IV. A new cross-sectional study,
Rev. Inst. Med. Trop. Sao Paulo 44 (2002) 159-165.

[14] M.S. Defferrari, D.R. Demartini, T.B. Marcelino, P.M. Pinto, C.R. Carlini, Insecticidal ef-
fect of Canavalia ensiformis major urease on nymphs of the milkweed bug
Oncopeltus fasciatus and characterization of digestive peptidases, Insect Biochem.
Mol. Biol. 41 (2011) 388-399.

[15] J.C. Dias, A.C. Silveira, CJ. Schofield, The impact of Chagas disease control in Latin
America: a review, Mem. Inst. Oswaldo Cruz 97 (2002) 603-612.

[16] M.B. Figueiredo, E.S. Garcia, P. Azambuja, Blockades of phospholipase A, and
platelet-activating factor receptors reduce the hemocyte phagocytosis in Rhodnius
prolixus: in vitro experiments, J. Insect Physiol. 54 (2008) 344-350.

[17] M.B. Figueiredo, F.A. Genta, E.S. Garcia, P. Azambuja, Lipid mediators and vector in-
fection: Trypanosoma rangeli inhibits Rhodnius prolixus hemocyte phagocytosis by
modulation of phospholipase A2 and PAF-acetylhydrolase activities, J. Insect Physiol.
54 (2008) 1528-1537.

[18] C. Follmer, G.B. Barcellos, R.B. Zingali, O.L. Machado, E.W. Alves, C. Barja-Fidalgo, ].A.
Guimaraes, CR. Carlini, Canatoxin, a toxic protein from jack beans (Canavalia
ensiformis), is a variant form of urease (EC 3.5.1.5): biological effects of urease inde-
pendent of its ureolytic activity, Biochem. J. 360 (2001) 217-224.

[19] C.Follmer, R. Real-Guerra, G.E. Wasserman, D. Olivera-Severo, C.R. Carlini, Jackbean,
soybean and Bacillus pasteurii ureases: biological effects unrelated to ureolytic activ-
ity, Eur. J. Biochem. 271 (2004) 1357-1363.

[20] D.M. Golodne, R.Q. Monteiro, AV. Graca-Souza, M.A. Silva-Neto, G.C. Atella,
Lysophosphatidylcholine acts as an anti-hemostatic molecule in the saliva of the
blood-sucking bug Rhodnius prolixus, ]. Biol. Chem. 278 (2003) 27766-27771.

[21] D.M. Grassi-Kassisse, G. Ribeiro-DaSilva, Canatoxin triggers histamine secretion
from rat peritoneal mast cells, Agents Actions 37 (1992) 204-209.

[22] 1.C.Ho,].P. Arm, C.O. Bingham III, A. Choi, K.F. Austen, L.H. Glimcher, A novel group of
phospholipase As preferentially expressed in type 2 helper T cells, J. Biol. Chem. 276
(2001) 18321-18326.

[23] J. Hostomska, V. Volfova, . Mu, M. Garfield, I. Rohousova, P. Volf, ].G. Valenzuela, R.C.
Jochim, Analysis of salivary transcripts and antigens of the sand fly Phlebotomus
arabicus, BMC Genomics 10 (2009) 282.

[24] ]J.P. Huelsenbeck, F. Ronquist, MRBAYES: Bayesian inference of phylogenetic trees,
Bioinformatics 17 (2001) 754-755.

[25] M. Kearse, R. Moir, A. Wilson, S. Stones-Havas, M. Cheung, S. Sturrock, S. Buxton, A.
Cooper, S. Markowitz, C. Duran, T. Thierer, B. Ashton, P. Meintjes, A. Drummond,
Geneious Basic: an integrated and extendable desktop software platform for the or-
ganization and analysis of sequence data, Bioinformatics 28 (2012) 1647-1649.

[26] NJ. Lane, RA. Leslie, LS. Swales, Insect peripheral nerves: accessibility of
neurohemal regions to lanthanum, J. Cell Sci. 18 (1975) 179-197.

[27] R.D. Mesquita, A.B. Carneiro, A. Bafica, F. Gazos-Lopes, C.M. Takiya, T. Souto-Padron,
D.P. Vieira, A. Ferreira-Pereira, 1.C. Almeida, R.T. Figueiredo, B.N. Porto, M.T. Bozza,
AV. Graca-Souza, AH. Lopes, G.C. Atella, M.A. Silva-Neto, Trypanosoma cruzi

i3

[4

5

17

8

19


http://dx.doi.org/10.1016/j.bbagen.2013.09.016
http://dx.doi.org/10.1016/j.bbagen.2013.09.016
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0005
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0005
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0005
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0010
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0010
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0015
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0015
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0015
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0265
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0265
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0265
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0020
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0020
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0020
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0020
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0025
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0025
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0025
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0025
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0030
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0030
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0030
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0035
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0035
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0035
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0040
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0040
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0040
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0045
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0045
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0045
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0050
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0050
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0050
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0055
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0055
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0060
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0060
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0060
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0065
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0065
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0065
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0065
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0070
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0070
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0075
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0075
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0075
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0075
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0080
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0080
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0080
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0080
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0085
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0085
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0085
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0085
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0090
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0090
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0090
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0095
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0095
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0095
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0100
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0100
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0105
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0105
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0105
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0105
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0110
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0110
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0110
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0115
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0115
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0120
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0120
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0120
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0120
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0125
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0125
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0130
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0130
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0130
image of Fig.�8

[28]

[29]

[30]

[31]
[32]

[33]

[34]

[35]

M.S. Defferrari et al. / Biochimica et Biophysica Acta 1840 (2014) 396-405

infection is enhanced by vector saliva through immunosuppressant mechanisms
mediated by lysophosphatidylcholine, Infect. Immun. 76 (2008) 5543-5552.

H.L. Mobley, M.D. Island, R.P. Hausinger, Molecular biology of microbial ureases,
Microbiol. Rev. 59 (1995) 451-480.

F. Mulinari, F. Staniscuaski, L.R. Bertholdo-Vargas, M. Postal, O.B. Oliveira-Neto, D .
Rigden, M.F. Grossi-de-Sa, C.R. Carlini, Jaburetox-2Ec: an insecticidal peptide derived
from an isoform of urease from the plant Canavalia ensiformis, Peptides 28 (2007)
2042-2050.

M. Murakami, Y. Taketomi, C. Girard, K. Yamamoto, G. Lambeau, Emerging roles of
secreted phospholipase A2 enzymes: lessons from transgenic and knockout mice,
Biochimie 92 (2010) 561-582.

TJ. Nevalainen, J.C. Cardoso, Conservation of group XII phospholipase A, from bacte-
ria to human, Comp. Biochem. Physiol. D Genomics Proteomics 7 (2012) 340-350.
T.J. Nevalainen, J.C. Cardoso, P.T. Riikonen, Conserved domains and evolution of
secreted phospholipases A,, FEBS J. 279 (2012) 636-649.

D. Olivera-Severo, G.E. Wassermann, CR. Carlini, Bacillus pasteurii urease shares
with plant ureases the ability to induce aggregation of blood platelets, Arch.
Biochem. Biophys. 452 (2006) 149-155.

I. Orchard, J.P. Paluzzi, Diuretic and antidiuretic hormones in the blood-gorging bug
Rhodnius prolixus, Ann. N. Y. Acad. Sci. 1163 (2009) 501-503.

J.P. Paluzzi, MJ. O'Donnell, Identification, spatial expression analysis and functional
characterization of a pyrokinin-1 receptor in the Chagas' disease vector, Rhodnius
prolixus, Mol. Cell. Endocrinol. 363 (2012) 36-45.

[36] J.P. Paluzzi, W.K. Russell, R.J. Nachman, I. Orchard, Isolation, cloning, and expression

[37]

[38]

[39]

[40]

[41]

mapping of a gene encoding an antidiuretic hormone and other CAPA-related pep-
tides in the disease vector, Rhodnius prolixus, Endocrinology 149 (2008) 4638-4646.
M.W. Pfaffl, A new mathematical model for relative quantification in real-time
RT-PCR, Nucleic Acids Res. 29 (2001) e45.

AR. Piovesan, F. Staniscuaski, J. Marco-Salvadori, R. Real-Guerra, M.S. Defferrari, C.R.
Carlini, Stage-specific gut proteinases of the cotton stainer bug Dysdercus
peruvianus: role in the release of entomotoxic peptides from Canavalia ensiformis
urease, Insect Biochem. Mol. Biol. 38 (2008) 1023-1032.

M. Postal, AH. Martinelli, A.B. Becker-Ritt, R. Ligabue-Braun, D.R. Demartini, S.F.
Ribeiro, G. Pasquali, V.M. Gomes, C.R. Carlini, Antifungal properties of Canavalia
ensiformis urease and derived peptides, Peptides 38 (2012) 22-32.

G. Ribeiro-DaSilva, JF. Prado, Increased insulin circulating levels induced by
canatoxin in rats, Toxicon 31 (1993) 1131-1136.

Y. Ryu, Y. Oh, ]. Yoon, W. Cho, K. Baek, Molecular characterization of a gene encoding
the Drosophila melanogaster phospholipase A,, Biochim. Biophys. Acta 1628 (2003)
206-210.

[42]

[43]

(44

[45]

[46]

[47]
[48]

[49]

405

H. Sato, R. Kato, Y. Isogai, G. Saka, M. Ohtsuki, Y. Taketomi, K. Yamamoto, K.
Tsutsumi, J. Yamada, S. Masuda, Y. Ishikawa, T. Ishii, T. Kobayashi, K. Ikeda, R.
Taguchi, S. Hatakeyama, S. Hara, I. Kudo, H. Itabe, M. Murakami, Analyses of group
11l secreted phospholipase A, transgenic mice reveal potential participation of this
enzyme in plasma lipoprotein modification, macrophage foam cell formation, and
atherosclerosis, J. Biol. Chem. 283 (2008) 33483-33497.

S. Shrestha, Y. Park, D. Stanley, Y. Kim, Genes encoding phospholipases A, mediate
insect nodulation reactions to bacterial challenge, ]. Insect Physiol. 56 (2010)
324-332.

F. Staniscuaski, CR. Carlini, Plant ureases and related peptides: understanding their
entomotoxic properties, Toxins (Basel) 4 (2012) 55-67.

F. Staniscuaski, V. Te Brugge, CR. Carlini, I. Orchard, Invitro effect of Canavalia
ensiformis urease and the derived peptide Jaburetox-2Ec on Rhodnius prolixus Malpi-
ghian tubules, J. Insect Physiol. 55 (2009) 255-263.

F. Staniscuaski, V Te Brugge, CR. Carlini, I. Orchard, Jack bean urease alters
serotonin-induced effects on Rhodnius prolixus anterior midgut, ]. Insect Physiol.
56 (2010) 1078-1086.

D. Stanley, The non-venom insect phospholipases A,, Biochim. Biophys. Acta 1761
(2006) 1383-1390.

D. Stanley, J. Miller, H. Tunaz, Eicosanoid actions in insect immunity, J. Innate
Immun. 1 (2009) 282-290.

K. Tamura, D. Peterson, N. Peterson, G. Stecher, M. Nei, S. Kumar, MEGA5: molecular
evolutionary genetics analysis using maximum likelihood, evolutionary distance,
and maximum parsimony methods, Mol. Biol. Evol. 28 (2011) 2731-2739.

[50] J.D. Thompson, D.G. Higgins, T.J. Gibson, CLUSTAL W: improving the sensitivity of

[51]

[52]

[53]

[54]

progressive multiple sequence alignment through sequence weighting, position-
specific gap penalties and weight matrix choice, Nucleic Acids Res. 22 (1994)
4673-4680.

H. Tunaz, D.W. Stanley, Phospholipase A, in salivary glands isolated from tobacco
hornworms, Manduca sexta, Comp. Biochem. Physiol. B Biochem. Mol. Biol. 139
(2004) 27-33.

AF. Uberti, D. Olivera-Severo, G.E. Wassermann, A. Scopel-Guerra, J.A. Moraes, P.
Barcellos-de-Souza, C. Barja-Fidalgo, CR. Carlini, Pro-inflammatory properties and
neutrophil activation by Helicobacter pylori urease, Toxicon 69 (2013) 240-249.
G.E. Wassermann, D. Olivera-Severo, A.F. Uberti, CR. Carlini, Helicobacter pylori ure-
ase activates blood platelets through a lipoxygenase-mediated pathway, J. Cell Mol.
Med. 14 (2010) 2025-2034.

Y. Xin, Y.M. Choo, Z. Hu, K.S. Lee, H.J. Yoon, Z. Cui, H.D. Sohn, B.R. Jin, Molecular clon-
ing and characterization of a venom phospholipase A, from the bumblebee Bombus
ignitus, Comp. Biochem. Physiol. B Biochem. Mol. Biol. 154 (2009) 195-202.


http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0130
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0130
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0135
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0135
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0140
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0140
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0140
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0140
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0145
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0145
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0145
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0150
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0150
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0150
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0155
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0155
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0155
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0160
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0160
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0160
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0165
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0165
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0170
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0170
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0170
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0175
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0175
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0175
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0180
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0180
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0185
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0185
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0185
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0185
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0190
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0190
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0190
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0195
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0195
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0200
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0200
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0200
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0200
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0205
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0205
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0205
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0205
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0205
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0205
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0205
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0210
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0210
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0210
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0210
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0215
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0215
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0275
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0275
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0275
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0280
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0280
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0280
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0230
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0230
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0230
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0235
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0235
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0240
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0240
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0240
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0245
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0245
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0245
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0245
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0250
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0250
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0250
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0250
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0270
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0270
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0270
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0255
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0255
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0255
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0260
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0260
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0260
http://refhub.elsevier.com/S0304-4165(13)00391-7/rf0260

	A phospholipase A2 gene is linked to Jack bean urease toxicity in the Chagas' disease vector Rhodnius prolixus
	1. Introduction
	2. Methods
	2.1. Screening of the predicted peptidome and the transcriptome of R. prolixus for the identification of putative PLA2s
	2.2. Identification of PLA2 cDNA sequences from 5th instar R. prolixus CNS cDNA library
	2.3. Isolation of the complete PLA2 ORF nucleotide sequences from 5th instar R. prolixus CNS cDNA library
	2.4. Prediction of PLA2 gene structure and sequence analyses
	2.5. Phylogenetic analysis of PLA2 proteins
	2.6. Insects
	2.7. Quantitative tissue-specific expression analysis by real time qPCR
	2.8. Rhopr-PLA2XII double-stranded RNA synthesis
	2.9. Injections of Rhopr-PLA2XII double-stranded RNA into unfed 5th instar R. prolixus and gene expression knockdown quantification
	2.10. Rhodnius prolixus saline and Jack bean urease
	2.11. Injections of JBU into Rhopr-PLA2XII knockdown 5th instars R. prolixus
	2.12. Statistical analysis

	3. Results
	3.1. Identification, cloning and characterization of two PLA2 transcripts from 5th instars R. prolixus
	3.2. Characterization of Rhopr-PLA2III and Rhopr-PLA2XII expression profiles in unfed 5th instars
	3.3. Phylogenetic analyses of PLA2s
	3.4. Knockdown of Rhopr-PLA2XII expression in 5th instars and influence on urease toxicity

	4. Discussion
	Acknowledgements
	References


