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Abstract

Background

Stick and leaf insects (Phasmatodea) are an exclusivelfeledifig order of insects with 1|
record of omnivory, unlike other “herbivorous” Polyneoptera. They represeideal syster
for investigating the adaptations necessary for obligate folivoguding plant cell wal
degrading enzymes (PCWDEs). However, their physiology and ihtanagomy is poorly
understood, with limited genomic resources available.

Results

We de novoassembled transcriptomes for the anterior and posterior midfysts diverss
Phasmatodea species, with RNA-Seq on one exemplar speereghasma schulteirhe
latter's assembly yielded >100,000 transcripts, with over 4000 tratscmiquely or mor

highly expressed in specific midgut sections. Two to three dozenCHC@coding gene

families, including cellulases and pectinases, were diffefgngapressed in the anteri

midgut. These genes were also found in genomic DNA from phasmidtissair, suggesting

endogenous production. Sequence alignments revealed catalytic sites biPOWIBE

no
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transcripts. While most phasmid PCWDE genes showed homology wite tifosther
insects, the pectinases were homologous to bacterial genes.

Conclusions

We identified a large and diverse PCWDE repertoire endogenotle tphasmids. If these
expressed genes are translated into active enzymes, then pheamitteoretically bregk
plant cell walls into their monomer components independently of malreppmbionts. The
differential gene expression between the two midgut sections prowiderst molecular
hints as to their function in living phasmids. Our work expands thauress available fqr
industrial applications of animal-derived PCWDEs, and facilitetedutionary analysis of
lower Polyneopteran digestive enzymes, including the pectinasese wbngin in
Phasmatodea may have been a horizontal transfer event from bacteria.

Background

Whole transcriptome shotgun sequencing, or RNA-Seq, is a high-thmatgiext-generation
sequencing tool that can efficiently identify tens of thousands oftifumrad genes in an
organism or specific tissue at a given time [1,2]. This deep semgemakes it a more
attractive tool than microarrays for organisms lackingregfee genomes, facilitatirde novo
transcriptome assembly [3-5]. Its high coverage is desirablen \whafiling transcripts in
tissues of unknown function, enabling researchers to generate androuligste hypotheses
at once (eg: [6,7]), and in organisms potentially harboring symloogianisms that may or
may not produce the transcripts of interest (eg: [8-10]), as R&A€AN simultaneously
identify genes from microbes and their vectors/hosts.

Such a combination of low genome resource availability and enigptaggiology exists in
the stick and leaf insects (order Phasmatodea), or phasmids. Thaugiorcan the pre-
molecular biology era through the Laboratory Stick Inséatausius morosufgl1], phasmid
research today is relatively limited. Few phasmids arespa&stagricultural crops [11,12],
though they reach plague-like abundances in temperate forests [a8¢l@] morosuds an
invasive pest in several countries [15,16]. All life stages o$@dkies within the order feed
exclusively on leaves [17]. This obligate folivory is relativebre: Among insects it is
known only from leaf beetles (Coleoptera: Chrysomelidae), whileerbasal “herbivores”
such as grasshoppers and crickets (Orthoptera) will quite reswdilyenge vertebrate meat,
engage in cannibalism, and even hunt and kill other insects [18,19]. Thusigdhasenan
ideal system for studying the evolution of herbivory in the lower Polyneoptera.

Folivorous organisms benefit greatly from plant cell wall degga@nzymes (PCWDESs), a
group that includes cellulases, hemicellulases, lignases, pestirsas] xylanases [17]. Once
thought to be limited to microbes, endogenous (symbiont-independent) PEV@DRECtion
has since been found throughout the Animalia. In particular, cellu{bsta-1,4-
endoglucanase; Enzyme Commission: 3.2.1.4) genes from the Glycosidadadg family 9
(GH9) are now believed to have existed in the ancestor of akhadan life [20,21] as
opposed to having been repeatedly acquired from microbes via horizorddlgesfer, as is
thought to be origin of GH45 and GH48 cellulases in beetles [22,23]. Ameagts,
endogenous cellulases have been found in lower and higher termites, che&raaickets,
beetles [21-24], a firebrat [25], a springtail [26], and, recenttly,ghasmids. High cellulase
activity in the anterior midguts of two phasmid spect&srycantha calcarataand Entoria



okinawaensiswas detected, the responsible proteins isolated, and the genes gnbedin
sequenced. Sequence homology and antigency against an insect cehiiaserum
supported an endogenous, Insectan origin for the enzymes [27]. Such ss psoslew and
predicated on the translation of PCWDE genes into enzymes agaiasia laboratory
substrates like carboxymethylcellulose or crystalline celylowhose specificity and
selectivity are imperfect [28,29].

Whether or not phasmids contain other PCWDESs, such as the cellof@aasg®e of beta-
glucosidase; EC:3.2.1.21) that convert the products of cellulase irosglimonomers [24]
or the pectinases (polygalacturonases; EC:3.2.1.15) that hydrolyze jpé¢a galacturonic
acid monomers [17], was unknown. Presence of such active enzymes couwloh ¢kl
obligate folivory of the Phasmatodea and be a key factor iorttes’s evolution [30], which
is itself a puzzle as the sister order to the Phasmatoddagidy debated [31,32].
Microbiological assays of the phasmid gut suggest digestion iroriher is symbiont-
independent [33], so any phasmid PCWDE genes are likely endogenbuwshetber the
genes show homology to insect or microbe genes depends on their owimoeaojubrigin
[23,30]. Complicating the issue is the relative lack of genesources for phasmids or their
most closely-related orders: Orthoptera [34], Embioptera [35], artdpkwa/Xenonomia
[36]. Lastly, even if phasmids have PCWDE genes, their expressioot ia guarantee, nor
are they necessarily expressed in the gut region where theynast active. The phasmid
midgut is physically differentiated into two sections: an aotemidgut (AMG) marked by
circular pleating and folding, and a posterior midgut (PMG) studdedularly by hollow
bulbs with filamentous tubules called the “appendices of the midfat’ open into the
midgut lumen [37]. The appendices may have an excretory or sgcfetmtion, and the
possibility exists that they produce digestive enzymes thataarned forward into the AMG
via countercurrent flow [38]. In the face of all these unknowns, nextrgene sequencing is
the best resource for answering questions of phasmid digestiglolgy efficiently and
effectively.

Here we usede novatranscriptome assembly to identify the genes expressed midgeits
of six species of Phasmatodea from four families, while tiyreacreasing the publicly
available genetic resources for the order. We also used RNAiSeqe exemplar species,
Peruphasma schultgiPseudophasmatidae) to quantitatively compare transcript exyressi
between the AMG and PMG, and produced a genomic DNA librarg the symbiont-free
phasmid brain to confirm that identified transcripts were encodetthdynsect itself. Our
main goal was to identify the production organ of the Phasmatodeaesdisgcellulase,
while simultaneously creating an inventory of expressed PCWDE &ed digestive genes
in phasmids and generating hypotheses on their evolutionary origohsthe putative
functions of the midgut sections. This study serves as a necgssdirginary for more
targeted molecular work. More broadly, our transcriptomes are usafuévolutionary
analyses of non-cellulase PCWDEs in insects and identifying pategénes with
biotechnological applications such as in processing biofuel feedstockproving its
rheology [39,40].



Methods

Insects and microscopy

Insects used werePeruphasma schultei(Pseudophasmatidae)Sipyloidea sipylus
(Diapheromeridae),Aretaon asperrimus(Heteropterygidae), andExtatosoma tiaratum,
Medauroidea extradentatandRamulus artemigPhasmatidae) cultured at room temperature
in the Bohart Museum of Entomology, University of California, DaRtsasmids were fed an
ad libitum diet of privet Ligustrumsp) for PeruphasmaEucalyptusfor Extatosomaand
Rosasp. for the others.

Library prep and sequencing

The RNA-Seq study dPeruphasma schultenade use of three biological replicates for both
the anterior and the posterior midguts (AMG and PMG respec)iviety each replicate, the
guts of five fed, surface-sterilized, adult, male and femalemlus were removed under
sterile conditions and emptied of their contents in several wash&Yofethanol. Then the
anterior and posterior sections were separately pooled and homogenTfidol® Reagent.
RNA was extracted according the Trizol-Plus protocol, which ingude on-column
DNAase digestion step. Total RNA quality (and subsequent library qualitygheased with
the Bioanalyzer 2100. Libraries were made using the lllumina Gru3dit according to the
manufacturer’s instructions.

Hundred base pair paired-end sequencing was performed on the HiSeq@@be eaw data
uploaded to the NCBI SRA Database [GenBank:SRP030474]. For quality ¢dotrol
quality bases and adapter contamination were removed with tixetdaditit [41] and the
cutadapt software packages [42]. FastQC [43] was used to chetikahgquality of reads
prior to de novoassembly. The number of reads generated for each biologicalatepis
shown in Table 1.



Table 1Total reads and trinity results for each transcriptomic or genomic Ibrary

de novo stick insect transcriptome Reads Total trinity transcripts Total trinity components  Contig
assemblies (isotigs) (isogroups) N50
Peruphasma schult 135622 99469 1669
Anterior midgut 1 15,578,606
Anterior midgut 2 17,004,583
Anterior midgut 3 20,651,269
Total: 53,234,458
Posterior midgut 1 17,664,733
Posterior midgut 2 22,326,598
Posterior midgut 3 21,932,697
Total: 61,924,028
Aretaon asperrimt 142181 110688 3188
Anterior midgut 57,859,873
Posterior midgut 41,709,281
Extatosoma tiaratu 163928 117927 1878
Anterior midgut 67,177,740
Posterior midgut 59,190,949
Medauroidea extradente 130080 99465 2246
Anterior midgut 54,198,129
Posterior midgut 49,043,590
Ramulus artem 169555 92260 2007
Anterior midgut 55,689,810
Posterior midgut 59,684,645
Sipyloidea sipylus 114125 72103 1257
Anterior midgut 47,511,044
GenomicP. schultel reads 46,868,237

(brain tissue)
Total number of transcripts and components basecdesults of the Trinity assembler [3] with defaplrameters. N50
statistic is a nucleotide length

For gut transcriptomes of the other five species, the same me#sodsed as fdP. schultei
with a few changes. For each species, only one biological agplicas produced for both the
anterior and the posterior midgut. This library was made of pooled midgufisnialles folE.
tiaratum, M. extradentata, R. artememndS. sipylusand a mixture of males and females for
A. asperrimus RNA was successfully extracted for all tissues withdakeeption of thes.
sipylusPMG, for which the extraction failed and for which no additional specs could be
obtained. RNA-extraction and quality control were asReruphasmabut libraries were
made using the NEBNext® Ultra™ RNA Library Prep Kit for llluma kit according to the
manufacturer’'s instructions. Sequencing was on an lllumina HiSeq 2000,handata
uploaded to the NCBI SRA Database [GenBank:SRP038202]. The numbersdef rea
produced for each sample are shown in Table 1.

de novo transcriptome assembly

The Trinity assembler with the default parameters was usedyeneratede novo
transcriptomes for all species using quality controlled readg {®Hat (v2.04) was used for
aligning reads to the transcriptome [44]. HTSeq [45] was usejpuaaotify the number of
reads aligning to each transcript. Gene and isoform abundances aesisexptevels from
the P. schultei RNA-Seq data were quantified using RSEM (RNA-Seq by Expentat
Maximization) [46]. This program was chosen over other progra$ @es not rely on
reference genomes, of which there are none for the Phasmatoddae Posc¢hultei RNA-
Seq, Trinity assembly yielded 135,622 transcripts (N50 contig lendif%1 Differentially
expressed genes were identified using EBSeq, an R packageadimpares isoform
expression across two or more biological conditions, in this case AMIGPMG, using a
Bayesian heirarchical model [47]. Differentially expresseuegg DEGs) were those with an
adjusted p-value <0.05.



Transcriptome annotation and PCWDE identification

Due to the lack of closely related species with well-annotatednges, or even consensus as
to what is the most closely related order to the Phasmatodeasedeseveral methods to
annotate the assembled transcripts. FoP afichulteitranscripts and the top 500 most highly
expressed transcripts for the other species, we used Blast3&)] sblastx program to
compare each sequence to the NCBI translated nucleotide collg@atjotatabase, with an
expect value threshold of% Contigs with highly significant BLAST [49] hits were mapped
to the Gene Ontology (GO) database and annotated using BlastZG@nmexpect value
threshold of &. InterPro annotations were performed using the Blast2GO remotection

to the InterProEBI server [48]. GO terms were modulated usingEBNand GOSIlim, using
the “generic” mapping (goslim_generic.obo) available in Bla§t2@Eigure 1). Potential
metabolic pathways represented in the transcriptome were fieéntising the Kyoto
Encyclopedia of Genes and Genomes (KEGG) [50] database via@@g{Additional files

1, 2, 3, 4, 5 and 6). Enrichment analysis (Fisher’ s Exact Test as2@0) was used to find
enriched GO terms, with term filter value below 0.05, term filter mode ‘FBIRJ two-tailed
test options selected (Figure 2). Annotations were added to those provided by RSEM.

Figure 1 Comparisons of the GO Terms expressed in the anterior angosterior midguts
of the PhasmatodeaThe top 500 most expressed transcripts are seen for eachaoteher
(left) and posterior (right) midgutsA) Aretaon asperrimusB) Extatosoma tiaratumC)
Medauroidea extradentatd) Peruphasma schult&) Ramulus artemis.

Figure 2 GO categories enriched for the most differentially expregxl genes in each
Peruphasma schultei midgut segment.Values are relative to the overall transcriptome as
per Fisher's exact tesfh) Anterior midgut (posterior midgut values in re@) Posterior
midgut (anterior midgut values in red).

To specifically identify PCWDE-encoding transcripts, we downloadeteatide sequences
for representative PCWDEs from the NCBI database, selectingrknemdogenous insect
proteins as well as fungal, bacterial, and protozoan proteins. Thespegprgnces from NCBI
were blast-ed against the full transcriptomes after remowineguality reads, with an expect
value threshold of €°. Only transcriptome isoforms that aligned to at least 75%hef

representative gene downloaded from NCBI were included in latasctipt number

analyses.

Amino acid alignment and phylogenetic analysis

For the putative PCWDEs, the transcript sequences from the phaseresconverted to
amino acid sequences using the ExPASy online translation tool [SXepresentative
sequence from each isogroup (comp# _c#) was selected based on E-value and Simemean wh
compared to known enzymes in the NCBI database. The number of isoguuaipsotigs
(sequences) within each group is listed in Table 2, and Additiona¥ fileable S7 shows
these sequence names. Other known protein sequences for these emneyenesllected
from the NCBI database from a diversity of organisms inolydbacteria, fungi, plants, other
insects, nematodes, and, when available, protists, chordates, and othéebiates
(Additional file 8: Tables S8, S9, S10 and S11). The amino acid sequercesaligned
using MUSCLE [52] and manually curated using Mesquite [53]. Furdignment and
production of consensus sequences for clades were done using J@bdipwThese
alignments were then searched for the known conserved regions ttitredcatalytic sites



for each enzyme type, identified using the Catalytic SitasAtb5], with Blast alignment to
confirm their presence in the phasmid transcripts.

Table 2Number of PCWDE isogroups and isotigs in the phasmid midgut

# isogroups (total # isotigs)

Species Cellulase Pectinase Cellobiase Beta-1,3-glucanase
Aretaon asperrimus 5 (16) 11 (44) 7 (14) 39
Extatosoma tiaratum 4 (14) 18 (30) 16 (27) 3(3)
Medauroidea extradentata 7 (13) 21 (52) 12 (28) 3)3(
Peruphasma schultei 6 (8) 7 (14) 4 (22) 3(3)
Ramulus artemis 5 (26) 17 (70) 17 (45) 3 (6)
Sipyloidea sipylus 7 (11) 11 (36) 10 (22) 2(4)

Data from the full midgut transcriptomes with sheejuences removed. Transcripts were identificlG&/DEs based on
amino acid alignment to known proteins.

MUSCLE-aligned sequences curated on Mesquite were converidtylip format [56]. For
neighbor-joining trees, the Phylip program “segboot” was run to makiepreullatasets for
bootstrapping, and the results run through “protdist” and “neighbor,” beetrées combined
with “consense.” For parsimony trees, the “segboot” datasats me through “protpars”
and “consense.” For maximum likelihood trees, the MUSCLE-alignrilends uploaded to
the CIPRES portal (www.phylo.org) [57] and run on RAXML-HPC2 on XSHBE1000

bootstrapping runs [58]. For Bayesian analysis, Mr.Bayes 3.2.2 [59] wasvith the

CIPRES datasets with 500000 generations for bootstrapping. Consemrsus/ére viewed
and prepared for figures using FigTree 1.4.2 [60]. The Maximum Likeliltablgs were
chosen as the figures for this manuscript.

Testing for endogenous production of PCWDEs

The possibility existed that some transcripts came from mirepmbionts or contaminants.
Table S7 shows which PCWDE encoding isogroups contained poly-adenydagiais, a
feature predominantly of eukaryotic mRNA that that, unlike bactBiN, will pass in large
amount through our cDNA synthesis method, and whose presence is usedgésts
endogenicity [61-63]. We also tested the translated transcriptsefgrésence of eukaryote-
specific signal peptides using SignalP 4.1 (http://www.cbs.dtu.dk/sefSigealP/) [64],
which is also evidence against bacterial origins for the tratscrbuch methods however
cannot differentiate between enzymes produced by protozoan or fungabseigrdmd those
produced by insects, including insect-produced proteins whose geneaogeaned from a
eukaryote via horizontal gene transfer as has happened in beetles [23,30,65].

To further show that particular PCWDE genes are endogenous phalsenid genome and
not produced by gut symbionts or contaminants, we extracted DNA frorgutdissue for
next generation sequencing. Finding a gene encoding a transotgingn the genome is a
strong and frequently used indicator of endogenicity [27,66-68]. By usinglimantary
tissue we avoided aspecific amplication of microbial genesesulered insect DNA alone,
as has been done in other insects to show microbe-like genes arenengbgproduced [69-
71], including the first discovery of endogenously produced cellufasa iinsect [72]. We
dissected out the brain under sterile conditions fromRarschulteiindividual and extracted
DNA using the ChargeSwitch® gDNA Mini Tissue Kit (including tR&Aase digestion
step). Genomic lllumina libraries for paired-end 100 bp sequencingthemgroduced using
the Illlumina Truseq kit and validated using the bioanalyzer 2100. Sequevesngponducted
on the Illlumina HiSeq 2000, and the data uploaded to the NCBI SRA Database



[GenBank:SRP030474]. The numbers of reads generated for the sampievaneirs Table

1. We tested if thé. schulteicellulase and pectinase genes were endogenous in origin by
mapping all genomic reads from the brain tissue back t@eurovomidgut transcriptome
assembly. We then took all the genomic reads that mapped to eaclDEPQ@M
transcriptome gene and blasted them to the entire gut traonseeipd narrow the list of reads
down to those that uniquely map to a single PCWDE gene (Table 3).

Table 3Peruphasma schultei pectinase and cellulase genomic reads uniquely aligned to
transcriptome isotigs

Pectinases Genomic reads Cellulases Genomic reads
Comp40495_c0_seql 16 comp22363_cl_seql 21
Comp54109 cl1_seql 21 comp22404_c0_seql 23
Comp55819_cl1_seql 40 comp22464_c0_seql 12
comp55819 cl_seq2 40 comp39876_c0_seql 20
comp55819 cl_seq3 40 comp55831_c0_seql 34
comp56173_c8_seql 40 comp55831_c0_seq2 33
comp56173_c8_seq2 40 comp55831_c0_seq3 40
comp56173_c8_seq3 30 comp57191_c0_seql 39
comp56173_c8_seq4 39
comp56691 cl_seql 41
comp56691_cl_seq2 20
comp56826_cl_seql 40
comp56826_c2_seql 40
comp56826_c2_seq3 40

These reads are therefore of endogenous genestsGould max.

As a final test, we blasted all PCWDE transcripts to tladt dienome foiTimema cristinae
(Phasmatodea: Timematidae), which was under development but availdbe webpage of

the Nosil Lab of Evolutionary Biology at the university of Shadtfi UK (http://nosil-
lab.group.shef.ac.uk/?page_id=25). The Timematidae are consideredténegsdup to all
other Phasmatodea [36]. While thenemagenome is not guaranteed to have the same genes
as the species we examined, finding our transcripts withirTittnemagenome would be
strong evidence that the gene is both endogenous in and ancestral to Phasmatodea.

Results

Phasmid midgutde novo transcriptome assemblies

From the extracted RNA libraries of the pooled AMGs or PMGsagh phasmid species we
generated approx 54 million high quality, 100 bp, paired-end sequence Tahts X), with
the exception ofSipyloidea sipylugDiapheromeridae), from which we were only able to
successfully extract RNA from the anterior midgude. novoassembly of each midgut
section’s library with Trinity [3] produced ~114-170 thousand transcriptigoper species
(Table 1). All reads and the final transcriptome Paruphasma schult@re available under
BioProject accession PRINA221630, and for all other phasmids under PRINA238833.

Annotation of the P. schultei transcriptomes

Approximately 30323 (22%) of the 135622 transcriptomic sequences had BbAST
(Additional file 9: Table S9), most of which were homologous to sequeinoes other
insects and arthropods (Additional file 10: Figure S1). More genes lmmologous to the



red flour beetleTribolium castaneunthan to insects from more closely related orders,
reflecting the relative dearth of available genetic informatiomfinsects in the Polyneoptera
clade and the relatively recent sequencing mbolium. The high percentage of sequences
with no blast hits (orthologs) is unsurprising given the lack of an amuptaequenced
Phasmatodea genome. The sequences may have represented noncoding nemighs, w
assembled contigs, or novel genes whose significance is unknown.

Differential gene expression across the phasmid ngadt

RNA-Seq analysis oP. schulteisuggested compartmentalization of gut function (Figure 2),
as found in other insects [24] and plant cell wall consuming organisdastional files 11
and 12 list all differentially expressed genes (DEGs) betwhela. schulteimidgut sections,
defined as genes with a Posterior Probability of Differerfdigression (PPDE) >0.95 [47].
We also defined genes as being highly expressed if theiegsion levels were 10x higher
than the mean for that midgut segment. Over 4000 genes were diffilyeexpressed in
each gut section, with 2318 genes expressed only in the AMG and 1308sexipoaly in the
PMG. We found 318 highly expressed genes for the AMG and 648 for the Pit&i¢Aal
files 13 and 14).

Analysis of the most highly expressed sequences in each midgut section gecis$urther
suggested compartmentalization of digestion, or at least enzymeegpression. All species
showed similar GO category profiles for each midgut sectiagu(é 1), with nearly 50%
reduction in hydrolase gene expression in the PMG relative to the.Avizyme-encoding
transcripts that break down polymers at internal sites, sucbriag proteases, lipases, and
PCWDEs [73] were more abundant in the AMG, as were carbogydssts transcripts and
sugar hydrolases. Transcripts abundant in the PMG encoded enzyhigsdkadown dimers
and monomers, such as dipeptidases, phospholipases, and trehalase, assoek zell
membrane receptor proteins and cytochrome P450s.

Phasmatodea midgut PCWDEs

Among the sugar hydrolases were several isogroups of PCWDIEdingccellulases in the
GH9 family and cellobiase, which together can digest cellutmdgmers completely into
sugar, and the pectinase endopolygalacturonase. We also found traescgolisig beta-1,3-
glucanase (EC:3.2.1.39), a polysaccharide-degrading enzyme familyn kmmstly from
Lepidoptera larval midguts and expressed in response to feedadienhcontaining bacteria
[74]. These four enzymes (cellulases, cellobiases, pectinasebet@il,3-glucanases) were
used in the manual annotations.

Amino acid alignment and phylogenetic analysis

The phasmid cellulases aligned most closely with other Polyneoptehalasesd — including
the known, active, endogenous cellulases isolated from the phaSmysantha calcarata
and Entoria okinawaensi$27] — as well as those of other invertebrates, tunicates,splant
and actinomycete bacteria, but not with nematode or beetle seBulaPhasmid
endoglucanases are of the GH9 family thought to be ancestréll doimal life [21], as
opposed to the GH5, 45, or 48 cellulases found in nematodes and beetle©i¢2Bhasmid
transcripts either themselves included or were homologous toriasncluding the known
active sites invariant in GH9 cellulases, based on workr@mrmobifida/ Thermomonospora
fusca(PDB: 1js4) [56,57]: namely two conserved Asp’s (D55, D58) functiomingatalytic



base activity and a Glu residue (E461) that functions as theytcatatid (Figure 3).
Phylogenetic analysis could not resolve domain or phylum-leveliaeships among the
sequences tested (bootstrap values <10). Every cellulase trangerigsolated was
homologous to two sequences from Tii@memagenome.

Figure 3 Sections of cellulase amino acid sequence alignments contagiconserved /

active site residues.Catalytic sites are identified by the grey arrows [75,76kt lof

Phasmatodea sequences in Additional file 7, and all others in Addlifim&. Similar

sequences from groups of related species were combined into consemsescses. Red
letters show identity with the overall consensus sequence based oervatioa of

physiochemical properties. Quality is the inverse likelihood of ebsgmutations based on
the BLOSUMG62 matrix [54]. Strongylocentrotus purpuratusand Flavobacterium

branchiophilumare abbreviated.

The phasmid pectinase sequences aligned most closely with thosaerobgaoteobacteria,
rather than other insects or eukaryotes. The alignment also shieveighteran and beetle
pectinases as most similar to fungal pectinases, the laitaeology already noted in the
literature [30,65]. Nearly all phasmid pectinase enzymes contaimediour conserved
regions of the catalytic sites, based on work Egwinia carotovora (PDB: 1bhe) [77]:
Asn226-Thr227-Asp228, Gly248-Asp249-Asp250, Gly274-His275-Gly276, and Arg305-
lle306-Lys307 (Figure 4). An exception is the transcripts flamasperrimus whose Arg
residue is replaced with a Tyrosine (Y305). Phylogenetalyars suggested the phasmid
polygalacturonases are a monophyletic group within those of the gamoteobacteria
(Figure 5).

Figure 4 Section of pectinase amino acid sequence alignments contagpiconserved /
active site residuesSee caption to Figure 3. Catalytic residues identified with grey Ba}s [
Thermoanaerobacterium thermosaccharolytiagrabbreviated

Figure 5 Maximum likelihood tree for the pectinasesPhylogenetic analysis of amino acid
sequences made with RAXML-HPC2 on the XSEDE system [57]. Nwwdrer bootstrap
values (1000 runs). Branch widths based on bootstrap value, branch colorehaiade.
Branch lengths based on the mean number of nucleotide substitutioagepébcale Bar
=0.9). All Phasmatodea sequences (Additional file 7) were a monoghgtetip among the
gamma proteobacteriihermoanaerobacterium thermosaccharolytiasrabbreviated

The possibility exists that the pectinase transcripts caom fjut bacteria or contaminants
rather than phasmid genes. However, many of the pectinaseriptsbad poly-A tails, as
did those of other PCWDEs (tin Table S7), and all the PCWDEctiptss that were not
truncated at the 5’ end had eukaryotic-specific signal peptidesindhigles transcripts that
contained complete open reading frames (* in Table S7) asasethose that were 3’
truncated. Each pectinase-encoding contig also had multiple (ibh ¢casss very many)
matching genomic reads from brain tissue that uniquely alignedrto (fheble 3). The same
matching genomic reads could be found for cellulases, which have eewmstrated to be
endogenously produced in phasmids [27] and are endogenously produced in many othe
insects [17] and metazoans [21]. However, none of the pectinaseaiptmbad homologues
in theTimemagenome.

The phasmid beta-glucosidases/cellobiases were in the GHly famd aligned most with
those of other insects. The phasmid transcripts mostly had the \eehsesidues of beta-



glucosidases, including the catalytic sites, based on work with albier, Trifolium repens
(PDB: 1cbg) [78]: Arg75, His119, Asn163, Glul64, Asn306, Tyr308, Glu378, and Trp420
(Figure 6). Phylogenetic analysis suggested the phasmid cebsbiare nearly all
monophyletic, except a strongly-supported clade consisting of one isofp@upeach
species bus. sipylugFigure 7). Analysis could not determine interclass relatipssamong
insect beta-glucosidases, but suggested the enzyme existedconthen ancestor of the
Insecta. Every beta-glucosidase transcript we isolated was dgousl to four sequences
from theTimemagenome.

Figure 6 Sections of cellobiase amino acid sequence alignments conitagnconserved /
active site residuesSee caption to Figure 3. Catalytic and conserved residues iel@mtith
grey arrows [78].

Figure 7 Maximum likelihood tree for the beta-glucosidasesPhylogenetic analysis of

amino acid sequences made with RAXML-HPC2 on the XSEDE sy&émNumbers are
bootstrap values (1000 runs). Branch widths based on bootstrap value, branch colors based on
clade. Branch lengths based on the mean number of nucleotide substpetisite (Scale

Bar =0.7). The Phasmatodea sequences (Additional file 7) formedttamagly supported
monophyletic group with weak relationships to other insect groups.

The phasmid beta-1,3-glucanases were in the GH16 family and aligosidclosely with
other insect enzymes (Figure 8), however this is a relatieelgntly described enzyme with
few recorded sequences in the literature or NCBI databaseisTihis first known record of
endogenous beta-1,3-glucanase in the Polyneoptera. The phasmid beta-1,3etucank
be divided into four clear, monophyletic groups (Figure 9) with no ntbhes one
representative isogroup per each of the six phasmid species. Eachddfergul in their
homology with the known consensus pattern for catalytically active-h8-glucanases
based on work onBacillus licheniformis [79]: E-[LIV]-D-[LIVF]-x(0,1)-E-x(2)-[GQ]-
[KRNF]-x-[PSTA] (Figure 8: 342-353). One group of six sequencesliat? amino acids
conserved, a group of four had 10/12, another group of six had 8/12, and thedimnal g
consisting of on@\. asperrimusequence had 6/12. The last amino acid irBtallus region
was not conserved among any phasmids, nor is it conserved among the legpidopt
sequences, which were also 11/12, or many other organism sequencesl seugrle beta-
1,3-glucanase transcript we isolated had six to eight homologuesTimtemagenome.

Figure 8 Sections of beta-1,3-glucanase amino acid sequence alignmemntgita&ining
conserved / active site residuesSee caption to Figure 3. Conserved, twelve amino acid
region identified with grey bar [79]. The four groups of Phasmatodra gre separated by
black lines.

Figure 9 Maximum likelihood tree for the beta-1,3-glucanasesPhylogenetic analysis of

amino acid sequences made with RAXML-HPC2 on the XSEDE sy&émNumbers are
bootstrap values (1000 runs). Branch widths based on bootstrap value, branch colors based on
clade. Branch lengths based on the mean number of nucleotide substipetiaite (Scale

Bar =0.7). The Phasmatodea sequences formed four strongly supported groups.




Discussion

Using high coverage sequencing of RNA expressed in their midgeitsere able to produce
high quality transcriptomes of several Phasmatodea species.n&Wwisdata doubles the
genera of phasmids with publicly available genetic resources orN@®& databases,
increasing the amount of annotated genes available for future wooklyain Phasmatodea,
but also on the Polyneoptera in general. Covering six species ifafolilies, while drawing
from the draft genome of a seventh species in a fifth familygdate suggests the differential
expression and enzyme gene diversity of the phasmid midgut seistiomsstly conserved
throughout the order. Our findings will serve as a referencefasestudying phasmid
digestion and a jumping point for future proteomic and biochemical assays. The aleusidanc
PCWDE isogroups in phasmids is relatively high, and the diversily@NDE types is
comparable to those in certain leaf beetles (Chrysomelidaeélti&kedon cochlearia9,71]

or wood-boring beetles (Cerambycidae) likeaoplophora glabripennig80]. The current
record is likely Diabrotica virgifera virgifera (Chrysomelidae) with seventy-eight genes
putatively encoding proteins from the same four enzyme clasadged here [55]. As
Phasmatodea and Chrysomelidae are among the few insect groups iallsvely
folivorous, a possible correlation exists between that dietary r@iobea diverse PCWDE
complement.

For de novotranscriptomes, assemblers such as Trinity often cannot diffeee between
homologous genes and isoforms or allelic variants of the same heey.can potentially
overestimate the number of isotigs (single or groups of contigssitivaild each constitute
one splice variant) within an isogroup (all isotigs for one genatifas by Trinity’s output
as comp#_c#) [81]. Combined with relatively low genetic resouvedadility for closely
related insects and relatively high representation of spkkeeghe aforementioned beetles,
we cannot be certain whether phasmids express more or fewer BEWMBN the average
herbivorous insect. In addition to using programs like RSEM designetitme such errors
[46], comparing the number of reads mapping to a locus on the genarbe caed to infer
the true isoform number and account for inflation [82]. That rRostichulteitranscriptome
sequences (contigs) had more matching genome reads (Table 3héiracotresponding
isogroup has members (Table 2) suggests that our contig numperserg true isoforms
within each isogroup, rather than an overestimation due to mis-ass@@m®s]. These
phasmid isoforms may reflect multiple gene copies or altermatspdiced genes, either case
suggesting a diverse complement of proteins working together Il digest multiple
varieties of carbohydrate polymer. a highly derived genetpaaty for plant cell wall
breakdown [84]. However, because some isotigs were truncated at tre53’end, the
possibility exists that certain transcripts represent @iffeends of a single gene. Future work
using RACE-PCR from primers based on the transcripts identifiedviaguld produce full-
length cDNA sequences that will determine which transcriptsesept unique genes and
which are fragments, Such genes could then be expressed intocelsecttures for use in
downstream enzymatic activity assays [85].

Previous research has confirmed that the endogenous cellulase gedesnanstrated are
most highly expressed in the anterior midgut are also most hattiye in the anterior
midgut [27], making it the site of both cellulase translationasttbn. The physical structure
of the AMG supports this hypothesis: the pleating and folding séovgeeatly increase the
available surface area of the AMG while slowing down the trapsed of food, increasing
the amount of time and space available for cellulase enztonkgdrolyze ingested plant
material. Cellulase activity falls to nearly nothing in the @Mracking with cellulase gene



expression. If we extend the results of cellulases to those adthiee PCWDES, then we
hypothesize that phasmid digestive enzymes are active in thersgion of the gut where
they are expressed, making the pleated AMG the site of priptany cell wall and polymer
digestion and the PMG the site of secondary digestion of smaller oligomerstat mos

We also hypothesize that phasmids can fully digest cellulosggintmse, as they have the
two enzymes necessary to do so, and also actively degrade pextyalacturonic acid. Such
digestive abilities could explain how phasmids survive on otherwise umoamobligately
folivorous diets: by fully breaking down plant cell walls into askitable nutrients rather
than just degrading the walls to access the nutrient-rich cytoplathin. As transcriptomics
only demonstrates gene expression, not translation or activity, tiyps¢heses cannot be
confirmed with this data alone. However, the fact that phasmidsddiwe cellulases [27]
and the presence of the relevant catalytic residues on the phesltaldse, pectinase, and
cellobiase transcripts (Figures 3,4,6) and some beta-1,3-glucaaaseripts (Figure 8)
suggests the transcripts code for functional enzymes, supportirfyypl¢hesis that these
enzymes are indeed actively degrading plant cell wallsh&ve thus provided the necessary
preliminary work justifying biochemical and proteomic assays a&lobiase, pectinase, and
beta-glucanase activity in the phasmid gut.

Phasmid pectinases are all endopolygalacturonases in the GH28 group,iknasects only
from the beetles and the Hemiptera, but they show homology andaligose from gamma
proteobacteria (Figure 4). Pectinase genes were also absém Timemagenome. Our
pectinase transcripts may have come from a bacterial symbioatsticcessful mapping of
all P. schulteipectinase and cellulase transcripts to genes irPthechulteigenome, the
presence of eukaryote-specific poly-A tails and signal peptidgshasmid transcripts with
complete open reading frames, previous studies Rithchulteiand R. artemissuggesting
their digestion is symbiont independent [33], and the absence of dratacipaunches for
microbial fermentation [37], all tentatively suggest these pasés are encoded in the
phasmids own genome and not produced by gut microbes. However, the possiidiiys
that the samples were contaminated by a non-symbiotic micrdher ai rare bacteria that
poly-adenylates its RNA or a fungal symbiont that acquiredcéebal gene via horizontal
transfer.

A more parsimonious hypothesis is that the phasmid pectinase gesnacguired through
horizontal transfer from a bacterial ancestor, much as the lmsttenases are thought to
have been acquired though horizontal transfer from an Ascomycefesf3,30,65], or as
leaf beetle xylanases may have also transferred from a gamnoteobacteria [69]. The
absence of the genesTimemawould suggest either that the transfer event occurred after the
split between the Timematidae and the other Phasmatodea, or thpEctivase genes are
ancestral to both and lost fimema Lastly, the similarity between phasmid and bacterial
sequences could simply be an artefact of the over-represergétioicrobial and dearth of
animal pectinases in the NCBI database at this time [86figUsng range or RACE PCR to
clone entire genes from phasmid genomic DNA and get introns would usoratl
demonstrate whether or not the pectinases are endogenously producedand soich work
on all six species studied here is underway.

Whether pectinase genes exist in other Polyneoptera remales $een, but would help
determine when the horizontal transfer event could have occurrédeRaifind endogenous
pectinases in closely related insects would mean the transtemred in an early
Phasmatodea ancestor: a development that would have expanded the dapdiieseof the



order and may have played a significant role in their evolution ofaiblifplivory. PCWDE
diversity could also be correlated to the development of the largktarger body sizes of
the Euphasmatodea. Broader, multi-phyla, phylogenetic analysis étingdgtic enzyme
genes in the Animalia can answer this question [35].

Phasmid cellobiases are GH1, as are those of other insects whoeptioglocendogenously
like the higher termites [87]. Such species can break down cellobidsgendently, unlike
the lower termites that have symbiotic microorganisms to prodhetedellobiases for them.
The beta-1,3-glucanases are GH16, similar to those found in Lepidpptéraowever the
prevalence of this recently described gene in animals has notsh#iently examined. A
greater sampling of this gene's presence in other animal, famgbhacterial species, as well
as biochemical studies to determine the conserved catalytduessior the protein, are
needed before ordinal-level hypotheses can be made for the enzyoletoeary history.
So far, the animal enzymes appear most closely related, angpothésize that at least three
distinct beta-1,3-glucanase gene families existed in an Badgmatodea ancestor, including
the ancestor of the Timematidae.

Our work promotes phasmids as a potentially high-value source of nGWIDEs for
biotechnological applications [70]. Cellulases and pectinases gingy lsought after by the
biofuel industry to degrade feedstock into the monomers later convetteduel, or to
improve the flow rate of the material by reducing the amount af swmhtter [39]. Pectinases
are also used in the production of coffee, tea, and juice, and in-waiste treatment [88].
Phasmid PCWDEs could be introduced into bacteria or fungiTlikehoderma reeseifor
industrial-scale enzyme production or direct use in bioreactors detewater treatment or
biofuel production [89].

Our de novomidgut transcriptomes enabled us to survey all expressed PCWDtEs
Phasmatodea at once and identify conserved catalytic domains, ipgstdgwnstream
translation and activity level analyses. A benefit of thisyidesn is the increased speed and
efficiency compared to the converse [90]: running chemical asgaydentify enzyme
activity, using proteomics to identify the amino acid sequericsadated enzymes, and
working backwards from there to design a primer for the enzymederygene and hope it
exists within the target organism’s genome itself and not aigyrmor contaminant [91].
Another benefit is that transcriptomics can reveal genes usefphylogenetic analysis but
that are not translated or whose proteins are modified post-transach that the standard
biochemical tests do not detect their function. An associated drawback iggregsed genes
are not necessarily translated into active proteins, nor arenéoegsarily active at the site of
expression [92]. However, when a reference genome is not availatoensariptome can
provide large sets of potential genes for study and, combined with gemata, can
determine whether or not they are endogenous to the target orgavisch cannot be
determined by homology alonge novotranscriptome assembly combined with RNA-Seq is
a powerful tool for suggesting putative functions for unknown tissues in stndexd
organisms and directions for future study.

Conclusions

The folivorous Phasmatodea are an ideal system to study the evatibbligate herbivory,
yet a paucity of genetic resources and poorly understood batogyimpede such work.
Using RNA-Seq, we demonstrated a diversity of plant cell dedrading enzymes expressed



differentially in the anterior section of the phasmid midgut. tbdse, the cellulases,
cellobiases, and beta-1,3-glucanases are likely all encodedimséot's own genome, as are
the pectinases, though we could not definitively rule out a microbiakces for the latter.
Such an abundance of endogenous enzymes was not expected from leefReig, raising
important questions on their evolutionary history. The efficiencywnych our de novo
transcriptomes generated new genomic resources and hypothesesufer résearch on
Polyneopteran digestion demonstrate the power of such methods to aoslgresms
lacking sequenced genomes. Our findings strongly encourage expdheisgarches for
PCWDEs, most notably the pectinases and beta-1,3-glucanases, into lother
Polyneopteran insects.
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Additional file 2: Table S2. KEGG Table for the most highly expressed genes of the
Extatosoma tiaraturmidgut. Top 500 most highly expressed genes in each of the anterior
midgut (AMG) and posterior midgut (PMG) used.
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Medauroidea extradentataidgut. Top 500 most highly expressed genes in each of the
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Additional file 4: Table S4. KEGG Table for the most highly expressed genes of the
Peruphasma schultenidgut. Top 500 most highly expressed genes in each of the anterior
midgut (AMG) and posterior midgut (PMG) used.
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Additional file 5: Table S5.KEGG Table for the most highly expressed genes of the
Ramulus artemisidgut. Top 500 most highly expressed genes in each of the anterior midgut
(AMG) and posterior midgut (PMG) used.
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Additional file 6: Table S6. KEGG Table for the most highly expressed genes of the
Sipyloidea sipylusnidgut. Top 500 most highly expressed genes in each of the anterior
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Additional file 8 Table S8— Species and NCBI Accession No's for cellulase (Beta-1,4-
endoglucanase) proteins compared to phasmid proteins. Sequences with * were nat include
in the alignment figure (Figure 4) due to poor or absent overlap with other seqattizds
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proteins compared to phasmid proteins. Sequences with * were not included in the alignment
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— Species and NCBI Accession No's for cellobiase (beta-glucosidase) pcoteipared to
phasmid proteins. Sequences with * were not included in the alignment figure (Figure 7) due
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with * were not included in the alignment figure (Figure 9) due to poor or absent owétap
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Additional file 9: Table S9. Number ofPeruphasma schultenidgut transcriptome
sequences with successful Blast search, mapping, and annotation.
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Additional file 10: Figure S1. Species distribution for top-hit Blast resultsRofschultei
midgut transcriptome.
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Additional file 11: Table S12.The most differentially expressed genes (DEGS) irPthe
schulteiAMG. Includes genes found in both or only one tissue type. Means measured in
RPKM. PPDE = Posterior Probability of Differential Expression. Annotatioade with
Blast2GO.
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Additional file 12: Table S13.The most differentially expressed genes (DEGS) irPthe
schulteiPMG. Includes genes found in both or only one tissue type. Means measured in
RPKM. PPDE = Posterior Probability of Differential Expression. Annotatioade with
Blast2GO.
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Additional file 13: Table S14.The most highly expressed genes ofRhechulteiAMG.
Identified as genes with expression levels ten times greater thare#mefon that section.
Means measured in RPKM. Annotations made with Blast2GO.
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Additional file 14: Table S15.The most highly expressed genes ofRhechulteiPMG.
Identified as genes with expression levels ten times greater thare#mefon that section.
Means measured in RPKM. Annotations made with Blast2GO.



D.
E.
[ ] carbohydrate binding [] heterocyclic compound binding
[ ] hydrolase activity []ion binding
[ ] organic cyclic compound binding [ ] oxidoreductase activity
[ ] protein binding ] small molecule binding

[ ] structural constitutent of ribosome [ | substrate-specific transporter
[ didransferase activity [ ] transmembrane transporter



GO Terms

GO Terms

AMG DEGs enriched GO terms

%% Sequences

carbohydrate metabolic process
hydrolase activity

carboxylic ester hydrolase activity
catalytic activity

peptidase activity

metabolic process

lipid metabolic process

catabolic process

hydrolase activity, acting on ester bonds
primary metabolic process
transporter activity

carbohydrate binding

lytic vacuole

lysosome

0 S5 10 15 20 25 30 35 40 45 50 S5 60 65

=Bl
=

r
F
F

PMG DEGs enriched GO terms

establishment of localization
localization

transport

signaling

cell communication

signal transduction

cellular response to stimulus
regulation of cellular process
protein binding

transporter activity

response to stimulus

actin binding

cell

biological regulation
cytoskeletal protein binding
ion transport

regulation of biological process
peptidase activity

receptor activity

lipid binding

) enzyme regulator activity
Figure 2 catabolic process

9/ Sequences

30

35

20

25




A.asperrimus_consensus
E.tiaratum_consensus
M.extradentata_consensus
P.schultei_consensus
R.artemis_consensus
S.sipylus_consensus
TeleoEmma_consensus
Blattodea_consensus
Tunicata_consensus
Nematoda_consensus

Ampullaria_crossean_ABD24274.1
Strongy._purpuratus_XP_782526.2

Plantae_consensus
Eurotiomycetes_consensus

Dictyostelium_discoideum_P22699.1
Rhodopirellula_baltica_WP_007329480.1

Clostridia_consensus
Bacilli_consensus

Flavo._branchiophilum_YP_004843036.1

Actinomycetes_consensus

Figure 3

40 S0 60 70

| ' | ' i ' '
DSALNDKG-NGEDLTGGYYDAGDFVKFGFPMAFTVTVLA
DSALNDKGNNGEDLTGGYYDAGDFVKFGFPMAFTTTVLS
DSALNDKGVHGEDLTGGYYDAGDFVKFGFPMAFTATVLA
DSALNDKGNNGEDLTGCGYYDAGDFVKFGFPMAFTATVLA
DSALNDKGNKGEDLTGGYYDAGDFVKFGFPMAYTATVLA
DSALNDKGANGEDLTGGYYDAGDFVKFGFPMAFTATVLA
DSALNDRGNNGEDLTGCGYYDAGDFVKFGFPMAYTITLLS
DSALNDKGQNGEDLTGCGYYDAGDYVKFGFPMAYTATVLA
DS-L-DG-D-GVDLSGGYYD-GD-VKYGFP-A-A-TMLA
N-VR=-=--GCAMCQELICGNYY-A-=-==mw=- WNA-TVKALK
DSALNDHGNAGEDLTGCWYDAGDFVKFNFPMAWSTAVLT
DSAMGDKGNNNEDLTGCGWYDAGDHVKFGLPMAASTTLLA
DSGLSDGSAAGVDLVGCGYYDAGDNVKFGLPMAFTTTMLS
DY=-FPD-====~- $S-SCCC-~-~-~-N-FR--FLAQDTSVVLD
NSALNDASPNSANLSCGCYFDACDGVKFGLPMAYSMTMLG
LRDVCKLNTVRLCWVDPWYE-=-=-==-==-=mmmmmmme

-SG-AD--DIG-DLTGCWYDAGDHAKINL-
GKAVQLKGISSHGLQ--WYGDCNKDSLKW= ===~~~ -

GLNFNNNARSVFELSCCWFDAGCDYNKYV-TFTYSVIHFG
DSGLNDGADVGLDLTGGWYDAGDHVKFGFPMAFTTAMLA

)

Consensus

DSALNDKGNNGEDLTGGYYDAGDFVKFGFPMAFT+TVLA

140 , 150 , 160 , 170
GALVGGP-GSND-YTDTRKDAVHNEVACDYNAAFQ
GALVGGP-GSND-YTDVRSDYVHNEVACDYNA-FQ
GALVGGP-GANDDYTDVRSDYVHNEVACDYNAGFQ
GALVGGP-GKDDSYKDVRSDYQHNEVACDYNAGFQ
GALVGGP-GSNDDYTDTRKDYQHNEVACDYNAAFQ
GALVGGP-GANDDYTDTRKDYVHNEVACDYNAGFQ
GALVGGP-DANDYYNDVRSDYVHNEVACDYNAGFQ
GALVGGP-DSNDNYEDLRSDYVANEVATDYNAGFQ
GALVGGP-D--D-YTDDR-DY--N-VA-DYNAGFQ
CSWNAGCSGQYLPSWVR I EAGK-SKAAGLTFNGK-K
GALVGGP-DSSDGYKDSRENYVNNEVACDYNAGFQ
GALVGGP-DEYDNYNDDRGDY I SNEVACDYNAGFQ
GAIVCCP-DSNDNFPDDRDNYQQSEPTTY INAPLV
SNIRWCDIGCS-==-YTF-GSS-TTSTSTTTTTTTTS
GALVGGP-GSNDEYTDDRTDY I SNEVATDYNAGFV
CKLEFCVTNVADGYQ-~-~-~-~ FDGQEVSQTY -~~~ ~
GAI-GGP=-=~-=-D-YTD~-~-NNY-NNE---D-NA-A-
CA1-GC-Q-RLNDDWSNDAQNYAFFGDNTFFNSKKF
TSLYCQPATKYLDFNDGYPNWEVSEPAINNQAAY I
GALVGGP-GS-DAYTDDRQDYVANEVATDYNAGFS

A

el il

GALVGGP-GSNDDYTDDRSDYVHNEVACDYNAGFQ



A.asperrimus_consensus
E.tiaratum_consensus
M.extradentata_consensus
P.schultei_consensus
R.artemis_consensus
S.sipylus_consensus
Chrysomelidae_consensus
Sitophilus_oryzae_AAG35693.1
Lygus_consensus
Apolygus_lucorum_AFP33361.1
Meloidogyne_incognita_AAM28240.1
Plantae_consensus
Fusarium_fujikuroi_Q07181.1
Neosartorya_fischeri A1DBR6.1
Aspergillus_consensus
Saccharomyces_cerevisiae_P47180.1
PanAnanat_consensus
Xanthomonas_consensus
Pectobacterium_carotovorum_P18192.1
Zymobacter_palmae_WP_027705705.1
Frateuria_aurantia_YP_005377252.1
Erwinia_amylovora_YP_003531536.1
Acholeplasma_brassicae_CCV65872.1
Ther.thermosacch._YP_007299713.1
Bacilli_consensus
Burkholderia_cepacia_WP_027786427.1
Prevotella_dentalis_AGB29347.1

220 230 %40 %SO %GO 270 280 290 300 %10

TPASARNTDGIDPMGSQNVT IAHCNISTGDDNIAIKALSAPSRHISVLNNHFGHGHCMS IGSETNYGVSDVTVSGLTLNGSRNGLY IKSNTFRGGL
TPASARNTDGIDPAGSQNVT IAHCNISTGDDNVAIKALTAPSRHISVLNNHFGRGHCGMS IGSETNYGVSDVTVSNLTLNGTTNGLRIKSNTSRGGL
TPAAARNTDGIDPDGSQNVT IAHCNISTGDDNVAIKALTAPSKHISVYNNHFGSGHCMS IGSETNYGVSDVTVSNLTLNGTTNGLRIKSDTSRGGL
TPASARNTDGIDPMGSQNVT IAHCNI STGDDNVA I KAGNAPTRHI S| LNNHFG-GHGMS IGSEVNSGVSDVTVSSLTL-GTTNGLRIKSDTFRGGL
TPSSARNTDGIDPMGSQNVT IAHCNISTGDDNIAIKALTAPSRHISVLNNHFGHGHCMS IGSETNHGVSDVTVSNLTLDGTTNGLRIKSNTSRGGL
TPSSARNTDGIDP IGSQNVT IAHCNI STGDDNVA I KALNAP SRHI SVLNNHFGSGHCGMS IGSEVNYGVSDVTVSGLTLNGTTNGLRIKSNTFRGGL

NNDLGHNTDGFDFS-SNNITIENSKVKNQDDCIAVN-GSN---~-AVFRNIHCSGCHCGLS I SSGKS-DIRNVTF-DCSVGGSDNCIHIKTHPDGGG-
VSAGGHNTDGFDISGSTGITIKNSVPKNQDDCVAINQGSN-~-~-~-LVFESLTCSGGHGLSVCQSTENTVKNVVFSDCTVKSSRNGIHIKTHKDAGCGA
TKD-AFNTDGISLG-VKNVTVRDSYVFNQDDCFVTGACGED--~-~-MLIDNLTCEGCNGISVGSLGNGDVVRCTIRNSRVTNSLNGLR-KSETNAVGL
NRDGGHNTDCFDVHKSRNIRIYNSKVNNQDDCLAINSCWD-~~-~- IVFENNVCEGCHGIAVGCGYDVNEAKNILIKNCKVIKNNIGIRVKTLLNGKCGI

T-YNINNGDCIDIGRSSNKQI IGSFFDTGDDCIAMGTQGAPVQC I LIKNNYFRHGCHCAAFGGSAEDGCIKDVLVEDNVAFLTDNCIRFKSSPQWGCG
APAESPNTDGIHIGRS-GV~-ILNSKIATGDDCISIGD-~-~-GT~-NL-1ENV-CGPCHGISIGSLGRY-V-GVTV--CTL-GCTDNGLRIKTWPGS-CT
NRAAAHNTDCFDISSSDHVTLDNNHVYNQDDCVAVTSCTN=-~~~ | VVSNMYCSGCHGLS IGGKSDNVVDGVQFLSSQVVNSQNGCR I KSNSGATCT
NSAAAHNSDGFDIKSSTNLTLQNSWVHNQDDCVAVSSCTD--~-~- I VVDNMYCYGCHGLS ICGKSDNTVDGVTFSNSQVINSSNCGCRIKSNSGTTCGE
NSDGGHNTDGFDISESTGVY | -GANVKNQDDC-AINSGEN=--=~-|-FTG-TCSGCGHGLSIG-~-~-N-TVKNV-~-SDSTVVNS-NG-RIKTI-GETG-
IRDGGHNTDGFDVGSSSNVLIQGCTVYNQDDCIAVNSGST~-~-~-~- | KFMNNYCYNCHGISVGSVG-~-GRSDNTVNGFWAENSDNGLR IKTVEGATCT
TPATARNTDGVDPMGSSDVTLINSRISTGDDNVAIKAGNAPASHISILNNQFGFGHCGMS IGSEINRGVSDVLVDGLTLTGTTNGLRIKSDRSRGGQ
SPATSPNTDGLDLDSVVNAT--DSDVMGGDDCVAIKTIAS-S-NIT-RNNRCYGTHGISIGSEVMSGVSNVLVD-~-Al-~-DNNGLRIKTS-AKGGP
TPSTARNTDGIDPMSSKNITIAHSNISTGDDNVAIKAGRSETRNISILHNEFGTGCHCMS IGSETM-GVYNVTVDDLIMTGTTNGLR IKSDKSAAGYV
TPATARNTDGIDP I SSQNVTVARSNI STGDDNVAIKAGAGASRNMSFLNNTFGAGHCMS IGSETKDGVYDIHVNTLTMNGTTNGLRIKSDKSASGE
TPGDARNTDGIDPASSSHVLLAHNWINTGDDNVAIKAGTTPSRDITI IHNHFYQCHGLSIGSEVQSCVSDVHVDDLSLDGTTNGLRIKSDRSRGGL
SPRDAINTDGIDP I SSKNVT IAHSNISTGDDNVA I KAHKGPAQN I SVIHNTFEFGHCMS IGSETN-GIYDVLVDDLTLNGTENGLRIKSDRSDAGE
SPKESPNTDGCDPESCKDVNI IGYNFSVCDDCIALKSKYKPCENVY IRNCIMQFCHCAVLCGS EMAGCMKNIFVTQCYFNQTDRCGLRIKTRRGRCAI
NPKDAPNTDGLDPESCKDVVILGTRFSVGDDCIAIKSKLPSSENLY IRNCLMEYCHCAVIGSEMSGGVKNVHVDRCVFRKTDRGIRIKTRRGRGCGI
NPADSPNTDGIDPESCRNVRISNCHIDVCGDDCIAITKAR-APCENITITNCTMVHCHCAVLCGSEMSGDIRNVTISNCIFQ-TDRGIRFKSRRGRGGI
TADNVKNTDAFDPGSAKNFVFAYNYVSTCGDDDIALKGNPAPAGSVAIAHNHIYWCHGISICSETNGCVTNVQVYDNSFRDSEEGCLRIKSDYARGGE
N--DGPNGDGCDP EACSNVLIQNCTFDTGDDCIAIKSLWNPSENI | IRHCKMKDGHGGV IGSEISGCGCRNVFAEDCHMDSLDRVLR IKTNNCRGGV

Amycolatopsis_mediterranei_KDU93136.1 P STAHSNTDGCDP ESCDHVV IANCTLGAHDDNIAIKSRVNPCQNLVVVNCVMNGNWCATCCSEQTGCIRNVYAYKLTVKGTKFALYVKSNTLRGGF
= = == =

NTD GDD GHD RIK

Quality.l I il.h .. II .L.III ‘JII -

Consensus

Figure 4

TPA+ARNTDGIDP+SSQNVTIANSNISTGDDCVAIKAGTAPSRNISILNNHFGGGHGMS IGSETNGGVS+VTVSDLTLNGTTNGLRIKS+T+RGGL



A Phasmatodea
Isogroups (n=85)

110 Frateuria aurantia YP_005377252.1
Q7B,TPantoea ananatis CCF10591.1
20 Pantoea ananatis WP_014593148.1
Pantoea ananatis WP_028723900.1
103~ Zymobacter palmae WP_027705705.1
ss 129 Zymobacter palmae WP_027705706.1
Pectobacterium carotovorum P18192.1
Erwinia amylovora YP_003531536.1
l7 99 Xanthomonas axonopodis WP_016850431.°
5 Xanthomonas campestris WP_016944386.1
E: Xanthomonas campestris AFQ23189.1
Burkholderia cepacia WP_027786427 .1

— 89 Apolygus lucorum AFP33361.1
100 [—):gpolygusluoorumAFV15474.1
7% Lygus lineolarisABD63921.1
Lygus hesperusACC44797.1
Saccharomyces cerevisiae P47180.1
Trichoderma harzianum CAM07141.1
Aspergillus niger P26213.1
Aspergillus lavus B8N8M2.1
Aspergillus nidulans Q5AYH4 .1
Neosartorya fischeri AIDBR6.1
40 Fusarium fujikuroi Q07181.1
bo 100 Chrysomela tremula ADU33282.2
t Chrysomela tremula ADU33276.1
Gastrophysa viridula ADU33342.1
4b Leptinotarsa decemlineata ADU33356.1
85 Leptinotarsa decemlineata AEX93414.1
35 Sitophilus oryzae AAG35693.1
Phaedon cochleariae CAA76930.1
100 Brassica napus CAC05657.1
193 Prunus armeniaca AFD62267 .1
P Arabidopsis thaliana CAA11160.1
Arabidopsis thaliana AAF21194 .1
Meloidogyne incognita AAM28240.1
99 Acholeplasma brassicae CCV65872.1
Ther. thermosaccharolyticum YP_007299713.1
e§7LEnterocpcms faecium EZQ00102.1
96 Paenibacillus polymyxa WP_025365332.1
—r‘_— Bacillus infantis YP_008608820.1
15 Solibacillus silvestris YP_006462941.1
| 2 54 Ralstonia solanacearum WP_019719502.1
24 It Eucalyptus globulus ABG34276.1
43 Amycolatopsis mediterranei KDU93136.1
Prevotella dentalis AGB29347 .1
Echinicola vietnamensis AGA77591.1

47

Figure 5 PP

Insecta:
Phasmatodea

Gamma
Proteobacteria
|

Beta Proteobacteria

Insecta: Hemiptera

Fungi

Insecta: Coleoptera

Plantae

-_. Nematoda

Firmicutes

[0 Beta Proteobacteria

- Plantae
Actinobacteria
Bacteroidetes



A.asperrimus_consensus
E.tiaratum_consensus
M.extradentata_consensus
P.schultei_consensus
R.artemis_consensus
S.sipylus_consensus
Blattodea_(roach)_consensus
Blattodea:lsoptera_consensus
Nematocera_consensus
Drosophila_consensus
Brevicoryne_brassicae_Q95X01.1
Pediculus_humanus_EEB13471.1
Coleoptera_consensus
Bombus_impatiens_XP_003493101.1
Spodoptera_frugiperda_AAC06038.1
Primate_consensus
Plantae_consensus
Humicola_insolens_4MDO_A
Basidiomycota_consensus
Ectocarpus_siliculosus_CBN79091.1
Sulfolobus_solfataricus_1UWQ_A
Firmicutes_consensus
Erwinia_chrysanthemi_P26206.1
Agrobacterium_sp._P12614.1
Thermobispora_bispora_P38645.1
Zobellia_galactanovorans_CAZ95628.1
Thermotoga_maritima_Q08638

SN TN WS

Consensus

A.asperrimus_consensus
E.tiaratum_consensus
M.extradentata_consensus
P.schultei_consensus
R.artemis_consensus
S.sipylus_consensus
Blattodea_(roach)_consensus
Blattodea:lsoptera_consensus
Nematocera_consensus
Drosophila_consensus
Brevicoryne_brassicae_Q95X01.1
Pediculus_humanus_EEB13471.1
Coleoptera_consensus
Bombus_impatiens_XP_003493101.1
Spodoptera_frugiperda_AAC06038.1
Primate_consensus
Plantae_consensus
Humicola_insolens_4MDO_A
Basidiomycota_consensus
Ectocarpus_siliculosus_CBN79091.1
Sulfolobus_solfataricus_1UWQ_A
Firmicutes_consensus
Erwinia_chrysanthemi_P26206.1
Agrobacterium_sp._P12614.1
Thermobispora_bispora_P38645.1
Zobellia_galactanovorans_CAZ95628.1
Thermotoga_maritima_QO08638

wooooBe W B i
HWDLPQHLQDLGGLANDI | IDYFEDYANLLFTHFGDRVKWWITFNEP
HWDLPQHLQDLGGLANSI IVDYFEDYARILFTNFGDRVKWWITFNEP
HWDLPQHLQDLGGLANP I IVDYFEDYARLLFTNFGDRVKWWITFNEP
EWDLPGHLQDLGGLHN=-1 1 IDFFDDRARLLFTHFGDRVKWWVTFNEP
HWDLPQHLQDLGGLANPNIVDYFEDYARLLFTNFGDRVKWWITFNEP
HWDLPQHLQDLGGLANSIFIDYFEDYARLLFTNFGDRVKWWITFNEP
HWDLPQTLQDLGCGWPNYVLVDYFEDYARVLFTNFGDRVKYWITFNEP
HWDLPQKLQDLGGWPNRVLAIYSENYARVLFKNFGDRVKLWITFNEP
HWDLPQRLQELGGLANPLIV-YFKEYARVAFENFGDRVKWWTTFNEP
HWELPQKLQELGGWTNPEI IPLFKDYARLVLEMYGDRVKIWTTVNEP
HWDLPQYLQDLGCGWVNP IMSDYFKEYARVLFTYFGDRVKWWITFNEP
HWDLPQP LONLCCWTNP I IVDYFEDYSKLAFQEFCNMVNWWITFNEP
HWDLPQP LQELGCGWTNPAIADHFADYARVCFKHFGDRIKYWITLNEP
HFEIPLHLAKKYCFKNRKMVDFFERFAITCFKRYQHKVKYWMTFNE-
HWDLPQKLQELGGFANPLI|ISDWFEDYARVVFENFGDRVKMFITFNEP
HFDLPQ-LEDQGCCWLSEAI IESFDKYAQFCFSTFCGDRVK-WITINAN
HWDLPQALEDEYGFLNPQIVDDFADYAELCFKEFGDRVKHWITFNEP
HWDLPDALDKRYCFLNEEFAADFENYARIMFKAI-PKCKHWITFNEP
HWDLPQAL-DRYCWLNEE I VQDYVNYAK-CFERFGDRVKNWLTFNEP
HWDLPQALEDKYCWLNES IVPAFDAYADTCFREYCGKVKKWITINEP
HWP LP LWLHDPPCWLSTRTVYEFARFSAY |AWKFDDLVDEYSTMNEP
HWDLPQWLQDEGCGWANRET IDAFAEYAETIFTRFGDKVKKWLTFNEP
HYEMPYGLVEKHCWGNRLTIDCFERYARTVFARYRHKVKRWLTFNIN
HWDLPLTLMGDCCWASRSTAHAFQRYAKTVMARLCDRLDAVATFNEP
HWDLPQTLEDRCCWAARDTAYRFAEYALAVHRRLGDRVRCWITLNEP
HWDLPQALEDLGCCWTNRK | LHWFEAYAQICAENFCDRVKHWMVLNEP
HWDLP FALQLKGCWANRE | ADWFAEYSRVLFENFGDRVKNWITLNEP

HWDLPQHLQDLGGWANP I IVDYFEDYARLLFTNFGDRVKWWITFNEP

380 330 400 410 420

—_rOr e T T - ————
<=M M€ < << N~ "~~~ -

MAXOMUOP UL -V R rr<<OIMOOMOTOVOQOO YOOI

Vv

300 310

. d
IKCGTHDFYAMNLYTS-Y IS
IRCTADFFCLNYYTSNIVS
IKGTHDFFGLNLYTSVLVS
IRGTADFFCGFN-YTS~-LAS
IKGTHDFFGLNLYSSVLVS
IRGTHDFFGLNLYTSLLVS
IRCTYDFFGLNHYTSNYAI
IKCGTYDFLCINFYTAVLGL
IRGSSDFFCGYNYYTTRLVY
IRGTSDFFGINSYTSNLVT
LKCTADFYALNHYSSRLVT
IQCGTLHFLGVNHYSTYLTT
IKGTFDFLGFNHYSTFLV-
KQCTVDY ICFSYYMSTVVK
VRCTSDLIGVNHYTAFLVS
IKCTADFFAVQYYTTRLIK
VKCSFDFLGLNYYTSYYAR
VKCSNDFYCMNHYTANY I K
VKCSSDFYCMNTYTTNLC-
IAGSNDFFCLNHYTSWYYT
LKGRLDWICVNYYTRTVVK
IKEPIDFIGFNYYSSSVVK
LKATVDFISFSYYMTGCVT
| SQKLDWWCLNYYTPMRVA
LETIHDLLCVNYYSHVRLA
VFEF-DFIGCIQNYTREVVR
IQEKIDFVCLNYYSGHLVK

8

KGTHDFFGLNYYTSNLVSA

d . ' . ' .
I TENCWSDSGELNDTMRIRYLVNYYAAVLDAIYLDNVTVLCHSAWSLIDTFE
I TENGWADLGELNDTMRIRYYVNY LAALLDAIYLDNVTVLGHTAWSLIDTFE
ITENGWCDYGELNDTMR IRYYVNY LAALLDAIYEDNVTVIGCHTAWSLIDNFE
I TENGWSDRGELNDTMR IRY-VNY LAAVLDAIHLDKVNVIGHTAWSLIDNFE
I TENGWSDHGELNDTMRIRYYVNY LAATLDAIY IDNVTVLGHTAWSLIDNFE
I TENGWSDYGELNDTMRARYYVNY LAAILDAIYIDNVTVLGHTAWS I IDNFE
ITENGFSDYGDLNDTGRINYYTSYLTEMLRAIHEDGVNVIGYTAWTLID- -~
VTENGFSDYCGGLNDTNRVLYYTEYMKEMLKAIHIDGVNVICYTAWSLMDNFE
ITENGVSDDGGTRDHARVDYYKDY LNALLDAILEDGCDVRCYTAWSLMDNFE
VTENGVSDRGGLEDYARVDYYNLYLSAVLDAM-EDCANISCY IAWSLMDSYE
ITENGYGDDCQLDDFEKISYLKNYLNATLQAMYEDKCNVIGYTVWSLLDNFE
I TENCYADDCKLCDTERINYHSKYLNELSKSILIDECNVMCYVAWSLFDNFE
ITENGFADDGSLDD-DRINYYKDYLCAILDAIYEDEVKVIGYTAWSLMDNFE
IVENGFPDQHHIEDTARIDYLGQHIKAMLTAIY-DCVDVICYTAWGI IDVVS
I TENCWSTNS-LIDDDRIQYYRASMESLLNCL-DDCGINLKGCYMAWS LMDNFE
ITENGFSDPAPLDDTQRWEY FRQTFQELFKAIQLDKVNLQVYCAWSLLDNFE
I TENCMDDFNDLKDYKR IKYHHDHLSSLLAAIKEDCANVKCY FAWSLLDNFE
VTENCTSLKCQLEDDFRVKY FNDYVRAMAAAVAEDCCNVRCY LAWSLLDNFE
VTENGFKD-EEL-D-DRVHYYQG-T-SLL-AV-EDCVDVRCYFGWSLLDNFE
VTENGVDRAGELKDEARQSYYHGY ITSMVTAMVEDAVDVRCYYAWS I LDNFE
VTENGIAD---DADYQRPYYLVSHVYQVHRA | -NSCADVRCY LHWS LADNYE
I TENCAAENCKI EDDYRIDYLKEHLEQAHRA | -EDCVNLKCYTAWSLIDNFE
IVENGLEENCDIYDDYRIRYLNDHLVQVGEA | -DDGVEVLGCYTCWGP IDVSA
I TENCACYNCQVNDQPRLDYYAEHLGIVADLI-RDCYPMRCY FAWS LMDNFE
I TENG-AADCDVHDPERIRYLTATLRAVHDA | -MACADLRCYFVWSVLDNFE
I TENCA-EECEVNDTQRTSYLQNY LAQVHKAR-SECLKVSCYFVWTFTDNFE
ITENG-FDDCGRVHDQNR IDYLKAHIGQAWKA | -QECVPLKCYFVWSLLDNFE

A A

Quality l . L L . . b - H Il

Consensus

Figure 6

PILITENGCGWSDDGELNDTMRIRYYVNYLAA+LDAIYEDGVNV+GYTAWSLIDNFE



- Salg

12 éiw
9 L Rhynchotermes bulbinasus AGP76180.1
Anoplotermes schwarzi AGP76178.1
Macrotermes barneyi AFD33364.1
Macrotermes carbonarius AGP76179.1
Neotermes koshunensis BAB91145.1
Cryptocercus punctulatus BAO85047.1
Periplaneta americana AIA09348.1

Danaus plexippus EHJ69449.1
Danaus plexippus EHJ66257.1
Spodoptera frugiperda AAC06038.1
Anopheles gambiae XP_557098.2

Aedes aegypti XP_001650339.1
Anopheles darlingi ETN64734.1

Musca domestica AFS49707.1
Drosophila yakuba EDW94801.1
Drosophila erecta EDV52042.1
Drosophila melanogaster AAF49418.2

Bactrocera cucurbitae ACN91517.1
Culex quinguefasciatus XP_001864465.1

Aedes aegypli EAT32728.1

15
T L Pediculus humanus EEB13471.1

Other Phasmatodea isogroups

(n=61)

P.schultei comp36946_c0

A.asperrimus comp50990_c0

E.tiaratum comp63706_c0

M.extradentata comp44688_c0

R.artemis comp93100_c0

a Zootermopsis nevadensis BAO85045.1

54~ Reticulitermes flavipes ADK12988.1
Sphaerotermes sphaerothorax AGP76181.1
asutitermes takasagoensis BAI50020.1
Nasutitermes takasagoensis BAI50018.1

anea esakii BAO85048.1

L panesthia angustipennis BA0O85050.1
Odontotermes formosanus ADD92156.1
Coptotermes formosanus AEW67361.1
zi_ Coptotermes formosanus AEW67360.1
#6——— Rhodnius prolixus JAA75545.1

——— Brevicoryne brassicae Q95X01.1

-1t Papilio xuthus BAG30785.1

Teneb

Phyllotreta striolata AHZ59650.1
‘469 Phyllotreta striolata AHZ59646.1

ab [—_Anoplophora glabripennis JAB65584.1
N Dendroctonus ponderosae AEE61395.1
Dendroctonus ponderosae ENN74637.1
Thermotoga maritima Q08638.1
Thermotoga maritima (2vrj) Q08638
Agrobacterium sp. P12614.1
Zobellia galactanovorans CAZ95628.1
100 Lactobacillus thamnosus YP_003169841.1
Enterococcus faecium EJY18556.1
Paenibacillus polymyxa P22073.1
Bacnllus circulans Q03506.3
Ruminiclostridium thermocellum P26208.1
Caldicellulosiruptor saccharolyticus WP_011916648.1
q— Lactococcus lactis WP_021037612.1
2 Clostridium longisporum Q46130.1
Erwinia chrysanthemi P26206.1
Acyrthosiphon pisum XP_008189170.1
99 L’7 Bacillus subtilis P42973.1
Bombus impatiens XP_003493101.1
—— Apis mellifera XP_006572538.1
Apis mellifera XP_006572483.1
Thermobispora bispora P38645.1
Paenibacillus polymyxa P22505.1
43 Chondrus crispus CDF35285.1
Ectocarpus siliculosus CBN79091.1
45 Phanerochaete chrysosporium Q25BW4.1
Phanerochaete chrysosporium Q25BW5.1
Postia placenta EED81359.1
Humicola insolens 4MDO_A
Arabidopsis thaliana 064882.1

A7

40
10

 I—

rio molitor AAG26008.1

47 | 59— Oryzasativa 3PTM_A

kL] Trifolium repens (1cbg) P26205

Ipomoea nil BAN58137.1

Arabidopsis thaliana P37702.1
‘00— Oryza sativa Q8L7J2.1
“— Arabidopsis thaliana Q9FZE0.1

Mycobacterium gilvum ABP44203.1

29
87 I
100

Figure

Homo sapiens Q9H227.2
Pongo abelii Q5RF65.1

7

Insecta: Lepidoptera

Insecta: Diptera

Insecta: Psocodea

Insecta: Phasmatodea

Insecta: Blattodea
(Termites)

Insecta: Blattodea
(Roaches)

Insecta: Blattodea
(Termites)

Insecta: Hemiptera
Insecta: Lepidoptera

Insecta: Coleoptera

Thermatogae

Alpha Proteobacteria
Bacteroidetes

Firmicutes

Gamma Proteobacteria
Insecta: Hemiptera
Firmicutes

Insecta: Hymenoptera

Actinobacteria
Firmicutes

Algae

Fungi

Plantae

Crenarchaeota

Actinobacteria

Chordates



A.asperrimus53277 c0_seql

p 0, 2 3 0 , 3 ., B ., M, 3P0 ., ., F 30
G-CYRRAVGAQILNPVLSAQIQTSQSFAFQFCIVKVRAKMPKGCDWLWPVVCLLPKHSAYGCDWPKSCQMI IVQSRCNTNLALGKEQLGVQRVEMA-LEFGLQKSADVIK

A.asperrimus30375_c1_seql
E.tiaratum63875_c0_seql

M.extradentata303606_c0_seql

P.schultei56333_c0_seql
Rartemis94535_c0_seq3
S.sipylus63622 <0 _seql

CECTKKAVGWD I LPPVLSARLRTKNSFSFCYCRIEVRAKLP SCOWIFPEVWLEPKDDAYGCREYNSCQVRLALSRGNRDLILQCAGGCTARRCNQYLEAGCVMGLERKYV
GECTKKAVGWD I LPPVLSARLRSKDSFSFCYCRVEVRAKLP SCDWIFPEVWLEPKENAYGREYSSCQVRLALSRGNRELTRQCAGSGAVGLGSKRLEAGCVLGLDTKY
GECSKKAVGWDI LPPVLSARLRTKDSFSFCYCRVEVRAKLP SCDWIFPEVWLEPKEGAYGREYSSCQVRLALSRGNRDLTRQCQNSGSVGLCSRRLEAGCVLGLGNKY
GECTKKAVGWNI LPPVLSARLRTKDSFSFLYCRVEVRAKLP SCDWIFPEVWLEPKDAAYGREYSSCQVRLAFSRGNRDLKMQCGNSGPAGLCSRRLEAGCVMGLGRKY
GECSKKAVGWDI LPPVLSARLRTKDSFSFCYCRVEVRAKLP SCDWIFPEVWLEPKDIAYGREYSSCQVRLALSRGNRDLTRQCQDSGSVGLCSRRLEAGCVLGLGNKY
GECTKKAVGWNILPPILSARLRTKDSFSFRYCRVEVRAKLPSCDWIFPEVWLEPKDGAYCREYSSCQVRLALSRCGNRDLRRQC--AGSESLCSQRLEAGCCVMGLGNNY

E.tiaratum85643_c1_seql

M.extradentata37143_c0_seql

P.schultei59312_c0_seql
R.artemis90987_c0_seql

--CDTYA-KDDIVLPIQSARIRTLNSFSFLYCRLEARAKMPVCDWIWPAIWMKPARNVYCPWPASCEIDVIEIRANRKYMTGCVSQCADTMCAA-LHFGPNSSYN-~~

A.artemis59984_c0_seql
E.tiaratum91156_c0_seql

M.extradentata54733_c0_seql

P.schultei45581_c0_seql
Rartemis91146_c0_seq2
S.sipylus62578 c0_seql

--CDTYA-KDDIVLP IQSARIRSLNSFSFLYCRLEARAKMP ICDWIWPAIWMKPVNNVYCAWPASGEIDIVEIRANRKYMTGCVSQCADTMCAA-LHFGPNSSYN-~~
--CDTYA-KDDIVLP IQSARIRTLNSFSFLYCRLEVKAKMPVCDWIWPAIWMKPVKNVYGCPWPASGEMDI | EMRTNRKYMTGCVSCCADAMASA-LHFGPNSSYN--~
--CD-TYAKDDIVLP IQSARIRTLDSFSFLYGCRLEVRAKMP ICDWIWPAIWMKPVRNVYGPWPASGEIDIITEIRANRKYTTGCVSQCADTMCAA-LHFGPNSSYN-
G-CSRTGTATNILNPVQSARIRSINSFRFKYCKVEIKAKLP SCOWLWPGLWLMP LYNGYSSWPASGCEIDLIESRCNPHLTLDCVNIGSEQICST-LHFGPYYGLN-
G-CSRTGTATNLLNPVESARIRSINSFRFKYCKLEIKAKMPAGCDWLWPGMWLLP LRNQYSTWPASGEIDLVESRGCNAGLTQGCLNIGTEHVGST-LHFGPYSTLN-
G-CSRTGTATNILNPVQSARIRSINSFRFKYCKLEIKAKLPTGDWLWPGLWLLP LHNAYSTWPASGEIDLAESRGNEGLTQGCTNIGTEQVGST-LHFGPYNGLN-
G-CSRTGNAINILNPVESARIRTANSFRFKYCKLEVKAKMP SCOWLWSGLWLLP LRNAYCTWPASGEIDLAESRGNADLVQGCVNICGAEQVSST-LHFGPYDTVD-
G-CSRTGTATNILNPVQSARIRSINSFRFKYCKLEIKAKMPAGDWLWPGVWLLP LHNAYSTWPASGEIDLAESRGNQGLTQGCVNIGSEQVGST-LHFGPYSGLN-
G-CSRTGTATNLLNPVESARIRSINSFRFKYGKLEIKAKLPRGDWLWPGIWLLPLHNSYSTWPASGEIDLCESRGNEGLTLNCVNIGTEQVGST-LHFGPYYPLN-

Tenebrio_molitor_ACS36221.1

Lepidoptera_consensus
Plantae_consensus

Blumeria_graminis_CCU81686.1

Basidiomycota_consensus
Actinobacteria_consensus

Bacillus_circulans_AAC60453.1

C-CARTGTADNYLNP IKSARTRSLYSLSFKYCKVEVRAKLP TCOWLWPATWMLPRWNQYSCWP ISCEIDIMESRCNADLVNSCANIGSKLVSST- LHWCPAWNIN- - -
G-CERTGSPTNILNPIKSARIRTVNSFSFRYGRVEVRAKMPAGDWLWPAIWLMPAYNSYGCTWPASGEIDLVESRGNRNMLSNCVHIGTQEAGST-LHYGPYPELN-~-~
------- A-STL--S----T----DSFPPSQG-F-S-Y--P11-FLASNGLL-NVYPYFAY--N---IDLA-----YALFT-C--mmmmmmemmmmmmem
PDAAENKYTSARLVSRQTLARDRCCVTASLTAPSAPGIWPAFWMLPAKPST--WPVDCEVDICLWNCN-=========- AINHSCVHWCHYNDQD-
CGAVLL-GGSTTI-SWGQGNVY-GT-STCTF-Q-NIPAPSK--SLLDSAGRIFPQYA-YA-FVSV-KSQGAKGDC-DDTAAQAVFNQFSGCKI IFFDACTYPAGT-

YTSAR--T-E- --YARIE-RCL-PGCQG-WPAFWLL--~-~-~--GC-WP-SGEIDIMENVGFEP--VHCT-HGPGPSCGT-VHAG-TG--~-~-~~
CNSELQHYTDRAQNQYSSGKINTKDHFSLKYCRVDFRAKLPTCNGIWPALWMLPQDNVYCTWASSCGEIDVMEAKGRL--~--PCSTSCA--~-~-~-~~ VHFGGQWPTN- - -
I

E (LIV) D (LIVF) x E x x (GQ) (NKBT) x (PSTA)

Quality MMM_-_

Figure 8
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