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ABSTRACT

Analysis of gene and protein name synonyms in Entrez Gene and

UniProtKB resources

BASIL ARKASOSY

Ambiguity in texts is a well-known problem: words can carry several meanings, and hence,
can be read and interpreted differently. This is also true in the biological literature; names of
biological concepts, such as genes and proteins, might be ambiguous, referring in some cases
to more than one gene or one protein, or in others, to both genes and proteins at the same time.
Public biological databases give a very useful insight about genes and proteins information,

including their names.

In this study, we made a thorough analysis of the nomenclatures of genes and proteins in two
data sources and for six different species. We developed an automated process that parses,
extracts, processes and stores information available in two major biological databases: Entrez
Gene and UniProtKB. We analysed gene and protein synonyms, their types, frequencies, and
the ambiguities within a species, in between data sources and cross-species. We found that at
least 40% of the cross-species ambiguities are caused by names that are already ambiguous
within the species. Our study shows that from the six species we analysed (Homo Sapiens,
Mus Musculus, Arabidopsis Thaliana, Oryza Sativa, Bacillus Subtilis and Pseudomonas
Fluorescens), rice (Oriza Sativa) has the best naming model in Entrez Gene database, with

low ambiguities between data sources and cross-species.
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Chapter I

Introduction

With the exponential growth of the volume of scientific literature, it is becoming harder to
enforce standards used in the research worldwide. Naming conventions for biological
concepts such as genes and proteins are among the challenges faced today in the biology
domain [1]. Standards for naming genes and proteins might not be well defined, or in some
cases, do not exist [2]. In addition, researchers might not adhere to the existing guidelines
when they assign names to new genes/proteins, when they use them or when they refer to
them in their publications. This adds a significant overhead and many difficulties to the on-
going research in these fields, especially when new genes/proteins are discovered and reported

on daily basis [1].

I.1 Organisms and Species

An organism refers to any living biological creature such as an animal, a plant or a bacterium.
Taxonomy, one of the branches of biology, defines the principles for describing and
classifying organisms that share certain characteristics into groups, and assigning names to
these groups [3]. Taxonomic classification is hierarchical, where each level is known as a
rank, and kingdoms represent the largest, most inclusive classification category [4]. The Six-
Kingdom system classifies organisms based on their characteristics into the kingdoms:

Bacteria, Archaea, Protista, Fungi, Plantae, and Animalia [4, 5]. On the other hand, at the
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bottom of the taxonomic hierarchy, the basic unit of the biological classification is known as a
species. Generally, species have common names besides their scientific names that are used
in the literature. For example, ‘Human’ is a species with the scientific name ‘Homo Sapiens .

Similarly, ‘Mouse’ is a common name for a species scientifically known as ‘Mus Musculus’.

I.2 Genes Nomenclature

Genes are segments of the DNA from where copies of DNA, transcripts, are produced. These
transcripts can perform various functions in cells. They may encode information based on
which functional units called proteins are synthesized or they may have regulatory roles [6].
Gene nomenclature refers to the set of standards and conventions used for the scientific
naming of genes [7]. Genes and proteins are normally given names relevant to their
functionalities [8], leading in many cases to long descriptive names. For example, ‘Eye Color
1 (green/blue)’, ‘hair color 1 (brown) ’ and ‘hair growth associated’ are official names for
some genes, whose functionalities are well described by their names. It should be noted that a
gene or a protein can have many functions, so not all gene/protein functionalities could be
captured in a single name, simply because not all functionalities were known at the time the
first gene function was established. Besides official full names, genes and proteins may have

shorter official symbols and/or aliases that are also used in the literature.

In most cases, several names, known as synonyms, are used to refer to the same gene and
protein in various sources. For example, 'hair color 2 (red)’, 'RHC' and 'HCL2' are synonyms
that refer to the same gene (Entrez Gene ID 3057) in the Entrez Gene database [9]. Synonyms

could make it harder for researchers to link information about particular genes from different
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publications where different synonyms are used to refer to the same gene. Homonyms, on the
other hand, refer to those names/terms that are denoting two or more biological entities. For
example, the symbol ‘MPPH’ is an alias that refers to two different genes in Entrez Gene
database (Entrez Gene IDs: 5296 and 10000). Naming ambiguity occurs because of
homonyms; that is when a gene or protein name is used in the text, but it cannot be uniquely

associated to a specific gene or protein, or even identified as a gene or as a protein.

1.3 Biological Databases

The huge amount of biological data has motivated researchers to build public databases that
store and catalogue biological information. Public biological databases maintain and organize
high quality information about genes and proteins. They assign unique identifiers to them, and
associate these identifiers with the different names, aliases and biological properties genes and
proteins have, such as, for example, gene expressions or protein structures. Most of these
databases were constructed using information from literature but also form primary
experimental data. When the population of a database resource is based on the literature, the
concepts from articles are transferred to the corresponding fields in the database using,

controlled vocabulary or gene ontologies [8, 10, 11].

The biological databases differ in their sizes, contents and the objectives for which they were
built. Some are organisms specific; they only contain information about a specific species and
are usually maintained by research groups that are focused to these particular species, such as
TAIR (for Arabidopsis thaliana) [12] and Flybase (for the fruit fly, Drosophila melanogaster)

[13]. Other databases, however, are more general; they contain rich information about many
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different kinds of species. Yet, the information contained about specific species in general
databases varies largely from a few hundreds to hundreds of thousands of records, depending
on the species. In addition to the size and the content, these databases differ in their data
structures, the way data have been curated and stored, and, more importantly, the way data is
presented to users or made available to programs. Some databases provide data on flat or
XML files which are easy to parse and extract, while others provide data in more complicated
forms that require extra processing and manipulation [8, 14]. Entrez Gene [9] and UniProtKB
[15] are two widely used public biological databases that contain information on genes and

proteins, respectively, for many different species.

Entrez Gene is a gene-specific database, hosted at the National Center for Biotechnology
Information (NCBI) in the United States. It assigns unique identifiers to genes, and links them
with the genes’ nomenclature, along with much of the other information. It also provides

many useful, easy to use, reporting features [9].

UniProt (Universal Proteins Resource) [15] is a central repository for storing and integrating
information on proteins gathered from different resources. At the heart of UniProt, a well-
curated database known as UniProt Knowledge Base (UniProtKB) is maintained. UniProtKB
is made up of two parts: UniProtKB/Swiss-Prot and UniProtKB/TrEMBL, where the former
contains curated protein records, while the later contains computationally analysed high

quality records, supported with automatic annotation and classification [15].

1.4 Problem Definition

The wealth of information available in public gene and protein databases makes a very useful
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information source about genes and proteins. In this study, we made a thorough analysis of the
use of naming of genes and proteins in different data sources, and for several different species
with the aim to understand the level of ambiguities that is present. Our study is important to
researchers who work in biological data analysis, for example in literature mining or data

integration.

We develop and automate a process that parses, extracts, processes and stores information
from the data available in two of the most used gene and protein databases: Entrez Gene and
UniProtKB. This process will greatly simplify the analysis of the large number of data
records, and the hundreds of thousands of synonyms, for different species in these resources.
Additionally, we perform various analyses of gene and protein synonyms, their types,
frequencies, and the ambiguities within a species, in between data sources for the same
species, and in between different species. Finally, we analyse and discuss the results for three
pairs of different species: Homo Sapiens and Mus Musculus, Arabidopsis Thaliana and Oryza
Sativa, Pseudomonas Fluorescens and Bacillus Subtilis, where each pair represents species

that belong to the same kingdom.

I.5 Thesis Organization

The remainder of this document is organized as follows: Chapter 2 discusses the related work,
and highlights a summarized literature review. Chapter 3 explains the methodology and the
implementation details. Chapter 4 presents the experiments, their results and the discussion
and interpretation of the results, while conclusions are given in Chapter 5. References and

Appendices are available at the end of the document.
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Chapter 11

Literature review

The problems of ambiguities in the biological and medical literature have been well known
since many years, and there have been several studies that addressed these problems. Finding
abbreviations and expanding them, named entity disambiguation, gene and protein names
identification, nomenclature guidelines, building dictionaries and analysing public databases

represent different on-going research in the field [14].

Abbreviations, such as gene and protein symbols, are one of the main sources of ambiguity in
texts. In order to understand them, different methods and algorithms were developed to
expand gene and protein symbols (associate them to their definitions or full forms). Hongfang
et al. [16] studied the ambiguity of the three-characters abbreviations in the MEDLINE
abstracts and reported that it is possible to automatically expand abbreviations that are
frequently associated with their definitions in texts. Yu and his colleagues [17] presented a
similar work and developed methods that automatically map abbreviations to their full forms.
They found that about (25%) of the abbreviations used in biomedical articles are also defined

in the same biomedical text.

Weeber et al. [1] studied the ambiguity related to the use of human gene symbols from
LocusLink database (Entrez Gene now) in MEDLINE articles. They explained that even

though over (40%) of the symbols appeared in MEDLINE articles, many of them were not
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related to genes. Yushida et al. [18] developed a workbench for building a dictionary for
protein names abbreviations. Adar [19] implemented a high performance dictionary-building
tool to disambiguate abbreviations and symbols in biomedical texts. Zhou et al. [20] built
ADAM, a database of abbreviations, both acronym and non-acronym, and their definitions in
MEDLINE titles and abstracts. Xu and his colleagues [21] studied the abbreviations in clinical

notes and described a model for constructing a database of abbreviations in medical notes.

Another area of research is related to identifying biological concepts in texts. Hirschman et al.
[8] summarized the problems related to biological names identifications and explained the
challenges experienced with recognizing fly gene names. To further support their analysis,
they compared information extraction from news and from biology and explained why
tagging named entities is harder for biologists in general. Malik et al. [22] created CONANR,
a system that combines different algorithms to tag genes, proteins and biological concepts and
link them to MeSH [23] and Gene Ontology. Tanabe and Wilbur [24] proposed a statistical
and knowledge-based approach for tagging gene and protein names in biomedical texts.
Fukuda et al. [25] developed PROPER, a method that uses proteins nomenclature to extract
proteins names that are known or newly defined from medical and biological articles with

high accuracy.

Fundel at al. [26] implemented a simple approach for gene and protein identification from free
text. They maintained a synonyms list that maps the database identifiers to the different
synonyms for each gene and protein. Settles [27] implemented ABNER, an open source
software tool, that uses machine learning techniques to automatically tag gene and protein

names in texts. BioCreAtIVE was the first assessment of the text mining methods used for
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gene and protein names extraction and identification [28, 29]. Different research groups
participated in this assessment, which aimed to extract and identify gene and protein names
for mouse, fly and yeast species. Similar work related to the extraction and identification of

gene and proteins names can be can be found in [30-34].

In efforts to address gene and protein nomenclature problems, research committees for
different species set the standards and the guidelines for the gene/protein nomenclatures of
these species. The first guidelines for the human genes nomenclature were published at the
Edinburgh Human Genome Meeting in 1979 [2, 35], and were updated through years after
that. Similar guidelines exist for mouse [36], bacteria [37], rice [38] and many other species.
Recently, the first ‘Gene Nomenclature Across Species’ meeting was held in 2009, and
discussed and organized gene naming across vertebrates [39]. The meeting discussed the

implementation and the coordination of the gene nomenclature across species in the databases.

One of the important guidelines that could help resolve the ambiguity in gene/protein names is
to assign official full names and official symbols to genes and to use these, instead of aliases,
in the literature. Nobert and Wain [35] highlighted this point and explained the importance of

using official gene names and symbol.

Chen et al [40] reported that authors of biological and biomedical texts tend to use
genes/proteins official names at the level of only 7.6% in their publications, while they use
symbols at the level of 17.7%, and in the remaining 74.7% aliases are used. They also
investigated mouse genes nomenclature and found that the ambiguity of symbols is in 14% of
cases, which is low compared to the aliases ambiguity of 85%, supporting the hypothesis that

most of the ambiguity is caused by aliases. As potential solutions to the ambiguity problems,
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they suggested that authors should strictly follow the rule of only using official names or
official symbols in text and avoid using other notation. Some journals such as Genomics and
Nature Genetics already support this suggestion by forcing the rule, and it could be very
helpful if other journals adopted it as well. Schumie et al [41] came to similar conclusion
when they studied the distribution of information in the abstracts and the full texts of the
biomedical publications. They reported that genes official full names are not frequently used
in the literature and gene symbols are introduced most of the time without their definitions.
They found that only 30% of the time, the full names are used along with their symbols in the
biomedical abstracts. They reported, however, that the percentage of having the genes full

names expanding their symbols in the full text drops to as low as 18%.

Analysing public biological databases is another active research areas targeting gene
nomenclature problems. Tuason and his colleagues [2] conducted the first comparisons of
genes nomenclatures across species. They studied the amount of ambiguity for four different
species (mouse, worm, fly and yeast) within their respective databases, in between databases
and with English words. They found that between 0% to 10.18% of the names within species,
are ambiguous and most of the ambiguity is caused by aliases. They also reported that the
naming conventions followed by different species committees have an impact on the degree of

the ambiguity, where more lenient rules lead to higher percentages of ambiguities.

Fundel and Zimmer [14] compared the degree of ambiguity of the gene and protein names for
five different species (human, mouse, rat, fly and yeast). They extracted data from different
organisms-specific and public data sources and compared the ambiguity within and in-

between these data sources. They found that the degree of ambiguity for the same species
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could vary in different data sources, even if these data sources contain similar number of
synonyms for the species under study. They also studied the ambiguity across species and
found that human, mouse and rat have higher degrees of inter-species ambiguity over fly and
yeast. In addition, they analysed the overlap of synonyms between different data sources and
found that the overlap varies significantly and ranges from 11% to 83%. They explained that
this big range could be related to the differences in the data structure of the data sources and
the strategies used to maintain them. They also used this big range to support the hypothesis

that combining entries from different data sources is essential to build complete dictionaries.
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Chapter 111

Methodology

In this study, we developed and automated the process to parse, extract and store information
from genes and proteins nomenclature data available in two major public databases.
Additionally, the process performs various analyses and generates different results of gene
and protein synonyms, their types, frequencies and the ambiguities within a species, in
between data sources, and in between different species. Fig. 1 below illustrates the various

integrated components that build the process.

e ANALYSIS
~—— COMPONENTS
Speciesl
General
Sourcel e Analysis
Data sour e
Speci Species Extraction N i Frequency
D 2evt:)|es Component *Species2 Analyzer
atabase S
Data sour Source2 | |ntra-§peFies
pAa | Ambiguity
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' Overlapping
: Ambiguity
| et | -
[ aclesh Cross-Species
2 Ambiguity

Figure 1. Automated process components to analyze genes/proteins nomeclatures. -

The first part of the automated process is related to data gathering from different data sources,

" Martin Senger implemented the essential components of this process. These are: data parsers and species
extraction components. Some were co-developed such as the frequency and intra-species ambiguity components.
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parsing and storage for all species. After that, data can be filtered with a species-extraction
component that extracts and stores all the records of particular species. Once species records
are separated into smaller, separated databases, different components can execute different

procedures and generate various types of results.

I11.1 Data Sources

We are analysing genes and proteins datasets available in Entrez Gene and UnirpotKB (both
parts: Swiss-Prot and TrEMBL) public databases. We use data from both sources as of 29"

January 2013.

II1.2 Data Parsing and Extraction

Data provided by different sources have different structures and formats. Therefore, a source-
specific parser is needed for each data source. We have implemented two parsers to parse and

extract data from the flat files provided by Entrez Gene and UniProtKB.

Since we are interested in the different synonyms that genes and proteins have, we mark each
synonym along with its type. A synonym could be an Official Full Name, an Official Symbol
or an Alias. Entrez Gene has additional fields other than the official name and symbol, such as
Alternate_Name and an Alias, but we unify these and consider them as synonyms of type
Alias. Locus_tag is another field in Entrez Gene which is a systematic identifier assigned to
genes. Therefore, we will not take it into consideration when computing synonyms and
ambiguities. Similarly, UniProtKB contains different fields, out of which we will mark the

official names and official symbols from the RecName fields, as they represent the



recommended names by the UniProt Consortium, and we consider other fields as aliases.

Entry Name field is the unique identifier given to protein records in UniProtKB, and we will

not consider it our study.

In order to ease our computations, we combine and store the extracted data records from both
sources in a MySQL database in a synonym-oriented format. Table 1 below shows the main

fields of the table that stores the data records and their descriptions.
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Table 1. Main fields and descriptions of the table that stores data records.

Field Name

Description

ID Auto generated ID

Source Data source name

SID Unique ID provided by the data source [Entrez Gene ID or UniProtKB ID]
Synonym Synonym

Type Synonym type (All synonyms, Official Name, Official Symbol, or Alias)

Table 2 demonstrates samples of data records from different data sources. For example, the

second row represents a synonym ‘sqsl’ of the type ‘official symbol’, for the gene in Entrez

Gene database (Entrez Gene ID: 541614) and the official full name ‘squalene synthasel’.

Table 2. Sample data records parsed, extracted and stored in MySQL database.

ID Source SID Synonym Type
1 Entrez Gene | 541614 squalene synthasel Official Full Name
2 Entrez Gene | 541614 sgsl Official Symbol
3 Swis-Prot | AOAEMO | Arginine deiminase RN _Full
4 Swiss-Prot | AOAEMO ADI RN_Short
5 TrEMBL B2YI80 Elongation factor P RN _Full
6 TrEMBL B2YI80 EF-P RN_Short
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II1.3 Species Extraction

In order to conduct our analysis, it is important to extract the records for species we intend to
study. Each species of interest will be separated and stored in its own MySQL database in the

same structures and formats as shown above in Tables 1, 2.

I11.4 Frequency Computation

Different species have different distributions of synonyms over data records. Genes and
proteins may have one or more synonym from the same type or from different types, and the
ranges of the number of synonyms for genes/proteins vary largely between species. In order to
study these variations, we define the frequency of synonyms, Freq;(T), as the percentage of

data records that have i number of synonyms of type T, as shown in Equation 3.1.

X; (T)
(TY% = 9 1
Freq/(T)% Total number of data records X 100% G-

Where T is the synonym type, T € (All Synonyms, Official Full Name, Official Symbols,

Aliases) and X; (T) is the number of records X that have i number of synonyms of type T.

Computing the frequencies may take long time, depending on the size of data records, and
hence once we compute these, we materialize and store them in a separate frequency table in
the species-specific MySQL database. Table 3 below shows the main fields of the frequency

table and their description.
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Table 3. Main fields and descriptions of the materialized frequency tables.

Field Name Description

ID Auto generated ID

Source Data source name

Type Synonym type

Num of Syns Number of synonyms a gene/protein may have

Count of records Number of data records that have this number of synonyms

Table 4 demonstrates samples of the computed the frequency records for the Mus Musculus
species. The first row, for example, indicates that out of the Mus Musculus records in Entrez
Gene database, 2167 records have a single synonym. Row number 4, however, indicates that

only 159 of the Mus Musculus records in Entrez Gene have exactly two synonyms.

Table 4. Sample data records of the materialized frequency tables for Mus Musculus.

1)) Source Type Num of Syns Count of records
1 Entrez Gene | All Synonyms 1 2167

2 Swiss-Prot | All Synonyms 1 4074

3 TrEMBL | All Synonyms 1 875

4 Entrez Gene | All Synonyms 2 159

5 Swiss-Prot | All Synonyms 2 3552

6 TrEMBL | All Synonyms 2 721

II1.5 Ambiguity

A synonym is ambiguous if it refers to more than one gene or protein name. Many gene and
protein names that are extracted from a single data source for a specific species are
ambiguous. Another type of ambiguity can be caused by the overlapping gene names from
different data sources. Moreover, different species could share the same names for genes and

proteins, even though these genes/proteins may not have the same functionalities. In this
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work, we analyze and study these different types of ambiguities.

II1.5.1 Intra-species Ambiguity

Intra-species ambiguity is caused by ambiguous synonyms of genes and proteins, which are
extracted from the same data source and for the same species. Different species are expected
to have different range of ambiguities, depending on the naming conventions and standards
used by those species research committees. We compute the degree of intra-species ambiguity
for a synonym type T as the quotient of the ambiguous T synonyms over the total number of T
synonyms. Recall that T represents the synonym type; for example, we might be interested to
find the number ambiguous official name synonyms for a species. The degree of ambiguity

DA(T) for synonyms of type T is denoted in Equation 3.2

DA(T) = FAmDIBSYR(T) oo, 32
1) = #TotalSyn(T) 0 (3.2)

Where #AmbigSyn(T) represents the number of ambiguous T synonyms, and #TotalSyn(T)
represents the total number of synonyms. Additionally, we define the Level (L) of ambiguity
of a synonym as the number of entities that share that synonym. For example, a synonym that
has an ambiguity level (L=3) indicates that this synonym is shared between three gene or
protein names. As the distribution of the ambiguity levels and the degrees of ambiguity for
these levels vary between different species, we compute the degree of ambiguity for
synonyms of type T and level L by finding proportions of ambiguous T synonyms that have
ambiguity level L, #Syn;(T), relative to the unique set of all T synonyms as shown in

Equation 3.3.
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pa, Ty = YD 600 (3.3)
#UniqSyn(T)

Computing these degrees for different levels might be computationally expensive, and hence,
we materialize and store them in a separate ambiguity table in the species-specific database.

Table 5 below shows the main fields of the ambiguity table and their descriptions.

Table 5. Main fields and descriptions of the materialized ambiguity tables.

Field Name ‘ Description
ID Auto generated ID
Source Data source same
Type Synonym type
Level The level of ambiguity
Count of Synonyms Number of synonyms that have this level of ambiguity

Table 6 demonstrates samples of the computed ambiguity records. For example, the first row
indicates that there are 14368 Mus Musculus synonyms that have level L=2, i.e. that are

shared between two records.

Table 6. Sample data records of the materialized frequency tables for Mus Musculus.

1)) Source Type Level Count of Synonyms
1 Entrez Gene | All Synonyms 2 14368

2 UniProtKB | All Synonyms 2 732

3 Entrez Gene | All Synonyms 3 2501

4 UniProtKB | All Synonyms 3 209
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II1.5.2 Overlapping Ambiguity

Overlapping ambiguity is caused by ambiguous synonyms of genes and proteins that exist in
two different data sources for the same species. For this type of ambiguity, we analyze the
distribution and the degree of overlapping ambiguity, with reference to each data source
separately. First, we find the overlapping synonyms by extracting the set of unique synonyms
from both data sources, and then compare and match these sets. The synonyms that are found
in both sets are said to be overlapping ambiguous synonyms. Then, we find the distribution of
these overlapped ambiguous synonyms in each data source by analyzing the proportions they
represent out of the unique set of synonyms in each data source. The pseudo code to find the

overlapped synonyms is shown in Algorithm 1 below:

Algorithm 1: FINDING DATA SOURCES OVERLAPPING SYNONYMS

Extract the unique synonyms from data sourcel and store them in hash set S1
Extract the unique synonyms from data source2 and store them in hash set S2
Sort S2

for each synonym S in S1: do

\\ Apply binary search for (S) in (S2)

if S is found in S2 then
|_ matchedCount+-+

NO A W

(0]

return matchedCount

We compute the degree of overlapping ambiguity, for synonyms of type T, between the data

sources S1 and S2 relative to S1 (0DA3: s, (T)) as follows

ODAS! (T = # Matched T Synonyms X 100% 34
sis2(T) = # of Unique T Synonyms in S1 0 (3.4)

III.5.3 Cross-species Ambiguity

We refer to the ambiguity caused by synonyms shared between different species, as the cross-
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species ambiguity. In this study we analyze the cross-species ambiguity between groups of
species, two at a time, within the same data source. First, we find the cross-species ambiguous
synonyms by extracting the set of unique synonyms of the two species from the same data
source, and then comparing and matching these sets. The synonyms that are found in both sets
are said to be cross-species ambiguous synonyms. Then, we find the distribution of these

synonyms relative to each species by computing their degree of ambiguity.

The relationship between cross-species and intra-species ambiguities could give interesting
highlights about the ambiguous synonyms. Here, we study this relationship by defining the
strongly ambiguous synonyms. A synonym is strongly ambiguous if it causes a cross-species
and intra-species ambiguities. In order to find the strongly ambiguous synonyms with respect
to a species, we first extract the unique set of ambiguous synonym from that species, and then
compare and match this set with the set of cross-species ambiguous synonyms that was
extracted before. The synonyms that are found in both sets are said to be strongly ambiguous
synonyms. We define the degree of strong ambiguity with respect to a species as the quotient
of the unique set of strongly ambiguous synonyms over the set of cross-species ambiguous
synonyms. We execute all of these procedures for case-sensitive and case-insensitive name
matching, separately. The pseudo-code to find the cross-species ambiguous synonyms and the

strongly ambiguous synonyms is shown in Algorithm 2.
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Algorithm 2: FINDING CROSS SPECIES AMBIGUITY

Extract the unique synonyms for first species and store them in set UniqueS1
Extract the unique ambiguous synonyms for first species and store them in set AmbigS1
Extract the unique synonyms for second species and store them in set UniqueS2
Extract the unique ambiguous synonyms for second species and store them in set AmbigS2
Sort UniqueS2
for each synonym S in UniqueS1: do
Apply binary search for (S) in (UniqueS2)
if S is found in UniqueS2 then
|_ add S to CrossSpeciesSet crossSpecisAmbi++;

NSO WNH

10 for each synonym S in CrossSpeciesSet: do

11 if S is found in AmbigS1 then
12 |_ strongAmbigInS1++
13 if S is found in AmbigS2 then
14 |_ strongAmbigInS2++

The degree of cross-species ambiguity (CDA%’SZ) between the set of synonyms of the first
species S1, and the set of synonyms of the second species S2, relative to S1 is defined in

Equation 3.5 below.

# Cross Species Match Synonyms
C DA.g%,SZ =

0,
# of Unique Synonyms in S1 X 100% (3.6)

We also denote the degree of strong ambiguity between the set of synonyms of the first

species S1, and the set of synonyms of the second species S2, relative to S1 as follows:

# Strong Ambig Synonyms in S1 (3.7)
SDASI, = X 1009 '
SL52 ™ # Cross Species Matched Synonyms o
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Chapter 1V

Experimental Results and Discussion

We analyze and compare the gene and protein nomenclatures for six different species grouped
into three pairs of species, where each pair represents two species that belong to the same
kingdoms. These are: Kingdom Animalia: human (Homo Sapiens) and mouse (Mus
Musculus), Kingdom Plantae: arabidopsis (Arabidopsis Thaliana) and rice (Oryza Sativa),

and Kingdom Bacteria: Pseudomonas Fluorescens and Bacillus Subtilis.

For each of these species, we use different components of the process to generate relevant

results:

1. General Analysis: this component provides three types of results. The first is related to the
distribution of the records and synonyms of the species. The second describes the
distribution of different synonyms types (Official Full Names, Olfficial Symbols, and
Aliases) for the species per data source. Third, analysis on how official names and official
symbols are distributed over records is provided. Some records use both official names
and symbols, others contain at least one of them and some contains no official synonyms
or no aliases.

2. Frequency Analyser: provides frequency distributions for different synonyms types. For
all species, the frequency tables and curves are available in the appendix.

3. Intra-species Ambiguity: provides analysis on the distribution of ambiguous synonyms
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and the degrees of ambiguity within the species. The ambiguity tables are available in the
appendix.
Ambiguity Between Data Sources: provides analysis on the percentage of synonyms, for a
given species, that are ambiguous between the two databases, with respect to each
database.
Cross-Species Ambiguity: For each species, we compute the degrees of ambiguity
between this species and the remaining five species, as well as the percentage of strongly
ambiguous synonyms. This is computed considering the case sensitive/insensitive

matching.



IV.1 General Analysis

IV.1.1 Data Records Distribution
The distributions of data records and synonyms for each of the six species in Entrez Gene and
UniProtKB databases are summarized below in Table 7 and Table 8, respectively. Each table
shows the species, number of records in the resource that corresponds to this species, the
percentage of this species records in the resource, the number of found synonyms in the
records of this species in the resource, and the percentage that the synonyms of this species

represent, out of the total number of synonyms in the resources.

Table 7. Data records and synonyms distribution for the six species in Entrez Gene DB.

Species #records % records in | #synonyms | % synonyms

Homo Sapiens 43894 1.30% 396029 6.57%
Mus Musculus 58084 1.71% 334670 5.55%
Arabidopsis Thaliana 24992 0.74% 93846 1.56%
Oryza Sativa 30621 0.90% 33265 0.55%
Pseudomonas Fluorescens 5525 0.16% 5636 0.09%
Bacillus Subtilis 22070 0.65% 22080 0.37%

Table 8. Data records and synonyms distribution for the six species in UniProtKB DB.

Species #records % records in ‘ # synonyms ‘ % synonyms
Homo Sapiens 26836 0.59% 77451 0.72%
Mus Musculus 18280 0.40% 54709 0.51%
Arabidopsis Thaliana 12588 0.28% 34117 0.32%
Oryza Sativa 6356 0.14% 15319 0.14%
Pseudomonas Fluorescens 8224 0.18% 21217 0.20%
Bacillus Subtilis 10408 0.23% 23861 0.22%
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IV.1.2 Synonym Types Distribution

The distribution of different synonyms types for the six species in Entrez Gene and
UniProtKB are shown in Fig. 2 and Fig. 3 respectively. In Entrez Gene database, we can
observe that only Homo Sapiens and Mus Musculus have synonyms tagged as official full
names and official symbols, while other species do not, and for which we consider synonyms
as aliases. However, the percentage of official synonyms is only about 17% for Homo Sapiens

and about 33% for Mus Musculus.

Synonyms Types Distrbutions - Entrez Gene
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Fluorescens Subtilis

Figure 2 Synonyms types distributions in Entrez Gene DB.

In UniProtKB on the other hand, all species have official synonyms. We notice that the
official synonyms are distributed at relatively close ratios for all species; records with the
official full names make 33.41% to 43.62% of all records in a database, and records with the

official symbols range from 7.57% to 9.23%.
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Synonyms Types Distrbutions - Uniprot

100%
90%
80% 1 L 1 L 1 L | |
47.76
70% '57.78, |56.98. |51.46| 150.60| 152.01 _ _
60%
Ali
50% - H | | J | 1 791 | J I 8.62 1as
40% 757 9.61 11.64 : 9.23 COFS
30% CJOFN
20% 34.65 33.41 36.90 41.49 38.76 43.62
10%
0%
Human Mouse Arabidopsis Rice Pseudomonas  Bacillus
Fluorescens Subtilis

Figure 3. Synonyms types distributions in UniProtKB.

IV.1.3  Official Synonyms Distribution

The distributions of synonyms over data records are shown in Table 9 and Table 10 below.
The tables show the species, the percentage of records for the species that have both an
official name synonym and an official symbol synonym, the percentage of records for the
species that have any official name synonym or official symbol synonym, the percentage of
records for the species that have no aliases, and the percentage of records for the species that
have no official name synonym nor official symbol synonym. In Entrez Gene database, we
can observe that out of all Homo Sapiens records, 76.16% have both an official name
synonym and an official symbol synonym, and 76.16% have at least an official synonym. This
indicates that each record that has an official name also has an official symbol and vice versa.

This is also true for Mus Musculus; most of the records, about 95.67%, have both an official
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name and an official symbol. Since the other species do not have synonyms tagged as official
full names or official symbols, the records that have only aliases represent 100%. On the other
hand, Each record in UniProtKB has at least an official synonym, either an official full name
or an official symbol. In addition, for all species, about 16% to 26% of the records have both

official full names and official symbols at the same time.

Table 9. Data records and synonyms distribution for the six species in Entrez Gene DB.

Species Both Officials Either Officials No Aliases Only Aliases

Homo Sapiens 76.16% 76.16% 0% 23.84%
Mus Musculus 95.67% 95.67% 0% 4.33%
Arabidopsis Thaliana 0% 0% 0% 100%
Oryza Sativa 0% 0% 0% 100%
Pseudomonas 0% 0% 0% 100%
Fluorescens

Bacillus Subtilis 0% 0% 0% 100%

Table 10. Data records and synonyms distribution for the six species in UniProtKB DB.

Species Both Officials Either Officials No Aliases  Only Aliases

Homo Sapiens 16.53% 100% 35.12% 0%
Mus Musculus 21.58% 100% 33.70% 0%
Arabidopsis Thaliana 26.23% 100% 36.65% 0%
Oryza Sativa 17.35% 100% 30.71% 0%
Pseudomonas 18.71% 100% 28.31% 0%
Fluorescens

Bacillus Subtilis 15.88% 100% 41.86% 0%
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IV.2 Frequency

From the frequency analysis, we find that Homo Sapiens and Mus Musculus records in Entrez
Gene can have at most one official name, and at most one official symbol. The other species
do not have synonyms tagged as official full name or official symbols in Entrez Gene. In
UniProtKB, however, all records have only one official name, but it is possible to have more

than one official symbol.

Table 11 below displays the highest frequency values for the six species. Recall that if (i)
represents the number of synonyms that an entity has, Freq; % represents the percentage of
data records that has (i) synonyms. The table shows that 27.6% of the Mus Musculus records
in Entrez Gene have 3 synonyms, which is the highest frequency for this species. For
example, the record (Entrez Gene ID: 101154638) has the synonyms: 'predicted gene 5121,
'Gm5121' and 'EG330948'. In UniProtKB, however, 27.07% of the Mus Musculus records
have a single synonym. The frequency diagrams for the six species, considering the number of

synonym from 1 to 5, are available in the appendix of this document (Figures 16 - 27).

Table 11. Highest frequency values for the six species in both data sources.

Species Highest frequency in Highest .frequency in
Enrez Gene UniprotKB
i Freq;% i Freq;%
Homo Sapiens 1 16.21 1 31.34
Mus Musculus 3 27.6 1 27.07
Arabidopsis Thaliana 2 48.34 1 29.06
Oryza Sativa 1 99.32 2 39.99
Pseudomonas Fluorescens 1 98.26 2 27.95
Bacillus Subtilis 1 99.95 1 39.86
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I1V.3 Homo Sapiens

IV.3.1 Intra-species Ambiguity

The ambiguity distributions for the different Homo Sapiens synonym types (All synonymes,
Official Full Names, Official Symbols and Aliases) in Entrez Gene and UniprotKB databases
are shown in Fig. 4 and Fig. 5 respectively. In both figures, we demonstrate the ambiguity at
levels 2, 3, 4, 5, and 6. For example, the first column in Fig. 4 indicates that about 8% of the
synonyms in Entrez Gene are ambiguous, as they are shared between two gene names; all of
them are aliases. An example to that is the gene alias “NAT-1" which is shared/ambiguous

between the two genes (Entrez Gene IDs: 9 and 145389).
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Figure 4. Synonyms ambiguity in Entrez Gene for Homo Sapiens.
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Synonyms Ambiguity- UniProtkKB DB
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Figure 5. Synonyms ambiguity in UniProtKB for Homo Sapiens.

IV.3.2 Ambiguity Between Databases
Table 12 below shows that the ambiguity with reference to UniProtKB considering all
synonyms is about five times the ambiguity with reference to Entrez Gene. The large number

of aliases and their ambiguities, in both data sources, influences these percentages.

Table 12. Ambiguity between databases for Homo Sapiens.

Database  All Synonyms OFN OFS Aliases
Entrez Gene 3.83% 7.16% 1.06% 2.32%
UniProtKB 18.29% 11.75% 6.25% 16.63%

IV.3.3  Cross-species Ambiguity

The cross-species ambiguities between Homo Sapiens synonyms and all the other species in
Entrez Gene and UniProtKB are shown in Table 13 and Table 14 below, respectively. The
tables show the species, the cross-species degree of ambiguity (CDA) and the strong degree of

ambiguity SDA with considering the case insensitive and case sensitive matching of the
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synonyms.. The notation we use in the SDA column is: A/B, where A represents the SDA (the
proportion of strongly ambiguous synonyms out of the cross-species matched synonyms) and
B represents the proportion of the strongly ambiguous synonyms, with respect to the set of all
unique synonyms. The highest degree of ambiguity (CDA) is with Mus Musculus, as reported
in the literature [26]. However, all other species show higher strong degrees of ambiguity

(SDA).

Table 13. Cross-species ambiguity in Entrez Gene for Homo Sapiens.

Homo Sapiens Cross-species — Entrez Gene

Species i itive matching  Case sensitive matching
CDA% SDA% CDA% SDA%
Mus musculus 16.30 40.19/ 6.55 7.73 8.26 / 0.64
Arabidopsis Thaliana 0.84 49.55/0.42 0.78 50.63/0.39
Oryza Sativa 0.03 93.00/0.03 0.02 98.08 / 0.02
Pseudomonas Fluorescens 0.12 49.87/0.06 0.0019 16.67 / 3E-4
Bacillus subtilis 0.12 44.47/0.05 | 0.00098 0

Table 14. Cross-species ambiguity in UniProtKB for Homo Sapiens.

Homo Sapiens Cross-species — UniProtKB

. Species i itive matching
CDA% SDA% CDA% SDA%
Mus musculus 64.50 3.46/0.23 64.35 3.36/2.16
Arabidopsis Thaliana 3.47 21.90/0.76 3.43 22.05/0.76
Oryza Sativa 1.59 36.27/0.58 1.58 36.45/0.58
Pseudomonas Fluorescens 0.97 47.64 / 0.46 0.96 47.55/0.46
Bacillus subtilis 1.31 45.92 /0.60 1.30 45.71/0.59
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IV.4 Mus Musculus

IV.4.1 Intra-species Ambiguity
Figures 6, 7 show the ambiguity distributions for levels from 2 to 6 in Entrez Gene and

UniProtKB databases, respectively.
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Figure 6. Synonyms ambiguity in Entrez Gene for Mus Musculus.
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Figure 7. Synonyms ambiguity in UniProtKB for Mus Musculus.
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IV.4.2 Ambiguity Between Databases
Table 15 below shows that the ambiguity with reference to UniProtKB considering all

synonyms is about five times the ambiguity with reference to Entrez Gene.

Table 15. Ambiguity between databases for Mus Musculus.

Database | All Synonyms | OFN OFS Aliases
Entrez Gene 3.27% 3.69% 0.66% 1.85%
UniProtKB 15.99% 12.17% 7.06% 12.56%

IV.4.3 Cross-species Ambiguity

The cross-species ambiguities between Mus Musculus synonyms and all the other species in
Entrez Gene and UniProtKB are shown in Tables 16 and 17 below. The highest degree of
ambiguity (CDA) happens with the Homo Sapiens. With other species, however, the CDAs

are relatively low.

Table 16. Cross-species ambiguity in Entrez Gene for Mus Musculus.

Mus Musculus Cross-species — Entrez Gene

Species Case insensitive matching Case sensiti
CDA% SDA% CDA% SDA%
Homo Sapiens 20.78 39.51/8.21 9.86 7.09/0.70
Arabidopsis Thaliana 0.96 52.26/0.50 0.24 11.61/0.03
Oryza Sativa 0.04 43.75/0.02 0.02 34.69/0.01
Pseudomonas Fluorescens 0.12 49.32/0.06 0.01 12.50 / 8E-4
Bacillus subtilis 0.13 48.00/0.06 0.01 27.27/2E-3
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Table 17. Cross-species ambiguity in UniProtKB for Mus Musculus.

Mus Musculus Cross-species — UniprotKB

Species i itive matching Case sensiti
CDA% SDA% CDA% SDA%
Homo Sapiens 84.24 3.14/2.65 84.04 3.04/2.56
Arabidopsis Thaliana 4.36 21.69/0.94 4.30 21.89/0.94
Oryza Sativa 2.02 34.83/0.7 2.00 34.97/0.7
Pseudomonas Fluorescens 1.22 46.88 /0.57 1.21 46.95/0.57
Bacillus subtilis 1.67 45.44/0.76 1.66 45.41/0.75

IV.5 Arabidopsis Thaliana

IV.S.1 Intra-species Ambiguity
Figures 8, 9 show the ambiguity distributions for levels from 2 to 6 in Entrez Gene and

UniProtKB databases, respectively.
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Figure 8. Synonyms ambiguity in Entrez Gene for Arabidopsis Thaliana.



48

Synonyms Ambiguity- UniProtKB DB
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Figure 9. Synonyms ambiguity in UniProtKB DB for Arabidopsis Thaliana.

IV.5.2 Ambiguity Between Databases

Table 18 below shows that the ambiguity with reference to UniProtKB considering all
synonyms is about three times the ambiguity with reference to Entrez Gene. Since there are no
official names and symbols in Entrez Gene, their degree of ambiguity is zero. A note that
Aliases ambiguity is different from All synonyms ambiguity. This is because in the aliases
fields we only compare those alias synonyms from Entrez Gene against aliases in UniProtKB,
while for all synonyms, we compare all the synonyms, regardless of the synonym type, and

hence aliases might be ambiguous with official symbols, or with official full names.

Table 18. Ambiguity between databases for Arabidopsis Thaliana.

Database All Synonyms OFN OFS Aliases
Entrez Gene 4.69% 0% 0% 2.17%

UniProtKB 12.76% 0% 0% 13.09%
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IV.5.3

The cross species ambiguities between Arabidopsis Thaliana synonyms and all the other

Cross-species Ambiguity

species in Entrez Gene and UniProtKB are shown in Tables 19 and 20 below. The highest
degrees of ambiguity (CDA) in Entrez Gene for Arabidopsis Thaliana occur with Mus
Musculus and Homo Sapiens. These also cause the highest strong degree of ambiguity. In
UniProtKB, however, rice causes the highest degree of ambiguity, but the least strong degree

of ambiguity.

Table 19. Cross-species ambiguity in Entrez Gene for Arabidopsis Thaliana.

Arabidopsis Thaliana Cross-species — Entrez Gene

Species Case insensitive matching
CDA% SDA% CDA% SDA%
Mus Musculus 2.94 58.14/1.71 0.75 46.97/0.35
Homo Sapiens 3.29 58.96/1.94 3.06 58.78 /1.8
Oryza Sativa 0.22 35.71/0.08 0.21 32.72/0.07
Pseudomonas Fluorescens 0.17 46.27/0.08 0.04 25.00/0.01
Bacillus subtilis 0.24 39.25/0.09 0.07 5.17/3.8E-3

Table 20. Cross-apecies ambiguity in UniProtKB for Arabidopsis Thaliana.

Arabidopsis Thaliana Cross-species — UniProtKB

Species Case insensitive matching  Case sensitive matching

CDA% SDA% CDA% SDA%
Mus Musculus 7.45 2428 /1.81 7.35 24.43/1.79
Homo Sapiens 7.76 24.03/1.86 7.66 24.21/1.85
Oryza Sativa 11.64 16.63/1.94 11.58 16.71/1.94
Pseudomonas Fluorescens 2.04 57.76/1.18 2.03 57.96/1.18
Bacillus subtilis 2.59 55.63/1.44 2.57 55.93/1.44
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IV.6 Oryza Sativa

IV.6.1 Intra-species Ambiguity
Figures 10, 11 show the ambiguity distributions for levels from 2 to 6 in Entrez Gene and

UniProtKB databases, respectively.

Synonyms Ambiguity- Entrez Gene DB
1.20%
w» 1.00%
§. 0.80% WAl
[=
o
g 0.60% B OEN
v 0.40%
X 0.20% OFS
. (] I L
0.00% . 2 -_— & Alias
2 3 4 5 6
number of ambiguous occurrence of a synonym
Figure 10. Synonyms ambiguity in Entrez Gene for Oryza Sativa.
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Figure 11. Synonyms ambiguity in UniProtKB for Oryza Sativa.
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IV.6.2 Ambiguity Between Databases
Table 21 shows that the in-between databases ambiguity with reference to UniProtKB
considering all synonyms is about four times the ambiguity with reference to Entrez Gene.

However, this degree is negligible and is too low to be considered.

Table 21. Ambiguity in between databases for Oryza Sativa.

Database All Synonyms OFN OFS Aliases
Entrez Gene 0.013% 0% 0% 0.013%
UniProtKB 0.051% 0% 0% 0.12%

IV.6.3 Cross-species Ambiguity
The cross-species ambiguities between rice and all the other species in Entrez Gene and
UniProtKB are shown in Tables 22 and 23 below. The highest degree of ambiguity (CDA)

happens with the Arabidopsis Thaliana in both databases.

Table 22. Cross-species ambiguity in Entrez Gene for Oryza Sativa.

Oryza Sativa Cross-species — Entrez Gene

Species

Mus Musculus 0.31 68.75/0.21 0.16 71.43/0.11
Homo Sapiens 0.32 69.00/0.22 0.17 69.23/0.11
Arabidopsis Thaliana 0.53 73.81/0.39 0.52 72.84/0.38
Pseudomonas Fluorescens 0.10 50.00/0.05 0.10 50.0/0.05

Bacillus subtilis 0.19 74.58 /0.14 0.19 74.58/0.14
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Table 23. Cross-species ambiguity in UniProtKB for Oryza Sativa.

Oryza Sativa Cross-species — UniProtKB

Species Case insensitive matching  Case sensiti
Mus Musculus 12.61 53.77/6.78 12.52 54.05/6.77
Homo Sapiens 12.95 53.82/6.97 12.89 54.08 / 6.97
Arabidopsis Thaliana 42.54 35.94/1529 |  42.34 35.81/15.16
Pseudomonas Fluorescens 5.29 81.31/4.30 5.26 81.22/4.27
Bacillus subtilis 6.37 79.03 /5.03 6.33 78.90 / 4.99

IV.7 Pseudomonas Fluorescens

IvV.7.1

Figures 12, 13 show the ambiguity distributions for levels from 2 to 6 in Entrez Gene and

UniProtKB databases, respectively.
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Figure 12. Synonyms ambiguity in Entrez Gene for Pseudomonas Fluorescens.
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Synonyms Ambiguity- UniprotKB DB
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Figure 13. Synonyms ambiguity in UniprotKB for Pseudomonas Fluorescens.

IV.7.2  Ambiguity Between Databases
Table 24 below shows that the ambiguity with reference to UniProtKB considering all

synonyms is almost the same the ambiguity with reference to Entrez Gene.

Table 24. Ambiguity between databases for Pseudomonas Fluorescens.

Database All Synonyms OFN OFS Aliases
Entrez Gene 0.49% 0% 0% 0.09%
UniProtKB 0.58% 0% 0% 0.22%

IV.7.3  Cross-species Ambiguity

The cross-species ambiguities between Pseudomonas Fluorescens synonyms and all the other
species in Entrez Gene and UniProtKB are shown in Tables 25 and 26 below. The highest
cross-species degree of ambiguity (CDA) is with the other bacteria, Bacillus Subtilis, in both

databases.
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Table 25. Cross-species ambiguity in Entrez Gene for Pseudomonas Fluorescens.

Pseudomonas Fluorescens Cross Species — Entrez Gene

Species Case insensitive matching Case sensitive matching
Mus Musculus 8.96 53.74/4.81 0.49 68.75/0.34
Homo Sapiens 11.43 53.33/6.09 0.18 33.33/0.06
Arabidopsis Thaliana 4.08 61.19/2.5 0.98 34.38/0.34
Oryza Sativa 0.98 40.63/0.40 0.98 40.63/0.40
Bacillus subtilis 30.56 70.99 /21.69 30.50 70.93 /21.63

Table 26. Cross-species ambiguity in UniProtKB for Pseudomonas Fluorescens.

Pseudomonas Fluorescens Cross Species — UniProt

Species i sitive matching Case sensiti
CDA% SDA% CDA% SDA%
Mus Musculus 21.38 92.24/19.72 21.27 92.20/19.61
Homo Sapiens 22.17 91.54/20.30 22.06 91.50/20.19
Arabidopsis Thaliana 20.91 96.55/20.19 20.84 96.54/20.12
Oryza Sativa 14.85 96.60 / 14.35 14.78 96.59/14.28
Bacillus subtilis 51.55 94.62 / 48.77 51.44 94.60 / 48.67

IV.8 Bacillus Subtilis Ambiguity

IV.8.1 Intra-species Ambiguity
Figures 14, 15 show the ambiguity distributions for levels from 2 to 6 in Entrez Gene and

UniProtKB databases, respectively.
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Figure 14. Synonyms ambiguity in Entrez Gene for Bacillus Subtilis.
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Figure 15. Synonyms ambiguity in UniProtKB for Bacillus Subtilis.

IV.8.2 Ambiguity Between Databases
Table 27 below shows that the ambiguity with reference to UniProtKB considering all

synonyms is close to the ambiguity with reference to Entrez Gene.
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Table 27. Ambiguity between databases for Bacillus Subtilis.

Database  All Synonyms OFN OFS Aliases
Entrez Gene 0.43% 0% 0% 0.13%
UniProt 0.31% 0% 0% 0.27%

IV.8.3 Cross-species Ambiguity

The cross species ambiguities between Bacillus Subtilis synonyms and all the other species in
Entrez Gene and UniProtKB are shown in Tables 28 and 29 below. The highest degrees of
ambiguity and strong ambiguity happen with the Pseudomonas Fluorescens species. This is

the case in both databases.

Table 28. Cross-species ambiguity in Entrez Gene for Bacillus Subtilis.

Bacillus Subtilis Cross Species — Entrez Gene

Species Case insensitive matching  Case se
CDA% SDA% CDA% SDA%
Mus Musculus 5.37 73.00/3.92 0.39 45.45/0.18
Homo Sapiens 6.64 74.12/4.92 0.05 66.67/0.04
Arabidopsis Thaliana 3.33 53.23/1.77 1.04 24.14/0.25
Oryza Sativa 1.06 25.42/0.27 1.06 25.42/0.27
Pseudomonas Fluorescens 17.95 84.15/15.11 17.92 84.12/15.07

Table 29. Cross-species ambiguity in UniProtKB for Bacillus Subtilis.

Bacillus Subtilis Cross Species — UniProt

Species Case insensitive matching  Case se
CDA% SDA% CDA% SDA%
Mus Musculus 10.63 63.92/6.79 10.55 64.02/6.75
Homo Sapiens 10.92 64.03 /6.99 10.82 64.21/6.95
Arabidopsis Thaliana 9.65 75.03/7.24 9.59 75.17/7.21
Oryza Sativa 6.49 81.85/5.31 6.45 81.95/5.29
Pseudomonas Fluorescens 18.72 88.39/16.54 18.68 88.37/16.51
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IV.9 Discussion

Recently, various studies have been conducted to explore the problems related to gene and
protein names ambiguities in text. These studies aim to understand and address naming
problems, and to propose potential solutions to them. In fact, the degrees of ambiguities in
gene/protein names might vary for different species, leading to problems at different levels of
importance and impacts. For example, some species might experience high degrees of
ambiguities intra-species, between data sources, and cross-species. In such cases the standards
and naming conventions used for these species need to be examined and reviewed, for
example, as we found for Bacillus Subtilis. Naming in other species, however, might suffer
from ambiguities, but at levels that are too low to represent a concern or worth spending times
and efforts to address them. An example to that is Oryza Sativa in Entrez Gene database, as
we found in this study. Hence, the process to analyse gene and protein nomenclatures is
important, particularly in text mining, because it helps understanding the ambiguities
problems, the sizes and the importance of these problems, and may guide solutions to reduce

them.

By analysing the distributions of records and synonyms, we find that Homo Sapiens and Mus
Musculus together represent a large percentage, about 12%, of the overall synonyms in Entrez
Gene database. However, their data records only represent about 4% of the overall Entrez
Gene records, which apparently indicates large synonyms to record ratio. This is also true for
Arabidopsis Thaliana. The remaining three species have synonyms to record ratio close to

0.5. In UniProtKB, on the other hand, all species have synonyms to record ratio close to 1.
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When we analysed the intra-species ambiguities in Entrez Gene database, we found that all
species, except Bacillus Subtilis, have the highest degree of ambiguity at level 2. That is, most
of the ambiguous synonyms are shared only between two Entrez Gene records. Bacillus
Subtilis has its highest ambiguity degree at level 5. For Homo Sapiens, about 23.29% of the
overall synonyms are ambiguous, and 8% of the synonyms are ambiguous at level 2. Rice
(Oryza Sativa), however, has the least ambiguity degree in Entrez Gene; its ambiguous
synonyms represent about 5.47% in total, and those ambiguous synonyms at level 2 represent
only 1% of the total rice synonyms in Entrez Gene. In UniProtKB, on the other hand, the
highest degree of ambiguity for all synonyms is at level 2, where for Homo Sapiens, 17.88%
of the synonyms are ambiguous, and 1.4% of the synonyms are ambiguous at level 2. For
Oryza Sativa, ambiguous synonyms represent about 49% of its total synonyms; and
ambiguous synonyms at level 2 represent about 18%. Mus Musculus has the least ambiguity in

UniProtKB at about 11%.

Beside intra-species ambiguities in the aliases, official full names and official symbols could
be ambiguous as well. Some records in Entrez Gene refer to genes reported on different
sequences or chromosomes, and have exactly the same official names and may have the same
or different official symbols. For example, Entrez Gene records (Entrez Gene IDs: 112026,
492996, 100126086) in Table 30, agree on the official full names, but not on the official

symbols.

Table 30. Mus Musculus Entrez Gene records with ambiguous official full names.

Entrez Gene ID Official Full Name Official Symbol
112026 liver weight QTL 1 Lwql

492996 liver weight QTL 1 Lvrql
100126086 liver weight QTL 1 Lvwtql
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Our analysis on the overlapping ambiguities between data sources show that Homo Sapiens,
Mus Musculus and Arabidopsis Thaliana have much higher overlapping ambiguities over the
other species. Another observation is that for all species except Bacteria, the matched
synonyms between these databases represent percentages in UniProtKB that are about 2.7 to 6
times higher that the percentages they represent in Entrez Gene. Bacteria, however, has
relatively close percentages of ambiguities, with respect to both databases. We report that rice
(Oryza Sativa) has the least ambiguity between databases; about 0.013% in Entrez Gene and

0.051% in UniProtKB, which are too low to be considered as a concern.

Considering the cross-species ambiguity in Entrez Gene, we expected that the highest cross-
species degree of ambiguity (CDA) would be between the species that belong to the same
pair. However, we noticed that this is not always the case, as Arabidopsis Thaliana has higher
CDAs with Homo Sapiens and Mus Musculus over the CDA with its pair, Oryza Sativa. We
also found that ambiguities between Homo Sapiens and Mus Musculus, and between
Pseudomonas Fluorescens and Bacillus Subtilis are much higher than the ambiguity between
Arabidopsis Thaliana and Oryza Sativa. In fact, we observed that rice causes the least cross-
species ambiguity with all the other species, except with Arabidopsis. Another interesting
observation is that many cross-species ambiguous synonyms are already ambiguous within the

species (have strong degree of ambiguity). Overall, the SDAs range from 40% to 90%.

When we studied the effects of case sensitive matching of names, we found that case
sensitivity had minimal impacts on ambiguities between species that belong to the same pair,

and higher effects on ambiguities across-species from different pairs. Homo Sapiens and Mus



60
Musculus make an exception to this, as their CDAs are also reduced by considering case
sensitivity. In addition, we found that rice’s cross-species ambiguity is affected the least by
case sensitive matching; the CDAs are almost the same across all other species, except with
human and mouse. On the other hand, Bacteria CDAs are the most affected and reduced by

case sensitive matching, as their CDAs with the other species become negligible.

The cross-species analysis in UniProtKB shows that species in the same pair have always the
highest CDAs when compared to others. In general, cross-species ambiguities in UniProtKB
are noticably higher than those in Entrez Gene. We also note that Bacteria have the highest
strong degrees of ambiguity. Additionally, it is interesting to report that case sensitivity has

negligible effect on the CDA or SDA between any two species in UniProtKB.

Based on our observations, cross-species ambiguity is highly influenced by the intra-species
ambiguity; in most cases, at least 40% of the cross-species ambiguous synonyms are already
ambiguous within the species. Therefore, we interpret that resolving the intra-species
ambiguity, would largely help in reducing that across species. One solution we propose is to
maintain a database of the ambiguous synonyms per species, and to encourage researchers to
avoid using these synonyms, whenever possible. Another important observation is that Oryza
Sativa has the least ambiguity in Entrez Gene database, very low overlapping ambiguity
between databases, and causes the least degrees of ambiguity across species. Therefore, it
might not be worth the efforts to study the source of these ambiguities, as they might have
very little impacts. In addition, we can use Oryza Sativa nomenclature as a guideline model

for naming other species genes.
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Chapter V

Conclusion and Future Work

In this study, we developed an automated process to analyse gene and protein nomenclatures
of different species, based on the records available in public biological databases. The process
is composed of different components that analyse the synonyms types, their frequencies, intra-
species, between data sources and cross-species ambiguities, with considering the case

insensitive and case sensitive matching of the synonyms.

We extracted the data available in Entrez Gene and UniProtKB databases, and we used our
process to separate and analyse records related to six different species, grouped in pairs, where
each pair belongs to a biological Kingdom. These are: Homo Sapiens and Mus Musculus from
the Animalia kingdom, Arabidopsis Thaliana and Oryza Sativa from the Plantae kingdom,
and Pseudomonas Fluorescens and Bacillus Subtilis from the Bacteria kingdom. In addition,
we studied the relationship between intra-species and cross-species ambiguities. Overall, we
found that at least 40% of the cross-species ambiguity is caused by intra-species ambiguous
synonyms. We also found that among the six species, rice has the best naming model in
Entrez Gene database, and it has low overlapping ambiguities between data sources, and
across-species. These results are useful for text mining and the analysis of high throughput
experiments where lists of genes/proteins are analysed. One of our suggested solutions is to
construct a database of ambiguous synonyms for different species, and to build a system that

evaluate the biological texts and use this database to find any ambiguous synonym in the text.
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Based on that, the system can recommend alternative gene synonyms that are not ambiguous,

to be used instead.

This work can be extended in different directions to support other general or species-specific
biological databases. In addition, we intend to support databases for other biological concepts
such as chemicals and diseases, and to analyze the ambiguities in the names of these entities,

as well as the overlapping ambiguities between different entities.
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A Frequency Diagrams
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Figure 16. Synonyms frequency in Entrez Gene for Homo Sapiens.
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Figure 17. Synonyms frequency in UniProtKB for Homo Sapiens.
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Figure 18. Synonyms frequency in Entrez Gene for Mus Musculus.
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Figure 19. Synonyms frequency in UniProtKB for Mus Musculus.
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Figure 20. Synonyms frequency in Entrez Gene for Arabidopsis Thaliana.
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Figure 21. Synonyms frequency in UniProtKB for Arabidopsis Thaliana.
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Figure 22. Synonyms frequency in Entrez Gene for Oryza Sativa.
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Figure 23. Synonyms frequency in UniProtKB for Oryza Sativa.
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Figure 24. Synonyms frequency in Entrez Gene for Pseudomonas Fluorescens.
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Figure 25. Synonyms frequency in UniProtKB for Pseudomonas Fluorescens.
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Figure 26. Synonyms frequency in Entrez Gene for Bacillus Subtilis.
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Figure 27. Synonyms frequency in UniProtKB for Bacillus Subtilis.
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B Frequency and Ambiguity Tables

Table 31. Homo Sapiens frequency percentages.

Entrez Gene UniprotKB
i All OFN OFS Alias All OFN OFS Alias
1 16.21% 76.16% 76.16% 30.54% 31.34% 100% 12.51% 27.07%
2 2.11% 0% 0% 13.67% 26.23% 0% 3.01% 13.11%
3 15.41% 0% 0% 7.78% 13.47% 0% 0.75% 8.96%
4 12.28% 0% 0% 5.17% 10.24% 0% 0.23% 6.05%
5 7.27% 0% 0% 4.43% 6.82% 0% 0.02% 3.94%

Table 32. Mus Musculus frequency percentages.

Entrez Gene UniprotKB
i All OFN OFS Alias All OFN OFS Alias
1 3.73% 95.67% 95.67% 31.22% 27.07% 100% 16.06% 24.11%
2 0.27% 0% 0% 23.37% 23.38% 0% 4.22% 16.49%
3 27.60% 0% 0% 10.31% 17.37% 0% 0.97% 10.71%
4 23.15% 0% 0% 6.19% 13.00% 0% 0.30% 6.67%
5 10.24% 0% 0% 7.23% 7.79% 0% 0.03% 4.00%

Table 33. Arabidopsis Thaliana frequency percentages.

Entrez Gene UniprotKB
i All OFN OFS Alias All OFN OFS Alias
1 13.57% 0% 0% 13.57% 29.06% 100.00% 21.46% 27.61%
2 48.34% 0% 0% 48.34% 25.95% 0% 4.25% 16.25%
3 4.05% 0% 0% 4.05% 18.64% 0% 0.48% 8.39%
4 5.49% 0% 0% 5.49% 11.43% 0% 0.04% 5.39%
5 9.44% 0% 0% 9.44% 7.05% 0% 0% 3.58%

Table 34. Pseudomonas Fluorescens frequency percentages.

Entrez Gene UniprotKB
i All OFN OFS Alias All OFN OFS Alias
1 98.26% 0% 0% 98.26% 26.85% 100.00% 14.17% 36.16%
2 1.54% 0% 0% 1.54% 27.95% 0% 4.00% 17.18%
3 0.14% 0% 0% 0.14% 19.10% 0% 0.55% 11.93%
4 0.04% 0% 0% 0.04% 16.15% 0% 0% 5.09%
5 0.02% 0% 0% 0.02% 7.56% 0% 0% 0.73%




73

Table 35. Oryza Sativa frequency percentages.

Entrez Gene UniprotKB
i All OFN OFS Alias All OFN OFS Alias
1 99.32% 0% 0% 99.32% 25.11% 100.00% 15.84% 41.25%
2 0.37% 0% 0% 0.37% 39.99% 0% 1.32% 12.67%
3 0.16% 0% 0% 0.16% 15.92% 0% 0.19% 9.19%
4 0.01% 0% 0% 0.01% 10.87% 0% 0% 4.20%
5 0.04% 0% 0% 0.04% 5.43% 0% 0% 1.40%

Table 36. Bacillus Subtilis frequency percentages.

Entrez Gene UniprotKB
i All OFN OFS Alias All OFN OFS Alias
1 99.95% 0% 0% 99.95% 39.86% 100.00% 12.60% 28.27%
2 0.05% 0% 0% 0.05% 23.03% 0% 2.69% 15.67%
3 0% 0% 0% 0% 16.67% 0% 0.60% 9.77%
4 0% 0% 0% 0% 12.95% 0% 0% 2.83%
5 0% 0% 0% 0% 5.05% 0% 0% 0.90%

Table 37. Intra-species ambiguities.

Species Entrez Gene UniProtKB
Homo Sapiens 23.29% 17.88%
Mus Musculus 28.83% 10.99%
Arabidopsis Thaliana 17.54% 16.54%
Oryza Sativa 5.47% 49.15%
Pseudomonas Fluorescens 41.77% 86.93%
Bacillus Subtilis 74.70% 67.98%

Table 38 Homo Sapiens ambiguity percentages.

Entrez Gene UniprotKB
i All OFN OFS Alias All OFN OFS Alias
2 7.92% 0% 0% 7.92% 1.50% 0.08% 0.07% 1.03%
3 1.34% 0% 0% 1.34% 0.31% 0.05% 0.01% 0.22%
4 0.34% 0% 0% 0.34% 0.18% 0.06% 0.01% 0.11%
5 0.10% 0% 0% 0.10% 0.10% 0.04% 0.00% 0.06%
6 0.04% 0% 0% 0.04% 0.06% 0.02% 0% 0.03%




Table 39 Mus Musculus ambiguity percentages.
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Entrez Gene UniprotKB
i All OFN OFS Alias All OFN OFS Alias
2 6.03% 0.16% 0.12% 5.88% 1.50% 0.09% 0.06% 1.03%
3 1.05% 0.0046% 0.0017% 1.05% 0.43% 0.10% 0.02% 0.30%
4 0.27% 0.0017% 0% 0.27% 0.20% 0.07% 0.01% 0.12%
5 0.10% 0% 0% 0.10% 0.15% 0.05% 0.01% 0.08%
6 0.05% 0% 0% 0.05% 0.08% 0.03% 0% 0.05%
Table 40 Arabidopsis Thaliana ambiguity percentages.
Entrez Gene UniprotKB
i All OFN OFS Alias All OFN OFS Alias
2 3.36% 0% 0% 3.36% 1.87% 0.25% 0.14% 1.24%
3 0.34% 0% 0% 0.34% 0.55% 0.13% 0.02% 0.38%
4 0.03% 0% 0% 0.03% 0.32% 0.08% 0.02% 0.22%
5 0.03% 0% 0% 0.03% 0.31% 0.07% 0.02% 0.21%
6 0.01% 0% 0% 0.01% 0.14% 0.03% 0% 0.11%
Table 41 Oryza Sativa ambiguity percentages.
Entrez Gene UniprotKB
i All OFN OFS Alias All OFN OFS Alias
2 1.05% 0% 0% 1.05% 18.59% 6.62% 1.73% 9.76%
3 0.15% 0% 0% 0.15% 2.11% 0.63% 0.17% 1.23%
4 0.04% 0% 0% 0.04% 1.12% 0.45% 0.08% 0.60%
5 0.01% 0% 0% 0.01% 1.64% 0.80% 0.06% 0.78%
6 0.01% 0% 0% 0.01% 0.86% 0.33% 0.09% 0.42%
Table 42 Pseudomonas Fluorescens ambiguity percentages.
Entrez Gene UniprotKB
i All OFN OFS Alias All OFN OFS Alias
2 17.12% 0% 0% 17.12% 6.16% 2.09% 0.47% 3.71%
3 12.71% 0% 0% 12.71% 3.86% 0.72% 0.07% 3.10%
4 8.71% 0% 0% 8.71% 1.23% 0.36% 0.11% 0.76%
5 0.43% 0% 0% 0.43% 0.90% 0.36% 0.07% 0.47%
6 0.12% 0% 0% 0.12% 1.19% 0.50% 0.14% 0.58%




Table 43 Bacillus Subtilis ambiguity percentages.
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Entrez Gene UniProtKB
i All OFN OFS Alias All OFN OFS Alias
2 8.77% 0% 0% 8.77% 3.10% 0.94% 0.43% 1.75%
3 8.88% 0% 0% 8.88% 0.99% 0.29% 0.09% 0.56%
4 18.95% 0% 0% 18.95% 0.31% 0.03% 0.04% 0.25%
5 24.27% 0% 0% 24.27% 0.25% 0.10% 0.01% 0.13%
6 3.96% 0% 0% 3.96% 0.13% 0.07% 0% 0.07%




