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Requirements engineering 9 

The MFGA is designed to support researchers and clinicians in the field of male infertility in 10 

finding and evaluating the analysis results of relevant publications. To ensure that the MFGA 11 

offers a relevant scope and focusses on the central needs and interests of the targeted user 12 

group, an extensive requirements engineering process had to be employed. This process 13 

aimed at defining the most relevant parts of the system design; in case of the MFGA, this 14 

means answering the following five questions: 15 

1. What kind of data should be available? 16 

2. How should the database be maintained and kept up to date? 17 

3. Who should be authorised to access the data on the website? 18 

4. What interface should be provided to access the data? 19 

5. How should the data be visualised? 20 

Since user-centric design is proven to be a critical factor of success for software projects 21 

(Maguire and Bevan, 2002), the requirements were acquired in close cooperation with a 22 

large group of prospective users of the MFGA. These researchers and clinicians are part of 23 

the Münster-based clinical research unit (CRU326) (http://www.male-germ-cells.de) and 24 

provided input on a broad range of aspects of male infertility, germ cell development as well 25 

as sperm morphology, motility, and function. The development of the MFGA is based on the 26 

software development and requirements engineering paradigm Rapid Prototyping, which 27 

focusses on developing early testing versions of the product to enable informed user 28 

feedback and iterative improvements (Budde et al., 1992; Gordon and Bieman, 1995). 29 

The requirements analysis was based on a set of 39 representative and relevant 30 

publications/data sets that the MFGA should be able to host, provided by members of the 31 

CRU326. The publications were highly heterogeneous and covered a broad range of 32 

methodologies, from GWA studies to targeted genotyping, microarray, bulk or single-cell 33 

http://www.male-germ-cells.de/
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RNA sequencing as well as methylation. The complete list is available in Suppl. Tab. S1 and 34 

has already been included into the MFGA database. 35 

 36 

Current state of requirements 37 

The requirements regarding the kind of data that should be available in the MFGA can be 38 

summarised in two points: First, the MFGA should host data representing the analysis results 39 

of a comprehensive set of publications on male infertility. Generally speaking, the MFGA 40 

needs to be able to deal with publications of arbitrary form and content. To account for the 41 

extremely high degree of heterogeneity between publications, a very flexible, modular data 42 

model is required. However, to enable the MFGA’s central service of offering selective data 43 

retrieval operations, it is crucial to identify, standardise and tag recurrent relevant information 44 

items and to curate them manually for each publication. Whenever applicable, 45 

standardisation should be based on ontologies as provided by OBO Foundry (Smith et al., 46 

2007). Second, the MFGA should provide complementary data from external databases to 47 

increase the comprehensibility of information, e.g., to explain the background of gene names 48 

and provide links to more details. However, the MFGA is not supposed to contain any raw 49 

data; instead the system should link to the corresponding repositories if provided by a 50 

publication. Also, the MFGA is not planned for processing raw data by itself; the system is 51 

only intended to show aggregated result data provided by publications. 52 

The database of the MFGA should be fully public and accessible to all researchers and 53 

clinicians in the field of male infertility. Maintenance and curation of selected publications 54 

should be provided by the development team. In order to keep the database up to date in a 55 

structured way, a recurring process for preparing new relevant publications will be 56 

implemented (Suppl. Fig. S1). It comprises three main steps: selection of relevant 57 

publications, manual curation according to the requirements of the MFGA database and data 58 

upload. Prospectively, it should be triggered once per month and combine the proposed 59 

publications of four different sources into one prioritised list. The four information sources are 60 
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(1) the list of not yet processed publications from the previous month, (2) newly published 61 

manuscripts from the CRU326, (3) other relevant new publications identified by the MFGA 62 

team, and, as an additional unbiased source, (4) recent publications queried from PubMed 63 

(query: “(male OR men) AND (fertility OR infertility) AND (gene OR genetic) AND 64 

("YYYY/MM/01"[Date - Publication] : "YEAR/MM/31"[Date - Publication])”). Publications will 65 

be curated and uploaded by priority. Eventually, users are supposed to be enabled to act as 66 

registered contributors and support selection, curation and upload of content. Thus, a user 67 

management and authentication system is required. 68 

Regarding the interface for accessing the information, users should be able to view a 69 

complete list of publications and their key features to get a quick overview on the full content 70 

of the data base. Additionally, an advanced search function should provide identifying and 71 

showing subsets of relevant publications based on the occurrence of gene names or IDs in 72 

tables and figures as well as meta-information like data type, OMICS, processed tissues/cells 73 

and conditions/species. Detailed information and results of each individual publication should 74 

be displayed by comprehensible, standardised overviews, including images, tables and on-75 

demand plots. As a special feature, the MFGA should display data from different publications 76 

in an aggregated way to allow for meta-analyses and integrated analyses. All pages should 77 

be enriched with appropriate additional information from external databases and with cross 78 

references, allowing for quick navigation through the atlas. 79 

 80 

IT architecture 81 

The overall IT architecture of the MFGA (Suppl. Fig. S2) was specified according to the 82 

identified requirements. In general, the MFGA consists of a relational database and a Java 83 

web application as the user interface for accessing it. Both the database and the web 84 

application are securely hosted on a server at the University of Münster, Germany, and can 85 

be accessed freely via the URL https://mfga.uni-muenster.de. 86 

https://mfga.uni-muenster.de/
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The part of the web application that is actually shown in the web browser of the user’s 87 

machine (Suppl. Fig. S2, left) is based on the three languages HTML, CSS and Java Script. 88 

The general contents of the web pages are defined by HTML, whereas CSS is employed to 89 

specify their layout. For the MFGA, the CSS library Bootstrap v 4.0.0-alpha.6 (Otto et al., 90 

2020a) has been added to support building the web pages in a responsive way, i.e., to 91 

enable an automated adjustment of the layout to different browsers and devices (Otto et al., 92 

2020b). Lastly, Java Script enables user interaction and regulates the web pages’ responses, 93 

making them dynamic on the user side. Here, the Highcharts v 6.1.4 (Highsoft AS, 2020) 94 

library has been embedded to allow for interactive charts on the MFGA web pages. 95 

Additionally, the library jQuery v 1.8.2 (JS Foundation, 2020a) is used, which simplifies 96 

navigation and manipulation of the HTML content compared to pure Java Script. Of major 97 

importance for the MFGA are the AJAX functions of the jQuery library that enable requesting 98 

and loading data from the server without reloading the web page (JS Foundation, 2020b). 99 

These functions reduce the amount of data that simultaneously needs to be available in the 100 

memory of the user’s machine and increase the loading speed of the web pages. 101 

For the interface layer on the server side (Suppl. Fig. S2, right), Java Server Pages and its 102 

JSTL libraries are used to dynamically define the contents that are rendered as static HTML 103 

at the web browser on the client side (Oracle Corporation, 2019). Thus, different data, texts 104 

and images can be loaded into an identical Java Server Pages frame depending on the user 105 

request. Based on this and the framework Apache Tiles v 3.0.7 (Apache Software 106 

Foundation, 2017b) that is employed to assemble multiple Java Server Pages into a final 107 

web page at runtime, a high degree of reusability of common page elements (Apache 108 

Software Foundation, 2017a) and Java Server Pages code snippets is enabled.  109 

The transmission of data between the database layer and the interface layer is handled in 110 

the application layer (Suppl. Fig. S2, right). For the MFGA, this is facilitated by the three 111 

frameworks Spring v 4.3.7.RELEASE (Pivotal Software Inc., 2020), Hibernate v 5.2.9.Final 112 

(Red Hat Inc., 2020) and Spring Security 4.2.2.RELEASE (Pivotal Software Inc., 2020). 113 

Spring provides infrastructural support (Pivotal Software Inc., 2019a) while Hibernate bridges 114 
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the gap between the paradigms of object-oriented programming in Java and relational 115 

databases by mapping Java classes and objects to data tables (Red Hat Inc., 2018) and vice 116 

versa. Also, the Hibernate framework provides the means to formulate queries in Java and 117 

facilitates data retrieval (Red Hat Inc., 2018). User authentication and authorisation to access 118 

data, however, is controlled by Spring Security (Pivotal Software Inc., 2019b). It enables the 119 

differentiation between administrators that have read/write access to all data in the MFGA 120 

and users that have restricted read-only access to public data. All dependencies of the web 121 

application are managed by the Apache Maven v 3.6.1 (Porter et al., 2020) framework, which 122 

builds the application before it is deployed on the server.  123 

On the data layer (Suppl. Fig. S2, right), the MFGA server employs the open source MariaDB 124 

v 10.1.41-MariaDB relational database (MariaDB Corporation, 2020) that is regularly backed 125 

up. MariaDB is the licence-free alternative to MySQL, which is the most commonly used 126 

database for public websites (Dyer, 2015). However, both databases have similar 127 

functionality and are fast and stable (Dyer, 2015). 128 

 129 

Data model 130 

For representing the highly heterogeneous publications, a very flexible and thus modular 131 

data model was required. Generally, database paradigms such as noSQL are specified on 132 

accommodating unstructured, heterogeneous data (Parker et al., 2013). However, since the 133 

MFGA needs to employ many complex queries with aggregation methods to fulfil search 134 

requests, a relational database was the better choice (Parker et al., 2013). Thus, information 135 

items that are preserved over all publications had to be identified and transformed into 136 

relational data tables. The seven classes of information that were modelled are publication, 137 

data set, processed tissue type, processed cell type, cohort’s condition, image and table 138 

(Tab. 1, column 1). Each of these classes has multiple relevant information items that need 139 

to be filled with text or numbers (Tab. 1, column 2 & 3). It is important to notice that each 140 

publication must have exactly one object in the class of information for publication. Since one 141 
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publication can contain information on multiple data sets, multiple data set objects can be 142 

attached to each publication object. Similarly, each data set object can be specified by an 143 

arbitrary number of processed tissue and cell types as well as cohorts with different 144 

conditions (one object per tissue type, cell type and condition) and can have images and 145 

tables attached. These relationships are depicted as an entity relationship diagram (Chen, 146 

1976) in Suppl. Fig. S3. 147 

For images and tables of publications that should be stored in the MFGA database, further 148 

attention is required. In the case of images, a copy of the file (in addition to its meta-149 

information) needs to be available on the server. Most importantly, any depicted gene names 150 

and IDs need to be extracted from the image and attached to it as annotation for later 151 

information retrieval operations. In the case of tables, the data needs to be extracted from 152 

the file provided by the publication and stored in the database cell by cell. The cell content is 153 

required to be annotated either as one of the sets of standard columns (gene name, artefact 154 

ID, chromosome, start position, end position, distance to related gene, p-value) or as an 155 

additional text/numeric column. This is necessary to allow for efficient standard queries while 156 

preserving the ability to store arbitrary tables, query all cell contents and represent tables in 157 

an interactive way on the website, i.e., enabling the user to apply sorting and filtering 158 

operations as well as plotting. The cell values of standard columns are all stored in one 159 

standard relational data table, while additional text or numeric cell values are stored in an 160 

attribute value pair data table (Suppl. Fig. S3). For the current implementation, tables only 161 

need to fulfil two requirements to be uploaded: The first row needs to be defined as a header, 162 

and cells cannot be merged. 163 

  164 
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Table legend 165 

Suppl. Table S1. List of publications available in the MFGA database. The data model 166 
has been developed based on of 39 heterogeneous publications to represent the variety of 167 
techniques and topics to be covered for a gene atlas in the field of male infertility and germ 168 
cells. These 39 publications are marked with an asterisk (*). The database of the MFGA is 169 
constantly growing and new publications are added on a regular basis. To date (30 April 170 
2020), it contains an additional 14 publications. Thus, in total 54 publications are available. 171 
 172 

Figure legends 173 

Suppl. Figure S1. The process of identifying, selecting and prioritising novel 174 
publications depicted based on Business Process Model and Notation (Chinosi and 175 
Trombetta, 2012). The process is triggered monthly. Potential publications are collected and 176 
merged into a list. This list is then prioritised by the MFGA team. Subsequently, curation and 177 
upload are performed in the determined order. 178 
 179 
Suppl. Figure S2. IT Architecture of the MFGA. The MFGA consists of two parts: The user 180 
machine (left side) on which the web application is run and the webserver (right side) on 181 
which the application and the database are hosted. The content on the user machine is 182 
based on the languages HTML, CSS and Java Script and the libraries Bootstrap v 4.0.0-183 
alpha.6 (Otto et al., 2020a), Highchart v 6.1.4 (Highsoft AS, 2020), Ajax and jQuery (JS 184 
Foundation, 2020a). The backend employs the frameworks Apache Tiles v 3.0.7 (Apache 185 
Software Foundation, 2017b), Spring v 4.3.7.RELEASE (Pivotal Software Inc., 2020), 186 
Hibernate v 5.2.9.Final (Red Hat Inc., 2020) and Apache Maven v 3.6.1 (Porter et al., 2020) 187 
as well as the technology Java Server Pages (Oracle Corporation, 2019) and the languages 188 
Java and MariaDB v 10.1.41-MariaDB (MariaDB Corporation, 2020). The application 189 
provides different interfaces and different access rights for users and admins, which are 190 
depicted in two different tracks of interaction. 191 
 192 
Suppl. Figure S3. MFGA’s data model to store the content of publications in a 193 
relational database. The model is depicted as Entity-Relationship Model according to the 194 
Chen notation (Chen, 1976). Each publication must have exactly one data object of the type 195 
publication for general metal information like author and title. Additionally, a data object of the 196 
type publication can have zero or more objects of the type data set attached. Equivalently, 197 
each data set can have zero or more data objects of the types processed tissue type, 198 
processed cell type, cohort’s condition, image and data table. The data table object stores 199 
general meta information on a data table like title and description. For the actual data, there 200 
has to be one object of the type table row attached per actual table row and per table row 201 
object as many attribute value pair objects as there are non-standard columns in the table. 202 
 203 
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Suppl. Figure S4a. Example screenshot of the MFGA search for gene STAG3 204 
(https://mfga.uni-muenster.de/search.html). The side bar on the left contains the search 205 
form. Here, STAG3 is typed into the search field and search option ‘all search terms’ is 206 
checked. The main window presents the search results. The plots show the number of 207 
returned data sets and the frequency of STAG3 in data tables grouped by publication. Below, 208 
the returned data sets are presented in a table (shortened) enriched with further meta 209 
information, linking to the overview of data set and publication. Retrieved 30 April 2020. 210 
 211 
Suppl. Figure S4b. Example screenshot of the MFGA search for gene STAG3. It shows 212 
part of the lower table (shortened) that results from the search for the gene STAG3 in the 213 
MFGA database and contains the specific data tables and images in which the gene was 214 
found. Retrieved 30 April 2020. 215 
 216 
Suppl. Figure S5a. Example screenshot of the MFGA search for condition azoospermia 217 
(https://mfga.uni-muenster.de/search.html). The side bar on the left contains the search 218 
form. Here, ‘HP:0000027: Azoospermia’ and HPO terms on lower hierarchy levels are 219 
checked as well as search option ‘all search terms’. HPO terms that are in a direct 220 
hierarchical relation are queried with the logical operator ‘OR’. The plots show the number of 221 
returned data sets and the most frequent genes in their data tables. Below, the returned data 222 
sets are presented in a table (shortened) enriched with further meta information, linking to 223 
the overview of data set and publication. Retrieved 30 April 2020. 224 
 225 
Suppl. Figure S5b. Example screenshot of the MFGA search for condition 226 
azoospermia (https://mfga.uni-muenster.de/search.html). It shows part of the lower table 227 
(shortened) that results from the search for condition azoospermia in the MFGA database 228 
containing frequency and names of genes mentioned in data tables of the returned data sets. 229 
Retrieved 30 April 2020. 230 
 231 
Suppl. Figure S6. Example screenshot of the MFGA publication overviews 232 
(https://mfga.uni-muenster.de/publication/details?publicationId=3881147). The 233 
overview shows the publication van der Bijl et al. (2019), presenting title, authors, abstract, 234 
information on copyright and first data set. Retrieved 30 April 2020. 235 
 236 
Suppl. Figure S7. Example screenshot of the MFGA data table overviews 237 
(https://mfga.uni-muenster.de/publication/results?ssDetailsId=3968811). The overview 238 
shows supplementary table 3 of the van der Bijl et al. (2019), containing citation, title and 239 
description of the data table as well as information on copyright. Retrieved 30 April 2020. 240 
 241 
Suppl. Figure S8a. Example screenshot of the MFGA search for gene expression of 242 
Sertoli cells of human testis tissue using single cell RNA sequencing (https://mfga.uni-243 
muenster.de/search.html). The plots show the number of returned data sets and the most 244 
frequent genes in their data tables. Below, the returned data sets are presented in a table 245 
(shortened) enriched with further meta information, linking to the overview of data set and 246 
publication. Retrieved 30 April 2020. 247 
 248 

https://mfga.uni-muenster.de/search.html
https://mfga.uni-muenster.de/search.html
https://mfga.uni-muenster.de/search.html
https://mfga.uni-muenster.de/publication/details?publicationId=3881147
https://mfga.uni-muenster.de/publication/results?ssDetailsId=3968811
https://mfga.uni-muenster.de/search.html
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Suppl. Figure S8b. Example screenshot of the MFGA search for gene expression of 249 
sertoli cells of human testis tissue using single cell RNA sequencing (https://mfga.uni-250 
muenster.de/search.html). It shows part of the lower table that results from the search in 251 
the MFGA database containing frequency and names of genes mentioned in data tables of 252 
the returned data sets. Retrieved 30 April 2020. 253 
  254 
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Suppl. Table S1. List of publications available in the MFGA database. The data model 1 
has been developed based on of 39 heterogeneous publications to represent the variety of 2 
techniques and topics to be covered for a gene atlas in the field of male infertility and germ 3 
cells. These 39 publications are marked with an asterisk (*). The database of the MFGA is 4 
constantly growing and new publications are added on a regular basis. To date (30 April 5 
2020), it contains an additional 14 publications. Thus, in total 54 publications are available. 6 
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