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Resumo 

É importante estudar os cromossomas sexuais pois têm um papel fundamental nas 

forças evolutivas que atuam no genoma, uma vez que têm um padrão de transmissão 

único. O cromossoma X em específico tem características muito interessantes. Neste 

cromossoma estão localizados inúmeros genes relacionados com o desenvolvimento 

cerebral, incluindo vários que foram ao longo dos anos associados com patologias 

hereditárias humanas, nomeadamente a síndrome de Tourette e o autismo. O objetivo 

deste trabalho é explorar a evolução de alguns destes genes, identificando sites que 

possam ter evoluído sob seleção positiva. A identificação destes sites é relevante para 

a genética médica pois podem estar relacionados com mutações que possam ser 

algumas das causas da síndrome de Tourette e/ou autismo. Desta forma, escolhemos 

sete genes localizados nas regiões pseudoautossomais (PAR) do cromossoma X que 

estão descritos na literatura como relacionados com estes síndromes: AKAP17A, 

NLGN3, NLGN4X, VAMP7, SPRY3, IL9R, ASMTL. 

Utilizando ferramentas bioinformáticas para analise de seleção positiva, os genes 

NLGN3 e IL9R apresentaram um (NLGN3) ou dois (IL9R) sites com vestígios de seleção 

positiva no ramo do Homem. Apesar de não haver estudos detalhados sobre a função 

especifica destes sites, a informação disponível aponta para que possam estar 

envolvidos em vários processos, tais como melanoma cutâneo da pele (no caso do gene 

IL9R) e até mesmo terem efeitos deletérios (em ambos os genes). Além disso, a 

existência de mutações em sites próximos associados ao autismo sugere que, no gene 

NLGN3, os sites descobertos também possam ter algum tipo de influência no 

desenvolvimento do autismo. Os resultados são expectáveis tendo em conta o facto da 

maioria destes genes têm função no cérebro humano, sendo, portanto, altamente 

conservados. Em estudos futuros, seria interessante investigar a estrutura 3D da 

proteína entre indivíduos saudáveis e pacientes com mutações, recorrendo a estudos 

de proteómica computacional. Seria também interessante fazer estudos de genética 

populacional. O significado evolutivo de determinadas mutações poderá ser de 

particular interesse para a saúde humana e investigação farmacêutica. 
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Abstract 

Sex chromosomes have a fundamental role in shaping the evolutionary forces that act 

on the entirety of the genome, since they have an unusual pattern of transmission. The 

X chromosome, in particular, has very interesting characteristics. This chromosome is 

enriched in genes that participate in brain development, several of which are associated 

with human hereditary pathologies such as Tourette syndrome (TD) and autism (ASD). 

The aim of this study is to explore the evolutionary patterns of some of these genes, 

identifying sites that might have evolved under positive selection. The identification of 

these sites is important for human medical investigation, since they can be related with 

mutations that cause TD and/or Autism. Therefore, we chose seven genes located in the 

pseudoautosomal region (PAR) of the X chromosome that have some evidence in the 

literature connecting them to TD and ASD: AKAP17A, NLGN3, NLGN4X, VAMP7, 

SPRY3, IL9R, ASMTL. 

Using bioinformatic tools, we preformed positive selection analysis and obtained 

significant results for NLGN3 and IL9R in the human lineage, in which both showed one 

(NLGN3) or two (IL9R) sites with evidence of positive selection. Even though the existing 

of detail studies about the specific function of these sites are scarce, the available 

information points to the fact that they might be involved in various processes, such as 

skin cutaneous melanoma (in the IL9R gene) and even have deleterious effects ( in both 

genes). The existence of mutations in near sites associated with autism, also suggests 

that, in the gene NLGN3, the discovered sites can also have some type of influence in 

the development of autism. The results were expected given that most of the genes are 

extremely conserved due to their important functions in the human brain development. 

In subsequent studies it would be interesting to explore computational proteomic analysis 

to further investigate the 3D protein structure between healthy and sick patients with 

mutations as well as population genetic studies. The evolutionary meaning of certain 

changes may be of interest to human health and pharmaceutical research. 
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1. Introduction 

1.1. Definition of a chromosome 

A chromosome is a highly organized structure of a cell that contains the genetic material 

of an organism. Each chromosome contains a molecule of DNA (deoxyribonucleic acid) 

comprising numerous genes that define most characteristics of the organism. Humans 

have 23 pairs of chromosomes, one of which is a pair of sex chromosomes. Theother 22 

pairs are called autosomes. The sex chromosomes are responsible for the sex 

determination, and in humans, an XX pair encodes a female (homogametic sex) while 

XY determines a male (heterogametic sex). The DNA is organized inside the nucleus 

aggregated to histones (structural proteins) and this complex is called chromatin [1].  

In evolutionary genetics, the importance of studying the sex chromosomes lies, mainly, 

in two reasons. On one hand, their role in the sex determination, and on the other hand, 

in the fact that they provide a unique approach for the study of the fundamental 

evolutionary forces that act on the entirety of the genome, due to their unusual pattern 

of transmission. This means that any biological difference between the sexes can cause 

the sex chromosomes to experience distinct evolutionary environments [2].  

1.2. The X chromosome and the PAR regions. 

The X chromosome in particular, has very interesting characteristics. In mammals, 

females inherit the X chromosome from both parents while males only inherit the 

maternal X chromosome. The sex chromosomes have evolved throughout the years 

from a pair of autosomes. During this process some functional elements on the X 

chromosome have been conserved. However, the Y chromosome lost almost all of its 

traces of the ancestral autosome, including genes that were shared with the X 

chromosome. The inactivation of one of the X chromosomes in females (XCI) is a 

mechanism of dosage control in mammals because many of the genes in the X 

chromosome do not have homologues in the Y chromosome. Some genes escape this 

inactivation, mainly genes that have homologues in the Y chromosome. Because of this 

process, the male X chromosome fails to recombine its entire length during meiosis, 

recombining only in short regions at the tips of the X chromosome arms that recombine 

with its equivalent segments in the Y chromosome. These regions are called the pseudo 

autosomal regions (PAR1 and PAR2 in humans). The genes outside these regions are 

mostly X-linked [3]. 



FCUP 2 

Evolutionary and comparative genomics of X-linked genes associated with Autism and Tourette 

syndrome 

 

 

As mentioned before, in females, the inactivation of one of the X chromosomes occurs 

to obtain gene dosage equilibrium. The PAR region is the only region that escapes XCI 

in all species and therefore maintains its activity in both chromosomes. Because of this, 

pair recombination occurs in both females and males [4]. The human PAR regions 

contain around 29 genes that have diverse roles such as cell signalling, transcriptional 

regulation and mitochondrial functions. Around 24 of these genes are in the PAR1 

regions and half of them have a known function. The genes in both PAR regions are not 

inherited in a strictly sex-linked fashion but rather an autosomal fashion [5]. 

The PAR1 is the most prominent region of the PAR. It is located at the end of the short 

arm of the human sex chromosomes and is approximately 2.7MB long. This region has 

a very high rate of recombination when compared to the autosomes. Some of the genes 

in PAR1 are linked to serious diseases like Klinefelter Syndrome, leukaemia and mental 

disorders. Deletions in PAR1 can result in failure of pairing and male sterility. Some of 

the genes that are part of the PAR1 region are AKAP17A, ASMT, ASMTL, CD99, IL3RA 

and SHOX. In contrast, the PAR2 is approximately 330kb and is located at the end of 

the long arm of the sex chromosomes. This region, thus far, seems to be exclusive to 

humans and has likely arisen due to translocations between the X and the Y 

chromosomes [4]. The behaviour of PAR 2 is similar to the autosomal regions and the 

crossovers in this region occur at a rate similar to the genome average [6]. The PAR2 

region contains 4 protein coding genes such as DDX11L16, IL9R, SPRY3 and VAMP7, 

5 pseudogenes and 1 long noncoding antisense RNA gene [5].  

1.3. X-linked diseases. 

The random inactivation of one of the X chromosomes (XCI) is very important when it 

comes to relevant phenotypic changes because certain mutations that could lead to very 

serious complications in males are compensated by another chromosome in many of the 

female cells. The occurrence of XCI has several implications in the impact of mutations 

of the X chromosomes as well as allowing the development of multiple X-linked diseases 

[7]. 

These diseases can be caused by mutations of certain genes in the X chromosome or X 

chromosomes anomalies such as monosomies (lacking a full sex chromosome) and 

trisomy (having an extra chromosome). These anomalies can also occur when someone 

is missing a part of the chromosome (deletion) or have more than one extra sex 

chromosome. These sex chromosomes anomalies can cause syndromes with a wide 

range of physical and cognitive implications. Generally, the 
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syndromes caused by a sex chromosome anomaly are less severe than the ones caused 

by an autosome [8]. 

Some of the diseases associated with the X chromosome are colour blindness, 

haemophilia, Turner syndrome, Klinefelter syndrome and fragile X chromosome 

syndrome. 

Colour blindness is the inability to see or differentiate colours. The most common form 

of colour blindness affects the perception of red and green. The total absence of colour 

vision is a very severe and rare form of colour blindness where it is only possible to see 

in black and white. The cones are highly specialized nerve cells in the retina that have 

the ability to colour code objects by capturing the light in multiple wave lengths. These 

cells are able to recognize and transmit to the brain the colour of the objects. Colour 

blindness can be acquired; however, it is more common as a hereditary disease. It is 

cause by recessive genes (OPN1LW, OPN1MW, and OPN1SW) in the X chromosome 

and therefore it affects more the male population than the female [9].  

Haemophilia is a genetic disease associated with impaired blood clotting caused by the 

decreased levels in one of the proteins that contributes to the clotting cascade. There 

are various types of haemophilia. The haemophilia A type is the most common and 

corresponds to the coagulation factor VIII deficiency. It is caused by mutation in 

recessive genes (F8 and F9) in the X chromosome and therefore, like the colour 

blindness, its more common in males than females because a female is haemophilic only 

if both X chromosomes have that gene mutation [10]. 

The Turner syndrome, 45X, is a genetic condition that only affects females and is 

characterized by the total or partial absence of one of the X chromosomes. It is the only 

viable monosomy in humans. Females with this syndrome present abnormal physical 

traits like swelling of the hands and feet, redundant creases at the nape of the neck, 

webbed neck, broad chest, and inverted nipples. They also do not develop secondary 

sexual characters. They are more at risk of developing some other diseases like 

congenital heart disease, diabetes, hyperthyroidism and vision and hearing problems 

[11]. 

The Klinefelter syndrome, 47XXY/XXX, occurs because of the non-disjunction of the sex 

chromosomes resulting in individuals with one or more X chromosomes and it is one of 

the main reasons for male sterility. In females the presence of the extra chromosome 

does not lead to any significative anomalies and does not affect the woman’s fertility [12]. 
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Fragile X chromosome syndrome is a dominant genetic disease caused by a mutation in 

the gene FMR1 located in the X chromosome. This mutation causes a deficit in the FMR1 

protein that is essential to the development of the connections between neurons. Its 

symptoms are light to moderate intellectual deficiency [13]. 

The XCI can have a protective effect in chromosome aneuploidies such as Turner 

syndrome and Klinefelter syndrome because it balances the chromosome. Some 

deletions or additions of the X chromosome can be tolerated because the abnormal X 

chromosome is preferentially inactivated. However, XCI is more often associated with 

abnormal phenotypes [14]. 

A correlation between intellectual disability and skewed XCI was also established. Since 

the males only have one copy of the X chromosome, intellectual disability in the autism 

spectrum and other mental diseases are more prevalent in males than in females. One 

example of a disease that causes a wide variation of symptoms in women is haemophilia, 

ranging from simply being a carrier to have serious implications. As explained earlier, it 

is more common in males since it is a recessive disease, and the woman would have to 

carry the gene mutated in both X chromosomes to be affected. Skewed X chromosomes 

inactivation can create serious consequences, reducing the clotting factor in the blood in 

the same way the disease affects males [14]. 

1.4. Tourette syndrome 

The Tourette syndrome is a hereditary neuropsychiatric disorder characterised by motor 

and phonic tics. It is a very complex syndrome with a heterogeneity of symptoms and 

comorbidities between individuals and therefore it is very hard to diagnose and treat [15]. 

It is most common in children and the incidence peaks around preadolescence. It is often 

associated with other disorders like ADHD (attention deficit hyperactivity disorder) and 

obsessive-compulsive disorder (OCD), as well as autism. Some gene mutations are 

related to both Tourette’s and ADHD, OCD or autism. The tics are involuntary or semi- 

voluntary, sudden, intermittent and can be repetitive movements (motor) or sounds 

(phonic). These can be classified into two categories, simple and complex. The simple 

motor tics involve a single muscle or a group of muscles and can be brief or more 

prolonged. These tics are often easy to camouflage as voluntary movements and are 

frequently unnoticed. The complex motor tics produce a coordinated pattern of 

movements that involve multiple muscle groups [15]. 
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In patients with Tourette’s, the tics can be more or less strong over days, weeks or even 

months and they can gain new tics or regain old ones. In average, the tics start around 

eight years old, peak in preadolescence and decline in early adulthood [16]. However, 

the most severe cases of Tourette’s appear in adulthood. These severe cases involve 

self-injurious motor tics (i.e., biting and hitting), and socially unacceptable behaviours 

like shouting obscenities, racial slurs, and gestures. The frequency of the disorder varies 

by age and sex since males are four times more likely to be affected than females [17]. 

Studies have found that genetic and environmental factors likely play a role in causing 

Tourette syndrome. 

The syndrome is believed to be linked to problems in some areas of the brain and 

chemical substances. However, some people with Tourette have been found to have 

genetic mutations involving certain genes. The most common is involving SLITRK1, but 

other genes in the X chromosome can be involved in the cause of this syndrome [18].  

When it comes to the treatment of this syndrome, there is no cure. Treatment focuses 

on improving the quality of life, social functioning, and self-esteem. Treatment should be 

individually tailored and combined use of different medication may be needed as well as 

behavioural therapy and counselling [16]. 

1.5. ADHD, OCD and Autism and their relation to Tourette 

syndrome 

Additionally, many patients with Tourette’s syndrome can also experience other 

symptoms leading to other disorders, specifically hyperkinetic disorder such as Attention- 

deficit/hyperactivity disorder (ADHD) and obsessive-compulsive disorder (OCD) or both 

[17].Even though ADHD and OCD are the most common, autism spectrum disorder, 

anxiety, sleep disorder, depression and self-injuries are also associated [15]. 

Attention-deficit/hyperactivity disorder is defined as a psychiatric disorder that is 

characterized by a certain set of symptoms such as inattention, hyperactivity and 

impulsivity [19]. Obsessive compulsive disorder is defined by the presence of recurring, 

intrusive and distressing thoughts (obsessions) that cause anxiety or emotional stress, 

often leading to repetitive, stereotypic behaviours or thoughts (compulsions) aimed at 

neutralizing these negative feelings (American Psychiatric Association 1994). ADHD and 

OCD are among the most prevalent neuropsychiatric disorders in paediatric populations. 

Family studies have demonstrated high heritability in both ADHD and OCD, with some 
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genetic findings revealing shared variants and common pathogenetic mechanisms, while 

others indicate distinct differences between the two disorders [20] . 

Some studies observed the presence of tics in individuals with autism spectrum disorders 

(ASDs), including chronic motor tics, vocal tics, and Tourette’s Disorder (TD). This 

association likely stems from shared underlying etiological factors, as the co-occurrence 

rate is higher than what would be expected by chance [21]. 

Autism spectrum disorder is a group of neurodevelopmental disorders characterized by 

impairments in social communication, repetitive behaviours, highly restricted interests, 

and sensory behaviours that begin early in life. Recent advances have shed light on the 

causes of ASD, revealing a combination of genetic vulnerabilities and environmental risk 

factors [22]. 

It is also important to note that Chronic tic disorder is a condition marked by brief, sudden, 

uncontrollable, spasm movements or vocal outbursts, but not both. When both physical 

and vocal outburst are present, the condition is identified as Tourette syndrome [23]. 

While genetic and familial factors likely influence the development of brain pathways and 

the manifestation of Tourette syndrome, the precise mechanisms behind these 

interactions remain unclear [15]. 

As mentioned before, some genes located in the X chromosome can also be one of the 

causes of this syndrome. For this work we chose seven of those genes to work with. 

Some of these genes have little to no bibliography and studies relating them to their role 

in Tourette’s, only being mentioned as possibly related to the syndrome. The genes 

were, therefore, chosen based on their potential implication in Tourette’s and are the 

neuroligin-3 (NLGN3), Neuroligin-4-X-linked (NLGN4X), Interleukin-9-receptor (IL9R), A- 

Kinase Anchoring Protein 17 (AKAP17A), vesicle-associated membrane protein 7 

(VAMP7), Protein sprouty homolog 3 (SPRY3) and Acetylserotonin O-mehtyltranferase 

like (ASMTL). 

1.6. Chosen genes for the study 

The NLGN3 gene, Neuroligin-3, is a gene located in the X chromosome, more 

specifically Xq13.1 and has 10 exons. This gene encodes a member of the neuroligin 

family of neural cell surface proteins. The neuroligins mediate the formation and 

maintenance of synapses between neurons. The lack of expression of specific 

neuroligins could affect neuronal interactions within the synaptic network, leading to 
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consequent neuropathology [24]. NLGN3 may act as splice site-specific ligand for beta- 

neurexins and may be involved in the formation and remodelling of central nervous 

system synapses. Mutations in this gene can be associated with autism spectrum 

disorders and cognitive disorders. 

The NLGN4X, Neuroligin-4 X-linked, is also a member of the neuroligin family and is 

expressed in the cerebral cortex. It is also located in the X chromosome, more 

specifically in the Xp22.32-p22.31 and has 32 exons. It has a similar function as the 

NLGN3, so it encodes a protein that is part of the type-B carboxylesterase/lipase family 

and functions as a neuronal cell surface protein. Proteins in this family may act as splice 

site- specific ligands for beta-neurexins and could play a role in the formation and 

remodelling of synapses in the central nervous system. The encoded protein interacts 

with discs large homolog 4 (DLG4). Mutations in this gene are also found in people that 

are in the autism spectrum, more particularly with X-linked autism [25]. There are some 

mutations in this gene that have been described with the correspondent consequences 

but the most relevant for this study is a 2bp deletion in this gene causing a frame shift 

and therefore a premature stop codon, which is found in people on the autism 

spectrum. It has also been noted that a deletion of the exons 4,5 and 6 in this gene can 

cause a truncated protein and can be one of the causes of Tourette [24]. 

The AKAP17A gene is a gene that encodes the protein A-kinase anchoring protein 17A 

and it’s located in the PAR1 on both sex chromosomes, Xp22.33 and Yp11.2. The protein 

is a part of the spliceosome complex, and it is involved in the regulation of alternative 

splicing in some mRNA precursors. Mutations were described in patients with autism 

and chronic tic disorders [26]. 

The IL9R gene, Interleukin-9 receptor, is a type I cytokine receptor. The protein encoded 

by this gene is a cytokine receptor that specifically mediates the biological effects of 

interleukin 9. This gene is located in the pseudoautosomal regions of the X and Y 

chromosomes, specifically in the PAR2. On the X chromosome its location is Xq28 and 

in the Y chromosome is Yq1 [27]. 

The gene VAMP7, also known as SYBL1, encodes a transmembrane protein that is a 

member of the soluble N-ethylmaleimide-sensitive factor attachment protein receptor 

family. This protein is localized in late endosomes and lysosomes and is involved in the 

fusion of transport vesicles to their target membranes. The gene is located in the Xq28 

and Yq12 and it is part of the pseudoautosomal region 2. A reduction of protein levels of 
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VAMP7 selectively inhibit spontaneous neurotransmission both in cultured neurons and 

in hippocampal slices. Interestingly, a polymorphism in the regulatory region of the gene 

has been associated with bipolar affective disorders and mutations in this gene are also 

found in patients with autism [28]. 

The SPRY3 gene is located in Xq28 and Yq12 in the PAR2 and encodes the protein 

sprouty homolog 3. It is involved in negative regulation of MAPK cascade and mutations 

in this gene can be found in patients with autism and schizophrenia. It is highly expressed 

in central and peripheral nervous system ganglion cells in humans, including cerebellar 

Purkinje cells and retinal ganglion cells. Tourette’s syndrome can occur with a mutation 

that implies a duplication that includes both VAMP7 and SPRY3 genes. This mutation 

encompasses a 260 kb copy gain in the Xq28, located at the terminal region of the long 

arm of the X chromosome that includes the complete sequence of both VAMP7 and 

SPRY3 genes as well as a portion at the 5’ side of the IL9R gene in PAR2 [28]. 

ASMTL gene encodes the Probable Bifunctional 

DTTP/UTPPyrophosphatase/Methyltransferase Protein (dTTP_UTP_pyrophosphatse) 

and is located in the PAR1 region Xp22.3. It has a dual function in the stopping of cell 

division and in the prevention of the incorporation of nucleotides into cellular nucleic 

acids [29]. 

The aim of this study is to identify sites on the selected genes of the X chromosome that 

have evolved under positive selection in the human lineage, which could be related with 

mutations causing TD and/or autism in humans. This will assist our knowledge to better 

understand why some forms of Tourette’s and autism can be X-related and hereditary. 

For this, we performed phylogenetic and selection analyses in a set of X-linked genes 

connected to autism and Tourette syndrome to better understand the evolutionary 

genetics functional role of the found mutations. 
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2. Methods 

2.1. Genome selection and retrieval 

A total of 24 mammalian species of various families and orders were chosen to provide 

an array of representative species (Table S1). All the genomes were selected and 

downloaded from the NCBI database [27] using the FTP directory. The assembly choice 

was based on a few criteria: i) most complete genome (higher number of base pairs); ii) 

lower number of scaffolds (which usually provides a less fragmented assembly) ; iii) 

genome assembled at the chromosome level; iv) preference for genomes sequenced 

using long-read technology. 

2.2. Query collection 

Information regarding the genes chosen for this study was obtained from the Ensembl 

database [30] and NCBI (Table S2). 

Then, we used the Uniport database [31] to retrieve the protein fasta sequence for each 

individual gene, used then as queary for the extraction of the nucleotide sequences. 

Additionally, we used Ensembl to verify the existence of different isoforms. This step 

was done to ensure that we chose one of the longest isoforms, since Uniprot usually 

shows first the most common one. Then we used GeneCards [32] to check for highly 

similar paralogs of each gene that might provide similar hits during the extraction of the 

coding sequences. 

This information is compiled in table S3. 

 

2.3. Nucleotide sequences retrieval and dataset preparation 

The protein sequences gathered in the previous step were used as query in the protein- 

2-genome option of the Exonerate software [33] v2.4.0 to obtain the coding sequences 

(CDS) from the non-annotated genomes and the hit corresponding to the highest raw 

score (RS) value was extracted. Each hit was extracted from the initial methionine to the 

final stop codon, whenever it was possible. 

When a sequence presented intra-sequence stop codons or was truncated it was noted 

as a pseudogene and discarded. Information regarding the scaffold/chromosome in 

which the hits were located and the respective introns (number of introns and size) was 

collected (Attachment 4 and Table S5). The fasta files corresponding to each hit were 

then obtained using a custom phyton script. 
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2.4. Multiple sequence alignments 

After obtaining the CDS, an initial screening was performed in MEGA [34] v10.2.2 using 

preliminary MUSCLE [35] alignments. In this initial alignment we verified the sequences 

for any additional intra-sequential stop codons and in case of their existence, those 

sequences were eliminated. 

Then, the Guidance 2 webserver [36] was used to align the sequences by codon using 

the MAFFT [37] alignment algorithm with the remaining options on default. We used the 

resulting guidance scores for the removal of the columns with low confidence (default 

threshold 0.93). 

Then, MEGA was used to analyse the resulting alignment and performed a manual 

refinement. Each column that had more that 20% of missing information was eliminated. 

We also eliminated nucleotides that were not ATGC and took note of the size of the 

sequences with and without gaps. 

2.5. Extraction of annotated sequences 

Given its higher divergence among the mammal species, the extraction of IL9R gene 

from non-annotated genomes proved more difficult, resulting in a high number of false 

pseudogenes. Therefore, this gene was retrieved from annotated sequences available 

on the NCBI gene database, using Geneious v11.1.5 (https://www.geneious.com). To 

search the gene in our group of interest we used the queary “IL9R and mammals” and 

selected the sequences that corresponded to our target species. Each file had a 

complete gene sequence with CDS and intro annotations (Table S6).  

We extracted every annotated CDS for each species and aligned using the translation 

alignment option in Geneious, in order to choose the most complete CDS. 

We then used these nucleotide sequences, and the Homo sapiens sequence extracted 

with Exonerate (to ensure that the H. sapiens sequences from all genes were extracted) 

to create an alignment following the same methodology described above. 

http://www.geneious.com/
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2.6. Saturation analysis 

The next step is to check the level of saturation for each of the final nucleotide 

alignments. When substitution saturation occurs, it reduces the phylogenetic 

information present in the sequences. 

To determine the level of saturation we used DAMBE [38] v7.3.32. We estimated the 

proportion of invariant sites with the most basal species as an outgroup. Then, we 

measured the substitution saturation using the Xia’s test [39]. 

2.7. Phylogenetic analysis 

All the alignments were then concatenated using Geneious, to enhance the phylogenetic 

signal for the phylogenetic reconstruction. 

We performed a Maximum Likelihood inference on the concatenated dataset using 

IQtree2 [40] v2.0.7 employing 10000 bootstrap replicates (bb) [41] and 10000 

Shimodaira–Hasegawa approximate likelihood ratio tests (SH-aLRT) [42]. Each gene 

was defined as an independent partition and the best-fit evolutionary model for each 

partition was automatically calculated using ModelFinder on IQtree2. The resulting 

phylogenetic tree was then used to calculate the gene (gCF) [43] and site (sCF) [43] 

concordance factors, with 100 quartets for the calculation of sCF. The phylogenetic tree 

was edited using Figtree [44] v1.4.4. 

2.8. Selection Analysis 

We used the concatenated tree and marked the Homo sapiens lineage as our test 

subject (foreground branch) to run positive selection analysis. We chose to run the 

following tests on Hyphy [45] v2.5.36: i) RELAX [46]; ii) BUSTED [47]; iii) aBSREL [48] 

and iv) contrast-FEL [49]. 

RELAX is a branch specific test that assess the intensification or relaxation of the natural 

selection and therefore is not a test to the positive selection. BUSTED is a branch and 

site test, that evaluates evidence of episodic positive selection. aBRREL is a branch 

specific tests, indicating which branch (in our case it is only the Homo sapiens branch) 

have evolved under positive selection. Finally, contrast-FEL is a site-specific test that 

tells us if a specific site has sines of selection. 

When the tests provided significant positively selected sites (PSS), we then converted 

them to match the human protein used as query. 
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2.9. Protein structure 

Finally, we used the Protter webserver [50] v1.0 to create a 2D structure of the proteins 

that presented significant results and mark the sites that showed evidence of positive 

selection. This allows us to pinpoint the PSS in the protein structural domain.  
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3. Results 

3.1. Dataset collection 

The MSA (multiple sequence alignment) was performed using 88 functional sequences 

out of the original 175 (having been removed 87 sequences) corresponding to 7 different 

genes from the X chromosome (ASMTL, AKAP17A, NLGN4X, NLGN3, VAMP7, SPRY3, 

IL9R) of 24 different species of mammals. 

Each MSA was tested for nucleotide substitution and the 7 datasets presented low 

saturation levels, which indicates that they are suitable for phylogenetic inference (Table 

S7). 

3.2. Phylogenetic analysis 

The obtained phylogenetic tree, in general, as it can be seen on figure 1, presents well 

divided basal groups. The support values (bootstraps and SH-aLRT) in these divisions 

between the Afrotheria, Euarchontoglires and Laurasiatheria have scores above 85% 

which means that the tree has good support between the most basal groups. Most 

divisions inside each group are also well supported, with values above 80% and 95% for 

SH-aLRT and bb, respectively. 

Mainly within Laurasiatheria the support levels are lower compared to the rest of the tree, 

having some values of 64% and 56%. There are some differences between the topology 

of our resulting tree and the mammalian phylogenomic tree obtained used as a guide 

[51], for example in the carnivora group, where the Panthera leo and Tremarctos ornatus 

species should be placed together but instead are separated in distinct clades. 

The branches that lead to Homo sapiens are well supported and in conformity with the 

general topology [51]. 

When it comes to the gene concordance factor and the site concordance factor, in the 

Homo sapiens, we have a 100% and 52.9% correspondingly, which are good results that 

support the topology. Generally, most of the branch divisions have gCF values above 

50% which means that more than 50% of the individual gene trees support that topology. 

On the other hand, some cases have lower values of sCF meaning that, in general, some 

sites within the alignment do not support those divisions. 
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Even though the number of species with functional nucleotide sequences differs for the 

7 genes, all datasets were maintained since there was still a sufficient number of 

backgrounds species for each gene to perform the subsequent analyses. 

However, it means that for some branches, the gCF and the sCF values could not be 

calculated. 

Given that the branch of Rattus norvegicus was longer than the outgroup, which indicates 

an extremely high number of nucleotide substitutions that might have occur due to 

sequencing or assembly errors, we have removed this species from the selection 

analysis. 
 

 
Figure 1. Maximum likelihood phylogenetic tree of the evolution of the genes AKAP17, NLGN3, NLGN4X, VAMP7, 

SPRY3, IL9R, ASMTL in mammals; support values are displayed behind the nodes and show SH-aLRT/bb/gCF/sCF. 

 

3.3. Selection Analysis 

3.3.1. Relax test 

For this test, only NLGN3 showed significant signals of relaxation ( K<1; p< 0,05). For 

the rest of the genes, the results were not significant (table 1). 
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Table 1. Results for the selection analysis RELAX using Hyphy for the dataset. k- branch specific relaxation parameter; p 

- p-value; LR - likelihood ratio 

 
Gene k p LR Result 

AKAP17A 0.53 0.113 2.52 Not significant 

ASMTL 7.50 0.926 0.01 Not significant 

IL9R 1.00 1.000 0.00 Not significant 

NLGN3 0.00 0.024 5.13 Significant 

NLGN4X 7.09 0.584 0.30 Not significant 

SPRY3 1.94 0.610 0.26 Not significant 

VAMP7 1.31 0.819 0.05 Not significant 

 

 

3.3.2. aBSREL test 

For the aBSREL test, none of the genes showed significant results (table 2), meaning 

that there were no signs of episodic selection in any of the genes. 

Table 2. Results for the selection analysis aBSREL using Hyphy for the dataset; p - p-value. 

 

Gene p Result 

AKAP17A 1.00 No selection 

ASMTL 1.00 No selection 

IL9R 0.432 No selection 

NLGN3 0.307 No selection 

NLGN4X 1 No selection 

SPRY3 1 No selection 

VAMP7 1 No selection 

 
3.3.3. BUSTED test 

When analysing the BUSTED results, all the 7 genes present not significant results for 

evidence of positive selection (table 3). 
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Table 3. Results for the selection analysis BUSTED using Hyphy for the dataset; p - p-value; Er - Evidence ratio 

 
Gene p Er Result 

AKAP17A 0.5000 0 sites Not significant 

ASMTL 0.5000 0 sites Not significant 

IL9R 0.4700 0 sites Not significant 

NLGN3 0.3700 1 site Not significant 

NLGN4X 0.5000 0 sites Not significant 

SPRY3 0.5000 0 sites Not significant 

VAMP7 0.5000 0 sites Not significant 

 
 

 

3.3.4. Contrast-FEL 

For this test, the genes AKAP17A and ASMTL showed positive signs of selection but 

when the false positive test was performed it showed that there were 0 sites with 

evidence of positive selection (table 4). Only the genes IL9R and NLGN3 showed sites 

with signs of positive selection after the false positive test (q-value < 0.2 ) which are 

showed on table 5. 

Table 4. Results for the selection analysis Contrast-FEL using Hyphy for the dataset; p - p-value; q - q-value (false positive 

discovery) 

 

Gene Sites with 

p < 0.05 

Sites with 

q < 0.2 

AKAP17A 7 0 

ASMTL 6 0 

IL9R 5 2 

NLGN3 1 1 

NLGN4X 0 0 

SPRY3 0 0 

VAMP7 0 0 

 

 
Table 5. Results of the q- value < 0.2 (false discovery) test 

 
Gene Codon q-value 

IL9R 311 0.0416 

IL9R 232 0.0650 

NLGN3 223 0.0259 
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3.4. Protter protein structure 

Using Protter we obtained the 2D structure of both proteins (IL9R and NLGN3). Both 

proteins have an extracellular and a cytoplasmic part. This representation also shows 

the signal peptide, the disulfide bonds and the variants. 

In IL9R (figure 2), both residues are located in the extracellular part and on NLGN3 

(figure 3), the residue 223 is also located in the extracellular part. 

 

 
 

 
 
 

 
Figure 2. 2D structure of the Interleukin-9 receptor protein with the residues 184 and 257 marked. 
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Figure 3. 2D structure of the Neuroligin-3 protein with the residue 223 marked. 

 

4. Discussion 

4.1. Phylogenetic framework. 

The differences in topology seen in our obtained phylogenetic tree when compared to 

the guide tree [51] may be due to the fact that our tree was constructed based on a small 

subgroup of genes. Our tree represents the gene evolution of a set of genes that are 

connected to a specific characteristic, each of them having their own evolutionary 

characteristics, and with a small subgroup of genes (7). Considering this, it is expected 

that these genes will provide a distinct evolutionary reconstruction and show differences 

in the most apical divisions of the tree, since this number of markers will not have a very 

strong phylogenetic signal in comparison with a phylogenomic inference (i.e gene tree 

versus species tree). 

This is particularly noticeable in the Panthera leo and the Tremarctos ornatus species, 

which should be grouped together given the fact that they are both carnivores. The 

phylogenetic location of these two species in separate clades is concordant with low 

supported values of bb and SH-aLRT showing low confidence in their placement. 
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The occurrence of a high number of pseudogenes or non-functional sequences has led 

to a heterogeneous number of sequences within each gene dataset, which means that 

which species is also represented by a different number of genes. This can influence 

the topology (for instance, in the carnivore order). Moreover, the genes are located on 

the X chromosome in most of the species we analysed. The sex chromosomes are 

usually more difficult to sequence than the autossomes and until recently it existed little 

information about them. Nowadays, new technologies of third generation sequencing 

like PacBio [52] and Nanopore [53] make it effective to characterize sex chromosomes, 

however it is still difficult to sequence some regions given the high number of repetitive 

elements [54]. 

For some tree branches, some support values (bb and SH-aLRT) are high which contrast 

with the low sCF values. However, bootstraps values can sometimes be inflated if there 

is a high number of base pairs available (for example, in a concatenated alignment). This 

highlights the importance of having the concordance factors because they provide extra 

support information based on different statistics. 

For some branches, the concordance factors could not be calculated. This can result 

from having a different number of species for each gene, as well as having little 

information for some genes in the alignment. This disagreement resulted, in some cases, 

in the inability of calculating the concordance values. 

The branch of the Rattus norvegicus was eliminated. Branch lengths explain the 

percentage of mutations per branch. In our tree, apart from R. norvegicus, the marsupial 

branches in the outgroup are the longest, which was expected given the fact that they 

belong to a different mammalian class. The R. norvegicus branch is unexpectedly longer 

than the outgroup. Usually, a long branch can indicate that there are a lot of mutations 

in the markers used to construct the phylogeny, which means that, either our genes are 

very divergent in that particular species, or that it can be caused by sequencing/assembly 

problems. Going forward with the selection analysis, we decided to eliminate it since it 

could bias the background information, skewing the analysis. 

Overall, the phylogeny is not the main priority in this study, as it will be used mostly as a 

basis for subsequent analysis. We obtained a correct and well supported topology for 

the primates order, which is our target group. 
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4.2. Selective pressures underlying the evolution of the X-linked 

genes 

RELAX was one of the tests performed and is a hypothesis testing framework, evaluating 

if our set of test branches are under intensification or relaxation of selection. It does show 

evidence of positive or negative selection in our test branch. The parameter k indicates 

if the branch is under intensification or relaxation of selection, where k<1 indicates that 

selection has been relaxed along the test branch and k>1 indicates that selection has 

been intensified [46]. 

aBSREL is a branch and site test that indicates if, on the foreground branches, exists 

evidence of positive episodic selection in any sites. However, it does not test for selection 

in specific sites. This test performs the likelihood ratio test at each branch [48].  

BUSTED (Branch-Site Unrestricted Statistical Test for Episodic Diversification) is also 

not a site-specific test, but it tests for positive selection analysing if the gene experienced 

positive selection at least at one site on at least one branch. It also calculates the 

Evidence ratio (ER) for each site whether a specific site has likely evolved under positive 

selection or not. However, it should not be interpreted has definitive evidence for positive 

selection at individual sites, as other tests like Contrast-FEL are more accurate [47]. 

The last test that was used in the selection analyses was Contrast-FEL that is a site- 

specific test. It provides us the site where the test branches are associated with a 

significantly different selective pressure compared to the rest [49]. 

4.2.1. Evolution of genes AKAPA17A, ASMTL, NLGN4, SPRY3, 

VAMP7 

For these genes, the selection analyses present no significant results, meaning that none 

of them showed evidence of positive selection or relaxation/intensification of selection. 

Given that they are genes with functions connected to the neurologic activity in humans, 

the lack of results in the Homo sapiens lineage was expected. Having evidence of 

positive selection implies that some parts of the gene are being positively selected, 

potentially resulting in acquiring a new function. Since these genes are very connected 

with brain activity, any alteration in the protein could have very negative effects, given 

the fact that these genes have very specific functions. 
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4.2.2. Evolution of genes NLGN3 and IL9R 

For genes NLGN3 and IL9R, we found sites that showed significant evidence of positive 

selection. However, not a lot of information is available about these sites, their specific 

function or the consequences of potential mutations on those sites in the human protein. 

The information available on the Uniprot database had no identification of the functional 

relevance of the mutation at those sites. 

For the IL9R gene we found two sites, one of them being residue 184 and the other one 

residue 257. 

For residue 184, no literature or references were found regarding changes in this site. 

On UniProt there were 3 variant entrances on this site: i.) rs762681741; ii.) rs762681741; 

iii.) rs1436555178). In all of these described variants the mutation is missense. The first 

and the second variant appears as two different variants but is a multiallelic one. The 

difference between those two is that in the first variant, the amino acid Alanine changed 

into Aspartic Acid given the base change of a cytosine for an adenine. This is a 

pathogenic missense mutation and is quite likely deleterious. In the second variant the 

amino acid change is from an Alanine to a Glycine given the base change of a cytosine 

to a guanine. The third variant is due to the change of an Alanine to a Threonine given 

the base change of a guanine to an adenine. 

For the residue 257, we also found 3 variants in UniProt: i) COSM3913688; 

COSM3913689; COSM3913690; rs780443490; ii) rs756382464; iii) rs756382464. Out 

of these 3 variants, information was only available about the consequences of a mutation 

on this site on the first variant. This is characterized by the mutation of a Proline to a 

Leucine given the base change of a cytosine to a thymine. On Uniprot, the variant 

presents vague and ambiguous description, being assessed as benign but also as 

potentially deleterious. This variant also has 3 entries in the COSMIC database [55] 

(Catalogue of Somatic Mutations in Cancer) where it appears that the missense 

mutation of a Proline to a Leucine in site 257 can cause skin cutaneous melanoma 

(malignant) and affects IL-9 signalling pathways. There is a contradiction when 

comparing the information given on these two databases. UniProt identifies this variant 

as likely benign while COSMIC refers it as malignant. This discrepancy supports the 

fact that this site needs further investigation to understand the consequences of these 

mutations as well as its functioning. 
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The other two variants are multiallelic ones. The second variant is characterized by a 

mutation of a Proline to a Serine given the base change of a cytosine to a thymine, is a 

missense benign mutation and potentially deleterious. The final variant occurs due to a 

mutation of the Proline to a Threonine (base change of a cytosine to an adenine).  

According to UniProt, both sites are in the Functional Domain-Fibronectin type-III that 

ranges from the sites 149 to 259. 

Fibronectin is a large protein, crucial for the formation of the extracellular matrix and cell- 

to-cell interactions, that is composed of multiple repeats of three types of small domains: 

type-I, type-II and type-III. The Fibronectin type-III domain (FN3) is a compact, self- 

contained folding unit present in numerous animal’s proteins that participate in ligand 

binding [56]. It also mediates a wide range of cellular interactions in cell adhesion, 

migration, growth and differentiation [57], and has been shown to be involved in binding 

substrate. Substrate-binding proteins and substrate binding domains constitute a group 

of proteins (and protein domains) commonly linked with membrane protein complexes 

involved in transport or signal transduction [58]. 

For the gene NLGN3 we found only one site with evidence of positive selection, the site 

223. This site only had one variant listed on Uniprot. This variant is characterized by a 

substitution of an Isoleucine to a Phenylalanine given the change of an adenine to a 

thymine. 

Even though we did not find relevant information about this site, near it on site 236, a 

variant is described of an Asparagine to a Serine that could lead to X-linked autism. More 

studies need to be done to try and understand if variants in site 223 could also affect 

disorders such as autism and TIC, given the fact that NLGN3 is a gene with some 

variants connected to these disorders. The site 451, even if not close to the site 223, it 

is the most prevalent site connected with autism with a lot more studies performed [59]. 

According to UniProt, site 223 is inside the Pocket 8 of the NLGN3 protein. A protein 

binding pocket is a cavity on or within a protein that accommodates ligand binding. The 

surrounding amino acids shape the pocket’s structure, location, physicochemical 

properties, and function [60]. Ligand binding is a fundamental part of the protein function, 

so any selection in this area might potentially signify a new function through modification 

of the ligands it can bind. 
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Given the fact that we found almost no information about the sites that showed signals 

of positive selection for both genes, we can hypothesize that the evidence of positive 

selection on these sites might suggest that they are important for the human protein 

function. 
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5. Concluding remarks and Future work 

In this study we identified PSS that can be relevant for the study of X-linked disorders 

associated with brain function. We were able to identify three sites that showed evidence 

of positive selection in the genes IL9R and NLGN3. Even though we could not find 

prevalent information for this study, we can conclude that such sites might suggest that 

they are important for the human protein function. Therefore, there are other future 

analyse that could be done in order to further refine the obtained results.  

Building on the previously mentioned idea that the indication of positive selection might 

suggest that the sites in question are important for the function of the human protein, 

would be interesting to consider in the future computational proteomic studies to try and 

shape the protein with multiple mutations on those sites and see how it would affect the 

3D conformation, structure and biochemical function. 

Clinical and population genetic studies can also be carried out to search for variants on 

those sites to try to understand if there are any individuals with the disease in study with 

the amino acid’s variations in that residue. Given the fact that this is a basal study of the 

evolution of the chosen genes, it is important to have genomes of the Homo sapiens of 

multiple populations, including individuals with the syndromes to try to identify mutations 

that are associated with the syndrome relatively to other variants that may occurr in the 

general population. 

Additionally, we could also have retrieved all the single nucleotide polymorphisms 

(SNPs) that are connected to the disorders in study from public databases and analyse 

the consequences of each SNP on the 3D structure of the protein, modelling the normal 

structure as well the structure of the mutated protein with the mutations that are 

described and compare and analyse both. 
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Attachment 1 

 
Table S1. Information regarding the 24 Mammal Species used in this study. 
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Order Family WGS Species Level Genome assembly Bioproject Size 

Monotremate Ornithorhynchidae RZJT02 Ornithorhynchus 

anatinus 

Chromossome GCA_004115215.4 PRJNA534073 1.859,28 

Diprotodontia Macropodidae JAQQTA01 Macropus 

giganteus 

Chromossome GCA_028627215.1 PRJNA512907 3.535,62 

Dasyuromorphia Dasyuridae CACPPN01 Sarcophilus 

harrisii 

Chromossome GCA_902635505.1 PRJEB35073 3.086,67 

Proboscidea Elephantidae JAMZQU01 Elephas 
maximus 

Chromossome GCA_024166365.1 PRJNA861314 3.401,25 

Rodentia Sciuridae CACRXI02 Sciurus 
carolinensis 

Chromossome GCA_902686445.2 PRJEB35386 2.815,4 

Rodentia Dipodidae JAJGSA01 Jaculus Jaculus Chromossome GCA_020740685.1 PRJNA778790 2.863,87 

Rodentia Muridae JACYVU01 Rattus 
norvegicus 

Chromossome GCA_015227675.2 PRJNA677964 2.647,92 

Lagomorpha Leporidae JABWOR01 Oryctolagus 
cuniculus 

Chromossome GCA_013371645.1 PRJNA635554 2.780,37 

Chiroptera Phyllostomidae JAKFGA01 Desmodus 

rotundus 

Chromossome GCA_022682395.1 PRJNA789527 1.976,15 

Carnivora Ursidae JAPYXY01 Tremarctos 
ornatus 

Chromossome GCA_028551375.1 PRJNA512907 2.342,01 

Carnivora Felidae JAEQMX01 Panthera leo Chromossome GCA_018350215.1 PRJNA751610 2.297,57 

Perissodactyla Rhinocerotidae JAJIAY01 Diceros bicornis Chromossome GCA_020826845.1 PRJNA773944 3.005,52 

Artiodactyla Camelidae JWIN03 Camelus 
dromedarius 

Chromossome GCA_000803125.3 PRJNA565028 2.169,36 

Cetacea Balenopterids CATLKF01 Balaenoptera 
acutorostrata 

Chromossome GCA_949987535.1 PRJEB61579 2.772,9 

Primates Hominidae JAQQLK01 Gorilla gorilla Chromossome GCA_028885475.1 PRJNA916733 3.310,53 

Primates Hominidae JAQQLO01 Pan troglodytes Chromossome GCA_028858805.1 PRJNA916737 3.015,38 

Primates Hominidae JAQQLL01 Pan paniscus Chromossome GCA_028858845.1 PRJNA916735 3.224,71 

Primates Hominidae JAQQLT01 Pongo 
pygmaeus 

Chromossome GCA_028885525.1 PRJNA916740 3.038,23 

Primates Hylobatidae JAQQLH01 Symphalangus 
syndactylus 

Chromossome GCA_028878055.1 PRJNA916728 3,198,446,238 

Primates Lemuridae JAJGPY01 Lemur catta Chromossome GCA_020740605.1 PRJNA779062 2.245,6 

Primates Cercopithecidae VSDM01 Macaca mulatta Chromossome GCA_008058575.1 PRJNA514196 3.037,16 

Primates Lorisidae JAPZEE01 Nycticebus 

coucang 

Chromossome GCA_027406575.1 PRJNA927103 2.917,15 

Primates Callitrichidae JAALXQ01 Callithrix 
jacchus 

Chromossome GCA_011078405.1 PRJNA558086 2.811,15 
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Primates Hominidae - Homo sapiens Chromossome GCA_000001405.29 PRJNA31257 3,099,441,038 

 

 
Attachment 2 

 
Table S2. Selected genes (ASMTL, AKAP17A, NLGN4X, NLGN3, VAMP7, SPTY3 and 

IL9R) , their location and overall function 

 

Gene Symbol Full name Location General Function 

 
 
 

 
ASMTL 

 
 
 

 

 
ASMTL 

 

 

Acetylserotonin O- 

mehtyltranferase like 

 
 
 

 

 
Xp22.3 

Nucleoside triphosphate pyrophosphatase that hydrolyzes 

dTTP and UTP; it Can also hydrolyze CTP and the modified 

nucleotides pseudo-UTP, 5-methyl-UTP (m5UTP) and 5- 

methyl-CTP (m5CTP). May have a dual role in cell division 

arrest and in preventing the incorporation of modified 

nucleotides into cellular nucleic acids. In addition, it is probable 

that the presence of the putative catalytic domain of S- 

adenosyl-L-methionine binding in the C-terminal region argues 

for a methyltransferase activity. (UniProt) 

 

 
AKAP17A 

 

 

AKAP17A 

 

 

A-kinase anchoring 

protein 17A 

 

 

Xp22.33 

Splice factor regulating alternative splice site selection for 

certain mRNA precursors. It also Mediates regulation of pre- 

mRNA splicing in a PKA-dependent manner and is widely 

expressed. It can be found in the heart, brain, lung, liver, 

skeletal muscle, kidney and pancreas. Expressed in activated 

B-cells and placenta 

 

 
NLGN4X 

 

 
NLGN4X 

 

 
Neuroligin 4 X-linked 

 

 
Xp22.32 

This gene encodes a member of the type-B 

carboxylesterase/lipase protein family. Members of this family 

may act as splice site-specific ligands for beta-neurexins and 

may be involved in the formation and remodelling of central 

nervous system synapses (NCBI). 

 
 
 
 
 
 
 
 

 
NLGN3 

 
 

 
 

 
 
 

 
 

 
NLGN3 

 
 

 
 

 
 
 

 
 

 
Neuroligin 3 

 
 

 
 

 
 
 

 
 

 
Xq13.1 

This gene encodes a member of a family of neuronal cell 

surface proteins. Members of this family may act as splice site- 

specific ligands for beta-neurexins and may be involved in the 

formation and remodelling of central nervous system synapses 

(UniProt). Plays a role in synapse function and synaptic signal 

transmission and may mediate its effects by clustering other 

synaptic proteins. May promote the initial formation of synapses 

but is not essential for this. May also play a role in glia-glia or 

glia-neuron interactions in the developing peripheral nervous 

system (By similarity) (NCBI). 

    Encodes a transmembrane protein that is a member of the 

soluble N-ethylmaleimide-sensitive factor attachment protein 

receptor (SNARE) family. The encoded protein localizes to late 



FCUP 37 

Evolutionary and comparative genomics of X-linked genes associated with Autism and Tourette 

syndrome 

 

 

 

 
VAMP7 

 
 

 
 

 
VAMP7 

 
 

 
 

 

Vesicle associated 

membrane protein 7 

 
 

 
 

 
Xq28 

endosomes and lysosomes and is involved in the fusion of 

transport vesicles to their target membranes. Alternate splicing 

results in multiple transcript variants 

 

 
SPRY3 

 

 
SPRY3 

 

 

Sprouty RTK signaling 

antogonist 3 

 

 
Xq28 

 

 
Involved in negative regulation of MAPK cascade 

IL9R  

 

IL9R 

 

 

Interleukin 9 receptor 

 

 

Xq28 

A The protein encoded by this gene is a cytokine receptor that 

specifically mediates the biological effects of interleukin 9 (IL9). 

 

 

Attachment 3 

 
Table S3. Selected genes (ASMTL, AKAP17A, NLGN4X, NLGN3, VAMP7, SPRY3, 

IL9R) with the corresponding protein entries 

 

Gene Protein Entry Entry name 

ASMTL Probable bifunctional 

dTTP/UTP 

pyrophosphate/methyl 

transferase 

O95671 ASML_HUMAN 

AKAP17A A-kinase anchor protein 17A Q02040 AK17A_HUMAN 

NLGN4X Neuroligin-4, X-linked Q8N0W4 NLGNX_HUMAN 

NLGN3 Neuroligin-3 Q9NZ94 NLGN3_HUMAN 

VAMP7 Vesicle-associated 

membrane protein 7 

P51809 VAMP7_HUMAN 

SPRY3 Protein Sprouty homolog 3 O43610 SPY3_HUMAN 

IL9R Interleukin-9 receptor Q01113 IL9R_HUMAN 
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Table S4. Selected species and its respective introns for NLGN3 

 

 

 
Table S5. Selected species and its respective intron for AKAP17A 
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Callitrichidae 

Balenopterids 
Camelidae 

Rhinocerotidae 

Felidae 

Ursidae 

Phyllostomidae 

Leporidae 

Muridae 

Dipodidae 

Sciuridae 

Elephantidae 

Dasyuridae 
Macropod 

Orn 

Callithrix jacchus 

Balaenoptera acutorostrata 

Camelus dromedarius 

Diceros bicornis 

Panthera leo 

Tremarctos ornatus 

Desmodus rotundus 

Oryctolagus cuniculus 

Rattus norvegicus 

Jaculus jaculus 

Sciurus caroline 

Eleph 

211 622 . CM021881 

 

Table S6. Selected species and its respective intron for ASMTL 
 

Family Species Target Intr 

Hominidae Homosapiens 0 622 . CM004615.1 1283070 1229366 - 3070 

Hominidae Gorilla gorilla - 

Hominidae Pan troglodytes - 

Hominidae Pan paniscus 0 622 . CM054507.1 1354981 1290510 - 2973 

Hominidae Pongo pygmaeus - 

Hylobatidae Symphalangus syndactylus - 

Lemuridae Lemur catta Pseudogene 

Cercopithecidae Macaca mulatta 0 622 . CM017758.1 2759205 2714824 

Lorisidae Nycticebus coucang Pseudogene 

 
 

 
 
 

 
 
 
 

 

 
Table S7. Selected species and its respective intron for IL9R 

 
Family Species Target  Introns 

Hominidae Homo sapiens 0 522 . CM004615.1 148565534 148578496 + 2726 8 

Hominidae Gorilla gorilla Pseudogene - 

Hominidae Pan troglodytes Pseudogene - 

Hominidae Pan paniscus 0 522 . CM054507.1 155981120 155994040 + 2608 8 

Hominidae Pongo pygmaeus Pseudogene - 

Hylobatidae Symphalangus syndactylus Pseudogene - 

Lemuridae Lemur catta 9 433 . CM036473.1 151143 144390 - 1499 7 

Cercopithecidae Macaca mulatta 0 434 . CM017758.1 152162130 152172504 + 2047 and 431 522 . CM017758.1 152172474 152172747 + 449 8 

Lorisidae Nycticebus coucang 0 427 . CM050148.1 96489254 96477316 - 1456 8 

Callitrichidae Callithrix jacchus 0 433 . CM021881.1 146864504 146876760 + 1912 and 421 522 . CM021881.1 146876700 146877006 + 313 8 

Balenopterids Balaenoptera acutorostrata 0 431 . OX465365.1 39882997 39893731 + 1392 and 414 497 . OX465365.1 39891268 39893899 + 156 8 

Camelidae Camelus dromedarius 0 377 . JWIN03000071.1 4938793 4948672 + 1323 and 390 431 . JWIN03000071.1 4948693 4948816 + 129 and 428 497 . JWIN03000071.1 4948777 4948984 + 152 8 

Rhinocerotidae Diceros bicornis 0 431 . CM036971.1 48229588 48238716 + 1415 and 428 506 . CM036971.1 48238677 48238911 + 189 8 

Felidae Panthera leo 0 429 . CM031465.1 41338219 41347631 + 1416 8 

Ursidae Tremarctos ornatus 0 429 . CM052606.1 63702987 63692930 - 1379 8 

Phyllostomidae Desmodus rotundus 27 442 . CM040274.1 113230372 113548428 + 1227 8 

Leporidae Oryctolagus cuniculus 18 427 . CM023777.1 145371 139469 - 1326 and 432 493 . CM023777.1 139487 139304 - 158 7 

Muridae Rattus norvegicus - - 

Dipodidae Jaculus jaculus 47 431 . CM036399.1 113061291 113068963 + 1240 6 

Sciuridae Sciurus carolinensis 0 296 . LR738608.1 41539301 41545887 + 1128 6 

Elephantidae Elephas maximus 48 324 . CM044031.1 57358515 57355483 - 1008 and 386 431 . CM044031.1 57354272 57354137 - 152 5 

Dasyuridae Sarcophilus harrisii - - 

Macropodidae Macropus giganteus - - 

Ornithorhynchidae Ornithorhynchus anatinus - - 
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Table S8. Selected species and its respective intron for SPRY3 
 
 

 
 
 

 
 
 

 
 
 
 

 
 
 

 
 
 

 
Table S9. Selected species and its respective intron for VAMP7 

 
Order Family Species Target Introns 

Primates Hominidae Homo sapiens 0 221 . CM004615.1 148455328 148508670 + 1052 6 

Primates Hominidae Gorilla gorilla - - 

Primates Hominidae Pan troglodytes - - 

Primates Hominidae Pan paniscus 0 221 . CM054507.1 155873214 155925887 + 1054 6 

Primates Hominidae Pongopygmaeus - - 

Primates Hylobatidae Symphalangus syndactylus - - 

Primates Lemuridae Lemur catta 0 221 . CM036499.1 8255178 8306839 + 1055 6 

Primates Cercopithecidae Macaca mulatta 0 221 . CM017758.1 152078446 152127836 + 1055 6 

Primates Lorisidae Nycticebus coucang 0 221 . CM050161.1 187151514 187236956 + 1051 6 

Primates Callitrichidae Callithrix jacchus 0 221 . CM021881.1 146797869 146851508 + 1053 6 

Cetacea Balenopterids Balaenoptera acutorostrata 0 221 . OX465355.1 133483698 133533671 + 1054 6 

Artiodactyla Camelidae Camelus dromedarius 0 221 . CM016663.2 152929 113535 - 1055 6 

Perissodactyla Rhinocerotidae Diceros bicornis 0 221 . CM036987.1 139869985 139905677 + 1051 6 

Carnivora Felidae Panthera leo - - 

Carnivora Ursidae Tremarctos ornatus 0 221 . CM052623.1 69722 18832 - 1051 6 

Chiroptera Phyllostomidae Desmodus rotundus - - 

Lagomorpha Leporidae Oryctolagus cuniculus 0 221 . CM023793.1 136661244 136709474 + 1058 6 

Rodentia Muridae Rattus norvegicus 0 221 . CM026985.1 16735316 16762113 + 1005 6 

Rodentia Dipodidae Jaculus jaculus 0 221 . CM036412.1 153964902 154004845 + 1003 6 

Rodentia Sciuridae Sciurus carolinensis 0 167 . LR738601.1 131599397 131579784 - 795 4 

Proboscidea Elephantidae Elephas maximus 0 221 . CM044047.1 104461 64908 - 1043 6 

Dasyuromorphi Dasyuridae Sarcophilus harrisii 0 221 . LR735560.1 7607450 7582251 - 984 6 

Diprotodontia Macropodidae Macropus giganteus 0 114 . CM053636.1 16699531 16697221 - 565 and 167 221 . CM053636.1 16683508 16672198 - 220 3 

Monotremate Ornithorhynchidae Ornitho rhynchus anatinus 0 221 . CM014205.1 14578852 14590997 + 996 6 
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Table S10. Selected species and its respective intron for NLGN4X 
 

Order Family Species Target Introns 

Primates Hominidae Homo sapiens 0 817 . CM004615.1 5827098 5566768 - 4349 4 
Primates Hominidae Gorilla gorilla 0 817 . CM054581.1 29929226 30150128 + 4241 4 

Primates Hominidae Pantroglodytes -  

Primates Hominidae Panpaniscus 0 817 . CM054507.1 7699983 7438672 - 4349 4 

Primates Hominidae Pongo pygmaeus - - 

Primates Hylobatidae Symphalangus syndactylus - - 

Primates Lemuridae Lemur catta 0 817 . CM036499.1 69736667 69962416 + 4303 4 

Primates Cercopithecidae Macaca mulatta 0 817 . CM017758.1 6447027 6189353 - 4339 4 

Primates Lorisidae Nycticebus coucang 0 817 . CM050161.1 4817703 4538810 - 4231 4 

Primates Callitrichidae Callithrix jacchus 0 817 . CM021881.1 4618956 4373116 - 4330 4 

Cetacea Balenopterids Balaenoptera acutorostrata 0 817 . OX465355.1 4170830 3914517 - 4320 4 
Artiodactyla Camelidae Camelus dromedarius 0 817 . CM016663.2 117704300 117930648 + 4153 4 

Perissodactyla Rhinocerotidae Diceros bicornis 0 817 . CM036987.1 4316039 4089381 - 4301 4 

Carnivora Felidae Panthera leo 0 817 . CM031449.1 3732763 3495440 - 4324 4 

Carnivora Ursidae Tremarctos ornatus 0 817 . CM052623.1 105272434 105499128 + 4329 4 

Chiroptera Phyllostomidae Desmodusrotundus 0 817 . CM040287.1 3299952 3142194 - 4217 4 

Lagomorpha Leporidae Oryctolagus cuniculus - - 

Rodentia Muridae Rattus norvegicus 39 817 . CM026994.1 66432415 66451558 + 3116 4 

Rodentia Dipodidae Jaculus jaculus 38 817 . CM036412.1 63013759 63033872 + 3134 4 

Rodentia Sciuridae Sciurus carolinensis 0 817 . LR738601.1 3251598 3036991 - 4297 4 

Proboscidea Elephantidae Elephas maximus 0 817 . CM044047.1 174683582 174959252 + 4315 4 
Dasyuromorphia Dasyuridae Sarcophilus harrisii 0 817 . LR735556.1 209940027 210283053 + 4301 4 

Diprotodontia Macropodidae Macropus giganteus 0 817 . CM053633.1 67052383 67364964 + 4296 4 

Monotremate Ornithorhynchidae Ornithorhynchus anatinus 0 817 . CM014214.1 18659645 18550273 - 4274 4 
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Table S11. Introns of the genes and its respective sizes 

 
Gene AKAP-17A NLGN3 NLGN4X VAMP7 SP 

RY 

3 

ASMTL IL9R 

Intron 

1 

Size:1131bp 

Begin: 255 

Size:639bp 

Begin: 153 

Size:122759bp 

Begin: 152 

Size:6010bp 

Begin: 50 

 

 
 

- 

Size:10335bp 

Size: 32 

Size:5126bp 

Begin: 10 

Intron 

2 

Size:3641bp 

Begin: 304 

Size:4609bp 

Begin: 174 

Size:120536bp 

Begin: 209 

Size:2431bp 

Begin: 68 
 

- 

Size:3041bp 

Size: 76 

Size:429bp 

Begin: 48 

Intron 

3 

Size:1226bp 

Begin: 385 

Size:1677bp 

Begin: 194 

Size:5187bp 

Begin: 271 

Size:249bp 

Begin: 114 
 

- 

Size:3440bp 

Size: 93 

Size:116bp 

Begin: 85 

Intron 

4 

 

- 

Size:9065bp 

Begin: 243 

Size:9397bp 

Begin: 543 

Size:20020bp 

Begin: 145 
 

- 

Size:610bp 

Size: 113 

Size:564bp 

Begin: 145 

Intron 

5 
 

- 

Size:2682bp 

Begin: 305 

 
- 

Size:19881bp 

Begin: 168 
 

- 

Size:336bp 

Size: 134 

Size:712bp 

Begin: 194 

Intron 

6 
 

- 

Size:1453bp 

Begin: 568 
 

- 

Size:2088bp 

Begin: 198 
 

- 

Size:4154bp 

Size: 170 

Size:603bp 

Begin: 261 

Intron 

7 

 
- 

 
- 

 
- 

 
- 

 
- 

Size:2050bp 

Size: 300 

Size:1331bp 

Begin: 296 

Intron 

8 
 

- 

 
- 

 
- 

 
- 

 

- 

Size:3635bp 

Size: 354 

Size:2512bp 

Begin: 324 

Intron 

9 
 

- 

- 
 

- 
 

- 
 

- 

Size:2543bp 

Size: 416 
 

- 
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Intron 

10 
 

- 
 

- 
 

- 
 

- 
 

- 

Size:865bp 

Size: 460 
 

- 

Intron 

11 
 

- 
 

- 
 

- 
 

- 
 

- 

Size:107bp 

Size: 508 
 

- 

Intron 

12 
 

- 
 

- 
 

- 
 

- 
 

- 

Size:1290bp 

Size: 549 
 

- 
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Table S12. Gene IDs of target species obtained using geneious 

 
Species Gene ID 

Diceros bicornis minor 131422884 

Symphalangus syndactylus 129475942 

Pan paniscus 129395308 
Pongo pygmaeus 129025267 

Nycticebus coucang 128560754 
Elephas maximus indicus 126087446 

Lemur catta 123631382 
Panthera leo 122210094 

Desmodus rotundus 112298507 

Pan troglodytes 112204413 
Gorilla gorilla gorilla 109027695 

Sarcophilus harrisii 105749532 

Camelus dromedarius 105098408 
Balaenoptera acutorostrata 103013363 

Jaculus jaculus 101595011 
Callithrix jacchus 100408034 

Oryctolagus cuniculus 100356855 
Pan troglodytes 741980 

Macaca mulatta 704266 

Rattus norvegicus 24500 
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Figure S1. Xia Test Results for AKAP17A Gene Based on the DAMBE Analysis 
 

Figure S2. Xia test Results for ASMTL gene based on the DAMBE Analysis 
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Figure S3. Xia test Results for IL9R gene based on the DAMBE Analysis 
 

 

Figure S4. Xia test Results for NLGN3 gene based on the DAMBE Analysis 
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Figure S5. Xia test Results for NLGN4X gene based on the DAMBE Analysis 
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Figure S6. Xia test Results for SPRY3 gene based on the DAMBE Analysis 

 

Figure S7. Xia test results for VAMP7 gene based on the DAMBE Analysis 


