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Abstract

The innate immune system in insects is regulated by specific signalling pathways. Most
immune related pathways were identified and characterized in holometabolous insects such
as Drosophila melanogaster, and it was assumed they would be highly conserved in all
insects. The hemimetabolous insect, Rhodnius prolixus, has served as a model to study
basic insect physiology, but also is a major vector of the human parasite, Trypanosoma
cruzi, that causes 10,000 deaths annually. The publication of the R. prolixus genome
revealed that one of the main immune pathways, the Immune-deficiency pathway (IMD),
was incomplete and probably non-functional, an observation shared with other hemimetabo-
lous insects including the pea aphid (Acyrthosiphon pisum) and the bedbug (Cimex lectular-
ius). It was proposed that the IMD pathway is inactive in R. prolixus as an adaptation to
prevent eliminating beneficial symbiont gut bacteria. We used bioinformatic analyses based
on reciprocal BLAST and HMM-profile searches to find orthologs for most of the “missing”
elements of the IMD pathway and provide data that these are regulated in response to infec-
tion with Gram-negative bacteria. We used RNAi strategies to demonstrate the role of the
IMD pathway in regulating the expression of specific antimicrobial peptides (AMPs) in the fat
body of R. prolixus. The data indicate that the IMD pathway is present and active in R. pro-
lixus, which opens up new avenues of research on R. prolixus-T. cruziinteractions.

Introduction

The immune system of arthropods relies exclusively on an innate response triggered by the
detection of conserved Pathogen Associated Molecular Patterns (PAMPs) found on the surface
of microorganisms [1]. In arthropods, the elimination of opportunistic pathogens, the
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regulation of beneficial symbionts, and the immune response to eukaryotic parasites is orches-
trated by a handful of well conserved molecular pathways such as the Toll pathway, the
immune deficiency (IMD) pathway, the JAK-STAT pathway, and the RNAi pathway [2-5].
Each of these pathways has been associated, historically, with the control of subgroups of path-
ogens. Traditionally the Toll pathway has been considered to be induced by Gram-positive
bacteria and fungi, the IMD pathway by Gram-negative bacteria, and JAK-STAT and RNAi
pathways by viruses, although we now know that there is cross talk among the various path-
ways [6-9]. Most of our understanding of immune responses has been derived from dipteran
models such as Aedes aegypti and Drosophila melanogaster and it has been assumed that these
findings apply universally to all other arthropods. Current evidence from ticks, chelicerates,
hemipterans, and lice describe a deviation from the idea of complete conservation of immune
responses and pathways, highlighting the need to study basic immune responses in disparate
species [9-15].

One of the first organisms used to study basic concepts of insect physiology was the hema-
tophagous triatomine bug, Rhodnius prolixus [16-18]. This insect also is a principal vector of
Trypanosoma cruzi, which causes Chagas disease in humans, killing ~12,000 people annually
and affecting 6-10 million people worldwide [19,20]. Triatomines ingest T. cruzi trypomasti-
gotes when the feed on infected vertebrates. In contrast to other vector borne parasites that
invade the insect body cavity and replicate in salivary glands, T. cruzi develops and replicates
solely within the gastrointestinal (GI) tract of the insect, and infective forms of the parasite are
released and transmitted with the feces as the insect feeds. If this parasite invades the body cav-
ity of the insect vector it is promptly eliminated by elements of the innate immune system
[21,22]. Moreover, R. prolixus is the only triatomine to have had its genome sequenced and
published, which makes it an ideal model to investigate innate immune responses in a non-
dipteran blood feeding insect vector.

The molecular interactions between trypanosomes, the vector’s innate immune system, and
the obligate endosymbiotic bacterial symbionts of R. prolixus have received increased attention
over the last decade. The principal symbiotic bacterium in the microbiome of R. prolixus is the
Gram-positive bacterium Rhodococcus rhodnii, found mainly in the anterior midgut (AM)
region of the insect. Within 48 hours of ingesting a blood meal, the population of R. rhodnii
increases 10,000 times [23,24]. Concomitantly, the population of T. cruzi ingested with a
bloodmeal shows a 90% reduction in the AM within 24 hours [25]. Although parasite reduc-
tion is independent of the bacterial population [26], T. cruzi infection induces the expression
of immune factors including antimicrobial peptides (AMPs), nitric oxide, phenoloxidase, lec-
tins, and protease inhibitors [27-29], suggesting a direct interaction or competition for
resources [24,30,31].

Infections with trypanosomes and bacteria trigger a tissue specific immune response in
R. prolixus; experimental infection with T. cruzi and Trypanosoma rangeli modulate the
expression of AMPs depending on the infection timepoint, tissue (Fat Body (FB) or Midgut
(MQG)), the trypanosome strain, and the dominant microbiome [21,30-33]. In general, T.
rangeli infections reduce the expression of Lysozyme-B (Lys-B) and Prolixicin, and induce
the expression of Defensin-C (Def-C) in the MG; while infections with the T. cruzi dm28c
strain induces Def-C and Prolixicin in the MG [31,32]. Insects fed on blood infected with
Gram-positive bacteria showed higher transcription of Def-A, Def-B, Prolixicin, Lys-A in
the AM; and of Def-C in the Posterior midgut (PM); and reduced transcription of Prolixicin
in the PM 24h after feeding [34]. Feeding with blood containing Gram-negative bacteria
induces the transcription of Def-B and Def-C in the AM; of Lys-A in the PM; and reduced
transcription of Prolixicin in the PM, and Lys-B in the AM 24h after feeding [34]. Similar
immune responses have been reported in R. prolixus injected intrathoracically with a
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combination of Gram-positive and Gram-negative bacteria [32,33,35,36]. Within 24h of the
infection, Def-A, Def-B, and Lys-A transcripts increase in the MG, while Def-A, Def-B, Pro-
lixicin, and Lys-B are induced in the FB. These results confirm an overall and robust activa-
tion and regulation of the innate immune system of R. prolixus, but the pattern of AMP

expression does not follow the traditional separation of Toll and IMD regulated expression.

When the genome of R. prolixus was published several elements of the IMD pathway were
reported as “missing”, and the authors questioned whether this pathway was functional in this
insect [37]. Similarly, a reduced IMD pathway was reported in the genomes of other hemime-
tabolous insects including the pea aphid (Acyrthosiphon pisum) [13], the bedbug (Cimex lectu-
larius) [38] and the head louse (Pediculus humanus) [39]. These researchers proposed that a
reduced or inactive IMD pathway was an adaptation to prevent harming the obligate beneficial
bacterial symbionts [13,37].

The R. prolixus genome was reported to lack genes encoding immune deficiency (IMD),
Fas-associated Death Domain (FADD), death-related ced-3/Nedd2-like (DREDD), the I-xB
kinase B (IKKB), Cylindromatosis (CYLD), Caspar (a negative regulator of the IMD pathway),
and the E2 ubiquitination complex (Effete, Uev1A, and Bendless). Despite the apparent
absence of these highly conserved members of the IMD pathway, transcriptome studies have
reported the expression of transcripts of Relish and a potential Caspar ortholog [40], and gene
expression data on AMPs putatively regulated by the IMD pathway are expressed [32,36].
Whether the IMD pathway functions through novel proteins linking existing IMD pathway
components, or through a non-canonical pathway, is unknown. Using a combination of bioin-
formatics and wet bench studies, we have identified most of the “missing” orthologs of the
IMD pathway in R. prolixus. In addition, we have silenced Relish to demonstrate that the IMD
pathway in R. prolixus is similar to that of most holometabolous insects. These data indicate
that the IMD pathway is present and inducible in R. prolixus, and that it is activated preferen-
tially by Gram-negative bacteria.

Materials and methods
Ethics statement

All animal care and experimental protocols were conducted following the guidelines of the
institutional care and use committee (Committee for Evaluation of Animal Use for Research
from the Federal University of Rio de Janeiro), which are based on the National Institutes of
Health Guide for the Care and Use of Laboratory Animals (ISBN0-309-05377-3). The proto-
cols were approved by the Committee for Evaluation of Animal Use for Research (CAUAP)
from the Federal University of Rio de Janeiro, under registry number 115/13. Technicians ded-
icated to the animal facility at the Institute of Medical Biochemistry (Federal University of Rio
de Janeiro) carried out all aspects related to rabbit husbandry under strict guidelines to ensure
careful and consistent handling of the animals.

Insect rearing

A colony of R. prolixus is maintained in the insectary of the Institute of Medical Biochemistry
at the Federal University of Rio de Janeiro. These insects were fed on live rabbits at three-week
intervals and maintained at 28°C and 80-90% relative humidity under a photoperiod of 12h of
light and 12h of dark. Recently moulted (1-2 days) fifth instar nymphs were used in the experi-
ments and were maintained under the standard rearing conditions described.
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IMD pathway homolog search

A combination of strategies was used to identify candidate orthologs of “missing” IMD path-
way genes in R. prolixus. We used multiple reciprocal BLAST searches and hidden Markov
models (HMM) to create a non-redundant list of candidate orthologs in R. prolixus [12]. We
built an IMD pathway genes database gathering sequences from Flybase, I11-DB,
ORTHO-MCL, Insect-base, I5k, Immuno-DB, and Beebase [41-48].

BLASTn, BLASTp, and tBLASTx searches were performed using amino acid and nucleo-
tide sequences from the IMD pathway genes database as queries against the R. prolixus pro-
tein gene set-C3.1 and against published transcriptomes [40,49]. Matches with significant
similarity (e-values < 1x107°, identity > 20%, and query coverage > 50%) were used in
reciprocal BLAST searches against a data set comprising 142 arthropod gene-sets using
information from Insect-base, IK-5, Flybase, Ensemble genomes, and NCBI transcriptome
projects. Candidate orthologs were assessed for conserved protein domain architecture
using NCBI Conserved Domain Search and compared with canonical IMD protein domain
architecture.

Subsequently, HMM profile searches were performed by building multiple alignments of
candidate IMD pathway ortholog proteins from various arthropods. Sequences were selected
to avoid taxonomic bias, using crustaceans, arachnids, hemimetabolous and holometabolous
insects. The accession numbers for the full sequences can be found in Supplementary File 1
(S1 File) that was used in the phylogenetic analyses. Multiple alignments were built using
MUSCLE algorithm and manually edited on MEGA 7.0 software [50,51]. The HMM profiles
were built with HMMER 3.1 using default settings and used to search the R. prolixus protein
gene set-C3.1 and protein translated transcriptomes using default settings. HMM profile
ortholog sequences were retrieved from KEGG, I5K, Ensemble, and NCBI genome and tran-
scriptome sequencing projects [47,52,53].

PCR and sequencing of IMD pathway homolog candidates

Rhodnius prolixus candidate gene sequences identified using these procedures were retrieved
from Vector Base and transcriptome assemblages [40,49,54]. Primers were designed for use in
PCR to confirm the transcription of these genes using cDNA templates derived from fat body
tissues from immune challenged insects [36]. All reactions used the ABM 2x PCR Taq Master-
mix (ABM, Richmond, Canada). Sequences were deposited in GenBank under accession num-
bers MH484616 to MH484621. Sequences, PCR conditions, and primers used are listed in
Supplementary File 1 (S1 File).

Phylogenetic analysis

Multiple protein alignments with complete sequences or conserved domain sequences were
made for “missing” members of the IMD pathway: FADD, DREDD, IAP2, Effete, Bendless,
Uevla, Caspar, CYLD, and IKKP. Representative arthropod sequences were used if they had
been part of other immune studies, had been functionally characterized, or had been manually
annotated. Sequences that only had automatic annotations were not used to construct these
trees. Human tumour necrosis factor receptor network homologs to IMD pathway genes were
used as outgroup sequences. Multiple alignments were made using MUSCLE default parame-
ters in the program MEGA 7.0 [51] (S1 File). Maximum Likelihood analyses were done using
IQ-TREE. Best-fit models for each gene alignment were selected based on the Bayesian Infor-
mation Criterion (BIC). Branch support was assessed by 1000 ultrafast bootstrap replicates
and with the Sh-aLTR test.
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dsRNA target selection and synthesis of double-stranded RNA

We performed a selective analysis of rpRelish sequences to reduce the off-target silencing
caused during dsRNA injections. The rpRelish cDNA sequence (Genbank sequence
KP129556.1) was divided into 19 nucleotide fragments and used as queries with BLASTn
against the R. prolixus transcripts-C3.1 data-set retrieved from Vectorbase. Any hits against
genes other than rpRelish larger than 17 nucleotides, > 90% identity, and < 3 gaps were
mapped to the rpRelish cDNA and a region with the least number of potential off-target silenc-
ing fragments was selected to amplify a 564 bp fragment. For a silencing control, the Arabidop-
sis thaliana AINTEGUMENTA (ANT) gene was subjected to the same analysis and primers
were designed to amplify a 516 bp fragment. All primers are listed in S2 Table (S2 Table). PCR
used cDNA templates from previous experiments done in our research group and were
derived from the fat body of insects challenged with Escherichia coli and Micrococcus luteus
[36] and the products were ethanol precipitated and sequenced. The same primers with an
added 5’ incorporated T7 polymerase binding site were used to generate the template required
to generate dsRNA. These PCR products were ethanol precipitated and sequenced, and then
were used as templates to synthesize double-stranded RNA (dsRNA) as previously described
[55]. dsRNA synthesis products were ethanol precipitated, visualized on 1% agarose gel, and
quantified on a Nanodrop 1000 spectrophotometer v. 3.7 (Thermo Fisher Scientific).

RNAIi experiments

Intrathoracic injections of dSRNA generated from R. prolixus Relish, or the ANT gene, were
performed on 5™ instar insects 1-2 days after moulting. dsSRNA was resuspended in 0.9% ster-
ile saline solution and insects were injected with 1 uL containing 2.5 pg of dsRNA using a

10 L Hamilton syringe.

Immune challenge

Four days after dsSRNA injections, insects were immune challenged by the intrathoracic injec-
tion of Gram-negative bacteria (Enterobacter cloacae) or Gram-positive bacteria (Staphylococ-
cus aureus). Glycerol stocks from these bacteria were grown in Lysogeny Broth (LB) overnight
at 200 rpm and 37°C. The liquid cultures were centrifuged, and the pellet was washed 2 times
in PBS (137 mM NaCl; 2,7 mM KCI; 10 mM sodium phosphate at pH7.2). The concentration
of bacteria was calculated by spectrometry at 600nm on a Shimadzu UV-2550 spectrophotom-
eter. Insects were injected with 2 uL (~10° total bacteria) using a 10 uL. Hamilton syringe. Con-
trol insects were injected with 2 pL of sterile PBS. Insects were dissected in PBS and fat body
tissues were extracted 8 hours after the immune challenge. Each treatment had 5 replicates of 3
pooled fat bodies.

Tissue isolation, RNA extraction, and cDNA synthesis

Total RNA from dissected FB tissues was extracted using TRizol reagent (Invitrogen, Carlsbad,
CA, US) following manufacturer’s recommendations. DNAse treatment was performed with
TURBO DNA-free Kit (Ambion). The samples were quantified on a Nanodrop 1000 spectro-
photometer v. 3.7 (Thermo Fisher Scientific). First strand cDNA synthesis was performed in
20 pL reactions containing 2.0 pg total RNA using an oligo dT primer (MG) with the One-
Script cDNA Synthesis Kit (ABM, Canada) and an extension time of 50 minutes. The subse-
quent cDNA was diluted 1:50 with DEPC water.
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Quantitative real-time PCR

Quantitative real-time PCR (qPCR) was used to assess rpRelish silencing on the expression of
selected AMPs known to have a differential expression in fat body or hemocoel after infection
with bacteria or protozoans. Primers were designed, or retrieved from the literature, for: o.-
Tubulin, rpRelish, rpCaspar, Prolixicin, Lysozyme-B, Defensin-A, and Defensin-C (S3 Table).
All reactions contained 4.4 pL of cDNA, 300mM of each primer, and 5 uL of PerfeCTa SYBR
Green Super Mix (Quanta Biosciences, Gaithersburg, MD, US) in a final volume of 10 pL.
qPCR was performed on a LightCycler96 thermal cycler (Roche diagnostics, Mannheim, Ger-
many). The qPCR conditions used were: 95°C: 3 min, 40 cycles of 95°C: 15 s and 60°C: 30's,
followed by a melt curve analysis to confirm the specificity of the reaction. No-template con-
trols were included with each primer set to verify the absence of exogenous DNA and primer-
dimers. Relative differences in transcripts levels were calculated using the 2~ ** Ct method
[56-58] with a-Tubulin (RPRC003295) as the reference gene. PCR efficiencies (E) for each
primer were determined using the slope of a linear regression mode.

Statistical analysis

All treatments were tested for normality using the Shapiro-Wilk normality test and compared
using the unpaired Student’s T—test or Mann Whitney U Test. Calculations and graphs were
made using R 3.0.14 and JMP 13.1. P-values lower than 0.05 were considered as evidence for
difference between treatments. Relative transcript levels were expressed as means with whis-
kers representing + SEM.

Results

Rhodnius prolixus IMD pathway orthologs

IMD pathway candidate orthologs were found using reciprocal BLAST and HMM-profile
searches. (Table 1). rpFADD (RPRC013858), rpDREDD (GECK01002741.1), rpCaspar
(RPRC001459), rpIKKPB (GECK01053880.1), rpIAP2 (RPRC007068), rpEffete (RPRC005317),
rpUevla (RPRC011375), rpBendless (RPRC011790), and rpCYLD (GECK01020525.1) ortho-
logs were found using both search strategies. We did not find candidate orthologs for IMD or
Kenny. We confirmed that all orthologs were transcribed using PCR amplification of cDNAs
generated from fat body tissues of immune activated insects or by finding their transcripts in
published transcriptomes [40,49]. Two orthologs, rpDREDD and rpIKKR, not currently anno-
tated in the R. prolixus genome could not be amplified using PCR, but were found in published
transcriptomes. rpCYDL is partially annotated in the R. prolixus genome (RPRC014665) but
spans 3 contigs that are assembled in opposing directions, breaking the gene into 3 unlinked
fragments. Newly identified putative R. prolixus orthologs of each gene contain regions that
resemble highly conserved architecture and domains of known IMD pathway proteins in
other organisms (Figs 1-5) based on sequence alignments (S1 File).

To evaluate the evolutionary relationships of R. prolixus IMD pathway orthologs ML phylo-
genetic trees with arthropod proteins sequences were built. We included all IMD pathway
orthologs found in hemipterans even though no IMD pathway genes have been characterized
functionally in this group with the exception of Relish in R. prolixus [37]. In trees for FADD,
DREDD, Caspar, IKKB, IAP2, and CYLD, non-insect arthropods are basal to insects and holo-
metabolous and hemimetabolous insect orthologs are found in mixed clades (Figs 1-3 and Fig
5). Caspar and IKK trees share a similar topology with most hemimetabolous insects as a sis-
ter clade to all holometabolous insects (Fig 2B and Fig 3A). Uevla, Effete, and Bendless ortho-
logs are contained in a single clade separate from the other protein clades. These proteins have
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Table 1. Rhodnius prolixus IMD pathway orthologs, BLASTp search best hit results, and hidden Markov model profile search results.

BLASTYp search results HMM profile search results
R. prolixus ortholog and accession numbers Best-match Protein name e-value e-value

FADD (RPRC013858, GECK01061114.1, Aethina tumida FADD 1.0x10°® 1.8x107"°
MH484617)

DREDD (GECK01002741.1) Oncopeltus fasciatusfasciatus DREDD 6.0x10™° 1.1x10°%*
CASPAR (RPRC001459, GECK01051516.1 MH484616) Locusta migratoria CASPAR 3.0x10"%° 7.8x102"!
IKKB (GECK01053880.1) Cimex lectularius IKKB 3.0x107'¢! 3.8x107'%°
IAP2 (RPRC007068, GECK01058463.1, MH484621) Oncopeltus fasciatus IAP2 0.0 1.4x107'%%
Effete (RPRC005317, GECK01025104.1, Anoplophora glabripennis Effete 3.0x107%° 3.1x101
MH484619)

Uevla (RPRC011375, GECK01033612.1, Cimex lectularius Uevla 2.0x107%° 1.2x10°%
MHA484620)

Bendless (RPRC011790, Halyomorpha halys Bendless 1.0x10% 7.6x10°%
GECK01105599.1,

MH484618)

CYLD (GECK01020525.1) Dystrichothorax novaeangliae CYLD 0.0 0.0

BLASTYp searches used protein sequences against a custom arthropod database. BLASTp Identity percentage and query coverage are over 25% and 73% respectively, for
the results shown. HMM protein profile searches were done against a database comprised of the R. prolixus gene set version 3.1 and selected sequences from
transcriptomes. The sequences used for the BLAST searches were from Vector-Base (sequences starting with RPRC), antennal transcriptome [49] (sequences starting
with GECK), or sequences generated in this study (Sequences starting with MH). If the sequences were different among sources then the transcriptome sequences were
used in the BLAST searches.

https://doi.org/10.1371/journal.pone.0214794.t001

almost identical, and extremely conserved, sequences that does not allow a determination of
their evolutionary relationships (Fig 4).

Fas-associated protein with death domain ortholog (FADD)

Rhodnius prolixus FADD (rpFADD) has a Death Domain shared with Drosophila melanogaster
and Homo sapiens orthologs. The Death Effector Domain present in most orthologs was not
detected in R. prolixus. However, a similar architecture was reported for FADD found in other
hemimetabolous insects, most hymenopterans insects, fleas, and mosquitoes. rpFADD clusters
with other hemimetabolous FADD orthologs and are in a common clade with hymenopterans
and coleopterans.

Death-related ced-3/Nedd2-like protein ortholog (DREDD)

Rhodnius prolixus DREDD (rpDREDD) has a caspase domain that is conserved in all DREDD
orthologs including the human ortholog. ML trees show rpDREDD and hemipteran DREDD
orthologs in a clade sister to the majority of insects (Fig 2A). Interestingly, hemipterans and
hymenopterans form separate clades from other hemimetabolous and holometabolous insects,
respectively.

FAF1 ortholog (CASPAR)

Rhodnius prolixus CASPAR (rpCASPAR) has a UAS family FAS-associated factor 1 domain
and a UBQ superfamily domain similar to D. melanogaster CASPAR. This protein is shorter
than other orthologs and lacks a UBA-FAF1 and UBL domain present in other (but not all)
orthologs. The ML-tree of this gene shows rpCASPAR in a clade with other hemipteran and
paraneopteran insects (Fig 2B). Interestingly, aphid homologs are in a separate clade that is
basal to other insects.
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Protein Domains

99/100 preme: HEMIPTERA - Rhodnius prolixus
—_— HEMIPTERA - Triatoma dimidiata

— @

HEMIPTERA - Lygus hesperus
HEMIPTERA - Cuerna arida

COLEOPTERA - Agrilus planipennis }

COLEOPTERA - Dendroctonus ponderosae
COLEOPTERA - Anoplophora glabripennis
HYMENOPTERA - Nicrophorus vespilloides
COLEOPTERA - Tribolium castaneum
HYMENOPTERA - Apis cerana
HYMENOPTERA - Bombus terrestris
HYMENOPTERA - Bombus impatiens
HYMENOPTERA - Melipona quadrifasciata
HYMENOPTERA - Habropoda laboriosa
HYMENOPTERA - Dufourea novaeangliae
HYMENOPTERA - Formicidae
HYMENOPTERA - Trichomalopsis sarcophagae
HEMIPTERA - Halyomorpha halys —m_

100/100, ODONATA - Ladona fulva P

L EPHEMEROPTERA - Ephemera danaus
ORTHOPTERA - Locusta migratoria
BLATTODEA - Blattella germanica
BLATTODEA - Blattella germanica
BLATTODEA - Cryptotermes secundus
BLATTODEA - Zootermopsis nevadensis
SIPHONAPTERA - Ctenocephalides felis
THYSANOPTERA - Frankliniella occidentalis ===
LEPIDOPTERA - Pieris rapae —
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Fig 1. FADD Maximum likelihood trees in selected arthropods. rpFADD forms a common clade with other hemimetabolous insects, coleopterans and
hymenopterans. Similar to FADD reported in mosquitoes, rpFADD only has a Death Domain (DD). The Death Effector Domain (DED) present in other orthologs was
not detected in rpFADD or mosquitoes. Formicidae, Drosophila and Anopheles clades are collapsed. The human FADD ortholog was used as the outgroup.

https://doi.org/10.1371/journal.pone.0214794.9001

The inhibitor of nuclear factor kappa-p kinase ortholog (IKKp)

The IKK ortholog in R. prolixus (rpIKKp) has a catalytic Serine/Threonine kinase, Inhibitor of
Nuclear Factor-Kappa B Kinase beta domain present on all IKKf orthologs. The ML phyloge-
netic tree for these proteins shows holometabolous and hemimetabolous insects in separate
clades (Fig 3A). rpIKKp is within the latter clade. The human louse P. humanus is the only
hemimetabolous insect that deviates from this pattern, forming a basal clade to these two clades.

Inhibitor of apoptosis 2 ortholog (IAP2)

The IAP2 ortholog in R. prolixus (rpIAP2) has the same domain architecture found in D. mela-
nogaster IAP2 protein. rpIAP2 has 3 BIR domains, 1 UBA domain, and 1 RING-HC domain.
The ML tree of this protein shows a clade with all insect IAP2 orthologs (Fig 3B). Hemimetab-
olous and holometabolous orders form mixed clades that have strong branch support only at
the order level. rpIAP2 is in a clade with all other hemipterans.

Effete, Bendless, and Uevla orthologs

Effete, Bendless, and Uevla are ubiquitin conjugating enzymes that share a UBC domain.
Reciprocal BLAST searches indicate that RPRC005317, RPRC011375, and RPRC011790 could
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Fig 2. DREDD and CASPAR Maximum likelihood phylogenetic trees in selected arthropods. (A) rpDREDD forms a clade with other hemipterans but is distinct
from other hemimetabolous insects (green). (B) rpCASPAR forms a clade with other paraneopteran insects except for aphids which form a distinct clade basal to most
insects. The human Caspase 8 and FAF1 were used as outgroups to build the ML trees.

https://doi.org/10.1371/journal.pone.0214794.9002

be either rpEffete, rpUevla, or rpBendless orthologs. The resulting BLAST hits for the three
searches were very similar for different metrics (e.g. low e-values and high identity). Therefore,
a ML tree was built with orthologs of these 3 genes to elucidate their identity (Fig 4). The topol-
ogy of this tree confirms the HMM-profile searches results, separating the 3 orthologs into dif-
ferent clades (RPRC005317 within rpEffete clade, RPRC011375 within rpUevla clade, and
RPRCO011790 within rpBendless clade). Effete and Bendless orthologs are in single clades but
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https://doi.org/10.1371/journal.pone.0214794.9g003

the internal branches are poorly supported, likely due to the high protein sequence similarity
among these three molecules (Identity percentage >98%).

Ubiquitin carboxyl-terminal hydrolase Cylindromatosis (CYLD)

The Cylindromatosis CYLD ortholog in R. prolixus (rpCYLD) has a similar domain architec-
ture to the Drosophila CYLD, with 2 CAP-Gly domains and 1 Peptidase-C19 domain. The
ML-tree shows rpCYLD in a clade with other hemipterans, sister to all holometabolous insect

CYLD orthologs (Fig 5).
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https://doi.org/10.1371/journal.pone.0214794.9004

Differential AMP expression in the fat body

The expression of AMPs in the fat body of R. prolixus was compared 8h after intrathoracic
injection of Gram-negative or Gram-positive bacteria. Transcript levels for each AMP were
compared with the levels expressed in PBS injected insects serving as the second calibrator
(AACT [57,58]). The expression of all AMPs was similar after injection with Gram-positive or
Gram-negative bacteria (Fig 6A). Only Defensin-C showed a significant induction after injec-
tion with Gram-negative bacteria (Clys 1.01-3.16) and a suppression after injection of Gram-
positive bacteria (Clgs 0.06-0.19). rpRelish levels were lower in insects injected with Gram-
positive bacteria compared with insects injected with PBS (CI95-0.12-0.62)
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https://doi.org/10.1371/journal.pone.0214794.9005

The effect of silencing rpRelish on AMP transcription

AMP transcript levels were measured 8h after intrathoracic inoculation of bacteria into insects
that had received dsRNA. In these experiments, AMP expression levels were compared
between insects that had been injected with dsANT or dsRelish. rpRelish knockdown reduced
rpRelish expression by 88% compared with dsANT injected insects that later were injected
with Gram-negative bacteria, and by 94% compared with dsANT injected that later were
injected with Gram-positive bacteria (Fig 6B and 6C).

In rpRelish silenced insects injected with Gram-negative bacteria, Prolixicin, Lysozyme-B,
and Defensin-A expression decreased to 47% (Clgs 24% - 70%), 48% (Clys 11% - 84%) and
46% (Clos 28% - 66%) respectively of their dsANT injected controls. Defensin-C transcripts
levels showed a high degree of variation, with no evidence of differential transcription between
dsANT and dsRelish treated insects (Fig 6B). After infection with Gram-positive bacteria, only
Prolixicin showed significant changes in expression with transcript levels reduced to 55%
(Clgs 31%-80%) of dsANT injected insects (Fig 6C).

Discussion
Homolog search

Using a combination of reciprocal BLAST searches and the construction of taxonomically
unbiased HMMs we found novel orthologs that represent most of the “missing” members of
the IMD pathway in R. prolixus. Hidden Markov model searches outperformed reciprocal
BLAST searches, but both strategies found the same candidate genes if they were annotated in
the genome. Zumaya-Estrada et al [59] used similar homology search strategies and found sev-
eral IMD pathway genes [59], while Ribeiro et al found a Caspar homolog in a midgut tran-
scriptome [40]. In our analysis of published transcriptomes, we found 3 additional genes that
are not currently annotated in the R. prolixus genome. We were unable, however, to find
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Fig 6. Fat body AMP expression in 5™ instar Rhodnius prolixus infected with Gram-negative and Gram-positive
bacteria. (A) Relative AMP expression in nymphs injected with Enterobacter cloacae (Gram-negative) and
Staphylococcus aureus (Gram-positive) bacteria. Relative expression levels in each gene used levels in the PBS injected
insects as the second calibrator, which is assigned a value of 1 in all comparisons as described in [57]. The effect of
silencing rpRelish was assessed in insects injected with (B) Enterobacter cloacae (Gram-negative bacteria) or (C)
Staphylococcus aureus (Gram-positive bacteria). Insects were injected with 2.5 pg of dsRNA complementary to Relish
mRNA or ANT, a plant gene that serves as a dsSRNA injection control. Four days later insects were injected
intrathoracically with 10° bacteria. AMP transcripts were measured 8h after injection with bacteria. Expression
analysis used the AACT method [57] and data are presented as fold differences between dsRelish and dsANT silenced
insects. Bars represent the mean transcript levels + SEM in 5 replicates of 3 pooled fat bodies. Means were compared
using the unpaired Student’s T-test. * P < 0.05, ** P < 0.01. Treatments that did not follow a normal distribution (Lys-
B in Gram-negative bacteria injection and Def-C in dsANT injection) based on the Shapiro-Wilk normality test (p-
values > 0.05, S1 Table), were compared with the Mann Whitney U Test.

https://doi.org/10.1371/journal.pone.0214794.9006

orthologs for IMD and Kenny. These data suggest that the annotated gene list from R. prolixus
is incomplete. Software regularly used to annotate genomes uses ab-initio approaches based on
the structure of known genes. Hemipterans seem to have an unusual gene-structure with
genes made of shorter exons than other insects [60]. Consequently, ab-initio approaches based
on non-hemipteran insects might not provide accurate gene models. Gene prediction software
such as Augustus and MAKER can be trained to generate relevant gene models for hemipter-
ans as they allow approaches to combine data from transcriptomes, EST, and genomes from
taxonomically closer organisms [61,62]. Therefore, the assumed absence of IMD pathway
genes in many arthropods could be explained either by the absence of orthologs or by the diffi-
culty in finding these genes. In this study, we adapted a strategy from Palmer and Jiggins [12]
that combines genomic and transcriptomic data and the use of HMM to better predict distant
homologs. It is important to recall, however, that genomic and transcriptomic data are not
infallible and that even accurate gene models can fail to predict genes. In the milk weed bug
genome project, for example, an IMD gene was only found by classic cloning and the use of
degenerate primers after the failure of genomic and transcriptomic sequencing to identify
strong candidate molecules.

Evolution of IMD pathway genes

The IMD pathway is the most variable immune pathway in arthropods [12,63], and hemipter-
ans are the principal insect group with a reported gene reduction [13,37,59,60,64-67]. After a
closer inspection of the IMD pathway in hemipterans, we found that insects in the Sternor-
rhyncha superfamily (Planthoppers, white flies, and aphids) indeed have a loss of important
membrane-proximal signaling genes (PGRP, IMD, FADD, and DREDD, and Relish) and the
NEF-«f transcription factor Relish (Fig 7). The absence of these genes could be an adaptation in
sternorrhynchans related to the specialized feeding habits and highly specific relationships
they have with symbiotic bacteria that provide essential amino acids and nutrients [68,69].
Sternorrhynchans, in general, are missing multiple elements of the IMD pathway, including D.
citrii, which is considered in most phylogenetic trees to be basal to the other members of this
group, and A. pisium, considered to be more derived. On the other hand, we found a very
complete pathway for most heteropteran insects (true bugs) and the large milk weed bug,
Oncopeltus fasciatus, seems to have a complete IMD pathway with orthologs for IMD, FADD,
and DREDD. All other heteropterans lack at least one of these genes, and all but the brown
planthopper, Nilaparvata lugens, are lacking orthologs for Kenny. The absence of IMD itself is
especially intriguing since this molecule is central to the operation of the pathway. In Drosoph-
ila, IMD interacts with PGRPs and FADD; it is cleaved by DREDD, and K63-ubiquitinated by
IAP2 [4]. An alternative activation of the IMD pathway may exist in R. prolixus. One possibil-
ity is that FADD can transduce the IMD pathway signaling in the absence of IMD. Another
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Fig 7. IMD pathway gene orthologs in selected insects. The presence of gene orthologs in several selected holo- and hemimetabolous insects is compared
with their phylogeny. Orthologs that are present are shown as black boxes and absent orthologs are shown as white boxes. The tree indicates heteropterans,
including Rhodnius prolixus in green, the sternorrynchans, including aphids, whiteflies, and scale insects, are in red and holometabolous insects and
paraneopeterans are in black. The phylogenetic relationships among the species shown were modified after [70].

https://doi.org/10.1371/journal.pone.0214794.9007

alternative is the existence of a novel protein that functions as IMD, or the cryptic functioning
of another protein acting as IMD. While our methodology to find distant orthologs is very sen-
sitive, we cannot discard the possibility that the absence of IMD is due to further sequence
divergence of this gene. The use of biochemical assays will help elucidate these scenarios.

The IMD pathway evolved early in arthropods and orthologs for this pathway are found in
crustaceans, polyneopterans, and holometabolous insects. It has been proposed, across a broad
range of taxa, that immune related genes are among the most rapidly evolving genes [71,72].
IMD pathway genes show significantly more sequence divergence among insect species than
genes in other immune pathways, which might suggest that hemipterans faced different selec-
tive pressures in the evolution of this pathway [4,10,12,73]. Indeed, the IMD pathway has
stronger positive selection than other pathways in Drosophila [74-76] and termites [77]. Genes
with evidence of positive selection in these insects are involved in signal transduction (e.g. Rel-
ish, Dredd, IKK-f, and DNR1) and it has been hypothesized that pathogens are driving the
adaptative evolution of these molecules [77,78]. Hemipterans have a strong association with
endosymbionts [79-81] that could trigger higher rates of evolution throughout the whole path-
way, but this needs to be addressed formally. One explanation of why the IMD pathway is
more variable than other immune pathways and might be more adaptable to symbiotic and
pathogenic responses, is that it is not closely linked to developmental processes as is the case of
the Toll pathway.

Many of the organisms that have a modified IMD pathway also have specialized diets such
as sap feeding in aphids or obligate hematophagy in bedbugs and kissing bugs. It has been pro-
posed that such specialized diets contribute to the evolution of a reduced immune system
because i) these diets contain few microorganisms and therefore do not require a robust
immune activation, and ii) symbiotic organisms are tolerated by reduced immune systems
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because they provide nutrients that are absent in the limited diet [82]. Our findings do not
fully support these hypotheses in R. prolixus. Our updated IMD pathway in R. prolixus resem-
bles those from non-hematophagous insects and is activated during bacterial infections. Fur-
thermore, kissing bugs are gregarious insects that live in non-sterile environments. Feeding is
not restricted to sterile blood; early instar nymphs acquire obligate symbionts through
coprophagy and hemolymphagy and phytophagy occur in triatomines, challenging the con-
vention that they are strictly hematophagous [83-85]. The evolution of tolerance mechanisms
towards bacterial symbionts exist in other insects and do not involve the depletion of immune
related genes. Intracellular bacteria in tsetse flies are found in a bacteriosome that downregu-
lates the IMD pathway by producing PGRP-LB [86]. This PGN amidase degrades the PAMP
that activates the pathway, therefore protecting the endosymbiont. This mechanism also oper-
ates in the weevil Sitophilus zeamais [87]. The principal endosymbiont of R. prolixus, Rhodo-
coccus rhodnii, provides B-complex vitamins, similar to the role played by Wigglesworthia sp
in tsetse flies. Rhodococcus sp., however, is extracellular, does not form bacteriosomes, and
therefore would require different tolerance mechanisms. It is likely that such tolerance mecha-
nisms would be mediated by the IMD and Toll pathways since silencing of dorsal (Toll path-
way transcription factor) increases the bacterial population in the midgut while silencing of
Relish induces a reduction in bacterial populations [37].

IMD pathway control of AMPs

AMPs are regulated directly by the Toll and IMD pathways in arthropods. In Drosophila, the
Toll pathway is reported to respond to infections with fungi and Gram-positive bacteria while
the IMD pathway is activated by Gram-negative bacteria, and each pathway induces the
expression of a subset of AMPs. Recent studies, however, indicate that AMP expression can be
coregulated by the IMD, Toll, and JAK-STAT pathways [88-90]. In R. prolixus, we demon-
strated that the IMD pathway principally regulates AMP expression against Gram-negative
bacteria (Fig 6A and 6B) compared with infections with Gram-positive bacteria (Fig 6A and
6C). The expression of all the AMPs we measured was reduced in insects in which rpRelish
expression was reduced using RNAi and posteriorly injected with Gram-negative bacteria,
suggesting that the IMD pathway is regulating the levels of all AMPs. Interestingly silencing of
rpRelish also regulates AMP expression after infection with Gram-positive bacteria. These
results differ from the Drosophila model and suggest an interaction between recognition or
signaling events of the IMD and Toll pathways. Nishide et al reported a strong crosstalk
between these pathways in the heteropteran Plautia stali [9]. In their model, insects injected
with Gram-positive or Gram-negative bacteria upregulated the same AMPs. Furthermore,
silencing the Toll or IMD pathways reduced a subset of these AMPs. Maximum suppression of
all AMP expression was achieved by co-silencing both pathways. This study and ours using
RNAI support the hypothesis of a coregulation of AMP expression by both pathways, but also
indicate that one pathway predominately regulates each AMP. Although we did not measure
the influence of the Toll pathway in R. prolixus, the expression patterns of Prolixicin and
Defensin-C suggests they are likely regulated by the Toll pathway.

This coregulation concept is not limited to hemimetabolous insects. The expression of
Gambicin in Aedes aegypti is regulated by transcription factors of the IMD and JAK-STAT
pathways [88]. This might be the case with Defensin-C in R. prolixus as there is a STAT bind-
ing site 174bp upstream of the coding region. Defensin-A and Lysozyme-B, however, have a
NF-«p binding site at this same location that could make the regulation of these genes more
responsive to Relish or Dorsal than STAT [33]. Surprisingly, Prolixicin expression is depen-
dent on Relish despite not having an obvious NF-xf binding domains in its promoter region
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[32] but the discordant expression of AMPs in the fat body and in different sections of the
midgut cannot be explained solely by IMD NF-«f sites. STAT and Toll NF-k binding sites
may provide additional regulation that accounts for these differences. A systematic analysis of
AMP promoters might help determine factors in the co-regulation of AMPs by multiple regu-
latory pathways.

Regardless of the combination of factors that contribute to the expression and regulation of
multiple AMPs, we have identified molecules that fill in many of the reported gaps in the R.
prolixus IMD pathway. In contrast to the conclusions of the R. prolixus genome paper [36],
our data indicate that this pathway is functional and inducible in R. prolixus and now can be
considered very similar to the described IMD pathways of holometabolous insects.
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