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Abstract 

Studying the expression of genes is one of the key parts of modern molecular biology. Changes in 

gene expressions are a major cause of phenotypical variations and diseases. Sequences within or 

surrounding genes can have substantial impact on gene expression levels. These sequences include 

but not limited to transcription factor binding sites and microsatellites within promoters, functional 

RNA elements such as riboswitches within the 5’UTRs, or miRNA target sequences in the 3’UTRs. 

Investigation of gene expression and the functional sequence elements that regulate gene 

expression will yield insights into the mechanism of biological regulatory networks and the 

underlying molecular basis of biological diversity and diseases.  

 

In the first part of this thesis, the expression levels of genes and transcripts were calculated for five 

African cichlid fishes. For each gene, expression values were analyzed for different tissue samples. 

And for genes that have multiple transcript products through alternative splicing, expression level 

of each transcript was calculated independently for all the tissues available. Simple sequence 

repeats within genes were also identified for each gene. Gene expression data from various 

experimental conditions were also analyzed. All of these data were built into a user-friendly 

database, in which the expression values of genes, transcripts and simple sequence repeats within 

genes can be searched. Tools for gene context visualization, sequence comparison and primer 

design are provided. All data within this database can be downloaded as text files or accessed 

through a REST API through either Linux command line tools or scripting languages.   

 

The second part of this thesis analyzed the distribution of simple sequence repeats (SSRs) in 69 

eukaryotic genomes. Firstly, SSRs were identified in all genomes and analyzed for their distribution 

in different genomic regions, GC contents and length distribution. Then all genes from all species 

were analyzed for their splicing pattern, and exons were categorized based on their level of 

inclusion. By analyzing the distribution of SSRs and amino acid repeats within different exons 

categories, we found that selective pressure has a significant impact on the distribution, length and 

purity of repeat sequences within eukaryotic genomes, despite the fact that different eukaryotic 

species have substantially different levels of alternative splicing.  

 

In the third part of this thesis the gene expression levels of 10 bacterial species were analyzed for 

multiple experimental conditions. Transcriptome coverage levels for all these conditions were also 

calculated. All of these data were incorporated into a database in which gene expression and gene 

coverage levels can be searched and compared between multiple experimental conditions. Tools 

facilitating gene context visualization, sequence comparison, and primer design were also 

integrated. All data in this database are accessible through a REST API using either Linux command 

line tools or scripting languages. Furthermore, a neural network model was also built for the 

identification of potential regulatory elements in the 5’UTR of bacterial genes. This machine 

learning model takes as input an annotation file and a transcriptome coverage file, then scans for 

regulatory elements in the 5’UTRs based on the unique topology these elements might create in 

the transcriptome coverage. 



2 
 

  

In summary, this thesis investigates gene expression in dozens of species belong to both eukaryotes 

and prokaryotes. It also analyzes sequence elements which might contribute to the regulation of 

gene expression. And finally, two databases and one machine learning model have been created 

to facilitate data analysis, data retrieval and the identification of potentially new functional RNA 

elements. 
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Zusammenfassung 

 

Ein zentraler Teil moderner Molekularbiologie ist die Untersuchung der Genexpression. 

Veränderungen der Genexpression sind die Hauptursache für phänotypische Veränderungen und 

Krankheiten. DNA Sequenzen in und um Gene können einen bedeutenden Einfluss auf deren 

Expressionslevel haben. Als Beispiel für regulatorische Sequenzen seien Bindestellen für 

Transkriptionsfaktoren und Mikrosatelliten in Promotoren, funktionale RNA Elemente, sowie 

Riboswitche in 5’UTRs oder miRNA Zielsequenzen in 3’UTRs angeführt. Durch Untersuchungen der 

Genexpression und der zugehörigen funktionalen Sequenzen werden Einblicke in die 

Mechanismen regulatorischer Netzwerke in der Biologie und in die molekularen Grundlagen für 

biologischer Diversität und Krankheiten gewonnen. 

 

Im ersten Teil der Arbeit, wurden die Expressions- und Transkriptlevel für fünf verschiedene 

afrikanische Cichliden (Buntbarsche) berechnet. Für jedes Gen wurden die Expressionslevel in 

verschiedenen Gewebeproben analysiert. Im Falle von Genen mit mehreren 

Transkriptionsprodukten auf Grund von alternativem Splicing wurden die Expressionslevel für 

jedes Transkript für alle Gewebeproben unabhängig berechnet. Mikrosatelliten innerhalb jedes 

Gens wurden identifiziert. Zusätzlich wurden Genexpressionsdaten für verschiedene 

experimentelle Bedingungen erhoben. Alle Daten wurden in eine benutzerfreundliche Datenbank 

integriert. Dort können Informationen zu Genexpressionswerten, Transkripten und Mikrosatelliten 

innerhalb von Genen abgerufen werden. Werkzeuge zur Darstellung des Genkontextes, zum 

Vergleich von Sequenzen und zum Design von PCR-Primern werden bereitgestellt. Alle Daten der 

Datenbank können als Textdateien heruntergeladen werden oder über eine REST-API abgerufen 

werden, sei es über Linux-Befehlszeilenwerkzeuge oder Skriptsprachen. 

 

Im zweiten Teil der Arbeit wurde die Verteilung von Mikrosatelliten (oder Simple Sequence Repeats 

(SSRs)) in 69 eukaryotischen Genomen analysiert. Zuerst wurden die SSRs aller Genome 

identifiziert und anschließend auf ihre Verteilung innerhalb verschiedener genomischer Regionen, 

ihren GC Gehalt und ihre Längenverteilung hin untersucht. Im Anschluss wurden die Splicingmuster 

aller Gene aus allen Spezies analysiert und die Exons nach dem Grad ihrer Inklusion kategorisiert. 

Wir konnten anhand von Verteilung der SSRs und Aminosäurewiederholungen zeigen, dass der 

Selektionsdruck einen signifikanten Einfluss auf die Verteilung, Länge und Reinheit sich 

wiederholender Sequenzen in eukaryotischen Genomen hat. Obwohl verschiedene eukaryotische 

Spezies grundlegend verschiedene Level an alternativem Splicing haben. 

 

Im dritten Teil der Arbeit wurden die Genexpressionslevel für zehn bakterielle Spezies unter 

mehreren experimentellen Bedingungen analysiert. Die Abdeckungsrate des Transkriptoms wurde 

ebenfalls berechnet. Alle Daten wurden in eine Datenbank eingespeist mit der die 

Genexpressionslevel und Abdeckungsraten einzelner Gene gesucht und zwischen 

unterschiedlichen experimentellen Bedingungen verglichen werden können. Werkzeuge um die 

Darstellung des Genkontexts, den Sequenzvergleich und das Design von PCR-Primern zu 

ermöglichen wurden ebenfalls eingebettet. All Daten der Datenbank sind über eine REST-API 
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zugänglich, sei es über Linux-Befehlszeilenwerkzeuge oder Skriptsprachen. Außerdem, wurde ein 

neuronales Netzwerk Model programmiert um potentielle regulatorische Elemente in der 5’UTR 

bakterieller Genome zu identifizieren. Dieses Modell, das auf maschinellem Lernen basiert, nimmt 

die Genannotation und die Abdeckung des Transkriptoms als Input und scannt dann nach 

regulatorischen Elementen in den 5’UTRs auf Grund einzigartiger Topologien, die diese Elemente 

in der Transkriptionsabdeckung erzeugen könnten.  

 

Zusammenfassend, werden in der vorliegenden Arbeit die Genexpression dutzender 

eukaryotischer und prokaryotischer Spezies untersucht. Zudem werden Sequenzelemente 

analysiert, die einen Einfluss auf die Genexpression haben könnten. Zwei Datenbanken und ein auf 

maschinellem Lernen basiertes Modell wurden programmiert, um die Datenanalyse, den 

Datenzugang und die Identifizierung von neuen potentiell funktionalen RNA Elementen zu 

ermöglichen. 
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Chapter 1 General Introduction 

 

1.1 Gene and transcript expression 

Variations in biological traits have been the source of fascination since the down of human 

civilization. Understanding the cause of these variations lies in the heart of modern biology. With 

the rediscovery of Mendel’s law of inheritance in 1900, and the development of modern chemistry 

and physics, investigation of functional elements which underlie biological diversity has become a 

precise and fruitful endeavor, culminating in the discovery of the double helix structure of DNA in 

1953 (Watson & Crick, 1953). The determination of the sequence of a gene for the first time by 

Walter Fiers et.al, in 1972 and the discovery of unrepresented sequence in mRNA--introns by Phillip 

Allen Sharp and   Richard Roberts in 1977 brought the understanding of the molecular 

determinates of biological traits to a new level (Min Jou, Haegeman, Ysebaert, & Fiers, 1972). The 

wellbeing of a biological entity relies on the concerted expression of many genes, aberrant 

expression of a gene may alter biological traits and in a more severe situation may cause diseases 

and even death of the organism. In most eukaryotes, many genes consist of multiple exons, and 

through the process of alternative splicing, one multi-exoned gene may produce many mature 

mRNA products. These different mRNAs have different open reading frames and can be translated 

into proteins with different amino acid sequences. These proteins may have different functions 

and reside in different sub-cellular structures. Therefore, studying the expression of gene and 

sometimes the expression of specific transcripts of a gene may yield insights into the molecular 

mechanism of trait determination and disease pathology. 

 

1.2 Mechanisms impact gene expression 

Mapping of genotypes to phenotypes have reveled many mutation mechanisms through which the 

expression of a gene may be altered and subsequently causing a shift in phenotype or the 

manifestation of a disease. Three classes of mutation have been studied most thoroughly so far, 

single nucleotide polymorphisms (SNPs), copy number variations (CNVs) and tandem repeats 

variations. SNPs, when located in regulatory regions of a gene can dramatically change the 

expression level of their target gene. CNVs are caused by the duplication of a section of the genome, 

and these duplications are different between individuals. When the whole sequence of a gene is 

duplicated, the extra copies of the gene may lead to alterations of gene transcription or translation 

(Korbel et al., 2008). Tandem repeats (TRs) are sometimes considered a special kind of CNV, with 

their repeat unit repeated head-to-tail multiple times. Tandem repeats with shorter repeat units 

(usually less than or equal to 6 or 9 base pairs) are microsatellites. TRs with longer repeat units are 

minisatellites. The mechanisms through which TRs influent gene expression are similar to SNPs. 

Depending on the location of the TR, it can either up- or down-regulate a gene when located in the 

promotor region, by modulating transcription factor binding. Or, when located in introns, TRs can 
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change the splicing pattern of a gene, resulting in a change in gene or transcript expression.         

  

1.3 Microsatellites in Eukaryotes 

Microsatellites (also named as simple sequence repeats or SSRs, hereafter referring to tandem 

repeats with repeat units 1-6 bps) exist in all sequenced genomes. Because of their high mutation 

level, they are mostly used as markers in genetic mapping. Long considered as “Junk” DNA which 

confer no functional influence, they are receiving increasing attention as an important genomic 

element which can lead to quick and severe changes in organisms. Unstable microsatellites are the 

cause of many human diseases. From the tri-nucleotide mutation which leads to Huntington’s 

disease to the tetra “CCTG” repeat expansion in the intron of a zinc finger protein which causes 

myotonic dystrophy type 2, microsatellites do seem to exist as more than just a neutral element of 

genome. The discoveries of microsatellite caused diseases in other organisms have made 

researchers wonder the underlying mechanism of microsatellite related diseases are a cross-

species phenomenon, which may lead to the discovery of novel diseases in non-human species 

and the establishment of model organisms for human microsatellite disease research (Drogemuller 

et al., 2008; Sureshkumar et al., 2009).       

 

1.4 Functional RNA elements  

From passing on information from DNA to encode proteins to the regulation of gene expression by 

microRNAs and riboswitches, RNAs play import roles in many biological processes (Bartel, 2004; 

Crick, 1970; Tucker & Breaker, 2005). Based on their coding potential, functional RNAs can be 

classified as coding or non-coding. Functional non-coding RNAs, such as various classes of 

riboswitches have been the focus of many recent studies (McCown, Corbino, Stav, Sherlock, & 

Breaker, 2017; Padhi, Pradhan, Bung, Roy, & Bulusu, 2019; Roy, Hennelly, Lammert, Onuchic, & 

Sanbonmatsu, 2019; Widom et al., 2018). Riboswitches are small stretches of nucleotides usually 

located in the 5’UTR regions of pre-mRNAs that regulate the expression levels of mRNAs by binding 

to small molecules such as metabolites (Nahvi et al., 2002). Riboswitches exert their regulatory 

capability mainly through two mechanisms, transcription termination and translation initiation 

(Barrick & Breaker, 2007; Breaker, 2012). Riboswitches exist primarily in bacteria, however, they 

can also be found, although less frequently, in fungi and plants (Cheah, Wachter, Sudarsan, & 

Breaker, 2007; Wachter et al., 2007). Many experimental and computational approaches have been 

developed for the identification of riboswitches. Those include computational methods such as 

using auto covariance models in infernal (Nawrocki & Eddy, 2013), and using profile hidden Markov 

models (Singh, Bandyopadhyay, Bhattacharya, Krishnamachari, & Sengupta, 2009). Another 

method using experimental approaches coupled with next generation sequencing has been proven 

to be effective in identifying RNA elements with transcription termination capabilities, including 

riboswitches (Dar et al., 2016). As our understanding of the regulatory mechanism of riboswitches 

deepens and more sequence data from various organism become available, new algorithms which 

provide fresh perspectives on the identification of functional RNA elements such as riboswitches 
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will continue to emerge.  

 

1.5 Contribution of this thesis 

This thesis investigated gene expression in dozens of eukaryotic and prokaryotic species. It also 

built databases and machine learning models for gene expression analysis and functional RNA 

element identification.  

First, gene and transcript expression levels in multiple cichlid species in many tissues or different 

experimental conditions were analyzed. SSRs in 5 cichlid genomes were also identified. All results 

were incorporated into a database, CichlidDB. 

Second, distribution of SSRs were investigated in 69 eukaryotic species. Using alternatively spliced 

genes and genes with only one transcript, the impact of selective pressure on exons with different 

inclusion levels were studied. 

Third, gene expression and coverage levels were investigated in 10 prokaryotic species under 

multiple environmental conditions. And all data were built into a database, BacteriaDB. 

Furthermore, a neural network model was trained and optimized for the identification of potential 

functional RNA elements in the 5’UTRs of bacterial genes.  
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Chapter 2 Materials and Methods 

2.1 Materials and Methods for the construction of CichlidDB 

 

2.1.1 Data collection 

All genome and transcriptome data were downloaded from public databases (Table 2.1). 

 

Table 2.1 Sources of data in CichlidDB 

Species Conditions Data sources 

Oreochromis niloticus multiple tissues PRJNA78915 

Astatotilapia burtoni multiple tissues PRJNA78185 

Neolamprologus brichardi multiple tissues PRJNA77747 

Metriaclima zebra multiple tissues PRJNA77743 

Pundamilia nyererei multiple tissues PRJNA83153 

Oreochromis niloticus alkalinity PRJNA287740 

Oreochromis niloticus gonad stages PRJNA170009 

Oreochromis niloticus salinity PRJNA280611 

Oreochromis niloticus salinity intestine PRJEB6181 

Red tilapia Red tilapia PRJNA323766 

Oreochromis mossambicus Mozambique tilapia PRJNA212732 

Astatotilapia burtoni eggspot PRJNA322734 

Astatotilapia burtoni Sex difference PRJNA248277 

Eretmodus cyanostictus Sex difference PRJNA248277 

Julidochromis ornatus Sex difference PRJNA248277 

Ophthalmotilapia ventralis Sex difference PRJNA248277 

 

 

2.1.2 Gene expression analysis 

Raw reads for transcriptome data were first checked for quality using FastQC 

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Then adaptors and low-quality 

reads were removed using Trimmomatic (Bolger, Lohse, & Usadel, 2014). Trimmed reads were 

subsequently mapped to the corresponding genomes using Tophat, and uniquely mapped reads 

were then used for calculating the expression level of genes and transcripts using cufflinks (Trapnell 

et al., 2012). Expression levels were normalized for each species or experimental group, and rRNAs 

were masked to improve expression accuracy. 
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2.1.3 SSR identification 

Five genomes of African cichlids, Oreochromis niloticus, Astatotilapia burtoni, Neolamprologus 

brichardi, Metriaclima zebra and Pundamilia nyererei were scanned for microsatellites using MISA 

(MIcroSAtellite identification tool, http://pgrc.ipkgatersleben.de/misa/). Parameters for MISA scan: 

mono:10, di:6, tri:5, tetra: 5, penta:5 and hexa:5. Then all identified SSRs were mapped to their 

genomes of origin based on their genomic coordinates to obtain their locations relative to genes. 

 

2.1.4 Database construction 

CichlidDB was constructed with the LAMP model. More specifically, Linux (Ubuntu 14.04), Apache 

2.0, Mysql 5.6.33 and PHP 5.6.23 were used. HTML5, Javascript and CSS were also used to enhance 

user experience. To facilitate gene visualization, GBrowse 2.0 was integrated into the database 

(Stein, 2013). And we also incorporated BLAST+ (Camacho et al., 2009)  and Primer3 for sequence 

search and primer design (Untergasser et al., 2012). Plots of gene expression and SSR distribution 

were dynamically generated using Highcharts (https://www.highcharts.com/). 

 

2.1.5 Building of API 

All data in CichlidDB were made accessible through a REST API, implementing the Flask REST 

Framework (http://flask.pocoo.org/). 

 

 

2.2 Materials and methods for simple sequence repeats analysis 

 

2.2.1 Data source 

All genome sequences, genome annotations and protein sequences were downloaded from the 

Ensembl database (https://www.ensembl.org/index.html), release version 82, in total 69 

eukaryotic species. 
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2.2.2 SSR identification and mapping to genomic regions 

All SSRs with unit length between 1 to 6 bp were identified using MISA (MIcroSAtellite identification 

tool, http://pgrc.ipkgatersleben.de/misa/). Parameters for MISA scan: mono:10, di:6, tri:5, tetra: 5, 

penta:5 and hexa:5. Identified SSRs were then mapped to different genomic regions based on 

coordinates extracted from annotation files. General workflow is shown in Fig 2.1 

 

 

Figure 2.1 General workflow for SSR identification and mapping 

 

2.2.3 Determination of SSR density, length distribution and GC 

content 

For SSR density calculation, frequencies of SSRs in each species were normalized by entire genome 

length in megabytes. For length distribution of SSRs, each identified SSR was assigned to a binned 

interval by a step of 10 base pairs according to its total length. For each species, the average GC 

contents of SSRs were determined for each SSR category respectively.  

 

2.2.4 Identification of alternatively spliced exons 

For the classification of exons, we adopt an approach described by Haerty et al (Haerty & Golding, 

2009). First, based on information from annotation files, genes were divided into alternatively 

spliced genes and genes with only one transcript. Then, exons in alternatively spliced genes were 

further divided according to their levels of inclusion. Exons exist in only one transcript of a gene 

were classified as single exons. Exons exist in many but not all transcripts of a gene were classified 

as multiple exons. Exons have alternative 5’ or 3’ splice sites were classified as complex exons. 
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Exons exist in all transcripts of a gene were classified as constitutive exons. Sequences in complex 

exons were classified into overlap regions (if they exist in two or more complex exons of the same 

gene) and extended regions (if they exist in only one complex exon). Exons reside in genes with 

only one transcript were classified as oneTrans exons. 

 

2.2.5 Mapping SSRs to different exon categories  

Identified SSRs were mapped to different exon categories based on genomic coordinates. For SSRs 

that were partially located in exons, if the overlapped regions pass the threshold of the SSR 

identification threshold, they were considered as located within exon, otherwise, they were 

considered as not located within exon. General workflow is shown in Fig 2.2 

 

 
Figure 2.2 Workflow of mapping SSRs to different exon categories.  

 

2.2.6 Identification and mapping of amino acid repeats 

For all protein coding genes, the longest protein sequence for each gene was chosen for amino 

acid scanning. All amino acid repeats with lengths of at least 5 and no interruptions were identified. 

The position of each amino acid repeats was then converted to genomic coordinates using 

transcript information from annotation files. All amino acid repeats were then mapped to different 

exon categories based on converted genomic coordinates. General workflow is shown in Fig 2.3 
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Figure 2.3 Workflow of mapping amino acid repeats to different exon categories. 

 

2.2.7 Statistics and scripts 

Unless stated otherwise, all identification, mapping, etc., were done using in-house python scripts. 

Statistics were done using the SciPy package (https://www.scipy.org/). 

 

 

2.3 Materials and methods for the construction of BacteriaDB  

 

2.3.1 Data sources 

All genome and transcriptome data were downloaded from public databases (Table 2.2, 

Supplementary table 1-10). 

 

Table 2.2 Genome version information for BacteriaDB 

Species Genome Version 

Bacillus subtilis 168 NC_000964.3 

Escherichia coli MG1655 NC_000913.3 

Enterococcus faecalis ATCC 29212 NZ_CP008816.1 

Listeria monocytogenes EGD-e NC_003210.1 

Pseudomonas aeruginosa PAO1 NC_002516.2 

Pseudomonas putida KT2440 NC_002947.4 

Photorhabdus luminescens TTO1 NC_005126.1 
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Neisseria meningitidis MC58 NC_003112.2 

Neisseria gonorrhoeae FA1090 NC_002946.2 

Pseudomonas aeruginosa PAK NZ_CP020659.1 

 

 

2.3.2 Gene expression analysis 

Same as mentioned in 2.1.2, except gene expression levels were normalized within each biological 

project. 

 

2.3.3 Coverage calculation 

Raw reads from transcriptome data were first checked for quality using FastQC 

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Then adaptors and low quality 

reads were removed using Trimmomatic (Bolger, Lohse, & Usadel, 2014). Trimmed reads were 

subsequently mapped to the corresponding genomes using Tophat, without annotation guidance. 

Uniquely mapped reads were then used for calculating coverage levels using samtools 

(http://www.htslib.org/) and stranded-coverage (https://github.com/pmenzel/stranded-

coverage). For read libraries that were constructed using strand specific protocol, coverages were 

calculated according to the strand origin of each read.  

 

2.3.4 Database construction 

BacteriaDB was constructed using the LAMP model. More specifically, Linux (Ubuntu 14.04), 

Apache 2.0, Mysql 5.6.33 and PHP 5.6.23 were used. HTML5, Javascript and CSS were also used to 

enhance user experience. To facilitate gene visualization, JBrowse was integrated into the database 

(Buels et al., 2016). And we also incorporated BLAST+ (Camacho et al., 2009) and Primer3 for 

sequence search and primer design (Untergasser et al., 2012). Plots of gene expression and 

coverage visualization were dynamically generated using Highcharts 

(https://www.highcharts.com/). For visualization of gene context on the Gene coverage plot page, 

Scribl was used (Miller, Anthony, Meyer, & Marth, 2013).  

 

2.3.5 Building of BacteriaDB API 

A REST API was built for BacteriaDB using the Flask REST Framework, which facilitate access and 

retrieval of all available data in BacteriaDB (http://flask.pocoo.org/). 
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2.3.6 Neural network models for functional elements 

identification 

First, the genome sequences of Bacillus subtilis (strain 168), Enterococcus faecalis (strain 

ATCC_29212) and Listeria monocytogenes (strain EGD-e) were scanned using infernal to identify 

known Riboswitches (Nawrocki & Eddy, 2013). Second, coverage data corresponding to the 

transcription termination mediated riboswitches and their down-stream genes in various 

transcriptomes were retrieved, these data were used as the positive set for training. Third, genes 

were randomly selected from the whole gene sets of Bacillus subtilis (strain 168), Enterococcus 

faecalis (strain ATCC_29212) and Listeria monocytogenes (strain EGD-e) and their coverages were 

retrieved from the aforementioned transcriptomes. The coverages for these random genes were 

then checked for topology profile, those with topology similar to the positive training set were 

eliminated, and from the remaining coverages a set with about twice the number as the positive 

set was chosen, these coverages were used as the negative set for training. Neural network models 

were constructed using Keras (https://keras.io/) with Tensorflow backend 

(https://www.tensorflow.org/). The whole positive set and negative set were first split into a 

training set and a testing set, at a 9 to 1 ratio. The neural network models were then trained on the 

positive and negative training data set, results were confirmed using a 10-fold cross validation. 

Hyperparameters for the neural network models were optimized using both random and Bayesian 

approaches (https://github.com/fmfn/BayesianOptimization). 
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Chapter 3 Results 

3.1 Results for CichlidDB 

CichlidDB is compatible with all modern browsers, using gene ID as query in respective pages allows 

users to retrieve gene and transcript expression information as well as SSRs within genes. All data 

in the database can be downloaded, and they are also available through an API, which allows data 

retrieval by Linux command line tools or scripting languages like Python or perl. CichlidDB is 

available at http://134.34.113.85/cichliddb_index.php 

Home page of CichildDB gives a brief introduction of cichlid fish and CichlidDB (Fig 3.1) 

 

 

Figure 3.1 Home page of CichlidDB. African cichlids photo 

(https://www.flickr.com/photos/oakleyoriginals/8589738572/) by OakleyOriginals, licensed under 

CC BY 2.0 (https://creativecommons.org/licenses/by/2.0/legalcode). 

 

3.1.1 Gene expression search 

Searching for gene or transcript expression levels are achieved by using gene IDs as queries. More 
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specifically, on the ‘Gene Expression’ page, this is proceeded by first select the species or 

experimental conditions of interest in the ‘Species’ drop-down menu, then input gene ID into the 

‘GeneID’ box and click the ‘Select’ button. Expression values of the target gene in various tissues 

will be returned both in a table and presented in a bar plot (Fig. 3.2). For genes with multiple 

transcripts through alternative splicing, the expression values of all transcripts(isoforms) are also 

returned, and a stacked bar plot is generated to show the makeup of gene expression in various 

tissues (Fig. 3.2). 

 

    

Figure 3.2 Gene expression search page of CichlidDB. Upper panel, expression bar plot and data 

table of gene ‘LOC100696620’ in Nile Tilapia. Lower panel, stacked bar plot and data table for all 

transcripts originated from gene ‘LOC100696620’.  
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3.1.2 SSRs within gene 

SSRs identified in cichlid genomes are presented on a gene-centered basis. On the SSR page, first 

choose species of interest and then input gene ID before hit the “Select” button. Results are 

returned in plots and a table. In the upper panel, two plots are generated, the left plot presents 

details on SSR distribution in the selected species, breaking down by SSR unit length, from mono 

repeat to hexa repeat (Fig. 3.3). In the right-side plot, a pie chart is generated showing percentage 

of SSRs in each genomic region, including coding regions, none coding regulatory regions and 

intergenic regions (Fig. 3.3). In the lower panel, a table is generated, presenting all SSRs within 

target gene (Fig. 3.3). In the “SSRID” column of the table, genomic location of each SSR is listed, 

and for each SSR, its type, copy number and region of gene it was mapped to are also shown. In 

the “GeneID” column, a link to the NCBI database is incorporated, clicking on the gene ID allows 

users to explore further information in the NCBI database.    
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Figure 3.3 SSR page of CichlidDB. Upper panel, SSR distribution and location in the Nile tilapia. 

Lower panel, SSRs within gene ‘LOC100696911’ of the Nile tilapia. 

 

3.1.3 Genome visualization 

The GBrowse2.0 page provides gene search and visualization functionality. After choosing a target 

gene, a user can choose to add further information by clicking the “Select Tracks” button. For 

example, choosing the “Repeat” track adds all the identified SSRs to the GBrowse, which gives the 

use a bird’s eye view of the SSRs in or surrounding the target gene (Fig. 3.4).  

 

 

Figure 3.4 Gene and SSR visualization with GBrowse 2.0. Upper track, all identified SSRs in or 

surrounding target gene. Lower track, all transcript structures of target gene. 

 

3.1.4 Incorporated tools 

Two tools were incorporated into CichlidDB. For checking sequence similarity or gene homology, 

on the BLAST page, users can either input a sequence in fasta format into the text field or upload 

a file from a local hard drive (Fig. 3.5). Five BLAST programs are provided, blastn, blastp, blastx, 

tblastn and tblastx. Users can choose to blast against a genome assembly, transcripts or proteins. 
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In the lower part of the page, within the fieldset, parameters of BLAST can be fine-tuned to fulfill 

custom needs (Fig. 3.5). On the Primer3 page, primers for amplifying regions of interest can be 

designed (Fig. 3.6). This could be convenient after potentially functional SSRs are found. 

 

 

Figure 3.5 CichlidDB BLAST page. 

 



20 
 

 

Figure 3.6 Incorporated Primer3 in CichlidDB. 

 

3.1.5 Utilization of API 

The CichlidDB API provides an alternative way of data retrieval. All gene and transcript information 

within the CichlidDB can be obtained through the API. The API webpage provides a manual on how 

to retrieve relevant information (Fig. 3.7). Basically, going to the root of the API returns all the Data 

Groups in CichlidDB, these include species names or species with specific experimental conditions. 

Exploring further down the hierarchy, users can retrieve more information about each Data Group, 

such as all the tissue names within a Data Group, this allows for more specific data retrieval. Gene 

IDs, tissue names, expression value ranges, etc., can all be incorporated into the URI to tailor for 

more specific requirements. Linux command line tools, such as “curl” can be used to obtain data 

through the API, and scripts written in various scripting language are also compatible. The data are 

returned in JSON format, which is straight forward for parsing out and downstream analysis or 

incorporating into other applications.  

 



21 
 

 

Figure 3.7 API manual page of CichlidDB.  

 

3.1.6 Data source browsing 

All sources of raw data used for the construction of CichlidDB are listed on the Statistics page (Fig. 

3.8). Users can follow the links listed within the “Data Sources” column to the original biological 

projects in NCBI or European Nucleotide Archive. This provides users with further insights on 

experimental designs of all data sources and technical information such as library construction 

protocol. 
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Figure 3.8 Data sources are listed on the Statistics page. 

 

 

3.2 Results for simple sequence repeats analysis in eukaryotic 

genomes 

 

3.2.1 SSR identification and its distribution in different species 

Simple sequence repeats (SSRs) with unit length from 1 to 6 bp were identified in 69 eukaryotic 

genomes. These SSRs were then mapped to different genomic locations based on the coordinates 

of the identified SSRs and the coordinates of the genomic features. For all identified SSRs, SSR 

density, length distribution and GC content were analyzed. For the SSRs mapped to genomic 

features, they were further categorized into SSRs within exons, SSRs within introns and SSRs within 

intergenic regions. 
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3.2.1.1 SSR density  

In most species, SSR densities are negatively correlated with their unit length. SSRs of longer unit 

length are less frequent in genome. However, in some species, for example in Cat, Cave fish, Fugu, 

Mouse, Rabbit, etc., di repeats are as abundant as mono repeats in genome. And in Rat and Cod, 

di repeats are more frequent than mono repeats. Results are shown in Fig 3.9. 

 

 

Figure 3.9 SSR density in 69 eukaryotic genomes. y-axis, species names. x-axis, number of 6 

categories of SSRs per million base pairs. 

 

3.2.1.2 SSR length distribution 

Length frequencies show a universal decline in all species with the increase of length size--shorter 

SSRs are more frequent than their longer counterparts. Results are shown in Figure 3.10. 
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Figure 3.10 SSR length distribution. y-axis, species names. x-axis, SSR frequencies in 10 different 

length ranges.   

 

3.2.1.3 SSR GC content 

SSRs with low GC content (lower than 0.2) are almost all mono repeats.  Mono repeats have a 

wider range of GC content, ranging from almost 0 to more than 0.9. While most other repeats have 

GC contents between 0.2 and 0.6. Results are shown in Figure 3.11. 
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Figure 3.11 GC content of SSRs. Average GC content for each of the 6 SSR categories for all 69 

eukaryotic species are plotted. 

 

3.2.1.4 SSRs located in exons 

In most species the most abundant repeats in exons are tri-nucleotide repeats. But in Coelacanth, 

Human, Mouse and Sheep, mono repeats are most abundant. And in Tasmanian devil and zebrafish, 

di repeats are the most abundant SSRs. Results are shown in Figure 3.12. 
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Figure 3.12 SSRs in exons. y-axis, species names. x-axis, frequencies of 6 categories of SSRs located 

in exons. 

 

3.2.1.5 SSRs located in introns 

In the introns of most species, mono repeats are most abundant. But in Cave fish, Cod, Fugu, 

Mouse, Rat, Stickleback and Zebrafish, di repeats are the most abundant SSRs. Results are shown 

in Figure 3.13. 
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Figure 3.13 SSRs in introns. y-axis, species names. x-axis, frequencies of 6 categories of SSRs located 

in introns. 

 

3.2.1.6 SSRs located in intergenic regions 

In the intergenic regions of most species, mono repeats are most frequent. In Cavefish, Cod, Fugu, 

Mouse, Rabbit, Rat, Stickleback, Tetraodon and Zebrafish di repeats are most abundant. And in 

Anole lizard, tri repeats are the most abundant SSRs. Results are shown in Figure 3.14. 
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Figure 3.14 SSRs in intergenic regions. y-axis, species names. x-axis, frequencies of 6 categories of 

SSRs located in intergenic regions. 

 

 

3.2.2 SSR distribution among different exon categories 

All genes in the 69 genomes were first classified into alternatively spliced genes and genes with 

only one transcript. Exons from genes with only one transcript were classified as oneTrans exons. 

For exons from alternatively spliced genes, they were classified into single exons, multiple exons, 

complex exons and constitutive exons according to their levels of inclusion. Different genomes 

were found to have dramatically different proportions of genes undergo alternative splicing, and 

the distribution patterns of SSRs among different exon categories were analyzed. 

 

3.2.2.1 Alternative splicing levels in all genomes 

Alternative splicing levels differ dramatically among eukaryotic species in Ensembl. The highest 

being Fugu, with more than half of its genes go through alternative splicing. More than 40% of 
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genes in Fruit fly and Zebrafish are alternatively spliced. Human, Marmoset and Mouse have 

alternative splicing levels of more than 30%. Other species have less alternatively spliced genes. 

Results are shown in Figure 3.15. 

 

 

Figure 3.15 Different alternative splicing levels in 69 eukaryotic genomes. y-axis, species names. x-

axis, blue bars represent percentage of genes with only one transcript, orange bars represent 

percentage of genes go through alternative splicing. 

 

3.2.2.2 SSRs in genes 

Comparisons of the existence of SSR between non-alternatively spliced genes and alternatively 

spliced genes showed that in most species, alternatively spliced genes are more likely to contain 

SSR(s) than genes with only one transcript. Results are shown in Figure 3.16 and Table Su18. 
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Figure 3.16 Comparisons of SSR presence between alternatively spliced genes and genes with only 

one transcript. Red diamond, SSR frequency in oneTrans genes lower than in alternatively spliced 

genes. Green diamond, SSR frequency in oneTrans genes higher than in alternatively spliced genes. 

Diamonds in the shadow are significant (G-test, p<0.05). 

 

3.2.2.3 Exon length comparison 

Length comparisons between exon with SSR and exon without SSR showed that in all tested species, 

exons contain SSR are longer than exons without SSR. Results are shown in Figure 3.17 and Table 

Su15. 
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Figure 3.17 Length comparison between exons with SSR and exons without SSR. Green diamond, 

length of exons with SSR greater than exons without. Diamonds in the shadow are significant 

(Kruskal Wallis rank sum test, p<0.05). 

 

3.2.2.4 SSR length comparison 

SSR length comparisons between alternative exons and constitutive exons showed that single 

exons are more likely to have longer SSRs than constitutive exons compared with multiple exons. 

For complex exons, SSR lengths did not show a clear tendency. Results are shown in Figure 3.18 

and Table Su21. 

SSR length comparisons between exons in alternatively spliced genes and exons in genes with only 

one transcript showed that single exons are more likely to have longer SSRs than oneTrans exons 

compared with multiple exons. For complex exons and constitutive exons, SSR lengths did not show 

a clear tendency. Results are shown in Figure 3.19 and Table Su22. 
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Figure 3.18 SSR length comparison between alternative exons and constitutive exons. Top panel, 

comparison between single exons and constitutive exons. Middle panel, comparison between 

multiple exons and constitutive exons. Bottom panel, comparison between complex exons and 

constitutive exons. Green diamonds, SSRs in alternative exons longer than SSRs in constitutive 

exons. Red diamonds, SSRs in alternative exons shorter than SSRs in constitutive exons. Diamonds 

in shadow are significant (Kruskal Wallis rank sum test, p-values are bonferroni corrected for each 

species, p<0.05). 

 

 

Figure 3.19 SSR length comparison between exons in alternatively spliced genes and exons in genes 

with only one transcript. Top left, comparison between single exons and oneTrans exons. Top right, 

comparison between multiple exons and oneTrans exons. Bottom left, comparison between 

complex exons and onetrans exons. Bottom right, comparison between constitutive exons and 

oneTrans exons. Green diamonds, SSRs in exons from alternatively spliced genes longer than SSRs 

in oneTrans exons. Red diamonds, SSRs in exons from alternatively spliced genes shorter than SSRs 

in oneTrans exons. Diamonds in shadow are significant (Kruskal Wallis rank sum test, p-values are 

bonferroni corrected for each species, p<0.05). 
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3.2.2.5 SSR presence in exons 

Comparisons of SSR frequency between alternative exons and constitutive exons showed that 

single exons and complex exons are more likely to have SSRs when compared with constitutive 

exons, multiple exons showed a weaker tendency. Results are shown in Figure 3.20 and Table Su16. 
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Figure 3.20 Exons with SSR and exons without SSR comparison between alternative exons and 

constitutive exons. Top panel, comparison between single exons and constitutive exons. Middle 

panel, comparison between multiple exons and constitutive exons. Bottom panel, comparison 

between complex exons and constitutive exons. Green diamonds, alternative exons more likely to 

have SSRs than constitutive exons. Red diamonds, alternative exons less likely to have SSRs than 

constitutive exons. Diamonds in shadow are significant (G-test, p-values are bonferroni corrected 

for each species, p<0.05). 

 

3.2.2.6 SSR presence in different regions of complex exons 

Comparison of SSR presence between overlap regions of complex exons and extend regions of 

complex exons showed that in most tested species overlap regions contain significantly less SSR 

than extend regions. Results are shown in Figure 3.21 and Table Su17. 

 

 

Figure 3.21 Comparison of SSR presence between overlap regions of complex exons and extend 

regions of complex exons. Green diamonds, overlap regions more likely to have SSR than extend 

regions. Red diamonds, overlap regions less likely to have SSR than extend regions. Diamonds in 

shadow are significant (G-test, p<0.05). 
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3.2.2.7 Amino acid repeats consist of a single codon 

Comparisons of AARs consist of a single codon between alternative exons and constitutive exons 

showed that amino acid repeats in single exons and complex exons are more likely to be encoded 

by a single codon compared with constitutive exons, multiple exons showed a weaker tendency. 

Results are shown in Figure 3.22 and Table Su11.  

Comparisons of AARs consist of a single codon between exons from alternatively spliced genes and 

exons from genes with only one transcript showed that in a few species, AARs in single exons are 

more likely to be encoded by one codon compared with oneTrans exons. In multiple exons and 

complex exons, the trend is unclear. In quite a few species, AARs in constitutive exons are less likely 

to be encoded by a single codon compared with AARs in oneTrans exons. Results are shown in 

Figure 3.23 and Table Su12.  
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Figure 3.22 Comparison of AARs consist of a single codon between alternative exons and 

constitutive exons. Top panel, comparison between single exons and constitutive exons. Middle 

panel, comparison between multiple exons and constitutive exons. Bottom panel, comparison 

between complex exons and constitutive exons. Green diamonds, AARs in alternative exons more 

likely to be encoded by a single codon compared with AARs in constitutive exons. Red diamonds, 

AARs in alternative exons less likely to be encoded by a single codon compared with AARs in 

constitutive exons. Diamonds in shadow are significant (G-test, p-values are bonferroni corrected 

for each species, p<0.05). 

 

 

Figure 3.23 Comparison of AARs consists of a single codon between exons from alternatively 

spliced genes and exons from genes with only one transcript. Top left, comparison between single 

exons and oneTrans exons. Top right, comparison between multiple exons and oneTrans exons. 

Bottom left, comparison between complex exons and oneTrans exons. Bottom right, comparison 

between constitutive exons and oneTrans exons. Green diamonds, AARs in exons from alternatively 

spliced genes more likely to be encoded by a single codon compared with AARs in exons from 

oneTrans genes. Red diamonds, AARs in exons from alternatively spliced genes less likely to be 

encoded by a single codon compared with AARs in exons from oneTrans genes. Diamonds in 



40 
 

shadow are significant (G-test, p-values are bonferroni corrected for each species, p<0.05). 

 

3.2.2.8 Homocodon length 

Homocodon length comparisons between alternative exons and constitutive exons showed that 

homocodons are longer in single exons and complex exons compared with constitutive exons, and 

this trend is weaker in multiple exons. Results are shown in Figure 3.24 and Table Su19. 

Homocodon length comparisons between exons in alternatively spliced genes and exons in genes 

with only one transcript showed that homocodons are longer in single exons and complex exons 

when compared with oneTrans exons, however, the opposite is true for multiple exons and 

constitutive exons. Results are shown in Figure 3.25 and Table Su20. 
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Figure 3.24 Homocodon length comparison between alternative exons and constitutive exons. Top 

panel, comparison between single exons and constitutive exons. Middle panel, comparison 

between multiple exons and constitutive exons. Bottom panel, comparison between complex 

exons and constitutive exons. Green diamonds, homocodons in alternative exons longer than 

homocodons in constitutive exons. Red diamonds, homocodons in alternative exons shorter than 

homocodons in constitutive exons. Diamonds in shadow are significant (Kruskal Wallis rank sum 

test, p-values are bonferroni corrected for each species, p<0.05). 

 

 

Figure 3.25 Homocodon length comparison between exons in alternatively spliced genes and exons 

in genes with only one transcript. Top left, comparison between single exons and oneTrans exons. 

Top right, comparison between multiple exons and oneTrans exons. Bottom left, comparison 

between complex exons and oneTrans exons. Bottom right, comparison between constitutive 

exons and oneTrans exons. Green diamonds, homocodons in exons from alternatively spliced genes 

longer than homocodons in exons from genes with only one transcript. Red diamonds, 

homocodons in exons from alternatively spliced genes shorter than homocodons in exons from 

genes with only one transcript. Diamonds in shadow are significant (Kruskal Wallis rank sum test, 

p-values are bonferroni corrected for each species, p<0.05). 
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3.2.2.9 Codon diversity 

Codon diversity comparisons between alternative exons and constitutive exons showed that AARs 

in single and complex exons are less diverse compared with AARs in constitutive exons. AARs in 

multiple exons did not show a clear tendency. Results are shown in Figure 3.26 and Table Su13. 

Codon diversity comparisons between exons in alternatively spliced genes and exons in genes with 

only one transcript showed that AARs in single exons are less diverse compared with AARs in 

oneTrans exons. This trend is not clear for AARs in multiple and complex exons. For AARs in 

constitutive exons, their diversities are higher than AARs in oneTrans exons. Results are shown in 

Figure 3.27 and Table Su14. 
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Figure 3.26 Codon diversity comparison between alternative exons and constitutive exons. Top 

panel, comparison between single exons and constitutive exons. Middle panel, comparison 

between multiple exons and constitutive exons. Bottom panel, comparison between complex 

exons and constitutive exons. Green diamonds, AAR codons in alternative exons more diverse than 

AAR codons in constitutive exons. Red diamonds, AAR codons in alternative exons less diverse than 

AAR codons in constitutive exons. Diamonds in shadow are significant (Kruskal Wallis rank sum test, 

p-values are bonferroni corrected for each species, p<0.05. Codon diversities were calculated using 

Simpson index). 

 

 

Figure 3.27 Codon diversity comparison between exons in alternatively spliced genes and exons in 

genes with only one transcript. Top left, comparison between single exons and oneTrans exons. 

Top right, comparison between multiple exons and oneTrans exons. Bottom left, comparison 

between complex exons and oneTrans exons. Bottom right, comparison between constitutive 

exons and oneTrans exons. Green diamonds, AAR codons in exons from alternatively spliced genes 

more diverse than AAR codons in exons from genes with only one transcript. Red diamonds, AAR 

codons in exons from alternatively spliced genes less diverse than AAR codons in exons from genes 

with only one transcript. Diamonds in shadow are significant (Kruskal Wallis rank sum test, p-values 
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are bonferroni corrected for each species, p<0.05. Codon diversities were calculated using Simpson 

index.). 

 

 

3.3 Results for BacteriaDB 

BacteriaDB collected gene and coverage information for 10 bacterial species. For each species, 

transcriptome data from various experimental or environmental conditions were analyzed. 

Searching in BacteriaDB can be both gene ID based or genomic coordinate based. BacteriaDB is 

available at http://134.34.113.85/BacteriaDB/index.php 

Basic information about BacteriaDB can be found on the home page (Fig. 3.28). 

 

Figure 3.28 Home page of BacteriaDB 

 

3.3.1 Gene expression 

Expression levels of a gene can be searched using the gene ID as query on the Gene expression 

page. On the Gene expression page (Fig. 3.29), first select species of interest on the “Species” drop-

down menu, hit “Select”, and all the experimental conditions of the selected species will be listed 

in a table. In the “Gene expression condition table”, a user can either select all the conditions 

available, or select only specific condition(s) of interest. After conditions have been selected, input 

target gene ID into the “Gene name” box and hit the “Get expression bar plot” button at the 

bottom of the page to generate a gene expression bar plot on the chosen gene and the selected 
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conditions (Fig. 3.30).  

On the top of the resulting gene expression plot page, a table is generated, giving brief information 

on the query gene, such as gene name, strand, genomic location, etc. Clicking on the Locus tag will 

redirect to the corresponding page about the query gene in the NCBI website, where users can 

obtain further information. On the Gene expression page, a button named “Bio replicates” is also 

provided, users can choose either “Yes” in which case all the biological replicates of a gene under 

a certain experimental condition will be shown. Or selecting “No”, in which case for each chosen 

condition only one biological replicate is shown. Default value for the “Bio replicates” button is 

“Yes”. 

 

 

Figure 3.29 Gene expression page of BacteriaDB. 
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Figure 3.30 Expression bar plot of the guaA gene in Bacillus subtilis 168. 

 

3.3.2 Coverage search  

Coverage of genomic regions are provided for 10 bacterial species on the Gene coverage page (Fig. 

3.31). Process for getting the coverage of target regions is similar to obtaining gene expression data. 

A user can first select species and experimental conditions of interest in respective fields, and then 

specify a target region to extract coverage for in the “Genome location” input field. After choosing 

whether or not to show data on all biological replicates, hitting the “Get coverage plot” button will 

generate plots on the target region for all the specified conditions (Fig. 3.32).  On the top of each 

plot, the name of the experimental condition is shown, and users can click and drag the plot to 

zoom in on specific regions within each plot. The plots provide single base resolution, which means 

by further zooming, the coverage level of each base in the genome is accounted for. After zooming, 

hitting the “Reset zoom” button will restore the plot to its original state. At the bottom left corner 

of each plot, there is a “Remove this plot” button, clicking of which will remove the chosen plot 

from the webpage. A plot depicting the gene or genes in the selected region is also generated, and 

this gene plot has a fixed position to the browsing window, which is convenient when determining 

position of coverage to gene when scrolling down the page. At the bottom of the coverage plot 
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page, genomic sequences are provided for both the plus and the minus strands of the target 

genomic region. Under each sequence text-field exists a button named either ”Copy forward strand 

sequence and go to Rfam” or “Copy reverse stand sequence and go to Rfam” (Fig. 3.33). Clicking 

on those buttons will copy the respective sequences to the clipboard and redirect to the Sequence 

search page of Rfam, users can then paste the sequence into the “sequence” text-field on the Rfam 

Sequence search page and search for potential RNA genes or other functional RNA elements.   

 

  

 

 Figure 3.31 Coverage page of BacteriaDB. 
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Figure 3.32 Transcription coverage plot of the thiC gene in Bacillus subtilis 168. Coverage peak in 

front of the thiC gene corresponds to a TPP riboswitch. 

 

 

Figure 3.33 Genome sequences at the bottom of the coverage page. Clicking on buttons under 

either the forward sequence or the reverse sequence will copy the respective sequence and go to 

the Rfam sequence search page. 
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3.3.3 JBrowse 

Genome sequences and annotations are incorporated into JBrowse. For gene visualization, on the 

JBrowse page, a user can directly search for gene names in the top right search box (Fig. 3.34). Or, 

a user can first select species name in the left side panel, and then choose the right genome version 

number (which can be obtained on the Statistics page) from the drop-down menu on the top of 

the page. Clicking on the structure of the gene will bring about a popup window which contains 

further information, such as gene length, gene position, sequence of gene, etc. 

 

 

Figure 3.34 JBrowse page of BacteriaDB. 

 

3.3.4 BLAST and Primer design 

BacteriaDB is equipped with all 5 major blast programs, blastn, blastp, blastx, tblastn and tblastx. 

Homology search can be carried out on genome, transcripts and protein sequences of 10 bacterial 

species (Fig. 3.35). In the lower part of the Blast page, a fieldset of blast parameters is provided, 

from which users can select custom parameters to fine tune blast results. The primer design 

program Primer3 is incorporated into the Primer3 page, in which users can design primers as 

needed (Fig. 3.36).  
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Figure 3.35 BLAST page of BacteriaDB. 

 

 

Figure 3.36 Primer design page of BacteriaDB. 
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3.3.5 Genome versions and transcriptome data sources 

On the top of the Statistics page, inside the table “Genome version used for each species in the 

database”, genome versions for the 10 bacterial species are listed (Fig. 3.37). Under the genome 

version table, data source information on each transcriptome of every experimental conditions are 

listed separately by species. Inside each transcriptome data source table, the first column shows 

the names of the species, the second column shows the names of experimental conditions and the 

third column lists the names of the original biological projects. Clicking on the names of the 

biological projects will go to the original data description pages of the projects, either in NCBI or 

European Nucleotide Archive. From those pages, uses can obtain information on experimental 

design and library preparation protocol.  

 

 

Figure 3.37 Statistics page of BacteriaDB, where genome versions and data sources for 

transcriptome data are listed. 

 

3.3.6 Usage of API 

The root of the API is at http://134.34.113.85:90/bacteriadb_api/v1/ 

Basic information on how to access information in BacteriaDB through a REST API is provided on 

the API page (Fig. 3.38). Data on gene expression, coverage and genome sequences can be 

retrieved through various endpoints of the API. The API is organized in a hierarchical structure. 

Going to the root of the API will return all the species available in the BacteriaDB. Adding 

specifications “Expression” and a species name to the URI will list all the experimental conditions 

for the chosen species. For example, using the URI 

http://134.34.113.85:90/bacteriadb_api/v1/Expression/Bacillus_subtilis_168/, will return all the 

experimental conditions available for Bacillus subtilis 168. To extracted gene expression values with 
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further filtering, specify filtering queries such as species name, locusTag and experimental 

condition name as parameters on the URI. For instance, using URI  

http://134.34.113.85:90/bacteriadb_api/v1/Expression?speciesName=Bacillus_subtilis_168&locu

sTag=BSU06360&conditionName=Ampicillin_rep1 will return expression value of gene BSU06360 

in Bacillus subtilis 168 under experimental condition “Ampicillin_rep1”, which means the first 

biological replicate of the Ampicillin treatment experiment. Data of coverage and genome 

sequences can be retrieved in a similar manner.  

The API can be accessed using Linux command tools such as curl, or scripting languages such as 

perl or python. Examples of using these to retrieve data are provided on the API webpage (Fig. 

3.38).   

All the data returned from the API calls are in JSON format, which are easy to parse or incorporate 

into third party applications.     

 

 

 

Figure 3.38 BacteriaDB API page. Information on the REST API of BacteriaDB is provided, with some 

examples on how to retrieve data using Linux command line tools or scripting languages. 
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3.3.7 Neural network models 

53 riboswitch regulated genes whose regulation are based on transcription termination in Bacillus 

subtilis (strain 168), Enterococcus faecalis (strain ATCC_29212) and Listeria monocytogenes (strain 

EGD-e) were used for extracting positive set, resulting in 532 positive data points. 77 randomly 

chosen genes from Bacillus subtilis (strain 168), Enterococcus faecalis (strain ATCC_29212) and 

Listeria monocytogenes (strain EGD-e) were used for negative set extraction, which resulted in 897 

negative data points. Coverage plots for all positive and negative data were generated and checked 

manually to ensure the soundness of the training data. After splitting training and testing set at a 

9 to 1 ratio, 479 positive training data, 807 negative training data, 53 positive testing data and 90 

negative testing data were generated. 

For each of the two hyperparameter optimization strategies, random and Bayesian, models with 

one hidden layer, two hidden layers and three hidden layers were built. 

For the random search method, 300 random combinations of batch size, dropout rate, epoch and 

neuron number were generated and used in training for each of the three types of models. 

Performance of the top 10 models for each model type are listed in table 3.1, table 3.2 and table.3.3.   

For the Bayesian search method, same set of hyperparameters with the same range as the random 

search were searched for 30 iterations for each type of models. Best performing models for each 

type are listed in table 3.4, table 3.5 and table 3.6. 

For both hyperparameter search strategies all results were validated using a 10-fold cross 

validation. 

A two-layer model in the random search scheme achieved the highest performance, with an 

accuracy of 99.69% (+/- 0.38%) in 10-fold cross validation. This model has hyperparameters batch 

size: 8, dropout rate: 0.4, epoch: 130, first layer neuron: 1900, second layer neuron: 100. When 

training a model with this parameter set on the training data and tested on the testing data, an 

accuracy of 98.60% was achieved. Then the whole positive and negative data set were trained using 

this hyperparameter combination, and the saved model was used as the final model for potential 

functional elements identification. 

   

 

Table 3.1 Top 10 one-layer models in random search 

batch_size dropout epoch first_layer_neuron accuracy 

8 0.3 130 1800 99.61% (+/- 0.39%) 

16 0.3 160 1300 99.53% (+/- 0.38%) 

32 0.5 190 600 99.53% (+/- 0.38%) 

8 0.4 200 1800 99.53% (+/- 0.38%) 

16 0.5 50 900 99.53% (+/- 0.38%) 

8 0.35 160 1600 99.53% (+/- 0.38%) 

8 0.1 90 1200 99.53% (+/- 0.38%) 

16 0.1 140 1400 99.53% (+/- 0.51%) 

8 0.5 160 200 99.53% (+/- 0.51%) 

8 0.45 200 1000 99.53% (+/- 0.38%) 
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Table 3.2 Top 10 two-layer models in random search 

batch_si

ze 

dropout epoch first_layer_neuron

s 

second_layer_neuro

ns 

accuracy 

8 0.4 130 1900 100 99.69% (+/-

0.38%) 

16 0.2 180 1700 400 99.61% (+/- 

0.52%) 

8 0.2 100 900 200 99.53% (+/- 

0.51%) 

64 0.3 190 100 900 99.53% (+/- 

0.62%) 

16 0.1 200 100 200 99.53% (+/- 

0.79%) 

8 0.45 60 900 1000 99.53% (+/- 

0.38%) 

8 0.15 80 1400 700 99.53% (+/- 

0.38%) 

16 0.3 90 2000 400 99.53% (+/- 

0.38%) 

16 0.35 180 800 400 99.53% (+/- 

0.80%) 

8 0.15 160 200 600 99.53% (+/- 

0.51%) 

 

 

Table 3.3 Top 10 three-layer models in random search 

batch_

size 

dropo

ut 

epoch first_layer_ne

urons 

second_layer_n

eurons 

third_layer_n

eurons 

accuracy 

16 0.35 200 300 100 900 99.69% (+/- 

0.52%) 

16 0.25 160 1000 600 600 99.61% (+/- 

0.39%) 

16 0.35 160 200 1000 300 99.53% (+/- 

0.99%) 

32 0.3 180 200 600 400 99.53% (+/- 

0.38%) 

8 0.15 190 100 800 400 99.53% (+/- 

0.38%) 

8 0.25 130 400 700 500 99.53% (+/- 

0.38%) 

8 0.3 130 600 700 200 99.53% (+/- 

0.93%) 

32 0.45 110 300 1000 800 99.53% (+/- 
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0.52%) 

128 0.05 140 1200 800 300 99.53% (+/- 

0.38%) 

8 0.25 100 1100 300 500 99.53% (+/- 

0.38%) 

 

 

Table 3.4 Best performing one-layer model in Bayesian search 

batch_size dropout epoch first_layer_neurons accuracy 

9 0.5 197 1324 99.53% (+/- 0.62%) 

 

 

Table 3.5 Best performing two-layer model in Bayesian search 

batch_si

ze 

dropout epoch first_layer_neur

ons 

second_layer_neur

ons 

accuracy 

8 0.5 200 100 100 99.61% (+/- 0.63%) 

 

 

Table 3.6 Best performing three-layer model in Bayesian search 

batch

_size 

dropo

ut 

epoch first_layer_neu

rons 

second_layer_n

eurons 

third_layer_

neurons 

accuracy 

8 0.05 200 100 100 1000 99.61% (+/- 

0.52%) 

 

 

3.3.8 Web application for potential riboswitch identification 

A web application named RiboScan employing the final saved neural network model was built. On 

the webpage, first upload a coverage file in wig format and an annotation file in gff3 format then 

choose a similarity threshold and hit the “Scan” button. After about one minute, the scanned 

results (genes whose transcriptome coverage pass the similarity threshold, therefore similar to the 

coverage of the positive training data of the premature termination riboswitch regulated genes) 

will be presented in a table (Fig. 3.39).  
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Figure 3.39 Web application RiboScan with the final trained model built in. Showing the first part 

of a list generated by scanning a Bacillus subtilis transcriptome under the experimental condition 

of Ampicillin treatment.   

 

In the candidate gene table, the name of the candidate genes, their strand information, similarity 

scores and gene functions are presented. For each candidate gene, a “View” button and a “Remove” 

button are also provided. Clicking on the “View” button will generate a popup window showing 

the coverage of the candidate gene (Fig 3.40). While clicking the “Remove” button removes the 

entire row.  

 

 

 

Figure 3.40 Popup window showing the coverage of one candidate gene. The position of the start 
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codon is at 500 of the x-axis. 

 

For instance, scanning a coverage file generated using the Bacillus subtilis transcriptome under 

Ampicillin treatment resulted in the table shown in Fig. 3.39. Because the uploaded file was the 

coverage of the transcriptome on the plus strand, so firstly all the candidate genes on the minus 

strand were removed from the table. Then coverage plots of the candidate genes were checked by 

clicking the “View” buttons, and genes with coverage profiles that looked most promising were 

kept. After a final list of candidate genes had been chosen, the “Export to Excel” button at the 

bottom of the table was clicked to export the candidate gene list to an Excel file. Results are listed 

in Table 3.7.   

 

 

Table 3.7 Candidate genes from scanning a plus strand coverage file of Bacillus subtilis under 

Ampicillin treatment. 

 

GeneID Strand Prediction 

score 

Gene description Detection Rfam 

element 

BSU38960 + 1 hypothetical protein Term-seq 

RiboScan 

SAM 

BSU13090 + 1 multidrug resistance protein Term-seq 

RiboScan 

ykkC-

yxkD 

BSU30990 + 1 thiamine transporter ThiT Term-seq 

RiboScan 

TPP 

BSU08790 + 1 phosphomethylpyrimidine synthase Term-seq 

RiboScan 

TPP 

BSU07480 + 1 hypothetical protein RiboScan 
 

BSU34450 + 1 levansucrase Term-seq 

RiboScan 

 

BSU11870 + 1 cystathionine gamma-synthase/O-

acetylhomoserine 

RiboScan SAM 

BSU00930 + 1 serine acetyltransferase RiboScan 
 

BSU04230 + 1 hypothetical protein RiboScan 
 

BSU24580 + 1 ATP-dependent helicase YqhH RiboScan 
 

BSU11650 + 1 thiaminase Term-seq 

RiboScan 

TPP 

BSU00190 + 1 DNA polymerase III subunit 

gamma/tau 

RiboScan 
 

BSU38950 + 1 hypothetical protein Term-seq 

RiboScan 

SAM 

BSU11940 + 1 hypothetical protein RiboScan 
 

BSU00130 + 1 serine--tRNA ligase Term-seq 

RiboScan 

 

BSU15350 + 1 N-formyl-4-amino-5-aminomethyl-2- Term-seq TPP 
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methylpyrimidine deformylase RiboScan 

BSU13720 + 1 7-cyano-7-deazaguanine synthase 

QueC 

Term-seq 

RiboScan 

PreQ1 

BSU06370 + 1 guanine/hypoxanthine permease 

PbuG 

Term-seq 

RiboScan 

Purine 

BSU06420 + 1 5-(carboxyamino)imidazole 

ribonucleotide mutase 

Term-seq 

RiboScan 

Purine 

BSU39020 + 1 purine nucleoside transport protein 

NupG 

Term-seq 

RiboScan 

Purine 

BSU13120 + 1 glutamate 5-kinase 1 Term-seq 

RiboScan 

 

BSU01830 + 1 NADH-quinone oxidoreductase 

subunit 5 

RiboScan 
 

BSU09830 + 1 hydrolase RiboScan 
 

BSU15480 + 0.99999988

1 

uracil permease RiboScan 
 

BSU04320 + 0.99999940

4 

amino acid permease YdaO Term-seq 

RiboScan 

ydaO-

yuaA 

BSU23800 + 0.99999940

4 

pyrroline-5-carboxylate reductase 2 Term-seq 

RiboScan 

 

BSU15430 + 0.99999940

4 

isoleucine--tRNA ligase Term-seq 

RiboScan 

 

BSU38460 + 0.99999690

1 

tyrosine--tRNA ligase 2 RiboScan 
 

BSU31090 + 0.99999547 ktr system potassium uptake protein 

A 

Term-seq 

RiboScan 

ydaO-

yuaA 

BSU02530 + 0.99999523

2 

tryptophan RNA-binding attenuator 

protein inhibitory protein 

Term-seq 

RiboScan 

 

BSU28099 + 0.99999010

6 

hypothetical protein RiboScan 
 

BSU13590 + 0.99998629

1 

2,3-diketo-5-methylthiopentyl-1-

phosphate enolase 

Term-seq 

RiboScan 

SAM 

BSU04490 + 0.99997115

1 

ABC transporter ATP-binding protein Term-seq 

RiboScan 

 

BSU38230 + 0.99996697

9 

hypothetical protein RiboScan 
 

BSU02150 + 0.99996483

3 

hypothetical protein RiboScan 
 

BSU28890 + 0.99970597 hypothetical protein RiboScan 
 

BSU13300 + 0.99940800

7 

magnesium transporter MgtE Term-seq 

RiboScan 

ykok 

 

Comparison of the results from Riboscan with the results of Term-seq and known riboswitches in 
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Rfam showed that of the 37 candidate genes identified by RiboScan, 14 of them are not known to 

Term-seq or Rfam, resulting in 37.8% potential new candidates in the Ampicillin treated 

transcriptome (on the plus strand). Comparison results are shown in Figure 3.41.  

 

 

Figure 3.41 Comparison of results from RiboScan and results from Term-seq pipeline and known 

riboswitch regulated genes in Rfam. Venn diagram was created using Venny 2.1 

(http://bioinfogp.cnb.csic.es/tools/venny/index.html). 
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Chapter 4 Discussion 

4.1 Discussion for CichlidDB 

Compared with other vertebrates, cichlids evolve very rapidly. In the three major lakes of Africa, 

hundreds of species evolved in short periods of times (Kocher, 2004). Myriad evolutionary 

mechanisms have been found to contribute to their speedy divergence (Brawand et al., 2014). 

Many of these mechanisms exert their influence through the regulation of gene expression, both 

temporal and spatial. Therefore, analyzing expression patterns of genes will provide insights into 

the underlying mechanisms of physical traits which are significant in speciation.  

Alternative splicing allows an organism to generate higher level of complexity with relatively small 

numbers of genes (Black, 2003). And as can be seen from the data in CichlidDB, many cichlid genes 

have transcripts with dramatically different expression patterns among different tissues. These 

transcripts, although originated from the same genes, could have very different functions. Further 

investigation at transcript level instead of gene level holds the promise of unravelling more 

intriguing biological processes in cichlids. 

Although long been considered as non-functional, “junk” DNA, SSRs have demonstrated their 

influence in gene expression and gene function tuning. In cichlids, one example is the association 

of a CA repeats in the promoter of the prl1 gene with the expression of the gene and salt tolerance 

in tilapia (Streelman & Kocher, 2002).  The numerous roles SSRs played in other species make it 

convincing that there are numbers of genes and biological processes in cichlid fish that could be 

under the influence of SSRs.  

The CichlidDB will be regularly updated. Information from more cichlid species and more 

experimental conditions will be added to the database when they are available. With data continue 

to expand, CichlidDB will be a useful platform for the cichlid research community and the fish 

research community in general or beyond. 

 

 

4.2 Discussion for SSRs in eukaryotic genomes 

 

4.2.1 SSR distribution in eukaryotic genomes 

For the majority of the eukaryotic species investigated, SSRs with longer unit lengths are less 

frequent than SSRs with shorter unit lengths. However, in some species, di repeats are as or even 

more frequent than mono repeats. This agrees with researches involving other species, from 

mosquitoes to primates (Wang, Zhang, Qiao, & Chen, 2018; Xu et al., 2018). However, this might 

also to a certain extent depends on the threshold for the SSR identification and the target species 

of investigation. For example, in a study investigating the SSR distribution in 15 plant species using 
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a slightly different cutoff for SSR identification, a group of researchers found that di repeats are 

much more abundant than mono repeats (Portis et al., 2016).  While comparison based on total 

lengths of identified SSR repeats of all unit categories showed that longer repeats are always less 

frequent than shorter repeats. 

 

SSRs with lower GC contents, which mainly consist of adenine and thymine, are almost always 

mono repeats.  For di, tri, tetra, penta and hexa repeats, their GC contents usually lie between 

0.2 and 0.6. While the GC content for mono repeats ranges from very low to very high. However, 

this may also be the results of the species under investigation and the parameters for SSR 

identification, because in another study involving 10 primate species, the GC content of mono 

repeats were found to be always very low (Qi et al., 2016).  

 

In most eukaryotic genomes investigated in this study, tri repeats are the most abundant repeats 

in exons, mostly likely due to the fact that expansion or contraction of repeats of other unit lengths 

(except hexa repeats) is likely to result in frameshift mutations in protein coding exons, which might 

have deleterious effects (Borstnik & Pumpernik, 2002; Subramanian, Mishra, & Singh, 2003). While 

the abundance of repeats in introns and intergenic regions generally fits the genome-wide repeat 

density, with mono repeats being the most abundant in these regions.   

 

 

4.2.2 SSR distribution in different exons categories 

Different species have significantly different levels of alternative splicing (Kim, Magen, & Ast, 2007). 

Alternative splicing is important for increasing the diversity of transcriptome and proteome (Keren, 

Lev-Maor, & Ast, 2010), and can also be a contributor to phenotypic novelty (Bush, Chen, Tovar-

Corona, & Urrutia, 2017). However, the exact proportion of genes undergoing alternative splicing 

in an organism can be difficult to pinpoint. Depending the source of data, the number of genes 

going through alternative splicing for the same species can be dramatically different. For example, 

in the Ensembl data base, about 36% of genes in human have alternative transcripts. But according 

to other studies, the proportions of human genes going through alternative splicing are much 

higher (Pan, Shai, Lee, Frey, & Blencowe, 2008). This could lead to inconsistencies when carrying 

out cross-species comparisons regarding alternative splicing.   

Nevertheless, in this study, it is evident that selective pressure does have an impact on SSR 

distribution in most eukaryotic species in the Ensembl database, despite their different levels of 

alternative splicing.  

In genomic regions with less transcriptional exposure, such as single exons and extended regions 

of complex exons, SSRs are longer and more frequent in most species. 

Comparisons based on amino acid repeats show that AARs within single exon and complex exons 

are more likely to be encoded by a single codon, their homocodons are longer and codons are less 

diverse. 

In conclusion, SSRs with higher mutational potential are more likely to exist in genomic regions 

with lower selective pressure, which seems to fit the view that in expressed regions of a gene, 

mutations of SSRs, expansions or contractions, are more likely to have a deleterious effect, as 
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demonstrated by the multitude of human neuro-degenerative diseases. However, given the fact 

that SSRs exist in all genomic regions of basically all species with different evolutionally histories,  

beneficial roles of SSRs must also exist, which have been confirmed in a number of studies (Michael 

et al., 2007; Stern, Brown, Nickel, & Meyer, 1986). 

 

  

4.3 Discussion for BacteriaDB 

Many phenotypical differences in organisms can be traced back to differential gene expression. In 

humans, changes in gene expression underlie many trait variations and disease conditions (Akirav, 

Ruddle, & Herold, 2011; Harvey et al., 1995). In other vertebrates, stimuli such as temperature or 

light can induce gene expression which allows an organism to quickly adapt to changing 

environments (Bell-Pedersen et al., 2005; Politis et al., 2017). In bacteria, up- or down- regulation 

of genes can be vital for their survival in a challenging environment (Erickson, Otoupal, & Chatterjee, 

2015; Ishihama, 1997). Therefore, studying expression changes of bacterial genes under different 

environmental conditions can yield insights into bacterial metabolism mechanisms and their 

potential adaptation strategies in adverse conditions, such as in the presence of antibiotics.      

The expression coverages of genes provide additional information on top of the mere expression 

value of a gene (usually in the form of fpkm value). For gene expression values, different regions 

of the gene are calculated and normalized, resulting in a single numerical value. This is sufficient if 

the main aim of research is to understand gene expression in general, however, if functional 

elements such as riboswitches exist and can cause different regions of the same gene to be 

transcribed at different levels, simply looking at the gene expression value will yield no clue about 

the underlying regulatory mechanism. But, with the help of gene coverage information, regulatory 

events like this can be observed. For instance, for a riboswitch that regulates gene expression 

through transcription termination, the coverage of the 5’UTR region of its target gene can have a 

much higher value than the rest of the target gene, when binding or not binding to the ligand which 

causes premature termination of transcription to happen (depending on whether it is a “ON” or 

“OFF” riboswitch). This will lead to “peaks” to appear in the 5’UTR of the riboswitch regulated gene 

when expression of the gene is viewed in the form of coverage data. Thus, providing coverage 

information on top of gene expression values will give researchers a convenient way to investigate 

the effects of RNA elements which might leave a “mark” on the topology of gene coverage.       

Among the various types of functional RNA elements, riboswitches are relatively new discoveries. 

The first validation of riboswitches happened in 2002 (Mironov et al., 2002; Winkler, Nahvi, & 

Breaker, 2002). However, many riboswitches of different classes have been discovered and 

validated since then (Baker et al., 2012; Mandal et al., 2004; Serganov, Huang, & Patel, 2008). These 

riboswitches are assigned to different classes based on the ligands they bind. And, riboswitches 

belong to the same class usually have a high level of sequence conservation in their ligand binding 

aptamer. This provides avenues for identifying riboswitches based on sequence similarity. 

Programs such as Infernal use covariance models to find riboswitches from sequenced genomes. 

These models were built based on conserved sequences of a given riboswitch class. Approaches 

like this can be quite efficient at identifying new members of known riboswitch classes in a newly 

sequenced species but can be challenging when trying to find new riboswitch classes.  
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Using transcriptome coverage for riboswitch identification provides a new perspective. This 

method does not rely on sequence conservation, therefore can identify riboswitch classes that are 

totally new. And this approach requires little data input, a sequenced, annotated genome and a 

transcriptome with a decent coverage level are all is needed. However, this method does have 

some short comings. For instance, it can identify riboswitches that regulate gene expression 

through premature termination, but not suitable for the identification of riboswitches functioning 

at translation regulation levels (since this regulatory mechanism does not involve a change of the 

coverage profile of the regulated gene). Also, further experimental validations are needed after the 

identification of a potential candidate to make sure the “peaks” picked up by the machine learning 

model are indeed caused by termination of transcription, not due to artifacts introduced by library 

preparation before transcriptome sequencing.  

According to one study, there could be hundreds or even thousands of riboswitch classes that are 

currently unknown (McCown et al., 2017). Identifying these riboswitch classes can be increasingly 

difficult, since no model or conserved sequence exist for finding them in a sequence comparison 

based approach. The method developed in this section will provide an alternative way which 

circumvent the limitations of the sequence based approach, and may provide researchers with 

entirely new riboswitches which have yet to attract anyone’s attention. The Term-seq pipeline uses 

the mapping of exposed RNA 3’ ends in bacteria to identify riboswitches and other regulatory 

elements, and this approach can discover most of the riboswitch regulated genes. In Bacillus 

subtilis, 34 genes are listed as riboswitch regulated in Rfam, of these genes, 32 were identified in 

the Term-seq approach. However, of the 2 candidates missed by Term-seq, one was a SAM 

riboswitch which upon coverage inspection was almost certain that its mechanism was based on 

transcription termination. However, Term-seq failed to discover this riboswitch. But this gene was 

discovered by RiboScan, which is based on coverage topology. Thus, RiboScan can serve as an 

alternative pipeline for potential riboswitch identification, and compared with the Term-seq 

approach which requires a substantial amount of funds to generate the necessary sequencing 

libraries, RiboScan can use the publicly available transcriptome information and repurpose them 

for riboswitch identification. Thousands of bacterial species have already been sequenced and 

many of them have at least one transcriptome data set available, all of these can serve as the ‘raw 

material’ for RiboScan to mine for potential riboswitches. With the continuing drop of sequencing 

costs and the increase of bacterial genome and transcriptome information, RiboScan will be a 

useful tool for new riboswitch discoveries.  

 

4.4 Outlook 

With the widely adoption of next-generation sequencing technology in the past decade, study of 

gene expression has gone from low through-put methods such as real-time PCR in which only a 

handful of genes are investigated to the simultaneous determination of expression of all genes in 

an entire organism. And the cost of whole transcriptome sequencing has dropped quite 

dramatically. The genome sequences and transcriptomes of many species are being sequenced on 

a daily basis, and these data can provide researcher with an unprecedented opportunity for 

investigating the molecular mechanism of many longstanding biological questions. However, at the 

moment, many of these data are scattered in separate biological projects. Although these 
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biological projects mostly are gathered in a few major biological data hubs such as NCBI or ENA, 

they are usually presented at a primitive “raw reads” state, which require further data processing 

before they can be used by researchers. Therefore, constructing databases which contain 

processed transcriptome data that can be directly browsed or retrieved by researchers of 

respective fields seem like the next reasonable step in the big data era.  

With bigger data, comes bigger and more valuable information. Therefore, algorithms which can 

process mountains of biological data and find meaningful patterns or sequence elements will 

continue to be developed and be more likely to be part of our daily lives. Among the different 

classes of algorithms, machine learning models are on their way of surpassing traditional methods 

to become the leading analysis tools for biological data. Machine learning algorithms, especially 

deep neural networks are already being used in image or voice recognition, and have achieved 

accuracy rates which are comparable to that of humans. The utilization of machine learning in the 

analysis of biological data has already been applied to the identification of conserved sequence 

elements in genomes and the prediction of protein interactions, etc. With the availability of more 

and more data in many biological research branches, it can be expected that machine learning will 

be an integral part of a great number of biological research fields.       
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Supplements 

 

Table Su1 Bacillus subtilis 168 transcriptome data sources. 

Species Conditions Data Sources 

Bacillus subtilis 168 5_min_phage_infection PRJNA345214 

Bacillus subtilis 168 20_min_phage_infection PRJNA345214 

Bacillus subtilis 168 40_min_phage_infection PRJNA345214 

Bacillus subtilis 168 LB_corn PRJNA383275 

Bacillus subtilis 168 WT_mitomycin PRJNA319983 

Bacillus subtilis 168 dormant_T0 PRJNA321031 

Bacillus subtilis 168 no_salt_T30 PRJNA321031 

Bacillus subtilis 168 no_salt_T60 PRJNA321031 

Bacillus subtilis 168 no_salt_T90 PRJNA321031 

Bacillus subtilis 168 salt_T30 PRJNA321031 

Bacillus subtilis 168 salt_T60 PRJNA321031 

Bacillus subtilis 168 salt_T90 PRJNA321031 

Bacillus subtilis 168 Ampicillin PRJEB12568 

Bacillus subtilis 168 Bacitracin PRJEB12568 

Bacillus subtilis 168 Chloramphenicol PRJEB12568 

Bacillus subtilis 168 Erythromycin PRJEB12568 

Bacillus subtilis 168 Kanamycin PRJEB12568 

Bacillus subtilis 168 LB PRJEB12568 

Bacillus subtilis 168 Lincomycin PRJEB12568 

Bacillus subtilis 168 lysine_and_methionine PRJEB12568 

Bacillus subtilis 168 lysine PRJEB12568 

Bacillus subtilis 168 methionine PRJEB12568 

Bacillus subtilis 168 Ofloxacin PRJEB12568 

 

 

Table Su2 Escherichia coli MG1655 transcriptome data sources. 

Species Conditions Data Sources 

E. coli MG_1655 37c PRJNA279273 

E. coli MG_1655 Aero_pln PRJNA293036 

E. coli MG_1655 Aero PRJNA293036 

E. coli MG_1655 Anaero_pln PRJNA293036 

E. coli MG_1655 Anaero PRJNA293036 

E. coli MG_1655 DPD PRJNA238005 

E. coli MG_1655 Fe PRJNA238005 

E. coli MG_1655 L_tryptophan_aerobic PRJNA209705 

E. coli MG_1655 acetate PRJNA383408 

E. coli MG_1655 adenine_aerobic PRJNA209705 
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E. coli MG_1655 aerobic PRJNA209705 

E. coli MG_1655 ampicillian PRJNA310769 

E. coli MG_1655 anaerobic PRJNA209705 

E. coli MG_1655 batch_growth PRJNA310115 

E. coli MG_1655 chemostat_growth PRJNA310115 

E. coli MG_1655 glucose PRJNA383408 

E. coli MG_1655 glycerol PRJNA383408 

E. coli MG_1655 n_Butanol PRJNA310769 

E. coli MG_1655 n_Hexane PRJNA310769 

E. coli MG_1655 starvation_growth PRJNA310115 

E. coli MG_1655 tetracycline PRJNA310769 

E. coli MG_1655 wildType PRJNA310769 

E. coli MG_1655 xylose PRJNA383408 

 

 

Table Su3 Enterococcus faecalis ATCC 29212 transcriptome data sources. 

Species Conditions Data Sources 

Enterococcus faecalis ATCC_29212 Ampicillin PRJEB12568 

Enterococcus faecalis ATCC_29212 Bacitracin PRJEB12568 

Enterococcus faecalis ATCC_29212 Chloramphenicol PRJEB12568 

Enterococcus faecalis ATCC_29212 Erythromycin PRJEB12568 

Enterococcus faecalis ATCC_29212 Kanamycin PRJEB12568 

Enterococcus faecalis ATCC_29212 LB PRJEB12568 

Enterococcus faecalis ATCC_29212 Lincomycin PRJEB12568 

Enterococcus faecalis ATCC_29212 Ofloxacin PRJEB12568 

 

 

Table Su4 Listeria monocytogenes EGD_e transcriptome data source. 

Species Conditions Data Sources 

Listeria monocytogenes EGD_e 125e_5_L_plantarum_180min PRJNA223295 

Listeria monocytogenes EGD_e 125e_5_L_plantarum_60min PRJNA223295 

Listeria monocytogenes EGD_e 1875e_6_L_plantarum_10min PRJNA223295 

Listeria monocytogenes EGD_e 1875e_6_L_plantarum_180min PRJNA223295 

Listeria monocytogenes EGD_e 1875e_6_L_plantarum_60min PRJNA223295 

Listeria monocytogenes EGD_e MQ_0h PRJNA223295 

Listeria monocytogenes EGD_e MQ_10min PRJNA223295 

Listeria monocytogenes EGD_e MQ_180min PRJNA223295 

Listeria monocytogenes EGD_e MQ_60min PRJNA223295 

Listeria monocytogenes EGD_e MQ_water_0h PRJNA274365 

Listeria monocytogenes EGD_e MQ_water_3h PRJNA274365 

Listeria monocytogenes EGD_e PT_1875e_6_L_plantarum_60min PRJNA223295 

Listeria monocytogenes EGD_e Rhamnose PRJNA207398 

Listeria monocytogenes EGD_e ampicillin_3h PRJNA274365 

Listeria monocytogenes EGD_e co_trimoxazole_3h PRJNA274365 
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Listeria monocytogenes EGD_e gentamicin_3h PRJNA274365 

Listeria monocytogenes EGD_e tetracycline_3h PRJNA274365 

Listeria monocytogenes EGD_e Ampicillin PRJEB12568 

Listeria monocytogenes EGD_e Bacitracin PRJEB12568 

Listeria monocytogenes EGD_e Chloramphenicol PRJEB12568 

Listeria monocytogenes EGD_e Erythromycin PRJEB12568 

Listeria monocytogenes EGD_e Kanamycin PRJEB12568 

Listeria monocytogenes EGD_e Lincomycin PRJEB12568 

Listeria monocytogenes EGD_e Ofloxacin PRJEB12568 

 

 

Table Su5 Pseudomonas aeruginosa PAO1 transcriptome data source. 

Species Conditions Data Sources 

Pseudomonas aeruginosa PAO1 DMSO_treated PRJNA326891 

Pseudomonas aeruginosa PAO1 azithromycin PRJNA381842 

Pseudomonas aeruginosa PAO1 baicalein_treated PRJNA326891 

Pseudomonas aeruginosa PAO1 bile PRJNA293013 

Pseudomonas aeruginosa PAO1 cisplatin PRJNA293013 

Pseudomonas aeruginosa PAO1 control PRJNA293013 

Pseudomonas aeruginosa PAO1 glycine_rich PRJNA307608 

Pseudomonas aeruginosa PAO1 untreated PRJNA326891 

Pseudomonas aeruginosa PAO1 wildtype PRJNA381842 

Pseudomonas aeruginosa PAO1 with_fna PRJNA296610 

Pseudomonas aeruginosa PAO1 without_fna PRJNA296610 

 

 

Table Su6 Pseudomonas putida KT2440 transcriptome data source. 

Species Conditions Data Sources 

Pseudomonas putida KT2440 10_degree PRJNA133713 

Pseudomonas putida KT2440 30_degree PRJNA133713 

Pseudomonas putida KT2440 fructose PRJNA200633 

Pseudomonas putida KT2440 glucose PRJNA341451 

Pseudomonas putida KT2440 glycerol PRJNA200633 

Pseudomonas putida KT2440 succinate_and_glucose PRJNA269721 

Pseudomonas putida KT2440 succinate PRJNA200633 

Pseudomonas putida KT2440 toluene_shock PRJNA341451 

Pseudomonas putida KT2440 toluene_vapor PRJNA341451 

 

 

Table Su7 Photorhabdus luminescens TTO1 transcriptome data source. 

Species Conditions Data Sources 

Photorhabdus luminescens TTO1 wildType PRJEB14802 

Photorhabdus luminescens TTO1 LB PRJNA307974 
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Photorhabdus luminescens TTO1 Low_Mg PRJNA307974 

Photorhabdus luminescens TTO1 High_Mg PRJNA307974 

Photorhabdus luminescens TTO1 polymyxine PRJNA307974 

Photorhabdus luminescens TTO1 dam_overexpression PRJNA392424 

Photorhabdus luminescens TTO1 empty_plasmid PRJNA392424 

 

 

Table Su8 Neisseria meningitidis MC58 transcriptome data source. 

Species Conditions Data Sources 

Neisseria meningitidis MC58 wildType PRJNA322025 

Neisseria meningitidis MC58 NMB0419_mutant PRJNA322025 

 

 

Table Su9 Neisseria gonorrhoeae FA1090 transcriptome data source. 

Species Conditions Data Sources 

Neisseria gonorrhoeae FA1090 wildType PRJNA325641 

Neisseria gonorrhoeae FA1090 cpx_active PRJNA325641 

Neisseria gonorrhoeae FA1090 cpx_inactive PRJNA325641 

 

 

Table Su10 Pseudomonas aeruginosa PAK transcriptome data source. 

Species Conditions Data Sources 

Pseudomonas aeruginosa PAK Host_P3_0 PRJNA307603 

Pseudomonas aeruginosa PAK Host_P3_13 PRJNA307603 

 

 

 

 

From Table Su11 to Su22, a ‘>’ sign after p-value denotes the measurements of the first exon 

category being compared is bigger than the second exon category, a ‘<’ sign after p-value denotes 

the measurements of the first exon category being compared is smaller than the second exon 

category. A ‘nan’ denotes data not available.  

 

Table Su11 AAR single Codon comparison between alternative exons and constitutive exons. 

Species name single_vs_constitutive multiple_vs_constitutive complex_vs_constitutive 

Alpaca nan nan nan 

Amazon_molly 4.851e-06> 4.422e-06> 3.352e-14> 

Armadillo 0.007> 0.029< 0.359> 

Bushbaby nan nan nan 

C_elegans 0.001> 0.047< 0.001> 

C_savignyi 0.956> 0.24> 0.293< 

Cat 0.307> nan 0.111> 

Cave_fish 0.347< nan 0.002< 
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Chicken 0.139> 0.001> 0.846< 

Chimpanzee 0.309< 0.764> 0.843> 

Chinese_softshell_turtle 0.013> 0.184> 0.031> 

Cod 0.888> 0.023> 0.143< 

Coelacanth 4.298e-31> 0.034> 0.01> 

Cow 0.02> 0.784> 0.03> 

Dog 1.537e-06> 0.035< 7.349e-06> 

Dolphin nan nan nan 

Duck 0.158> nan 0.003> 

Elephant 0.075> 0.111< 0.253> 

Ferret nan nan nan 

Flycatcher 0.0> 0.319> 4.178e-05> 

Fruitfly 6.736e-05> 0.0> 0.103> 

Fugu 9.619e-10> 0.062> 4.036e-05> 

Gibbon nan nan nan 

Gorilla 0.002> 0.257< 0.028> 

Guinea_Pig 0.81< nan 0.867> 

Hedgehog nan nan nan 

Horse 0.502> 0.167< 0.3< 

Human 0.026> 0.96< 0.562> 

Hyrax nan nan nan 

Kangaroo_rat nan nan nan 

Lamprey 0.939> 0.002> 0.936> 

Lesser_hedgehog_tenrec nan nan nan 

Macaque 4.217e-05> 0.21> 0.124> 

Marmoset 5.744e-10> 0.735> 6.884e-12> 

Medaka 0.014> 0.297< 0.04> 

Megabat nan nan nan 

Microbat 0.016> nan 0.327< 

Mouse 0.019> 0.066< 0.993> 

Mouse_Lemur nan nan nan 

Olive_baboon 0.137> 0.22> 0.002> 

Opossum 0.978> 0.609> 0.967< 

Panda 0.912> 0.672> 0.086> 

Pig 0.615> 0.398> 0.144< 

Pika nan nan nan 

Platyfish nan nan nan 

Platypus 0.216> nan 0.88< 

Rabbit 0.574> nan 0.357> 

Rat 0.019> 0.223> 0.339> 

Sheep 0.219> nan 0.431> 

Shrew nan nan nan 

Sloth nan nan nan 

Spotted_gar 0.021> nan 0.0> 
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Squirrel 0.974> 0.803< 0.023> 

Stickleback 0.611> 0.603> 0.004> 

Tarsier nan nan nan 

Tasmanian_devil 0.007> 0.12> 0.615> 

Tetraodon 0.535< 0.369< 0.586< 

Tilapia 0.014> 0.274< 0.529> 

Tree_Shrew nan nan nan 

Turkey 0.765< nan 0.118< 

Wallaby nan nan nan 

Xenopus 0.009> nan 0.343> 

Zebrafish 0.0> 0.608< 0.003> 

 

 

Table Su12 AAR single Codon comparison between exons from alternatively spliced genes and 

exons from oneTrans genes. 

Species name single_vs_oneTrans multiple_vs_oneTrans complex_vs_oneTrans constitutive_vs_oneTrans 

Alpaca nan nan nan nan 

Amazon_molly 0.066> 0.01> 9.613e-07> 1.334e-05< 

Armadillo 0.008> 0.019< 0.457> 0.678< 

Bushbaby nan nan nan nan 

C_elegans 0.047> 5.174e-06< 0.825> 0.002< 

C_savignyi 0.405> 0.017> 0.422< 0.643> 

Cat 0.889< nan 0.844> 0.015< 

Cave_fish 0.289< nan 0.0< 0.967< 

Chicken 0.551> 0.004> 0.272< 0.052< 

Chimpanzee 0.104< 0.799< 0.992< 0.488< 

Chinese_softshell_turtle 0.305> 0.332> 0.74> 0.009< 

Cod 0.41> 0.001> 0.003< 0.847> 

Coelacanth 8.561e-12> 0.833< 7.035e-10< 9.251e-18< 

Cow 0.191> 0.729< 0.334> 0.038< 

Dog 0.698> 2.14e-05< 0.086< 1.584e-13< 

Dolphin nan nan nan nan 

Duck 0.479> nan 0.004> 0.187< 

Elephant 0.0> 0.394< 0.0> 0.071> 

Ferret nan nan nan nan 

Flycatcher 0.646> 0.926> 0.442> 9.594e-08< 

Fruitfly 0.004> 0.251> 0.452< 0.084< 

Fugu 0.014> 0.378< 0.855< 0.004< 

Gibbon nan nan nan nan 

Gorilla 0.045> 0.109< 0.559> 0.085< 

Guinea_Pig 0.946< nan 0.593> 0.813> 

Hedgehog nan nan nan nan 

Horse 0.298> 0.226< 0.57< 0.377> 

Human 0.959< 0.001< 0.004< 0.02< 
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Hyrax nan nan nan nan 

Kangaroo_rat nan nan nan nan 

Lamprey 0.941< 0.001> 0.988< 0.822< 

Lesser_hedgehog_tenrec nan nan nan nan 

Macaque 0.223< 4.276e-06< 3.042e-11< 7.381e-17< 

Marmoset 0.205> 7.925e-05< 0.983< 3.532e-07< 

Medaka 0.493> 0.039< 0.919> 0.01< 

Megabat nan nan nan nan 

Microbat 0.005> nan 0.144< 0.981< 

Mouse 0.055> 0.0< 0.231< 0.437< 

Mouse_Lemur nan nan nan nan 

Olive_baboon 0.441> 0.334> 0.029> 0.053< 

Opossum 0.997< 0.666> 0.632< 0.762< 

Panda 0.923> 0.592> 0.011> 0.88> 

Pig 0.435> 0.25> 0.096< 0.801> 

Pika nan nan nan nan 

Platyfish nan nan nan nan 

Platypus 0.692> nan 0.114< 0.144< 

Rabbit 0.854> nan 0.586> 0.494< 

Rat 0.067> 0.445> 0.95> 0.243< 

Sheep 0.485> nan 0.974> 0.195< 

Shrew nan nan nan nan 

Sloth nan nan nan nan 

Spotted_gar 0.754> nan 0.992> 3.285e-06< 

Squirrel 0.868< 0.972< 0.041> 0.367< 

Stickleback 0.586< 0.885> 0.012> 0.187< 

Tarsier nan nan nan nan 

Tasmanian_devil 0.135> 0.399> 0.279< 0.015< 

Tetraodon 0.111< 0.19< 0.066< 0.213< 

Tilapia 0.016> 0.218< 0.837> 0.621< 

Tree_Shrew nan nan nan nan 

Turkey 0.109< nan 0.0< 0.107< 

Wallaby nan nan nan nan 

Xenopus 0.007> nan 0.404> 0.805< 

Zebrafish 0.136> 0.002< 0.906< 0.004< 

 

 

Table Su13 Codon diversity comparison between alternative exons and constitutive exons. 

Species name single_vs_constitutive multiple_vs_constitutive complex_vs_constitutive 

Alpaca nan nan 0.034> 

Amazon_molly 0.043< 1.509e-06< 8.613e-12< 

Anole_lizard 0.423< nan 0.114< 

Armadillo 0.001< 0.084> 0.077< 

Bushbaby 0.856> nan 0.818< 
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C_elegans 0.005< 0.052> 1.507e-07< 

C_intestinalis 0.099> nan 0.15> 

C_savignyi 0.102> 0.013> 0.228> 

Cat 0.289< 0.477< 0.23< 

Cave_fish 0.624> 0.967< 0.625< 

Chicken 0.063< 0.061< 0.124< 

Chimpanzee 0.3< 0.237> 0.097< 

Chinese_softshell_turtle 0.01< 0.039< 0.699< 

Cod 0.041< 0.013< 0.975< 

Coelacanth 2.476e-19< 0.094< 0.042< 

Cow 0.444< 0.088> 0.659< 

Dog 8.975e-06< 0.662> 1.755e-13< 

Dolphin 0.043< nan 0.031> 

Duck 0.047< 0.633< 3.311e-05< 

Elephant 0.018< 0.469< 0.002< 

Ferret 0.429< nan 0.978< 

Flycatcher 0.0< 0.131< 0.001< 

Fruitfly 5.629e-10< 1.389e-09< 4.24e-14< 

Fugu 5.379e-08< 0.24< 0.284< 

Gibbon 0.014< nan 0.117< 

Gorilla 6.523e-05< 0.037< 2.164e-10< 

Guinea_Pig 0.965> 0.698< 0.661> 

Hedgehog nan nan nan 

Horse 0.708< 0.551< 0.552< 

Human 0.002< 0.297< 0.022< 

Hyrax 0.033< nan 0.05> 

Kangaroo_rat 0.319< nan nan 

Lamprey 0.727> 0.119< 0.663> 

Lesser_hedgehog_tenrec nan nan nan 

Macaque 1.584e-06< 0.811< 0.023< 

Marmoset 8.39e-11< 0.542> 3.911e-21< 

Medaka 0.03< 0.5> 0.482> 

Megabat 0.788> nan nan 

Microbat 0.127< 0.61> 0.744> 

Mouse 1.973e-08< 0.007< 5.135e-08< 

Mouse_Lemur nan nan nan 

Olive_baboon 0.015< 0.022< 1.941e-06< 

Opossum 0.404< 0.035< 0.807> 

Orangutan 0.04< nan 0.553> 

Panda 0.799> 0.227< 0.015< 

Pig 0.062< 0.009> 0.014> 

Pika nan nan nan 

Platyfish 0.008> nan 0.001> 

Platypus 0.347< 0.186< 0.804< 
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Rabbit 0.4< 0.218> 0.049< 

Rat 1.523e-06< 0.16< 1.369e-05< 

Saccharomyces_cerevisiae nan nan nan 

Sheep 0.009< 0.133> 0.197< 

Shrew nan nan nan 

Sloth nan nan 0.038> 

Spotted_gar 0.115< 0.945< 0.0< 

Squirrel 0.606< 0.013> 0.315< 

Stickleback 0.294< 0.099> 0.001< 

Tarsier nan nan nan 

Tasmanian_devil 0.002< 0.015< 0.089< 

Tetraodon 0.428> 0.055< 0.355< 

Tilapia 0.004< 0.301< 0.432< 

Tree_Shrew nan nan nan 

Turkey 0.192< 0.005> 0.046> 

Vervet_AGM 0.26< 1.0> 0.235< 

Wallaby 0.772< nan 0.02> 

Xenopus 0.211< 0.001> 5.418e-05< 

Zebra_Finch 0.008< nan 0.243< 

Zebrafish 0.682< 0.002> 0.698> 

 

 

Table Su14 Codon diversity comparison between ARRs in exons from alternatively spliced genes 

and AARs in exons from oneTrans genes. 

Species name single_vs_oneTran

s 

multiple_vs_oneTran

s 

complex_vs_oneTrans constitutive_vs_oneTran

s 

Alpaca nan nan 0.029> 0.303< 

Amazon_molly 0.884> 0.0< 8.551e-08< 0.003> 

Anole_lizard 0.753< nan 0.322< 0.265> 

Armadillo 0.041< 0.007> 0.997< 0.001> 

Bushbaby 0.524< nan 0.386< 0.115< 

C_elegans 0.003< 0.21> 1.036e-08< 0.484< 

C_intestinalis 0.673> nan 0.789< 0.023< 

C_savignyi 0.509> 0.06> 0.758< 0.176< 

Cat 0.684< 0.649< 0.632< 0.1> 

Cave_fish 0.932< 0.833< 0.608< 0.202< 

Chicken 0.522< 0.272< 0.917< 0.01> 

Chimpanzee 0.667< 0.044> 0.99< 0.009> 

Chinese_softshell_turtle 0.542< 0.105< 0.016> 0.0> 

Cod 0.005< 0.004< 0.174> 0.505> 

Coelacanth 2.121e-09< 0.923< 3.684e-05> 7.906e-10> 

Cow 0.323< 0.116> 0.481< 0.868< 

Dog 0.552> 0.001> 0.956< 4.259e-19> 

Dolphin 0.011< nan 0.028> 0.245< 
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Duck 0.143< 0.975> 1.422e-05< 0.156> 

Elephant 0.002< 0.345< 1.585e-05< 0.6< 

Ferret 0.49< nan 0.375< 0.533< 

Flycatcher 0.638< 0.74< 0.936> 1.421e-09> 

Fruitfly 3.477e-13< 1.804e-14< 1.04e-16< 2.255e-05< 

Fugu 0.019< 0.263> 0.054> 0.013> 

Gibbon 0.064< nan 0.727< 0.019> 

Gorilla 0.286< 0.588< 0.037< 1.232e-06> 

Guinea_Pig 0.424< 0.531< 0.845> 0.442< 

Hedgehog nan nan nan nan 

Horse 0.806< 0.468< 0.41> 0.725> 

Human 0.154> 2.096e-07> 5.706e-05> 6.839e-06> 

Hyrax 0.025< nan 0.03> 0.438> 

Kangaroo_rat 0.343< nan nan 0.949< 

Lamprey 0.892< 0.082< 0.956> 0.486< 

Lesser_hedgehog_tenrec nan nan nan nan 

Macaque 0.491< 2.329e-05> 7.321e-05> 3.4e-10> 

Marmoset 0.007< 0.0> 0.001< 0.0> 

Medaka 0.201< 0.19> 0.023> 0.112> 

Megabat 0.945< nan nan 0.519< 

Microbat 0.02< 0.76< 0.919> 0.328< 

Mouse 0.027< 0.004> 0.661< 1.247e-05> 

Mouse_Lemur nan nan nan nan 

Olive_baboon 0.039< 0.041< 5.197e-08< 0.446< 

Opossum 0.836< 0.127< 0.158> 0.283> 

Orangutan 0.17< nan 0.116> 0.168> 

Panda 0.366> 0.467< 0.095< 0.062> 

Pig 0.005< 0.018> 0.043> 0.231< 

Pika nan nan nan nan 

Platyfish 0.051> nan 0.003> 0.128< 

Platypus 0.875> 0.303< 0.428> 0.178> 

Rabbit 0.598< 0.263> 0.048< 0.515> 

Rat 0.002< 0.991< 0.055< 0.0> 

Saccharomyces_cerevisiae nan nan nan nan 

Sheep 0.049< 0.098> 0.789< 0.079> 

Shrew nan nan nan nan 

Sloth nan nan 0.028> 0.23< 

Spotted_gar 0.984> 0.399> 0.546< 7.809e-05> 

Squirrel 0.899< 0.033> 0.053< 0.248< 

Stickleback 0.235> 0.017> 0.058< 0.009> 

Tarsier nan nan nan 0.001> 

Tasmanian_devil 0.271< 0.27< 0.15> 9.711e-06> 

Tetraodon 0.133> 0.146< 0.89< 0.34> 

Tilapia 0.044< 0.537< 0.295> 0.072> 
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Tree_Shrew nan nan 0.406< nan 

Turkey 0.631< 0.001> 0.0> 0.17> 

Vervet_AGM 0.317< 0.787< 0.353< 0.814< 

Wallaby 0.649< nan 0.027> 0.932< 

Xenopus 0.048< 0.003> 9.59e-08< 0.436< 

Zebra_Finch 0.021< nan 0.981> 0.087> 

Zebrafish 0.368< 0.024> 0.739< 0.529< 

 

 

Table Su15 Length comparison between exons with SSR and exons without SSR. 

Species name Exon_with_ssr_vs_Exon_without_ssr 

Alpaca 4.128e-85> 

Amazon_molly 0.0> 

Anole_lizard 0.0> 

Armadillo 0.0> 

Bushbaby 0.0> 

C_elegans 0.0> 

C_intestinalis 1.023e-156> 

C_savignyi 1.768e-77> 

Cat 0.0> 

Cave_fish 0.0> 

Chicken 0.0> 

Chimpanzee 0.0> 

Chinese_softshell_turtle 0.0> 

Cod 2.176e-163> 

Coelacanth 0.0> 

Cow 0.0> 

Dog 0.0> 

Dolphin 1.951e-194> 

Duck 0.0> 

Elephant 7.839e-101> 

Ferret 0.0> 

Flycatcher 0.0> 

Fruitfly 0.0> 

Fugu 3.305e-175> 

Gibbon 0.0> 

Gorilla 0.0> 

Guinea_Pig 1.44e-73> 

Hedgehog 1.009e-138> 

Horse 0.0> 

Human 0.0> 

Hyrax 1.276e-158> 

Kangaroo_rat 1.731e-203> 

Lamprey 1.216e-268> 
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Lesser_hedgehog_tenrec 1.206e-219> 

Macaque 0.0> 

Marmoset 0.0> 

Medaka 4.903e-187> 

Megabat 4.009e-212> 

Microbat 4.778e-247> 

Mouse 0.0> 

Mouse_Lemur 1.738e-171> 

Olive_baboon 0.0> 

Opossum 0.0> 

Orangutan 0.0> 

Panda 3.314e-113> 

Pig 0.0> 

Pika 1.009e-159> 

Platyfish 0.0> 

Platypus 0.0> 

Rabbit 0.0> 

Rat 0.0> 

Saccharomyces_cerevisiae 2.477e-17> 

Sheep 0.0> 

Shrew 9.978e-117> 

Sloth 2.215e-82> 

Spotted_gar 0.0> 

Squirrel 0.0> 

Stickleback 0.0> 

Tarsier 8.276e-79> 

Tasmanian_devil 0.0> 

Tetraodon 1.494e-271> 

Tilapia 0.0> 

Tree_Shrew 2.633e-120> 

Turkey 4.535e-262> 

Vervet_AGM 0.0> 

Wallaby 2.676e-124> 

Xenopus 0.0> 

Zebra_Finch 0.0> 

Zebrafish 0.0> 

 

 

Table Su16 Comparison of SSR presence between alternative exons and constitutive exons. 

Species name single_vs_constitutive multiple_vs_constitutive complex_vs_constitutive 

Amazon_molly 0.045< 1.652e-07> 1.957e-17> 

Anole_lizard 0.355> 0.118< 0.0> 

Armadillo 0.001> 0.112> 1.181e-88> 

Bushbaby 0.011> 0.581< 0.297> 
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C_elegans 0.0> 0.024> 8.144e-21> 

C_intestinalis 0.024> 1.0> 0.818> 

C_savignyi 4.743e-13> 0.053> 1.244e-05> 

Cat 0.263< 0.026< 0.062< 

Cave_fish 0.747> 0.213< 0.984< 

Chicken 7.268e-21> 0.018> 3.48e-110> 

Chimpanzee 0.613< 0.161< 0.001> 

Chinese_softshell_turtle 3.537e-84> 0.861> 3.931e-180> 

Cod 2.487e-10> 0.001> 3.356e-05> 

Coelacanth 0.0> 0.011> 0.0> 

Cow 0.0> 0.017< 8.119e-15> 

Dog 3.539e-248> 0.863> 0.0> 

Duck 0.393> 0.113< 0.973< 

Elephant 1.968e-40> 0.098> 10.0e-83> 

Ferret 0.002> 0.335< 0.001> 

Flycatcher 4.605e-08> 0.038> 7.716e-13> 

Fruitfly 2.216e-41> 4.897e-34> 4.532e-287> 

Fugu 2.151e-235> 9.421e-20> 2.783e-138> 

Gibbon 2.511e-26> 0.291< 3.776e-195> 

Gorilla 1.666e-29> 0.635> 2.123e-108> 

Guinea_Pig 0.005> 0.61< 4.175e-05> 

Horse 0.181> 0.062< 1.441e-05> 

Human 3.239e-140> 2.288e-05< 3.175e-188> 

Lamprey 5.803e-07> 0.002> 0.0> 

Macaque 3.724e-44> 0.815< 1.12e-197> 

Marmoset 5.318e-158> 1.871e-05> 0.0> 

Medaka 1.598e-31> 0.848< 1.184e-21> 

Microbat 0.003> 0.307< 0.084> 

Mouse 2.92e-254> 1.706e-26< 0.0> 

Olive_baboon 2.433e-08> 0.91< 3.854e-68> 

Opossum 0.002> 0.526> 6.4e-11> 

Orangutan 1.971e-12> 0.323< 3.981e-111> 

Panda 1.791e-09> 0.935> 1.779e-13> 

Pig 4.696e-06> 8.387e-10< 1.309e-47> 

Platypus 0.162< 0.689< 0.094> 

Rabbit 1.895e-08> 0.908> 3.427e-57> 

Rat 3.514e-149> 0.983< 0.0> 

Sheep 2.238e-26> 0.459> 1.512e-47> 

Spotted_gar 0.005> 0.641< 0.002> 

Squirrel 0.0> 0.596> 0.303> 

Stickleback 1.061e-105> 0.017> 6.967e-234> 

Tarsier 0.395< 0.124< 0.627> 

Tasmanian_devil 2.074e-11> 0.055< 0.626> 

Tetraodon 3.502e-23> 0.048> 2.95e-13> 
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Tilapia 0.0> 0.006> 0.0> 

Turkey 0.054> 0.263< 0.987< 

Vervet_AGM 0.696> 0.934< 0.791> 

Xenopus 0.513> 0.076< 0.466> 

Zebra_Finch 1.121e-06> 0.632< 0.016> 

Zebrafish 0.0> 0.758> 0.0> 

 

 

Table Su17 Comparison of SSR presence between overlap and extend regions of complex exons. 

Species name overlap_vs_extend 

Amazon_molly 3.906e-223< 

Anole_lizard 1.831e-09< 

Armadillo 2.176e-44< 

Bushbaby 0.788< 

C_elegans 0.025< 

C_intestinalis 0.937> 

C_savignyi 0.003< 

Cat 0.016< 

Cave_fish 9.394e-06< 

Chicken 5.714e-23< 

Chimpanzee 2.632e-07< 

Chinese_softshell_turtle 2.969e-40< 

Cod 0.091> 

Coelacanth 6.342e-196< 

Cow 0.696< 

Dog 5.248e-231< 

Duck 0.449< 

Elephant 2.573e-62< 

Ferret 0.001< 

Flycatcher 2.346e-12< 

Fruitfly 6.699e-20< 

Fugu 0.725< 

Gibbon 7.407e-37< 

Gorilla 3.098e-173< 

Guinea_Pig 7.631e-05< 

Horse 0.336< 

Human 0.0< 

Lamprey 0.531< 

Macaque 4.828e-18< 

Marmoset 2.343e-148< 

Medaka 5.141e-08< 

Microbat 0.995< 

Mouse 0.0< 

Olive_baboon 3.441e-104< 
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Opossum 1.168e-15< 

Orangutan 4.738e-26< 

Panda 0.037> 

Pig 2.282e-35< 

Platypus 2.108e-13< 

Rabbit 2.801e-58< 

Rat 4.102e-63< 

Sheep 1.115e-08< 

Spotted_gar 1.822e-23< 

Squirrel 0.408< 

Stickleback 6.122e-16< 

Tarsier 0.99> 

Tasmanian_devil 8.454e-12< 

Tetraodon 0.0< 

Tilapia 1.094e-297< 

Turkey 0.015< 

Vervet_AGM 0.407> 

Xenopus 1.752e-40< 

Zebra_Finch 0.675> 

Zebrafish 6.601e-132< 

 

 

Table Su18 Comparison of SSR presence within gene between oneTrans genes and alternative 

genes. 

Species name oneTrans_gene_vs_AS_gene 

Alpaca 0.454< 

Amazon_molly 1.001e-143< 

Anole_lizard 0.02< 

Armadillo 1.533e-205< 

Bushbaby 0.002< 

C_elegans 1.048e-210< 

C_intestinalis 8.269e-05< 

C_savignyi 6.388e-37< 

Cat 3.766e-08< 

Cave_fish 2.007e-11< 

Chicken 1.944e-29< 

Chimpanzee 5.449e-11< 

Chinese_softshell_turtle 1.599e-49< 

Cod 1.307e-26< 

Coelacanth 0.0< 

Cow 7.48e-13< 

Dog 5.86e-171< 

Dolphin 0.347< 

Duck 0.001< 
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Elephant 3.505e-140< 

Ferret 0.513< 

Flycatcher 2.231e-08< 

Fruitfly 0.0< 

Fugu 5.972e-195< 

Gibbon 1.887e-66< 

Gorilla 1.124e-189< 

Guinea_Pig 7.662e-10< 

Hedgehog 0.516> 

Horse 1.172e-40< 

Human 0.0< 

Hyrax 0.268< 

Kangaroo_rat 0.4< 

Lamprey 4.8e-21< 

Macaque 4.984e-207< 

Marmoset 0.0< 

Medaka 6.107e-15< 

Megabat 0.08< 

Microbat 1.299e-05< 

Mouse 0.0< 

Olive_baboon 2.177e-125< 

Opossum 0.014< 

Orangutan 4.978e-57< 

Panda 5.589e-13< 

Pig 7.477e-72< 

Platyfish 0.088> 

Platypus 5.453e-10< 

Rabbit 1.464e-15< 

Rat 2.948e-219< 

Sheep 1.071e-43< 

Shrew 0.582> 

Sloth 0.372< 

Spotted_gar 1.193e-105< 

Squirrel 3.872e-15< 

Stickleback 9.69e-52< 

Tarsier 0.98< 

Tasmanian_devil 5.592e-71< 

Tetraodon 1.2e-21< 

Tilapia 4.425e-222< 

Tree_Shrew 0.494> 

Turkey 1.765e-20< 

Vervet_AGM 0.145> 

Wallaby 0.935< 

Xenopus 7.374e-90< 
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Zebra_Finch 0.0< 

Zebrafish 0.0< 

 

 

Table Su19 Homocodon length comparison between alternative exons and constitutive exons. 

Species name single_vs_constitutive multiple_vs_constitutive complex_vs_constitutive 

Alpaca nan nan 0.032< 

Amazon_molly 0.02> 9.981e-06> 5.839e-19> 

Anole_lizard 0.164> nan 0.001> 

Armadillo 0.033> 0.444< 0.068> 

Bushbaby 0.867> nan 0.657> 

C_elegans 0.046> 0.179< 3.692e-07> 

C_intestinalis 0.758> nan 0.075< 

C_savignyi 0.631> 0.174< 0.769> 

Cat 0.745> 0.569> 0.103> 

Cave_fish 0.213> 0.29< 0.472< 

Chicken 0.763> 0.216> 0.442> 

Chimpanzee 0.393> 0.324< 0.478> 

Chinese_softshell_turtle 0.0> 0.043> 0.109> 

Cod 0.0> 0.011> 0.051> 

Coelacanth 5.054e-18> 0.801> 0.477> 

Cow 0.049> 0.796< 0.007> 

Dog 4.101e-09> 0.436< 1.521e-15> 

Dolphin 0.088> nan 0.042< 

Duck 0.008> 0.213< 1.028e-05> 

Elephant 3.828e-08> 0.757< 1.333e-14> 

Ferret 0.468> nan 0.772> 

Flycatcher 1.746e-06> 0.462< 1.324e-07> 

Fruitfly 1.276e-05> 2.963e-07> 1.129e-17> 

Fugu 8.176e-19> 0.098> 1.162e-06> 

Gibbon 0.003> nan 0.444> 

Gorilla 1.535e-08> 0.428> 1.259e-25> 

Guinea_Pig 0.04> 0.374< 0.254> 

Hedgehog nan nan nan 

Horse 0.654> 0.078< 0.824< 

Human 4.107e-05> 0.134> 0.0> 

Hyrax 0.102> nan 0.069< 

Kangaroo_rat 0.622> nan nan 

Lamprey 0.068> 0.047> 0.346> 

Lesser_hedgehog_tenrec nan nan nan 

Macaque 6.765e-08> 0.037> 0.001> 

Marmoset 1.026e-12> 0.16> 1.984e-43> 

Medaka 0.007> 0.536< 0.48> 

Megabat 0.47< nan nan 
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Microbat 0.038> 0.366< 0.237> 

Mouse 5.317e-09> 0.01> 2.776e-10> 

Mouse_Lemur nan nan nan 

Olive_baboon 0.005> 0.663> 4.943e-12> 

Opossum 0.373> 0.222> 0.569> 

Orangutan 0.09> nan 0.834> 

Panda 0.105> 0.145> 0.0> 

Pig 0.165> 0.009< 0.023< 

Pika nan nan nan 

Platyfish 0.007< nan 0.012< 

Platypus 0.295> 0.057> 0.099< 

Rabbit 0.127> 0.109< 0.002> 

Rat 4.485e-08> 0.073> 2.46e-05> 

Saccharomyces_cerevisiae nan nan nan 

Sheep 0.008> 0.291< 0.263> 

Shrew nan nan nan 

Sloth nan nan 0.353< 

Spotted_gar 0.002> 0.632< 4.869e-08> 

Squirrel 0.774< 0.507< 0.702> 

Stickleback 0.002> 0.703> 7.042e-09> 

Tarsier nan nan nan 

Tasmanian_devil 2.606e-06> 0.0> 0.015> 

Tetraodon 0.502> 0.365> 0.267> 

Tilapia 0.001> 0.482> 0.054> 

Tree_Shrew nan nan nan 

Turkey 0.632< 0.0< 0.25< 

Vervet_AGM 0.348> 0.506< 0.418> 

Wallaby 0.919> nan 0.016< 

Xenopus 0.0> 0.017< 6.63e-12> 

Zebra_Finch 0.009> nan 0.248> 

Zebrafish 0.07> 0.23< 0.181> 

 

 

Table Su20 Homocodon length comparison between exons in alternatively spliced genes and 

exons in oneTrans genes. 

Species name single_vs_oneTrans multiple_vs_oneTrans complex_vs_oneTrans constitutive_vs_oneTrans 

Alpaca nan nan 0.026< 0.125> 

Amazon_molly 0.453> 0.023> 7.959e-10> 1.844e-06< 

Anole_lizard 0.626> nan 0.015> 0.033< 

Armadillo 0.151> 0.21< 0.404> 0.07< 

Bushbaby 0.94< nan 0.82< 0.833< 

C_elegans 0.015> 0.902< 1.18e-09> 0.204> 

C_intestinalis 0.566> nan 0.486< 0.117> 

C_savignyi 0.442< 0.084< 0.502< 0.908< 
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Cat 0.762< 0.739< 0.294> 0.139< 

Cave_fish 0.072> 0.419< 0.929< 0.279> 

Chicken 0.592< 0.539> 0.7< 0.054< 

Chimpanzee 0.936< 0.117< 0.665< 0.076< 

Chinese_softshell_turtle 0.063> 0.14> 0.262< 0.0< 

Cod 6.58e-05> 0.024> 0.156> 0.137< 

Coelacanth 4.425e-10> 0.393> 6.426e-06< 2.208e-07< 

Cow 0.478> 0.348< 0.184> 0.015< 

Dog 0.307> 0.001< 0.159> 4.143e-17< 

Dolphin 0.025> nan 0.028< 0.158> 

Duck 0.026> 0.123< 1.783e-06> 0.24< 

Elephant 8.831e-08> 0.494< 4.276e-16> 0.412< 

Ferret 0.355> nan 0.669> 0.792< 

Flycatcher 0.792< 0.286< 0.831< 2.566e-14< 

Fruitfly 1.234e-08> 3.994e-13> 1.352e-19> 6.181e-06> 

Fugu 0.0> 0.026< 0.242< 1.562e-05< 

Gibbon 0.007> nan 0.802> 0.278< 

Gorilla 0.047> 0.36< 1.456e-08> 4.183e-09< 

Guinea_Pig 0.022> 0.211< 0.291> 0.476< 

Hedgehog nan nan nan nan 

Horse 0.613> 0.076< 0.817> 0.957> 

Human 0.027< 1.001e-12< 5.562e-07< 4.186e-10< 

Hyrax 0.112> nan 0.028< 0.204< 

Kangaroo_rat 0.639> nan nan 0.666< 

Lamprey 0.291> 0.069> 0.965< 0.169< 

Lesser_hedgehog_tenrec nan nan nan nan 

Macaque 0.472> 0.002< 0.0< 9.651e-13< 

Marmoset 0.0> 7.099e-05< 1.046e-12> 0.0< 

Medaka 0.035> 0.262< 0.748> 0.183< 

Megabat 0.551< nan nan 0.653> 

Microbat 0.037> 0.524< 0.322> 0.515< 

Mouse 0.038> 0.001< 0.366< 8.116e-07< 

Mouse_Lemur nan nan nan nan 

Olive_baboon 0.107> 0.965< 1.57e-09> 0.001< 

Opossum 0.743< 0.498< 0.252< 0.068< 

Orangutan 0.285> nan 0.457< 0.114< 

Panda 0.642> 0.42> 0.006> 0.043< 

Pig 0.049> 0.011< 0.024< 0.473> 

Pika nan nan nan nan 

Platyfish 0.019< nan 0.077< 0.2> 

Platypus 0.467> 0.107> 0.012< 0.466< 

Rabbit 0.696< 0.06< 0.038> 0.048< 

Rat 9.455e-05> 0.742< 0.088> 0.0< 

Saccharomyces_cerevisiae nan nan nan nan 
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Sheep 0.019> 0.231< 0.643> 0.225< 

Shrew nan nan nan nan 

Sloth nan nan 0.328< 0.36> 

Spotted_gar 0.205> 0.597< 0.027> 7.779e-06< 

Squirrel 0.772< 0.495< 0.674> 0.978> 

Stickleback 0.725< 0.13< 0.004> 1.108e-05< 

Tarsier nan nan nan 0.007< 

Tasmanian_devil 0.061> 0.062> 0.14< 6.759e-09< 

Tetraodon 0.208< 0.531< 0.557> 0.429< 

Tilapia 0.016> 0.752> 0.686> 0.071< 

Tree_Shrew nan nan 0.787< nan 

Turkey 0.632< 0.0< 0.244< 0.918< 

Vervet_AGM 0.512> 0.021< 0.597< 0.077< 

Wallaby 0.717> nan 0.026< 0.572> 

Xenopus 0.0> 0.012< 8.089e-14> 0.587< 

Zebra_Finch 0.001> nan 0.339> 0.527< 

Zebrafish 0.152> 0.138< 0.369> 0.703< 

 

 

Table Su21 SSR length comparison between alternative exons and constitutive exons. 

Species name single_vs_constitutive multiple_vs_constitutive complex_vs_constitutive 

Alpaca nan nan nan 

Amazon_molly 2.626e-26> 0.2> 7.588e-06> 

Anole_lizard 1.214e-07> nan 0.075< 

Armadillo 2.706e-19> 0.053> 0.069< 

Bushbaby 0.001> nan 0.793< 

C_elegans 1.146e-13> 0.003> 0.0< 

C_intestinalis 0.008> 0.248< 0.683> 

C_savignyi 0.198> 0.11> 0.099< 

Cat 5.748e-14> nan 0.059> 

Cave_fish 9.754e-06> 0.593< 0.712> 

Chicken 0.007> 0.071> 3.244e-07< 

Chimpanzee 0.663> 0.04> 0.611< 

Chinese_softshell_turtle 0.012> 0.26< 2.71e-20< 

Cod 0.005> 0.521> 0.748> 

Coelacanth 0.06> 0.868< 6.565e-42< 

Cow 2.945e-08> 0.033> 0.076< 

Dog 1.112e-09< 0.926> 3.364e-60< 

Dolphin 0.419> nan nan 

Duck 1.128e-07> nan 0.0> 

Elephant 0.0> 0.652> 2.374e-06< 

Ferret 0.028> nan 0.184< 

Flycatcher 3.407e-19> 0.025< 0.0> 

Fruitfly 1.763e-14> 7.634e-07> 7.581e-113< 
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Fugu 1.378e-35> 4.753e-12> 0.099> 

Gibbon 0.821> nan 7.584e-20< 

Gorilla 5.755e-39> 2.219e-05> 7.94e-13> 

Guinea_Pig 0.255< nan 0.16< 

Hedgehog nan nan nan 

Horse 0.0> 0.995> 0.796> 

Human 0.019< 0.027> 6.531e-07< 

Hyrax 0.439> nan nan 

Kangaroo_rat 0.275> nan nan 

Lamprey 0.001> 0.968> 0.258< 

Lesser_hedgehog_tenrec nan nan nan 

Macaque 0.366> 0.462> 1.445e-40< 

Marmoset 1.09e-19> 0.001> 0.645< 

Medaka 4.283e-09> 0.977> 0.044< 

Megabat 0.737> 0.614< nan 

Microbat 0.108> 0.596< 0.001< 

Mouse 0.392< 1.508e-14> 0.009< 

Mouse_Lemur nan nan nan 

Olive_baboon 0.0> 0.028> 1.073e-17> 

Opossum 0.004> 0.05> 0.011< 

Orangutan 0.007> nan 3.041e-05< 

Panda 0.485> 0.388> 0.002< 

Pig 3.592e-07> 6.797e-08> 0.175< 

Pika nan nan nan 

Platyfish 0.447> nan 0.417< 

Platypus 8.464e-21> 0.024> 0.553> 

Rabbit 0.001> 0.048> 0.76< 

Rat 5.727e-06< 0.413< 4.74e-43< 

Saccharomyces_cerevisiae nan nan nan 

Sheep 1.677e-05> 0.275< 0.213< 

Shrew nan nan nan 

Sloth nan nan nan 

Spotted_gar 4.802e-30> 0.241< 2.661e-22> 

Squirrel 1.097e-09> 0.003> 0.001> 

Stickleback 0.16> 0.966> 6.298e-23< 

Tarsier nan nan 0.221< 

Tasmanian_devil 3.512e-45> 3.874e-08> 8.917e-08> 

Tetraodon 5.572e-08> 0.964> 0.426> 

Tilapia 2.63e-31< 0.033< 1.031e-86< 

Tree_Shrew nan nan nan 

Turkey 1.779e-12> 0.87< 0.018> 

Vervet_AGM 0.449> nan 0.643> 

Wallaby 0.13< nan nan 

Xenopus 2.912e-45> 0.046> 5.027e-16> 
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Zebra_Finch 0.05> nan 0.477> 

Zebrafish 1.849e-30< 0.685> 1.34e-68< 

 

 

Table Su22 SSR length comparison between exons in alternatively spliced genes and exons in 

oneTrans genes. 

Species name single_vs_oneTrans multiple_vs_oneTran

s 

complex_vs_oneTran

s 

constitutive_vs_oneTran

s 

Alpaca nan nan nan 0.33< 

Amazon_molly 6.463e-11> 0.078< 0.402> 3.394e-16< 

Anole_lizard 9.175e-10> nan 0.052< 0.774< 

Armadillo 6.034e-06> 0.403< 7.306e-11< 5.626e-16< 

Bushbaby 0.002> nan 0.086< 0.021< 

C_elegans 0.289< 0.01< 2.634e-40< 9.557e-21< 

C_intestinalis 3.445e-06> 0.301< 0.151> 0.242> 

C_savignyi 2.926e-15> 0.0> 0.0> 0.008> 

Cat 7.101e-10> nan 0.761< 0.002< 

Cave_fish 0.092> 0.885< 0.002< 7.019e-12< 

Chicken 6.503e-13> 0.013> 3.279e-14< 0.032> 

Chimpanzee 0.731> 0.067> 0.113< 0.131< 

Chinese_softshell_turtle 1.035e-07> 0.826< 2.531e-17< 2.736e-09> 

Cod 0.003> 0.366< 5.374e-06< 0.129< 

Coelacanth 2.135e-79> 0.001> 1.154e-115< 2.06e-14> 

Cow 9.322e-13> 0.053> 0.054< 0.8< 

Dog 5.75e-26> 0.001> 4.74e-41< 2.757e-34> 

Dolphin 0.468< nan nan 0.909< 

Duck 1.31e-11> nan 0.0> 0.346< 

Elephant 0.0> 0.342< 9.368e-23< 0.098< 

Ferret 0.456> nan 0.037> 0.003> 

Flycatcher 1.132e-12> 0.422< 0.86< 2.083e-08< 

Fruitfly 2.397e-07> 0.017> 3.099e-157< 0.0< 

Fugu 1.252e-34> 5.313e-06> 4.648e-08< 0.013< 

Gibbon 9.241e-07> nan 1.762e-20< 1.273e-06> 

Gorilla 5.047e-31> 0.003< 0.0< 6.304e-08< 

Guinea_Pig 0.035< nan 0.006< 0.873< 

Hedgehog nan nan nan nan 

Horse 4.475e-06> 0.798< 0.999< 0.696< 

Human 0.0< 7.077e-27> 4.949e-24< 0.003> 

Hyrax 0.55< nan nan 0.787< 

Kangaroo_rat 0.423> nan nan 0.631< 

Lamprey 3.143e-09> 0.847> 0.259< 0.677< 

Lesser_hedgehog_tenrec nan nan nan nan 

Macaque 0.014> 0.003> 1.792e-53< 0.001< 

Marmoset 0.276< 0.005< 5.506e-52< 5.36e-16< 
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Medaka 1.045e-16> 0.653> 1.368e-07< 0.096< 

Megabat 0.399> 0.877< nan 0.929< 

Microbat 0.004> 0.808< 7.521e-06< 0.958< 

Mouse 1.855e-08< 1.14e-16> 0.461< 0.003< 

Mouse_Lemur nan nan nan nan 

Olive_baboon 0.115> 0.095> 1.698e-14> 1.336e-05< 

Opossum 3.47e-07> 0.024> 0.054< 0.113< 

Orangutan 7.46e-06> nan 1.513e-09< 0.201< 

Panda 0.053> 0.253> 8.275e-05< 0.468< 

Pig 9.909e-11> 2.721e-08> 0.142< 0.616< 

Pika nan nan nan nan 

Platyfish 0.001> nan 0.28< 0.007> 

Platypus 1.235e-21> 0.04> 0.657< 0.088< 

Rabbit 2.26e-06> 0.039> 0.349< 0.864< 

Rat 1.025e-17> 0.003> 2.355e-22< 7.075e-23> 

Saccharomyces_cerevisiae nan nan nan nan 

Sheep 0.144> 0.05< 1.763e-10< 1.015e-06< 

Shrew nan nan nan nan 

Sloth nan nan nan 0.673< 

Spotted_gar 2.341e-12> 0.008< 1.201e-06> 5.207e-24< 

Squirrel 3.058e-09> 0.039> 0.028> 0.104< 

Stickleback 1.333e-15> 0.037> 8.789e-38< 2.473e-08> 

Tarsier nan nan 0.331< 0.043> 

Tasmanian_devil 6.05e-25> 0.0> 0.653< 3.114e-20< 

Tetraodon 3.064e-14> 0.91< 0.362< 0.198< 

Tilapia 7.464e-19> 0.001> 1.023e-64< 5.335e-57> 

Tree_Shrew nan nan nan nan 

Turkey 2.88e-06> 0.097< 0.27< 1.492e-07< 

Vervet_AGM 0.088> nan 0.084> 0.255> 

Wallaby 0.737< nan nan 0.612< 

Xenopus 2.051e-34> 0.566< 2.315e-06> 6.01e-09< 

Zebra_Finch 0.0> nan 0.339> 0.99< 

Zebrafish 1.657e-16> 1.321e-30> 6.696e-05< 1.029e-53> 
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