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ABSTRACT

Spiders are one of the most diverse clades of multicellular life on earth, and their success 

has been attributed to several key genomic features, such as weaving silk, deploying various forms 

of venom, and being able to metabolize many types of prey. We have created a database of whole 

genome information from ten spider species from across major branches of the spider tree of life 

to help contextualize the genomic events occurring along the evolutionary history of the spider 

clade. Genes from these ten spiders were clustered into gene families which were used to detect 

duplications, losses, and evidence of selection (dN/dS) along the branches of these spiders’ 

phylogeny. These results also allow us to weigh in on a contentious taxonomic placement for one 

of these spiders, the Uloborus diversus, which we found to be paraphyletic with other orb-web 

weaving spiders. One future applications of this database will involve phenotype reconstruction, 

with the goal of forging a genotype to phenotype map. 
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1. INTRODUCTION

1.1 Historical Development of Evolutionary Biology and Genetics 

Since the publication of Charles Darwin’s seminal work, on the Origin of Species, the 

theory of evolution has remained a cornerstone in the study of natural history. Although the 

decades following suit would see many shifts in thought surrounding the mechanisms and variables 

that result in the vast diversity of the natural world, further unravelling the mysteries of how life 

in its many forms came to be continues to entreat us.  

Accepting Darwin’s theory and further exploring its ramifications was a hard-fought battle 

of will which continues to this day. Factions of naturalists debated and pursued various hypotheses 

for years. When Gregor Mendel’s work on genetics resurfaced in the broader community of 

evolutionary biologists, notably Fisher (Grafen et al., 2003) and Simpson (Laporte et al., 1994), 

the theory of Evolution by natural selection was reconciled with hereditary genetics, bringing 

about what Julian Huxley coined; the “Modern Synthesis” (Mayr et al., 1966). By this point, 

Chromosomes had already been linked to heredity by Sutton (Sutton et al., 1903), and DNA had 

been shown to be the molecule in which information is stored by Avery MacLeod and McCarty 

(Avery MacLeod and McCarty 1944), meaning that understanding genetic inheritance would mean 

discovering how DNA stores information. 

Understanding how inherited molecules of DNA provide information for cells would prove 

crucial to studying genetics at the quantitative level, so much so that we refer to this as the ‘Central 

Dogma of Biology’. The discovery of the structure of DNA as a double helix chain consisting of 

four nucleotides by Watson and Crick (Watson and Crick 1953; Cobb et al., 2017), then the 

cracking of the code which allows codons to be translated into proteins by Nirenberg (Nirenberg 

et al., 1963) unlocked the potential to isolate and identify individual genes. Improving technology 
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in sequencing DNA (Sanger et al., 1975; Eid et al., 2009; Park et al., 2016) has opened the flood-

gates to map entire genomes of organisms (Fleischmann et al., 1995) and view the whole genotypic 

background that contributes to the innumerable phenotypic forms seen in life on Earth.  

1.2 Discussion of Molecular Genomics 

The genome of an organism holds the data which gives that individual its defining 

characteristics in the form of DNA sequences. This includes the information which is the 

evolutionary inheritance of its ancestors, as well as new mutational variations unique to that 

organism’s life, which is all recorded in the alphabet of four nucleic acids. It is because genes 

encode the instructions for synthesizing and regulating biological macromolecules, that 

understanding genetics provides key insight into physiology and ontogeny, and it is because of the 

conservation and heritability of genes, and the formation of new genetic forms, that phylogeny and 

evolutionary history can be better understood (Mayr et al., 1966). 

In eukaryotic cells, DNA is stored in the nucleus, where it is organized and packed into 

condensed linear units, or chromosomes, which contain a set of discrete coding regions, or genes 

(Anisimova et al., 2019). Long strands of the DNA double helix are wrapped around histone 

proteins into nucleosomes, which in turn fold into chromatin, and ultimately coil into a full 

chromosome (Bhat and Wani 2017). While tightly packed regions of DNA, called 

heterochromatin, are too condensed to be read or interact with cellular machinery, portions of the 

chromosome, called euchromatin, are loosened to allow repair, replication, and transcription 

(Martin and Zhang 2005). It is these coding regions where discrete segments called genes are read 

and transcribed, the first stage of the process by which sequence of nucleotide base pairs can direct 

the molecular makeup and activity of the cell.  
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Transcription is the crucial phase which allows for genes to be expressed. The sequence of 

nucleotides in the DNA strand are able to be accurately transcribed with RNA molecules due to 

the bases having the ability to properly form hydrogen bonds with only one of the other bases. The 

process of transcription requires a host of enzymatic activity within the nucleus to expose and read 

the DNA region and synthesize a single stranded RNA molecule containing a complementary 

version of this code. Following the unzipping of the DNA double helix, this transcriptional 

machinery binds to an area called the promoter region several dozen base pairs upstream of the 

gene to be transcribed, which usually contains some conserved motifs for the complex to recognize 

and bind to, such as the TATA box. (Atkinson and Halfon 2014). These proteins then move along 

the DNA strand and the enzyme RNA-polymerase II binds free RNA bases into a single molecule 

with a distinct order following the DNA’s code. RNA can either serve as a functional molecule 

itself, such as tRNA and rRNA or transfer the message of the DNA coding regions in the form of 

mRNA. Following some modifications the mRNA will subsequently exit the nuclear envelope into 

the cytosol where it can be translated from a codon sequence into an amino acid sequence, forming 

a protein (Anisimova et al., 2019). 

A single mRNA strand contains a distinct code, but portions of this are removed prior to 

translation (introns) and the remaining segments (exons) are spliced together. When multiple 

patterns of these modifications exist, the pattern of splicing is directly responsible for the specific 

product and function of the RNA. Alternative splicing allows for a single gene to directly produce 

multiple different protein products. Changes to the coding sequence, including synonymous 

changes have an impact on the splicing of mRNA, resulting in constraints on nonsynonymous and 

synonymous evolution to maintain proper translation into phenotypically significant proteins 

(Dimitrieva et al., 2014). 
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Amino acids are the building block of proteins, the biomolecules which perform most of 

life’s necessary functions. These functions require the protein to be a specific shape, which is a 

result of the poly-peptide chain folding into a compact three-dimensional shape. The primary 

structure of a protein is the ordered sequence of amino acids, which were encoded for in the DNA. 

The amino acids then form predictable structures such as alpha helices and beta pleated sheets, 

giving a protein recognizable ordered regions which are called the secondary structure (Rost et al., 

2001). A more complicated tertiary structure is the result of the entire chain collapsing into the 

complex three-dimensional needed to perform its function in the cell. The schematic which allows 

a protein to take on this shape is dictated by the interactions of side chains from each amino acid, 

with hydrophobic side chains collapsing to the core and hydrophilic side chains making up the 

protein surface (Lim and Sauer 1989). This entire process is guided by chaperone proteins (Fink 

et al., 1999) and is dependent on changes in free energy (Honig and Yang 1995). For some 

proteins, folding into organized structures follows a natural free energy gradient, and need little to 

no guidance from chaperones, but others face obstacles of overcoming local maxima or require 

transitioning into unstable intermediate patterns and thus require assistance to expedite the folding 

process. Selection occurs at the molecular level concerning at what rate proteins achieve their 

shape, and protein stability, which in order to function properly may need to be flexible, rigid, 

somewhere in between, and relatively tolerant or intolerant to changes in temperature or pH in the 

microenvironment depending on their specific role. Selection at the cellular level acts on how well 

proteins perform their functions in the cell, which is entirely dependent on higher level 

organization, and is often why conserved secondary and tertiary structures are often seen as 

evidence that homologues arose from common ancestral sequence (Zuckerkandl and Pauling 

1965).  
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While the means by which the genetic code found in the nucleus transfers its vital 

information to the cell and facilitates life’s functions seems to follow predictable patterns, it is how 

these processes are regulated that obscures any chance at an easily understood roadmap of  

genetics. The rate of expression of each and every gene is equally as significant to an organism's 

survival as the content of the genome itself. Thus, mechanisms by which gene expression is 

regulated add more detail which must be considered when trying to understand evolutionary 

history.  

1.3 Discussion of Gene Expression 

The concentration of proteins within the cell is critical to the proper biomechanical 

functions of life, and therefore expression is an important part of molecular phenotype. Not only 

has life had to evolve molecular machinery to interact and survive in its environment, and then 

pass these functions to subsequent generations, but develop mechanisms for maintaining and 

regulating these activities to ensure proper cellular function. Gene expression can be regulated at 

multiple levels and through various mechanisms, such as controlling the exchange of information 

during transcription and translation, modifying protein products after translation, and through the 

interaction networks of proteins (Anisimova et al., 2019; Boyle et al., 2017). 

Transcription of a gene often begins with a promoter region just upstream of the coding 

region, but many times another nearby region called an enhancer is employed to further regulate 

the binding of transcriptional machinery (Atkinson and Halfon 2014). While these regions often 

are not transcribed themselves, they serve as areas where proteins known as Transcription factors 

(TFs) bind and regulate transcription through altering the chromatin structure and regulating the 

activity of RNA polymerase. Because TFs are proteins they are also subject to transcriptional 

regulation, creating a somewhat circular network of expression regulation. Other regions near the 
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gene called insulators bind proteins which slow or block transcription entirely (Atkinson and 

Halfon 2014). All of these regions responsible for regulating gene expression are subject to their 

own level of binding specificity based on their sequence, further complicating gene expression, 

but also providing a regulatory mechanism which may be preserved or modified via selection. 

Following transcription, protein concentration can also be regulated by the rate of 

translation. Control of how much genes are translated may be dependent on codon usage, which is 

a regulatory system which can be highly conserved as the result of selective pressure (Akashi et 

al., 2001). Following translation, proteins also are subject to regulation via modifications, such as 

side chain alterations (Khoury et al., 2011). After proteins are synthesized, interactions with other 

proteins creates another level of regulation (Marcotte et al., 1999). 

Physically preventing transcription and thus silencing genes occurs at several levels within 

the nucleus. Modifications to the higher chromatin folding order, histone structure, and even 

methylation of cytosine bases within the DNA molecule itself play a role in slowing or blocking 

the transcriptional machinery (Martin and Zhang 2005). Perhaps what is more interesting about 

these epigenetic modifications is that they do not change the sequence of the genome, but can still 

be inherited from parent to offspring.  

While individual genes encode for a specific protein product, regions of the genome are 

associated with a molecular phenotype, called Qualitative Trait Loci (QTL) often involve the 

expression levels of more than one gene. Of course, this is because most molecular activities are 

determined by a pathway of interacting proteins, and distinct phenotypes are the result of each of 

these genes acting in concert. The regulatory effect of an interacting element is typically 

characterized as either cis-acting, meaning that it's the result of a nearby region in the genome, or 

trans-acting, from some more distant region of the genome (Anisimova et al., 2019). Due to an 

organism existing in a dynamic environment of inter-dependent biomolecular processes, 
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consideration of the components of these pathways and the mechanistic context through which 

they interact is needed to understand complex patterns of expression and regulation. 

1.4 Evolution and Mutation-Selection Balance 

The genotype of an organism provides the blueprint for the molecular machinery that 

allows for the functions of life. Over time, changes to the genetic information stored in DNA result 

in differing molecular phenotypes, what we know as molecular evolution. The forces driving these 

changes, as well as the patterns which we observe in molecular evolution are the primary interest 

of evolutionary genomics.  

The rate of molecular evolution is determined by the rate of germ-line mutations, as these 

are the only changes which can be inherited and be maintained in a population. Evidence that rates 

of protein, and by proxy, DNA evolution, remained relatively consistent across evolutionary time 

led to the development of the Molecular Clock Hypothesis (Morgan et al., 1998). The significance 

of this line of thinking is that selective pressure was more or less stable, and any changes to 

pressure would result in, and could be detected through differential rates of amino-acid 

substitutions. Inferring an evolutionary molecular clock also allows for the calculation estimating 

a date for an evolutionary event (Rannala and Yang 2007). 

Variation in the genome is ultimately the consequence of a mutation, which can result in 

adaptive, deleterious, or neutral changes in fitness (Lynch et al., 2010). When a random mutation 

occurs, it results in a novel allele with a frequency of 1/2Ne in a diploid organism. This rate will 

fluctuate as the result of random sorting and can disappear from a population, or spread as the 

result of drift, (Lynch et al., 2010). Random genetic drift can be defined as “any and all changes 

in gene frequency due to stochastic nondeterministic events” (Plutynski et al., 2007) and is 

ultimately what constrains natural selection at the molecular level (Lynch et al., 2010). How far 
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and wide this allele will go as the result of drift is linked to the size of the population it is in, with 

a smaller population resulting in stronger forces of drift (Stoltzfus et al., 2012). 

Natural Selection occurs at the organismal level and is the result of varying phenotypic 

fitness. This means that genotypic selection is determined by the fitness associated with a 

phenotype. However, as it turns out, most genotypic changes are not the result of selection, but 

rather random genetic drift (Deitrich et al., 1994). This would become known as the Neutral 

Theory of Molecular Evolution, which highlights the prevalence of point mutations of single 

nucleotides that become fixed due to drift (Kimura et al., 1968). Because the rate of single 

nucleotide polymorphisms was shown to be higher than expected under adaptive (positive) 

selection only, selectively neutral mutations, together with deleterious ones, must make up part of 

molecular evolutionary events (Kimura et al., 1968; Zhang and Yang 2015). A result of this 

paradigm shift is that observing a violation of the neutral rate of genetic change, selection, or some 

other forces may be inferred (Anisimova and Liberles 2012). As empirical studies on protein 

sequence evolution provided more data, an updated ‘Nearly Neutral Theory’ was proposed, 

allowing for weakly selected mutations to be considered as balancing random drift and selection 

(Ohta et al., 1992). 

Selection of molecular fitness is complicated and requires consideration of stability, 

folding, sequence, expression levels, and intergenic interactions. While it was first believed that 

evolutionary rate was directly related to the functional importance of proteins and that this was the 

main driver of molecular selection, the importance of protein expression levels has proven to also 

be significant (Zhang and Yang 2015). However, function typically depends on expression level 

and separating these two factors as predictors of evolutionary rate needs different lines of evidence. 

Empirical studies attempting to use either gene coding sequence function and gene expression thus 

far have provided only weak evidence of any influence on mutational rate.  
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Selection can be categorized based on the context and on the expected consequences. 

Positive, or adaptive selection is when an advantageous mutation is selected for and increases in 

frequency within the population. This is also the mechanism by which sequences diverge between 

two separate species with a shared common ancestor. Within a population, selection can lead to 

increased or decreased variability in alleles. On the other hand, the more common type of selection 

is negative, or purifying selection, where lower fitness mutations are selected against, conserving 

ancestral sequences (Anisimova and Liberles 2012). Purifying selection, where selective forces 

remove deleterious alleles from the population, is found to act stronger for proteins which are more 

highly expressed (Mannakee et al., 2016). Areas of the genome which under normal circumstances 

would be considered selectively neutral also experience shifts due to selection on nearby sequences 

though the hitchhiking effect (Kim and Stephan 2002). 

The relationship between alleles and fitness has been characterized at both the phenotypic 

and genotypic level. Everything from individual coding sequence specificity and molecular 

stability, to complex polygenic traits resulting in specialized morphologies and behaviors at the 

organismal, population, and ecological levels feeds back into the fitness of cells, organisms, and 

communities.  Selection is manifest in the genotype but the direct effects and magnitude of genetic 

changes to an organism’s phenotype are not easily generalized and requires a broad consideration 

of genomic mechanisms and contextualization of dynamic interactions inside and outside of the 

cell.  

 

1.5 Towards a Genotype Phenotype Map 

Predicting phenotype from genotype has been a long sought goal of comparative 

geneticists. The overwhelming complexity of genotypic features as well as super-genetic factors 

that contribute to a final phenotype obfuscate mapping the fitness of a phenotype to a genotype. 
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However, the information contained within the genome provides a plethora of data which, when 

viewed through the dynamic contextualization of biochemical processes, can become a powerful 

tool for predicting phenotypic fitness. The details of mapping genes to phenotypes requires 

consideration of biological phenomena, such as allelic variation, epistasis, pleiotropy, polygeny, 

and constraints on a gene’s evolvability over relatively short evolutionary periods. Additionally, 

the molecular results which are affected by all of these forces, have highly specific and constantly 

fluctuating chemical properties which behave and react to intrinsic and extrinsic cellular factors. 

Connecting more and more of this information is vital to increasing the predictability of phenotypic 

forms from genotypic data. 

Whether or not an allele is adaptive, deleterious, or neutral, mutation is ultimately its 

genetic origin (Lynch et al., 2010), and selection is responsible for its effect on phenotypic 

variation (Rieseberg et al., 2002). The size of this effect differs from gene to gene, and from 

specific mutation to specific mutation, and depends on many intrinsic and extrinsic factors, as well 

as differing effects when found in tandem. Aside from mutations, recombination, post-

transcriptional modification such as alternative splicing and exon shuffling, and post-translational 

modification, such as protein domain rearrangement and enzymatic cleavage also serve as 

mechanisms by which different alleles can be introduced (Altenberg et al., 1997). Another source 

of variation in the genome comes from novel genes, which can result from the duplication of 

existing genes via large or small scale duplication events, or the transcription of previously 

untranscribed genomic regions forming de novo genes. New genes increase degrees of freedom in 

the genome, potentially creating another dimension of complexity to the genotype phenotype map 

(Altenberg et al., 1997) 

Comparing genotypes within a population allows for the identification of genetic variation, 

and in turn, possible variation in phenotypic fitness within that population. Whether or not 
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variation in genotype translates to a mappable phenotypic variation is key to its adaptability 

potential within that local context (Altenberg et al., 1997). Since Fisher posited that multiple loci 

are responsible for many traits, after the Mendelian model could not always explain variation, full 

consideration of networks of gene-gene interactions (through pathways of different types), existing 

within complex backgrounds of modifiers and influencers has been essential to understanding 

phenotypic variance (Visscher et al., 2019, Dowell et al., 2010). When a particular allele is 

dependent on the presence or absence of an otherwise separate genetic feature, this is called 

epistasis. Understanding epistatic interactions is crucial to forming the genotype phenotype map, 

as genes exist within complex networks and phenotypic fitness is dependent on any number of 

these interactions.  

Outside of interactions between proteins, molecular factors may allow for a genotype to 

produce various phenotypes. Alternatively spliced mRNAs can produce different proteins from 

the same gene. Protein folding can cause one sequence to result in numerous conformations with 

specific functions, albeit this is often limited by stability, cytosolic conditions and the aid of 

chaperones (Aguilar-Rodriguez et al., 2018). Once formed, an enzyme can perform a singular 

function that is used across many different cellular pathways and processes during its lifetime (He 

et al., 2006). 

Single genes can also contribute to multiple distinct phenotypes, a phenomenon called 

pleiotropy, which allows for a limited set of coding genes to encode for magnitudes more traits. 

Additionally, this opens up space for traits to be linked and fitness effects to be a selective 

compromise (Wagner et al., 2011). This includes single genes with multiple molecular functions 

as well as genes with multiple physiological functions. Because the latter is primarily seen in 

complex organisms, it is presumed that genes are recruited to perform new biological functions 

over evolutionary time and less often do molecular products develop new biochemical functions 
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(He et al., 2006). While there is no support that pleiotropy is universal (Wagner et al., 2011), 

meaning every gene plays some role in every trait expressed, pleiotropy may be ubiquitous, as it 

constrains the power of selection to alter allele frequencies in many traits (Visscher and Yang  

2016; Boyle et al., 2017). Nonetheless, it remains more useful to consider pleiotropic effects within 

genes known to interact rather than to despair at the idea that every gene correlated with the 

expression of another is through some unknown mechanism contributing to that expression in 

some direct way.  

Evolvability, or the capacity for a genetic change to alter phenotypic fitness, requires allelic 

co-variance and is affected by multiple factors. While allele frequencies fluctuate, change is 

expected to be gradual since extreme genetic changes are more often than not deleterious 

(Altenberg et al., 1997). The fitness of traits exists as a landscape with traits which require multiple 

or more dramatic changes have more rugged peaks. When no variation exists for an allele, the trait 

loses evolvability, and is therefore constrained. This may arise from directional selection, but then 

results in the lowered ability of a population to adapt to a change in fitness driving selection on 

that phenotype in the short term (Hansen and Houle, 2008).  

The many layers of genetic and environmental factors contribute to the emergence of 

discrete and continuous phenotypic traits. Much like the way the genetic sequence encodes for 

amino acid sequences, various RNA molecules, and for the transmission of genes from parent to 

offspring, the patterns of genotypic variability, molecular stability and polygenic interactions can 

give insight into the mechanisms which give life its many forms. Holistically, viewing the 

molecular circumstances in which inherited and sometimes altered genetic material within a cell 

interact with and affect the cell's biochemical processes is essential to truly mapping genotype to 

phenotype for all forms of life from single cells to complex multicellular organisms.  
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1.6 Relevance of Genotype and Phenotype in Spider Evolution 

Among animals, arthropods are by and far the most diverse clade, making up over 75% of 

species richness (Garwood et al., 2011). The Chelicerate order Araneae (spiders), with almost 

50,000 described species, are among the most diverse orders of arthropods (World Spider Catalog). 

In fact, only the hyperdiverse hexapod orders of Coleoptera, Diptera, Lepidoptera, Hymenoptera 

and Hemiptera, and another clade of arachnids, the Acari are more speciose (Coddington and Levi 

1991). The astounding success of this clade is often attributed to a select few key innovations, 

primarily silk, which allowed spiders to adapt and capitalize on novel ecological niches associated 

with terrestrial life (Bond et al., 1998). 

Spiders are descendants of some of the earliest animal groups to colonize land, with 

fossilized evidence of terrestrial arthropods dating back 420 MYA (Shear et al., 1996) and the 

oldest spider fossil dating back 305 MYA (Wang et al., 2018). Figure 1 shows a phylogenetic tree 

from TimeTree (Kumar et al., 2017) showing the geological scale and relationship of Araneae to 

other chelicerate orders, with scorpions, whip scorpions, and ticks and mites being the closest 

related groups. The more distant relatives of spiders are still aquatic groups including horseshoe 

crabs and sea spiders (not to be confused with true spiders). All spiders have venom glands in their 

chelicerae, have spinnerets and associated abdominal silk producing glands, which allow them to 

be successful predators (Garrison et al., 2016). Over millions of years, spiders have evolved a 

variety of different hunting strategies and innovations in silk and web production (Bond et al., 

2014). This long history of adapting to terrestrial life (Weygoldt et al., 1998), along with the wild 

success of spiders’ primary prey (Insects) has allowed these generalist predators to reach 

cosmopolitan domination of practically every biome (Garrison et al., 2016).  
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Figure 1: TimeTree of Chelicerates at the order level 

Spiders are found in nearly all of earth’s terrestrial habitats, from arid deserts to arctic 

climates (Sanggaard et al., 2014). Though there is extensive variation in behavior and phenotype, 

all spiders fill a similar niche as an intermediate trophic generalist predator, primarily of insects 

(Bond et al., 1998). As is the case with any ecosystem, a decrease or removal of the presence of a 

key top-down predator can result in broad ecological catastrophe, as the populations of herbivorous 

prey species explode and ravage the primary trophic producing vegetation (Terborgh et al., 2001). 
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When looking into the diversity of spiders and spider behavior, one consideration is 

ecosystem complexity, as low complexity is linked with decreased species richness (Uetz et al., 

1979; Marshall et al., 1999). Additionally, variation in the prey type and availability, as well as 

changes in the microclimate create a situation where the success of a spider is linked to its 

behavioral and material flexibility (Craig et al., 1996; Harmer et al., 2011). In the more rare case 

of spider specialization, highly derived and unique behaviors to better increase the chance of 

successful foraging of a limited prey pool (Haynes et al., 2002).  

In the evolutionary history of spiders, one of the most impactful periods was the Cretaceous 

Terrestrial Revolution (KTR), or about 125-85 MYA (Condamine et al., 2016). This time saw an 

extreme shift in terrestrial ecosystems as Angiosperms radiated and dominated the landscape of 

much of the earth, allowing for an expansion of insect clades, including beetles (McKenna et al., 

2015) and ants (Moreau et al., 2006). Explosions in spider diversity were limited to a select few 

clades which thrived in this new world, particularly the orb web spiders which were well suited 

for capturing flying prey, and the RTA spiders, which innovated webless hunting strategies 

(Garrison et al., 2016). 

A key innovation of spiders is that they spin silk, and create webs, a useful tool for 

capturing prey arthropods. Silk can be extremely strong and elastic, and has been adapted in many 

ways and various clades of spiders utilize their particular arsenal to fill their role in their ecosystem. 

Spider’s silk is spun using an appendage called a spinneret, which possibly evolved before the last 

common ancestor of all Araneae diverged from basal arachnids, but is an organ exclusive to spiders 

today (Mariano-Martins et al., 2020). Silk is employed to build burrows (Bond et al., 2014), play 

a role in reproduction (Bond et al., 2014), construct prey capturing webs (Sanggaard et al., 2014), 

encase captured prey (Ayoub et al., 2012), form a projectile used to hunt and even facilitate 

dispersal (Agnarrson et al., 2016). The silk is made of proteins, and the amino acid sequences 
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along with spinning and weaving behaviors can be arranged to perform functions from building 

incredibly strong structures to having highly adhesive properties (Sanggaard et al., 2014).  All 

spiders descend from a silk producing ancestor, but many clades have subsequently abandoned 

production of prey capture webs, which can be metabolically taxing, for more mobile hunting 

strategies. That being said, many spiders still employ silk, and have derived many unique forms 

and functions.  

Some clades rely on cribellate silk, which is a dense weave of tiny dry fibers that are 

adhesive as a result of van der Waals forces. Other species produce an ecribellate web, which uses 

an aqueous glue to create a sticky surface. The development of this sticky substance allows for a 

significantly less resource intensive web, which has been postulated as an explanation for the wild 

success of ecribelate web weavers (Blackledge et al., 2009).  

The architecture of the web has also seen vast differentiation across the Araneae. To 

capture walking insects, many spiders weave sheets along the substrate of the forest floor. Other 

groups construct vertically oriented aerial capture webs meant to snare flying insects (Blackledge 

et al., 2009). These aerial webs can take the form of sheets, or an orb web, with its distinctive 

spiral pattern. The orb web scheme was then further developed into a complicated three 

dimensional structure called a cobwebs (Vollrath et al., 2007). While the orb web design was 

considered to be ‘the pinnacle of design’ for many years, Its origins are quite ancient, with the 

basic orb web schematic dating back at least 213 MYA (Garrison et al., 2016) subsequently lost 

at least three times. More derived orb designs such as the ecribellate orb web date back at least 

113 MYA (Bond et al., 2014), and cobwebs were first seen around 100 MYA (Liu et al., 2015). 

The more contemporary view is that the orb web design should be considered a ‘gateway for the 

evolution of novel web types and the diversification associated with them’ (Blackledge et al., 

2009).  
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1.7 Background of Spiders in this Dataset 

This study uses genomic datasets from 10 species of spiders, all from the Araneomorphae 

clade. In this dataset, 7 spider families and 9 spider genus are represented. The Araneomorphae  

are distinguished by diagonally facing chelicera, more sophisticated lungs, and the fusion of 

spinnerets into a cribellum (a trait which would be lost across several lineages). From the 

Synspermiata clade, which belongs to the group of spiders characterized by simple genitalia, the 

species Holocnemus pluchei, or cellar spider, which is one of the few species to exhibit social 

behavior (Jakobs et al., 1991) and Dysdera silvatica (from the family of cell spiders) (Gregory et 

al., 2003, Sánchez-Herrero et al., 2019). The remaining eight species are part of the Entelegynae 

clade, which comprises all spiders with more complex genitalia (Garrison et al., 2016). Two of 

these species are from the RTA clade, which is a hugely diverse group characterized by the males 

having Retrolateral tibial apophysis copulative structures, hence the name RTA. These are the 

species Dolomedes triton (fishing spider) which detects prey with vibrations on the surface of a 

body of water (Johnson et al., 2005) and Tengella perfuga which produce cribellate funnel webs 

made of copious silk sheet layers (Correa-Garhwalet al., 2018; Alfaro et al., 2018). Like many 

spider species, this species exhibits sexual dimorphism where females produce a cribelate web, 

males abbondon this to save energy and wander in search of potential mates (Alfaro et al., 2018).. 

The remaining six species belong to a group traditionally referred to as Orbiculariae, or the orb-

web spiders. However, there has been significant variation and modification of the orb web design 

and the monophyly of this group has proven to be dubious. One of the species from this group, 

Uloborous diversus, the feather legged orb weaver (Ayoub et al., 2012), represents the branch with 

the most questionable placement in the phylogeny, which will be discussed further in Chapter 3. 

Uloboridae belong to a paraphyletic group (Wheeler et al., 2017; Blackledge et al., 2009; Garrison 
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et al., 2016) called Deinopodea, and are believed to be sister to the RTA clade (Dimitriov et al., 

2017). The Uloboridae weave a simple cribellate orb web and lack venom, relying on a wrap attack 

to immobilize prey (Griswold et al., 1998). The remaining five spider species all belong to a 

monophyletic group of orb web spiders called Araneoida. Two of these species are from the family 

Theridiidae (Arnedo et al., 2004), or comb footed cobweb spiders, whose sticky web is derived 

from an orb web design and more often than not meant to capture non-flying prey, such as ants 

(Liu et al., 2015). These are Parasteatoda tepidariorum, or the common house spider (Oda and 

Akiyama-Ota 2020) and Latrodectus geometricus, or the brown widow (Zhao et al., 2010). The 

last three species are from the family Araneidae, and include Araneus ventricosus (Kono et al., 

2019), and two spiders from the same genus, Argiope trifasciata, or the banded garden spider 

(Zhao et al., 2010), and Argiope argentata, or the silver garden spider (Blackledge et al., 2006) 

which have both been seen employing silk in a balloon like fashion for dispersal (Ramirez et al., 

1999; Agnarsson et al., 2016). 

1.8 TAED and other Phylogenomic Databases 

As more and more molecular data becomes available, understanding how genes evolve and 

change from species to species, in what ways do mutations affect phenotype, as well as how and 

to what extent shifts in proteins function create the multitudinous forms of life on earth requires 

organization and contextualization for analysis. Combining phylogenetic methods with dynamic 

mutation rates, functional shifts, pathway evolution, domain arrangements, can give a glimpse into 

the fuller picture of evolutionary biology.  Phylogenetically indexing gene families and 

evolutionary events is not a new tool for comparative genomics. Organizing and mapping selective 

forces, duplications and losses across a large dataset of chordates was done by The Adaptive 

Evolutionary Database (TAED) (Hermansen et al., 2017). Here further organization was given to 
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data from larger databases GenBank, PDB, KEGG, was given to connect adaptation and evolution 

across the chordate tree of life.   

The TAED pipeline provides a useful guide for organizing and identifying relevant 

evolutionary events through analysis of gene families. Because gene duplication, gene loss, 

selection, functional shifts, and mutations play a huge role in the development of genomes across 

all branches of life, mapping these events with a phylogenetic history allows us to view the context 

through which these forces and events occurred, and give insight into the adaptive potential of 

genes. 

While contextualizing genomic events with an evolutionary history is interesting in and of 

itself, the organization of this data allows for even more in depth analysis downstream, by 

connecting with existing databases of data like three dimensional structure of proteins, biochemical 

pathways, and functional annotations. Because of its incredible tensile strength and elasticity, there 

is much interest in synthesizing spider silks for applications in medicine, engineering, and other 

commercial endeavors. Further connections of the evolutionary history of silk proteins, three 

dimensional structure and the contextualization of pathways which allow spiders to weave threads 

of silk will elucidate one of nature’s most impressive innovations. 

Other Databases that concern selection include Ensembl Compra (Vilella et al., 2009), 

which uses pipelines to form gene families and calculate selection and mark duplication events, 

and is connected to downstream resources integrated using Galaxy workflow (Thanki et al., 2018) 

and Selectome (Proux et al., 2009), which has introduced quality control for multiple sequence 

alignments to decrease false positives (Moretti et al., 2014). Some databases used for comparative 

genomics include ING (Markowitz et al., 2012) which  integrates genomic data of microbes from 

all domains of life, and AspGD, which has curated molecular data from fungi species from the 

same genus of agricultural and industrial significance (Arnaud et al., 2012). The spider database 
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is most similar to TAED, but the existence of other comparative genomic databases shows the 

useful application of database methods to organize and contextualize evolutionary events and 

molecular data. 
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1.9 Description of Spider Database 
Table 1 Spider Genome Level Database 

Species Common name Short 
name 

Number of 
genes 

Coverage n50 

Holocnemus 
pluchei 

Marbled cellar 
spider 

Hplu 9741 Transcript Transcript 

Dysdera silvatica Woodlousel 
spider 

Dysd 48619 140x 174235172 

Dolomedes triton Six-spotted 
fishing spider 

Dolo 45382 Transcript Transcript 

Tengella perfuga False wolf spider Teng 127600 Transcript Transcript 

Latrodectus 
geometricus 

Brown widow GCF 505964 Transcript Transcript 

Parasteatoda 
tepidariorum 

Common house 
spider 

Ptep 27515 96.9x 765179 

Araneus 
ventricosus 

European garden 
spider 

BGPR 279541 19x-+ 59619 

Argiope argentata Silver garden 
spider 

Aarg 14625 Transcript Transcript 

Argiope trifasciata Banded garden 
spider 

Atri 19231 Transcript Transcript 

Uloborus diversus Cribelate orb 
weaver 

Udiv 16863 Transcript Transcript 

A relational spider genome level database was constructed beginning with the protein 

coding gene set for all ten spider species as outlined in Table 1. By linking each protein sequence 

with a universal ID based on the index of this table, this primary key was used to relate the 

comparative genomic pipeline results of gene family assignment, potential ontological 

annotation, protein and nucleotide sequence alignments. Finally, this core of genomic data 

storage allows for simplified updates and connections to external data sources. 
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2. GENE FAMILIES, SELECTION, DUPLICATION AND LOSS

2.1 Background of Spider Genetics 

Arachnids belong to the same evolutionary lineage as other arthropods and more closely to 

the rest of Chelicerata. The model organism that best represents these groups is D. melanogaster 

and the extremely well documented genetics of the fruit fly have been used to aid in drafting 

genomes of other arthropods for years. Additionally, a fair amount of comparative genetics work 

has been done with scorpions and ticks. That being said, spiders themselves are an ancient clade 

and many of the genomic features that unite and distinguish them from other arachnids, 

chelicerates, and arthropods date back to those ancient evolutionary events. As the spider lineage 

radiated over millions of years, various species adapted to colonizing novel niches in habitats of 

almost every biome on earth, following the other arthropods that they prey upon. With these 

changes in environment came opportunities for adaptive differentiation and led to extensive 

genetic diversification within the spider lineage. Various genetic resources were specifically 

developed by spiders to capture, immobilize, and digest prey, and comparing the diverse toolkits 

used by extant spider species can allow us to better view the history of spider adaptation and 

evolution.  

The overwhelming majority of spiders are generalist predators and have adapted many 

strategies to capture and consume arthropods. Genetic evidence shows that gene duplication of 

detoxification genes has allowed spiders to consume such a wide variety of prey (Fan et al., 2021). 

Some exceptions to this, such as a species that solely eats ants, results in species specific novel 

adaptations including genes which allow that spider to follow ant pheromones (Gajski et al., 2020). 

However one of the most interesting genetic differences in dietary behavior patterns is sexually 

dimorphic hunting strategies within the same species, which does not manifest until the spider 
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reaches maturity and may be epigenetic (Cordellier et al., 2020).  Spiders are primarily solitary, 

and many will even prey upon other spiders, even of their own species. However, a few different 

clades have convergently evolved patterns of group living with evidence of positive selection on 

nutrient metabolism related genes and deceleration of enrichment for genes related to autophagy.  

A substantial portion of spider genomic work has been focused on silk genes. Various types 

of silks have been produced by spiders for many different functions such as prey capture, nursery 

construction, transportation and these applications are often taxonomically specific. While silk is 

not solely produced by spiders, and is convergently found in insects such as the domesticated moth 

which in the larval stage is known as a silkworm (Sanggaard et al., 2014), there has been no other 

clade which utilizes such a vast array of different silk molecules. Silk production has been so key 

to spiders’ life-cycle that silk-genes continue to be expressed even when spiders are faced with 

nutritional deficiency (Miller et al., 2020). Spider silks are primarily composed of members of a 

protein family called spidroins, which are expressed within silk gland tissue (Correa-Garhwal et 

al., 2018), but also found in some venom glands (Sanggaard et al., 2014). One gene which encodes 

flagelliform silk called Flag consists of a large number of repeated motifs, which is the result of 

rapid sequence divergence from extensive insertions and deletions in conflict with sequence 

homogenization by recombination. (Hayashi et al., 2000). These repeats facilitate formation of 

nanocrystals, which have properties of expanding and contracting, giving silk its strength and 

flexibility (Perera et al., 2013). Other genes associated with different types of silk directly 

influence the particular ways in which silks are woven and their incredible properties emerge, and 

are spread throughout the spider's whole genome, as a chromosome level assembly of an orb-web 

weaving spider has shown that spidroin genes are found on 8 of that species’ 13 chromosomes 

(Sheffer et al., 2020). 
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Another function of spider genes relevant to many studies is the development and variation 

in spiders’ venom, which often has a species specific composition. It was known in the late 1970s 

that spider venom contained many hydrolytic enzymes which were different from the enzymes 

often found in vertebrate venoms (Norment et al., 1979). This complex biochemical cocktail 

consists of up to 25% neurotoxic, necrotic and other proteins (Vassilevski et al., 2009). Families 

of toxin genes evolved from adjacent sequential duplication, which allowed  for an expansion of 

mutational opportunity and divergence, and unlike silk genes, a chromosome level assembly of an 

orb-web weaving spider showed that most venom genes were located on chromosome 1 (Sheffer 

et al., 2020). This pattern is not only seen in the venoms of spiders, but also their chelicerate 

relative scorpions (Sanggaard et al., 2014), where exon-shuffling may have also played a role in 

increased venom diversity (Wang et al., 2017). The origin of toxins utilized by both spiders and 

scorpions is believed to involve the recruitment of neofunctionalized non-toxic biomolecules, 

especially neuroproteins, and the neofunctionalization of more primitive toxin-producing genes 

(Luddecke et al., 2021; Wang et al., 2017). Additionally, for many spiders, venom often changes 

composition throughout the spider life-cycle and is often in response to environmental conditions 

(Luddecke et al., 2021). 

As is the case with the majority of multicellular animals, spiders follow a bilaterally 

symmetrical body plan. Development of spider embryos into this shape begins with axis 

determination, which has been linked to embryonic intercellular signalling, which is similar to 

development for many vertebrates, where as other arthropods such as drosophila have their axes 

determined via transcription factor gradients otherwise known as mosaic development (Oda and 

Akiyama-Oda 2008). Hox genes associated with body plan in spiders have been found to have 

paralogous clusters in scorpions, which has been used as evidence that a whole genome duplication 

occurred along the branch from which spiders and scorpions diverged (Schwager et al., 2017). 
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Spiders have a comparatively reduced body plan with only two distinct body segments, the anterior 

segment containing the brain, chelicerae, pedipalps, mouthparts and four pairs of walking legs, 

and the posterior segment housing lungs, digestive and reproductive organs and silk spinning 

appendages (Luddecke et al., 2021). Appearance wise, sexual dimorphism also plays a large role 

in overall body size and coloration, with female biased size differences as males favor maturing 

and dispersing quickly (Quinones-Lebron et al., 2020) and color patterns develop more in females 

as they often have additional developmental stages with unique color variations (Oxford et al., 

1983). 

Vision has been a key resource for ground dwelling active hunting spiders, but less 

significant for orb web weavers and other passive hunters (Morehouse et al., 2017). Spiders usually 

have eight eyes, one pair of median eyes and can have three pairs of lateral eyes. These two types 

of visual organs have separate developmental origins and while many of the retinal development 

genes have been duplicated, there is a difference in gene expression patterns between the median 

and lateral eyes (Samadi et al., 2015). One of the most significant morphological distinctions 

between the two eye types is that the lateral eyes have an inverted retina compared to the median 

eyes (Morehouse et al., 2017).  

Investigating the genetics of spiders allows us to see what makes a spider a spider, as well 

as what makes each individual spider unique. Everything from body type to behavior has some 

link to a gene in the genome, and can show how spiders adapt and interact within their ecosystem. 

This study aims to identify all genes and gene families with evidence of positive selection, and to 

create a reference database of duplications and losses of genes across ten different spider species. 
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2.2 Parameters for Identifying Gene Families 

A database of protein sequences from the whole genomes of the ten spider species in this 

project was created using MySQL. A table with one row for each gene across all ten genomes 

was created with columns for species name, gene name, and gene protein sequence, as well 

as a numbered column for each row was used to serve as a universal ID for each sequence. 

The protein sequences from the whole genome or transcriptome of each of the ten spider 

species was then used to find homologous protein sequences using BLASTp (Altschul et al., 1997) 

all versus all with an E-value of 1e-10. Following this local alignment search, pairs of homologs 

identified by BLASTp were then filtered by generating pairwise global alignments using MAFFT 

(Katoh and Standley 2013), then selecting only pairs with both 70% sequence similarity and 70% 

ungapped space. These quality controlled sequences were then grouped into gene families using 

a custom python script to run a single linkage clustering algorithm. Table 2 shows the number 

of gene families created using these thresholds of sizes of at least two genes as well as at least 

four genes. Four genes in a family is the minimum size at which an unresolved unrooted gene 

tree can be generated, making these families useful for mapping evolutionary events onto a 

phylogenetic scheme. Families with two or three genes can still be used to identify gene 

specific instances of positive selection.  

Table 2 Gene Family Identification 

Total genes run through blast all-vs-all 1095081 

Homologous pairs at 70 % threshold 9310355 

Genes represented in gene family over two 392k 

Gene families over two 78423 

Gene families over four 22372 

Following the creation of gene families, finding frequency of species representation within 

families was the next step in looking into the specific clades within the spider tree of life the family 
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belonged to. Figure 2 shows that the percent of families each species could be found in, with the 

two largest species in terms of protein sequences in the dataset being the most represented. Figure 

3 shows the number of families by how many species were represented, and identifies that there 

are an abundance of single species families. Figure 4 shows that the average size of single species 

families was small, and after investigating, the majority families were of course the families with 

only two genes present, but there were still other larger families with only a single species present. 

Figure 4 also shows that as species diversity increased, so did average family size, with the families 

containing all ten species being the largest on average.   

Figure 5 shows that the two species with the largest number of proteins in the data set were 

overrepresented within these single species families. To investigate these larger single species 

families for quality control, closest related sequences were determined for each family using a 

BLASTp search and determining the species assigned to the best known homologous sequence. 

Figure 6A shows that for single species families over 100 genes in length, the majority were found 

to be best matched with other spiders or with other arthropods like scorpions, mites, ticks, and 

insects. One reason that these gene families may not have found homologs from other spider 

species during our clustering may have been because the sequences were too dissimilar and 

filtering at a strict threshold prevented them from being included. Figure 6B shows time since last 

common ancestor with spiders for the species identified to have the best homologous sequence, 

and highlights a few outliers, which were mostly bacterial sequences which in some cases could 

be either the result of mitochondrial genes being transferred into the nuclear genome, or more 

likely, contamination from the transcriptome sequencing.  
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Figure 2 Breakdown of Families Containing Genes from Each Species 

Figure 3 Number of Families by How Many Species are Present in the Family 
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Figure 4 Average Size of Families Per Number of Species Present 

Figure 5 The Percentage of Single Species Families Per Species Represented 
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Figure 6 Quality Control for Large Single Species Families A) Species and frequency best hit for 

single species gene families with more than 100 genes. B) Time since last common ancestor of 

spiders and species of best blast hit 

 

 

 

2.3 Methods for Determining Selection 

Once gene families were finalized, multiple sequence alignments were generated with 

MAFFT. From these protein alignments, corresponding alignments of nucleotide sequences were 

generated. Nucleotide whole genome data from the ten spider species was matched with its 

transcribed and translated protein product through a custom script which trimmed untranslated 

regions from both the 5’ and 3’ ends, identified the open reading frame, and found the DNA 

sequence which translated exactly to the original protein sequence under a standard codon model. 

These nucleotide sequences were then made into multiple sequence alignments which match 

exactly with the protein alignments for each gene family, meaning that for every letter in the 

protein sequence, three letters of the nucleotide sequence, and for every gap in the protein 

alignment, a gap of size three in the nucleotide alignment.  
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The protein alignments were used to generate gene family trees using PhyML with Smart 

Model Selection (SMS). (Lefort et al., 2017) Families larger than 100 genes had gene trees formed 

using fasttree to run neighbor joining with the model JTT+gamma, which was the most commonly 

used model for SMS generated trees of families greater than 50 genes, as SMS was too slow. 

Unrooted gene trees were labelled to match codon alignment files for each gene family. PAML 

CODEML (Yang 2007) was then used to calculate dN/dS with both a single ratio test (null model) 

and a branch specific ratio test (branch model). The largest gene families (over 200 genes) had to 

be pruned due to computational time constraints with CODEML. This was done by using the gene 

tree topography to break the large family into manageable sub-families (less than 100 genes) that 

still retained the branch structure of the original gene tree. Results from either test were extracted 

and the log likelihood values for each model were chi-square tested to determine if the branch 

model was significantly better (p<0.05) than the single ratio model. From this, branches with signs 

of positive selection, or infinity >  dN/dS > 1.0 and dS > 0.01 were extracted. dN/dS values were 

then mapped to the corresponding branches on the reconciled phylogenetic tree. Figure 7 shows 

the pipeline used in the generation of these results as well as the eventual integration into a web 

server database with tree viewing function such as the TreeThrasher function of TAED, and 

connection to external databases such as KEGG and PDB. 
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Figure 7 Comparative Genomic Pipeline for Spider Gene Families 

2.4 Results 

Table 3 PAML results 

Gene family size Number of 
Families 

Positive selection with 
null model 

Positive selection with 
branch model 

Pairs (2) 44441 4316 4316 

Three (3) 11756 1573 (fam) 
4755 (branches) 

364 (fam) 398 (branches) 

Small (4-11) 18336 1375 (fam)  
6676 (branches) 

2921(fam) 5082 (branches) 

Dozen (12-35) 3433 29 (fam) 451 (branches) 1975 (fam) 8136 (branches) 

Big (36-100) 241 0 27 (fam) 597 (branches) 

Huge (101-200) 94 0 37 (fams) 2221 (branches) 

Sub families of 
Gigantic (201+) 

122  
(910 subfam) 

6 (fam) 10 (subfam) 539 
(branches) 

53 (fam) 214 (fsubam)  
7551 (banches) 

Total 78423 2983(fam)  
12421 (branches) 

5377 (fam)  
25161 (branches) 

 

Table 3 shows the number of families in each size category as well as the total number of 

families and branches to show evidence of positive selection according to the most appropriate 
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model for each family. The null model with a single dN/dS ratio for every site on the tree was the 

most appropriate for smaller sized families, but became less and less fit compared to the branch 

model with variable ratios for larger gene families. Table 3 also shows the number of gene families 

of size 2 with evidence for positive selection, but the different models are expectedly 

indistinguishable.   

 

 

2.5 Mapping Selection 

After finding the most appropriate model for each family, Trees indexed with dN/dS values 

per branch were reconciled with the species tree to identify which branches along the rooted 

species tree were where the selection was occurring. This allowed for a tallying of all instances of 

positive selection found on each branch in spider evolutionary history represented by the species 

in this dataset. Figure 8 shows these totals for the gene families with positive selection under the 

null model, a vast majority of which were along terminal branches, meaning species specific 

selection. Figure 9 shows these totals for families under positive selection under the branch model, 

and while there are mostly species specific cases of positive selection, there are a lot more deeper 

branches found to have genes undergoing positive selection. 
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Figure 8 Instances of Positive Selection from the Null Model Mapped on the Species Tree 

 

Figure 9 Instance of Positive Selection from the Branch Model Mapped on the Species Tree 

 

Table 4: individual branches experiencing the highest selection with high number of amino acid 

changes 
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To find which genes were some of the most rapidly evolving, results from both CODEML 

models were sorted based on the strongest selective pressures and were undergoing extensive 

amino acid sequence changes. Table 4 shows the ten branches within gene trees most heavily 
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undergoing sequence changes and strong positive selection. These were determined by identifying 

branches with high levels of amino acid changes within the available sequence space, determined 

by dN*N, and high dN/dS ratios (>1) not confounded by low rates of synonymous substitution, or 

dS (dS<2.0). Of these ten eight are genes from the Dysdera silvatica genome and there may be 

some indication of strong adaptive differentiation for this species.  

Four of these genes had ontology annotations from the tick genome. The strongest selective 

pressure with an annotation was the functions cell adhesion, which has been found in humans to 

be associated with pathways used in inflammation and immune cell response (Keohane et al., 

2019), and with neuronal migration during brain development (Ogata et al., 2021). The other 

annotations include ribosome maturation, mediator complex and Gaba receptor. In Humans, the 

SBDS ribosome maturation protein is associated with stem cell differentiation into red blood cells 

and is often found overexpressed during tumorigenesis (Sen et al., 2011; Hao et al., 2020). The 

mediator complex is a generalized component in the transcription apparatus which is a highly 

conserved base for the binding of various gene specific interfaces (Woychik and Hampsey 2002). 

In invertebrates, GABA receptors are components of important neurotransmitter pathways, and 

often the target of insecticides (Lunt 1991, Rocheleau et al., 1993). It is not clear what the 

consequences of these genes are with regard to spider phenotype and are only supposed to be seen 

as targets for future study of spider genes and gene pathways.  

2.6 Enriched Ontological Terms 

In order to begin associating some of these gene families under selection with biological 

functions, each family was queried against the closest related species with more ontological 

annotations, the tick Ixodes scapularis (Gulia-Nuss et al., 2016) using BLASTp to find the best 
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homolog representative for each species if available. A background of ontological terms was 

created using the whole set of families with tick homologs regardless of selective pressures. Then 

an exploratory search for enriched ontological terms was done using DAVID (Dennis et al., 2003) 

for both the set of gene families under positive selection under the null model and for gene families 

under positive selection under the branch model. Table 5 breaks down the number of ontological 

terms found for each group. 

Table 5 Ontology Analysis 

All null branch 

Families in dataset 78423 2983 5377 

Families with blast hits 33336 384 4765 

Ontology mapped 3489 84 991 

Based on the existing literature surrounding the genomic components of spiders, there was 

an expectation that there may be some enrichment for genes related to cell replication and 

metabolism linked to detoxification as a result of consuming a wide variety of prey. Additionally, 

genes related to the pathways through which venoms and silk molecules are synthesized may also 

be shown to be enriched, although because this is relying on tick genome annotations, there may 

be a stark lack of the key functions unique to spiders. Figure 10 breaks down the type of ontological 

terms enriched in the gene families which were experiencing positive selection under the null 

model. While this list is only intended to be the starting point for hypothesizing the potential 

adaptive reason certain functions evolved under selection, it is not clear what the majority of these 

ontologies may be representing within each spider’s biological circumstances. For this group, there 

may be an overexpression of proteins which play a role in cell proliferation which has previously 

been highlighted as an adaptation by spiders to overcome toxicity resulting from a varied diet, but 
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this is only speculation at this stage which could lead as a further direction for research with this 

dataset.  Figure 11 breaks down the type of ontological terms enriched in the gene families which 

were experiencing positive selection under the branch model. Again, many of these terms aren’t 

directly tied to the context of spider’s lifestyle, but ontologies associated with phagosomes may be 

involved in detoxification, and many spider venoms are produced by the cytosol, and may explain 

what these enriched annotations are linked to. 

Figure 10 Ontology for Enriched Gene families under selection detected by the null model 
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Figure 11 Ontology for Enriched Gene families under selection detected by the branch model 
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3. SPIDER PHYLOGENETICS AND TAXONOMY

3.1 Hypotheses of Spider Taxonomy 

The phylogenetic organization of spiders has undergone several changes as the paradigm 

of identification has shifted. Biogeography, ecological niches, morphological differences from size 

and silk glands to miniscule variation in genitalia, and more recently, genomic analysis have all 

played a role in determining the evolutionary history of this order. With more and more data to 

consider, the relationship of numerous clades has been adjusted over the years.  

Much of the major divisions of Araneae date back considerably farther than the explosive 

radiation of species diversity. The order Aranae has three main lineages: Mesothelae, which 

includes only one extant family and are sister to all other extant spiders, Mygalomorphae 

(Tarantulas), and Araneomorphae, which accounts for 90% of species and are the most 

encountered by humans (Coddington and Levi 1991). Mesothelae split from the rest of spiders 

around 340 MYA Tarantulas likely split from the Araneomorph clade around 308 MYA (Garrison 

et al., 2016). 

Within the Araneomorphae, the monophyly of several groups has been brought into 

question, particularly with orb web spiders. Under the taxonomy proposed by Coddington and 

Levi, the Deinopoidea (including Uloboridae and Deinopidae) were included in the Orbiculariae 

which is sister to the RTA clade. Since then, molecular evidence supports a paraphyletic 

Deinopodea with Uloboridae being sister to the group of RTA and the remaining Orbiculariae now 

called Araneoida. Figure 10 visualizes the competing hypotheses, with Figure 10 A showing the 

older hypothesis from Coddington and Levie, and Figure 10 B showing the more modern 

hypothesis. This project aims to weigh in on this issue using whole genome data to form gene 
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families and record the duplication and loss events for each family after reconciling a gene tree 

with each hypothesized species tree. 

Figure 12 Phylogenetic Trees of  Spider Taxonomy Hypotheses A) Phylogeny showing the family 

Uloboridae (represented by the species Uloborus diversus, pointed out by red arrow) as a basal 

orb-web weaving spider (circled in red) and sister to all other orb-web weaving spiders B) 

Phylogeny showing the Uloboridae (represented by the species Uloborus diversus, pointed out by 

red arrow) as paraphyletic with the other orb-web weaving spiders (circled in red), and sister to 

the group containing both the orb-web weaving spiders and the spiders of the RTA clade 
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3.2 Methods 

Whole genome or transcriptome data from all ten spider species was used to find 

homologous protein sequences using BLASTp all versus all with an E-value of 1e-10. Following 

this local alignment search, pairs of homologs identified by BLASTp were then filtered by 

generating pairwise global alignments using MAFFT, then selecting only pairs with both 70% 

sequence similarity and 70% ungapped space. These quality controlled sequences were 

then grouped into gene families using a custom python script to run a single linkage 

clustering algorithm.  

Once gene families were finalized, multiple sequence alignments were generated 

with MAFFT. From these alignments, PhyML with SMS was used to build gene trees for each 

gene family. Species tags were added to each leaf using the MySQL database of whole spider 

genomes. A species tree topology file was written for both hypothesis A and B. Notung (Chen et 

al., 2000) was used to root, and then reconcile each gene tree with hypothesis A. The same was 

done using the hypothesis B species tree topology to rooting and reconciliation. This 

process tabulated duplication and loss events and placed them within the gene tree topology for 

each gene family. 

3.3 Results 
Table 6 Duplications and Losses Identified by Reconciliation of Gene Families with all 10 
Species Represented with Each Hypothesized Tree Topology 

Hypothesis A (𝑯𝑨) Hypothesis B (𝑯𝑩) Difference (𝑯𝑨 𝑯𝑩) 

Duplications 6108 5944 164 

Losses 14143 12722 1421 

Families with More 
Duplications 

188 34 154 

Families with More 
Losses  

355 53 302 
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Figure 13 Duplication Events Mapped to the Species Tree 

 

3.4 Discussion Potential Future Phylogenetic Methods 

Table 6 shows that both fewer duplication and fewer loss events were predicted for gene 

family trees reconciled with hypothesis B. Because this data was mapped across gene families 

determined from the entire protein coding genome of each of the spider species, it gives a lot of 

evidence to support hypothesis B over hypothesis A. This result is consistent with more modern 

molecular studies, which would place the Uloboridae outside of the RTA and Araneoida. 

Additionally, evolution of orb web weaving has been found to not be exclusive to any 

monophyletic clade of spiders, and the simplified cribellate orb web of the Uloboridae was most 

likely convergently developed with the Araneoida. A bootstrapping approach could be applied to 

determine the statistical significance of the result obtained.  

Whole genome data could be used with more sophisticated phylogenetic methods to further 

elucidate the best fitting taxonomic hypothesis. This database could allow for the selection of gene 

families showing no signs of positive selection to be made into gene trees, and concatenated using 

a supertree method that is different from the one employed above. A caveat to this is that some 
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supertee analyses of large datasets of smaller trees are very computationally intensive and can 

inadvertently remove taxa to reach a consensus (Yu 2021) when that is the criterion that is 

employed. Additionally, alignment data from gene families in this database could be concatenated 

into a supermatrix, which can be used to form a maximum likelihood tree. The benefit to using a 

super matrix on spider genes is that many of the speciation events are ancient and the power of a 

single gene or gene family to reliably predict phylogeny can fade over large timescales, so viewing 

all genes in concert allows increased the strength of the data. The disadvantage is that a single 

model is typically employed to all genes, although mixture modeling approaches could also be 

employed (with a greater computational burden).  

The species tree could be more robustly estimated from this set of gene trees through 

methods which are coalescence aware. The current analysis does not account for coalescence time. 

Statistical programs such as BEAST (Drummond et al., 2012) account for this and combine 

methods that estimate ancestral population sizes from gene-tree discrepancies and with estimating 

coalescence time (branch length) to generate a statistically inferred species tree topology (Rannala 

and Yang 2003). The program ASTRAL (Mirab et al., 2014) would be more applicable to this 

dataset, as it is optimized for genome-scale phylogenetics. The species we have compared do not 

have short branching times and incomplete lineage sorting is not expected to be a problem for the 

species tree we have analyzed. Coalescent-based methods become more important to use with 

more closely related species.  
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4. CONCLUDING THOUGHTS

4.1 Key Takeaways 

The more modern hypothesis that orb web weavers do not represent a monophyletic group 

was further supported by the results of this study. The species Uloborus diversus being a 

representative of the Uloboridae clade was found to more parsimoniously fit within a taxonomy in 

which it was sister to a combined RTA and Araneoida clades when compared to a taxonomy where 

they are sister to only other orb web weavers. This means that the orb web design was likely 

convergently developed by multiple spider clades and is not the pinnacle of spider web innovation. 

As a result, this taxonomic model was used for the mapping of positive selection within gene 

families. 

The gene families experiencing positive selection along all branches evenly (null model) 

were almost entirely comprised of single species families as made evident by the relative lack of 

internal branches under selection compared to terminal branches. On the other hand, the branch 

model showed that for internal branches, the clade connecting the RTA spiders and the orb-web 

weaving spiders had more instances of selection compared to other internal branches, and may 

point to an increased amount of adaptation during this group’s divergence. There was also more 

instances of positive selection detected on the branch shared by the eighth species in the 

Entelegynae clade compared to the root of all spiders in this dataset. For both models, the 

genomes/transcriptomes with the largest size of total genes were the ones to show the most 

evidence of selection, likely due to their overrepresentation in the dataset. Each branch found to 

be evolving under selection from this dataset represents a potential gene family of interest for 

future analysis, particularly functional annotation.   
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4.2 Reason and Usefulness for this Work 

This database provides much needed organization of gene families within entire coding 

genomes of different spider species. It also lays the groundwork for expansion of the database to 

be updated with more and more data from new spiders. New whole genome protein sequence data 

can be aligned against the existing gene families and unassigned genes in this database using 

BLASTp, then quality control measures can be implemented to identify which gene families would 

be expanded or created when incorporating these new sequences. Following this gene family 

sequence alignments and gene trees would be updated for the families with new genes. These 

would be reconciled with a species phylogeny that includes the new species, and selection can be 

identified along branches if the gene tree.  

Other comparative genomic work on spiders or other chelicerates could find use of indexed 

and aligned spider gene families a powerful resource for exploring the diversity within spiders and 

the specific genetic components uniquely found in spiders. Everything from single genes, small 

groups of genes and entire genomes can be compared to these gene families to identify and 

catalogue the similarities and differences found throughout the spider clade. Through connections 

to larger generalized bioinformatic databases such as PDB, this database can serve as an important 

stepping stone to future computational pipelines concerning spider genes and how they relate to 

both closely related groups or arthropods and to more distant branches of the tree of life. 

Finding particular mutations between spider genes of the same family in different species 

shows the sort of genotypic underpinnings which may have been associated with the vast 

phenotypic diversity seen in spiders. Also, tracing other genetic events such as gene duplication 

and loss along a phylogenetic history elucidates some of the historical genetic conditions under 

which spiders evolved. Calculating what genes and gene family branches were evolving under 
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selection helps to paint a fuller picture of what genomic forces existed during the hundreds of 

millions of years of spider evolution.  

4.3  Further Work 

Because of the large size and various analytics involved in creating this database, it  can be 

used to model evolution of duplicated genes, differences in selection between closely related 

species, and catalog the diverse functions of genes overexpressed in spiders.  Finding genes and 

branches under selection has identified many genes of functional interest which may have been 

previously overlooked, and could be potentially targets of functional analysis. Additionally, this 

collection of phylogenetically indexed gene families is useful for a variety of future phylogenetic 

methods to be used to further weigh in on the disputed taxonomic structure of spider clades.  

Phenotype reconstruction can be performed using the genomic data present and tracing the 

changes of various spider traits along the evolutionary history of each species where genomic 

events have already been annotated. Using methods such as diversitree (FitzJohn 2012), discrete 

traits can be identified as having changed, lost or gained, and continuous traits can be identified as 

having increased or decreased in scale and the rate of change can be estimated. These methods 

allow for a direct connection of genotype and phenotype without the need for extensive ontological 

annotation. Species tree branches where phenotypes have changed can be linked to events in gene 

trees that are mapped to those species tree branches as a correlative genotype-phenotype 

evolutionary map. 

With the completion of this database phylogenetically indexing evolutionary events within 

the spider tree of life, the groundwork has been laid for holistically understanding the natural 

history of one of Earth’s most extraordinary and successful terrestrial animal clades. Reproducing 

spider’s natural abilities, from silk weaving to toxin tolerance, has been sought after by scientists 
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for generations, and through powerful tools, such as modern computational genomic methods and 

large genome level datasets, these goals are made more attainable by following the way evolution 

brought about these wonders. 
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