-1 Universiteit
i Leiden
The Netherlands

Convergent molecular evolution of toxins in the venom of

advanced snakes (Colubroidea)
Xie, B.

Citation

Xie, B. (2022, March 1). Convergent molecular evolution of toxins in the
venom of advanced snakes (Colubroidea). Retrieved from
https://hdl.handle.net/1887/3277031

Version: Not Applicable (or Unknown)
Licence agreement concerning inclusion of doctoral
License: thesis in the Institutional Repository of the University
of Leiden

Downloaded from: https://hdl.handle.net/1887/3277031

Note: To cite this publication please use the final published version (if
applicable).


https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/3277031

Convergent molecular evolution of toxins in the

venom of advanced snakes (Colubroidea)

Bing Xie



Xie, Bing

Convergent molecular evolution of toxins in the venom of advanced snakes (Colubroidea)

PhD thesis, Leiden University, the Netherlands

The research described in thesis was funded by the China Council Scholarship (No. 201708440368).
Cover: It contains three elements: the snake fang and venom, the phylogenetic tree and the three-
dimension of the snake peptide, which correspond to the content of this thesis. Original illustration with
permission of Dr. Bryan G. Fry, University of Queensland.

An electronic version of this thesis can be downloaded from:

openaccess.leidenuniv.nl

Lay-out: Bing Xie

Print: PRINTSUPPORT4U | www.printsupportdu.nl



Convergent molecular evolution of toxins in the

venom of advanced snakes (Colubroidea)

Proefschrift

ter verkrijging van
de graad van doctor aan de Universiteit Leiden
op gezag van rector magnificus prof.dr.ir. H. Bijl,
volgens besluit van het college voor promoties
te verdedigen op dinsdag 1 maart 2022
klokke 10:00 uur

door
Bing Xie

geboren te Zaozhuang, China

in 1989



Promotor:
Prof. dr. Michael K. Richardson

Co-promotor:

Dr. Bryan G. Fry (University of Queensland)

Promotiecommissie:

Prof. dr. Gilles P. van Wezel

Dr. Hans W. Slabbekoorn

Dr. Karen. de Morais-Zani (Instituto Butantan)
Prof. dr. Vera van Noort

Prof. dr. Nicholas R. Casewell (Liverpool School of Tropical Medicine)



Table of Contents

Chapter 1. Introduction and outline of this thesis

Chapter 2. Transcriptome Assembling and Toxin Annotation from Pooled Venom Gland

Samples

27

Chapter 3. Evolutionary Novelties in the Kunitz-type Toxins

Chapter 4. Evolution of C-type Lectin Toxins

Chapter 5. Evolution of Novel Structures and Functions in Snake Venom

Metalloproteinases

41

53

Chapter 6. Conclusions

Chapter 7. Supplementary Materials

Nederlandse samenvatting

Curriculum vitae

List of publications

70

74

94

96

97






Chapter 1. Introduction and outline of this thesis

Introduction

Early snakes likely possessed mixed serous-mucous oral glands inherited from the last common ancestor
of Toxicoferan reptiles (Fry, et al. 2006). Extant snakes have evolved a number of different gland
morphologies from this ancestral state (Fry, et al. 2008; Fry, et al. 2013). Some basal snake genera such
as Cylindrophis and Eryx retain some serous gland tissue which likely produces appreciable quantities
of protein (Phisalix and Caius 1918; Fry, et al. 2013). In contrast, in the derived basal snake lineages
which have secondarily evolved powerful constriction as a novel form of prey capture, the glands have
evolved towards primarily secreting mucous in order to lubricate the large furred or feathered prey, in
order to facilitate their ingestion (Fry, et al. 2013). However, in the constricting snakes trace levels of
proteins are still secreted as an evolutionary relic. These proteins are evolved from ancestral toxins and
can be detected by SDS-PAGE gel electrophoresis or via PCR amplification of the encoding genes, and
remain sufficiently similar to other snake toxins to produce false positives in antibody-based snake

venom detection kits (Jelinek, et al. 2004; Fry, et al. 2013).

The explosive radiation of the advanced snakes (superfamily Colubroidea (Hsiang, et al. 2015) was
associated with the partitioning of the mixed glands into two discrete glands, one devoted to venom
production, the other for mucous (Fry, et al. 2008; Jackson, et al. 2017). The venom gland has
subsequently evolved into an extraordinary diversity of morphological forms (Fry, et al. 2008; Fry,
Sunagar, et al. 2015; Jackson, et al. 2017). The venom systems of the lamprophiid lineage (including the
genera Atractaspis and Homoroselaps), elapids, and viperids are homoplastic in that they have
convergently evolved hollow fangs linked via tube-like ducts to the venom glands which are enclosed
by powerful compressor muscles to increase the speed and efficiency of venom delivery. Similar
compressor muscles have also evolved in at least three other lineages (Brachyophis revoili, Dispholidus
typus, and Gonionotophis capensis) without the additional refinement of syringe-like venom delivering

dentition (Fry, et al. 2008; Fry, Sunagar, et al. 2015).

Numerous morphological and developmental studies have ascertained that the venom producing glands
of all advanced snakes are homologous structures that develop from the primordium at the posterior end
of the dental lamina (Kochva 1963a; Kochva 1963b; Kochva and Gans 1965; Fry, et al. 2008; Vonk, et
al. 2008; Jackson, et al. 2017). Despite this demonstrated homology, the gland of rear-fanged snakes is
often distinguished in the literature from that of front-fanged snakes through the use of the term
‘Duvernoy’s gland’. The use of this term perpetuates a historical mistake that was made in the original
designation of the gland by Taub in 1967 (Taub 1967). At that time, Taub agreed with earlier work that
the post-orbital gland of rear-fanged snakes produced venom, citing studies from the early 1900s (Alcock
and Rogers 1902; Phisalix and Caius 1918), but considered the glands of viperids and elapids to be non-
homologous to each other, and thus assumed the gland of the rear-fanged snakes were also not
homologous to elapids or viperids. Crucially, the phrase ‘Duvernoy’s gland” was not even suggested to
highlight this erroneous non-homology, but was simply suggested as a replacement for the name ‘parotid

gland’ which was also occasionally assigned to this structure in rear-fanged snakes. It is now considered
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well-established that the venom glands of all colubroid snakes are homologous (Fry, et al. 2008). In fact,
elapid and viperid glands are more closely related to the glands of rear-fanged snakes than they are to
each other. Thus, the use of the term ‘venom gland’ for the homologous glands of all advanced snakes

is the more appropriate than to refer to a paraphyletic array of morphologies as ‘Duvernoy’s gland’.

Just as the venom glands of advanced snakes are homologous, so are the venom delivering teeth (fangs).
Developmental uncoupling of the posterior sub-region of the tooth forming epithelium facilitated
evolution of a wide range of highly modified posterior teeth, with tremendous diversity both in size and
morphology (Fry, Sunagar, et al. 2015; Cleuren, et al. 2021). Enlarged rear-fangs—which have evolved
on a myriad of occasions—and the three independent evolutions of hollow front fangs, all evolved from
the same posterior teeth (Vonk, et al. 2008). These teeth evolved to be farther forward in the mouth of
the three front-fanged lineages due to shortening of the maxillary bone and the loss of more anterior teeth

(Vonk, et al. 2008).

In a similar fashion to the homology of the morphological aspects of the venom system, modern evidence
has accumulated for the homology venom gland toxins expressed across the advanced snakes. The
discovery of three-finger toxins (3FTx) for the first time outside of elapid snakes (Fry, Lumsden, et al.
2003a) stimulated a phylogenetic analysis of all known toxin types, revealing the non-monophyly of a
myriad of toxin types relative to the organismal relationships (Fry and Wiister 2004). Several toxin
families were found to be shared across all advanced snakes including 3FTx, acetylcholinesterase, C-
type natriuretic peptides (CNP), kallikrein enzymes, hyaluronidase, kunitz, lectins, and snake venom
metalloproteases (SVMP). As the species and their venom secretion and delivery system have diversified,
so too have the venom proteins themselves. Accelerated evolution and rapid neofunctionalization are
common traits of snake venom gene families (Fry, Wiister, et al. 2003; Sunagar, et al. 2013; Junqueira-
de-Azevedo, et al. 2016; Dashevsky, et al. 2018; Dashevsky and Fry 2018; Barua and Mikheyev 2020;
Dashevsky, et al. 2021). These genes are frequently duplicated, which can lead to functional and
structural diversification (Moura-da-Silva, et al. 1996; Slowinski, et al. 1997; Afifiyan, et al. 1999;
Kordi$ and Gubensek 2000), as well as faster rates of sequence evolution (Nakashima, et al. 1993; Kini
and Chan 1999). This variety could be due to selection for the ability to kill and digest prey (Daltry, et
al. 1996), or it could be the outcome of a predator—prey arms race (e.g., (Poran, et al. 1987; Heatwole

and Poran 1995).

Despite the evolutionary novelty of snake venom proteins, a comprehensive reconstruction of the
molecular evolutionary history of these major shared toxin types has not been undertaken. This has been
in part due to the relatively low number of sequences available from rear-fanged species. Elapid and
viperid snake species have been the focus of much more research because of their medical importance
(Saviola, et al. 2014; Jackson, et al. 2019). To carry out these broad analyses, we obtained venom gland
transcriptomes from eight rear-fanged species spanning the families Colubridae subfamilies Dipsadinae
(Helicops leopardinus, Heterodon nasicus) and Natricinae (Rhabdophis subminiatus), Homalopsidae
(Homalopsis buccata), and the Lamprophiidae subfamily Psammophiinae (Malpolon monspessulanus,
Psammophis schokari, Psammophis subtaeniatus, and Rhamphiophis oxyrhynchus) as well as two

viperid species spanning that family’s phylogenetic range (Pseudocerastes urarachnoides and Vipera
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transcaucasiana). With these sequences, we were able to reconstruct the molecular evolutionary history
of the shared toxins and map their diversification patterns relative to the organismal relationships and
functional changes in the venom. This allows us to evaluate the relative order of evolutionary events
such as the diversification of Colubroidea, the partitioning of the venom glands into discrete mucous and
protein-secreting units, diversifications in toxin families, and structural and functional novelties in toxin

sequences.
Outline of this thesis

In Chapter 1, we introduce the background of this thesis. We describe how this thesis involves the de
novo sequencing and of venom gland tissue from multiple snake species, including rarely-studied rear-
fanged snakes. Because of the large amount of new data generated and analysed, we devote each of

chapters 2-5 to a different family of toxins for which we found particularly important results.

In Chapter 2, we prepare the ground for future chapters by addressing some problematic issues in RNA-
seq based transcriptomics, when used to study venom toxin evolution. This approach has been widely
used in the study of the evolution, ecology, function, and pharmacology of animal venoms. However,
the accuracy and completeness of venom profiles determined by transcriptomics are limited by the cross-
contamination between samples and the performance of the transcriptome assembly. To solve these
problems, we sequenced eight species of RFS and two FFS, and applied several commonly used de novo
assembly methods to recover the authentic venom profiles followed by a strict criterion to discard
chimeric transcripts. Evaluation of the pipelines and the software performance was carried out on the
basis of the recovery of non-toxin and confidently-identified toxin transcripts. Serious misrepresentation
of the diversity of the toxin families and their relative transcripts abundance are demonstrated here. The
authentic toxin transcripts are then used in Chapter 3-5 to reveal the full-scale molecular evolutionary

history and the patterns of selection.

In Chapter 3, we analyse the evolution of Kunitz-type toxins. These toxins, found in reptile venoms
have exhibited extensive diversity of structures and functions, from enzyme inhibitors to channel-
blocking neurotoxins. However, their detailed evolutionary trends and patterns remain a mystery. We
therefore conducted a large-scale phylogenetic and selection analysis. This revealed that the kunitz-type
toxins evolved by gene duplication and rapid diversification and showed that: (1) the main ancestral
function plasmin inhibitors in Viperidae are under neutral selection while in non-vipers they are under
purifying selection; (2) neurotoxic toxins are only found in non-viper clades and different neurotoxic

types clustered in separate distinct clades under positive selection.

In Chapter 4, we examine C-type lectins, one of the largest toxin families in mammals and reptiles.
These toxins are known to have various functions including defence against predator. Since the Viperidae
split off from the remaining caenophidian snakes, a novel heterodimeric lectin type evolved by the loss
of carbohydrate-binding ability. However, the evolutionary trends and patterns of C-type lectins remain
a mystery. We therefore conducted a large-scale phylogenetic and selection analysis. We recovered

multiple variants from non-viperid snakes that possessed the diagnostic cysteine of the dimeric lectin



form, but forms with and without the glutamine motif form were present. We also found that the a-

subunit and B-subunit were subject to different selection pressures.

In Chapter 5, we study SVMP (snake venom metalloproteinase) toxins. These toxins serve as a model
system for looking at the evolutionary mechanisms that lead to changes in protein function and structure.
Extensive gene duplication and domain loss has occurred. And the ancestral P-II1 SVMPs have indicated
a much more complex structure and functional diversity than P-I and P-II SVMPs. P-11Id SVMP and
truncated SVMPs are recently emerged novel traits, but the evolution of P-IIId SVMP and the truncated
SVMPs remain a mystery. The aim of this study was to investigate the evolutionary process that resulted
in the structural and functional diversification within the P-IIId subfamily and the truncated SVMP
propeptide type. We found structural convergences in including the evolution of cysteines for form
heteromeric complexes within SVMP, and de novo evolution of new toxin families within the propeptide

region occurring in the SVMP gene.
In Chapter 6, we summarize and discuss the results of Chapters 2-5.

In Chapter 7, we provide supplementary materials for this thesis.
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Abbreviations

The following abbreviations for toxins are used in this thesis:

3ftx Three-finger toxin

AChE Acetylcholinesterase

BPP Bradykinin-potentiating peptide
C3/CVF Complement C3 of cobra venom factor
CNP C-type natriuretic peptide

CTL C-type lectin

CRISP Cysteine-rich secretory protein
ESP Epididymal secretory protein

HYAL Hyaluronidase

KTT Kunitz type toxin

LAAO L-amino acid oxidase

NGF Nerve growth factor

PDE Phosphodiesterase

PLA2_II_E Phospholipase_A2_type_II_E

PLB Phospholipase_B

RAP Renin aspartate protease

RNase Ribonuclease

SVMP Snake venom metalloproteinase
SVSP Snake venom serine protease
VEGF Vascular endothelial growth factor
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Abstract

In the study of the evolution, ecology, function and pharmacology of animal venoms, RNA-seq-based
transcriptomics analysis is commonly used. However, the accuracy and completeness of venom profiles
determined by transcriptomics are limited by the cross-contamination between samples and the
performance of the transcriptome assembly. To solve these problems, we obtained and sequenced venom
gland tissues from seven rear-fanged snake species and two front-fanged snake species, and then applied
several commonly used de novo assembly methods to recover the venom profile followed by a strict
criterion to discard chimeric transcripts. Evaluation of the pipelines and the software performance was
carried out on the basis of the recovery of non-toxin and confidently-identified toxin transcripts. Serious
misrepresentation of the diversity of the toxin families and their relative transcript abundances are
demonstrated here. Our work demonstrated that the output from one assembler cannot represent the
authentic venom profile. Instead, an effective method should apply different assemblers with various
algorithmic strategies and strict quality-control measures. The choice of assembly method, rather than

the combination of multiple A-mer sizes, is the most important factor in transcript recovery.

Keywords: snake, transcriptomics, toxin, assembly methods
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Introduction

The composition of venom varies between species and the secretion of venom is directly regulated by
differential gene expression in the venom gland (Rokyta, et al. 2015; Margres, et al. 2016). Those gene
expression patterns and levels can be evaluated by RNA-seq transcriptomics. Data mining from
transcriptomes also aids in the calculation of the rate of evolution, construction of the phylogenetic tree,
genome annotation, and identification of toxin peptides with proteomics (Calvete 2014; Sunagar, et al.
2016). However, the robustness of those results derived from transcriptomics analysis is strongly related

to the completeness and quality of the assembled transcripts.

The output of individual sequencing runs has increased considerably as a result of the development of
next-generation sequencing (NGS), making samples multiplexing a regular sequencing protocol on
sequencing platforms. This brings down the turnaround time and price for each gigabyte of data. For
instance, in the Illumina Hiseq X Ten System, the output of a dual flow cell is 1.6-1.8Tb per with a run
time of < 3 d (Illumina 2017). With this and other NGS platforms, the multiplexing of samples for
sequencing becomes a common practice for genomic/transcriptomics studies (Craig, et al. 2008; Meyer
and Kircher 2010; Smith, et al. 2010).

Read misassignment is usually caused by free-floating indexing primers in the final sequencing library
for the latest sequencing platforms with patterned flow cells, such as the Hiseq X and NovaSeq platforms
(Costello, et al. 2018; Larsson, et al. 2018). If sequencing libraries are not adequately kept and become
fragmented, or if the final sequencing libraries have non-ligated indexing primers due to inadequate
clean-up and size selection, then free-floating indexes can develop (Illumina 2017). Before the exclusion
amplification on the flow cell, these free-floating primers can anneal to the pooled library molecules and
be expanded by the DNA polymerase, resulting in a new library molecule with an incorrect index. Index-
hopping is a term used by Illumina to describe the process of generating mis-assigned reads. The reported
rate of read mis-assignment on Illumina platforms ranges from 0-10% (Kircher, et al. 2012; Nelson, et
al. 2014; Wright and Vetsigian 2016; Sinha, et al. 2017; Costello, et al. 2018; Griffiths, et al. 2018;
Owens, et al. 2018; Vodak, et al. 2018; Yao, et al. 2018). And this is particularly severe and prevalent
when similar types of samples are pooled (e.g., a large number of individuals from the same population

with a high degree of sequence similarity).

Even though dozens of bioinformatic methods have been developed for removing index-hopping and
assembling (Wright and Vetsigian 2016; Larsson, et al. 2018; Owens, et al. 2018), assembling a good
transcriptome can still be challenging. Although a reference genome can be used for transcriptome
assembly, the lack of high-quality genomes for many venomous snakes has resulted in most studies
relying on de novo assembling approaches. Especially when it comes to the recovery of toxin variants
from venom glands, de novo assembling is the only method to excavate those transcripts. The major
algorithm of these de novo assemblers is de Bruijn graph (Robertson, et al. 2010; Grabherr, et al. 2011;
Bankevich, et al. 2012; Schulz, et al. 2012; Peng, et al. 2013; Xie, et al. 2014). A network of k-mer nodes
is created and connected by edges representing k-mer similarity. Edges are traversed to recover the
contigs, then transcripts and their various isoforms are identified. The de Bruijn graphs method can

increase the computational efficiency, but it can also generate chimeric transcripts (Cahais, et al. 2012).
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As a result, the assembled transcripts must be carefully annotated and curated to exclude the false

positives.

Among previous venom gland transcriptome studies, de Bruijn based assembler — Trinity was the most
widely employed (Haney, et al. 2014; Li, et al. 2014; Aird, et al. 2015; Luna-Ramirez, et al. 2015; Tan,
et al. 2015; Zhang, et al. 2015; de Oliveira Jinior, et al. 2016; Santibafiez-Lopez, et al. 2016; Amorim,
et al. 2017; Kazemi-Lomedasht, et al. 2017; Martinson, et al. 2017; Tan, et al. 2017; Cusumano, et al.
2018). There are also some other assemblers successfully employed, such as BinPacker and Extender
(Rokyta, et al. 2012; Barghi, et al. 2015; Brinkman, et al. 2015; Dhaygude, et al. 2017). However,
empirical studies have shown that one single assembler can hardly recover a full transcriptome profile
and assembler performance varies with different taxa and tissues (Holding, et al. 2018). Finally, dealing
with the large difference in toxin gene expression as well as varied degrees of paralogy and toxin
divergence, de novo assembly of venom-gland transcriptomes can be exceedingly difficult (Honaas, et
al. 2016; Rana, et al. 2016; Cabau, et al. 2017). The main concern is that missing or biased transcripts
will affect downstream analyses such as toxin gene expression levels, toxin diversity, and reconstruction
of toxin evolution. In the rising body of transcriptomics investigations of animal venoms, these possible
problems highlight the need for a rigorous evaluation of assembler performance for venom gland

transcriptomics.

We used many alternative assembly approaches to create de novo assemblies of RNA-seq data from
pooled FFS and RFS samples to: (1) assess the performance of each assembly using criteria for the
number of high quality (non-chimeric) toxin genes assembled across eight species of rear-fanged snakes
and two species of front-fanged snakes; (2) evaluate the strengths and weaknesses of each approach for
the assembly of venom-gland transcriptomes across eight species of rear-fanged snakes and two species
of front-fanged snakes. The considerable heterogeneity in toxin transcripts recovered by different
assembly approaches is highlighted, and practical strategies for recovering entire, high-quality venom-

gland transcriptomes for toxinology and toxin gene evolution research are provided.
Materials and Methods
Tissue collection and Transcriptome sequencing

Transcriptomes were constructed for the following families and species: Colubridae — Helicops
leopardinus, Heterodon nasicus, Rhabdophis subminiatus; Homalopsidae — Homalopsis buccata;
Lamprophiidae - Malpolon monspessulanus, Psammophis schokari, Psammophis subtaeniatus,
Rhamphiophis oxyrhynchus; and Viperidae — Pseudocerastes urarachnoides, Vipera transcaucasiana
(Table 1). Venom glands from euthanised captive specimens were obtained under University of
Melbourne Animal Ethics Approval UM0706247-2005 and University of Queensland Animal Ethics
Approval 2021/AE000075. Venom glands of all snakes were contributed by Dr. Bryan G. Fry from
University of Queensland. Total RNA was extracted with Trizol (Invitrogen, Carlsbad, CA, USA) and
purified using RNeasy Animal Mini Kit (Qiagen, Valencia, CA, USA).
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Table 1: Snake Species studied in this thesis.

Latin names . Super family Family Dentition
English names

Helicops leopardinus Colubroidea Colubridae RFS
Leopard Keelback snake

Rhabdophis subminiatus Colubroidea Colubridae RFS
Red-necked keelback snake

Heterodon nasicus Colubroidea Colubridae RFS
Western hognose snake

Malpolon monspessulanus . Colubroidea Lamprophiidae RFS
Montpellier snake

Psammophis schokari X Colubroidea Lamprophiidae RFS
Schokari sand racer

Psammophis subtaeniatus . Colubroidea Lamprophiidae RFS
Western Yellow-bellied Sand Snake

Rhamphiophis oxyrhynchus Colubroidea Lamprophiidae RFS
Rufous beaked snake

Homalopsis buccata Colubroidea Homalopsidae RFS
Puff-faced water snake

Pseudocerastes urarachnoides . . . Viperoidea Viperidae FFS
Spider-tailed horned viper

Vipera transcaucasiana . . Viperoidea Viperidae FFS
Armenian sand viper

*The taxonomy and morphology of the fang for each species is given based on Taxonomy database in

NCBI (https://www.ncbi.nIm.nih.gov/guide/taxonomy/).

In a nutshell, poly-A-containing mRNA molecules were isolated using poly-T oligo-attached magnetic
beads, then separated from total RNA using Oligo (dT), and fragmented into minute fragments randomly
using divalent cations at extreme temperatures. The first strand cDNAs were generated with reverse
transcriptase and random hexamer primers, while the second strand cDNAs were created with the buffer,
dNTPs, DNA polymerase I, and RNase H. (Takara Biotechnology, Beijing, China). Following synthesis,
these cDNA fragments were ligated with adapters, purified, and PCR enrichment was used to create the
final cDNA libraries. Qubit 2.0 and Agilent 2100 were used for preliminary quantification and detecting
the insert size of the libraries, respectively, after the synthesis of cDNA libraries. The eligible cDNA
libraries were sequenced after passing the screening through Illumina Hiseq X-ten platform at BGI

(Shenzhen, China) with 150 bp paired-end reads.
de novo assembly

The majority of the contaminating readings were removed as the initial stage in our approach. This was
accomplished by looking for k-mers (length set by -k, recommended value 57) in our focal read set that
were also present at a greater level in another read set from the same lane (x-fold shift set by -d,
recommended value 1000). Reads with a specified percentage of their sequence represented by such .-
mers (set by -p, recommended value 0.25) were filtered out of the data set. Within the same sequencing
lane, raw reads were examined for potential sample cross-leakage due to index mis-assignment. With
Jellyfish v. 2.2.6 (Margais and Kingsford 2011), counts of all 57-mers in raw readings for each sample

in each lane were generated, and 57-mers with >1000 count differences between each pair of samples in
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a lane were found. In this collection, reads that contained 57-mers for 25% or more of their length were

eliminated from the sample with lower counts.

We used Fastp v. 0.20.0 (Chen, et al. 2018) for adapter and quality trimming. Paired forward and reverse
reads were overlapped into longer single-end reads with PEAR v. 0.9.11 (Zhang, et al. 2014) as input for
assembler Extender. Different assemblers have different strengths and weaknesses. Our strategy is to use
several different assemblies and resolve the data later with our quality control methods. We chose four
assemblers that have been widely used for de novo transcriptome assembling and assembled the identical

short-read RNA-seq data with each assembler to compare assembly strategies.

SOAPdenovo-trans (Xie, et al. 2014) and Trinity (Grabherr, et al. 2011) were two of the assemblers that
used versions of the de Bruijn graph technique to contig building (Haas, et al. 2013). We also used
BinPacker (Liu et al. 2016), an assembler that uses coverage information to build splicing graphs and
has been found to work well with multi-isoform data. Finally, we employed Extender (Rokyta, et al.
2012), an in-house assembler that picks seed reads at random and extends them outward based on
matching overlap with other reads to construct contigs. In its approach to multi-isoform transcript
assembly, the VTBuilder (Archer, et al. 2014) assembler uses a similar seed-and-extension technique.
We did not use it since its current limit of five million input reads makes it inadequate for the current
magnitude of RNA-seq datasets (average 5973 million reads per sample for our data). The format of
input reads and, as a result, the overall read counts used for each assembly vary. In this study, BinPacker,
SOAPdenovo-trans and Trinity processed with paired pairs, whereas Extender processed with the merged

single pairs.

SOAPdenovo-trans is distinct in that it necessitates the usage of a configuration file. It's also unique in
that the findings change significantly depending on k-mer size, therefore we test it using a variety of k-
mer sizes. SOAPdenovo-trans v. 1.03 was run at five different k-mer sizes: k=25, k=31, k=75, k=95,
and & = 127, with each run stored as its own assembly. The maximum and minimum read lengths were
set to 500 and 200 bp, respectively, with a 250 bp average insert size. We used Trinity 2.5.1 with a
minimum contig length of 150 bp and a k-mer of k& = 25 for Trinity assembly. BinPacker v. 1.0 was also
ran with k£ = 25 as the k-mer size. Finally, we used 2000 randomly selected seeds with a minimum quality
of 30 at all base places to run our only seed and assemble strategy, Extender (Rokyta, et al. 2012). As
long as the extension-overlap length was not exceeded, seeds were not allowed to share any k-mers (100
bp). To save the seed results, we needed at least two extensions in each direction. For a read to be
considered for extension, we specified a minimum overlap of 100 bp and a minimum quality score of at
least 20 at all base positions. To keep a seed, we permitted 20 duplicates per seed per direction and
required that 20% of replicates per seed be expanded. In order to recover as many toxins as possible, we
combined transcripts from all assemblers and then we used CD-HIT v. 4.7 (Fu, et al. 2012) to cluster the
transcripts and remove the identical transcripts. For CD-HIT, the sequence identity threshold was set to

1 and word length was set to 11. We named this method as ‘Merged’ in this study.
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Evaluation of assembly quality and non-toxins

We compared each assembly using a traditional assembly quality metrics to evaluate each assembly. In
each assembly, we utilized the software BUSCO v. 4.1.3 to find single-copy, orthologous non-toxin
regions (Simao, et al. 2015; Waterhouse, et al. 2018). Using tBLASTn (Gertz, et al. 2006), BUSCO
compares assembled contigs to lineage specific subsets of the OrthoDB v. 10 database (Zdobnov, et al.
2017), followed by HMMER (Mistry, et al. 2013) classification of annotated contigs as complete and
single copy; complete and duplicated; fragmented; or missing. Ortholog sets in the OrthoDB database
comprise genes found as a single copy in the genomes of 90% of the species in the database, providing
an evolutionary expectation of existence in an assembled gene set provided the assembly is complete.
Although not all loci are expected to be present in a transcriptome study due to lack of expression in the
target tissue, a BUSCO analysis will allow quantitative comparison of multiple transcriptome assemblies
in terms of the overall number of complete and single-copy orthologous loci recovered from the OrthoDB
reference database. We utilized the Tetrapoda ortholog set with 5310 loci for BUSCO analysis of the
snake venom gland transcriptome assemblies. The criterion we used to assess non-toxin assembly quality

was to see which assembler produced the most complete and single-copy matches to the OrthoDB loci.
Annotation of toxin genes and evaluation of the recovery of toxin genes

The completeness of the final transcript sets and the quality of the toxin contigs were used to assess the
quality of the toxin transcript assemblies. We used a series of filtering processes to select contigs that
were high-quality toxin transcripts to calculate the amount of high-quality toxin transcripts assembled
by each phase of the assembly process: (1) annotation of toxin genes and (2) lack of signs of chimera;
formation or fragmentation. We used the TransDecoder tool embedded in Trinity to extract open reading
frames (ORFs) from the ‘Merged’ transcripts. Then we used Blast v. 2.10.1 to do the toxin annotation
with our in-house toxin database (Supplementary File 1) to reduce the turnaround time and recover the

interesting toxin genes for future evolutionary study.

We used a set of filtering criteria on our annotated toxin genes to come up with a final collection of
unique and high-quality toxin sequences. First, we inspected the read coverage of our toxin ORFs. Since
there were multi samples sequenced at the same time, the cross contamination can happen between each
other. To investigate coverage map of every ORF and see how many reads mapped to it from each of the
nine samples, we aligned our ORFs against the original reads from all nine species by BWA v. 0.7.17
(Li and Durbin 2009). We kept only the toxins that: (1) had coverage >0 across all bases in the coding
region; (2) had coverage differentials of 100-fold or more across the length of the ORF; and (3) had
coverage that varied consistently across its length (if it varied at all) because sharp discontinuities usually

indicate chimeric assembly, cross contamination, or some other issue.

The final step was to manually check these remaining sequences for whether or not they really belong to
the toxin family they should be assigned to. For this, we manually checked those remaining toxins against
sequences on GenBank using the web version of BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi), to
check if the annotation results from our in-house toxin database are the same as those annotation in

GenBank. We kept those toxin genes for which both annotation results referred to the same toxin genes.
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Results
Overall assembly quality and recovery of transcripts

The Illumina HiSeq X Ten sequencing platform generated 56.34~73.44 M raw reads from nine samples.
Raw sequencing data were uploaded into the Short Read Archive (SRA) of the NCBI
(https://www.ncbi.nlm.nih.gov/sra), retrieving accession numbers of SRR12802473~SRR12802481
(Table 2). After trimming out the low-quality reads, 55.17~71.18 M clean reads were generated from
nine samples. Of these clean reads, the Q30 percentage in each library was approximately 90%, which

indicated good quality sequencing (Table 3).

The assembly methods were measured by BUSCO (Simao, et al. 2015) to evaluate the completeness of
the recovery of all transcripts. Although the results fluctuated significantly, there were clear and
persistent trends in relative performance among individual transcriptomes. The ‘Merged' approach
produced the most complete, single-copy non-toxin transcripts of any method (give the value). This
finding was consistent across all snake transcriptomes, with an average of 3430 (range: 3016-3752)
complete and single copy non-toxin loci out of 5310 reference loci in snake transcriptomes assembled

with ‘Merged.'

Table 2: Snake venom gland samples and their raw Illumina data information.

Species Total Reads (M)  Total Bases (G) Q30(%) GC(%) SRA ID

Helicops leopardinus 59.670768 8.950615 88.30 47.01 SRR12802481
Rhabdophis subminiatus 61.908030 9.286205 87.71 46.84 SRR12802480
Heterodon nasicus 73.443828 11.016574 88.95 44.21 SRR12802479
Malpolon monspessulanus 59.597300 8.939595 88.54 46.28 SRR12802478
Psammophis schokari 71.464838 10.719726 87.30 46.78 SRR12802477
Psammophis subtaeniatus 66.870990 10.030648 88.21 47.21 SRR12802476
*Rhamphiophis oxyrhynchus 177.324272 26.598641 87.77 44.67 SRR13234020
Homalopsis buccata 61.067040 9.160056 88.27 46.76 SRR12802475
Pseudocerastes urarachnoides ~ 56.348378 8.452257 89.94 48.45 SRR12802474
Vipera transcaucasiana 62.804494 9.420674 87.97 47.67 SRR12802473

*Three samples were sequenced for R. oxyrhynchus and all raw data from three samples were
merged as one.

Total Reads: number of reads before filtering, saved in M unit.
Total Bases: raw reads number multiply read length, saved in G unit.

Q30: percentages of bases whose correct base recognition rates are greater than 99.9% in total bases
GC content: (G & C base count) / (Total base count)
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Table 3: Statistics for cleaned data for each snake species venom gland.

Species Total Reads (M)  Total Bases (G) Q30(%) GC(%) Reads passed filters(%)
Helicops leopardinus 57.518468 8.528288 90.05 46.93 96.39
Rhabdophis subminiatus 59.717436 8.795656 89.61 46.69 96.46
Heterodon nasicus 71.177292 10.574868 90.44 4412 96.91
Malpolon monspessulanus 57.588762 8.533593 90.17 46.19 96.63
Psammophis schokari 68.781210 10.097262 89.56 46.66 96.24
Psammophis subtaeniatus 64.644424 9.517410 90.00 47.07 96.67
Rhamphiophis oxyrhynchus 174.167248 25.865585 88.28 44.56 98.22
Homalopsis buccata 58.809498 8.740258 90.02 46.69 96.30
Pseudocerastes urarachnoides 55.165528 8.150225 91.33 48.45 97.90
Vipera transcaucasiana 60.575680 8.951936 89.81 47.67 96.45

Total Reads: number of reads after filtering, saved in M unit.
Total Bases: clean reads number multiply read length, saved in G unit.

Q30: percentages of bases whose correct base recognition rates are greater than 99.9% in total bases
GC content: (G & C base count) / (Total base count).

Some other patterns also emerged. First, within the SOAPdenovo-trans (Xie, et al. 2014), the number of
orthologous loci retrieved by BUSCO decreased as the k-mer size increased. (Supplementary Figures
1A-I). No transcripts were recovered using k-mer 127 (data not shown). Second, Trinity (Haas, et al.
2013) was the second best method for the recovery of non-toxins in all snakes, and it had similar
performance to the ‘Merged’ method. Third, BinPacker (Liu, et al. 2016), SOAPdenovo-trans_ K25 and
SOAPdenovo-trans_K31 performed comparatively poorly in all snakes, recovering 50% of the loci.
Finally, Extender (Rokyta, et al. 2012) and SOAPdenovo-trans K97 were largely ineffective at
recovering non-toxin loci, recovering between zero and 38 complete, single-copy loci (Supplementary
Figures 1A-I). Overall, within any individual sample, the rank performance of the assemblers was:
‘Merged” > Trinity > BinPacker > SOAPdenovo trans_ K25 > SOAPdenovo_trans K31 >
SOAPdenovo_trans K75 > SOAPdenovo_trans K97 > Extender.

Assessment of the recovery of snake toxins

There are large differences between toxin transcripts before and after curation (Supplementary Figure
2A-I). Some toxin families recovered in some samples are all identified as chimeric transcripts and
discarded completely. A clear trend in H. nasicus, M. monspessulanus, P. schokari, P. subtaeniatus, H.
buccata, and P. urarachmoides indicates that CTL family and Waprin family tend to generate a large

number of chimeric transcripts.

There were 1814 transcripts recovered; however, 728 (40.13%) of them were discarded as chimeric, of
which, Trinity and BinPacker generated 289 (15.93%) and 171 (9.42%) chimeric (Supplementary Figure
3A-I). The recovery of qualifying toxin transcripts varied greatly across assemblers. In SOAPdenovo-
trans assemblies, the toxin gene family and A-mer size were obvious determinants of relative performance
(Supplementary Figure 4A-I). Among toxin transcripts confidently identified, a clear trend emerged,
with the recovery of CTL transcripts being among the highest among the snakes studied. The exceptions

were P. schokari and P. subtaeniatus. In H. leopardinus, H. nasiucus, H. buccata and P. urarachnoides,
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CTL was recoverd with highest transcripts. And in R. subminiatus, M. monspessulanus and V.
transcaucasiana, CTL is the second highest. In P. schokari, the toxin of highest number is 3ftx and in P.
subtaeniatus, the highest is Rnase. For CTL in different snakes, different assemblers have different
contributions. In R. subminiatus, M. monspessulanus, P. schokari, P. subtaeniatus, and V.
transcaucasiana, BinPacker performed best. While in H. leopardinus, H. nasiucus, H. buccata, and P.
urarachnoides, the best performers are Extender, SOAPdenovo-trans K25, Trinity and SOAPdenovo-

trans_K97, respectively.

The remarkable difference in the transcripts assembled was further underlined by our accounting of the
transcripts retrieved by each assembler in each of the transcriptomes. Trinity recovered the only transcript
of Extendin_II from V. transcaucasiana amongst all transcriptomes. In general, for all toxin families,
Trinity performed much better than the other assemblers in most toxin families except in P. schokari,
where BinPacker performs better. Trinity did not recover all toxin families but the other assemblers can
recover what Trinity did not. The rank performance of each assembler varies between species

(Supplementary Figure 4A-I).

The best performing assembler was Trinity. Among 984 good transcripts recovered by all assemblers,
301 (30.5% of the total) were contributed by Trinity. The second-best performer was BinPacker which
recovered 254 good transcripts (25.8%). The remaining assemblers—Extender, SOAPdenovo-trans_K75,
SOAPdenovo-trans K31, SOAPdenovo-trans K25 and SOAPdenovo-trans K97 recovered 125
(12.7%), 101 (10.3%), 94 (9.6%), 70 (7.1%) and 39 (4.0%) respectively. The best assembler, Trinity,
outperformed BinPacker by 47 transcripts.

Discussion

The annotation of 10 assembled venom gland transcriptomes recovered 23 toxin families (Table 4). Here,
we have compared the performance of the most widely-used assemblers of transcriptome data and find
striking difference in their performance. The performance was assessed by the ability of the assemblers
to recover confident toxin families and good transcripts from a series of snake venom gland
transcriptomes from nine different species. Our results are significant because, with the rapid

development of NGS technology, the choice of method for transcriptome assembly is increasing.

In most previous studies of animal venoms, only one assembly method was utilized to recover the toxin
genes (Haney, et al. 2016; Kazemi-Lomedasht, et al. 2017; Tan, et al. 2017; Cusumano, et al. 2018). This
prompted concerns that technique biases might result in poor recovery of the entire collection of

transcripts and specific genes.

Our results confirm these concerns, because we have demonstrated significant differences in the
performance of different assemblers. And their performance is random with regards to the recovery of
transcripts belonging to various toxin gene families. Our findings demonstrate that those assemblers
which perform well in traditional RNA-seq studies may not necessarily perform well in the recovery of
toxin genes (or at all when it comes to specific toxin gene families). Fluctuations in assembler

performance can happen when a large number of chimeric transcripts are produced. Our findings indicate
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that the pipeline with ‘Merged” methods for assembling, followed by careful curation, can circumvent

these challenges.

Both the Trinity and BinPacker assemblers retrieved a large number of BUSCO orthologous non-toxin
loci, with chimeric transcripts accounting for a large percentage of them. Extender's seed-and-extend
strategy, on the other hand, was solely successful for toxin gene recovery when used in this study. As a
consequence, Extender only found a few non-toxin BUSCO loci. Clearly, assessing the toxin gene quality
necessitates a toxin-focused methodology as well as some prior understanding of animal venom biology.
Running BWA on those preliminary toxin genes as a manual examination of coverage profiles, as part
of our chimera-filtering phase, can be an efficient way to examine individual toxin transcripts for

evidence of chimerism.

Previously, the effects of k-mer size on the recovery of quality transcripts after de novo assembly were
investigated, although not particularly for toxin genes: due to the lack of some low abundance transcripts,
greater k-mer sizes resulted in fewer transcripts overall (Schulz, et al. 2012). The transcripts that are
retrieved, on the other hand, are less likely to be misassembled (Singhal 2013). Larger k-mer sizes result
in the recovery of less full, single-copy BUSCO loci in our venom gland transcriptomes, confirming
earlier findings. However, using SOAPdenovo-trans, certain toxin transcripts and particular toxin
families in some samples tended to be retrieved at larger k-mer sizes. Because even rare toxins are
frequently strongly expressed relative to non-toxin loci, the benefits of utilizing small k-mer sizes for
assembling rare transcripts may not apply as well to toxin loci in venom gland tissue. Despite this, toxin
contigs were occasionally retrieved when small k-mer sizes were used, but not when bigger k-mer sizes
were used. As a result, it's still worth thinking about whether various k-mer settings should be merged in
a final assembly (e.g., mixing SOAPdenovo-trans results with varied k-mer sizes). Previously, Schulz et
al. (2012) used a mix of various k-mer sizes during assembly and found that it was successful in
recovering a pretty comprehensive collection of toxin loci. However, our findings coincide with those of
Rana et al. (2016) in that the choice of assembly technique, rather than the combination of multiple 4-

mer sizes, is the most important factor in transcript recovery.
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Our evaluation of assembly completeness for each sample showed that performance of the assemblers
was random, which was quite opposite to the finding of Holding, Margres et al. (2018) that some
assemblers performed well in the recovery of specific toxin families. In our study, the assembly method
in Trinity produced the most chimeras, which was likely confused by many equally plausible routes. This
is due to Trinity's poor performance in clustering many isoforms into a single transcript (Macrander, et
al. 2015). When examining all nine species samples investigated here, the obvious message of these data
is that no one assembler retrieved all toxin loci present, and no assembler demonstrated any bias toward
certain toxin families. To get a comprehensive collection of toxin transcripts, reliable venom gland
transcriptome research should integrate the quality-filtered output of various assembling techniques. The
recovery of a high-quality transcriptome assembly by the clustering and merging of assemblies recovered
using different approaches has been proven to work in other systems (Nakasugi, et al. 2014), and our
findings imply that this strategy might work here as well. Clustering transcripts based on sequence
identity and/or inferred homology may be done in a number of ways (Fu, et al. 2012). Although creating
a bioinformatic pipeline for venom gland transcriptomes may appear to be beneficial, the substantial
diversity in transcript quality and recovery we found across species, as well as the apparent inaccuracy

of many quality measures, suggest that such an endeavor is premature.
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Abstract

Kunitz-type toxins from snake venoms have undergone extraordinary structural and functional molecular
adaptation. These toxins may have functions ranging from enzyme inhibitors to channel-blocking
neurotoxins. However, their detailed evolutionary history is not known. We therefore conducted a large-
scale phylogenetic and selection analysis to illustrate this issue. Phylogenetic analysis and analysis of
selection revealed that the kunitz-type toxins evolved by gene duplication and rapid diversification. We
show that the main ancestral function of kunitz-type toxins in Viperidae (plasmin inhibitors) is under
neutral selection, while in non-vipers it is under purifying selection. We also show that neurotoxic kunitz-
type toxins are found only in non-vipers; the various neurotoxic types clustered in distinct clades under
positive selection. These results provide a detailed roadmap for future work to elucidate predator-prey
evolutionary arms races, as well as documenting rich biodiscovery resources for lead compounds in the

drug design and discovery pipeline.

Keywords: Kunitz, protease inhibitor, neurotoxin, evolution
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Introduction

Toxins of the Kunitz type are interesting. According to their functions, they may be divided into two
groups. Then there are the inhibitors of serine proteases and neurotoxins that block channels, such as
dendrotoxins (DTX) and the B chain of bungarotoxin, constituting the second kind (BTX-b). The
neurotoxins have a kunitz-like domain, although their protease inhibitory action is minimal. They are an
example of dual convergence: not only have they been separately recruited into the venom arsenal of
different species, but they are also convergently apotypic in multiple lineages for the same neurotoxic
and coagulopathic properties (Beress 1982; Antuch, et al. 1993; Minagawa, et al. 1997; Harvey and
Robertson 2004; Bayrhuber, et al. 2005; Honma and Shiomi 2006; Fry, Scheib, van der Weerd, Young,
McNaughtan, Ramjan, Vidal, Poelmann and Norman 2008; Koludarov, et al. 2012).

Kunitz-type protease inhibitors attach to the active site of serine proteases predominantly through an
exposed binding loop in a canonical configuration. P3, P2, P1, P1, P1, P2, and P3 (nomenclature
according to Schechter and Berger) are the six residues that potentially interact with the enzyme in this
area. A catalytic trio of residues on the enzyme's pocket (typically Ser, His, and Asp) is responsible for
amide bond hydrolysis. In textilinin-1, this hexapeptide is Pro-Cys-Arg-Val-Arg-Phe (PCRVRF) (Flight,
et al. 2009), whereas in aprotinin it is Pro-Cys-Lys-Ala-Arg-lle (PCKARI) (Wells and Strickland 1994).
The P1 residue, whose side chain protrudes into the specificity pocket of the protease, is Arg in textilinin-

1 and Lys in aprotinin.

Despite the large size of the kunitz-type protease inhibitors, they can be divided into three categories
based on their target: trypsin inhibitors (positively charged residues Lys/Arg preferred at P1), elastase
inhibitors (small hydrophobic residues Ala/Val at P1), and chymotrypsin inhibitors (large hydrophobic
residues Phe/Trp/Tyr/Leu/Val at P1) (Laskowski Jr and Kato 1980; Hedstrom 2002; Wang, et al. 2012).
Met, Asn and His at the P1 site residues were also reported for chymotrypsin inhibiting (Laskowski Jr
and Kato 1980; Scheidig, et al. 1997; Chang, et al. 2001; Chen, et al. 2001; Guo, et al. 2013). The
interaction inhibitor: trypsin is essentially independent of the nature of the basic residue at P1 position,
with no substantial changes in the association energies with trypsin following the mutation K15R in
BPTI, according to analysis of different mutants of BPTI and other trypsin inhibitors (Navaneetham, et
al. 2010). Inhibition of kallikrein prefers Arg over Lys (Fieldler 1987; Grzesiak, et al. 2000), but plasmin
inhibition is increased by Lys at the P1 site (Van Nostrand, et al. 1995). A hydrophobic amino acid
residue (Ala, Gly, or Phe) binds to the P1’ site of venom trypsin/chymotrypsin inhibitors, with Ala being
the most prevalent. AVKTI (Araneus ventricosus Kunitz-type serine protease inhibitor), which has the
basic amino acid Lys (K) within the P1 site, has dual antitrypsin and antichymotrypsin action (Wan, et
al. 2013). A snake venom serine protease inhibitor with Lys (K) at the P1 site and dual inhibitory action
against trypsin and chymotrypsin was shown to have a similar effect (Guo, et al. 2013). Furthermore, the
P1-P1 residues in AVKTI are Lys (K) and Ala (A), as shown for bovine pancreatic trypsin inhibitor
(BPTI), which not only inhibits trypsin but also chymotrypsin, plasmin, and kallikrein. Kunitz peptides
that inhibit plasmin are invariably dual-functional, with a P1 site of Arg (R) inhibiting both trypsin and
plasmin. P1 and P1 are important residues. P1 fits into the pocket of human plasmin and interacts with

six plasmin residues.
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In this study, we applied the Bayesian method to reconstruct a large-scale phylogeny so as to reveal the
evolution history of the snake venom kunitz-type toxins, particularly the evolutionary traits of the
neurotoxic types. Analysis of selection was also utilized to evaluate the selection pressure on different

toxin types.
Materials and Methods
Sequence Alignments and Phylogenetic Reconstruction

Protein sequences for all toxin sequences were retrieved from the UniProt database
(https://www.uniprot.org) and NCBI database (http://www.ncbi.nlm.nih.gov), then combined with the
toxin transcripts from our assembly and annotation (Chapter 2). Partial sequences, sequences with
suspect assembling errors were excluded. For the blocks of sequence in between these sites, the
sequences were aligned using a mix of manual alignment of the conserved cysteine locations and
alignment using the Multiple Sequence Comparison by Log-Expectation (MUSCLE) method (Edgar
2004) implemented in AliView (Larsson 2014). Manual refinement of the alignment was also involved
because there are structural differences within different toxin families. The phylogenetic trees for
different toxin families were reconstructed with MrBayes 3.2 (Ronquist, et al. 2012) based on the amino
acid sequence alignment. The settings for MrBayes can be found in the Supplementary File 2. The output
trees from MrBayes were midpoint rooting, then further edited and annotated with iTol (Letunic and

Bork 2007).
Tests for Selection

Coding DNA sequences, which are corresponding to the toxin sequences used for phylogenetic analysis,
were retrieved from GenBank (Benson, et al. 2012) and our assembly. Using AliView and the MUSCLE
method, the sequences were trimmed to only containing codons that translate to the mature protein, then
translated, aligned, and reverse translated. Clades were created based on taxonomy and structural
differences (functional domains/motifs, for example). The resultant codon alignments were used to create
phylogenetic trees for each clade using the same methods outlined in the ‘Phylogenetic Reconstruction'

section. All following studies were conducted using these tree topologies.

Calculating the ratio of nonsynonymous nucleotide substitutions per nonsynonymous site (dN) to
synonymous substitutions per synonymous sites (dS) (o=dN/dS) for each codon in the alignment might
reveal if a gene is undergoing rapid evolution or stays functionally restricted. Codons developing with @
>1 are thought to have evolved under positive selection (functional diversity), whereas codons evolving
with o<1 are thought to have evolved under purifying selection. Sites with a value of w=1 are believed
to evolve in a neutral manner. In order to find the most likely groups on which positive selection has
been working, we conducted a series of experiments integrating data from site-based and lineage-specific

studies.

Due to their various emphases, we employed many of the selection tests developed in HyPhy v
2.220150316 beta (Pond and Muse 2005) to study the patterns of selection acting on distinct toxin
families. The Analyze Codon Data analysis in HyPhy produces overall alignment values, whereas the

FUBAR technique assesses the intensity of persistent positive or negative selection on individual amino
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acids (Murrell, et al. 2013). The Mixed Effects Model of Evolution (MEME) approach, on the other
hand, finds particular locations that have been exposed to positive selection in the past (Murrell, et al.

2012).
Protein Modelling

To map residues evolving under positive selection in three-dimensional (3D) structures, sample
sequences from the RCSB PDB database (Rose, et al. 2010) were used to create bespoke models for each
clade belonging to various toxin families (Table 1). Alignments of each clade were trimmed to match
these PDB structures. To render and colour the 3D structure of the proteins, we utilized the UCSF
Chimera program v 1.10.2 with attribute files generated from FUBAR and MEME results. For FUBAR,
we used the value from the beta-alpha column which is a measure of the difference between the rates of
non-synonymous (beta) and synonymous (alpha) mutations. For MEME, since MEME estimates two
rates of positive selection and gives each a probability, we take the weighted average of those two and

then subtract alpha to arrive at a similar value to the one we used for FUBAR.

Table 1: Custom models for protein modelling.

Clade Sequence for 3D modeling PDBID
Viperidae Vipera_ammodytes_ammodytes_P00992 6a5i
DTX Dendroaspis_polylepis_P00981 1dtk
BTX Bungaru_ multicinctus_Q1RPTO 1bun
non vipers Bungarus_multicinctus_Q1RPTO 1lbun
Viper type plasmin inhibitor Vipera_ammodytes_ammodytes_P00992 6a5i
non-viper type plasmin inhibitor Pseudonaja_textilisQ90WA1 52j3

Results and Discussion

Diverse kunitz peptides have been characterized as neurotoxins (Harvey and Karlsson 1980; Bohlen, et
al. 2011; Baconguis, et al. 2014; Possani, et al. 1992), and our phylogenetic analysis combined with
differences in sequence, structure, and function suggest that the evolution of this derived activity has
occurred on four independent occasions (Figure 1). The new toxins include monomeric toxins and
members of toxin complexes. Dendrotoxins are monomeric toxins from Dendroaspis venoms that
selectively block Kv1.1 voltage-gated potassium channels (Harvey and Karlsson 1980). Kunitz peptides
that are subunits of complex neurotoxins may be associated through non-covalent interactions (MitTx
and taicatoxin) or covalently linked (B-bungarotoxin). Intriguingly, all such multimers are heteromeric
and include PLA: toxins. MitTx is a complex of one kunitz subunit and two PLA> subunits that activates

acid-sensing ion channel ASICI1 to cause intense pain as part of the defensive arsenal of Micrurus tener
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(Bohlen, et al. 2011; Baconguis, et al. 2014). Taicatoxin was discovered in the venom of Oxyuranus
scutellatus and is a complex toxin consisting of one 3FTx subunit, one PLA2 subunit, and 4 kunitz
subunits that blocks cardiac voltage-dependent L-type calcium channels (Cav) (Possani, et al. 1992). -
bungarotoxins are voltage-gated potassium channels (Kv) blocking heterodimers consisting of a kunitz
peptide disulphide-linked to a PLA> subunit via a newly evolved cysteine not found in other kunitz
peptides, linked to a matching novel cysteine in the PLA2 subunit that is also not found in other PLA>
toxins. Our phylogenetic analysis indicates that the characteristic cysteine in B-bungarotoxin kunitz
peptides evolved independently on two different occasions (Figure 1). In each case, the cysteine is in the
same position, suggesting strong structural selection due to inter-chain structural constraints. However,
consistent with the phylogenetic placement into two distinct clades, each type differs in the flanking
amino acids. Intriguingly, there appears to have been a secondary loss of this trait occurring in the one
of the kunitz peptide clades B-bungarotoxins, with the sequences CSHOE4 (Uniprot ID) and BAESA2
(Uniprot ID) lacking the diagnostic and structurally necessary cysteine (Figure 1).

Other derived kunitz peptides have the pathophysiological action of inhibiting the clotting regulatory
enzyme plasmin, which breaks down blood clots in the body. Unsurprisingly, plasmin inhibitors have
been isolated and characterized from venoms which are powerfully procoagulant. The venoms allow the
snakes to subjugate their prey by triggering the rampant production of endogenous thrombin, leading to
the formation of enough blood clots to induce debilitating and lethal strokes. Such toxins have been well-
described for the Daboia genus within the Viperidae family, and the Oxyuranus/Pseudonaja clade within
the Elapidae family (Figures 2 and 3). While Daboia venoms produce procoagulant toxicity through the
activation of Factor X and Oxyuranus and Pseudonaja through the activation of prothrombin, both
converge on the same functional outcome: the production of high levels of endogenous thrombin which
convert fibrinogen to fibrin. Phylogenetic analysis (Figure 1) reveals that they show convergent
neofunctionalization of the kunitz peptide such that they inhibit plasmin, thereby prolonging the half-life
of the blood clots formed by the venom. Both species also show convergent modification of the same
key residue into an arginine, which has been shown to be critical for activity. Both mutants of plasmin
inhibitors with only this amino acid changed and native isoforms lacking this arginine from Pseudonaja
venom were found to not affect plasmin (Flight, et al. 2005; Flight, et al. 2009). Intriguingly, other
phylogenetically distinct sequences contain this mutation (Figure 3), the majority of which are in species
with procoagulant venoms, including Oxyuranus variants that are phylogenetically distinct from the
functionally characterized plasmin inhibitors, suggesting that this genus may have evolved plasmin-
inhibiting kunitz peptides on multiple occasions. However, functional studies are needed to confirm that

these other arginine-containing peptides are indeed plasmin inhibitors.

Selection analyses revealed very different rates of molecular evolution for this toxin type within the
snake families (Figure 4 and Table 2), strongly suggesting that there is a multiplicity of undocumented
novel activities yet to be discovered across the full range of this toxin class. This is consistent of the
documentation of three evolutions of neurotoxin function within just the elapid snakes. The differential
rates between the monomeric dendrotoxins (v=2.10) and the disulphide-linked B-bungarotoxin subunits

(®w=1.23) is consistent with the structural constraints imposed upon the f-bungarotoxin subunits by being

32



not only part of a multi-subunit complex, but a disulphide-linked one at that. However, despite these
structural constraints, the f-bungarotoxin subunits display evidence of individual sites under positive
selection. In contrast to the neurotoxins, but consistent with the high structural conservation of the
enzymatic pathophysiological target, both independent lineages of plasmin inhibitors are under negative

purifying selection pressures (Figure 4 and Table 2).

Table 2: Molecular evolutionary rates of kunitz peptides (See Figure 13 for structural models).

Toxin group w FUBAR(-)? FUBAR(+)® MEME® F,\L;IZ::E?
Viperidae clade 0.96 1 8 8 4
Non-viperid clade 1.18 5 10 13 6
Neurotoxins--Dendrotoxins | 2.10 0 6 7 3
Neurotoxins--Bungarotoxins | 1.23 15 25 30 22
Plasmin inhibitors Daboia 0.80 1 0 2 0
ox:lll"::':"l’s‘/' rFl’ls‘LTzifaja 0.62 2 0 0 0

2 Number of codons under negative selection according to FUBAR
® Number of codons under positive selection according to FUBAR
¢ Number of codons under episodic diversifying selection according to MEME

4Number of codons that fit criteria ® and ©
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evolution of coagulotoxins are shaded in red, while the convergent evolution of
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bungarotoxins (characterised by the presence of a novel cysteine). Sequence alignment
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Bungarus fasciatus B2KTG2 RERHPDCDKPPDTGRCIKNVRAFYYKPSAKRCVOFIYGGCNANGNHFKSDHLCRCECLEYP
Demansia vestigiata A6MGY1 KDRPEICKLPKEPGPCHSYLLYFYYNSVEHKCOTFHYGGCEGNENRFHTIEECKSTCAA
Demansia vestigiata A6MFL3 JSYLLYFYYNSVEHKCQTFHYGGCEGNENRFHTIEECKSTCAE
Pseudechis australis Q6ITB9 JVGFPSFYYNPDEKKCLEFIYGGCQGNANNFITKEECESTCAA
JVGFPSFYYNPDEKKCLEFIYGGCEGNANNFITKEECESTCAA
JVGFPSFYYNPDEKKCLEFIYGGCEGNANNFITKEECESTCAA
JVGFPSFYYNPDEKKCLEFIYGGCEGSANNFITKEECESTCAA
JVGFPSFYYNPDEKKCLEFIYGGCEGNANNFITKEECESTCAA

KDRPELCELPPDTGPC FPSFYYNPDEQKCLEFIYGGCEGNANNFITKEECESTCAA

KDRPDFCELPADTGPCVRFPSFYYNPDEKKCLEFIYGGCEGNANNF ITKEECESTCAA
Pseudonaja textilis Q90W96 KDRPKFCELPADIGPCDDFTGAFHYSPREHECIEFIYGGCKGNANNFNTQEECESTCAA
Pseudonaja textilis Q90W97 KDRPKFCELLPDTGSCEDFTGAFHYSTRDRECIEFIYGGCGGNANNFITKEECESTCAA
Pseudonaja textilis Q90W98 KDHPKFCELPADTGSCKGNVPRFYYNADHHQOCLKFIYGGCGGNANNFKTIEECKSTCAA
Pseudonaja textilis Q90W99 KDRPNFCKLPAETGRCNAKIPRFYYNPRQHOCIEFLYGGCGGNANNFKTIKECESTCAA
Protobothrops mucrosquamatus XP 015686853 KGRPEHCYLPADPGPCIANIRRFYYHSASNTCRPFTYGGCKGNANNFRTRDKCCKACI

Pseudechis porphyriacus B5L5R0 KDRPDFCELPDDRGPCY
Pseudechis porphyriacus B5G6G6 KDRPDFCELPDDRGPC;:
Tropidechis carinatus Q6ITBO KDRPDFCELPDDRGPC|;
Notechis scutatus BSL5R4 KDRPKFCELPADSGPC
Notechis scutatus Q6ITB2 KDHPEFCELPADSGPCY
Oxyuranus scutellatus B5KL30 KDHPEFCELPADSGPC}]

IFHAFYYNPDQROCLEFIYGGCYGNANNFKTIDECKRTCAA
IFHAFYYNPDOROCLEFIYGGCYGNANNFKTIDECKRTCAA
IFHAFYYNPDQRQCLEFIYGGCYGNANNFKTIDECERTCAA
ILRAFYYHPVHRTCOMFIYGGCYGNANNFKTIDECKRTCAA
ILHAFYYHPVHRTCLEFIYGGCYGNANNFKTIDECEPPCAA
ILHAFYYHPVHRTCLGFIYGGCY KTIDECKRTCAA

Boiga dendrophila gemmicincta Kunitz 01 QGRPKYCDLPADSGPC}iiA
i nigriceps Kunitz 02 RHRPKYCDLPADPGPCR‘

KTHFYYNSDSKQCEKFTYGC 'KTKDKCHYTCVGSPIRRLTRIGSSVPA
IKTHFYYNSDSKQCEKFTYGC ETKDKCHYSCVGPPIRRLTRIGSSVPA
HLRRIYYNPDSNKCEVFFYGGCGGNDNNFETRKKCRQTCGAPRKGRPT
HLRRIYYNPDSNKCEVFFYGGCGGNDNNFETRKKCRQTCGAPRKGRPT
JGHLRRIYYNLESNKCEVFFYGGCGGNDNNFSTRDECRHTCVGK
JGHLRRIYYNLESNKCEVFFYGGCGGNDNNFSTWDECRHTCVGK
AHLRRIYYNLESNKCEVFFYGGCGGNDNNFSSWDECRHTCVGK
LRRIYYNLESNKCEVFFYGGCGGNDNNFSTWDECRHTCVGK
HLRRIYYNLESNKCKVFFYGGCGGNANNFETRDECRQTCGGK
HLRRIYYNLESNKCKVFFYGGCGGNANNFETRDECRQTCGGK
HLRRIYYNLESNKCNVFFYGGCGGNDNNFETRDECRQTCGGK
HLRRIYYNLESNKCKVFFYGGCGGNDNNFETRDECRQTCGGK
IPRFYYNPASNQCQOGFIYGGCGGNANNFETRDOCRHTCGGK
HIPRFYYNPASNQCQGFIYGGCEGNANNFETRDQCRHTCGASGKEGPRPRIASN
AIPRFYYNPHSKQCEKFIYGGCHGNANSFKTPDECNYTCLGVSLPK

Tropidechis carinatus B5KL33 KDHPEFCELPADSGP ILHAFYYHPVHRTCLEFIYGGCYGNANNFKTIDECKRTCAA
Notechis scutatus Q6ITB3 KDHPEFCELPADSGPCUGILHAFYYHPVHRTCLEFIYGGCYGNANNFKTIDECKRTCAA
Boiga trigonata Kunitz 00 QODRPKYCDLPSDHGPC/ARKTRFYYNSNSKQCVEFNYGGC 'MSKDKCHYTCVGPPIRRI 'GSSVST
Boiga trigonata Kunitz 01 ODRPKYCDLPSDHGPCHARKTRFYYNSNSKQCVEFNYGGC 'MSKDKCHYTCVGPPIRRLTRTGSSVST
Boiga dendrophila dendrophila Kunitz 01 QGRPKYCDLPADSGPCHAKKTHF YYNSDSKQCEKFTYGGC KTKDKCHYTCVGSPIRRLTRIGSSVPA
C
C

ODRPKFCHLPVDSGICLA
QODRPKFCHLPVDSGICIA
Oxyuranus scutellatus B7S4N9 QODRPKFCHLPPNPGPCJ;A

Notechis scutatus XP 026549839 ODRPKFCHLPANPGPCHATITRFYYNSDSKQCEKFTYGGCHGNDNNFETKDKCHYTCVGK
Austrelaps superbus B5L5M7 ODRPKFCHLPANPGPCIHATITRFYYNSDSKQCEKFTYGGC ETKDKCHYTCVGK
Telescopus dhara A7X3V4 ODRPKYCDLPADSGPCARKRHFYYNSRSNQCEEFTYGGC ETKDKCHYTCVAPPRRRPL

Figure 3: Sequence alignment of representative plasmin-inhibiting derived forms of
kunitz peptide toxins, with the functionally important arginine residue shaded in red.
Procoagulant species with confirmed plasmin inhibiting activating are shaded in green.
Procoagulant species which contain derived kunitz forms with the functionally important
arginine but with phylogenetically distinct sequences that have not been functionally
confirmed as plasmin-inhibiting are highlighted in yellow. Pseudonaja variants which lack
the diagnostic arginine and have been bioactivity tested confirm the lack of plasmin
inhibition activity are highlighted in gray.
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Figure 4: Molecular modelling of kunitz toxins showing sites under selection by FUBAR
(left) and MEME (right) colour coded to show sites that are negatively, neutrally, or
positively selected. See Table 2 for values. Protein models show front and back views
colored according to FUBAR’s estimated strength of selection (B-a, left) and MEME’s
significance levels (right). Table 1 contains the information regarding template choice for
each toxin subclass.
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Abstract

C-type lectins are one of the largest protein families in mammals and reptiles and they have shown
various functions including defence mechanisms against predators. Since the Viperidae split off from the
remaining caenophidian snakes, a novel heterodimeric lectin type evolved through loss of the
carbohydrate-binding activity. The detailed evolutionary history of these toxins is unknown. We
therefore conducted large-scale transcriptome sequencing, phylogenetic analysis and selection analysis
to address this issue. Our results showed that the heterodimeric lectins form three clusters: two in the
Viperidae and one in the Colubridae. All three clusters are under strong selection. We discuss the
evolutionary implications of our findings. We also argue that these toxins may have considerable

potential in drug design and development, in biochemical assays and in drug discovery.

Keywords: C-type lectins, basal/ancestral form, dimeric form, evolution
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Introduction

The first major evolutionary modification in snake-venom C-type lectin was the mutation of the EPN
motif in the loop to QPD, which led to a change in specificity from mannose to galactose and thus to
mediation of the alternative erythrocyte-agglutination pathway (Drickamer 1992). Apotypic
heterodimeric lectin forms from snake venom (snaclec) that lack carbohydrate-binding ability but instead
possess numerous neofunctionalizationed activities. They are covalently linked by a single disulfide bond,
and each subunit contains three internal disulfide bonds (Andrews, et al. 1989; Usami, et al. 1993).
Heterodimeric lectins represent an extreme structural derivation and form a complex with P-IIId type
SVMP (Chapter 5). Examples of this apotypic form are RVV-X and carinactivase-I, which activate factor
X and prothrombin, respectively (Morita 2005). The linkage between the snaclec domain and the
metalloprotease/cysteine-rich and disintegrin domains involves an additional disulfide bond in the chain

homologous with the alpha chain of other snaclecs.

A previous study showed two forms that lie basal to the alpha and beta viperid venom sequences in the
phylogenetic tree (Fry, Jackson, et al. 2015). While viper venoms are extremely rich in heterodimeric
forms, it remains unclear if those forms are present in other snake lineages. Heterodimeric lectins have
been sequenced from the transcriptome of the RFS snake Philodryas olfersii (Ching, et al. 2006). These
may represent the plesiotypic state of the heterodimers. As these sequences are known only from
transcriptome sequencing, both their bioactivity and their heterodimer structure remain to be elucidated.
Conversely, while a heterodimer has in fact been isolated from the venom of Ophiophagus hannah
(ophioluxin)(Du, et al. 2002), it is known only from very small sequence fragments, and thus the

phylogenetic affinity of each chain remains enigmatic.

Although structurally identical, snake venom C-type lectins proteins have a range of physiological roles
that are reliant on binding to platelet cell surface receptors or coagulation factors, as mentioned above.
It would be interesting to learn more about the evolutionary mechanisms that led to this functional
difference. cDNA sequences of different C-type lectins and C-type lectin-like proteins from snake
venoms were used to create a phylogenetic tree (Fry, et al. 2008) using the Bayesian approach. The tree
revealed that these proteins split into three groups: C-type lectins, C-type lectin-like proteins, and C-type
lectin-like proteins' A (or a) and B (or b) chains. The A and B chains clearly evolved from an ancient C-
type lectin before snake species diversification. The evolutionary tree built using amino acid sequences

shows a similar branching structure (Tani, et al. 2002).

In this chapter, we used phylogenetic reconstruction and sequence analysis to reconstruct the
evolutionary history of snake venom C-type lectin toxins. Particular emphasis was given to the
heterodimeric types. Analysis of selection was also utilized to evaluate the selection pressure on different
phylogenetic clusters of the toxins. We argue that C-type lectins may be potential new leads in drug

development.
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Materials and Methods
Sequence Alignments and Phylogenetic Reconstruction

Protein sequences for all toxin sequences were retrieved from the UniProt database
(https://www.uniprot.org) and NCBI database (http://www.ncbi.nlm.nih.gov), then combined with the
toxin transcripts from our assembly and annotation (Chapter 2). Partial sequences, sequences with
suspect assembling errors were excluded. For the blocks of sequence in between these sites, the
sequences were aligned using a mix of manual alignment of the conserved cysteine locations and
alignment using the Multiple Sequence Comparison by Log-Expectation (MUSCLE) method (Edgar
2004) implemented in AliView (Larsson 2014). Manual refinement of the alignment was also involved
because there are structural differences within different toxin families. The phylogenetic trees for
different toxin families were reconstructed with MrBayes 3.2 (Ronquist, et al. 2012) based on the amino
acid sequence alignment. The settings for MrBayes can be found in the Supplementary File 2. The output
trees from MrBayes were midpoint rooting, then further edited and annotated with iTol (Letunic and

Bork 2007).
Tests for Selection

Coding DNA sequences, which are corresponding to the toxin sequences used for phylogenetic analysis,
were retrieved from GenBank (Benson, et al. 2012) and our assembly. Using AliView and the MUSCLE
method, the sequences were trimmed to only containing codons that translate to the mature protein, then
translated, aligned, and reverse translated. Clades were created based on taxonomy and structural
differences (functional domains/motifs, for example). The resultant codon alignments were used to create
phylogenetic trees for each clade using the same methods outlined in the ‘Phylogenetic Reconstruction'

section. All following studies were conducted using these tree topologies.

Calculating the ratio of nonsynonymous nucleotide substitutions per nonsynonymous site (dN) to
synonymous substitutions per synonymous sites (dS) (o=dN/dS) for each codon in the alignment might
reveal if a gene is undergoing rapid evolution or stays functionally restricted. Codons developing with @
>1 are thought to have evolved under positive selection (functional diversity), whereas codons evolving
with ©<1 are thought to have evolved under purifying selection. Sites with a value of ®=1 are believed
to evolve in a neutral manner. In order to find the most likely groups on which positive selection has
been working, we conducted a series of experiments integrating data from site-based and lineage-specific

studies.

Due to their various emphases, we employed many of the selection tests developed in HyPhy v
2220150316 beta (Pond and Muse 2005) to study the patterns of selection acting on distinct toxin
families. The Analyze Codon Data analysis in HyPhy produces overall alignment values, whereas the
FUBAR technique assesses the intensity of persistent positive or negative selection on individual amino

acids (Murrell, et al. 2013). The Mixed Effects Model of Evolution (MEME) approach, on the other
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hand, finds particular locations that have been exposed to positive selection in the past (Murrell, et al.
2012).

Protein Modelling

To map residues evolving under positive selection in three-dimensional (3D) structures, sample
sequences from the RCSB PDB database (Rose, et al. 2010) were used to create bespoke models for each
clade belonging to various toxin families (Table 1). Alignments of each clade were trimmed to match
these PDB structures. To render and colour the 3D structure of the proteins, we utilized the UCSF
Chimera program v 1.10.2 with attribute files generated from FUBAR and MEME results. For FUBAR,
we used the value from the beta-alpha column which is a measure of the difference between the rates of
non-synonymous (beta) and synonymous (alpha) mutations. For MEME, since MEME estimates two
rates of positive selection and gives each a probability, we take the weighted average of those two and

then subtract alpha to arrive at a similar value to the one we used for FUBAR.

Table 1: Custom models for protein modelling.

Toxin Groups Sequence for 3D modeling PDBID
ancestral Erythrolamprus_poecilogyrus_A7X3Z7 5f2q
viper dimeric alpha Bothrops_jararaca_Q56EB1 5f2q
non-viper dimeric Philodryas_olfersii_Q09GKO 1v7p
viper dimeric beta Echis_multisquamatus_Q7T2Q0 1fvu

45



Results and Discussion

The basal form of lectin toxins in reptile venoms is a single-chain form which may form non-covalently
linked complexes and contains diagnostic tripeptide functional motif (Figures 1 and 2) (Walker, et al.
2004; Arlinghaus, et al. 2015). Consistent with previous analyses (Fry, et al. 2008), our phylogenetic
results suggest that the earliest functional motif is the amino acids EPN (glutamic acid + proline +
asparagine). Our results also indicate that the QPD (glutamine + proline + aspartic acid) motif has arisen
on two convergent occasions, once in the last common ancestor of the advanced snakes, and again in the

last common ancestor of the Australian radiation of elapids.

In addition, other mutations in the functional motif were documented across a myriad of lineages: EPG
(glutamic acid + proline + glycine) in Parasuta nigriceps within the Elapidae; EPK (glutamic acid +
proline + lysine) in Heterodon nasicus within the Colubridae; KPK (lysine + proline + lysine) in
Tropidolaemus subannulatus within the Viperidae; KPN (lysine + proline + asparagine) in Homalopsis
buccata within the Homalopsidae; KPS (lysine + proline + serine) in Micrurus corallinus within the
Elapidae; KRN (lysine + arginine + asparagine) in Leioheterodon madagascarensis within the
Lamprophiidae; LTD (leucine + threonine + aspartic acid) in Bitis gabonica within the Viperidae; and
QPN (glutamine + proline + asparagine) in Vipera transcaucasiana within the Viperidae (Figures 1 and
2).

To-date only viperid venom variants of the QPD form have had their bioactivity tested. They were shown
agglutinate erythrocytes and promote edema by increasing vascular permeability (Guimardes-Gomes, et
al. 2004; Panunto, et al. 2006; Lin, et al. 2007). The impacts of the extreme diversifications of the key
functional motif shown in this study upon the functions of the toxins are entirely unknown, and require
further research. The overall ® value for these toxins was only 0.72, but there were 14 sites identified as
positively selected by FUBAR & MEME, which is an indication that the variation which occurs in these

toxins is tightly constrained and only occurs at a relatively small subset of positions (Table 2).

In addition to the ancestral single-chain form, a disulphide-linked dimer composed of two different
lectins has long been known from viperid venoms (sometimes referred to as snaclecs, or C-type lectins),
with variants producing a wide diversity of coagulotoxic effects including inhibition of the clotting factor
vWF and clotting enzymes such as Factors [Xa and Xla (Arlinghaus, et al. 2015). In addition to the
diagnostic newly evolved cysteines that facilitate the inter-chain disulphide bond leading to the dimeric
tertiary structure, this type is also molecularly distinct because they have lost the functional motif (Figure
1). The o and B chains have the interchain cysteine in the same position which suggests that either these
toxins evolved from a single gene that produced a homomeric ancestral toxin and subsequently
underwent duplication and sub-functionalization or that structural constraints led to the novel cysteine
mutation occurring at the same location in two different genes. The o chain is readily distinguished from
the B chain by a characteristic glutamine motif present immediately before this diagnostic cysteine

(Figure 2).
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Not only did we recover multiple variants from non-viperid snakes that possessed the diagnostic cysteine
of the dimeric lectin form, but also forms with and without the glutamine motif form were present (Figure
2). This suggests that the evolution of the dimeric lectin toxins preceded the divergence of Viperidae
from other advanced snakes. However, the rates of evolution are reflective of the explosive
diversification of this toxin type within the viperids (Figure 3 and Table 2). A previous study found
differential rates of evolution between the a-subunit and B-subunits based on one species (Crotalus
helleri) (Sunagar, et al. 2014). Consistent with that study, we found that the a-subunit and f-subunit were
subject to different selection pressures when analysed across all viperid species in this study. The o-
subunit had an overall ® value of 1.40 with 49 sites shown to be positively selected by FUBAR & MEME,
while the B-subunit had an overall ® value of 1.27 with 38 sites shown to be positively selected by
FUBAR & MEME (Table 2). In contrast, the non-viperid dimeric forms (excluding the unique
diversification within Helicops) had an overall neutral ® of 0.97 but with 10 sites shown as positively
selected by FUBAR & MEME (Table 2).

The comparative analysis of 3D modelling (Figure 3) on different clades showed that those residues
under positive selection are located on different position of the surface for the viperid a-subunit versus
B-subunits, and the other forms as well, indicative different selective forces and the potential for the
discovery of novel activities within the non-viperid dimeric and monomeric forms. Structure-function
studies on these toxins may therefore be particularly interesting. The unique form present in the venom
of Helicops leopardinus, which has novel insertions in the key functional region, including the evolution

of novel cysteines may also be of particular interest for these future research efforts (Figure 1).

Table 2: Molecular evolutionary rates of lectins (See Figure 3 for modelling).

Toxin group w FUBAR(-)? FUBAR(+)® MEME* FUBAR &
MEME!
Ancestral (monomeric) 0.72 44 14 31 14
Derived (dimeric)--Non-vipers 0.97 6 16 21 10
excluding Helicops

Derived (dimeric)--Helicops 1.16 0 6 7 3

Derived (dimeric)--Viperidae- 1.40 23 54 60 49
alpha

Derived (dimeric)--Viperidae- 1.27 17 45 54 38
beta

2 Number of codons under negative selection according to FUBAR
® Number of codons under positive selection according to FUBAR
¢ Number of codons under episodic diversifying selection according to MEME

4 Number of codons that fit criteria ® and ¢
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QPD

KPK

Figure 1: Molecular phylogenetic reconstruction of C-type lectin toxins. The ancestral
monomeric form is shaded annotated with variations in the key functional amino acid
triad. Sequence alignment for constructing phylogenetic tree can be viewed in
Supplementary File 5. For tree output file for lectin toxins, see Supplementary File 6.
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Figure 3: Molecular modelling of C-type lectin toxins showing sites under selection by
FUBAR (left) and MEME (right) colour coded to show sites that are negatively, neutrally,
or positively selected. See Table 2 for values. Protein models show front and back views
colored according to FUBAR’s estimated strength of selection (B-a, left) and MEME’s
significance levels (right). Table 1 contains the information regarding template choice for
each toxin subclass.
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Abstract

Snake Venom Metalloproteinases (SVMPs) are toxins found in snake venom that may be used to study
the development of protein structure and function. SVMP has undergone extensive gene duplication and
domain loss over its evolution. However, nothing is known about the development of the P-1Ild SVMP
and shortened variants of SVMPs. This research looked at the evolutionary mechanism that led to
structural and functional diversity within the P-IIId subfamily and the shortened SVMP type. The
discovery of a subset of amino acid positions that are targets of positive Darwinian selection, resulting
in rapid structural and functional diversity within and within disintegrin subfamilies, is shown here. We
can establish genetic and temporal characteristics throughout the evolutionary pathway of distinct P-II1
SVMP lineages by clustering within the phylogeny and connecting positively selected sites to structural
and functional areas. We also discovered that the shortened SVMP propeptide undergoes a rapid

evolution.

Keywords: PIII-d SVMP, SVMP propeptide, novel domain, evolution
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Introduction

Snake metalloproteinases venoms (SVMPs), are discovered in a variety of sophisticated snake lineages,
showing hemorrhagic properties in snake prey. Snake venom glands on the base of the advanced snake
(caenophidian) radiation is considered to have recruited SVMPs (Gutiérrez, et al. 2008; Casewell, et al.
2009; Wagstaff, et al. 2009; Jiang, et al. 2011; Petras, et al. 2011; Ching, et al. 2012). They are frequently
reported to be the major venom components in viperid snake venom, although they are generally
considerably less important in the venom of other snake families (Gutiérrez, et al. 2008; Wagstaff, et al.

2009; Casewell, et al. 2011; Jiang, et al. 2011; Petras, et al. 2011; Ching, et al. 2012).

SVMPs are classified into three classes according to their domain structures in the C-terminal region
(Casewell, et al. 2015b): PI SVMP contains (in downstream order) three domains: signal peptide+
propeptide + metalloprotease domains; PIl SVMP contains four domains: signal peptide+ propeptide +
metalloprotease + disintegrin domains; and ancestral PIII SVMP contains five domains: signal peptide+

propeptide + metalloprotease + disintegrin-like + cysteine-rich domains.

P-IIT SVMP have been isolated from a wide lineage of snakes, including both three FFS lineages and
some of RFS lineages (Fry, et al. 2008; Casewell, et al. 2011). To date, all SVMP sequences recovered
from non-viper lineages belong to the P-III SVMP type and form mono clade on the base of the SVMP
toxin radiation with undergoing considerable structural and functional alteration over evolutionary time
(Fry, et al. 2008; Casewell, et al. 2011). Apotypic P-III SVMP subclasses include those that remain intact
(P-IIa), those that proteolytically process the disintegrin-like and cysteine-rich domains (P-11Ib), those
that form intact dimeric structures (P-Illc), and those that bond covalently with C-type lectin venom

components (P-1I1d) (Fox and Serrano 2008).

Following the split of the viperid snakes from the remaining caenophidian snakes, gene duplication
resulted in considerable diversification of P-III SVMPs within the former, with multiple P-III isoforms
typically retained in the venom of any one species (Casewell, et al. 2009; Wagstaff, et al. 2009). In light
of the conservation of cysteines in the P-III plesiotypic SVMPs, amino acid alterations following the
recruitment of the SVMP scaffold into venom result in the acquisition and removal of additional cysteine
residues crucial for enabling structural changes and posttranslational modifications of apotypic SVMPs.
Some P-1II SVMPs have evolved additional procoagulant functions by activating other components of
the clotting cascade, such as Factor X (Kisiel, et al. 1976; Hofmann and Bon 1987; Takeya, et al. 1992;
Siigur, et al. 2004). By now, the majority of the P-III SVMP sequences remain structurally

uncharacterized also with their evolutionary history.

There are two known examples of SVMP genes that are extensively truncated, resulting in the expression
of proteins containing only parts of the propeptide domain (Fry, et al. 2008; Casewell, et al. 2011; Brust,
et al. 2013). These atypical SVMPs have been identified from the Lamprophiid genus Psammophis and
the viperid snake genus Echis, and they lack the metalloprotease domain (and additional C-terminal
domains) and zinc-binding motif that characterize the adamalysins. The propeptide-only expression in

Psammophis and Echis are convergent derivations (Brust, et al. 2013). The Psammophis monodomain
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form had a lot of variance in sequence, but the Echis monodomain pre-propeptide form was virtually

similar to the pre-propeptide region produced in the multidomain gene.

Although these genes have yet to be identified as translated and secreted in Echis venom, the resultant
toxins are present in Psammophis venom (Fry, Lumsden, et al. 2003b; Brust, et al. 2013), where they
exhibit an entirely novel neurotoxic activity: inhibition of postsynaptic a7 nicotinic acetylcholine
receptors (Brust, et al. 2013). Notably, domain loss in Psammophis has resulted in increased selection
pressure, which has driven a rapid rate of mutations in the propeptide domain and resulted in protein
neofunctionalization, analogous to the processes observed in the evolution of P-I and P-II SVMPs
(Casewell, et al. 2011; Brust, et al. 2013). Bioassays on two post-translationally cleaved new proline-
rich peptides from the P. mossambicus propeptide domain revealed that they had been
neofunctionalizationed for selective inhibition of human a7 neuronal nicotinic acetylcholine receptors,

according to Fry (Brust, et al. 2013).

The goal of this study was to see if (1) the multi domains within P-III SVMP have had the same
evolutionary history, and if so, what impact changes in molecular structure have had on the rate of
evolution and neofunctionalization; and (2) whether the truncated SVMP type is widespread within the
genus Psammophis, and if so, what phylogenetic history it has. As a result, we use Bayesian inference
analyses on multiple domain partitions of an extensive P-IIl SVMP data set to trace the evolutionary
history of the ancestral P-I1II SVMPs and truncated SVMPs, as well as their constituent domains, before
using adaptive molecular evolution tests on points of the tree where domain alterations were inferred to
have occurred. The results of this study's studies demonstrate the uniqueness of SVMP subtype

development with neofunctionalization.
Materials and Methods
Sequence Alignments and Phylogenetic Reconstruction

Protein sequences for all toxin sequences were retrieved from the UniProt database
(https://www.uniprot.org) and NCBI database (http://www.ncbi.nlm.nih.gov), then combined with the
toxin transcripts from our assembly and annotation (Chapter 2). Partial sequences, sequences with
suspect assembling errors were excluded. For the blocks of sequence in between these sites, the
sequences were aligned using a mix of manual alignment of the conserved cysteine locations and
alignment using the Multiple Sequence Comparison by Log-Expectation (MUSCLE) method (Edgar
2004) implemented in AliView (Larsson 2014). Manual refinement of the alignment was also involved
because there are structural differences within different toxin families. The phylogenetic trees for
different toxin families were reconstructed with MrBayes 3.2 (Ronquist, et al. 2012) based on the amino
acid sequence alignment. The settings for MrBayes can be found in the Supplementary File 2. The output
trees from MrBayes were midpoint rooting, then further edited and annotated with iTol (Letunic and
Bork 2007).

Tests for Selection

Coding DNA sequences, which are corresponding to the toxin sequences used for phylogenetic analysis,

were retrieved from GenBank (Benson, et al. 2012) and our assembly and annotation (Chapter 2). Using
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AliView and the MUSCLE method, the sequences were trimmed to only contain codons that translate to
the mature protein, then translated, aligned, and reverse translated. Clades were created based on
taxonomy and structural differences (functional domains/motifs, for example). The resultant codon
alignments were used to create phylogenetic trees for each clade using the same methods outlined in the
above ‘Phylogenetic Reconstruction' section. All following studies were conducted using these tree

topologies.

Calculating the ratio of nonsynonymous nucleotide substitutions per nonsynonymous site (dN) to
synonymous substitutions per synonymous sites (dS) (o=dN/dS) for each codon in the alignment might
reveal if a gene is undergoing rapid evolution or stays functionally restricted. Codons developing with ®
>1 are thought to have evolved under positive selection (functional diversity), whereas codons evolving
with ©<1 are thought to have evolved under purifying selection. Sites with a value of @=1 are believed
to evolve in a neutral manner. In order to find the most likely groups on which positive selection has
been working, we conducted a series of experiments integrating data from site-based and lineage-specific

studies.

Due to their various emphases, we employed many of the selection tests developed in HyPhy v
2220150316 beta (Pond and Muse 2005) to study the patterns of selection acting on distinct toxin
families. The Analyze Codon Data analysis in HyPhy produces overall alignment values, whereas the
FUBAR technique assesses the intensity of persistent positive or negative selection on individual amino
acids (Murrell, et al. 2013). The Mixed Effects Model of Evolution (MEME) approach, on the other
hand, finds particular locations that have been exposed to positive selection in the past (Murrell, et al.

2012).
Protein Modelling

To map residues evolving under positive selection in three-dimensional (3D) structures, sample
sequences from the RCSB PDB database (Rose, et al. 2010) were used to create bespoke models for each
clade belonging to various toxin families (Table 1). Alignments of each clade were trimmed to match
these PDB structures. To render and colour the 3D structure of the proteins, we utilized the UCSF
Chimera program v 1.10.2 with attribute files generated from FUBAR and MEME results. For FUBAR,
we used the value from the beta-alpha column which is a measure of the difference between the rates of
non-synonymous (beta) and synonymous (alpha) mutations. For MEME, since MEME estimates two
rates of positive selection and gives each a probability, we take the weighted average of those two and

then subtract alpha to arrive at a similar value to the one we used for FUBAR.
Results and Discussion
Snake Venom Metalloproteinases (SVMPs)

While SVMPs have long been known as one of the dominant venom types in viperid venoms, increasing
evidence is emerging of their importance in the venoms of other families (Kamiguti, et al. 2000; Peichoto,
et al. 2007; Fry, et al. 2008; Casewell, et al. 2015a; Debono, et al. 2017; Modahl, et al. 2018; Debono, et
al. 2020). The basal SVMP structural form (P-I1I) is a final processed protein consisting of three domains:

protease + disintegrin + cysteine-rich. Domain-deletion forms are largely known only from viperid
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venoms including the P-II (protease + disintegrin, with the cysteine-rich domain deleted), and P-I
(protease only, with both the disintegrin and cysteine-rich domains deleted) (Casewell, et al. 2015a).
Intriguingly the P-I derived condition appears to have evolved convergently in the dipsadinae lincage
within the Colubridae rear-fanged snake family (Campos, et al. 2016).The P-III form, however, remains
amajor constituent of viperid venoms and other than select dipsadinae lineages, it is the only form present
in non-viperid snakes. Consistent with the structural and functional diversification of SVMP within the
viperids, phylogenetic analysis in this study revealed evidence of extensive gene duplication in the last
common ancestor of the viperid snakes (Figure 1). In contrast, for the colubrid and elapid snakes, the
sequences broadly follow organismal relationships, with diversification events largely confined to within

a particular lineage.

Table 1: Custom models for protein modelling.

Clade Sequence for 3D modeling PDB ID
Elapidae Cerberus_rynchops_D8VNSO 2dw2
Colubriae Naja_atra_D5LMJ3 3k71
Viperidae Trimeresurus_stejnegeri_Q2LD49 3k71

Within the P-III SVMP enzymatic toxin class, there have been convergent structural derivations
characterized by the evolution of a new cysteine that allows these toxins to form covalently linked
multimers with lectin dimers. SVMP with this novel cysteine are termed P-IIId. Phylogenetic analysis
suggests that the P-111d type have evolved on at least three occasions: Bothrops; the last common ancestor
of the genera Daboia, Macrovipera, Montivipera and Vipera; and in the genus Echis (Figure 1). Echis
venoms contain two distinct forms of P-IIId which confirms previous hypotheses that were based on
sequence similarity but lacked phylogenetic analyses (Casewell, et al. 2009). Sequence analysis in our
study shows that while the cysteines have evolved in homologous regions of the SVMP scaffold,
suggesting structural constraints in the formation of a multimeric complex, they differ slightly in position

and, consistent with independent evolutions, differ in flanking residues (Figure 2).

In addition to structural diversifications, SVMPs have acquired a number of novel functions, the most
common of which is procoagulant activity (Casewell, et al. 2015a). Identifying sequences in our
phylogeny that have demonstrated procoagulant effects suggest that, within the viperids, the
procoagulant trait has independently evolved within the viperine subfamily (such as Echis, Daboia,
Macrovipera, Pseudocerastes, and Vipera) and the crotaline subfamily (Bothrops) (Figure 1). Clotting
factor activation has been documented in the additional crotaline genera Calloselasma and Crotalus
(Debono, et al. 2019; Seneci, et al. 2021), but the toxins responsible have not been sequenced.
Consequently, their phylogenetic affinity to the Bothrops-type procoagulant P-IIl SVMP are unknown,
and it cannot be determined whether procoagulant SVMPs have evolved once or several times in the pit

vipers. Once the sequences become available, this will be resolved by whether the toxins form a
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monophyletic group with the Bothrops toxins or if they form distinct clades. In addition to evolving at
least twice within the viperids, the procoagulant SVMP trait evolved independently again in the last
common ancestor of the colubrid genera Dispholidus and Thelatornis (Debono, et al. 2017) and also in
the elapid genus Micropechis (Gao, et al. 2002). If P-IIl SVMP are responsible for the procoagulant
activity shown for Atractaspis venoms (Oulion, et al. 2018), then this would represent another convergent
evolution of this trait. Similarly, the toxins responsible for the procoagulant toxicity of the Rhabdophis
genus have not been identified (Iddon and Theakston 1986; Komori, et al. 2017), but if the Rhabdophis
procoagulant effect is due to a SVMP, this would almost certainly represent another instance of
functional convergence considering the tens of millions of years of separation between this genus and

the other procoagulant lineages.

The overall ® value for all lineages was consistently higher for the cysteine-rich domains than for the
disintegrin or protease domain. This suggests that the cysteine-rich domain is crucial for target binding
prior to the interaction of the catalytic site located on the protease domain, and therefore this is a critical
domain for the evolution of neofunctionalization. Analysis of selection (Table 2) and 3D modelling
(Figure 3) showed that more than half of the positively selected sites detected were confined to the
protease domain; of the remaining variations, more were found in the cysteine-rich domains than in the
disintegrin-like domains. Again, this pattern suggests a bias in positive selection toward the protease

domain, consistent with this domain being the subunit responsible for the enzymatic activity.
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Table 2: Molecular evolutionary rates of SVMP (See Figure 3 for modelling).

Clade Domains w FUBAR FUBAR MEME* FUBAR & MEME*
-y (+)°
Full length secreted 1.19 74 103 46 33
form
Peptidase domain 1.54 19 53 50 39
Colubridae
Disintegrin domain 0.72 14 12 12 10
Cys-rich domain 1.64 18 30 36 24
Full length secreted 1.23 36 75 86 56
form
Peptidase domain 1.47 13 25 35 21
i Disintegrin domain 0.86 5 8 9 7
Cys-rich domain 1.76 7 29 36 21
Full length secreted 1.37 79 132 159 124
form
Peptidase domain 1.44 22 57 78 55
Viperidae
Disintegrin domain 0.80 23 21 21 18
Cys-rich domain 1.63 27 41 50 38

@ Number of codons under negative selection according to FUBAR
® Number of codons under positive selection according to FUBAR
¢Number of codons under episodic diversifying selection according to MEME
4 Number of codons that fit criteria ® and ©
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Figure 1: Molecular phylogenetic reconstruction of SVMP toxins with the lineage specific
amplification of particular forms shaded in pink (Colubridae), blue (Elapidae), or yellow
(Viperidae). Gray shading shows the convergent evolutions of procoagulant functionally
derived forms. Colours on the outside of the ring designate the convergent evolutions of
the P-llld structurally derived forms. Sequence alignment for constructing phylogenetic
tree can be viewed in Supplementary File 7. For tree output file for SYMP toxins, see

Supplementary File 8.
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Green Surface —Peptidase Domain

Orange Surface —Cys-rich Domain
White Surface—Connection Part

B)

Colubridae

Figure3: 3D models of Plll SVMP. A) location of the three domains which make up the
SVMP toxin type. B) Molecular modelling of SVMP showing sites under selection by
FUBAR (left) and MEME (right) colour coded to show sites that are negatively, neutrally,
or positively selected. See Table 1 for values. Protein models show front and back views
colored according to FUBAR’s estimated strength of selection (B-a, left) and MEME’s
significance levels (right). Table 2 contains the information regarding template choice for
each toxin subclass.

SVMP propeptide domain novel toxins

In addition to the structural variations noted in the above section, on at least two independent occasions
the propeptide domain of SVMP genes have been recruited as toxins in their own right, without
accompanying expression of any of the three domains making up the P-1II enzyme. This was first noted
in Echis venoms, where the truncation is formed by stop codons terminating otherwise unremarkable
sequences (Casewell, et al. 2011). More intriguing toxins are found in the venoms psammophiine snakes
which were first noted in the species Psammophis mossambica (Fry, et al. 2008), where the propeptide
domain was selectively expressed. Unlike the Echis forms, there was explosive diversification of these
novel toxins: 26 variants were discovered in this species alone, including forms with novel cysteines

which could potentially form disulphide bonds. Subsequent testing of two of these toxins revealed them
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to be novel neurotoxins (Brust, et al. 2013). The activity of the other variants is unknown. In this study,
this novel toxin class was shown to be present with staggering sequence diversity across the
psammophiine snakes, including not only the additional Psammophis species we sequenced but also the
Malpolon and Rhamphiophis species (Figures 4 and 5). Sequence analysis revealed that the first half of
the toxins are homologous to the propeptide region of typical SVMP P-III genes. However, there is then
an abrupt shift in sequence patterns, which is consistent with a frame-shift mutation providing the starting
substrate for the evolution of this novel toxin class. The subsequent evolution resulted in such sequence
diversity that calculating rates of was evolution impossible due to the unalignable diversity in the second
half of the peptides. Such incredible diversity suggests there may be extensive neofunctionalization
beyond the previously characterized neurotoxicity. Therefore, this toxin class represents a particularly
rich area for future research, especially as most of these toxins are either short linear or with a single

disulphide-bond, which would allow for efficient synthesis.
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Figure 4: Molecular phylogenetic reconstruction of the psammophiine, lineage-specific
derivation of the SVMP propeptide domain into a novel toxin family, with the subsequent
explosive diversification of the cysteine-linked forms. Sequence alignment for
constructing phylogenetic tree can be viewed in Supplementary File 9. For tree output
file for SVMP propeptide domain toxins, see Supplementary File 10.
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Chapter 6. Conclusions

The findings of this study represent a significant advance in our knowledge of the broad-scale molecular
evolution of snake toxin families. We have revealed novel patterns of expression of basal toxin types,
including previously unrecognized instances of molecular and structural convergence. The new toxin
encoding sequences from RFS and FFS that we have included in our analyses proved particularly
valuable demonstration of the distribution of novel toxin classes derived from the propeptide domains of
pre-existing toxin genes. These results provide a framework to help guide future bioactivity testing work
and further evolutionary studies. Research into the evolutionary and selective forces that result in the
instances of explosive diversification or molecular convergence will provide crucial insights into how

venom evolves.

One interesting question raised by these data is why, despite all these toxin families being present in the
last common ancestor of the advanced snakes, particular descendant lineages have specialized in the
production and refinement of certain toxin families and isoforms. For example, kunitz peptides are fairly
common in viperid venoms and have diversified to an extreme degree in the elapid family, but are largely
absent in other lineages. It is unclear whether these lineage-specific differences are the product of chance
or if they were constrained by the ecological contexts in which the progenitors of these snake families

employed their venoms.

Other toxin families—such as the SVMPs—show broadly similar levels of duplication across multiple
families. This mirrors the pattern of neofunctionalization where the P-III SVMPs have repeatedly
evolved into potent procoagulant factor activating toxins. However, only in the viperids has the P-I111d
multimeric form evolved, where a SVMP is covalently linked to a lectin dimer (which already possesses
another interchain disulphide bond). The viperids show by far the greatest diversity of lectin dimers

which may have provided a greater range of molecular opportunities for the P-IIId trait to evolve.

From a broad perspective, almost all toxin families we examined demonstrate a phylogenetic pattern of
large clades belonging to snakes of the same family. This suggests that these toxins had not yet diversified
in the common ancestor of Colubroidea. The only exception was the lectins, which suggests that this
common ancestor likely possessed multiple copies of this toxin already including dimeric forms.
Duplication of toxin genes in snakes is often associated with higher abundance of that toxin family in
the final venom composition (Margres, et al. 2017; Jackson and Koludarov 2020), so this may constitute
preliminary evidence that the common ancestor of Colubroidea would have possessed a primarily lectin-
based venom to accompany the other innovations in the venom system such as partitioned oral glands
and perhaps modified dentition. The pattern we see in the other families indicates that the vast majority
of the variation in terms of composition, unconventional structures, and novel functions that we observe
in extant snake venoms arose after the divergence between the families and during the diversification

and specialization of those lineages.

While we have discussed many toxins which have rapidly diversified, this phenomenon is most extreme
in the propeptide regions of the natriuretic and SVMP genes. Typically, the propeptide region is post-

translationally cleaved and does not play a role in envenomation. However, in both these families, new
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mutations have caused part of the propeptide region to be translated into protein to form entirely new
toxins with novel functions. For the natriuretic peptides, the newly evolved toxins include repeating
series of bradykinin potentiating peptides which increase the hypotensive effect of the venoms (Fry,
Jackson, et al. 2015). The viperid genera Azemiops and Tropidolaemus have separately evolved novel
neurotoxins derived from within the natriuretic propeptide domain, which share the unusual feature of
creating multiple peptides that are translated from a single transcript and then separated during post-
translational modification despite their independent origins. Another peptide type was first documented
in Dendroaspis venom and the molecular evolutionary history remained enigmatic, but our analyses
indicate these are members of yet another novel toxin class arising from the natriuretic gene propeptide
region. The most explosive diversification of all toxin classes was that of the newly evolved toxin family
that evolved in the SVMP propeptide domain within psammophiine snakes. The staggering sequence
and structural diversity of these toxins makes it likely that other toxic activities in addition to the already
documented novel neurotoxic forms (Brust, et al. 2013) will be documented as more bioactivity testing

is undertaken.

Our analyses show that these shared colubroid toxin families exhibit remarkable instances of convergent
evolution in terms of pathophysiological function and protein structure. For example, within two potently
procoagulant lineages (the Daboia genus within the viperid snakes and the Oxyuranus/Pseudonaja clade
within the elapid snakes), plasmin inhibiting kunitz peptides have evolved which would potentiate the
procoagulant effects by increasing the half-life of the blood clots formed due to the inhibition of the
blood clot destroying enzyme plasmin. Other taxa possess the arginine residue that is crucial for these
plasmin inhibitors and may represent further instances of convergence if functional research confirms
this hypothesized activity. Similarly, within the SVMP neofunctionalizationed procoagulant variants,
which activate Factor X or prothrombin, have arisen on multiple independent occasions. The lectins may
potentially contain further examples of functional convergence given the multiple origins of the QPD

motif at a key functional location, but these have not been tested.

One of the most striking cases of structural convergence is the previously mentioned P-111d derived form
of the SVMP which form a covalent linkage to a lectin dimer. The novel cysteine crucial for the formation
of these toxin complexes was shown to have evolved on three separate occasions within the viperids as
structural modifications of forms that were themselves functionally derived (procoagulant). The selection
pressures leading to this convergence have not been explored and the functional impacts are similarly

uncharacterised.

The kunitz peptides have been the substrate for both levels of convergence. Structurally three out of the
four neurotoxin types (MitTXx, taicatoxin, and bungarotoxins) converge in their formation of heteromers
with PLA: subunits, but diverge structurally in this regard by being non-covalently linked (MitTx and
taicatoxin) or covalently linked (B-bungarotoxin), and also in the number of PLA> subunits associated
with (MitTx = 2, taicatoxin = 1, -bungarotoxin = 1). All four of the neurotoxic kunitz peptides converge
in being ion-channel toxins, with dendrotoxins and B-bungarotoxins further converging on the same
target (Kv channels). While taicatoxins affect a different ion channel type (L-type calcium channels) than

dendrotoxins and B-bungarotoxins, they converge with bungarotoxin in the PLA> toxin facilitating a
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secondary action that results in the net functional outcome in blocking the release acetylcholine, leading
to flaccid paralysis. In contrast, dendrotoxins act upon the voltage-gated potassium channels to facilitate
acetylcholine release, leading to spastic paralysis. B-bungarotoxin demonstrates another instance of
convergent molecular evolution in the novel cysteines which allow for the formation of these complexes
have evolved twice in the exact same location. The convergent evolution of novel cysteines at the same
residue on two occasions within both B-bungarotoxin and the 3FTx dimers is strongly indicative of

structural constraints in the formation of these dimers.

This study gives a broad overview of the diversity in the toxin families which are homologous in
Colubroid venoms. It is this diversity that produces the wide range of clinical effects and variable
responses to antivenom that contribute to the global problem of snakebite. However, such molecular
diversity also provides fertile ground in the search for novel molecules as lead compounds for the
discovery of new tools and medications. This diversity has also allowed these toxins to converge
repeatedly on similar sequences, structures, and functions. This widespread convergence suggests that
certain pathophysiological activities and certain configurations of proteins may be evolutionary ‘good
tricks” (Dennett and Dennett 1996) that are similarly effective across multiple taxa and may solve

evolutionary problems that venoms encounter such as prey resistance.
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Supplementary Figure 1A: BUSCO completeness analyses of venom gland transcriptome

assemblies for Helicops leopardinus. Snake contigs were matched against 5310
orthologous loci defined within Tetrapoda.
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Supplementary Figure 1B: BUSCO completeness analyses of venom gland transcriptome

assemblies for Rhabdophis subminiatus. Snake contigs were matched against 5310
orthologous loci defined within Tetrapoda.
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Supplementary Figure 1C: BUSCO completeness analyses of venom gland transcriptome
assemblies for Heterodon nasicus. Snake contigs were matched against 5310 orthologous
loci defined within Tetrapoda.

75



BUSCO Assessment Results

. Complete (C) and single-copy (S) . Complete (C) and duplicated (D)
Fragmented (F) . Missing (M)

BinPacker 8, M:209
Extender

Merged
SOAPdenovo-trans_K25
SOAPdenovo-trans_K31
SOAPdenovo-trans_K75

SOAPdenovo-trans_K97

Trinity

o—
N
o
IN
o
o
I<}
®
o
=
o
o

%BUSCOs

Supplementary Figure 1D: BUSCO completeness analyses of venom gland transcriptome
assemblies for Malpolon monspessulanus. Snake contigs were matched against 5310
orthologous loci defined within Tetrapoda.
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Supplementary Figure 1E: BUSCO completeness analyses of venom gland transcriptome

assemblies for Psammophis schokari. Snake contigs were matched against 5310
orthologous loci defined within Tetrapoda.

76



BUSCO Assessment Results

. Complete (C) and single-copy (S) . Complete (C) and duplicated (D)
Fragmented (F) . Missing (M)

BinPacker 631, M:
Extender

Merged
SOAPdenovo-trans_K25
SOAPdenovo-trans_K31
SOAPdenovo-trans_K75

SOAPdenovo-trans_K97

Trinity

%BUSCOs
Supplementary Figure 1F: BUSCO completeness analyses of venom gland transcriptome

assemblies for Psammophis subtaeniatus. Snake contigs were matched against 5310
orthologous loci defined within Tetrapoda.
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Supplementary Figure 1G: BUSCO completeness analyses of venom gland transcriptome
assemblies for Homalopsis buccata. Snake contigs were matched against 5310
orthologous loci defined within Tetrapoda.
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Supplementary Figure 1H: BUSCO completeness analyses of venom gland transcriptome
assemblies for Pseudocerastes urarachnoides. Snake contigs were matched against 5310
orthologous loci defined within Tetrapoda.
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Supplementary Figure 11: BUSCO completeness analyses of venom gland transcriptome
assemblies for Vipera transcaucasiana. Snake contigs were matched against 5310
orthologous loci defined within Tetrapoda.
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Supplementary Figure 2A: The statistics of toxins from Helicops leopardinus before and
after curation. As can be seen, curation leads to a huge decline in the number of both
toxin families diversities and toxin transcripts. Some toxin families are discarded as a
whole. X axis is toxin family name and Y axis is the number of the corresponding toxin
transcripts.

Waprin- [
Vespryn -
Veficolin - [N
svmP-
Rnase- [IE——
RAP -

PLB- [
PLA2 I E- [——

PLA2_|_B-
PDE- [—
NGF-

Lipocalin - [
LAAO -

KTT- [ e—
Kalikrein - [ —

HYAL- [
Goannatyrotoxin -
Factor_X -
Extendin_II -
Extendin_I- [
EsP- [
Cystatin -
CTL-

CRISP - I
C3/CVF - [

BPP -

AvIT- [ .
AChE- . After curation

3ftx - .
h | 0 g \ . Before curation
0 5 10 15 20

Supplementary Figure 2B: The statistics of toxins from Rhabdophis subminiatus before
and after curation. As can be seen, curation leads to a huge decline in the number of both
toxin families diversities and toxin transcripts. Some toxin families are discarded as a
whole. X axis is toxin family name and Y axis is the number of the corresponding toxin
transcripts.
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Supplementary Figure 2C: The statistics of toxins from Heterodon nasicus before and
after curation. As can be seen, curation leads to a huge decline in the number of both
toxin families diversities and toxin transcripts. Some toxin families are discarded as a
whole. X axis is toxin family name and Y axis is the number of the corresponding toxin
transcripts.
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Supplementary Figure 2D: The statistics of toxins from Malpolon monspessulanus before
and after curation. As can be seen, curation leads to a huge decline in the number of both
toxin families diversities and toxin transcripts. Some toxin families are discarded as a
whole. X axis is toxin family name and Y axis is the number of the corresponding toxin
transcripts.
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Supplementary Figure 2E: The statistics of toxins from Psammophis schokari before and
after curation. As can be seen, curation leads to a huge decline in the number of both
toxin families diversities and toxin transcripts. Some toxin families are discarded as a
whole. X axis is toxin family name and Y axis is the number of the corresponding toxin
transcripts.
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Supplementary Figure 2F: The statistics of toxins from Psammophis subtaeniatus before
and after curation. As can be seen, curation leads to a huge decline in the number of both
toxin families diversities and toxin transcripts. Some toxin families are discarded as a
whole. X axis is toxin family name and Y axis is the number of the corresponding toxin
transcripts.
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Supplementary Figure 2G: The statistics of toxins from Homalopsos buccata before and
after curation. As can be seen, curation leads to a huge decline in the number of both
toxin families diversities and toxin transcripts. Some toxin families are discarded as a
whole. X axis is toxin family name and Y axis is the number of the corresponding toxin
transcripts.
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Supplementary Figure 2H: The statistics of toxins before and after curation. As can be
seen, curation leads to a huge decline in the number of both toxin families diversities and
toxin transcripts. Some toxin families are discarded as a whole. X axis is toxin family name
and Y axis is the number of the corresponding toxin transcripts.

82



Waprin- [
Vespryn- =

Veficolin-  ———

SUMP-  —

Rnase- [™
RAP-
PLB-
PLA2_II_E- I
PLA2_|_B-
PDE- [
NGF- [
Lipocalin- [
LAAO- [

KTT-  —
Kallikrein - [E—

HYAL- [
Goannatyrotoxin = mm
Factor_X -
Extendin_II-
Extendin_I- [N
Esp- [N
Cystatin-
CTL
CRISP -
Cc3/CvF- [
BPP -
AVIT- .
AChE - [J== . After curation
3itx- [ — . Bef }
\ | . . .
0 5 10 15 20 efore curation

Supplementary Figure 2I: The statistics of toxins before and after curation. As can be
seen, curation leads to a huge decline in the number of both toxin families diversities and
toxin transcripts. Some toxin families are discarded as a whole. X axis is toxin family name
and Y axis is the number of the corresponding toxin transcripts.
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Supplementary Figure 3A: Toxin distribution of Helicops leopardinus before curation. For
each toxin family, the numbers of toxin transcripts recovered by different assembly
methods are indicated by different colours.
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Supplementary Figure 3B: Toxin distribution of Rhabdophis subminiatus before curation.
For each toxin family, the numbers of toxin transcripts recovered by different assembly
methods are indicated by different colours.
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Supplementary Figure 3C: Toxin distribution of Heterodon nasicus before curation. For
each toxin family, the numbers of toxin transcripts recovered by different assembly
methods are indicated by different colours.
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Supplementary Figure 3D: Toxin distribution of Malpolon monspessulanus before
curation. For each toxin family, the numbers of toxin transcripts recovered by different
assembly methods are indicated by different colours.
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Supplementary Figure 3E: Toxin distribution of Psammophis schokari before curation.
For each toxin family, the numbers of toxin transcripts recovered by different assembly
methods are indicated by different colours.
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Supplementary Figure 3F: Toxin distribution of Psammophis subtaeniatus before
curation. For each toxin family, the numbers of toxin transcripts recovered by different
assembly methods are indicated by different colours.
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Supplementary Figure 3G: Toxin distribution of Homalopsis buccata before curation. For
each toxin family, the numbers of toxin transcripts recovered by different assembly
methods are indicated by different colours.
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Supplementary Figure 3H: Toxin distribution of Pseudocerastes urarachnoides before
curation. For each toxin family, the numbers of toxin transcripts recovered by different
assembly methods are indicated by different colours.
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Supplementary Figure 3I: Toxin distribution of Vipera transcaucasiana before curation.
For each toxin family, the numbers of toxin transcripts recovered by different assembly
methods are indicated by different colours.
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Supplementary Figure 4A: Toxin distribution of Helicops leopardinus after curation. For
each toxin family, the numbers of toxin transcripts recovered by different assembly
methods are indicated by different colours.
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Supplementary Figure 4B: Toxin distribution of Rhabdophis subminiatus after curation.
For each toxin family, the numbers of toxin transcripts recovered by different assembly
methods are indicated by different colours.
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Supplementary Figure 4C: Toxin distribution of Heterodon nasicus after curation. For
each toxin family, the numbers of toxin transcripts recovered by different assembly
methods are indicated by different colours.

Waprin- [

Vespryn - [
Veficolin - [ NNNEG
svvP-

Rnase- [l

RAP - [N

PLE - [
PLA2_II_E- [
PLA2_|_B-

pDE- [

NGF - [I———
Lipocalin -

LAAO -

KTT-
Kallikrein - [

HYAL - [

Goannatyrotoxin -

Factor_X - . BinPacker
Extendin_II -
Extendin_I - . Extender
ESP-
Cystatin - [ . SOAPdenovo-trans_K25
cTL- [I——
CRISP - ._ . SOAPdenovo-trans_K31
CB/CVF -
BPP - . SOAPdenovo-trans_K75
AVIT -
AchE- M I soaPdenovo-trans_ko7
3ftx- [
b : o s B inity

Supplementary Figure 4D: Toxin distribution of Malpolon monspessulanus after curation.
For each toxin family, the numbers of toxin transcripts recovered by different assembly
methods are indicated by different colours.
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Supplementary Figure 4E: Toxin distribution of Psammophis schokari after curation. For
each toxin family, the numbers of toxin transcripts recovered by different assembly
methods are indicated by different colours.
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Supplementary Figure 4F: Toxin distribution of Psammophis subtarniatus after curation.
For each toxin family, the numbers of toxin transcripts recovered by different assembly
methods are indicated by different colours.

90



waprin- [N

Vespryn -
Veficolin - I
svvp- [N
Rnase -
RAP- [
PLB- [
PLA2_II_E-
PLA2_I_B- [N
PDE - [
NGF-
Lipocalin -
LAAO-
KTT-
Kallikrein -
HYAL- [l
Goannatyrotoxin- [l
Factor_X - BinPacker
Extendin_II -
Extendin_|- [N Extender

ESP-
Cystatin- [ IREEEGEG—— SOAPdenovo-trans_K25
cTL- I

L]
L]
L]
CRISP - . SOAPdenovo-trans_K31
C3/CVF-
. SOAPdenovo-trans_K75
L]
L]

BPP- [
AVIT -
SOAPdenovo-trans_K97

AChE -
3ftx -
0 Trinity

Supplementary Figure 4G: Toxin distribution of Homalopsis buccata after curation. For
each toxin family, the numbers of toxin transcripts recovered by different assembly
methods are indicated by different colours.
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Supplementary Figure 4H: Toxin distribution of Pseudocerastes urarachnoides after
curation. For each toxin family, the numbers of toxin transcripts recovered by different
assembly methods are indicated by different colours.
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Supplementary Figure 4l: Toxin distribution of Vipera transcaucasiana after curation. For
each toxin family, the numbers of toxin transcripts recovered by different assembly
methods are indicated by different colours.

Supplementary File 2: The settings for MrBayes

begin mrbayes;
log start replace;
set autoclose = no nowarn=no;
Iset applyto = (all) nst = 6 rates = invgamma;
prset applyto = (all) aamodelpr = mixed,;
unlink revmat = (all) shape = (all) pinvar = (all) statefreq = (all) tratio = (all);
showmodel;

mcmc ngen = 15000000 printfreq = 1000 samplefreq = 100 nchains = 4 temp = 0.2 checkfreq
= 50000 diagnfreq = 1000 stopval = 0.01 stoprule = yes;

sumt relburnin = yes burninfrac = 0.25 contype = halfcompat;
sump relburnin = yes burninfrac =0.25;

outgroup 1;

log stop;

end;
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For the following Supplementary Files, they can be viewed via
https://figshare.com/articles/dataset/Supplementary Files/15085353
Supplementary_File 1_inhouse_toxin_database.fasta
Supplementary_File 3 kunitz_alignment.fasta
Supplementary_File_4_kunitz_alignment.con.tre
Supplementary_File_5_lectin_alignment.fasta
Supplementary_File_6_lectin_tree.con.tre
Supplementary_File 7 SVMP_alignment.fasta
Supplementary_File 8 SVMP_tre.con.tre

Supplementary_File 9 SVMP_propeptide_alignment.fasta

Supplementary_File 10_SVMP_propeptide_tree.con.tre

93



Nederlandse samenvatting

De explosieve straling en diversificatie van de geavanceerde slangen (superfamilie Colubroidea) werd
geassocieerd met veranderingen in alle aspecten van het gedeelde gifsysteem. Morfologische
veranderingen omvatten de verdeling van de gemengde voorouderlijke klieren in twee afzonderlijke
klieren die respectievelijk bestemd zijn voor de productie van gif of slijm, evenals veranderingen in de
locatie, grootte en structurele elementen van de gif-leverende tanden. Er is ook bewijs voor homologie
tussen gifkliertoxinen die tot expressie worden gebracht in de geavanceerde slangen. Ondanks de
evolutionaire nieuwigheid van slangengif, zijn diepgaande reconstructies van de moleculaire
evolutionaire geschiedenis van toxines echter meestal beperkt tot die typen die aanwezig zijn in slechts
twee slangenfamilies met voortanden, Elapidae en Viperidae. Om een breder begrip te krijgen van
toxines die worden gedeeld door bestaande slangen, hebben we hier eerst de transcriptomen van acht
taxonomisch diverse soorten met achtertanden en vier belangrijke adderachtige soorten geanalyseerd en

de belangrijkste toxinetypen geanalyseerd die door de geavanceerde slangen worden gedeeld.

Transcriptomen werden geconstrueerd voor de volgende families en soorten: Colubridae - Helicops
leopardinus, Heterodon nasicus, Rhabdophis subminiatus; Homalopsidae - Homalopsis buccata;
Lamprophiidae - Malpolon monspessulanus, Psammophis schokari, Psammophis subtaeniatus,
Rhamphiophis — oxyrhynchus; en Viperidae - Bitis atropos, Pseudocerastes urarachnoides,
Tropidolaeumus subannulatus, Vipera transcaucasiana. Deze sequenties werden gecombineerd met die
uit beschikbare databases van andere soorten om een robuuste reconstructie mogelijk te maken van de
moleculaire evolutionaire geschiedenis van de belangrijkste toxineklassen die aanwezig zijn in het gif
van de laatste gemeenschappelijke voorouder van de geavanceerde slangen, en dus aanwezig zijn in de
volledige diversiteit van colubroid slangengif. Naast differentiéle evolutiesnelheden in toxineklassen
tussen de slangenlijnen, onthulden deze analyses meerdere gevallen van voorheen onbekende gevallen
van structurele en functionele convergenties. Structurele convergenties omvatten: 1. de evolutie van
nieuwe cysteines om heteromere complexen te vormen, zoals binnen kunitz-peptiden (de beta-
bungarotoxine-eigenschap die zich bij minstens twee gelegenheden ontwikkelt) en binnen SVMP-
enzymen (de P-II1d-eigenschap die zich bij minstens drie gelegenheden ontwikkelt); 2. en de C-terminale
staart die evolueert bij twee verschillende gelegenheden binnen de C-type natriuretische peptiden, om
structurele en functionele analogen van de ANP/BNP-staartaandoening te creéren. Er werd ook
aangetoond dat de de novo-evolutie van nieuwe post-translationeel vrijgemaakte toxinefamilies binnen
het propeptide-gebied van het natriuretisch peptidegen minstens vijf keer plaatsvond, met nieuwe
functies variérend van inductie van hypotensie tot postsynaptische neurotoxiciteit. Functionele
convergenties omvatten het volgende: meerdere gevallen van SVMP neofunctionaliseerde in
procoagulant-gif in activatoren van de stollingsfactoren protrombine en Factor X; meerdere gevallen in
procoagulant-giffen =~ waar  kunitz-peptiden  neofunctionaliseerden tot remmers van het
stolselvernietigende enzym plasmine, waardoor de halfwaardetijd van de stolsels, gevormd door de

stollingsactiverende enzymatische toxinen, werd verlengd; en meerdere keren dat kunitz-peptiden
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neofunctionaliseerden tot neurotoxinen die inwerken op presynaptische doelen, waaronder tweemaal

binnen Bungarus-gif.

We vonden nieuwe convergenties in zowel structurele als functionele evolutie van slangentoxines. Deze
resultaten bieden een gedetailleerde routekaart voor toekomstig werk om evolutionaire wapenwedlopen
tussen roofdieren en prooien op te helderen, differenti€le klinische pathologieén vast te stellen en rijke
bronnen voor bio-ontdekking voor loodverbindingen in de pijplijn voor het ontwerpen en ontdekken van

geneesmiddelen te documenteren.
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