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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. WWe used RNAI strategies to demonstrate the role of the
IMD pathway in regulating the expression of specific antimicrobial peptides (AMPSs) 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. cruzi interactions.

Introduction

Theimmune 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 beneficia symbionts, and theimmune responseto eukaryotic parasitesis orches-
trated by ahandful of well conserved molecular pathways such asthe Toll pathway, the
immunedeficiency (IMD) pathway, the JAK-STAT pathway, and the RNAi pathway [2-5].
Each of these pathways has been associated, historicaly, with the control of subgroups of path-
ogens. Traditionaly the Toll pathway has been considered to beinduced by Gram-positive
bacteriaand fungi, theIMD pathway by Gram-negeative bacteria, and JAK-STAT and RNAI
pathways by viruses, athough we now know that thereis crosstalk among the various path-
ways[6-9]. Most of our understanding of immune responses has been derived from dipteran
models such as Aedesaegypti and Drosophila melanogaster and it has been assumed that these
findings apply universally to al other arthropods. Current evidence from ticks, chelicerates,
hemipterans, and lice describe adeviation from the idea of complete conservation of immune
responses and pathways, highlighting the need to study basicimmuneresponsesin disparate
species[9-15].

Oneof thefirst organismsused to sudy basic concepts of insect physiology wasthe hema-
tophagous triatomine bug, Rhodnius prolixus[16—18]. Thisinsect also isaprincipal vector of
Trypanosoma cruzi, which causes Chagas diseasein humans, killing ~12,000 people annually
and affecting 6-10 million peopleworldwide[19,20]. Tristominesingest T. cruzi trypomasti-
goteswhen thefeed on infected vertebrates. In contrast to other vector borneparasitestha
invadetheinsect body cavity and replicatein sdivary glands, T. cruzi developsand replicates
solely within the gastrointestinal (Gl) tract of theinsect, and infective forms of the parasiteare
released and transmitted with the feces astheinsect feeds. If this parasiteinvadesthe body cav-
ity of theinsect vector it ispromptly eliminated by elements of theinnaeimmune system
[21,22]. Moreover, R prolixusistheonly triatomineto have had its genome sequenced and
published, which makesit an ideal model to investigate innateimmuneresponsesin anon-
dipteran blood feeding insect vector.

Themolecular interactions between trypanosomes, the vector’sinnateimmune system, and
the obligate endosymbiotic bacterial symbiontsof R prolixushave received increased attention
over thelast decade The principa symbiotic bacterium in the microbiomeof R prolixusisthe
Gram-positive bacterium Rhodooooccus rhodnii, found mainly in the anterior midgut (AM)
region of theinsect. Within 48 hours of ingesting ablood medl, the population of R rhodnii
increases 10,000 times[23,24]. Concomitantly, the population of T. cruzi ingested with a
bloodmed showsa90% reduction in the AM within 24 hours[25]. Although parasite reduc-
tion isindependent of the bacteria population [26], T. cruzi infection inducesthe expression
of immunefactorsincluding antimicrobid peptides (AMPs), nitric oxide, phenoloxidase, lec-
tins, and protease inhibitors [27-29], suggesting adirect interaction or competition for
resources [24,30,31].

Infectionswith trypanosomes and bacteriatrigger atissue specificimmuneresponsein
R prolixus; experimental infection with T. cruzi and Trypanosoma rangeli modulatethe
expression of AMPs depending on theinfection timepoint, tissue (Fat Body (FB) or Midgut
(MQ@)), thetrypanosome strain, and the dominant microbiome[21,30-33]. In general, T.
rangdi infections reducethe expression of Lysozyme-B (Lys-B) and Prolixicin, and induce
the expression of Defensin-C (Def-C) in the MG; whileinfectionswith the T. cruzi dm28c
strain induces Def-C and Prolixicin in theMG [31,32]. I nsects 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
inducesthetranscription 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]. Smilar
immune responses have been reported in R prolixusinjected intrathoracicaly 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 transcriptsincreasein the MG, while Def-A, Def-B, Pro-
lixicin, and Lys-B areinduced in the FB. Theseresults confirm an overall and robust activa-
tion and regulation of theinnateimmune system of R prolixus, but the pattern of AMP

expression does not follow thetraditional separation of Toll and IMD regulated expression.

When the genome of R prolixuswas published severd elements of the IMD pathway were
reported as“missing”, and the authors questioned whether this pathway was functiona in this
insect [37]. Smilarly, areduced IMD pathway was reported in the genomes of other hemime-
tabolousinsectsincluding 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
bacteria symbionts[13,37].

TheR prolixus genomewasreported to lack genes encoding immune deficiency (IMD),
Fas-associated Death Domain (FADD), desth-related ced-3/Nedd2-like (DREDD), the I-kB
kinase B (IKKp), Cylindromatosis (CYLD), Caspar (anegative regulator of theMD pathway),
and the E2 ubiquitination complex (Effete, Uev1A, and Bendless). Despitethe gpparent
absence of these highly conserved members of theIMD pathway, transcriptome studies have
reported the expression of transcripts of Relish and apotential Caspar ortholog [40], and gene
expression dataon AMPs putatively regulated by theIMD pathway are expressed [32,36].
Whether the IMD pathway functionsthrough novel proteinslinking existing IMD pathway
components, or through anon-canonical pathway, is unknown. Using acombination of bioin-
formatics and wet bench studies, we haveidentified most of the “missing” orthologs of the
IMD pathway in R prolixus In addition, we have silenced Relish to demonstratethat the IMD
pathway in R prolixusissimilar to that of most holometabolous insects. These dataindicate
that the IMD pathway ispresent and induciblein R prolixus, and thet it is activated preferen-
tialy by Gram-negative bacteria

Materials and methods
Ethics statement

All animal care and experimental protocols were conducted following the guidelines of the
ingtitutional care and use committee (Committee for Evaluation of Animal Usefor Research
from the Federal University of Rio de Janeiro), which are based on the Nationd Institutes of
Hedlth Guidefor the Careand Use of Laboratory Animals (ISBN0-309-05377-3). The proto-
colswere approved by the Committee for Evduation of Animal Usefor Research (CAUAP)
from the Federa University of Rio de Janeiro, under registry number 115/13. Technicians ded-
icated to the animal facility at the Ingtitute of Medicd Biochemistry (Federal University of Rio
de Janeiro) carried out all aspectsrelated to rabbit husbandry under strict guidelinesto ensure
careful and consistent handling of theanimals.

Insect rearing

A colony of R prolixusismaintained in theinsectary of the Institute of Medica Biochemistry
a the Federa University of Rio de Janeiro. Theseinsectswerefed on live rabbits at three-week
intervalsand maintained a 28°C and 80-90% relative humidity under aphotoperiod of 12h of
light and 12h of dark. Recently moulted (1-2 days) fifth instar nymphswere used in the experi-
mentsand 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 genesin R prolixus. We used multiplereciprocal BLAST searches and hidden Markov
models (HMM) to cresteanon-redundant list of candidate orthologsin R prolixus[12]. We
built an IMD pathway genes database gathering sequences from Flybasg, 111-DB,
ORTHO-MCL, Insect-base, 15k, Immuno-DB, and Becbase[41-48].

BLASTn, BLASTp, and tBLAST x searches were performed using amino acid and nucleo-
tide sequencesfrom the IMD pathway genes database as queries against the R prolixuspro-
tein gene set-C3.1 and against published transcriptomes[40,49]. Matches with significant
similarity (e-values< 1x10°°, identity > 20%, and query coverage> 50%) were used in
reciprocal BLAST searches against adata set comprising 142 arthropod gene-setsusing
information from Insect-base, | K-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.

SQubsequently, HMM profile searches were performed by building multiple dignments of
candidate IMD pathway ortholog proteinsfrom various arthropods. Sequences were selected
to avoid taxonomic bias, using crustaceans, arachnids, hemimetabolous and holometabolous
insects. The accession numbersfor the full sequences can befound in Supplementary File 1
(S1File) that was used in the phylogenetic analyses. Multiple dignmentswere built using
MUSCLE agorithm and manually edited on MEGA 7.0 software[50,51]. The HMM profiles
werebuilt with HMMER 3.1 using default settings and used to search theR prolixusprotein
geneset-C3.1 and protein translated transcriptomes using default settings. HMM profile
ortholog sequences wereretrieved from KEGG, |5K, Ensemble, and NCBI genomeand tran-
scriptome sequencing projects[47,52,53].

PCR and sequencing of IMD pathway homolog candidates

Rhodniusprolixus candidate gene sequences identified using these procedureswereretrieved
from Vector Base and transcriptome assemblages[40,49,54]. Primerswere designed for usein
PCRto confirm thetranscription of these genes using cDNA templates derived from fat body
tissuesfrom immune challenged insects[36]. All reactions used the ABM 2x PCR Taq M aster-
mix (ABM, Richmond, Canada). Sequences were deposited in GenBank under accession num-
bers MH484616 to MH484621. Sequences, PCR conditions, and primersused arelisted in
Supplementary File 1 (S1 File).

Phylogeneticanalysis

Multiple protein dignments with complete sequences or conserved domain sequenceswere
madefor “missing” members of the IMD pathway: FADD, DREDD, |AP2, Effete, Bendless,
Uev1a 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. Sequencesthat only had automatic annotationswere not used to construct these
trees. Human tumour necrosisfactor receptor network homologsto IMD pathway geneswere
used as outgroup sequences. Multiple aignments were made using MU SCLE default parame-
tersin theprogram MEGA 7.0[51] (S1 File). Maximum Likelihood analyses were done using

| Q-TREE. Best-fit modelsfor each gene aignment were selected based on the Bayesian Infor-
mation Criterion (BIC). Branch support was assessed by 1000 ultrafast bootstrap replicates
and with the h-aL TR test.
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dsRNA target selection and synthesis of double-stranded RNA

Weperformed a selective analysis of rpRelish sequencesto reducethe off-target silencing
caused during dsRNA injections. TherpRelish cDNA sequence (Genbank sequence
KP129556.1) was divided into 19 nucleotide fragments and used as querieswith BLASTn
against theR prolixustranscripts-C3.1 data-set retrieved from Vectorbase Any hits against
genesother than rpRelish larger than 17 nucleotides, > 90% identity, and < 3 ggpswere
mapped to the rpRelish cDNA and aregion with theleast number of potentid off-target silenc-
ing fragments was selected to amplify a 564 bp fragment. For asilencing control, the Arabidop-
sisthaliana AINTEGUMENTA (ANT) genewas subjected to the same anaysisand primers
weredesigned to amplify 2516 bp fragment. All primersarelisted in 2 Table (2 Table). PCR
used cDNA templates from previous experiments donein our research group and were
derived from thefat body of insects challenged with Escherichia coli and Microcoocus luteus
[36] and the products were ethanol precipitated and sequenced. The same primerswith an
added 5 incorporated T7 polymerase binding sitewere used to generatethetemplaterequired
to generate dSRNA. These PCR products were ethanol precipitated and sequenced, and then
were used astemplatesto synthesize double-stranded RNA (dsRNA) as previously described
[55]. dsRNA synthesis products were ethanol precipitated, visualized on 1% agarose gel, and
quentified on aNanodrop 1000 spectrophotometer v. 3.7 (Thermo Fisher Sientific).

RNAI experiments

Intrathoracic injections of dsRNA generated from R prolixusRelish, or the ANT gene, were
performed on 5" ingtar insects 1-2 days after moulting. dsRNA was resuspended in 0.9% ster-
ilesaline solution and insects were injected with 1 pL containing 2.5 ug of dsRNA using a

10 pL Hamilton syringe.

Immune challenge

Four daysafter dsRNA injections, insectswereimmune challenged by theintrathoracic injec-
tion of Gram-negetive bacteria (Enterobacter doacae) or Gram-positive bacteria (Saphylococ-
cusaureus). Glycerol stocks from these bacteriawere grown in Lysogeny Broth (LB) overnight
a 200 rpm and 37°C. Theliquid cultureswere centrifuged, and the pellet waswashed 2 times
in PBS(137 mM NaCl; 2,7 mM KCI; 10mM sodium phosphate a pH7.2). The concentration
of bacteriawas calculated by spectrometry a 600nm on a Shimadzu UV-2550 spectrophotom-
eter. Insectswereinjected with 2 pL (~10° total bacteria) usinga 10 uL. Hamilton syringe. Con-
trol insectswereinjected with 2 L of sterile PBS Insectswere dissected in PBSand fat body
tissues were extracted 8 hours after theimmune challenge. Each treatment had 5 replicates of 3
pooled fat bodies.

Tissueisolation, RNA extraction, and cDNA synthesis

Tota 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-freeKit (Ambion). The samples were quantified on aNanodrop 1000 spectro-
photometer v. 3.7 (Thermo Fisher Scientific). First strand cDNA synthesiswas performed in
20 pL reactions containing 2.0 ug total RNA using an oligo dT primer (MG) with the One-
Script cDNA SynthesisKit (ABM, Canada) and an extension time of 50 minutes. The subse-
quent cDNA wasdiluted 1:50 with DEPC water.
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Quantitativereal-time PCR

Quantitativered-time PCR (qPCR) was used to assess rpRelish silencing on the expression of
selected AMPsknown to have adifferential expression in fat body or hemocoe after infection
with bacteriaor protozoans. Primersweredesigned, or retrieved from theliterature, for: a-
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 pL of PerfeCTaSYBR
Green Super Mix (QuantaBiosciences, Gaithersburg, MD, US) in afina volumeof 10 pL.
gPCR was performed on aLightCycler96 thermal cycler (Rochediagnostics, Mannheim, Ger-
many). The gPCR conditions used were: 95°C: 3min, 40 cyclesof 95°C: 15sand 60°C: 30s,
followed by amelt curve analysisto confirm the specificity of the reaction. No-template con-
trolswereincluded with each primer set to verify the absence of exogenous DNA and primer-
dimers Relative differencesin transcripts levels were calculated using the 2~ 2 Ct method
[56-58] with a-Tubulin (RPRC003295) asthe reference gene. PCR efficiencies (E) for each
primer were determined using the slope of alinear regression mode.

Satistical analysis

All trestmentsweretested for normdity using the Shapiro-Wilk normality test and compared
using the unpared Sudent’s T-test or Mann Whitney U Test. Calculations and graphswere
made using R 3.0.14 and JMP 13.1. P-values lower than 0.05 were considered as evidence for
difference between treatments. Relativetranscript levels were expressed asmeans with whis-
kersrepresenting+ SEM.

Results
Rhodniusprolixus| MD pathway orthologs

IMD pathway candidate orthologswerefound using reciprocal BLAST and HMM-profile
searches. (Table 1). rpFADD (RPRC013858), rpDREDD (GECK01002741.1), rpCaspar
(RPRC001459), rpl KKB (GECK01053880.1), rpl AP2 (RPRC007068), rpEffete (RPRC005317),
rpUevia (RPRC011375), rpBendless (RPRC011790), and rpCYLD (GECK01020525.1) ortho-
logs werefound using both search strategies. Wedid not find candidate orthologs for IMD or
Kenny. We confirmed that al orthologs were transcribed using PCR ampilification of cDNAs
generated from fat body tissues of immune activated insects or by finding their transcriptsin
published transcriptomes[40,49]. Two orthologs, roDREDD and rpl KK, not currently anno-
tated in theR pralixusgenome could not be amplified using PCR, but werefound in published
transcriptomes. rpCYDL ispartialy annotated in the R prolixus genome (RPRC014665) but
gpans 3 contigsthat are assembled in opposing directions, bresking the geneinto 3 unlinked
fragments. Newly identified putative R prolixusorthologs of each gene contain regionsthat
resemble highly conserved architecture and domains of known IMD pathway proteinsin
other organisms (Figs 1-5) based on sequence alignments (S1 File).

To evaluatethe evolutionary relationshipsof R prolixusIMD pathway orthologs ML phylo-
genetic tresswith arthropod proteins sequences werebuilt. Weincluded al IMD pathway
orthologs found in hemipterans even though no IMD pathway genes have been characterized
functiondly in thisgroup with the exception of Relish in R prolixus[37]. In treesfor FADD,
DREDD, Caspar, IKKB, IAP2, and CYLD, non-insect arthropods are basal to insects and holo-
metabolous and hemimetabolousinsect orthologs arefound in mixed clades (Figs 1-3 and Fig
5). Caspar and IKK trees shareasimilar topology with most hemimetabolousinsectsasasis-
ter cladeto all holometabolousinsects (Fig 2B and Fig 3A). Uev1a, Effete, and Bendless ortho-
logsarecontained in asingle clade separate from the other protein clades. Theseproteins have
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Table 1. Rhodniusprolixus|MD pathway orthologs, BLAST p search best hit results, and hidden Markov model profile search results.

BLASTp 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°® 1.8x10°"®
MH484617)

DREDD (GECK01002741.1) Onoopeltus fasdatusfasdiatus DREDD 6.0x104° 1.4x10°%
CASPAR (RPRC001459, GECK01051516.1 MH484616) Locusta migratoria CASPAR 3.0x10°%° 7.8x10°%!
IKKB (GECK01053880.1) Cimex lectularius IKKB 3.0x10°" 38x10°"%®
IAP2 (RPRC007068, GECK01058463.1, MH484621) Oncopeltusfasdatus IAP2 00 1.4x1071%8
Effete (RPRC005317, GECK01025104.1, Anoplophora glabripennis Effete 3.0x107% 3.1x107"!
MH484619)

Uev1a (RPRC011375, GECK01033612.1, Cimex lectularius Uevia 20x10°% 1.2x10°%
M H484620)

Bendless (RPRC011790, Halyomorpha halys Bendless 1.0x10°"% 76x10°%
GECK01105599.1,

MH484618)

CYLD (GECK01020525.1) Dystrichothorax novaeangdliae CYLD 00 0.0

BLASTp searches used protein sequences against a custom arthropod database. BLASTp |dentity percentage and query coverage are over 25% and 73% respectively, for
theresults 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] (sequencesstarting
with GECK), or sequences generated in this study (Sequences startingwith 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

amost identical, and extremely conserved, sequencesthat does not alow adetermination of
their evolutionary relationships (Fig 4).

Fas-associated protein with death domain ortholog (FADD)

RhodniusprolixusFADD (rpFADD) hasaDeath Domain shared with Drosophila meanogaster
and Homo sapiensorthologs. The Death Effector Domain present in most orthologswas not
detected in R prolixus. However, asimilar architecture was reported for FADD found in other
hemimetabolousinsects, most hymenopteransinsects, fleas, and mosquitoes. rpFADD clusters
with other hemimetabolous FADD orthologs and arein acommon cladewith hymenopterans
and coleopterans.

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

Rhodniusprolixus DREDD (rpDREDD) has acaspase domain that isconserved in al DREDD
orthologsincluding the human ortholog. ML trees show rpDREDD and hemipteran DREDD
orthologsin aclade sister to the mgority of insects (Fig 2A). I nterestingly, hemipteransand
hymenopterans form separate clades from other hemimetabolous and holometabolous insects,
respectively.

FAF1 ortholog (CASPAR)

Rhodniusprolixus CASPAR (rpCASPAR) hasa UASfamily FAS-associated factor 1 domain
and aUBQ superfamily domain similar to D. melanogaster CASPAR. Thisprotein isshorter
than other orthologs and lacksaUBA-FAF1 and UBL domain present in other (but not all)

orthologs. The ML-tree of this gene shows rpCASPAR in acladewith other hemipteran and
paraneopteran insects (Fig 2B). Interegtingly, aphid homologs arein aseparate cladethat is

basal to other insects.
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Protein Domains

99/100 e HEMIPTERA - Rhodnius prolixus
—

HEMIPTERA - Triatoma dimidiata — R
HEMIPTERA -

Lygus hesperus
HEMIPTERA - Cuerna arida
COLEOPTERA - Agrilus planipennis
COLEOPTERA - Dendroctonus ponderosae + @}-ﬂ
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

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 —
LEPIDOPTERA - Danaus plexippus
LEPIDOPTERA - Bombyx mori
LEPIDOPTERA - Pectinophora gossypiella
LEPIDOPTERA - Helicoverpa armigera
LEPIDOPTERA - Spodoptera frugiperda
LEPIDOPTERA - Papilio machaon
LEPIDOPTERA - Papilio xuthus
DIPTERA - Drosophila spp
DIPTERA - Ceratitis capitata
DIPTERA - Bactrocera latifrons

82.8/88

59/82

86/89

74/60

85/88

DIPTERA - Zeugodacus cucurbitae
DIPTERA - Glossina spp
DIPTERA - Lucilia cuprina
DIPTERA - Musca domestica
DIPTERA - Stomoxys calcitrans St
DIPTERA - Anopheles spp

DIPTERA - Culex quinquefasciatus
DIPTERA - Culex tarsalis

DIPTERA - Aedes aegypti

DIPTERA - Aedes albopictus
GEOPHILOMORPHA - Strigamia maritima
sp Q13158 FADD HUMAN

05—

Fig1. FADD Maximum likelihood treesin selected arthropods. rpFADD formsacommon cladewith other hemimetabolousinsects, coleopteransand
hymenopterans. Smilar to FADD reported in mosquitoes, rpFADD only hasaDeath Domain (DD). The Death Effector Domain (DED) present in other orthologswas
not detected in rpFADD or mosquitoes. Formicidae, Drosophila and Anophees clades are collapsed. The human FADD ortholog was used as the outgroup.

https://doi.org/10.1371/journal.pone.0214794.g001

Theinhibitor of nuclear factor kappa-B kinase ortholog (I KKp)

ThelKK ortholog in R prolixus (rpl KKB) hasacatalytic Serine/ Threoninekinase, Inhibitor of
Nuclear Factor-Kgppa B Kinase betadomain present on al IKK orthologs. The ML phyloge-
netic treefor these proteins shows holometabolous and hemimetabolousinsectsin separate
clades (Fig 3A). rplKKB iswithin the later clade. The human louse P. humanusistheonly
hemimetabolousinsect that deviatesfrom this pattern, forming abasa cladeto thesetwo clades.

Inhibitor of apoptosis 2 ortholog (IAP2)

ThelAP2 orthologin R prolixus(rpl AP2) hasthe same domain architecturefound in D. mela-
nogaster IAP2 protein. rpl AP2 has 3 BIRdomains, 1 UBA domain, and 1 RING-HC domain.
The ML treeof thisprotein shows acladewith all insect IAP2 orthologs (Fig 3B). Hemimetab-
olous and holometabolous ordersform mixed cladesthat have strong branch support only at
theorder leved. rplAP2 isin acladewith al other hemipterans.

Effete, Bendless, and Uev1a orthologs

Effete, Bendless, and Uev1aare ubiquitin conjugating enzymesthat shareaUBC domain.
Reciprocal BLAST searchesindicate that RPRC005317, RPRC011375, and RPRC011790 could
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Fig2. DREDD and CASPAR Maximum likelihood phylogenetictreesin selected arthropods. (A) rpDREDD formsacladewith other hemipteransbut isdistinct
from other hemimetabolousinsects (green). (B) rpCASPAR formsa clade with other paraneopteran insects except for gphids which form adistinct clade basal to most

insects. The human Caspase 8 and FAF1 were used as outgroupsto build the ML trees.

https://doi.org/10.1371/journa.pone.0214794.g002

beeither rpEffete, rpUev1a, or rpBendless orthologs. Theresulting BLAST hitsfor thethree
searcheswere very similar for different metrics (eg low e-values and high identity). Therefore,
aML treewas built with orthologs of these 3 genesto elucidatetheir identity (Fig 4). Thetopol-
ogy of thistree confirmsthe HMM-profile searches results, separating the 3 orthologsinto dif-
ferent clades (RPRC005317 within rpEffete clade, RPRC011375 within rpUev1aclade, and
RPRC011790 within rpBendless clade). Effete and Bendless orthologs arein single clades but
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https://doi.org/10.1371/journa.pone.0214794.g003

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

Ubiquitin carboxyl-terminal hydrolase Cylindromatosis (CYLD)

The Cylindromatosis CYLD orthologin R prolixus (rpCYLD) hasasimilar domain architec-
tureto the Drosophila CYLD, with 2 CAP-Gly domainsand 1 Peptidase-C19 domain. The
ML-tree showsrpCYLD in acladewith other hemipterans, sister to all holometabolous insect

CYLD orthologs (Fig 5).
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https://doi.org/10.1371/journa.pone.0214794.g004

Differential AMP expression in thefat body

Theexpression of AMPsin thefat body of R prolixuswas compared 8h after intrathoracic
injection of Gram-negative or Gram-positive bacteria Transcript levelsfor each AMP were
compared with the levels expressed in PBSinjected insects serving asthe second calibrator
(AACT [57,58]). The expression of al AMPswas similar fter injection with Gram-positive or
Gram-negative bacteria (Fig 6A). Only Defensin-C showed asignificant induction after injec-
tion with Gram-negative bacteria (Clgs 1.01-3.16) and asuppression after injection of Gram-
positive bacteria (Clgs 0.06-0.19). rpRelish levelswere lower in insectsinjected with Gram-
positive bacteriacompared with insectsinjected with PBS (C195-0.12-0.62)
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https://doi.org/10.1371/journa.pone.0214794.g005

Theeffect of silencing rpRelish on AMP transcription

AMP transcript levels were measured 8h after intrathoracic inoculation of bacteriainto insects
that had received dsRNA. In these experiments, AMP expression levelswere compared
between insectsthat had been injected with dSANT or dsRelish. rpRelish knockdown reduced
rpRelish expression by 88% compared with dSANT injected insectsthat later wereinjected
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 insectsinjected with Gram-negetive bacteria, Prolixicin, Lysozyme-B,
and Defensin-A expression decreased to 47% (Cl g5 24% - 70%), 48% (Cl g5 11% - 84%) and
46% (Cl g5 28% - 66%) respectively of their dsANT injected controls. Defensin-C transcripts
levels showed a high degree of variation, with no evidence of differentid transcription between
dsANT and dsRelish treated insects (Fig 6B). After infection with Gram-positive bacteria, only
Prolixicin showed significant changesin expression with transcript levelsreduced to 55%
(Clgs 31%-80%) of dSANT injected insects (Fig 6C).

Discussion
Homolog search

Using acombination of reciproca BLAST searchesand the construction of taxonomicaly
unbiased HMMs wefound novel orthologsthat represent most of the“missing” members of
theIMD pathway in R prolixus Hidden Markov model searches outperformed reciprocal
BLAST searches, but both strategiesfound the same candidate genesif they wereannotated in
thegenome. Zumaya-Estrada et al [59] used similar homology seerch strategies and found sev-
erd IMD pathway genes[59], while Ribeiro e al found a Caspar homologin amidgut tran-
scriptome[40]. In our analysis of published transcriptomes, wefound 3 additional genesthat
arenot currently annotated in the R prolixusgenome. Wewere unable, however, to find
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Fig6. Fat body AMP expression in 5" instar Rhodniusprolixusinfected with Gram-negative and Gram-positive
bacteria. (A) Relative AMP expression in nymphsinjected with Enterobader doacae (Gram-negative) and
Saphylococcus aureus (Gram-positive) bacteria. Relative expression levelsin each gene used levelsin the PBSinjected
insects as the second calibrator, which is assigned avalue of 1 in all comparisons asdescribed in [57]. Theeffect of
silencing rpRelish was assessed in insectsinjected with (B) Enterobader doacae (Gram-negative bacteria) or (C)
Saphylococcus aureus (Gram-positive bacteria). Insectswereinjected with 2.5 ug of dsRNA complementary to Relish
mRNA or ANT, aplant genethat serves asadsRNA injection control. Four days|ater insects wereinjected
intrathoradically with 10° bacteria. AM P transcripts were measured 8h after injection with bacteria. Expression
analysis used the AACT method [57] and dataare presented as fold differences between dsRelish and dsANT silenced
insects. Barsrepresent the mean transcript levels+ SEM in 5replicates of 3 pooled fat bodies. Meanswere compared
using theunpaired Sudent’s T-test. Ep < 0.05, 5 < 0.01. Trestmentsthat did not follow anorma distribution (Lys-
Bin Gram-negative bacteriainjection and Def-C in dsANT injection) based on the Shapiro-Wilk normality test (p-
vaues> 0.05, S1 Table), were compared with the Mann Whitney U Test.

https://doi.org/10.1371/journa.pone.0214794.g006

orthologsfor IMD and Kenny. These datasuggest that the annotated genelist from R prolixus
isincomplete. Software regularly used to annotate genomes uses ab-initio approaches based on
the structure of known genes. Hemipterans seem to have an unusua gene-structurewith
genes made of shorter exonsthan 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 betrained to generate relevant gene models for hemipter-
ansasthey dlow gpproachesto combine datafrom transcriptomes, EST, and genomesfrom
taxonomicaly closer organisms[61,62]. Therefore, the assumed absence of IMD pathway
genesin many arthropods could be explained either by the absence of orthologs or by the diffi-
culty in finding these genes. I n this study, we adgpted astrategy from Pamer and Jggins[12]
that combines genomic and transcriptomic dataand the use of HMM to better predict distant
homologs. It isimportant to recall, however, that genomic and transcriptomic dataare not
infdlibleand that even accurate gene models can fail to predict genes. In the milk weed bug
genome project, for example, an IMD genewas only found by classic cloning and the use of
degenerate primers after thefailure of genomic and transcriptomic sequencing to identify
strong candidate molecules,

Evolution of IMD pathway genes

ThelMD pathway isthe most variableimmune pathway in arthropods[12,63], and hemipter-
ansaretheprincipa insect group with areported genereduction [13,37,59,60,64-67]. After a
closer inspection of the IMD pathway in hemipterans, wefound that insectsin the Sernor-
rhyncha superfamily (Planthoppers, whiteflies, and aphids) indeed have aloss of important
membrane-proximal signaling genes (PGRP, IMD, FADD, and DREDD, and Relish) and the
NF-k B transcription factor Relish (Fig 7). The absence of these genes could be an adgptation in
sternorrhynchansrelated to the speciaized feeding habits and highly specific relationships
they have with symbiotic bacteriathat provide essentid amino acidsand nutrients[68,69].
Sternorrhynchans, in genera, are missing multiple elements of the IMD pathway, including D.
dtrii, which isconsidered in most phylogenetic tressto be basal to the other members of this
group, and A. pisum, considered to be morederived. On theother hand, wefound avery
complete pathway for most heteropteran insects (truebugs) and thelarge milk weed bug,
Onoopetusfasciatus seemsto have acomplete IMD pathway with orthologsfor IMD, FADD,
and DREDD. All other heteropteranslack a least one of these genes, and al but thebrown
planthopper, Nilaparvata lugens, arelacking orthologs for Kenny. The absence of IMD itself is
especidly intriguing sincethismoleculeiscentral to the operation of the pathway. In Drosoph-
ila IMD interactswith PGRPs and FADD; it is cleaved by DREDD, and K63-ubiquitinated by
IAP2[4]. An dternative activation of the IMD pathway may exist in R prolixus One possibil-
ity isthat FADD can transducethe IMD pathway signalingin the absence of IMD. Another
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https://doi.org/10.1371/journa .pone.0214794.g007

dternativeistheexistence of anovel protein that functionsasIMD, or thecryptic functioning
of another protein actingasIMD. While our methodology to find distant orthologsis very sen-
sitive, we cannot discard the possibility that the absence of IMD isdueto further sequence
divergence of thisgene. The use of biochemical assayswill help elucidate these scenarios.

TheMD pathway evolved early in arthropods and orthologs for this pathway arefound in
crustaceans, polyneopterans, and holometabolous insects. It hasbeen proposed, acrossabroad
range of taxa, that immunerelated genes are among themost rapidly evolving genes[71,72].
IMD pathway genes show significantly more sequence divergence among insect speciesthan
genesin other immune pathways, which might suggest that hemipteransfaced different selec-
tive pressuresin theevolution of thispathway [4,10,12,73]. Indeed, the IMD pathway has
stronger positive selection than other pathwaysin Drosophila [74—76] and termites[77]. Genes
with evidence of positive selection in theseinsects areinvolved in signal transduction (eg. Rel-
ish, Dredd, IKK-, and DNR1) and it has been hypothesized that pathogens aredriving the
adaptative evolution of these molecules[77,78]. Hemipterans have astrong association with
endosymbionts[79-81] that could trigger higher rates of evolution throughout thewhole path-
way, but thisneedsto be addressed formally. One explanation of why the IMD pathway is
more variablethan other immune pathways and might be more adaptable to symbiotic and
pathogenic responses, isthat it isnot closely linked to developmenta processes asisthe case of
theToll pathway.

Many of the organismsthat haveamodified IMD pathway aso have specidized diets such
as sap feeding in gphids or obligate hematophagy in bedbugs and kissing bugs. It hasbeen pro-
posed tha such specialized diets contributeto the evolution of areduced immune system
because i) these diets contain few microorganisms and therefore do not requirearobust
immuneactivation, and ii) symbiotic organisms aretolerated by reduced immune systems
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becausethey provide nutrientsthat are absent in the limited diet [82]. Our findings do not
fully support these hypothesesin R prolixus Our updated IMD pathway in R prolixusresem-
blesthose from non-hemaophagous insects and is activated during bacterial infections. Fur-
thermore, kissing bugs are gregarious insectsthat livein non-gterileenvironments. Feedingis
not restricted to sterile blood; early instar nymphs acquire obligate symbiontsthrough
coprophagy and hemolymphagy and phytophagy occur in triatomines, challenging the con-
vention tha they are strictly hematophagous [83-85]. The evolution of tolerance mechanisms
towards bacterial symbiontsexist in other insects and do not involve the depletion of immune
related genes. Intracdllular bacteriain tsetsefliesarefound in abacteriosomethat downregu-
latesthe IMD pathway by producing PGRP-LB [86]. This PGN amidase degradesthe PAMP
that activatesthe pathway, therefore protecting the endosymbiont. Thismechanism also oper-
atesin theweevil Stophiluszeamais[87]. The principa endosymbiont of R prolixus, Rhodo-
coccusrhodnii, provides B-complex vitamins, similar to the role played by Wigdesworthia sp
in tsetseflies. Rhodococcus sp., however, isextracdlular, does not form bacteriosomes, and
therefore would require different tolerance mechanisms. It islikely that such tolerance mecha-
nismswould be mediated by the IMD and Toll pathways since silencing of dorsal (Toll path-
way transcription factor) increasesthebacterial population in the midgut while silencing of
Relish induces areduction in bacterial populations[37].

IMD pathway control of AMPs

AMPs areregulated directly by the Toll and IMD pathwaysin arthropods. In Drosophila, the
Toll pathway isreported to respond to infections with fungi and Gram-positive bacteriawhile
the IMD pathway is activated by Gram-negative bacteria, and each pathway inducesthe
expression of asubset of AMPs. Recent studies, however, indicatethat AMP expression can be
coregulated by theIMD, Toll, and JAK-STAT pathways[88-90]. In R prolixus, we demon-
strated that theIMD pathway principally regulates AMP expression against Gram-negative
bacteria(Fig 6A and 6B) compared with infectionswith Gram-positive bacteria (Fig 6A and
6C). Theexpression of al the AMPswe measured wasreduced in insectsin which rpRelish
expression was reduced using RNAI and posteriorly injected with Gram-negative bacteria,
suggesting that the IMD pathway isregulating thelevelsof dl AMPs. Interestingly silencing of
rpRelish aso 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 & al reported astrong crosstalk
between these pathwaysin the heteropteran Plautia stali [9]. In their model, insectsinjected
with Gram-positive or Gram-negetive bacteria upregulated the sasme AMPs. Furthermore,
silencingthe Toll or IMD pathways reduced a subset of these AMPs. Maximum suppression of
al AMP expression was achieved by co-silencing both pathways. This study and oursusing
RNAI support the hypothesis of a coregulation of AMP expression by both pathways, but also
indicatethat one pathway predominately regulates each AMP. Although we did not measure
theinfluence of the Toll pathway in R prolixus, the expression patternsof Prolixicin and
Defensin-C suggeststhey arelikely regulated by the Toll pathway.

This coregulation concept isnot limited to hemimetabolousinsects. The expression of
Gambicin in Aedesaegypti isregulaed by transcription factorsof the IMD and JAK-STAT
pathways[88]. Thismight bethe casewith Defensin-C in R prolixusasthereisaSTAT bind-
ing site 174bp upstream of the coding region. Defensin-A and Lysozyme-B, however, havea
NF-kB binding site at thissamelocation that could maketheregulation of these genesmore
responsiveto Relish or Dorsal than STAT [33]. Surprisingly, Prolixicin expression is depen-
dent on Relish despite not having an obvious NF-k 8 binding domainsin its promoter region
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[32] but the discordant expression of AMPsin thefat body and in different sections of the
midgut cannot be explained solely by IMD NF-kf 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 determinefactorsin the co-regulation of AMPs by multiple regu-
latory pathways.

Regardless of the combination of factorsthat contributeto the expression and regulation of
multiple AMPs, we haveidentified moleculesthat fill in many of thereported gapsin theR
prolixusIMD pathway. In contrast to the conclusions of the R prolixus genome paper [36],
our dataindicatethat this pathway isfunctiona and induciblein R prolixusand now can be
considered very similar to the described IMD pathways of holometabolousinsects.
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