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Abstract

Faba bean (Vicia faba) is an essential food and fodder legume crop worldwide due to its high content of proteins and fibres.
Molecular markers tools represent an invaluable tool for faba bean breeders towards rapid crop improvement. Although
there have historically been few V. faba genome resources available, several transcriptomes and mitochondrial genome
sequence data have been released. These data in addition to previously developed genetic linkage maps represent a great
resource for developing functional markers and maps that can accelerate the faba bean breeding programmes. Here, we
present the Vicia faba Omics database (VfODB) as a comprehensive database integrating germplasm information, expressed
sequence tags (ESTs), expressed sequence tags-simple sequence repeats (EST-SSRs), and mitochondrial-simple sequence
repeats (mtSSRs), microRNA-target markers and genetic maps in faba bean. In addition, KEGG pathway-based markers and
functional maps are integrated as a novel class of annotation-based markers/maps. Collectively, we developed 31 536 EST
markers, 9071 EST-SSR markers and 3023 microRNA-target markers based on V. faba RefTrans V2 mining. By mapping 7940
EST and 2282 EST-SSR markers against the KEGG pathways database we successfully developed 107 functional maps. Also,
40 mtSSR markers were developed based on mitochondrial genome mining. On the data curation level, we retrieved 3461
markers representing 12 types of markers (CAPS, EST, EST-SSR, Gene marker, INDEL, Isozyme, ISSR, RAPD, SCAR, RGA, SNP
and SSR), which mapped across 18 V. faba genetic linkage maps. VfODB provides two user-friendly tools to identify, classify
SSR motifs and in silico amplify their targets. VfODB can serve as a powerful database and helpful platform for faba bean
research community as well as breeders interested in Genomics-Assisted Breeding.

Keywords: Faba bean; genetic maps; molecular breeding; molecular markers; Vicia faba.

Introduction

Faba bean also called broad beans (Vicia faba) is one of the most its contribution to agricultural sustainability through nitrogen
important food and fodder legume crops worldwide after pea, fixation and soil-improvement capabilities (Rispail et al. 2010).
chickpea and lentil (FAOSTAT 2017). Its importance is due to Moreover, it has extra advantages over other legume crops as it

the high levels of protein and fibres (i.e. 25-40 %), in addition to can adapt and grow under limited irrigation (Al-Suhaibani 2009;
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Alderfasi and Alghamdi 2010), moderate salinity (Abdelhamid
et al. 2010) and low temperatures (cool climates) conditions
(Kaur et al. 2014).

The global production of V. faba is 4.84 million tonnes; itis led by
China which produces ~37.2 % of the total worldwide crop, followed
by Ethiopia (19.2 %), Australia (7.7 %), UK (6.2 %), Germany (3.9 %),
France (3.9 %) and Egypt (2.3 %) (FAOSTAT 2017; http://faostat3.fao.
org). Meanwhile, Egypt is ranked as the world’s largest importer
of faba beans with an estimated production-consumption gap of
about 73 % in 2014. Due to this huge gap, Egypt imports annually
over half of the global imports (Ouda and Zohry 2017).

Faba bean is a diploid plant (2n = 12) with one of the largest
genomes among legumes (~13 000 Mb). Its genome is 26x larger
than the Medicago truncatula (as a model plant) and repetitive
DNA represents over 85 % of its genome composition (Flavell
et al. 1974; Sato et al. 2010; Khazaei et al. 2014).

During the last decade, many faba bean transcriptome data
have been released; meanwhile, remarkably limited genomic
DNA sequence data are deposited to public databases (Ray
and Georges 2010; Kaur et al. 2012; Yang et al. 2012; Arun-
Chinnappa and McCurdy 2015). The only V. faba genomic DNA
sequences data set was reported by Yang et al. (2012), in which,
Pyrosequencing of pooled genomic DNA of 247 accessions was
performed to identify and develop microsatellites markers. To
date, this obvious lack of publicly available genome resources
in faba bean is mainly attributed to the intrinsic difficulties of
decoding this giant genome (Torres et al. 2010; Kaur et al. 2014).

The above-mentioned limitation in genomic resources
availability consequently affected the development of successful
marker-assisted selection (MAS) breeding programmes in faba
bean comparing to other legume species (Avila et al. 2004). Taking
into consideration that the majority of economically important
traits are controlled by multiple genes, limited success is
expected through the implementation of traditional breeding
methods. Therefore, the application of MAS strategies provides
a potential solution to overcome such a problem, through the
development of effective genetic markers and genetic linkage
maps of markers controlling economic traits (Kaur et al. 2014).

On the other side, earlier mapping studies have been
developed with the aid of random amplified polymorphic DNA
(RAPD) and sequence-characterized amplified region (SCAR)
markers (Gutierrez et al. 2007; Ellwood et al. 2008; Diaz-Ruiz
et al. 2010). Later, the development of expressed sequence tags
(ESTs), microsatellites or Single Sequence Repeats (SSRs), EST-
SSRs and single nucleotide polymorphism (SNP) markers added
a step forward to relatively enrich faba bean genetic studies and
breeding (Zeid et al. 2009; Gong et al. 2010; Torres et al. 2010; Ma
et al. 2011; Wang et al. 2011; Kaur et al. 2012; Suresh et al. 2013;
Khazaei et al. 2015; Webb et al. 2016; Beier et al. 2017).

In an initial step in 2008, the ‘Vicia Toolbox’ website was
released as an online hub aimed at gathering researchers and
breeders who are interested in developing community resources
and collaborative research with the goal of genetic improvement
of faba bean (https://www.viciatoolbox.org/). Two years later,
the Pulse Crop Database (PCD), formerly the Cool Season
Food Legume Database (CSFL; https://www.pulsedb.org) was
developed to translate the released genomics knowledge into
the crop improvement framework of many legume crops such
as pea, lentil, chickpea and faba bean.

The integration of curated and developed genomic,
transcriptomic, gene-ontology and KEGG pathway data in an
open-platform as species-specific database integrating various
Omics data and germplasm information is an essential demand
for faba bean researchers and breeders.

Here, we present the Vicia faba Omics database (VfODB) as a
comprehensive hub of germplasm information, ESTs, EST-SSRs,
mtSSRs, microRNAs markers and genetic maps in faba bean.
Additionally, we developed a KEGG pathway-based markers
database, as a novel class of annotation-based markers. We
expect that VfODB will serve as a beneficial platform for
researchers interested in Genomics-Assisted Breeding (GAB) in
faba bean.

Materials and Methods

Data collection

At first, we downloaded the V. faba mitochondrial genome
sequence and its annotation from the NCBI GenBank
database (accession number; KC189947). Regarding the V. faba
transcriptome, since many versions were available, the recent
reference and enriched transcriptome version (CSFL V. faba
RefTrans V2; which combines all published RNA-Seq and EST
data sets to create a reference transcriptome) was downloaded
in addition to its associated annotations from the Pulse Crop
Database. Moreover, we also retrieved KEGG pathways, KEGG
orthologs and Gene Ontology annotations of the V. faba
Reference Transcriptome - version 2.

On the other hand, to curate all previously mapped DNA
markers in V. faba, an extensive PubMed search was performed to
obtain all relevant publications till October 2020, using different
sets of keywords. Thereafter, each paper was carefully checked
to collect all DNA marker information, including marker name,
primer sequence, product size, marker position on the map, etc.
Moreover, due to that, not all curated markers are annotated;
we utilized several online tools to annotate these markers.
Comprehensively, we curated all available faba bean germplasm
information from both the Genebank Information System of the
Genesys Database supported by CGIAR (https://www.genesys-
pgroorg) as well as from the IPK Genebank at Gatersleben,
Germany (https://gbis.ipk-gatersleben.de/) and finally listed,
categorized and implemented in our VfODB database.

Bio-data mining, curation and database construction

In this study, we divided the bio-data mining work into
three main categories: 1) Mitochondrial-based markers,
2) Transcriptome-based markers, and 3) KEGG-based markers.
In addition to, 4) Genetic maps-based markers data curation and
annotation.

1) For mitochondrial-based markers development, the
downloaded V. faba mitochondrial genome was analysed in
terms of microsatellites identification, classification and marker
development. The workflow of analysis was done in five main
steps, as follows: (a) detection of SSR motifs on the genome-
scale; (b) classifying identified SSR motifs into non-genic or genic
according to their location within the genome; (c) designing SSR
primers and developing markers; (d) organizing and integrating
developed SSR markers as well as their associated information
into the VfODB database; and (e) implementing all generated
data sets into the VfODB web interface (Fig. 1).

Technically, the MISA (MlcroSAtellite identification) tool
(Beier et al. 2017) was used to identify and localize all perfect
SSR motifs as well as compound SSR motifs within the V. faba
mitochondrial genome. For perfect motifs, the parameters were
adjusted as following: mono- (>10), di- (26), tri- (=5), tetra- (>4),
penta- (>3) and hexa-nucleotide (>3). For compound motifs, the
parameters were adjusted to identify motifs with >2 repeats
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Figure 1. The workflow of mitochondrial-based markers development.

interrupted by <100 bp. The obtained results were organized
through developed in-house-Perl scripts and finally compared
against the mitochondrial genome annotation to classify the SSR
motifs into non-genic and genic motifs. Based on each identified
motif coordinates within the mitochondrial genome sequence,
a 200-bp flanking sequence of each motif was extracted instead
of using the full genome sequence. Thereafter, SSR primers were
designed for all classified SSR motifs using Primer3 software
(Untergasser et al. 2012), and a unique marker ID was then
assigned for each marker. Finally, the Genome Browser Tool
(known as JBrowse) (Buels et al. 2016) was implemented in our
VfODB database to manipulate and display the coordinates of
SSR motifs/primers within the V. faba mitochondrial genome.

2) For Transcriptome-based markers, the downloaded V. faba
reference transcriptome V2 was analysed for detecting three
items: 1) transcriptome-wide EST markers, 2) microsatellites
(EST-SSR markers development) and 3) microRNA-targets (Fig. 2).

For transcriptome-wide EST markers development, the
V. faba RefTrans V2 (37 378 sequences) was subjected to Primer3
software in order to develop transcriptome-wide EST markers
according to the following criteria: primer length 20 bp; melting
temperature of 55 °C; product size range of 100-500 bp; and a 50 %
G/C content (Mokhtar and Atia 2019). Later, the developed EST
primers data were combined with their annotation information
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and classified into one of the following classes: 1) EST primers
with general annotation, 2) EST primers with gene-ontology and
3) EST primers assigned to certain enzymes.

For EST-SSR markers development, the V. faba RefTrans V2
was analysed using the MISA tool to identify the sequences
containing SSR motifs, which were consequently extracted and
subjected to Primer3 software (Untergasser et al. 2012) to develop
EST-SSR markers. These markers were subsequently combined
with their annotation information and also classified into three
classes: 1) EST-SSR primers with general annotation, 2) EST-SSR
primers with gene-ontology and 3) EST-SSR primers assigned to
certain enzymes.

MicroRNA-target markers were identified wusing the
psRNATarget online tool (psRNATarget: A Plant Small RNA
Target Analysis Server; http://plantgrn.noble.org/psRNATarget/
home) to predict all plant microRNA families targets within the
V. faba RefTrans V2. These targets were consequently extracted
and subjected to Primer3 software to develop microRNA-targets
based markers.

Finally, all developed markers (ESTs, EST-SSRs and microRNA-
targets based markers) were linked to the JBrowse tool to display
their coordinates within the sequences of V. faba RefTrans V2.

3) For KEGG pathway-based markers, the developed EST and
EST-SSR markers (assigned to enzymes) were further mapped
against the KEGG pathways database (https://www.genome.jp/
kegg/pathway.html) to build V. faba functional maps (Fig. 3). Each
map contains; Pathway ID, Pathway image, mapped enzymes ID
(highlighted), mapped enzymes associated primers/markers,
markers annotation information, markers coordinates (within
RefTrans V2 and hyperlinked to the JBrowse viewer) and all other
information related to this primer (Tm, GC%, Length, etc.). All
generated maps were finalized in a user-friendly attractive form.

4) For Genetic maps-based markers, we downloaded all
previously developed and published genetic linkage maps of
V. faba. All available information of mapped markers on these
maps were manually curated and categorized according to their
type. In case that markers sequence was available such as SNP
markers sequence, these sequences were further curated and
aligned against the NCBI GenBank database by using blastx tool
to determine its corresponding protein (Fig. 4).

Furthermore, all developed annotated markers belonging
to different marker types (EST, EST-SSR and microRNA-target
markers) were later combined with their functional information
available at the UniPort knowledgebase (UniProtKB; https://
www.uniprot.org/uniprot/). Finally, all generated and curated
data sets of markers and functional maps were transformed to
build a standard information platform for all marker classes and
maps to be integrated into the VfODB SQL database. The VfODB
database was implemented using a combination of Linux, Perl,
PHP and MySQL applications platform. Additionally, the CSS,
JavaScript script language and Hypertext Markup Language
(HTML) were implemented to design a VfODB user-friendly web
interface.

Results

VfODB interface

The VfODB database provides a modern web interface supported
with multiple effective and powerful features including;
exploring, downloading, searching and analysing tools. The
VfODB website affords an effective navigation bar designed to
facilitate users browsing across the different sections of the
VfODB hub responsively and conveniently. The stored data in
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Figure 2. The workflow of transcriptome-based markers.

VfODB can be effortlessly browsed, accessed, searched and
retrieved via seven interactive pages: Homepage, Transcriptome
(JBrowse, EST markers, Validated ESTs, EST-SSR markers and
Validated EST-SSR), Mitochondrial (JBrowse, Mitochondrial-
SSR and Validated Mitochondrial-SSR), microRNA (JBrowse,
Predicted microRNA-targets and markers), Molecular Maps
(Genetic Maps and KEGG Pathway-based Maps), Tools (MISA
and in silico PCR) and Germplasm. Users can browse the above-
mentioned sections of the VfODB database in a very simple way
through choosing any item from the drop-down menus located
in the main navigation bar.

The Homepage of VfODB provides a simple introduction and
images about faba bean and its economic importance, as well as
offering an overview of the main workflows used to develop the
VfODB database and highlighting general statistics of obtained
results within each section.

For the Transcriptome drop-down menu, searches are divided
into five separate pages according to the molecular marker type/
class. Pages of ‘EST Markers’, ‘EST-SSR Markers’ and ‘Validate
EST or EST-SSR Primers’ provide users with different utilities
presented in a sub-pages style and include: 1) EST or EST-SSR
markers statistics, 2) General Search, 3) Search by Gene Ontology,
4) Search by KEGG Pathways. Under the ‘EST Markers’ and ‘EST-
SSR Markers’ search utilities, users can easily get the results by
entering one of the following keywords: gene product/sequence
description, UniProtKB name, gene ontology accession, gene
ontology description, pathway name, KEGG pathway Id or KEGG
enzyme Id. Keywords are sensitive to spelling mistakes but they
are not case-sensitive. For each one of these parameters, an
example is set inside the text box below.

For the Mitochondrial drop-down menu, searches are divided
into three separate pages (JBrowse, Mitochondrial-SSR and
Validated Mitochondrial-SSR). Under the ‘Mitochondrial-SSR’
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search utility, users can easily get the results by entering one of
the following keywords: gene product, repeat sequence, repeat
type or primer Id. Meanwhile, the ‘Validated Mitochondrial-
SSR’ page provides users with all information about the in vitro
validated mtSSR primers/markers.

For the microRNA drop-down menu, search utilities
are divided into two separate pages including: 1) JBrowse,
2) Predicted microRNA-targets and markers. Under the JBrowse’
search page, all predicted microRNA-targets and markers were
visualized using the JBrowse viewer to display their coordinates
within the V. faba RefTrans V2. While, in the ‘Predicted microRNA-
targets and markers’ search page users can obtain the results by
selecting interest microRNA family name/id from a drop-down
menu (required) and entering one of the following keywords:
V. faba target EST name/Id, protein symbol or EST description/
gene product (optional).

For the molecular maps drop-down menu, search utilities
are presented into two separate pages includes: 1) genetic
maps, 2) KEGG pathway-based maps. Under genetic maps
page utility, VfODB provides users with one-page dual-style
search feasibility to obtain their results. In the first style,
V. faba Genetic Maps can be searched conveniently even by
making a selection of interest map name or marker type
from drop-down menus or by entering one of the following
keywords: marker name or linkage group number. While, in
the second style, users can simply explore the map of interest
among sections that collecting all previously developed
genetic maps in V. faba and their basic information. In
addition, users can deeply visualize and explore the map of
interest using ‘Map Browse’ hyperlink in a separate interactive
page. Meanwhile, in the KEGG pathway-based maps page,
users can basically reach their interest pathway/marker even
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Figure 4. The workflow of genetic maps-based markers.
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by making a selection of pathway/marker type from drop-
down menus or through scroll-down the interactive table
containing all developed V. faba KEGG pathway-based maps
(functional maps). In addition, users can display and explore
our developed markers over the KEGG pathway maps using
‘Browse’ hyperlink in a separate interactive page.

The Germplasm page was implemented initially to provide users
with preliminary information about most of the faba bean germplasm
available worldwide and listed in the Genesys database as well as
the IPK Genebank — Germany. The VfODB provides users with this
information in an easily searchable hyperlinked tabulated style.

Almost in all VfODB searchable pages, users can download/
retrieve all obtained or presented results/data sets in a very
simple way. The search results of all types of markers are
presented in tabulated style containing important related
information for each marker (e.g. Primer ID, Repeat Type, Repeat
Sequence, Primer Sequence, Primer annealing temp., GC%,
Product Length, Gene symbol, etc.). All the above-mentioned
VfODB pages layouts are summarized in Fig. 5.

VfODB tools

In the “Tools’ section, two powerful sequence analysis tools,
MISA (Beier et al. 2017) and in silico PCR (Kalendar et al. 2011),
were configured and implemented into our VfODB database:

B) Transcriptome Pages

_ EST Markers Page _ EST-SSR Markers Page

C) Mitochondrial Pages

Mitochondrial SSR Page

1) The traditional system of developing SSR markers from genomic
libraries is smoothly replaced by another modern in silico mining
approaches. MISA tool is a computational tool used for mining
and developing microsatellite markers. MISA can detect perfect
microsatellites, as well as compound microsatellites that combine
more than one type of simple sequence motifs. Therefore, MISA
will act as a useful and efficient helper for researchers interested
in the development of SSRs or functional markers in V. faba.

2) PCR is a fundamental step in many research fields and is the
most significant molecular technique ever been applied. In silico
PCR or e-PCR, also called virtual-PCR is a computational tool
used to mimic theoretically the polymerase chain reaction (PCR)
results through simultaneous testing of a single or multiple sets
of primer/probe designed to amplify single or multiple target
sequences within a given genome or transcriptome sequence
and determine all probable PCR products. The in silico PCR tool
page provides users with two options: 1) using their primer(s)
against their interest genome/transcriptome sequences or
2) using their primer(s) against available V. faba sequences
integrated into our VfODB database (all NCBI ESTs as well as
RefTrans V2). Therefore, implementation of the in silico PCR
tool in VfODB is expected to empower users to easily prepare
for their experiments with such effective in silico modelling
approach and in meantime saving their time and effort.

E) Molecular Maps Pages

KEGG Pathway-based Maps

Genetic Maps Page

Figure 5. Screenshots of the VfODB database: (A) VfODB homepage, (B) Transcriptome Pages, (C) Mitochondrial Pgges, (D) MicroRNA Page, (E) Molecular Maps Pages, (F)

Tools Pages, (G) Germplasm Page and (H) Submission Page.
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Both MISA and in silico PCR tool pages afford the users with VfODB statistics

availability t.o retain their previous MISA or in silico PCR results In this study, through the bio-data mining analysis we identified

and recall it from the VfODB server within 1 month and the following:

download them by just entering the previous job name (ID).

Finally, VfODB presents these tools in a user-friendly graphical 1) For V. faba mitochondrial genome mining, 46 SSR motifs

user interface supported with cloud processing and database were identified with a high prevalence of mono-nucleotide

storage availability to facilitate in silico mining of microsatellite repeats (26 mtSSR motifs) and lowest prevalence of hexa-
nucleotide repeats (2 mtSSR motifs). While, the tri-nucleotide

and tetra-nucleotide mtSSR motifs were absent. Among the

markers according to the user’s preferences.
The ‘Submission’ page, allows users to easily submit their novel
validated markers as well as their amplification conditions in a very 46 identified mtSSR motifs, 5 genic-mtSSRs and 41 non-genic
mtSSRs were characterized. Finally, 5 genic-mtSSR markers

straightforward manner and make them freely available.
and 35 non-genic mtSSR markers were developed.
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2) For V. faba Ref-transcriptome mining, 37 378 sequences
were analysed to identify and develop EST, EST-SSR and
microRNA-target markers. We identified 12 172 SSR motifs
and 21 236 microRNA-targets. Thereafter, we successfully
developed 31 535 EST, 9071 EST-SSR and 3023 microRNA-
target markers with the aid of primer3 software (Untergasser
etal. 2012). Among the EST developed markers, we identified
the Gene-ontology of 17 081 EST markers and assigned
7940 EST markers to a certain enzyme. Meanwhile, among
the developed EST-SSR markers, we identified the Gene-
ontology of 5217 EST-SSR markers and assigned 2282 EST-
SSR markers to a certain enzyme (Fig. 6).

3) For the KEGG pathway-based maps (Functional Maps)

11191’2?571.[25

development, by mapping of 7940 EST and 2282 EST-SSR
markers against the KEGG pathways database we successfully
developed 107 KEGG pathway-based maps (Fig. 7).

On the other side, regarding the genetic maps data curation,
we retrieved a total of 3461 markers representing 12 types of
markers (CAPS, EST, EST-SSR, Gene marker, INDEL, Isozyme,
ISSR, RAPD, SCAR, RGA, SNP and SSR) mapped across 18 genetic
linkage maps (Table 1a). Among this number, we successfully
annotated 889 markers not previously disclosed.

The statistics of the two main data categories (bio-data
mining and curation) and their subclasses analysed within
the VfODB database (e.g. no. of tested sequences, no. of
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Figure 7. Statistics layout of the V. faba KEGG pathway-based maps (Functional Maps). Pathways assigned using the designed SSR primers. The middle part of the figure
shows the pathways name. The outer part of the figure reveals the histogram, number of enzymes and number of designed primers (EST or EST-SSR) in each pathway
(where the blue colour refers to the number of enzymes in the pathway and the purple colour refers to the number of designed primers in each pathway).
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Table 1. Summary of the whole analysed data in VfODB database across the two main data categories.

a)
Gene

SNP SSR RAPD CAPS EST-SSR INDEL marker Isozyme  EST RGA  SCAR ISSR Total
No. of markers 2922 136 122 111 74 32 31 16 7 4 3 3 3461
No. of maps 11 6 6 2 2 3 3 5 1 1 2 1 18
b)

Total no. of sequences  No. of identified  No. of designed primers No. of sequences assigned No. of sequences

examined motifs/targets gene ontology assigned enzyme
EST 37 378 - 31535 17 081 7940
EST-SSR 12172 9071 5217 2282
microRNA 21236 3023
identified motifs/targets, no. of developed primers/markers, Data Availability

no. of curated markers per marker-type, etc.) are summarized
in Table 1b.

Discussion and Conclusions

Faba bean is a popular legume crop worldwide because
of its rich content of nutrients for human and as animal
consumptions. Despite this clear economic and nutritional
importance, no public database of the faba bean genomic
resources is currently available worldwide. Because of the
significance of faba bean and the rapid development of bio-
data mining and bioinformatics tools, an online ‘Omics’
hub in faba bean named the VfODB was constructed. To our
knowledge, the VfODB is the first public species-specific
repository with such variability in molecular marker types and
maps. It includes functional markers types (such; ESTs, EST-
SSRs, genic-mtSSRs, genic-SNPs, microRNA-targets, RGA and
gene markers) as well as non-functional marker types (such;
non-genic mtSSRs, CAPS, INDEL, Isozyme, ISSR, RAPDs, SCARs,
non-genic SNPs and non-genic SSRs markers). Also, the VfODB
is expected to stand as a fully functional hub with different
Omics applications in faba bean. Moreover, the VfODB hub
provides satisfactory help material for users to facilitate the
use of first-time visitors. These different kinds of functionality
can allow researchers to address the roles of developed
functional markers on deeper levels and may provide answers
to many scientific questions.

The VfODB database will regularly be updated with newly
released genomic, transcriptomics and literature resources.
Furthermore, the hub design and tools will be regularly
improved, refined and supported. For example, currently,
we are aiming to feed the VfODB database with new V. faba
transcriptomes developed in our laboratory to address the
gene-expression profiles under different abiotic stresses. Also,
we aim to link and list all original research works already
published or will be released in future especially related to
the molecular genetic studies, molecular breeding, genetic
mapping, etc., on V. faba.

Overall, we believe that the VfODB database will act as a
cornerstone for faba bean research. Also, it will represent great
interest to faba bean scientists with different interests including
genetic diversity, population genetics, genome mapping, genome
evolution, gene-expression profiling, species identification or
targeted trait improvement.

VfODB is an online free access database initiative available in
the following link: http://vfodb.easyomics.org/.

Sources of Funding

The author(s) received no specific funding for this work.

Conflict of Interest

The authors declare that they do not have any conflicts of
interest.

Contributions by the Authors

Conceptualization, M.A., EH., S.E.,, M.M.; data curation, M.M,;
formal analysis, M.M.; resources, M.A. and M.M.; validation,
M.M.; visualization, M.A. and M.M.; writing—original draft
preparation, M.A.; writing—review and editing, E.H., S.E. and
M.A.; supervision, E.H., S.E. and M.A. All authors have read and
agreed to the published version of the manuscript.

Acknowledgements

The authors would like to thank the administration of
Agricultural Genetic Engineering Research Institute (AGERI), as
well as the administration of the Agricultural Research Center
(ARC), Egypt for their continued support.

Literature Cited

Abdelhamid MT, Shokr MM, Bekheta MA. 2010. Growth, root characteristics,
and leaf nutrients accumulation of four faba bean (Vicia faba L.) cultivars
differing in their broomrape tolerance and the soil properties in relation
to salinity. Communications in Soil Science and Plant Analysis 41:2713-2728.

Alderfasi AA, Alghamdi SS. 2010. Integrated water supply with nutrient
requirements on growth, photosynthesis productivity, chemical status
and seed yield of faba bean. American-Eurasian Journal of Agronomy
3:8-17.

Al-Suhaibani NA. 2009. Influence of early water deficit on seed yield and
quality of faba bean under arid environment of Saudi Arabia. American-
Eurasian Journal of Agricultural & Environmental Sciences. 5:649-654.

Arun-Chinnappa KS, McCurdy DW. 2015. De novo assembly of a genome-
wide transcriptome map of Vicia faba (L.) for transfer cell research.
Frontiers in Plant Science 6:217.


http://vfodb.easyomics.org/

10 | AoBPLANTS, 2020, Vol. 12, No. 6

Avila CM, Satovic Z, Sillero JC, Rubiales D, Moreno MT, Torres AM. 2004.
Isolate and organ-specific QTLs for ascochyta blight resistance in faba
bean (Vicia faba L). Theoretical and Applied Genetics 108:1071-1078.

Beier S, Thiel T, Miinch T, Scholz U, Mascher M. 2017. MISA-web: a web
server for microsatellite prediction. Bioinformatics 33:2583-2585.

Buels R, Yao E, Diesh CM, Hayes RD, Munoz-Torres M, Helt G,
Goodstein DM, Elsik CG, Lewis SE, Stein L, Holmes IH. 2016. JBrowse:
a dynamic web platform for genome visualization and analysis.
Genome Biology 17:1-2.

Diaz-Ruiz R, Torres AM, Satovic Z, Gutierrez MV, Cubero JI, Roman B. 2010.
Validation of QTLs for Orobanche crenata resistance in faba bean (Vicia
faba L.) across environments and generations. Theoretical and Applied
Genetics 120:909-919.

Ellwood SR, Phan HT, Jordan M, Hane ], Torres AM, Avila CM, Cruz-
Izquierdo S, Oliver RP. 2008. Construction of a comparative genetic map
in faba bean (Vicia faba L.); conservation of genome structure with Lens
culinaris. BMC Genomics 9:1-1.

FAOSTAT. 2017. Food and agriculture data. http://faostat3.fao.org

Flavell RB, Bennett MD, Smith JB, Smith DB. 1974. Genome size and the
proportion of repeated nucleotide sequence DNA in plants. Biochemical
Genetics 12:257-269.

Gong YM, Xu SC, Mao WH, Hu QZ, Zhang GW, Ding]J, Li ZY. 2010. Generation
and characterization of 11 novel EST derived microsatellites from Vicia
faba (Fabaceae). American Journal of Botany 97:e69-e71.

Gutierrez N, Avila CM, Rodriguez-Suarez C, Moreno MT, Torres AM. 2007.
Development of SCAR markers linked to a gene controlling absence of
tannins in faba bean. Molecular Breeding 19:305-314.

Kalendar R, Lee D, Schulman AH. 2011. Java web tools for PCR, in silico PCR,
and oligonucleotide assembly and analysis. Genomics 98:137-144.

Kaur S, Kimber RB, Cogan NO, Materne M, Forster JW, Paull JG. 2014. SNP
discovery and high-density genetic mapping in faba bean (Vicia faba
L.) permits identification of QTLs for ascochyta blight resistance. Plant
Science 217:47-55.

Kaur S, Pembleton LW, Cogan NO, Savin KW, Leonforte T, Paull J, Materne M,
Forster JW. 2012. Transcriptome sequencing of field pea and faba bean for
discovery and validation of SSR genetic markers. BMC Genomics 13:104.

Khazaei H, O'Sullivan DM, Jones H, Pitts N, Sillanpdd M]J, Parssinen P,
Manninen O, Stoddard FL. 2015. Flanking SNP markers for vicine-convicine
concentration in faba bean (Vicia faba L.). Molecular Breeding 35:38.

Khazaei H, O’Sullivan DM, Sillanpaa MJ, Stoddard FL. 2014. Use of synteny
to identify candidate genes underlying QTL controlling stomatal traits
in faba bean (Vicia faba L.). Theoretical and Applied Genetics 127:2371-2385.

Ma Y, Yang T, Guan J, Wang S, Wang H, Sun X, Zong X. 2011. Development
and characterization of 21 EST-derived microsatellite markers in Vicia
faba (fava bean). American Journal of Botany 98:e22-e24.

Mokhtar MM, Atia MA. 2019. SSRome: an integrated database and pipelines
for exploring microsatellites in all organisms. Nucleic Acids Research
47:D244-D252.

Ouda SA, Zohry AE. 2017. Crops intensification to reduce wheat gap in Egypt.
In: Ouda SAH, Zohry AE-H, Alkitkat H, Morsy M, Sayad T, Kamel A, eds.
Future of food gaps in Egypt. Cham, Switzerland: Springer, 37-56.

Ray H, Georges F. 2010. A genomic approach to nutritional, pharmacological
and genetic issues of faba bean (Vicia faba): prospects for genetic
modifications. GM Crops 1:99-106.

Rispail N, Kalé P, Kiss GB, Ellis TN, Gallardo K, Thompson RD, Prats E,
Larrainzar E, Ladrera R, Gonzdalez EM, Arrese-Igor C. 2010. Model
legumes contribute to faba bean breeding. Field Crops Research
115:253-2609.

Sato S, Isobe S, Tabata S. 2010. Structural analyses of the genomes in
legumes. Current Opinion in Plant Biology 13:146-152.

Suresh S, Park JH, Cho GT, Lee HS, Baek HJ, Lee SY, Chung JW. 2013.
Development and molecular characterization of 55 novel polymorphic
cDNA-SSR markers in faba bean (Vicia faba L.) using 454 pyrosequencing.
Molecules 18:1844-1856.

Torres AM, Avila CM, Gutierrez N, Palomino C, Moreno MT, Cubero ]JI.
2010. Marker-assisted selection in faba bean (Vicia faba L.). Field Crops
Research 115:243-252.

Untergasser A, Cutcutache I, Koressaar T, Ye ], Faircloth BC, Remm M,
Rozen SG. 2012. Primer3-new capabilities and interfaces. Nucleic Acids
Research 40:e115.

Wang H, Yang T, Guan J, Ma Y, Sun X, Zong X. 2011. Development and
characterization of 20 novel polymorphic STS markers in Vicia faba
(fava bean). American Journal of Botany 98:€189-e191.

Webb A, Cottage A, Wood T, Khamassi K, Hobbs D, Gostkiewicz K, White M,
Khazaei H, Ali M, Street D, Duc G. 2016. A SNP-based consensus genetic
map for synteny-based trait targeting in faba bean (Vicia faba L.). Plant
Biotechnology Journal 14:177-185.

Yang T, Bao SY, Ford R, Jia TJ, Guan JP, He YH, Sun XL, Jiang JY, Hao J],
Zhang XY, Zong XX. 2012. High-throughput novel microsatellite
marker of faba bean via next generation sequencing. BMC Genomics
13:602.

Zeid M, Mitchell S, Link W, Carter M, Nawar A, Fulton T, Kresovich S. 2009.
Simple sequence repeats (SSRs) in faba bean: new loci from Orobanche-
resistant cultivar ‘Giza 402’. Plant Breeding 128:149-155.


http://faostat3.fao.org

