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Faba bean is a cool-season grain legume crop, which is grown worldwide for food and

feed. Despite a decrease in area under faba bean in the past, the interest in growing

faba bean is increasing globally due to its high seed protein content and its excellent

ecological service. The crop is, however, exposed to diverse biotic and abiotic stresses

causing unstable, low grain yield. Although, sources of resistance to main diseases,

such as ascochyta blight (Ascochyta fabae Speg.), rust (Uromyces viciae-fabae (Pers.)

Schroet.), chocolate spot (Botrytis fabae Sard.) and gall disease (Physioderma viciae),

have been identified, their resistance is only partial and cannot prevent grain yield

losses without agronomical practices. Tightly associated DNA markers for host plant

resistance genes are needed to enhance the level of resistance. Less progress has

been made for abiotic stresses. Different breeding methods are proposed, but until

now line breeding, based on the pedigree method, is the dominant practice in breeding

programs. Nonetheless, the low seed multiplication coefficient and the requirement for

growing under insect-proof enclosures to avoid outcrossing hampers breeding, along

with the lack of tools such as double haploid system and cytoplasmic male sterility.

This reduces breeding population size and speed of breeding hence the chances of

capturing rare combinations of favorable alleles. Availability and use of the DNA markers

such as vicine-convicine (vc−) and herbicide tolerance in breeding programs have

encouraged breeders and given confidence in marker assisted selection. Closely linked

QTL for several biotic and abiotic stress tolerance are available and their verification

and conversion in breeder friendly platform will enhance the selection process. Recently,

genomic selection and speed breeding techniques together with genomics have come

within reach to accelerate the genetic gains in faba bean. Advancements in genomic

resources with other breeding tools, methods and platforms will enable to accelerate the

breeding process for enhancing genetic gain in this species.
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INTRODUCTION

Faba bean (Vicia faba L.) is a cool-season grain legume cultivated
throughout the world for human consumption and animal feed.
Its high protein content (25–37%) (Duc et al., 1999; Warsame
et al., 2020) makes it a highly valuable grain for both food
and feed purposes. Among pulses it occupies sixth place in
terms of production after common bean (Phaseolus vulgaris
L.), chickpea (Cicer arietinum L.), field pea (Pisum sativum L.),
cowpea [Vigna unguiculata (L.) Walp], and lentil (Lens culinaris
Medik.) (FAOSTAT, 2021). Faba bean fits well in cereal-based
cropping systems as a rotational crop that enhances soil fertility
while breaking the cycle of biotic stresses associated with parasitic
weeds and other pathogens. Its nitrogen fixation capacity is one of
the highest among legumes, fixing nitrogen even in the presence
of high levels of nitrogen in the soil (Herridge et al., 2008) and
leaving a significant residue that reduces the need for application
of inorganicN fertilizer in subsequent crops (Hauggaard-Nielsen
et al., 2009).

No extant wild relative capable of producing fertile progeny
when crossed with V. faba has been found and thus genetic
diversity available for breeding purposes is limited to the
cultivated genepool (Cubero, 1974; Duc et al., 2010). Recent
archaeological findings suggest pre-domestication ancient form
of faba bean existed about 14,000 years ago in el-Wad (Mount
Carmel, Israel) (Caracuta et al., 2016). Closely related Vicia
species such as V. narbonensis L., V. galilea L, and V. johannis L.
have different numbers of chromosomes (Raina and Rees, 1983),
protein profiles compared to V. faba (Ladizinsky, 1975), their
DNA content is about half of that found in faba bean (Chooi,
1971), and they cannot be crossed with faba bean (Cubero, 1973;
Maxted et al., 1991; Duc et al., 2010). Hybrid inter specific
embryos were observed between V. faba and V. narbonensis,
and V. faba and V. johannis, but probably post zygotic barriers
stopped their further development and no viable seed could be
formed (Ramsay and Pickersgill, 1986; Zenkteler et al., 1998;
Wijaya, 2003). Although both V. johannis and V. narbonensis
have resistance to aphids (Aphis fabae Scop) and chocolate
spot (Botrytis fabae Sard), and tolerance to frost (Birch et al.,
1985), these traits cannot be transferred to faba bean because of
crossing barriers.

However, there is a high degree of genetic diversity in the
current gene pool (Duc et al., 2010). Despite having a close
genetic similarity within eco-geographical regions, differences
exist across wide geographical regions. For example, accessions
from China are markedly different from African, European and
Asian counterparts (Wang H. et al., 2012). Within China, the
spring sown faba beans were different from the winter sown
types and they also differed from other Asian accessions which
were close to the African and European accessions (Zong et al.,
2009). However, Zong et al. (2010) later found the Chinese
spring accessions resembled more to the African and European
accessions than the Chinese winter types. Although four types of
faba bean—major, minor, equina and paucijuga were described
earlier, there is no reproductive barrier among them. The
paucijuga type is considered as the most primitive extant faba
bean lineage (Cubero, 1973; Cubero and Suso, 1981).

The primary center of origin of faba bean is likely to be
the Mediterranean basin from where it spread to the Nile
Valley, Central and Eastern Asia, and much later South America
(Cubero, 1973; Duc et al., 2010). Faba bean is grown as a staple
food crop in low rainfall areas in northern Africa (Morocco,
Algeria and Tunisia), high rainfall areas in Ethiopia and Eritrea
and under irrigation in Sudan and Egypt (north-east Africa)
and in the highlands of the South American Andes. These are
traditionally faba bean growing areas, but the farming systems
have now shifted to monoculture of cereals, resulting in poor soil
health, land degradation, increasing greenhouse gases through
the use of chemical fertilizer, emergence of new pests and
diseases, declining response to farm inputs and yield stagnation
(World Bank Group, 2019). As a result, faba bean production in
these countries has declined leading to increased cereal mono-
cropping and these countries have become importers of faba
bean (FAOSTAT, 2021). For example, Egypt, Morocco and Sudan
imported faba bean worth US$343million in 2019 fromAustralia
and Canada (FAOSTAT, 2021). The import in west Asia is about
US$69 million.

The global area under faba bean cultivation has almost halved
from 5.4 million ha in 1961 to 2.6 million ha in 2019, but
its productivity has increased from 0.9 t/ha to 2.1 t/ha in
the corresponding years (FAOSTAT, 2021). Reasons for this
decline are complex, but include competition from soybean,
abandonment in areas where parasitic weeds have become
endemic, and yield instability, as the crop is sensitive to many
biotic and abiotic stresses. Although significant progress has been
made in tackling biotic stresses, research on overcoming abiotic
stresses is limited. To date reportedly<50% of potential yield has
been achieved in faba bean (Duc, 1997; Mulugeta et al., 2019).

Genomic research in faba bean lags behind other major grain
legumes, hampered by its gigantic genome size of 13.1 Gb and
lack of investment in underpinning research compared to other
crops. Pulses may be considered as research-neglected orphan
crops and amongst pulses, faba bean has received comparatively
less attention compared to pea, common bean, chickpea, lentil
or even cowpea; it is an orphan of the orphans. There is a
need to tap on the discoveries made in genetics and genomics
research to make significant improvement of this crop. The
main breeding objectives are acceleration of genetic gain for
improving yield, quality traits and host plant resistance to insect
pests and diseases. Traditionally, phenotypic selection has been
the major contributor to genetic progress, but with the current
advancement of DNA marker technology, phenotypic selection
has been enhanced with the use of with marker assisted selection
(MAS). DNA markers tightly linked to traits with major effect
and high heritability have been discovered so far. However, often
traits such as yield are complex and affected by environmental
factors and by many other traits, making MAS less effective.
Genomic selection based on prediction of breeding values, as a
natural extension of MAS, may become available for faba bean as
more high throughput dense markers and DNA data sets come
available. A recent review by Khazaei et al. (2021) documents
the current availability of genomic resources for faba bean. Liu
et al. (2019) reported that the efficiency of genomic selection
was markedly higher than phenotypic selection and the efficiency
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would increase further if genomic selection was accompanied by
speed breeding.

Gene editing is developing as a new breeding approach
in many crops, thus, assisting to accelerate genetic gains. No
CRISPR/Cas9 system has been reported for faba bean yet. The
absence of an annotated reference genome for this crop poses
challenges for the application of CRISPR/Cas gene editing,
particularly with the design of specific gRNA-targeted genes
of interest (Bhowmik et al., 2021). However, with recent gene
discoveries for quality traits such as vicine-convicine (v-c)
(Björnsdotter et al., 2021) and seed coat tannins (Gutierrez and
Torres, 2019; Gutierrez et al., 2020), this technology may be used
to advance our understanding of gene function and accelerate
development of new cultivars with reduced anti-nutritional
factors. The aim of this review is to highlight species-specific
advantages, restrictions and limitations, progress made to date in
applied genetics and crossbreeding and what needs to be done to
markedly accelerate genetic gains in faba bean.

FABA BEAN KEY BREEDING OBJECTIVES

Breeding for Resistance to Foliar Diseases
Ascochyta blight (Ascochyta fabae Speg.), chocolate spot (Botrytis
fabae Sard.) and rust [Uromyces viciae-fabae (Pers.) Schroet.]
are major fungal diseases of faba bean and sources of genetic
resistance are available in germplasm collections. These diseases
can lower the grain yield by 35 to 90% (Hampton, 1980; Díaz-
Ruiz et al., 2009) and 50 to 90% (Gorfu and Yaynu, 2001; Beyene
et al., 2016), 30 to 68% (Rashid and Bernier, 1991; Marcellos et al.,
1995), respectively. Resistance to these diseases was identified in
International Center for Agriculture in the Dry Areas (ICARDA)
in the 1980s (Hanounik and Robertson, 1988, 1989) and these
genetic resources were later used in faba bean breeding programs
globally (Sillero et al., 2010; Temesgen et al., 2015; Adhikari
et al., 2016; Maalouf et al., 2016). Despite their use in breeding
programs, there is limited understanding of their host-pathogen
interactions. A high level of resistance to these diseases has not
been found in the germplasm and the resistance is multigenic.

Ascochyta blight is a devastating disease in many countries
including Europe, Canada, the Middle East and Oceania
(Sudheesh et al., 2019). Sources of resistance to the disease have
been reported, but the mode of resistance seems to be complex
(Kohpina et al., 2000; Román et al., 2003; Díaz-Ruiz et al., 2009).
For example, Kohpina et al. (2000) reported a major dominant
gene for resistance in ILB 752, but minor genes in NEB 463.
Modern varieties in Australia, such as Farah, Nura, PBA Rana,
PBA Samira and PBA Amberley are moderately resistant. In
Australia, two pathotypes of the fungus have been identified
causing more concern to the breeders. With the availability of
closely linked molecular markers (Avila et al., 2004; Kaur et al.,
2014; Atienza et al., 2016; Sudheesh et al., 2019), it should
be possible to pyramid multiple QTLs and enhance the level
of resistance.

Chocolate spot is a serious disease which can cause up to
90% yield losses (Gorfu and Yaynu, 2001; Beyene et al., 2018)
in favorable conditions because of its ability to grow on dead
tissues in a short latent period (1–3 days). The disease can appear

at any growth stage when the environmental conditions are
conducive, but if it appears in flowering time, it can cause a
complete crop failure. Some resistant lines were reported earlier
(Bouhassan et al., 2004), and more lines have been found recently
from ICARDA source (Beyene et al., 2018). Many varieties
have been developed using ICARDA source of resistance in
Ethiopia, Egypt, Sudan, Tunisia, China, Mexico and Australia.
For example, Ethiopian researchers have released several high-
yielding varieties with partial resistant to chocolate spot, such as
Moti, Gebelcho, Gora, Obsie and Walki (Maalouf et al., 2019).
Similarly, Australia has released Icarus and PBA Amberley as
moderately resistant varieties (Pulse Australia, 2021). Although
resistant varieties to the disease have been developed in Australia
and Ethiopia, no information is available on whether Australian
varieties will be effective against chocolate spot if they were grown
in Ethiopia and vice versa.

A moderate level of resistance is available in the germplasm
(Bouhassan et al., 2004; Beyene et al., 2018; Khazaei et al., 2018a;
Maalouf et al., 2019), but to date no reliable DNA markers
have been reported for this disease. Without availability of such
markers, chocolate spot has been the most difficult disease to
breed mostly because screening for the disease in field condition
is unreliable. Faba bean is mostly grown in dry environments as
a rain fed crop and the opportunity for its screening can occur
only in humid conditions which occur seldom. Therefore, to date,
improvement in host plant resistance to this disease has been very
slow. An average reduction of 0.27% infection per year over 30
years was reported in Ethiopia (Tolessa et al., 2015) suggesting
a coordinated and concentrated effort is needed for breeding
resistance to this disease.

Rust is another important disease of faba bean causing 30–
68% yield losses (Rashid and Bernier, 1991; Marcellos et al.,
1995). Several sources of resistance to rust have been reported
(e.g., Rashid and Bernier, 1986, 1991; Avila et al., 2003; Adhikari
et al., 2016) but the level of resistance is only partial. At least three
resistance genes, Uvf1, Uvf2 and Uvf3 have been identified (Avila
et al., 2003; Adhikari et al., 2016; Ijaz et al., 2021b). Uvf2, located
on chromosome III and Uvf3 on chromosome V, are dominant
and independent genes, but their relationship with Uvf1 is not
yet known (Ijaz et al., 2021b). Both genes can be tagged using
KASP markers for marker-assisted selection. This should allow
pyramiding of genes for enhancing the level of resistance.

Faba bean gall caused by Physioderma viciae (You et al.,
2021) is a relatively new disease that is currently widespread in
Ethiopia. It is not caused byOlpidium viciae Kusano as suggested
earlier. Recent findings in Ethiopia indicate the availability of
partial resistance in existing faba bean germplasm (Yitayih and
Azmeraw, 2017; Wondwosen et al., 2019; Kassa et al., 2020).
Molecular based research such as identifying quantitative trait
loci (QTL) for host plant resistance has not yet been undertaken
for faba bean gall.

Host plant resistance breeding is further complicated by the
presence of pathogen variability in all three of the major diseases;
rust (Herath, 1997; Ijaz et al., 2021a), chocolate spot (Hanounik
and Maliha, 1986; Gorfu, 1996), and ascochyta blight (Stoddard
et al., 1999). Despite having a moderate level of resistance
in selected germplasm, little effort has gone into developing
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reliable DNA markers that can be used by breeders as part of
selection strategies.

Viral Diseases

The most prevalent of the many viral diseases than can affect faba
bean are Broad beanmottle virus (BBMV), Broad bean stain virus
(BBSV), Bean leaf roll virus (BLRV), Bean yellow mosaic virus
(BYMV), Alfalfa mosaic virus (AMV), Faba bean necrotic yellows
virus (FBNYV) and True broad bean mosaic virus (TBBMV)
(Saxena, 1991; Bond et al., 1994; van Leur et al., 2006). Most viral
diseases are not host specific and can infect various plant species,
thereby allowing them to survive and multiply easily by-passing
from one species to another throughout the seasons.

The typical mode of virus disease transmission is through
seed and/or insect vectors such as aphids. Non-persistently
transmitted viruses, such as BYMV and Pea seed borne mosaic
virus (PsbMV) can be transmitted through seed, however, the
seed transmission in faba bean is almost negligible in Australia
(van Leur et al., 2006). Once a plant is infected by a virus, it
cannot be cured, so prevention is the only strategy for controlling
these diseases. The major virus affecting faba bean production in
North Africa and West Asia is FBNYV which causes up to 90%
yield loss in Egypt (Kumari and Makkouk, 2007). In Australia,
where virus diseases cause sporadic losses, BYMV, BLRV and
PsbMV are the most prevalent viruses. In 2020, however, BYMV
caused up to 70% grain yield losses in northern New South
Wales (van Leur, pers. comm.), thereby making it a larger risk
than fungal diseases that can be controlled by fungicides. Newer
cultivars, such as “PBA Nasma” and “PBA Nanu” in Australia are
resistant to BLRV, but no effective resistance has been found for
BYMV yet.

Parasitic Weeds

Orobanche and Phelipanche (broomrapes) species are root-
parasitic plants that can devastate faba bean crops in
Mediterranean Europe, West Asia and North Africa, thus
resulting a drastic reduction in the crop area (Gressel et al., 2004;
Khalil et al., 2004; Maalouf et al., 2011; Rubiales et al., 2016).
These parasitic weeds lack chlorophyll and functional roots,
and are completely dependent on the host plant. Among the
several broomrape species that can infect faba bean, Orobanche
crenata Forsk. and O. foetida Poir. are the most damaging and
widespread weeds (Pérez-de-Luque et al., 2010; Rubiales and
Fernández-Aparicio, 2012; Rubiales et al., 2014). These weeds
are continuing to expand their ecological range to Ethiopia and
Sudan forcing farmers to abandon faba bean cultivation in many
parts of the country (Abebe et al., 2013).

However, there are some encouraging results with the finding
of genotypes resistant to Orobanche (Cubero, 1994; Maalouf
et al., 2011; Rubiales et al., 2014). The first significant finding
of resistance was the identification of the family 402 derived
from the cross Rebaya 40/F216made at ICARDA (Cubero, 1994).
Since then, different elite lines with large seed and Orobanche
resistance were developed from ICARDA leading to the release
of Orobanche resistant cultivars, such as Giza 402, Cairo 843,
Misr1, and Misr3 in Egypt, Najah and Chourouk in Tunisia

and Ashengie in Ethiopia (Maalouf et al., 2016, 2018). Similarly,
Rubiales et al. (2014) found several accessions—V-1268, V-1302,
V-1301, V-268, V-231, V-319 and V-1272 along with cultivar
Baraca with resistance to both to O. crenata and O. foetida across
many locations. In addition toOrobanche, another stem parasitic
weed, dodder (Cuscuta species) is starting to become a serious
problem in faba bean and other legumes in West Asia and North
Africa. Although none of the above lines have complete resistance
to Orobanche, they will certainly help to reduce the burden of
parasitic weeds in faba bean. Use of partially resistant cultivars
with the application of one to two sub lethal dose of glyphosate at
flowering stage is the most practical method to reduce yield loss
and weed seed bank over time (Zahran et al., 1980; Rubiales and
Fernández-Aparicio, 2012).

Breeding for Abiotic Stresses
Heat, drought, frost and water logging are major abiotic stresses
affecting the faba bean productivity. A comprehensive review
on abiotic tolerance for grain legumes has been presented by
Toker and Mutlu (2011). While the first two factors affect the
crop globally, the latter two are ecologically and geographically
specific to local environments. Waterlogging is a problem in
limited geographical areas such as the high rainfall regions that
are dominated by vertisols in Ethiopia, and the irrigated Nile
River basin in Egypt. The effect of frost on vegetative growth
has been widely studied in Europe (Arbaoui et al., 2008; Link
et al., 2010; Sallam et al., 2015). Research on the effect of frost
on the reproductive structures is not reported, as the crop in that
region flowers when frost does not occur. However, this could
be a future problem as the crop expands to northern latitude in
continental climates. Furthermore, tolerance to seedling frost is
not related to frost after flowering. Link et al. (2010) identified
several accessions with superior frost tolerance, such as Côte d’
Or, Hiverna, ILB3187, ILB2999, ILB14, ILB345. Promising winter
hardy and frost tolerant faba beans might be found in the Hindu
Kush area because materials from these regions are adapted to
frost early in the vegetation phase (Olszewski, 1996). Inci and
Toker (2011) found three accessions of faba bean from Turkey
with freezing tolerance (Supplementary Table 1) and they also
noted that wild relatives of faba bean, viz. V. narbonensis L.
and V. montbretii Fisch. et C. A. Mey were more frost tolerant
than faba bean. No comparative studies are conducted on frost
damage in Australia, but in severe cases the losses can be as high
as 60% (Maqbool et al., 2010). Frost is not a severe problem in
southern Australia as the crop is acclimatized and hardened due
to the much colder environment during the vegetative stage. It is,
however, a problem in northern New South Wales and southern
Queensland where the daytime temperatures are relatively warm,
and night frost occurs, exposing plants to sudden sub-zero
temperatures (Maqbool et al., 2010; Alharbi and Adhikari, 2020).
Several frost tolerant genotypes at the vegetative stage, such as
11NF010a-2, PBA Warda, PBA Nasma and PBA Nanu were
identified in Australia (Alharbi, 2018).

Heat stress in faba bean during the vegetative period can
retard plant growth and development, but it is particularly
harmful at the reproductive stage, causing reduction in pollen
growth and viability that results in significant yield loss (Bishop
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et al., 2016a). Extreme heat is the major threat to faba bean
production in southern Egypt, Sudan, the Ethiopian lowlands,
and in northern New South Wales and southern Queensland in
Australia. Research conducted under high temperatures (above
35◦C) have identified some heat tolerant genotypes, but wider
testing for confirmation is still needed (Maalouf et al., 2019).

Low rainfall and variable soil moisture in dry areas are the
major reasons for low and unstable grain yield of faba bean,
especially where the crop is grown under rain fed conditions
in the Mediterranean basin, East and North Africa, West Asia
and Australia (Siddique et al., 2001). Drought reduces pollen
viability and germination, but recent findings showed the female
reproductive tissue was more sensitive to drought than the male
part (Muktadir et al., 2021). Development of early maturing
cultivars has been a breeding strategy to escape terminal drought.
Although genotypic variation for drought tolerance has been
documented (Abdelmula et al., 1999; Amede et al., 1999; Link
et al., 1999; Khazaei et al., 2013; Muktadir et al., 2021), underlying
mechanisms and selection methods for screening germplasm
are not fully developed, thereby slowing the progress toward
drought-tolerant cultivars. However, some characteristics, such
as leaf-level carbon isotope discrimination, stomatal conductance
and canopy temperature can be used as selection criteria for
drought tolerance in faba bean and can be used for screening
large sets of germplasm for drought tolerance under field trials
(Khan et al., 2007; Muktadir, 2009).

Soil acidity is among the common problems limiting faba
bean production in Ethiopia (Asefa et al., 2010; Jida and Assefa,
2014). It is associated with toxicities of hydrogen ion, aluminum,
and manganese, and deficiency of calcium, molybdenum and
phosphorus in the soil (Chen et al., 1993). Soil acidity also
adversely affects survival, growth and nitrogen-fixation efficiency
of Rhizobia (Graham, 1992; Zahran, 1999). Generally, Rhizobium
strains vary markedly in their acid tolerance and ability to
modulate on acid soils and some acid tolerant Rhizobia strains
have been identified (Chen et al., 1993; Del Papa et al., 1999; Asefa
et al., 2010; Jida and Assefa, 2014), but a higher acid tolerance
of the bacteria does not mean a better symbiotic performance
under acidic conditions. Therefore, both acid tolerance and
symbiotic effectiveness are needed to improve nitrogen fixation,
but these traits are not necessarily linked (Howieson et al.,
1988). Belachew and Stoddard (2017) identified certain faba bean
accessions, mostly from Ethiopia that were tolerant to acid soils
(Supplementary Table 1) while Jida and Assefa (2014) identified
certain Rhizobia tolerant to highly acidic soils in Ethiopia
indicating evolutionary co-existence of symbiosis in faba bean
under acid soil. Soil salinity is another significant problem
facing agricultural production mostly in semi-arid agriculture
systems causing 12-50% yield loss (Farooq et al., 2017). Genotypic
variation for salinity tolerance exists in faba bean (Tavakkoli
et al., 2012) and several QTL for ionic concentrations for sodium,
potassium and chlorine were described by Asif and Paull (2021)
for the first time, but these are yet to be verified.

In summary, there is evidence of availability of genetic
resources for heat, drought frost, acidic soil and salinity tolerance
and there are efficient methods for phenotypically screening
against these traits (Stoddard et al., 2006; Zhou et al., 2018).

However, there is a lack of efficient genetic methods of integrating
these resources into effective breeding programs for developing
cultivars with tolerance to these stresses. Major sources for
resistance to biotic and abiotic stresses in faba bean are presented
in Supplementary Table 1.

FABA BEAN BREEDING METHODS

The principal methods used in the development of virtually all
modern faba bean cultivars include mass selection, sophisticated
methods of recurrent selection, and conventional methods
of cultivar development such as phenotype-based pedigree
selection, single-seed descent line breeding, or development
of synthetic cultivars (Figure 1). For these methods, parental
lines are chosen on the basis of their pedigree and their
phenotypic attributes.

Faba bean is a partially allogamous species, and in principle,
is amenable to line breeding, population breeding, and hybrid
breeding. The degree of outcrossing of faba bean varies widely
among genotypes (10–70%) and is highly affected by the
environment (Link, 1990; Ederer and Link, 1993; Suso et al., 1999,
2001; Gasim et al., 2004), including the degree of heat stress
(Bishop et al., 2016b), which is one of the major challenges of
breeding the crop. Outcrossing is a poorly heritable character and
is markedly influenced by the inbreeding coefficient of a genotype
(Link, 1990; Brünjes and Link, 2021) and by the type of insect
pollinators. Moreover, faba bean genotypes markedly differ in
their ability to spontaneously self-fertilize, spontaneous meaning
without access of their pollinators, which are primarily honeybees
(Apis mellifera) and bumblebees (Bombus hortorum and other
Bombus spp.) (Link, 1990; Torres et al., 1993; Bishop et al., 2020).
Thus, a calamity occurs if breeders multiply pure lines under
insect-proof enclosures. These genotypes fully depend upon
insect pollinators and do not set seed in their absence without
mechanical tripping of flowers. Auto fertility is defined as the
ability of a plant to self-fertilize and hence set seed without being
tripped (Drayner, 1956; Torres et al., 1993). Genetic variability
for auto fertility has been reported in faba bean, and higher
levels of auto fertility were reported in F1 hybrids than in
inbred lines (Link, 1990; Bishop et al., 2020). Australian bred
cultivars are highly auto fertile as their original genetic resources
trace back to ICARDA germplasm that were mostly auto fertile.
Furthermore, they are initially grown and selected under insect-
proof enclosures. Depending on the level of outcrossing, faba
bean breeding may be performed under conditions of controlled
selfing in insect-proof cages or, with less control and in case
of little outcrossing, based on developing lines under open field
conditions (Gharzeddin et al., 2019).

Hybrid vigor (heterosis) is pronounced in faba bean.
Heterozygous F1-hybrids exceed the yield of their homozygous
parents by 40 to 70% (Zeid et al., 2004; Dieckmann and Link,
2010). Early approaches to hybrid breeding using cytoplasmic
male sterility (CMS) system in faba bean trace back to David
Bond in Cambridge, UK in 1957 and Pierre Berthelem in Rennes,
France in 1967 (Pfeiffer et al., 1993; Link et al., 1997). To
date, hybrid breeding is not established in this crop due to
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FIGURE 1 | Phenotypic-based breeding scheme in faba bean. (1) Making crosses, (2) Run SSD (single seed descent) until about F7, (3) Multiply SSD F8 individuals in

open field and apply phenotypic selection on per se performance, (4) Test open pollinated offspring in replicated yield trials and identify best SSD lines as new crossing

parental lines, (5) Identify and multiply the best SSD line(s) and release as a line cultivar or take the best lines as parents for a polycross, (6) Grow a polycross from

selected SSD lines, (7) Run yield trial (PC test) and identify offspring of best SSD lines, (8) Grow best-predicted Syn-0 from best SSD lines, (9) Grow and test Syn-1,

(10) Identify and multiply best synthetic cultivars. Star symbol indicates that information stems from field trials, seed from maintenance of SSD lines is taken for new

crosses, for polycross and for Syn-0, respectively.

instability of the available CMS systems. An alternative to hybrid
breeding is developing synthetic cultivars (i.e., a population
breeding method). Breeding line cultivars and synthetic cultivars
(or composite cultivars) are widely used products for faba
bean improvement.

Hybrid Breeding
There are three major obstacles to faba bean hybrid breeding.
First, an operational CMS systemmust be available. The available
CMS systems in faba bean have shown an insufficient level of
male sterility. The pollen sterility is not very “deep” and not
reliable, and frequent, spontaneous reversion to fertility occur
(Link et al., 1997; Maalouf et al., 2019). The second obstacle
is the availability of appropriate pollinators. Pollinators often
“steal” nectar, removing it without placing pollen on the stigma
of the flowers (Marzinzig et al., 2018). Pollinator insects, if
gathering pollen, learn to avoid the pollen-free mother plants,
thus limiting seed set in hybrid seed production (Bond, 1989a,b;
Duc, 1997; Marzinzig et al., 2018; Brunet et al., 2019). Lastly,
the low propagation coefficient of faba bean (Link and Stützel,
1995) requires three or more generations of seed increase from
the manually tended, single row level of propagation to reach
the seed quantity required for certified seed production. Thus, all
operational steps and tools for hybrid seed production, including
the reliability of the CMS system, must be flawlessly conducted to
be successful.

Given the lack of CMS and gametocides, breeders have
employed monogenic traits to support or realize hybrid seed
production. These traits include recessive and dominant nuclear-
genetic pollen sterility (Duc et al., 1985), testa color, hilum color,
cotyledon color, flower color, and other plant morphological
characteristics as markers. In addition, even seed size was used,
although this is a multigenic trait (Link, 2009). Breeders have
shown high levels of creativity over the decades for faba bean
hybrid breeding but a breakthrough has yet to occur (Bond
et al., 1966; Berthelem and Le Guen, 1967, 1974; Berthelem, 1970;
Bond, 1989a,b; Link et al., 1994; Link, 1998; Duc and Stoddard,
2018).

Line Breeding
Cultivars released via line breeding undergo strict selection
intensity. One (the best) single line is developed into a cultivar,
compared to two lines required to produce a hybrid, or more
than three lines to develop a synthetic cultivar. Line cultivars can
be developed faster than synthetic cultivars, since the latter need
lines as components. Line cultivars are more widely accepted
based on rules of distinctiveness, uniformity, and stability than
synthetic cultivars. The single seed descent (SSD) procedure as
proposed in Figure 1 may be substituted by using F2-derived
lines (i.e., partial bulks) at F3 or advanced generations to test,
select and hence release new cultivars, however, such cultivars
can be relatively heterogeneous. This approach is focused on
short breeding cycles and relies on high seed multiplication rates.
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Oftentimes, F5-derived or F6-derived lines are chosen as the basis
for a new line cultivar and its maintenance breeding. Whichever
approach is used for making lines, there is a need to multiply
them under controlled self-fertilization or isolation: whether it
is to initiate the multiplication as a line cultivar or to enter
into the polycross or into a Syn-0 (Figure 1). The observation
trial may be, focusing on synthetic cultivar breeding (see below),
arranged as a soft version of a polycross (Ederer and Link,
1992a,b), with several rather than one plant per label and hence a
reduced number of replicates; or, as top cross, with few replicates,
and with half or less of the area devoted to a joint, constant
pollinator genotype.

The low propagation coefficient of faba bean limits the
breeding and especially the yield testing, compared to other
crops. For example, one faba bean plant produces just enough
seed for planting a 1 m2 of a field plot (about 20–40 seeds).
Hence, one individual plant of an SSD pipeline, after controlled
self-fertilization, gives just enough seed for a small observation
trial; harvesting that plot would give enough seed for a test in
about 20 to 40 m² plot. This could be a trial in one location
with two replicates; or two locations with one replicate including
some checks in an augmented p-rep design (Moehring et al.,
2013). A further point in conventional faba bean breeding is to
optimize choice of parents. Focusing on line cultivars, basically
half of the genetic variance of the breeding germplasm resides
between the lines that result from the crosses that—potentially—
can be made. The other half of the genetic variance lingers
between these crosses, highlighting the importance of choice
of parents (Falconer and Mackay, 1996) and therefore, it is of
high importance to eliminate entire crosses that promise poorer
performing lines than other crosses before investing too much in
testing their offspring. Even if several crosses could be rejected as
late as the observation trials in step 3 (Figure 1), then more plots
of the more promising crosses could be tested in step 4. If, instead
of SSD as in Figure 1, a pedigree-type of selection is installed,
then as early as in generation F3 and F4, an observation trial or
yield trial would allow to judge the yield potential of the entire
cross (i.e., the entire family) and, as described above, eliminate
inferior crosses (families). A corresponding marker investment
should be made to select between crosses, before making them
and after having made them.

Synthetic Breeding
In synthetic breeding, usually four or more founder lines serve
as components of a cultivar. The cultivar can, hence, be “re-
synthesized” from these lines at any time. Selecting these inbred
lines based on their per se performance (Figure 1, step 3) is
probably suboptimal because the synthetic population will not
be as highly inbred as its components. The purpose of choosing
synthetic breeding instead of line breeding is indeed to exploit
heterosis as much as possible for agronomic performance, i.e.,
to decrease inbreeding (Ghaouti et al., 2008; Ghaouti and Link,
2009). Inbred lines as synthetic components should hence be
selected mainly for their so-called varietal ability. This parameter
is associated with general combining ability and breeding value
(Cockerham and Weir, 1984; Ederer and Link, 1993). The
varietal ability of a candidate line is approximately realized by

the performance of its polycross-progeny or top-cross progeny
(Maalouf et al., 1999). To assess, in addition to this, the line’s per
se performance, and even more to assess their degree of cross-
fertilization and their paternal success, this all might allow to
better predict the performance of the potential synthetics. Yet
these additional parameters might not be worthwhile; assessing
them might not be the optimum allocation of breeders’ budget
(Edere and Link, 1992; Ederer and Link, 1993; Brünjes and Link,
2021). Per se yield of lines and yield of their polycross progenies
were correlated and had a genetic correlation coefficient (rG)
= 0.51 (Fleck and Ruckenbauer, 1989). Ghaouti et al. (2008)
reported a slightly higher correlation (rG = 0.63) between inbred
lines and their polycross progenies for yield performance. Due
to this, and because only slight corrections can be realized if
per se performance is available in addition to polycross-progeny
data, yield-testing of the lines may not be adequate (Ederer and
Link, 1993). Yield testing of the lines themselves is expensive,
since seed has to be multiplied under conditions of controlled
selfing, whereas seed production for yield testing of progenies
(from polycross or from top cross) is cheaper.

The terms polycross and top cross need not be taken literally.
First, both options may serve a very similar purpose. A top cross
may be easier to be conducted than a polycross. The pollinator
(tester) of a top cross might be sown in strips, such as with 50% or
less of the field area, the candidates would mainly cross-pollinate
with the common pollinator, according to their individual extent
of outcrossing.

The discrepancy between the line’s per se performance and
the performance of their open pollinated offspring (polycross-
progenies; top cross-progenies) is caused by several reasons
(beyond the deviations of randomness in the outcrossing that
may come from compromises in the experimental and field
lay-out; from pollinator behavior; from differences in paternal
outcrossing success of the lines; Brünjes and Link, 2021). The
major source of this discrepancy is General combining ability,
which is a component of the polycross/top cross progenies’
performance, and this is line-specific. The same applies for the
degree of self-fertilization of the candidate lines and the paternal
outcrossing success. Consequently, the level of inbreeding and
actual composition of the progenies is line-specific. Yet, and
moreover, the seed for inbred lines is produced in cages, seed
for open-pollinated progenies is produced in open field, hence
in different environmental conditions. Thus, when comparing
performance of lines with that of their open-field derived
progenies, seed size and seed quality and thus the resulting crop
stands are expected to differ for non-genetic reasons (Bond and
Pope, 1984).

Ederer and Link (1992a,b) simulated the relative importance
of per se yield of lines, of general combining ability of
lines, and of the degree of cross-fertilization of lines for
the performance of synthetics (Syn-1, Syn-2 and Syn-3).
The coefficient of determination (R²) for per se yield as an
independent variable varied from 0.41 to 0.64 (depending
on the number of components and Syn generation). The
R2 of general combining ability as an independent variable
ranged accordingly from 0.63 to 0.75. For the degree of cross-
fertilization, the simulation R² was between 0.02 and 0.17,
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with the higher values for Syn-1 and for four instead of
eight components.

Link et al. (1991) analyzed phenotypic data from 36
spring faba bean lines along with nine synthetic populations
(each derived from a quartet with four founders) across 12
environments in south Germany from 1986 to 1990. Their results
showed that for days to anthesis, days to maturity, thousand seed
weight, plant height and lodging, the R² of the averages of nine
line quartets and the results of their nine synthetic populations
was on average 0.84 (half of the associations were R² > 0.90).
The R² for the association between the nine line quartets with
yield of their synthetic populations was only 0.90 for Syn-0,
0.62 for Syn-1 and 0.48 for Syn-2. This decline through the
synthetic generations very often follows the increasing difference
in heterogeneity and heterozygosity between the (quartets of the)
homozygous lines and the successive synthetic generations.

These considerations support to the notion that additional
assessment of the per se performance of lines and hence a focus
on the difference between per se performance and polycross/top
cross-progeny performance may not be worthwhile, but rather all
budgetsmay be devoted to field-phenotype the open-field derived
progenies of the candidate lines.

It is not self-evident whether several synthetic populations
have to be developed and tested, to select between them; or
whether only those synthetics should actually be constructed to
be further submitted to the official trials. Selecting between lines
first based on observation trials (Figure 1) and then based on data
of their polycross/top cross-progenies, then selecting between
predicted (but not yet realized) synthetic cultivars may help focus
resources on only the very-best predicted synthetic population(s)
(Ederer and Link, 1992a,b, 1993; Schill et al., 1992).

Mutagenesis in Faba Bean
Novel mutations on certain faba bean genes will enrich its
diversity for breeding. Such mutants may be induced by
chemical mutagenesis or irradiation. Physical (e.g., gamma-ray)
and chemical (e.g., ethyl methane sulphonate-EMS) mutagens
have demonstrated their usefulness in faba bean mutation
induction (Abdalla, 1982; Duc, 1995; Khursheed et al., 2018,
2019; Nurmansyah et al., 2019, 2020). Ion beam irradiation has
also been reported as an effective and unique technique for
inducing mutations in faba bean (Khazaei et al., 2018b). The
first mutagenesis on faba bean was reported by Sjödin (1971)
with the description of determinate mutants, ti1 and ti2 which
significantly reduced the number of flowering nodes giving the
plant type as “topless.” Later, van Norel and Hoogendoorn (1989)
reported a dwarf mutant, dw1, which reduced the internode
length by almost 50%. Ramsay et al. (1991) reported a gene for
reduced vicine-convicine content, vcr, and Duc (1995) found
five nodulation mutants through EMS mutagen where one of
them was a super modulating mutant (f32) giving 3-5 times
more nodules than the normal type. Bhatia et al. (2001) has
given a detailed description of 265 varieties developed through
induced mutation on grain legumes including 13 in faba bean
genotypes. A number of imazapyr resistance mutations through
EMS were identified in South Australia (Mao et al., 2019)
that resulted in the development of the first imidazolinone

herbicide resistant variety, PBA Bendoc in Australia. Recently
morphological diversity of faba bean mutant populations was
explored (Nurmansyah et al., 2019, 2020). Mutation on grain
legumes including faba bean was reviewed by Huyghe (1998).
A number of mutation breeding projects across the world
have proven the efficiency of mutagenesis in grain legumes to
broadening the genetic variation (e.g., Micke, 1984; Tadege et al.,
2009; Horn et al., 2016; Raina and Khan, 2020).

Seeking mutants that increase resistance against the root
parasitic weeds broomrape and stem parasitic dodders, both
being increasingly a problem in the Mediterranean basin, will
promote faba bean production in this region; resistance of
faba bean against herbicides that control these weeds would
especially be useful and is a sought-for trait (Rubiales and
Fernández-Aparicio, 2012; Fernández-Aparicio et al., 2016;
Rubiales et al., 2016; Mejri et al., 2018). Similarly, mutants that
decrease pod wall thickness will increase grain yield. Inbred lines
harboring new diversity such as increased resistance or improved
quality, accruing from recombination-fueled transgression or
from mutagenesis (Bhatia et al., 2001) may be used at step
(1) in Figure 1. Currently 20 faba bean mutant varieties have
been developed from various countries which are listed at
IAEA (International Atomic Energy Agency, 2021) mutant
variety database (https://bit.ly/3yVEReM) that might be used in
breeding programs. Mutagenesis combined with biotechnology
tools may accelerate releasing novel faba bean germplasm and
improved cultivars.

Speed Breeding
Speed breeding to shorten breeding cycles is a must have
tool in any breeding programs for the purpose of increasing
genetic gains per year. Significant progress has been made
toward shortening the reproductive cycle and hence the overall
process of cultivar development (see below) as a tool for
accelerating the breeding of pulse crops (reviewed by Cazzola
et al., 2021). For example, Samineni et al. (2020) reported that up
to seven generations/year can be obtained in chickpea without
applications of chemical treatment. Recently an in vivo speed
breeding protocol, for the first time, for faba bean has been
reported by Mobini et al. (2020). This can be a valuable tool
for developing diverse germplasm and improved cultivars in
a relatively short time span. They reported that application
of cytokinin or cold treatment could increase pollen viability
and seed setting, thus consequently decreasing the length of
the breeding cycle in faba bean by 22 days from seed to
seed. Additional reduction in faba bean generation time as
part of a reliable speed breeding protocol may be obtained
by implementing accelerated faba bean development to the
flowering stage by regulating light and temperature. Recently,
this has been achieved in Australia where five generations per
year can be obtained (Janine Croser, 2021, pers. comm). Speed
breeding can accelerate development of faba bean lines and
may be integrated with other cutting-edge breeding tools such
as marker assisted breeding and genomic selection based on
estimated breeding values (Bhatta et al., 2021). However, due to
the tiny amount of seed produced on a typical speed-bred plant
and the expense of maintaining controlled environments, speed
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breeding protocols are only suited to the primary cross/backcross
and inbreeding generations of a breeding scheme, pending
further research to extend the applications of speed breeding.
All steps toward phenotyping of agronomic performance rely
on considerable seed increase, probably in open pollination
conditions. Phenotypic evaluations must eventually be carried
out under “natural” conditions.

MARKER-ASSISTED SELECTION AND
DNA MARKER AVAILABILITY

Marker-assisted selection is an indirect selection process using
genetic markers that are tightly linked to traits of interest but
are difficult or costly to phenotype. Selection on the basis of
a DNA markers can be done for a fixed and predictable cost,
whereas phenotypic selection may require either a dedicated,
expensive or destructive screen, and deliver results that are
still in part depending on the interactions of the genotypes
with the actual conditions of such a test. A good example that
illustrates how DNAmarkers could be implemented in faba bean
breeding is the case of vicine and convicine (v-c), the main anti-
nutritional factors limiting faba bean seed usage. The v-c causes
favism in pre-disposed humans and lowers feed conversion
efficiency in monogastric animals and therefore removal of v-
c by genetic means is unequivocally desirable. Some decades
ago, a natural low v-c variant was identified, and shown to
be controlled by a single gene (Duc et al., 1989). This gene
was mapped to the tip of faba bean chromosome 1 and a
diagnostic SNP assay for use in selection was developed (Khazaei
et al., 2015, 2017). It is now known that low v-c faba bean
cultivars carrying the vc− gene are safe for favism sufferers. All
elements are in place for straightforward foreground selection
of low v-c genotypes, thereby bypassing the need for expensive,
time-consuming and destructive biochemical analysis of seeds
(Khazaei et al., 2019a; Tacke et al., 2021). The vc− marker and
another marker for a herbicide (imidazolinone) tolerance (Mao
et al., 2019) are being used routinely in faba bean breeding
programs in Australia. Very recently, the biosynthetic pathway
of v-c was uncovered (Björnsdotter et al., 2021). Similarly,
robust DNA markers for low seed coat tannins zt1 (Webb
et al., 2016; Gutierrez and Torres, 2019) and zt2 (Gutierrez
et al., 2020; Zanotto et al., 2020), growth habit (Vf_TFL1,
Avila et al., 2006, 2007) and rust resistance genes (Uvf1 and
Uvf2, Ijaz et al., 2021b) have been developed. Furthermore,
closely linked DNA markers have been reported for host plant
resistance to ascochyta blight (Avila et al., 2004; Kaur et al.,
2014; Atienza et al., 2016; Sudheesh et al., 2019; Faridi et al.,
2021), however, their verification and availability in breeder
friendly format is yet to come. Detailed information on available
QTLs and DNA markers for adapting to biotic and abiotic
stresses in faba bean was recently reviewed by Khazaei et al.
(2021). Faba bean breeding efforts would benefit greatly from
development of effective DNA markers for improving resistance
to chocolate spot.

GENOMIC SELECTION

Low-cost genome-wide genotyping and high-throughput
phenotyping platforms open up the further possibility of
speeding up selection for complex traits. Genomic selection
by definition focuses on multigenic traits and is rather a
black-box approach than the attempt to analyze and follow-up
the genetic variation locus-by-locus and candidate-gene-wise.
Genomic selection has been shown to be a useful tool in
recurrent selection within base populations of allogamous
crop species that are constructed as a synthetic population
(Müller, 2017). Accuracy values for grain yield are typically
lower than heritability values (or their square roots) from a
series of yield trials. Yet, genomic predictions are conducted for
individuals. Breeding values for grain yield or for agronomic
performance, genomically estimated for single plants, is
tremendously more precise than heritability of such single
plants’ performance. This allows genomic selection to be
implemented based on single plants, and it especially allows
markedly shortening of breeding cycles; the time-consuming
phase of developing and phenotyping inbred lines can be
eliminated from the selection and recombination phase of
breeding and can be shifted to the cultivar-making phase.
Genomic selection has much to offer faba bean breeding,
provided that a highly cost-effective genome-wide genotyping
platform becomes available.

Genomic selection may accelerate faba bean breeding by
reaching a cross-to-cross cycle length of 6 months to 1 year,
thereby increasing genetic gain per unit time. One possible
implementation of genomic selection that would work well
in faba bean is the two-part breeding strategy proposed by
Gaynor et al. (2017) with application of genomic selection
mainly in the first (population improvement) component
of the scheme. The breeding population, i.e., the breeding
germplasm, has to be genetically elite and diverse. Due to the
partial allogamy, the individuals are more or less heterozygous.
This population is genotyped, with a very high number of
(representative) individuals. Genotyping is conducted on seeds
instead of plants (chipped seed, Mills et al., 2020) and genotypic
data are used to predict line per se performance or varietal
ability (see above). Selection is applied accordingly, between
chipped seeds. Then only the selected chipped seed is sown
as a new generation of the breeding population, and is
directly allowed to propagate further according to its natural,
partially allogamous mode, under open pollination, without
any intermittent phase of inbreeding or multiplication or
phenotyping. A large, representative sample of offspring (seed)
from this population is again genotyped, genomic estimated
values are predicted and selection is again applied; and so
forth. It is possible in this way, even without the benefit of
speed breeding, to achieve two cycles per year. This rapid
turnover may be termed “recurrent genomic selection.” The
process of creating inbred lines from the most promising,
selected individuals is organized as a separate pipeline, which
may be termed “cultivar development” or “product development”
(Gaynor et al., 2017). Phenotypic data to steer and adjust
the training of the algorithm for the genomic prediction
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TABLE 1 | Theoretical composition of a partial allogamous population Cockerham and Weir, 1984, with 20% cross-fertilization of non-inbred individuals and 50%

cross-fertilization of homozygous individuals (linear relationship between cross-fertilization and inbreeding; Link, 1995; Brünjes and Link, 2021).

Parameter Hybrids Intermediate generations Highly inbred

F1 F2 F3 F4 F5 F5>

Inbreeding coefficient 0.000 0.500 0.750 0.875 0.938 >0.968

Frequency in population 0.339 0.271 0.176 0.101 0.055 0.057

FIGURE 2 | Separation of recurrent genomic selection and recombination (based on single plants of a breeding population) from the actual cultivar development.

Selection in the cultivar production is partly genomic data and partly phenotypic data (adapted from Gaynor et al., 2017).

is gathered during cultivar development (either for line or
synthetic cultivars).

The partially allogamous nature of faba bean offers the
recombination that is necessary for the fast-cycling recurrent
selection and the self-fertilization that is required for the
production of inbred material for cultivar development
synchronously and at zero cost (Table 1). To enter the
cultivar development with inbred lines, the only task is—
via genotyping—to identify the inbreeding levels of the
individuals of the breeding population (the population under
recurrent genomic selection, Figure 2, Table 1) and find the
more inbred ones. With genomic selection, the individuals in

this fast-cycling population require genotyping anyway, and
the inbred levels of the individuals accrue as a side product.
The inbred individuals that enter the cultivar development
pipeline transfer the level of genetic improvement that is
realized in the recurrent population improvement. During
cultivar development, genomic selection and phenotypic
selection will both be applied. Selection will be based on an
index value from phenotypic data and genomic estimated
data. The scheme would be very similar to conventional line
breeding and synthetic breeding. The maintenance breeding
would immediately start as an inbred individual enters the
cultivar development.
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PHENOTYPIC RECURRENT SELECTION
OF POPULATIONS

The proposed two-part genomic selection strategy adapted for
faba bean as outlined above has not yet been implemented
in practice. Utilizing currently available genotyping platforms
(individual KASP assays or high density Axiom array), the cost
of eliminating a genetically inferior individual plant by genome-
wide genotyping is still beyond the means of most private or
public breeding programs. However, what if phenotypic selection
were performed on the basis of individual plant seed yield? This
approach has been avoided in the past as an individual plants
agronomic performance e.g., for yield, is considered to have low
heritability, and in the context of heterogeneous crop stands, to
be confounded by selection on the probably correlated trait of
competitive ability, requiring elaborate honeycomb designs to
circumvent (reviewed in Fasoula and Tokatlidis, 2012). However,
selection on a single plant basis can be conducted at a very low
cost per genotype evaluated, since only the top 5-10% of the
population would need to be individually threshed and weighed,
the rest being eliminated by eye or by recording the weight of the
unthreshed plant requiring just seconds of evaluation time, and
with none of the time required to inbreed and bulk. In fact, rapid
recurrent selection based on phenotype has been empirically
tested recently, with promising results. Tagkouli (2020) set up
a faba bean polycross population with 22 founding cultivars
and lines, using captive bumblebee colonies to maintain high
outcrossing rates in each generation, and selecting individual
plants with the highest seed yield in each of three successive
field seasons in the UK (Reading) and two seasons in Ireland
(Carlow). The respective populations selected were reciprocally
tested across sites and their yield performance compared to elite
spring varieties. Although no differences in these trials passed
the thresholds for statistically significant differences, the thrice-
selected Reading selected population outperformed all earlier
selection generations as well as all elite checks in the Reading trial
whereas this result was partly reversed in the reciprocal trial in
Ireland. Detailed study of the Reading population performance
in Reading showed this genetic gain was associated with a
marked increase in hundred seed weight, faster emergence and
canopy closure and a marked increase to very high levels of
heterozygosity as judged by genome-wide genotyping of the
selected individuals at each selective generation. Furthermore,
signatures of purifying selection were detected at a number
of specific loci, suggesting that the rapid turnover of highly
recombined, highly heterozygous populations enabled rapid
adaptation to environment through enrichment of alleles that
confer selective advantage concurrently with optimizing levels of
hybrid vigor in the population.

This observation that hybrid vigor is the major factor
determining population performance was also noted by Ghaouti
and Link (2009), who showed that average polycross progeny
yield was greater than either the average of the inbred polycross
parents (n = 18), or indeed the predicted yield of the best
possible four-component synthetic that could be drawn from the
18 inbred lines, so this outcome of rapid recurrent selection is

not surprising. In fact, where the natural environment exercises
sufficient selection, mass selection alone can result in rapid
adaptation of populations, as shown recently by Landry et al.
(2017) for the case of development of winter-hardy faba bean
populations for the US Pacific North-West.

The question that remains to be investigated is the
relative efficiency and cost-benefit of genomic selection over
phenotypic selection.

GENETIC GAIN

In the absence of a reference genome assembly for faba bean,
high-density genetic maps and high-throughput approaches such
as transcriptome analysis have been used for enrichment of
genomic resources (Khazaei et al., 2021). At the writing of this
article various cooperative reference genome assembly efforts are
concurrently underway. The development of a reference genome
will provide a foundational resource for faba bean research to
accelerate genetic gain. Speeding up the translation of genomic
knowledge into plant breeding would lead to accelerated genetic
gain. By integrating genomic knowledge with other breeding
tools and platforms will enable to accelerate the breeding process
for enhancing genetic gain for faba bean. Translational research
will require coordination and understanding between laboratory-
based and field-based scientists that can work as a bridge between
fundamental research and practical plant breeding.

The major pulse crops have not experienced expanded
production and consumption at a uniform rate over the past
50 years. Lentil production has expanded at more than 10%
annually, chickpea and dry bean at 2 to 3%, and pea at <1%;
while faba bean production declined sharply until 1992 and it was
practically recuperated in 2019 due to the productivity increases
from <1 to 2.1 t ha−1 while the human population has increased
at 2.4% annually (Khazaei et al., 2019b; FAOSTAT, 2021). Now
that environmental and nutritional concerns combined with
demand for plant protein have gained considerable momentum
on a global scale, the improvement and expansion of yield
potential, sustainable production stability and food industry
quality of faba bean are more important than ever before.

THE FUTURE OF FABA BEAN BREEDING

Faba bean is a biologically and genetically unique crop that has
much to offer both in terms of its nutritional density and agro
ecological role in reducing fertilizer requirements and supporting
pollinator populations. Agricultural policy makers and funders
should be aware that there are many enticing opportunities to
accelerate genetic gain in faba bean.

The conquering of the bloated 13 Gb diploid genome at last
(fabagenome.dk) affords a timely opportunity to develop cheap
genotype-by-sequencing approaches already common in other
species. This is because low cost, low complexity skim sequencing
requires a robust and complete reference genome assembly to
map short reads to, whereas until now, the only successful
genotyping approaches have required targeting of each individual
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locus. Cheap genotyping-by-sequencing (GBS) should usher in a
new era of genomic selection; however, hurdles are not just on the
genotyping side. Modeling that takes the mixed mating system
into account and develops population-and site-specific estimates
of outcrossing rate, seed multiplication rate and trait heritability’s
is needed to ensure that genomic selection gives significant and
cost-effective increases in the rate of genetic gain.

Burgeoning genome knowledge can be exploited in other
arenas. A facile, high efficiency transformation system would
enable gene editing of a growing list of genes whose function is
relatively well-understood in related legumes at least, if not in
faba bean. Clearly, there remains uncertainty over the timescale
over which gene edited crops could become widely accepted, but
we should take the long-term view and fund the underpinning
work necessary to bring forward case studies by which the cost-
benefit analysis can be done for specific applications. Meanwhile,
classical mutagenesis, newly invigorated by cheap re-sequencing
technology (Wang H. et al., 2012), may soon allow in silico
mutagenesis to become a reality.

The ability to obtain an allelic series of mutants in specific
target genes such as CENH3 either via gene editing or
mutagenesis (Jacquier et al., 2020) should enable the production
of doubled haploid inducer lines, which would immediately
impact the rate of genetic gain, possibly even more than
“speed breeding,” while a cytoplasmic male sterility system,
naturally occurring or transgenic, would enable the topic of
hybrid breeding to be revisited. Up to this point, our pre-
breeding research wish list could have applied to virtually any
crop. However, faba beans’ unique characteristics mean that we
cannot simply adopt a generic blueprint for high-tech breeding
technologies (i.e., from maize) without regard for the biological
specificities of the crop.

The mutualistic relationship of faba bean with its insect
pollinators needs more detailed study, both to understand better
how natural pollinator populations can be nurtured to enhance
long-term yield stability in the face of climate change (Bishop
et al., 2016a), and to use pollinator-assisted outcrossing more
effectively as a breeding and seed propagation tool (Tagkouli,
2020).

A related, longer-term objective relates to understanding
genetic control of pollinator attraction and pollinator function
traits on which the efficiency of pollinator services depend
(Suso et al., 2016; Bailes and Glover, 2018; Bailes et al., 2018).
Such an understanding would underpin the opposite but non-
mutually exclusive goals of breeding for optimal interaction
with a specific pollinator or breeding for complete pollinator
independence (i.e., conversion of faba bean to a fully autogamous
mating system).

Finally, the genetic control of the symbiotic relationship
with rhizobia to develop nitrogen-fixing nodules also merits
further investigation as it is clear there is unexplored variation
in the rhizobial population for nodulation efficiency and
nitrogen fixation rate and an unexplored variation in the
faba bean population for strain selectivity, all of which
needs to be understood in the context of highly variable

soil physical and chemical properties and the resident
soil microbiome.

CONCLUSIONS AND FUTURE
PERSPECTIVES

In spite of the fact that faba bean has demonstrably the highest
nitrogen fixation capability among grain legumes, high protein
content increasing interest in faba bean per se, its production has
not been expanded. Now that the environmental consequences
of crop production and food systems are under intense scrutiny,
faba bean is set to become an important source of plant protein.
Increasing faba bean production will have impact on cropping
systems that include other pulse crops. For example, faba bean
can be used to extend temperate crop rotations that include
field pea and lentil which are increasingly at high risk of yield
loss due root rot caused by Aphanomyces euteiches (Karppinen
et al., 2020). Demand for plant-based protein for food systems
is rapidly expanding, and faba bean is an excellent source
of protein flour because of its bland flavor and light color.
The seed size of faba bean can be reduced without affecting
yield potential, thereby lowering the costs of production. Seed
shape can be changed from flat to round, making it more
amenable to mechanical seeding systems that are widely used
for soybean, allowing the seed distribution uniformity that will
maximize yield, reduce seeding costs, and potentially reduce the
spread of diseases that affect the canopy. Reducing seed size
has the potential to reduce the overall costs of breeding per
unit of genetic gain, and also reduce the overall costs of both
breeding and commercial production for breeding programs
targeting the protein extraction industry. All of these goals can
be achieved more quickly by a coordinated breeding approach
that focuses on maximizing genetic gain using a combination of
newly available genetic technologies and focusing on breeding
objectives that go beyond the traditional market place for
faba bean.
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