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Abstract

Flatworm Venom Allergen-like Proteins (VAPs) modulate mammalian and avian host im-
mune responses, but their evolutionary origins and functions within symbioses (especially par-
asitism) remain poorly studied. Previous studies suggest Group 1 VAPs in particular play
important roles in host-parasite interactions. These studies have historically focused on taxa of
medical and economic value, which represent a small number of the more than 22,000 nom-
inal parasitic flatworm species. The extent to which this observation holds against increased
taxonomic sampling remains unknown. To address this gap in taxonomic sampling and better
understand the diversification of VAPs across flatworm diversity, we mined new transcriptome
assemblies from 21 previously unsampled blood fluke species infecting 19 non-mammalian
vertebrate host species, in addition to 26 flatworm transcriptomes and genomes available from
public databases. We predicted (1) VAPs would be expressed across flatworm diversity; (2)
Group 1, unlike Group 2, VAPs would contain signal peptides consistent with roles in host-
parasite interactions; and (3) Group 1 VAPs would exhibit faster rates of amino acid substitu-
tions than Group 2 VAPs. Our bioinformatics approach identified 474 novel VAPs expressed
in 45 of 47 flatworm species, including 273 Group 1 VAPs (185 with predicted signal pep-
tides) and 201 Group 2 VAPs (only 2 with predicted signal peptides). We also found evidence
of accelerated molecular evolution in Group 1 VAPs. This study is of medical relevance as it
is a necessary first step to elucidating VAP members and specific VAP residues that mediate
host-specificity and pathogenicity in blood flukes. Moreover, understanding the evolution of
gene families involved in flatworm-vertebrate host interactions is important for understanding

the genomic bases of parasitism.
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Chapter 1

Venom allergen-like protein diversity in flatworms: implications for understanding the
evolution of parasitism

1.1 Introduction

Parasitism is the most common lifestyle among metazoans and has evolved independently more
than 200 times (Windsor, 1998; Weinstein & Kuris, 2016). The molecular evolution of genetic
pathways involved in evading and coping with host immune responses must underlie transitions
to parasitism, but the degree to which independent transitions to parasitism have converged on
similar molecular mechanisms remains unknown. One mechanism by which parasites mod-
ulate host immune responses is by releasing secretory proteins and extracellular vesicles that
interact with and manipulate host immune signaling pathways (Pearce & Sher, 1987; Salzet,
Capron, & Stefano, 2000; Hewitson, Grainger, & Maizels, 2009; Harnett, 2014; Coakley, Buck,
& Maizels, 2016). Adaptive evolutionary changes such as mutations changing the binding
affinity in genes involved in host-parasite interactions allow parasites to evade host immune
responses (Buhot et al., 2004). Likewise, such genes are expected to be under reciprocal selec-
tive pressures with immune response genes in hosts (Carrillo-Bustamante, Kesmir, & de Boer,
2015; Talbot et al., 2017). In fact, there are many examples of coevolutionary arms races that
result in rapid adaptive evolution and genetic divergence in genes encoding host and pathogen
binding proteins (Obbard, Jiggins, Halligan, & Little, 2006; Eizaguirre, Lenz, Kalbe, & Milin-
ski, 2012; Paterson et al., 2010).

Among parasite genes families of interest are Venom Allergen-Like Proteins (VAL Pro-
teins; sensu Chalmers et al., 2008 and Chalmers & Hoffmann, 2012; henceforth, VAPs), which

are 1) homologous to proteins in plants, yeast, and vertebrates (humans) and 2) associated with



defense and immune systems across classes of organisms. VAPs, which have also been re-
ferred to as Sperm-Coating Protein (SCP)-like proteins and many other names (see Cantacessi
etal., 2009), contain a Cysteine-Rich Secretory Protein (CRISP) domain and belong to the CAP
superfamily, so named because of recognized sequence similarity between Cysteine-rich secre-
tory proteins, Antigen 5, and Pathogenesis-related 1 proteins (Gibbs & O’Bryan, 2007; Gibbs,
Roelants, & O’bryan, 2008; Darwiche, Kelleher, Hudspeth, Schneiter, & Asojo, 2016). VAPs
share sequence similarity to venom allergen (Antigen) 5 from vespid wasps—which illicit al-
lergic reactions in some humans (Monsalve, Lu, et al., 1999; reviewed in Cantacessi et al.,
2009)—and pathogenesis-related 1 proteins—which are ubiquitously expressed across plants
and differentially upregulated during pathogen infection (Breen, Williams, Outram, Kobe, &
Solomon, 2017). VAPs, venom allergen 5, pathogenesis-related 1 proteins, and other VAP
homologues, including GAPR and GLIPR in humans and Pryl in yeast, have been shown to
function in transporting sterols (Cantacessi et al., 2012; Schneiter & Di Pietro, 2013; Kelleher
et al., 2014; Darwiche et al., 2016; Breen et al., 2017; Fernandes et al., 2017; Asojo et al.,
2018; Darwiche, El Atab, Cottier, & Schneiter, 2018; Darwiche, Lugo, et al., 2018). Interest-
ingly, sterols have been shown to regulate the function of immune cells (reviewed in Spann &
Glass, 2013).

In particular, helminth VAPs have been shown to modulate host immune responses. VAPs
are strongly immunogenic, inducing vertebrate antibodies (specifically, Immunoglobulin E,
IgE) (Farias et al., 2012). Moreover, VAPs are differentially expressed across parasite life
history stages and host tissues (Rofatto et al., 2012; Leontovyc¢ et al., 2016; Fernandes et al.,
2017). Taken together, these findings suggest VAPs from parasitic flatworms (Asojo et al.,
2018; Caraballo, Acevedo, & Zakzuk, 2018) and parasitic nematodes (Lozano-Torres et al.,
2014; Cooper & Eleftherianos, 2016) have immunoregulatory functions.

VAPs have been most well-studied in schistosomes due to their medical relevance (Schis-
tosomiasis is the second most devastating parasitic disease in the world according to the CDC).
Chalmers et al., 2008 described 28 VAPs from transcripts of the human blood parasite Schis-
tosoma mansoni that clustered into two main groups. Chalmers & Hoffmann, 2012 showed

that VAPs are expressed across a diversity of free-living and parasitic flatworm lineages. They



hypothesized that Group 1 VAPs are fast-evolving secretory proteins, whereas Group 2 VAPs
are intracellular proteins that are structurally and functionally conserved. Furthermore, expres-
sion of Group 1 VAPs 1, 4, and 10 is upregulated in life stages associated with definitive (i.e.,
vertebrate) host invasion (Chalmers et al., 2008). Similar results were observed for Group 1
VAP 8 in Trichobilharzia regenti, which infects water fowl (Leontovyc¢ et al., 2016). More-
over, Rofatto et al., 2012 found tissue-specific expression of VAPs in S. mansoni: VAP 7 was
localized to the esophageal gland and VAP 6 was localized to the tegument, suggesting VAP
7, a Group 1 VAP, may play a more active role in host immunoregulation and nutrient acqui-
sition (e.g., blood-feeding) than VAP 6, a Group 2 VAP. If Group 1 VAPs are indeed secretory
proteins associated with evading host immune responses, antagonistic coevolution with host-
binding proteins may result in faster rates of molecular evolution on average in Group 1 VAPs
than Group 2 VAPs, as the latter may function less intimately in host-parasite interactions.
With limited taxonomic sampling, it appears VAP evolution may be driven by host-parasite
interactions, but it remains to be seen whether this is true across all flatworms. In particu-
lar, although Chalmers & Hoffmann, 2012 included representatives from every major parasitic
flatworm clade including monogenoids, tapeworms, and digeneans (including schistosomes),
sampling of blood flukes (Schistosomatoidea) has been limited to mammalian and avian schis-
tosomes, even though related schistosomatoideans infect turtles, crocodiles, ray-finned fishes,
and sharks and rays (Orélis-Ribeiro, Arias, Halanych, Cribb, & Bullard, 2014). Members of
Platyhelminthes provide an interesting system to investigate VAP gene family evolution within
a large, ancient radiation of parasites that require a vertebrate to complete their life cycle. The
collective ecological diversity of parasitic flatworms is remarkable, comprising ectoparasites
(Monongenoidea) that infect the body surfaces, gill, and olfactory lamellae of aquatic verte-
brates (chondrichthyans, ray-finned fishes, turtles); flukes (Digenea) that infect the mucosal
epithelium of the gut, and rarely gill and skin epithelium, and the blood of vertebrates; tape-
worms (Cestoidea) that principally infect the intestinal lumen; and the marine and freshwater

free-living flatworms, colloquially referred to by many as “Turbellarians.” Here, we use a



bioinformatics approach to investigate the diversity of VAPs expressed across flatworm diver-
sity with an emphasis on VAPs from previously unsampled blood parasitic lineages. Follow-
ing Chalmers & Hoffmann, 2012, we hypothesize that Group 1 VAPs are secretory proteins that
were important in the evolution of parasitism in flatworms and test the following predictions:
1) VAPs are expressed across flatworm diversity, 2) Group 1 VAPs contain signal peptides con-
sistent with signaling roles absent in Group 2 VAPs, and 3) Group 1 VAPs exhibit, on average,

faster rates of molecular evolution than Group 2 VAPs.

1.2  Materials and methods

1.2.1 Taxonomic sampling, sample collection, and transcriptome data collection

We used 47 flatworm transcriptomes and/or bioinformatically predicted gene models from
genomes (Table 1.1) in this study, including 21 de novo transcriptomes from non-schistosome
blood fluke species (Supplementary Table A.1). We included representatives from all blood
fluke families (but see Roberts, Platt, Orélis-Ribeiro, & Bullard, 2016 regarding paraphyly of
“Spirorchiidae”). Upon collection, all individuals were stored either at -80 °C or in RNAlater
(Life Technologies Inc). RNA extraction, library preparation, sequencing, and transcriptome
assembly were performed according to Whelan, Kocot, Moroz, & Halanych, 2015. Briefly,
total RNA extracted was purified using TRIzol (Invitrogen) with the RNeasy kit (Qiagen).
Single-stranded cDNA libraries were then reverse transcribed with the SMART c¢cDNA Li-
brary Construction kit (Clontech) and double-stranded cDNA libraries were synthesized us-
ing the Advantage 2 PCR system (Clontech). Library preparation and paired-end sequencing
(2 x 100bp) were performed by the Genomic Services Lab at the Hudson Alpha Institute in
Huntsville, Alabama on an Illumina HiSeq platform (to be deposited in SRA). Raw reads were
digitally normalized by k-mer coverage of 30 using normalize-by-median.py (Brown,
Howe, Zhang, Pyrkosz, & Brom, 2012) and remaining reads were assembled with Trinity
r2013-02-25 (Grabherr et al., 2011) using default settings. Additionally, we retrieved 26 pub-
licly available transcriptomes from WormBase ParaSite (http://parasite.wormbase

.org/) (Howe, Bolt, Shafie, Kersey, & Berriman, 2017), PlanMine (http://planmine



.mpi-cbg.de/) (Rozanski et al., 2018), trematode.net (http://trematode.net/),
and the National Center for Biotechnology Information (NCBI). We attempted to represent
the greatest diversity in non-blood fluke flatworms currently available and included seven free-
living flatworms, two monogenoids, nine cestodes, and eight digeneans (including five non-

blood flukes) (Figure 1.1b).

(a) VAP domain architecture

S signalP g CRIsP ‘

Intracellular

START- 90 - 500+ aa -STOP

(b) Taxonomic sampling

“Turbellaria”

Free-living Ectoparasites Intestinal ~ True endoparasites
parasites

7 2 9 29

* 3 schistosomes

* 21 non-schistosome
blood flukes

* 5 non-blood flukes

Figure 1.1: VAP inclusion criteria and flatworm diversity represented in this study. (a) A novel
VAP must (1) be homologous to known VAPs; (2) contain at least one CRISP domain; (3)
contain a start and stop codon. Group 1 VAPs may also contain a secretory +/- transmembrane
domain. (b) Number of species sampled mapped onto a simple flatworm phylogeny. Every
major parasitic clade as well as the paraphyletic free-living flatworms, colloquially referred to
as “Turbellaria” are represented in this study, which includes transcriptomes from 21 previously
unsampled non-schistosome blood fluke lineages
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Figure 1.2: Schematic of bioinformatics pipeline. Known

homology search VAP sequences from Schistosoma mansoni were blasted
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Homologous this study. Contigs with significant hits (e-cutoff = 0.001)
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validate as VAPs . . . .
database was then aligned with a previously aligned flatworm

Putative VAP VAP database containing only the CRISP domain. The CRISP
database domain region was then manually extracted from the align-
Align & curate ment to produce the multiple sequence alignment used to in-

fer the best VAP CRISP domain tree from 474 new and 273
previously identified VAPs across flatworm diversity.
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1.2.2  Bioinformatics pipeline

Our bioinformatics pipeline is summarized in Figure 1.2.

We define a venom allergen-like protein as a protein sequence that has (1) sequence simi-
larity to known Schistosoma mansoni VAPs (SmVAL proteins; Chalmers et al., 2008), (2)
more than 75% coverage for at least one cysteine-rich secretory protein (CRISP) domain (Gibbs
etal., 2006) (PMID:16339766); and (3) start and stop codons (Figure 1.1a).

To identify novel VAPs, we first queried known SmVAL proteins against a database
consisting of the flatworm transcriptomes and/or bioinformatically predicted gene models from
genomes listed in Table 1.1. For bait sequences, we retrieved the longest protein sequence
available for each SmVAL protein member from Uniprot on 2017-08-14 (27 total protein se-
quences as no representative for SmVAL protein 28 was available) and confirmed VAP iden-
tity by the presence of a CRISP domain using hmmscan within the HMMER web server
(https://www.ebi.ac.uk/Tools/hmmer/). A CRISP domain was present in all Sm-
VAL protein sequences but one (SmVAL protein 23), which was removed. Consequently, 26
of these S. mansoni venom allergen-like protein sequences were used as bait in this analysis.

We built a cDNA BLAST+ database of all using makeblastdb as implemented in BLAST+



version 2.6.0 (Altschul, Gish, Miller, Myers, & Lipman, 1990). Next, we queried our SmVAL
protein bait across our flatworm transcriptome database using tblastn (Altschul et al., 1997)
with an e-value cut-off of 0.001 (Pearson, 2013).

We used the perl script select_contigs.pl (White, 2009) to select homologous con-
tigs with significant hits based on e-values (cut-off = 0.001) and extracted long open reading
frames (ORFs) with TransDecoder version 3.0.1 with a minimum ORF length of 90 amino
acids, the length of the shortest SmVAL protein included in our bait. To maximize sensitiv-
ity in capturing ORFs with functional significance, we performed a blastp search against
the Uniprot protein database (updated April 25, 2018), a hmmer search (version
3.1b2; http://hmmer.org/) against the Pfam database (updated Feb 23, 2017), and
included the SmVAL protein bait to train a Markov model within TransDecoder for
VAP coding sequences. Analyses with and without the "-—-train" option produced simi-
lar results. The only differences were 13 fewer and one additional translated region when the
"-—train" option was used. To be conservative, we removed the coding region predicted
without the "—-train" option as well as all sequences that lacked a start and/or stop codon.

A final domain search was performed on these complete coding region predictions us-
ing hmmscan and excluded any protein sequences without a CRISP domain. We further re-
duced our dataset by removing (1) redundant sequences with cd-hit (threshold: % identical
=100) (Li & Godzik, 2006; Fu, Niu, Zhu, Wu, & Li, 2012), (2) all sequences with 100% iden-
tity to known VAP sequences from Chalmers & Hoffmann, 2012, and (3) sequences without

greater than 75% CRISP domain coverage, which gave us our putative VAP database.

1.2.3  Phylogenetic inference and statistical analyses

Dr. lain Chalmers kindly provided the VAP multiple sequence alignment used in Chalmers
& Hoffmann, 2012, which contains the CRISP domains from 237 predcited VAPs from each
parasitic flatworm clade as well as free-living flatworms (henceforth, CH12). We validated
CRISP domain presence in each of the sequences in this alignment using Hmmer. We then
aligned our new VAPs to CH12 using the "-—add" option available in the online version of

MAFFT version 7 (Katoh & Standley, 2013), in combination with the all-pair global alignment



iterative refinement method (G—-INS-1i) and default parameters except we increased the offset
value to 0.1. We then manually extracted the CRISP domain regions of this alignment, i.e., the
region spanning CH12 (sites 1461-2191), in Geneious version 11.1.4 to produce a final VAP
CRISP domain multiple sequence alignment containing the CRISP domain regions from all
VAPs identified in this study aligned with those previously identified in Chalmers & Hoffmann,
2012.

The perl script ProteinModelSelection.pl available in RaxML version 8.2.9
(Stamatakis, 2014) determined that a WAG+GAMMA model of protein evolution best fit our data.
Therefore, we estimated the VAP CRISP domain tree using a WAG+GAMMA model and 50 max-
imum likelihood search replicates, each starting from a random tree. Using the same model,
we also inferred trees from 1000 bootstrapped alignments. Nodes with less than 50% bootstrap
support were collapsed. VAP group assignment for each novel VAP was determined based on
clustering of CRISP domains with known VAP CRISP domains. We annotated this best VAP
CRISP domain tree based on signal peptide and transmembrane motif predictions from the de-
fault settings of SignalP version 4.1 (Nielsen, 2017) using ggt ree (Yu, Smith, Zhu, Guan,
& Lam, 2017) in R version 3.4.3 (R Core Team, 2019).

To explore how parameters within SignalP (Nielsen, Engelbrecht, Brunak, & von Heijne,
1997) affect signal peptide predictions, we ran several tests including (1) lowering the sensi-
tivity of SignalP version 4.1 to that of version 3.0 (D-cutoff = 3.0) (Bendtsen, Nielsen, von
Heijne, & Brunak, 2004); (2) disabling N-terminal truncation of input sequences (default =
70 aa) with default sensitivity in version 4.1; and (3) using default settings in the recently re-
leased SignalP version 5.0 (Armenteros et al., 2019), which claims to improve signal peptide
predictions using deep neural networks.

As a proxy to test the null hypothesis that rates of molecular evolution, on average, be-
tween Group 1 VAPs and Group 2 VAPs are not significantly different, we compared branch
lengths of Group 1 VAP terminal nodes from the Group 1 VAP basal node to branch lengths
of Group 2 VAP terminal nodes from the Group 2 VAP basal node using a Mann-Whitney’s

U-test.



To improve our estimate of the alignment and VAP relationships within each of the two
main VAP groups that were recovered (Figure 1.3), we repeated the alignment and phyloge-
netic methods described above on each group separately using the complete protein sequences
(including signal peptides) of our novel VAP protein sequences. The only additional difference

was that VT was selected as the best-fit model of amino acid substitution.

1.3  Results

We identified 474 new Venom Allergen-like Proteins (VAPs) from 45 of 47 flatworm transcrip-
tomes (Table 1.2, Supplementary Tables A.2-A.3). These VAPs, which included at least 75%
of the canonical CRISP domain, ranged from 113 to 960 amino acids long (mean: 257 aa;
standard deviation: 121 aa). On average, free-living flatworms expressed the greatest number
of VAPs (21.7 VAPs in 7 species), followed by the monogenoid Gyrodactylus salaris (18.0, 1
species), tapeworms (12.6, 9 species), and digeneans (6.8, 28 species) (Table 1.3).

Of the 474 VAPs, we characterized 273 as Group 1 VAPs and 201 as Group 2 VAPs
based on phylogenetic clustering of the CRISP domain region with the CRISP domain region
of known VAPs (Figure 1.3), summarized in Table 1.2, (Chalmers & Hoffmann, 2012). Based
on the full protein sequences for our VAPs, 187/474 VAPs were predicted to have a signal
peptide and/or transmembrane protein motif, of which only two fell within Group 2 VAPs
(Figure 1.3). A preliminary investigation of the two Group 2 VAP sequences with predicted
signal peptides revealed their detection was not an artifact of the signal peptide prediction
software we used. Manual inspection confirmed they contain N-terminal leucine rich regions,
and DeepLoc predicted them to be localized to the cell membrane (Almagro Armenteros,
Senderby, Senderby, Nielsen, & Winther, 2017), both consistent with signaling export. Both
of these Group 2 VAPs are from endoparasitic flatworms.

Although there is considerable overlap between the distribution curves of Group 1 and
Group 2 VAP branch lengths from their respective common ancestor, branch lengths are typi-
cally longer in Group 1 VAPs than Group 2 VAPs (Figure 1.4). The median branch lengths of
Group 1 and Group 2 were 0.551558 and 0.4269806, respectively. Despite the ancestor-to-tip

lengths not being independent, we used a Mann-Whitney’s U-test to quantify the difference in
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Table 1.2: Summary of novel VAPs identified in this study by taxon. Group classification
was based on phylogenetic clustering of CRISP domains with CRISP domains from previously
identified VAPs; signal peptide predictions for novel VAPs were based on the complete protein

sequences using SignalP.

Lifestyle Genus species # VAPs # Group 1 (# SignalP) # Group 2 (# SignalP)
Free-living Dendrocoelum lacteum 28 17 (11) 11 (0)
Macrostomum ligo 16 44 12 (0)
Planaria torva 25 11 (10) 14 (0)
Polycelis nigra 20 11(1D1) 9 (0)
Polycelis tenuis 24 13 (11) 11 (0)
Schmidtea mediterranea 10 9(7) 1(0)
Schmidtea polychroa 29 15(10) 14 (0)
Ectoparasite Gyrodactylus salaris 18 12 (6) 6 (0)
Intestinal parasite Echinococcus multilocularis 14 9() 5(0)
Hymenolepis diminuta 10 7(6) 3(0)
Hymenolepis microstoma 21 17 (11) 4(0)
Mesocestoides corti 21 19 (11 2(0)
Schistocephalus solidus 4 2(1) 2(0)
Spirometra erinaceieuropaei 4 2(2) 2(0)
Taenia asiatica 8 6(5 2 (0)
Taenia saginata 18 13 (8) 5(0)
Taenia solium 13 8(5) 5(@0)
True endoparasite  Acipensericola petersoni 8 4(0) 4 (0)
Cardicola currani 5 1(1) 4 (0)
Cardicola palmeri 3 1() 2(0)
Clonorchis sinensis 14 9(5) 5(0)
Coeuritrema platti 12 5(5) 7(0)
Elaphrobates euzeti 4 0(0) 4(1)
Elopicola bristowi 1 1) 0(0)
Elopicola franksi 4 0(0) 4 (0)
Elopicola nolancribbi 1 0 1(0)
Fasciola hepatica 6 5(Q2) 1(1)
Hapalorhynchus  foliorchis 17 12 (10) 500
Littorellicola billhawkinsi 5 2() 3(0)
Microphallus livelyi 8 3(03) 5(@0)
Mpyliobaticola Sp. nov. 8 44 4 (0)
gen. nov. Sp. nov. 7 1(1) 6 (0)
Nomasanguinicola canthoensis 1 1) 0(0)
Paragonimus westermani 1 1() 0(0)
Phthinomita sp. 3 300 0(0)
Psettarium anthicum 8§ 1(1) 7(0)
Schistosoma haematobium 9 6(2) 3(0)
Schistosoma Jjaponicum 6 5@3) 1(0)
Schistosoma mansoni 8 712 1(0)
Selachohemecus olsoni 3 1) 2(0)
Spirorchis haematobius 5 0 5(0)
Spirorchis picta 9 4(1) 5(0)
Spirorchis scripta 11 3(1) 8 (0)
Trichobilharzia regenti 15 13 (11) 2 (0)
Vasotrema sp. 9 5@3) 4 (0)
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Figure 1.3: Signal peptide +/- transmembrane motif predictions based on the full protein se-
quences for all novel VAPs identified in this study mapped onto the maximum likelihood VAP
CRISP domain tree which also includes the CRISP domains from previously identified VAPs.
The best tree was estimated with RAXML using the WAG+GAMMA model of protein evolution
and 50 maximum likelihood search replicates, each starting from a random tree. Bootstrap
support was inferred from trees from 1000 bootstrapped alignments. Nodes with less than 50%
bootstrap support are collapsed. VAP group assignment for each novel VAP was determined
based on CRISP domain clustering with the CRISP domains of known VAPs. Bootstrap sup-
port for the branch separating Group 1 and Group 2 VAPs was 99%. Grey tips represent VAP
CRISP domains from Chalmers & Hoffman (2012) for which we do not have signal peptide
predictions. Despite the fact that this tree was estimated using only CRISP domains and no
signal peptide sequences, there is a striking difference in where the signal peptide predictions
fall in the tree. All but two signal peptide predictions are from Group 1 VAPs.
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Table 1.3: Summary of the average number of novel VAPs expressed across species within each
major taxonomic group. Taxonomic group here also corresponds to shared lifestyle and relative
degree of dependency on a vertabrate host to complete its lifecycle. Free-living flatworms
appear to express more VAPs on average than parasitic flatworms; true endoparasitic flatworms,
many of which live in and feed on vertebrate blood, appear to express the fewest number of
VAPs on average; intestinal parasitic and ectoparasitic flatworms appear to express more Group
1 VAPs than Group 2 VAPs on average. Note: parasitic flatworms, especially cestodes and
digeneans, tend to have complex lifecyles involving several hosts, and we cannot untangle the
effect of developmental stage here

#VALs #Group1 #Group?2 # SignalP

“Turbellaria”/Free-living 21.7 114 10.3 9.1
Monogenoidea/Ectoparasite 18.0 12.0 6.0 6.0
Cestoidea/Intestinal parasite 12.6 9.2 3.3 6.2
Digenea/True endoparasite 6.8 3.5 3.3 2.2

Branch length distribution by group

Density

Branch length

Figure 1.4: Distribution curves of VAP CRISP domain branch lengths by group measured by
distance from the corresponding ancestral group node.
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the branch lengths between groups. We found a significant albeit small effect of group classi-
fication (the mean ranks of Group 1 and Group 2 were 398.85 and 286.40, respectively. W =
77857, 2 ="7.006797, p<le-12, r = 0.2627754).

Clades with at least 50% bootstrap support contained VAPs from specific subclades of
flatworms that included only free-living flatworms, digeneans, Gyrodactylus salaris, or tape-
worms, but no combination of these, except for one Group 2 VAP clade for which there was
strong support (830/1000 bootstrap replicates), a clade containing VAPs from free-living flat-
worms, G. salaris, digeneans, and tapeworms (Figure 1.5). These patterns were also found in
separate trees inferred from full protein sequence alignments of Group 1 and Group 2 VAPs

(Figure 1.6).

1.4 Discussion

Our study nearly triples the number of venom allergen-like proteins (VAPs) characterized in
flatworms. This dataset is a necessary first step to investigate how the diversification of this
gene family, which has ancestral functions unrelated to parasitism, has given rise to proteins
that interact with a large diversity of invertebrate and vertebrate immune signaling pathways.
Our focus on previously unsampled lineages of non-schistosome blood flukes will be partic-
ularly valuable to those who wish to understand the evolution of endoparasitism, blood para-
sitism, hematophagy, pathogenicity, and host-specificity in Digeneans. In addition to the 474
novel flatworm VAPs we contribute, we also share our bioinformatics pipeline which can be
used to explore the potentially similarly rich diversity of VAPs in other major parasitic lineages
including nematodes and arthropods (e.g., lice, ticks, mites, and fleas), or easily modified to
survey the diversity of other gene families of interest. Moreover, we make available the tran-
scriptome assemblies from these previously unsampled blood fluke taxa found inside a diversity
of non-mammalian vertebrate hosts, which will be an incredible resource for using comparative
transcriptomics to identify other candidate gene families of interest and understand the genomic
bases of endoparasitism more broadly.

Our study strongly supports the prediction that two main groups of VAPs can be distin-

guished by the presence of signal peptides in Group 1 VAPs (Chalmers et al., 2008; Chalmers
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Group 2
(Intracellular)

Cestoda
» Digenea
* Monogenoidea

* Turbellaria

Group 1
(Secretory)

Figure 1.5: Major flatworm taxonomic groups which also correspond to shared lifestyle
mapped onto the maximum likelihood VAP CRISP domain tree which also includes the CRISP
domains from previously identified VAPs. The best tree was estimated with RAXML using the
WAG+GAMMA model of protein evolution and 50 maximum likelihood search replicates, each
starting from a random tree. Bootstrap support was inferred from trees from 1000 bootstrapped
alignments. Nodes with less than 50% bootstrap support are collapsed. VAP group assignment
for each novel VAP was determined based on CRISP domain clustering with the CRISP do-
mains of known VAPs. Bootstrap support for the branch separating Group 1 and Group 2 VAPs
was 99%. No Group 1 VAP CRISP domain clade contains VAP CRISP domains from more
than one major flatworm taxonomic group; one Group 2 clade contains VAP CRISP domains
from all four major flatworm groups (highlighted in red and denoted with asterisk; bootstrap
support = 83%).
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Figure 1.6: Maximum likelihood trees for novel Group 1 and Group 2 VAPs based on
complete predicted protein sequences including signal peptides. Clades with less than 50%
bootstrap support are collapsed. Major flatworm clades are color-coded as yellow=Cestoda;
green=Monogenoidea; pink=Digenea; blue=Turbellaria. No Group 1 VAP clade contains VAPs
from more than one major flatworm clade; one Group 2 clade contains VAPs from all four ma-
jor flatworm clades (highlighted in red). Nodes with 75-94% bootstrap support are gray; clades
with at least 95% bootstrap support are red.
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|
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& Hoffmann, 2012) in addition to phylogenetic clustering of VAP CRISP domains alone. Of
the 201 new Group 2 VAPs we found, only two contained predicted signal peptides; in contrast,
185 of the 273 new Group 1 VAPs we found contained predicted signal peptides. It is impor-
tant to emphasize that SignalP only predicts N-terminal signal peptides even though several
C-terminal and internal signal peptides are known (Nielsen, 2012). Moreover, the sensitivity
of SignalP is reportedly higher in version 4 than in version 3 (Nielsen, 2017). Exploring the
effect of varying parameters on the behavior of SignalP indeed validated this claim in Group 1
VAPs, but did not affect the number of signal peptides predicted in Group 2 VAPs. Moreover,
N-terminal signal peptides and other sorting signals are known to be highly divergent: evo-
lutionary sequence divergence of sorting signals, instead of sequence conservation, has even
been proposed as a more effective approach to identify sorting signals (Fukasawa, Leung, Tsui,
& Horton, 2011). Altogether, this suggests that the number of Group 1 VAPs predicted to
have signal peptides in this study is a conservative estimate. Nevertheless, as signal peptides
are known to play roles in infectivity, functioning as trans-membrane domains and as antigens

(see Owji, Nezafat, Negahdaripour, Hajiebrahimi, & Ghasemi, 2018 for a review), our study
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lends support to the claim that Group 1 VAPs are secretory proteins and, thus, may be involved
in host-parasite interactions (Coakley et al., 2016).

It is important to clarify here that we are not suggesting that all Group 1 VAPs from para-
sitic flatworms are involved in host-parasite interactions. Some Group 1 VAPs must have roles
completely unrelated to parasitism as free-living flatworms also express an impressive diver-
sity of secretory VAPs. Moreover, not all secretory proteins are actually secreted (Nielsen,
2012). That being said, secretory proteins expressed by parasitic flatworms by their very na-
ture are more likely to exist in a host-parasite interface than intracellular proteins. This study
greatly expands our knowledge of candidate genes to explore for possible roles in interacting
with/evading host immune responses.

By comparing average branch lengths between our Group 1 and Group 2 VAP CRISP do-
main trees, our study also supports the prediction that Group 1 VAPs, on average, have greater
rates of amino acid substitutions than Group 2 VAPs. This finding is significant because gene
families involved in host-parasite interactions have been shown to evolve quickly and be under
positive selection (Jiggins, Hurst, & Yang, 2002; Zhu & Gao, 2017). As branch lengths are
a measure of molecular divergence, longer branch lengths among Group 1 VAPs than Group
2 VAPs are indicative of faster rates of molecular evolution consistent with positive selec-
tion (Bonhomme et al., 2010). Although our study does not correct for the effect of phylogeny
on comparisons of branch length estimates between Group 1 and Group 2 VAPs and lacks in-
formation about the root of the VAP CRISP domain tree, Philippsen, Wilson, & DeMarco, 2015
found accelerated rates of molecular evolution in Group 1 VAPs in schistosomes.

Also consistent with the hypothesis that Group 1 VAP divergence is driven by host-
specific selection, Chalmers and colleagues originally found Group 1 VAP relationships to
form lingeage-specific clades, which suggests that Group 1 VAPs have undergone expansions
within lineages in response to reciprocal selective pressures with host immunoproteins. In ad-
dition, Costébile, Koziol, Tort, Iriarte, & Castillo, 2018 found evidence of species-specific VAP
gene duplications in the tapeworm Mesocestoides corti, which they suggest may help explain
the wide diversity of its intermediate hosts, and Wang, Zhu, & Cai, 2017 found at least 20

tandem VAP duplications in Schistosoma mansoni. Our study, however, can only offer limited
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support to this hypothesis because we focus on transcriptomic, rather than genomic, data. In-
terestingly, all VAP trees, including those estimated from the CRISP domain only and those
estimated from full protein sequences, contain a remarkable number of polytomies, leaving re-
lationships within each VAP group poorly resolved. That being said, all Group 1 VAP clades
with at least 50% support contain VAPs from flatworms that express similar parasitic strategies
(Figures 1.5, 1.6); monophyletic Group 1 VAPs were recovered from free-living flatworms,
ectoparasites, tapeworms, and digeneans.

Interestingly, all sequences in the largest Group 1 VAP clade are from free-living flat-
worms, which on average express more VAPs than any parasitic flatworms. This observation
is possibly explained by genome reductions in parasites (Jackson, 2015), but the diversity of
VAPs in free-living flatworms is curious and potentially highlights the ancestral importance of
VAPs for functions unrelated to parasitism. We are unaware of any studies investigating VAP
function in free-living flatworms, however, free-living flatworms are voracious predators with
many possessing a variety of mechanisms, including VAPs, to suppress prey (please see (von
Reumont, Campbell, & Jenner, 2014)). This should be interpreted with caution, though, as
parasitic flatworms, especially cestodes and digeneans, tend to have complex lifecyles involv-
ing several hosts, and we cannot untangle the effect of developmental stage on VAP expression
here, though all previously unsampled blood flukes included in this study are believed to be
adults as they were extracted from vertebrate hosts.

Although our study is an important step in understanding the role of this gene family in
the evolution of parasitism in flatworms, we recognize we are limited by the uncertainty of re-
lationships both among flatworm species and among VAP members. To enable more thorough
investigations of VAP gene family expansions/contractions over time, we urge future studies
focus on building a robust time-calibrated flatworm tree and explore more accurate alignments
that incorporate better modeling of amino acids and ideally solved VAP structures. Nonethe-
less, our study highlights Group 1 VAPs from parasitic flatworms as a promising system to

study the evolution of parasitism.
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Table A.2: Venom allergen-like protein filtering summary by bioinformatics step.

Step Description Count  File Name'
0 Total contigs 2632801 transcriptomes.tgz
1 VAL homologs 1456 sO1_VALhomologs.fasta
2 Predicted VAL open reading frames 1908 s02_longest_orfs.pep
3 Putative VALs 1461 s03_putativeVALs.pep
4 Complete putative VALs (pVAL) 849 s04 putativeVALs complete.pep
5 pVAL with CRISP domain 803 s05 putativeVALs complete CRISP.pep
6 Unique pVAL with CRISP domain 624 s06 putativeVALs complete CRISP unique.pep
7 New unique pVAL with CRISP domain 557 s07_putativeVALs_complete CRISP_unique_new.pep
8 VALs 474 s08 VAL Sipley 474.fasta
9 VALs with predicted signal peptide 187 s09 VAL Sipley 474 _signalP.fasta

'All scripts used to generate these files and the files themselves are available at https://github.com/
Sipley/MS-thesis
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Appendix B

Files

All files of interest to this manuscript, including all those referenced in Supplementary Table
A.2, are publicly available at https://github.com/Sipley/MS-thesis. The tran-
scriptomes are too large to store on GitHub, but instructions for accessing them are available
in the README .md. If the link does not work for you, this manuscript is not published yet,
but if you email me at Breanna.Sipley@gmail.com with your GitHub Username (if

applicable), I would be happy to discuss granting you access to the private repository.
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Appendix C

Code

All code of interest to this manuscript, including step-by-step instructions for running through
the bioinformatics pipeline employed and figures generated in this study, are publicly available
at https://github.com/Sipley/MS-thesis. If the link does not work for you, this
manuscript is not published yet, but if you email me at Breanna.Sipley@gmail.com
with your GitHub Username (if applicable), I would be happy to discuss granting you access

to the private repository.
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