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Abstract: Doubled haploid technology is, so far, the fastest route to induce a true homozygous state
in plants. True homozygous plants are particularly important for breeders, as they can facilitate
hybrid breeding and are useful in fixing traits in a breeding line. Fabaceae species are of great
importance in food and feed production; however, they are far behind other families with respect
to the development of effective haploidization protocols. Here, we present the most recent status
of research on haploidization protocols in cool-season grain legume crops, including dry peas,
chickpeas, faba beans, lentils, lupines, and grass peas. The first four species are primarily for human
consumption; the latter are utilized as forage. All the mentioned species have been subject to
haploidization trials; however, repeatable protocols, including the regeneration of confirmed haploid
or doubled haploid plants, have not been elaborated. Research in field pea, chickpea, grass pea,
and lupine is promising, with the reported regeneration of microspore-derived embryos in all four
species. Repeatable plant regeneration has been reported only in field peas and chickpeas. The most
recent achievements on haploidization through male and female gametophytes in faba bean are also
presented. The key factors for the effective stimulation of haploid cell development in cool-season
legumes are reviewed, providing a useful basis for future efforts toward haploidization in this group.

Keywords: androgenesis; gynogenesis; legumes

1. Introduction

The major cool-season grain legumes include dry pea (Pisum sativum L.), faba bean
(Vicia faba L.), lentil (Lens culinaris Medik. subsp. culinaris), chickpea (Cicer arietinum L.),
lupin (Lupinus spp.), and grass pea (Lathryus sativus L.). Dry pea, chickpea, broad bean, and
lentil are the four major cool-season grain legume crops produced for human consumption.
They are grown on all the continents except Antarctica [1]. The total world production of
dry peas in 2001 was 10.3 million tons and rose to 12.4 million tons in 2021. The top five
producers of dry peas are Canada, the Russian Federation, China, France, and India. In
chickpeas, the total world production increased from 7 million tons in 2001 to 15.8 million
tons in 2021, and 84% of the total world production was contributed in Asia. Vetches (genus
Vicia) include edible broad bean (V. faba L.), but also common vetch (V. sativa L.), hairy vetch
(V. villosa, also called fodder vetch), bard vetch (V. articulata), French vetch (V. serratifolia),
and Narbon bean (V. narbonensis). Purple vetch (V. benghalensis) and Hungarian vetch
(V. pannonica) are cultivated for forage and green manure. In vetches, world production
increased from 3.2 million tons in 2001 to 5.6 million tons in 2021. The top five vetch
producers are the Russian Federation, Ethiopia, Mexico, Turkey, and Spain. Lupin species
are important for animal feed. The world production of lupins was constant over the period
of 2001–2021, at approximately 1.4 million tons. The main producers of lupins are Australia,
Poland, the Russian Federation, Morocco, and Chile [2]. Grass pea is used for human and
animal food in countries in the Mediterranean basin, but its use is limited by the presence
of the neurotoxin (oxalyldiaminopropionic acid) in its seed, responsible for lathyrism.
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All the above-mentioned species form associations with specific soil bacteria (rhizobia)
to produce root nodules that can convert atmospheric nitrogen into amino acids [3]. The
fixation of atmospheric nitrogen gives cool-season grain legumes an advantage over most
non-legume crops in low-soil nitrogen environments.

The process of gametic embryogenesis results in a plant having the gametic number
of chromosomes (n) in somatic cells. Haploid itself is a weak and sterile plant; however,
doubling the chromosome number of a haploid plant results in the restoration of vigor
and fertility [4]. The genome duplication might be either spontaneous or induced. The
spontaneous duplication of chromosomes occurs during the in vitro phase as a result of
nuclear fusion and was described for paternally derived haploids mostly. For maternally
derived haploids, the rate of spontaneous genome doubling is rare; therefore, an induction
of this process is necessary. Chromosome doubling is induced chemically with the use of
anti-microtubule drugs. The most popular anti-microtubule agent is colchicine. Its action is
based on the inhibition of microtubule polymerization by binding to tubulin; however, it
was proven to be highly toxic to plant tissues [4,5]. Alternatively, with colchicine, the use of
trifluralin, oryzalin, or amiprophosmethyl was reported [6]. For genome doubling, antimi-
totic agents can be incorporated into the culture medium but their application to haploid
embryos, shoots, or whole plantlets was reported [5–9]. Genome duplication, either sponta-
neous or induced, leads to the formation of a true homozygote, termed a doubled haploid
plant (DH). When the DH plant is self-pollinated, the obtained seed progeny is a doubled
haploid line (DH line). The main motivation for developing applicable and reproducible
protocols for DH plant production in crop species is their potential utility in breeding,
i.e., for the rapid fixation of desirable traits in a breeding line/variety or the facilitation
of hybrid breeding [4,5]. The practical utilization of DH plants also differs between self-
and cross-pollinated crops. The application of DH plants in the breeding of self-pollinated
crops is based on their potential to produce true homozygous lines in one generation and
perform early generation testing, which is very effective as DH possess additive variance
only. Moreover, in self-pollinated crops, the DH lines with valuable traits can directly
represent a new variety. The application of DH plants in cross-pollinated crops is also based
on the rapid production of homozygous accessions but is also used as a replacement for
inbreeding for the production of parental lines for hybrid varieties [7–9]. The practical ap-
plication of haploid technology in breeding has been shown in several species, e.g., tobacco
(Nicotiana tabacum L.), wheat (Triticum aestivum L.), barley (Hordeum vulgare L.), rapeseed
(Brassica napus L.), rice (Oryza sativa L.), and maize (Zea mays L.), which has allowed to
shorten the time necessary to breed new cultivars and release them on the market [5,10,11].
In addition to the above-mentioned practical applications, haploids can provide valuable
material for other research such as genetic mapping, mutations, transformations, somatic
hybridization, and biochemical and physiological studies [10].

Cool-seasoned leguminous species are categorized as self-pollinated. In this group,
stable well performing double haploid lines with interesting morphological traits can repre-
sent new cultivars directly. The main breeding scheme in leguminous species starts with the
crossings of desired genotypes, which result in hybrids that combine the chromosome sets
of both parents. During gamete formation, recombination enables new gene combinations.
If effective doubled haploid technology is introduced at this stage, these gene combinations
will be fixed. The obtained doubled haploids will represent the recombinant products of
parental genomes, however, in a completely homozygous state. They can be propagated as
true breeding lines, facilitating the large-scale testing of agronomic performance over the
years. Due to complete homozygosity, the efficiency of selection for both qualitative and
quantitative characters is increased since recessive alleles are fixed in one generation and
directly expressed [5,12].

There have been many attempts to induce haploidization in leguminous species. In
2006, Crosser et al. [12] published a review paper showing the efforts directed towards
haploidization in leguminous species, and the highest success was reported for Glycine max,
in which embryogenesis from microspores was observed and resulted in haploid plant
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regeneration [13,14]. The sporadic obtainment of haploid plants was also reported for
Pisum sativum [15], Cicer arietinum [16], Medicago sativa [17,18] and Albizzia lebbeck [19].
Trials conducted for the other members of the family (including cold-seasoned legumes and
arboreal legumes) resulted mainly in the obtainment of callus tissue or embryos, for which
ploidy was often not analyzed, and available reports showed its various states from haploid
to mixoploid [12,15]. Based on the obtained results, a whole family of leguminous species
was classified as recalcitrant to haploidization [4,8,12,20]. This paper presents the most
current compilation and analysis of results achieved so far in research on haploidization in
cool-season grain species.

2. Origin of Haploids
2.1. In Vivo Haploidization

The development of haploid embryos in plants has been observed in several species,
and cytological and histological analyses showed that they have various origins. Haploid
embryos were observed in the seeds of Capsicum annuum [21] or Asparagus sp. [22] and their
development was associated with polyembryony. Polyembryony refers to the simultaneous
development of sexual and asexual embryos in the seed [23]. In Zea mays, haploid embryos
develop through pseudogamy, which is the development of an unfertilized female gamete
or cell after stimulation by the male nucleus [24]. Haploid embryos in Gossypium hirsutum
and G. barbadense [25] developed through semigamy, whereby reduced male and female
gametes participate in embryogenesis, but nuclear fusion does not occur; this process
results in chimeral plants with sectors of maternal and paternal origin. In some species
(Nicotiana, Anthirrinum), the maternal nucleus was eliminated or inactivated before the
fertilization of the egg cell, and the haploid individual contained in its cells the chromosome
set of the male gamete only [26]. The only legume in which in vivo haploid development
pathway has been documented was the tetraploid form of Medicago sativa in which haploid
parthenogenesis was observed [27]. However, the frequency of the above-mentioned
phenomenon is generally extremely useful for practical purposes.

2.2. In Vitro Haploidization

To increase the effectiveness of haploid cell stimulation and haploid embryo develop-
ment, a tissue culture-based approach was employed. There are two main methods for the
induction of the in vitro development of the haploid cells of both male (androgenesis) and
female (gynogenesis) gametophytes (Figure 1).

2.2.1. Androgenesis

Androgenesis is a process involving the development of a plant organism from male
gametophyte cells. In plants, male gametophyte cells include microspores formed during
microsporogenesis, and pollen representing the final stage of gametophyte formation and
developed in the course of microgametogenesis. Pollen mother cells (PMCs) in anthers
undergo meiosis, and four cells with a haploid number of chromosomes, called tetrads,
are formed. These cells are surrounded by a thick layer of callose. Upon its breakdown,
facilitated by enzymes secreted by the tapetum of the anther, individual microspores
are released. Later, microspores undergo two rounds of mitoses and pollen grains are
formed [28].

Androgenesis under in vitro conditions can be initiated either through anthers or iso-
lated microspore cultures from microspores or early bicellular pollens. These cells are able
to switch the developmental pathway to form multicellular structures, and as a result, hap-
loid embryos can be formed (direct pathway, Figure 1(A)), or intensive divisions can lead
to the development of callus tissue (indirect pathway, Figure 1(B)). In the first technique,
anthers are isolated from floral buds and placed directly onto the induction medium. Plant
regeneration can occur directly from microspore-derived embryos (direct embryogenesis)
or indirectly through organogenesis involving callus tissue (indirect organogenesis). The in-
clusion of maternal somatic tissues (found in anthers walls) in the culture is a disadvantage
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of the anther culture technique. These tissues can also be induced to develop throughout
the culture, which might result in regenerants having a somatic origin; therefore, often it is
necessary to employ molecular markers in order to identify the origin of the regenerants.
In the second technique (isolated microspore cultures), microspores are released from the
anthers, purified, and suspended in a liquid culture medium. In this technique, all the
development originates from haploid male gametophyte cells (direct pathway, gametic
embryogenesis, Figure 1(A)).
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The induction of androgenesis in plants is influenced by various factors, i.e., the growth
conditions of donor plants (temperature and biotic and abiotic stress), the developmental
stage of anthers, and stress factors. The optimal stage of anther development varies among
different plant species and should be determined experimentally. However, the uninucleate
microspore or the early binucleate stage was most commonly used for androgenesis in
the majority of crops [29]. Stress factors, such as cold, heat, or osmotic stress, can be
applied as a pretreatment to flower buds from which anthers/microspores will be isolated
or can be delivered directly to the cultured explants. One of the most common triggers
for switching the cell developmental pathway during androgenesis is temperature [30].
Studies in Brassica napus (a model plant for androgenesis) showed that the intensity of the
stress and its duration must be experimentally determined, and in this species, the exposure
of microspores to a temperature of 32 ◦C for a minimum of 8 h is essential for triggering
androgenic development. In other species, i.e., triticale (× Triticosecale Wittm.) [31,32],
Secale cereale [33], Capsicum annum [34,35], and Brassica oleracea L. var. italica [36,37], a
positive effect on androgenesis was observed after the application of cold stress. The
composition of the culture media also affects androgenesis; however, the main factor
determining the response to androgenesis is genotype. Many species of crop plants, and
even entire botanical families, were characterized as recalcitrant to the haploidization
process. These include primarily Fabaceae, Solanaceae, and Apiaceae. Nevertheless, within
these families, procedures for haploidization have been developed in recent years, and
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androgenetic haploids have been obtained in Solanum melongena [38], Capsicum sp. [39,40],
and Daucus carota [9,41,42].

2.2.2. Gynogenesis

Gynogenesis in plants refers to embryo development from the unfertilized cells of the
female gametophyte. Typically, embryos develop from the egg cell, although development
through apogamy was also reported [43]. Gynogenic plants are completely of maternal
origin. Gynogenesis is applied in species where androgenesis has been unsuccessful. It
can be initiated by culturing unpollinated flowers, ovaries, or isolated ovules on solid
media. In this method, preventing pollination and the subsequent fertilization of the egg
cell is essential [4]. This is particularly problematic in self-pollinating species, such as
many plants in the Solanaceae family, including tomatoes and eggplants, or a significant
majority of the cultivated plants in the Fabaceae family. In such species, reproductive
organs utilized to establish the in vitro culture must be collected before self-pollination,
or removing the anthers or entire stamens must precede explant collection. A significant
limitation of this method, similar to anther culture, is the presence of somatic tissues
(i.e., ovary walls, placenta, integuments, and nucellus) surrounding the haploid cells that
constitute the egg apparatus [5]. In in vitro conditions, somatic cells in these organs often
undergo stimulation to intensive proliferation, leading to the formation of callus tissue or
the initiation of somatic embryogenesis. In such cases, it is necessary to verify the origin
of obtained regenerants [4,9]. The gynogenic plants have been successfully regenerated
in Beta vulgaris [44], Cucumis sativus [45,46], Triticum sp. [47], Allium cepa [48], and even
in some representatives of the Fabaceae family [49,50] which is considered recalcitrant to
haploidization. In A. cepa, gynogenesis-based cultivars exhibiting heterosis have been also
released on the market [11].

2.3. In Vivo-In Vitro Methods

It has been shown in several species that haploids can be induced by the stimulation
of haploid cells in female gametophytes after pollination with pollen from distantly related
species or by ineffective pollen. In this system, haploid embryos develop undisturbed in
seeds or, due to abnormalities in endosperm development haploid embryos, have to be
rescued by introduction to in vitro cultures at the early stages of their development.

2.3.1. Chromosome Elimination

After a normal double fertilization, a subsequent preferential elimination of the chro-
mosomes of a specific genome occurs in the early stages of embryo development. During
this process, the endosperm usually aborts early in the seed, and as a consequence, the
haploid embryo must be rescued by in vitro culture. The most well-known example of
using this method is the crossing of Hordeum vulgare (♀) with H. bulbosum (♂), where fertil-
ization results in the formation of a hybrid embryo, followed by the successive elimination
of the chromosomes of the paternal component. In consequence, an embryo is formed
whose genome is solely derived from the maternal component. Named after the species,
this method is known as the Bulbosum method. This very unique system besides Hordeum
was also applied in some other cereals, i.e., triticale (× Triticosecale Wittm.) pollinated
with Zea mays [51], rye (Secale cereale L.) pollinated with Zea mays [52], oats (Avena sativa L.)
pollinated with Zea mays [53,54], and wheat (Tricticum aestivum) pollinated with maize
Zea mays, Pennisetum americanum, or Oryza sativa [55,56]. However, the phenomenon of
chromosome elimination after wide pollination was not observed in other species, including
legumes [5,8,10,12].

The chromosomes of pollen donors in the above-mentioned crosses were eliminated
several days after pollination. The mechanisms of uniparental chromosome elimination
covered a difference in the timing of mitosis and asynchrony in nucleoprotein synthesis,
the formation of multipolar spindles, different genome ratios, spatial separation between
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genomes at interphase and/or mitosis, the selective inactivation of centromeres, and the
degradation of one set of chromosomes through nuclease activity [57,58].

2.3.2. Induced Parthenogenesis (Matromorphy)

As a result of specific treatments, such as pollination with foreign, inactive, or incom-
patible pollen, fertilization and hybrid embryo development do not occur. Instead, haploid
cells within the embryo sac are stimulated to undergo divisions and form a haploid embryo.
However, disruptions in endosperm development often occur, preventing in vivo embryo
development and the formation of functional seeds. In such cases, it is necessary to resort
to in vitro methods such as embryo rescue, which involves isolating embryos and further
cultivating them on growth media [59].

The induction of parthenogenetic embryo development is possible through wide polli-
nation (pollen of other species or genera); however, this method is very laborious (emascula-
tion, hand pollination, pollen treatments, seed evaluation, embryo excision) [60,61]. Diploid
parthenogenesis was observed in seeds resulting from crosses between Brassica oleracea and
B. rapa, Eruca sativa, Raphanus sativus, Camelina sativa, and Crambe abyssinica. Plants derived
from such seeds were termed matromorphs, or maternal-type plants. These organisms were
identified as the potential sources of homozygous parental plants for hybrid varieties. The
best results were achieved after pollinating B. oleracea var. sabauda × E. sativa (14.3 seeds per
100 pollinated buds) and B. oleracea var. capitata × R. sativus (2.9 seeds per 100 pollinated
buds) [62].

The in vitro pollination of Mimulus luteus flowers with pollen from Torrenia fournieri
resulted in parthenogenetic haploids with decorative values, characterized by reduced
plant size and changed flower coloration [63]. Haploid parthenogenesis was also induced
in cotton (Gossypium hirsutum) by pollination with pollen from Hibiscus cannabinus [64] and
in Daucus carota pollinated with parsley (Petroselinum crispum) pollen [65,66] and in such
cases, an embryo rescue technique was employed.

Pollination with the pollen collected from plants of different ploidy levels can also
lead to the parthenogenetic development of the egg cell of the pollen acceptor. A classic ex-
ample is the production of dihaploids in potatoes (Solanum tuberosum, 4x) after pollination
with Solanum phureja (2x) pollen. Crosses between cultivated potato forms and their wild
relatives result in hybrid and haploid seeds. To distinguish haploid seeds from hybrids,
dominant marker genes in the homozygous pollinating form were utilized. Hybrid seeds
had a visible spot, while dihaploid seeds lacked this spot [67]. Among the hybrid seeds
obtained from crosses between diploid and tetraploid geraniums (Pelargonium zonale), ap-
proximately 4% of the seeds produced embryos that developed via parthenogenesis [68,69].
Crossing a tetraploid form of tuberous begonia (Begonia × tuberhybrida) with the diploid
form Begonia semperflorens resulted in 100% maternal type F1 progeny [70]. Similarly, cross-
ing a tetraploid form of Lilium longifolium with a diploid form of the same species allowed
for the production of parthenogenetic plants from the egg cell stimulated to develop in
the tetraploid form [71,72]. Haploid plants were also obtained in Citrus clementina by
pollinating the pistils under in vitro conditions with triploid grapefruit pollen (C. paradisi
Macf.) [73].

Parthenogenesis can also be stimulated by pollinating flowers with irradiated pollen.
Typically, X-rays or gamma rays are used to deactivate the nuclear DNA in sperm cells.
Pollination with pollen inactivated in this manner can lead to the development of haploid
cells in the ovule sac. However, a lack of fertilization results in the absence of endosperm
development, which is why this technique is also referred to as pseudo-fertilization [74].
Placing the ovules on artificial media 2–4 weeks after pollination allows for further embryo
development and the formation of haploid plants [75]. Lofti and Kashi’s research [76]
showed that radiation does not affect the percentage of germinating pollen grains; there-
fore, the pollen tubes penetrated the ovule sacs, inducing the formation of haploid em-
bryos. About half of the pollinated flowers produced fruits, and some of the develop-
ing seeds contain embryos. Approximately 30 days after pollination, the embryos were
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isolated from the seeds and transferred to a suitable media for further development
into plants. This method has been used to induce haploids in the Cucurbitaceae fam-
ily, such as cucumber (Cucumis sativus L.) [77], melon (Cucumis melo L.) [78], watermelon
(Citrullus vulgaris) [79], and pumpkin (Cucurbita pepo L.) [80], but also in other species,
i.e., kiwi (Actinidia arguta) [81] and sunflower (Helianthus annuus) [82]; ornamental plants
such as carnation (Dianthus caryophyllus) [74,83] and rose (Rosa x hybrida) [84]; and fruit
trees such as apple (Malus communis) [85] or cherry (Prunus avium) [86].

3. Haploidization in Cool-Season Grain Legume Crops
3.1. Tribe Vicieae (Fabeae)
3.1.1. Field Pea

Field pea (Pisum sativum L. subsp. sativum var. arvense) is a diploid (2n = 14) and self-
pollinated species with a very low percentage of outcrossing. Field pea is one of the most
widely cultivated species belonging to the Fabaceae family worldwide, holding significant
commercial and economic importance. Alongside cereals, chickpeas (Cicer arietinum), lentils
(Lens culinaris), and bitter vetch (Vicia ervilia), peas were one of the first domesticated plant
species, cultivated as early as the Neolithic period in the Near East [87–89].

P. sativum, commonly known as the garden pea, has a wide range of culinary uses.
It can be consumed as immature pods and seeds, and its seeds can also be eaten dried.
There are many varieties, some harvested for their green pods, while others are destined for
drying. Additionally, peas are used as animal feed, providing valuable fodder. With a short
growing season and minimal cultivation requirements, peas are a valuable component of
crop rotation as a leguminous plant, enriching the soil with nitrogen and being particularly
beneficial for low-quality soils. The largest cultivation areas of this species are found in
Europe, followed closely by the Americas [90]. P. sativum contains approximately 23–25%
protein in dried seeds and about 5% in fresh seed mass. Additionally, the seeds are rich
in starch (about 48–51% of the dry seed mass) and fiber (approximately 6–6.8% of the dry
seed mass). Moreover, they contain small amounts of fat and non-nutritive components
such as minerals (including Ca, P, K, Na, Mg, Fe, Mn, Zn, and Cu) and vitamins (such as
niacin, riboflavin, beta-carotene, biotin, pantothenic acid, tocopherol, and ascorbic acid), as
well as phytochemicals like phenolic compounds, phytates, saponins, and oxalates [91–94].

P. sativum is a well-studied species widely used in research and regarded as one of the
model species in genetic studies. All the published reports on haploidization in P. sativum
are given in Table 1. The first attempts at haploidization in this species date back to the
early 1970s. Gupta and his coworkers [95,96] induced androgenesis in anther cultures.
In both of these studies, the anthers containing uninucleate microspores were cultured
on White’s medium [97] supplemented with 2,4-dichlorophenoxyacetic acid (2,4-D) or
naphthaleneacetic acid (NAA). The anthers produced mainly calli which were found to
be haploid, and few embryos. The development of shoots was induced from calli and
embryos, although plant regeneration was not achieved. Further studies on anther culture
in P. sativum were conducted by Gosal and Bajaj [98]. Anthers were subjected to low-
temperature stress (4 ◦C) for 72 h and cultured on MS [99] medium. They observed the
development of mixoploid callus tissue from the obtained embryos but did not regenerate
plants. The first successful study resulting in plant regeneration from the anther cultures
of P. sativum took place in 2005 [100]. In this experiment, the researchers observed an
embryogenic response after applying stress factors in the form of high temperature (37 ◦C)
for 4 h to freshly isolated anthers. In another study, various combinations of thermal
shocks, including low (4 ◦C) and high temperatures (35–38 ◦C) on androgenesis were
analyzed. Isolated buds were pretreated at low temperature (4 ◦C), while anther cultures
were subjected to higher temperatures (ranging from 35 to 38 ◦C). In these studies, a
modified MSB medium containing MS salts and B5 [101] vitamins supplemented with
2,4-D or indole-3-butyric acid (IBA) was used. The result was an embryogenic callus
from which shoots were regenerated. However, molecular analysis revealed that these
shoots originated from the somatic tissue of the anthers rather than haploid cells [102,103].
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Bermejo et al. [104] cultured anthers containing the uninucleate microspores of 11 different
genotypes belonging to the genus Pisum, including the wild forms of P. sativum subsp.
elatius and P. fulvum. They applied cold stress, keeping the flower buds at 4 ◦C for 3 days.
Then, they cultured the anthers on MS medium supplemented with 6% sucrose and various
concentrations of 2,4-D (ranging from 0 to 1 mg/L). They obtained embryogenic calli from
which embryos were derived, and upon maturation, these embryos regenerated into plants.
The highest callus production in all the genotypes occurred in the medium supplemented
with 1 mg/L 2,4-D and in the groups that were not subjected to cold stress. Although they
succeeded in regenerating plants from embryogenic calli, these plants were so weak that
they did not survive acclimatization, and their ploidy analysis was not conducted; thus,
their origin remains unknown.

Reports on isolated microspore cultures in P. sativum are scarce. Croser and Luls-
dorf [15] cultured uninucleate microspores in a modified ML6 medium [105] supplemented
with 9% sucrose. Before isolation, they applied cold stress by incubating flower buds at
4 ◦C for 48 h. The application of cold shock proved to be the most effective in inducing the
symmetric divisions of microspores. These divisions led to the formation of multinucleate
structures. These structures then underwent cellularization, leading to the formation of
globular embryos, which, in some cases, continued to develop, reaching the torpedo stage.
However, the regeneration of plants was not observed. Recently, a small number of plants
were recovered from the isolated microspores of a few P. sativum genotypes [106]. In these
studies, various stress factors were utilized, such as low-temperature shock (at 4 or 10 ◦C)
for varying durations (flower buds stored in the dark for 2, 4, 7, 14, 21 days, and 1 month
or longer), or alternatively high-temperature exposure (flower buds stored at 32 or 36 ◦C
for 3, 6, 12, 24, or 48 h). Additionally, the effect of osmotic stress was tested by culturing
microspores in media with various concentrations of mannitol and sucrose (3%, 5%, 10%,
13%, 15%, 17%, 19%, or 21%) for 1, 2, 3, 5, or 7 days. Another stress factor applied in
this study was electrical shock using electroporation but with a minor effect. Microspore
cultures, which were not subjected to low-temperature shock and those exposed to heat
stress, showed lower viability by approximately 25%, with the highest percentage of mi-
crospore divisions observed in the group subjected to cold stress. As a result, five plants
were obtained through organogenesis from microspore-derived calli, and three more plants
were produced via embryogenesis from the microspores. Bobkov et al. [107] employed cold
stress (4 ◦C) on the induction of androgenesis using isolated microspore culture in P. sativum.
This stress was applied to flower buds for a period ranging from 0 to 28 days. Additionally,
heat stress was applied for 18 h. In their study, micro-callus development was observed
in two nutrient media, KM-ap1 (containing 1% sucrose, 13% PEG, charcoal, and supple-
mented with 0.5 mg/L glutamine, 0.25 mg/L NAA, and 0.2 mg/L 6-benzylaminopurine
(BAP)) and MSB-M3 (containing 0.6% sucrose, 5.47% mannitol, charcoal, and supplemented
with 0.5 mg/L glutamine, 0.5 mg/L 2,4-D, and 0.5 mg/L BAP). The above-cited research
underlined some difficulties in producing androgenic haploids in P. sativum; however,
the regeneration of shoots and plants was reported in several studies. It seems that the
cold pretreatment of P. sativum floral buds subjected to androgenesis as well as auxin
supplementation into the culture medium is beneficial.

There are also studies showing attempts at the induction of parthenogenesis by distant
pollination in P. sativum. Gritton and Wierzbicka [108] focused on embryological analysis
following a cross between P. sativum and V. faba. They pollinated P. sativum flowers after
prior emasculation at the bud stage to prevent self-pollination. They observed V. faba pollen
germination on the stigma of P. sativum pistils, and after 3 days of pollination—zygote
development; after 4 days a 2-celled embryo with the accompanying development of
a 2-nucleate endosperm; after 5 days a 4-celled embryo with an unorganized mass of
endosperm cells; and after 6 days from pollination, due to developmental abnormalities,
especially regarding the development of the endosperm, there was a collapse of embryos
development. Following distant pollination, the percentage of viable embryos ranged from
2 to 8%. The initial development of P. sativum embryos after pollination with V. faba pollen
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indicated potential for this method, but it does not provide certainty about the nature of the
embryos, i.e., whether they result from the hybridization of both species or solely from the
P. sativum egg cell without prior fertilization. In another study, in order to induce diploid
parthenogenesis, P. sativum flowers were pollinated with Lathyrus odoratus pollen [109].
As a result of the crosses, the authors obtained up to 20% parthenogenetic seeds, which
were evaluated for homozygosity using morphological marker genes (seed shape and
plant height).

Table 1. Reports on haploid research in Pisum sativum L.

Method/
Technique

Material/Stage of
Development Conditions and Treatments Development Remarks References

Androgenesis/
Anther culture

Anthers
Uninucleate
microspore

No treatments, dark Callus
A total of 91% of the callus was

identified as haploid
No plant regeneration

[95]

Anthers
Uninucleate
microspore

No treatments, dark

Callus
Embryo-like

structures
Embryos (globular

and heart)
Shoot regeneration

Some embryos developed into
plants but no haploid plants

were obtained
Callus was a mixoploid. No

plant regeneration from
the callus

[96]

Anthers
Stage not specified

Anther culture kept at 4 ◦C
for 72 h, dark

Embryoid formation
and dedifferentiation

into callus

Mixoploid callus
No plant regeneration [98]

Anthers
Stage not specified

Anthe cultures kept at
37 ◦C for 4 h, dark

Callus
Embryo-like

structures
Shoot regeneration

Embryo-like structures and
shoots were obtained after
treating an isolated anther
culture at a temperature of

37 ◦C for 4 h
Regenerated shoots and plants.

[100]

Anthers
Uninucleate
microspore

Flower buds kept at 4 ◦C
for 0 to 4 days.

Anther culture kept at 35 ◦C
or 38 ◦C for 18 h, dark

Callus
Embryos (globular)

Callus multiplication
No plant regeneration [102]

Uninucleate
microspore

Anther culture kept at 4 ◦C
and 35 to 38 ◦C, dark

Callus
Shoot regeneration

Regenerated plants were
derived from the somatic cells

of anthers
[103]

Uninucleate
microspore

Flower buds kept at 4 ◦C
for 3 days, dark

Callus
Embryos

Shoot regeneration

Plant regeneration from
callus-derived embryos. The

ploidy level was not analyzed
[104]

Androgenesis/
Isolated

microspore
culture

Uninucleate
microspore

Flower buds kept at 4 ◦C
for 48 h, dark

Microspore-derived
multinucleate

structure
Embryos (torpedo)

Single diploid plant
regenerated from embryo [15]

Tetrads,
uninucleate

microspores, and
the later stages of

microsporogenesis

Flower buds kept at 4 ◦C or
10 ◦C for 2, 4, 7, 14, 21 days

or 1 month;
osmotic stress provided by
using mannitol or sucrose
in various concentrations;

electric shock

Microspore-derived
micro-calli

Regenerated plants

A small number of haploid
plants obtained after

applying stresses
The best androgenic response
for uninucleate microspores

[106]

Uninucleate
microspore

Flower buds kept at 4 ◦C
for 0 to 28 days, later

isolated microspore culture
treated at 35 ◦C for 0 to

18 h, dark

Microspore-derived
micro-calli

Micro-calli was produced after
applying cold pretreatment for

10 and 16 days
[107]

Induced
parthenogenesis
(Matromorphy)

Vicia faba pollen No additional treatment Embryos
After pollination with V. faba
pollen, abnormal endosperm

was formed
[108]

Lathyrus odoratus
pollen, another

variety of
P. sativum pollen

Gamma irradiation,
flower buds treated with

IAA on the fifth day
following emasculation

Seeds The homozygosity of some
progeny obtained from seeds [109]
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3.1.2. Faba Bean

Faba bean (Vicia faba L.), also known as fava bean, broad bean, field bean, or horse
bean, is one of the earliest domesticated vegetable species in the world, being cultivated in
ancient China 5000 years ago and 3000 years ago in ancient Egypt. Over the centuries, its
cultivation spread to other regions, especially around the Mediterranean Sea. The probable
primary center of origin for the wild ancestors of V. faba was the Mediterranean basin: North
Africa and Northwestern Asia [110,111]. However, this matter is still subject to debate,
especially considering that the wild ancestors of this crop have not been fully identified.
Among its probable ancestors, closely related species such as V. narbonensis or V. galilea
are mentioned. However, there is a difference in the number of chromosomes between
these wild species and the cultivated forms of V. faba which has a chromosome number
of 2n = 12, while its wild relatives have 2n = 14 [112,113]. V. faba, among other legumes,
has the highest cultivation and production potential, primarily due to the high nutritional
value of its seeds. This is particularly attributed to the high protein content in the seeds,
ranging from 25 to 34% of the dry seed mass, as reported by various sources. Additionally,
the seeds contain starch (approximately 40%), dietary fiber (approximately 5–8.8%), and
a small amount of fat (1–3.2%). Due to its high nutritional content, this species is widely
utilized not only as an element of the human diet but also as feed for animals, including
pigs, poultry, and ruminants [114–116]. This species exhibits diversity in terms of cultivated
forms. Traditionally, based on seed size, four main groups are distinguished: major with
the largest seeds, minor and paucijuga with small seeds, and equina with intermediate-sized
seeds [117,118].

V. faba is very recalcitrant to various tissue culture methods, including microprop-
agation, agrobacterium transfection, and haploid technology [106]. So far, an efficient
procedure for obtaining haploid/DH regenerants in this species has not been developed,
even though initial attempts began in the late 1970s. All the publications related to hap-
loidization in this species focus on androgenesis (Table 2). The initial attempts were based
on the use of anther cultures. The first report on anther cultures in V. faba was published
by Paratisilpin [119]. He isolated and cultured anthers containing tetrads and microspores
in uninucleate and binucleate stages on agar MS medium containing kinetin, NAA, and
2,4-D and reported the formation of multinuclear structures obtained from the anthers
containing microspores at both uni- and binucleate stages. Based on the obtained results, he
identified the uninucleate microspore stage as the most responsive and suitable for andro-
genesis in V. faba. Shortly after, Hesemann [120] isolated and cultured anthers containing
microspores and obtained a haploid callus; however, plant regeneration was not observed.
For years, these two reports were the only ones addressing haploidization attempts in
V. faba. The next report on androgenesis in the anther cultures of V. faba was published
in 2012 by Shlahi et al. [121]. The authors obtained haploid calli from anthers cultured
on the medium supplemented with BAP, NAA, and 2,4-D. These studies also confirmed
that the most appropriate developmental stage for androgenesis induction in V. faba was
the uninucleate microspore. They obtained callus formation on anthers and a cytological
analysis of the callus samples showed the presence of diploid and haploid cells. This has
also been confirmed in the studies by Küçükrecep and Tekdal [122], which represents the
latest literature report on haploidization through androgenesis in V. faba. They cultured
anthers containing microspores and young pollen on media supplemented with kinetin
and 2,4-D. In these studies, an embryogenic callus, embryoids, and heart-stage embryos
were obtained; however, no plant regeneration was observed. They did not report the
ploidy status of the obtained structures.

In our labs (UAK Krakow), we conducted trials on androgenesis in microspore cultures
in two V. faba cultivars (Bartek and Rambos). We determined the stages of pollen develop-
ment in the anthers of both cultivars using DAPI (Figure 2A–D), and selected floral buds in
which anthers contained uninucleate microspores. From the selected buds, microspores
were isolated with a protocol elaborated in our labs for Brassiceace [7]. Briefly, at a single
round, approximately 20 floral buds were placed into a glass beaker with 4 mL of culture
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medium. Microspores were released by gently squeezing the buds with a syringe piston.
The suspension then was filtered through a nylon net (100 µm pore size) and centrifuged
twice (101× g for 5 min). The released microspores were subjected to culture in liquid MS
or B5 medium. Both media were supplemented with growth regulators (2,4-D, NAA, or
kinetin) and contained 80–120 g/L sugars (sucrose, or a mixture of sucrose and maltose).
The analysis of microspore viability (Figure 2G), performed on the day of isolation, showed
surprising results. Average viability after acetocarmine staining was very high (91–95%),
while results obtained after fluorescein diacetate staining (FDA) (Figure 2E,F) were much
lower (14–21%). Further observations showed that in a 30-day-old culture, the majority of
the microspores did not change (40–70%), some of the microspores were enlarged (20%),
and only 2–4% of the microspores divided mitotically; however, the mitoses were arrested
and no further development was observed (unpublished data).

Table 2. Reports on haploid research in Vicia faba L.

Method/
Technique

Material/Stage of
Development

Conditions and
Treatments Development Remarks References

Androgenesis/
Anther culture

Anthers, tetrads,
uninucleate

microspore, and
binucleate pollen

Anther cultures kept at
28 ◦C and exposed to

light (16 h photoperiod
and 8 h darkness)

Callus

Multinuclear structures obtained from
uninucleate and binucleate

microspores—Kinetin had the highest
influence on microspores

[119]

Anthers
Stage not specified Unknown Callus Haploid cells in anther-derived callus [120]

Anthers
isolated from
different size
flower buds

Unknown Callus Haploid and diploid
anther-derived callus [121]

Anther
microspores in

different
developmental stages

No stresses
applied, dark

Callus
Embryo-like

structures
(heart)

Callus was obtained from the anthers
containing microspores in the

uninucleate stage
Embryo-like structures callused in time

No ploidy was analyzed

[122]
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Figure 2. Determination of the pollen developmental stages in the anthers after DAPI staining
(A–D) and microspore culture (E–G) in V. faba. (A)—tetrads; (B)—microspores at the uninucleate
stage; (C)—microspores at the late uninucleate and early binucleate stage; (D)—binucleate cells;
(E,F) show the same field of view after FDA staining, the viable microspores are marked with red
arrows; (G)—the results of viability in the cultured microspores after FDA and acetocarmine (A–C).
(The bars are means ± SEM. The means denoted with the same letters are not significantly different
according to Tukey’s HSD test (p ≤ 0.05).

To date, there have been no reports on the induction of haploidization by the stimula-
tion of female gametophyte in V. faba. Such research was also undertaken in our labs. We
attempted to stimulate the haploid cells of the female gametophyte of V. faba by foreign
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pollination. As a pollen source, we used Phaseolus vulgaris and Lathyrus odoratus. Firstly,
our goal was to evaluate if the foreign pollen germinates on V. faba stigmas penetrates
the transmission track in style, reaching the ovules for fertilization. The results showed
that the pollens of P. vulgaris (Figure 2A) and L. odoratus (Figure 2E) germinate on V. faba
stigma (Figure 2B–F); however, they do not enter the transmission track nor reach the
ovules (Figure 2C,G) even after 48 h after pollination. These results showed that potentially
both pollen sources could be suitable for further investigations; however, we experienced
some technical difficulties with obtaining the pollen of P. vulgaris. The corolla of P. vulgaris
is composed of two wings and two fused keel petals. The keel petals are coiled around the
reproductive organ [123], which makes manipulation with its pollen very difficult. After
establishing the culture of V. faba ovaries, isolated from flowers pollinated with P. vulgaris
pollen, we observed callus tissue development. The microscopical analyses of the cultured
ovaries showed that callus developed exclusively from the ovary walls, not from ovules
(Figure 3D).

Agriculture 2024, 14, 1031  14  of  33 
 

 

 

Figure 3. Induction of parthenogenesis in Vicia faba after distance pollination with pollen of Phaseolus 

vulgaris (A–D) and Lathyrus odoratus (E–H): (A)—fertile whorls morphology of P. vulgaris; arrows 

marked anthers; (B)—germination of P. vulgaris pollen grains on V. faba stigma; (C)—ovules of V. 

faba in ovary of flower pollinated with P. vulgaris pollen; (D)—V. faba ovaries cultured in vitro and 

isolated  from flowers pollinated with P. vulgaris pollen; arrow points ovules  inside  the cultured 

ovary; (E)—fertile whorls morphology of L. odoratus; arrows marked anthers; (F)—germination of 

L. odoratus pollen grains on V. faba stigma; (G)—ovules of V. faba in ovary of flower pollinated with 

L. odoratus pollen; (H)—ovules of V. faba cultured in vitro and isolated from flowers pollinated with 

L. odoratus pollen. 

Based on the obtained results, further experiments were conducted using L. odoratus 

pollen exclusively. A set of pollinations of V. faba flowers with the pollen of L. odoratus was 

performed, and an in vitro culture of isolated ovules was established. Most recent results 

showed that ovules produced callus tissue mainly at the micropylar site (Figure 3H) which 

is promising. Unfortunately, the majority of the developed calli get brown and die within 

30 days of culture. Single callus samples were subjected to ploidy analysis with flow cy-

tometry, which showed the presence of haploid nuclei. Future efforts will be focused on 

finding the proper media composition in order to culture and multiply the obtained calli 

and subject them to plant regeneration trials. 

3.1.3. Grass Pea 

Grass pea (Lathyrus sativus L.), also known as chickling pea, is an annual leguminous 

herb with a diploid chromosome number of 2n = 14. This species  is one of  the earliest 

cultivated crop species in human history. Archaeological excavations indicate that it was 

used as early as 8000 years BC in the Balkan region, potentially making it the first domes-

ticated species in Europe. The Mediterranean region is traditionally considered the center 

of  the origin of  this species,  from where  it spread  to  further areas of Asia, Africa, and 

Europe [124]. Today, it is primarily cultivated in certain regions of Asia and Africa, where 

it is locally utilized as a food source for people, including Bangladesh, China, Ethiopia, 

India, Nepal, and Pakistan, and on a small scale in some regions of both Americas as a 

fodder crop and for human consumption. Alongside some other species from the Fabaceae 

family such as cowpea  (Vigna unguiculata), groundnut  (Arachis hypogaea), and bambara 

groundnut (Vigna subterranea), L. sativus is classified as an “orphan crop” [125]. Orphan 

crops are very important in the countries where they’re grown (Africa, Asia, and South 

America). They provide income for the poorest farmers and serve as staples in the local 

diet. At the same time, they get less research attention.   

Figure 3. Induction of parthenogenesis in Vicia faba after distance pollination with pollen of Phaseolus
vulgaris (A–D) and Lathyrus odoratus (E–H): (A)—fertile whorls morphology of P. vulgaris; arrows
marked anthers; (B)—germination of P. vulgaris pollen grains on V. faba stigma; (C)—ovules of
V. faba in ovary of flower pollinated with P. vulgaris pollen; (D)—V. faba ovaries cultured in vitro
and isolated from flowers pollinated with P. vulgaris pollen; arrow points ovules inside the cultured
ovary; (E)—fertile whorls morphology of L. odoratus; arrows marked anthers; (F)—germination of
L. odoratus pollen grains on V. faba stigma; (G)—ovules of V. faba in ovary of flower pollinated with
L. odoratus pollen; (H)—ovules of V. faba cultured in vitro and isolated from flowers pollinated with
L. odoratus pollen.

Based on the obtained results, further experiments were conducted using L. odoratus
pollen exclusively. A set of pollinations of V. faba flowers with the pollen of L. odoratus
was performed, and an in vitro culture of isolated ovules was established. Most recent
results showed that ovules produced callus tissue mainly at the micropylar site (Figure 3H)
which is promising. Unfortunately, the majority of the developed calli get brown and die
within 30 days of culture. Single callus samples were subjected to ploidy analysis with flow
cytometry, which showed the presence of haploid nuclei. Future efforts will be focused on
finding the proper media composition in order to culture and multiply the obtained calli
and subject them to plant regeneration trials.

3.1.3. Grass Pea

Grass pea (Lathyrus sativus L.), also known as chickling pea, is an annual leguminous
herb with a diploid chromosome number of 2n = 14. This species is one of the earliest
cultivated crop species in human history. Archaeological excavations indicate that it was
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used as early as 8000 years BC in the Balkan region, potentially making it the first do-
mesticated species in Europe. The Mediterranean region is traditionally considered the
center of the origin of this species, from where it spread to further areas of Asia, Africa, and
Europe [124]. Today, it is primarily cultivated in certain regions of Asia and Africa, where it
is locally utilized as a food source for people, including Bangladesh, China, Ethiopia, India,
Nepal, and Pakistan, and on a small scale in some regions of both Americas as a fodder
crop and for human consumption. Alongside some other species from the Fabaceae family
such as cowpea (Vigna unguiculata), groundnut (Arachis hypogaea), and bambara groundnut
(Vigna subterranea), L. sativus is classified as an “orphan crop” [125]. Orphan crops are very
important in the countries where they’re grown (Africa, Asia, and South America). They
provide income for the poorest farmers and serve as staples in the local diet. At the same
time, they get less research attention.

L. sativus possesses several important characteristics that make it potentially valuable
as a crop, both for human consumption, as a source of animal feed, and as a valuable
component in crop rotation. Its seeds contain approximately 30% protein, while its low
cultivation requirements and resistance to adverse environmental conditions such as water
scarcity or nutrient-poor soil make it a species with high potential for the intensification of
its utilization. Furthermore, being a plant from the Fabaceae family, it has beneficial effects
on improving the physicochemical properties of soil, enhancing its structure and nutrient
and mineral content, which is particularly valuable in areas characterized by the presence
of poor and depleted soils [126,127]. However, despite the many positive attributes of this
species and its high nutritional value, the primary limiting factor that hinders its utilization
as a potential food source for both animals and humans is the presence of the neurotoxin β-
N-oxalyl-L-α,β-diaminopropanoic acid (ODAP) in its seeds, which has neurodegenerative
effects, causing a condition known as lathyrism [128,129].

For L. sativus, there are reports regarding callus induction from internode exp-
lants [128,130], shoot regeneration from epicotyl segments [131], shoot regeneration from
stem nodes and induction of rhizogenesis [132], in vitro plant regeneration from callus
derived from root explants [133], and protoplast cultures in this species [134]. However,
among the published data, there is only one known report on haploidization in this species
(Table 3), and it focuses on isolated microspore cultures [106]. In this study, microspores
were isolated from buds containing microspores in the uninucleate stage and were sub-
jected to in vitro culture in different liquid media: NLN [135], HSO [106], or LMJ [136]
supplemented with various concentrations of NAA, 2,4-D, or gibberellic acid (GA3), added
at 0.1, 0.5, 1.0, or 2.0 mg/L and in various combinations. The authors also applied tem-
perature treatments; however, the application of heat shock was found to have a negative
impact on microspore viability, reducing it to approximately 35%. Similarly, low viability
and a lack of cell divisions were observed in the cultures that were not subjected to low-
temperature shock. The best response in culture, characterized by cell divisions leading to
callus formation, was obtained in the microspore cultures isolated from flower buds stored
for 2 days at 4 ◦C. In these cultures, multicellular structures, followed by micro-callus and
callus, were first formed, from which plants were subsequently regenerated. In the study,
two fractions of calli were observed, one with a potential for organogenesis, from which
one plant was regenerated, and the other with a potential for embryogenesis, from which
two plants were regenerated.

Table 3. Reports on haploid research in Lathyrus sativus L.

Method/
Technique

Material/Stage of
Development Conditions and Treatments Development Remarks References

Androgenesis/
Isolated

microspore
culture

Uninucleate
microspores

Flower buds kept at 4 ◦C or 10 ◦C
for 2, 4, 7, 14, 21 days, or 1 month;
osmotic stress provided by using

mannitol or sucrose in various
concentrations; Electric shock

Microspore-derived
micro-calli

Regenerated plants

Plants obtained after cold
stress stress (2 pcs from
embryogenic callus and

1 pc from
organogenic callus)

[106]
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3.1.4. Lentil

Lentil (Lens culinaris Medik. subsp. culinaris) is diploid (2n = 14) and predominantly self-
pollinated [137]. Lentil is one of the oldest crops cultivated by humans and one of the most
widely grown, traditionally in the Middle East. As with many legumes, the main nutritional
value of lentils lies in their high protein content, ranging from 21% to 27.1% of fresh seed
mass. Additionally, they serve as a source of complex carbohydrates such as starch, dietary
fiber, and vitamins (including ascorbic acid, thiamine, niacin, riboflavin, pyridoxine, folate,
vitamins A, E, K, tocopherol, and choline), as well as bioactive phytochemicals like tannins
and tannin-related compounds. The total tannin content in lentil seeds ranges around
915 mg/100 g, making it one of the richest legumes in this regard [138,139]. L. culinaris, as
a species with high commercial and economic value, has been subjected to various research
efforts aimed at improving its cultivation and enhancement, including the following among
others: in vitro embryo cultures [140], in vitro flowering and shoot formation [141], as
well as direct [142] and indirect [143] regeneration. The Agrobacterium-mediated genetic
transformation of this species [144] as well as the application of embryo rescue technique
in the hybridization of L. culinaris with other species within the same genus [145] were
also reported.

L. culinaris is considered one of the most recalcitrant crop species to haploidization
within the Fabaceae family [146]. Attempts at haploidization in this species, despite its
significant value and importance, are strictly limited and mainly focused on androgenesis
using anther cultures and isolated microspores (Table 4). Keller and Ferrie [147] cultured
anthers containing uninucleate microspores on ML6 medium supplemented with 2 mg/L
of trichlorophenoxyacetic acid (2,4,5-T), 1 mg/L BAP, and 6% sucrose. They managed
to obtain callus, with this response observed in culture for over 57% of the anthers, as
well as a small number of embryos. However, they were unable to regenerate plants,
and the stress factors applied in this experiment (heat and cold) were found to have no
positive effect on the androgenic response. Croser and Lulsdorf [15] attempted to induce
androgenesis using isolated microspore culture. They subjected flower buds to pretreatment
with cold (4 ◦C) for 96 h. Cell divisions leading to the formation of 8-cell structures were
observed, but embryo development did not occur, and as a result, plant regeneration was
not achieved. Desmal and Vijaipandurangam [146,148] initiated the isolated microspore
cultures of L. culinaris using microspores at the uninucleate stage. They subjected flower
buds to cold treatment (4 ◦C) for 72 h. Two types of media were used in this experiment:
CHU (N6) medium [149] and LS medium [150], both supplemented with 2,4-D and BAP at
concentrations ranging from 0.1 mg/L to 0.5 mg/L. In the study, no significant differences
were observed depending on the various concentrations of growth hormones used. Thus,
structures that the authors referred to as “callus-like projections” were obtained in cultures;
these were most likely the calli that developed as a result of microspore divisions. In their
investigation, no plant regeneration was reported.

Table 4. Reports on haploid research in Lens culinaris subsp. culinaris.

Method/
Technique

Material/Stage of
Development

Conditions and
Treatments Development Remarks References

Androgenesis/
Anther culture

Anthers
Uninucleate
microspore

Heat and cold stresses Callus
Proembryos

Anther derived calli with a few
pro-embryos were obtained but no
plants regenerated Applied stresses

were not effective

[147]

Androgenesis/
Isolated

microspore
culture

Not specified Flower buds kept at
4 ◦C for 96 h

Cell divisions
8-cell structures No embryos were regenerated [15]

Uninucleate
microspores

Flower buds kept at
4 ◦C for 72 h Callus

LS media with various concentrations
of 2,4-D and BAP were used but
hormonal treatment affected no

significant differences

[148]
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3.2. Tribe Genisteae
Lupins

The genus Lupinus L. comprises several commercially important species, among which
the most significant are white lupin (L. albus, 2n = 50), narrow-leaved lupin (L. angustifolius,
2n = 40), and yellow lupin (L. luteus, 2n = 52). The main producers of lupins are Australia
and Poland [151]. Andean lupin (L. mutabilis) and ornamental species such as summer
lupin (L. hartwegii) or large-leaved lupin (L. polyphyllus) have lesser economic significance.
Lupin has been cultivated since ancient times, mainly in the Mediterranean region, where it
was primarily grown as a fodder crop and used as green manure by the Ancient Egyptians,
Greeks, and Romans [152]. The high value of lupin seeds is primarily determined by
their high protein content, which ranges from 39% to 55% of the dehulled seed’s dry
matter depending on the species and cultivar. This makes lupin a competitor to soy, which
contains an average of 49% protein in the dry matter of its dehulled seeds. Moreover, in
the dry matter of dehulled lupin seeds, there is an average of 7.8% carbohydrates, 8.8%
fats, and 33.7% total dietary fiber [153]. Lupin seeds are also a source of biologically active
compounds, including polyphenols from the subclass of flavonoids, phenolic acids, and
isoflavonoids, as well as phytosterols and tocopherols [154,155]. Despite the high content of
nutrients and biologically active compounds, lupin seeds cannot be considered an entirely
safe dietary ingredient, especially for human consumption, due to their high content of
quinolizidine alkaloids, including lupanine, albine, hydroxylupanine, sparteine, anagyrine,
lupinine, and angustifolin [156–158]. In response, breeding efforts have been ongoing for
years aimed at developing varieties characterized by low levels of these alkaloids while
simultaneously maintaining high levels of nutritional and dietary components, known as
sweet lupin [159,160].

Considering the application of tissue cultures and biotechnological methods to lupin,
progress is limited [161] and lupins are considered recalcitrant species [162]. Among
over 200 lupin species, only eight (Lupinus albus L., L. angustifolius L., L. hartwegii Lindl.,
L. hispanicus Boiss. et Reut., L. luteus L., L. mutabilis Sweet, L. polyphyllus Lyndl., L. texensis
Hook.) have been studied so far, and the following subjects were considered: vegetative
propagation (including callus formation, shoot differentiation, and meristem culture), em-
bryo culture (including shoot multiplication and somatic embryogenesis), embryo rescue
culture, the hybridization of protoplasts and somatic cells, transformation, and haploidiza-
tion [163]. Table 5 lists research conducted towards haploidization in lupin. There is a single
report on the haploid plant development as a result of crossing L. albus x L. graceus, which
was then backrossed to L. albus. In BC4 generation from such crosses 2 plants identified
as haploids were observed [164]. The first works on the in vitro haploidization of plants
belonging to the Lupinus genus were initiated in the 1980s, and these were focused on an-
drogenesis exclusively. There were relatively few trials on anthers cultures. The first report
was given by Palada and Sator [165] and later studies were continued [166,167]. They es-
tablished anther culture in various lupin species (L. polyphyllus, L. hartwegii, L. angustifolius,
and L. luteus), and reported regenerants from the anther-derived callus of L. polyphyllus.
However, these plants were diploid, and the authors suggested their somatic origin. Later,
Campos-Andrada and Mota [168] using L. hartwegii anthers and Skrzypek et al. [169] using
L. albus, L. luteus, and L. angustifolius anthers reported the development of anther-derived
callus tissue. According to the authors of the latter report, the addition of 5% maltose to
the induction medium and the absence of stress factors promoted microspore division.
However, plant regeneration was not achieved in both of these studies. Kozak et al. [170]
employed anther cultures in L. angustifolius. They observed an embryogenic response in
the anthers containing microspores in the uninucleate stage, with the highest response
occurring when the anthers were subjected to cold stress (4 ◦C) for 4 days and cultured on
MS medium containing 2.0 mg/L 2,4-D and 0.5 mg/L kinetin, as indicated by the highest
number of embryo-like structures and multicellular structures per anther. In these studies,
organogenesis from callus was also achieved on a medium containing 2.0 mg/L BAP and
0.5 mg/L NAA; however, it should be noted that it was rhizogenesis.
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Almost simultaneously with other culture trials, several researchers worked on the
isolated microspore cultures of Lupinus sp. The first trial in L. polyphyllus was not success-
ful [164]. Later, Ormerod and Caligari [171] established microspore cultures in L. albus and
obtained embryo-like structures (ELSs), which, according to the authors, were embryogenic
in origin and proliferated into embryos; however, no ploidy was analyzed and no plants
were regenerated. In another trial, the cultured microspores of L. albus, L. angustifolius,
and L. luteus underwent cell divisions, and multicellular structures as well as proembryos
were observed. In these studies, the microspores were subjected to the stress conditions
of cold (4 ◦C) and heat (32 ◦C) for 24 h [172]. Simoniuc et al. [173] in L. albus established
both anther and isolated microspore cultures. They concluded that the optimal stage of
microspore for androgenesis in this species is the late uninucleate stage. Although they
observed embryogenesis in both anther and isolated microspore cultures, they found that a
higher embryogenic response occurred in isolated microspore cultures, as indicated by a
higher percentage of embryo-like structures (ELSs) when using this method.

Table 5. Reports on haploid research in genus Lupinus L.

Method/
Technique

Material/Stage of
Development

Conditions and
Treatments Development Remarks References

In vivo/
spontaneous L. albus - seeds Two sterile plants [164]

Androgenesis/
Anther culture

L. polyphyllus anthers Not specified Callus
No further

development
of callus

[165]

L. polyphyllus anthers Not specified Callus - [166]

L. polyphyllus anthers Not specified Callus
Regenerated plants

Chromosome counts
showed diploid calli [167]

L. hartwegii anthers Not specified Callus - [168]

L. albus anthers
No application of stress

treatment, liquid
culture medium

Embryo-like
structures (ELSs)

secondary somatic
embryogenesis

on ELS
[171]

L. angustifolius, L. luteus, and
L. albus anthers containing

microspores in
uninucleate stage

Cold or heat
pretreatment: flower

buds kept at 4 ◦C for 2 or
5 days in darkness or at

32 ◦C for 1 or 3 days

Callus Plant regeneration
was not obtained [169]

L. albus anthers containing
microspores in the late

mononucleate
developmental stage

Heat stress treatment:
anther cultured at 30 ◦C

in the dark,

Embryo-like structures
(ELSs)

ELSs were obtained
on media containing

2,4-D and BAP
[173]

L. angustifolius anthers in the
uninucleate stage

Cold pretreatment:
inflorescences kept at

4 ◦C for 4 days in
the darkness

Multicellular structures
Embryo-like structures

Callus

Calli produced roots
on MS medium
containing BAP

and NAA

[170]

Androgenesis/
Isolated

microspore
culture

L. polyphyllus microspore.
But unknown

developmental stage
Not specified No development - [165]

L. albus microspore
No application of stress

treatment, liquid
culture medium

No development - [171]

L. albus,
L. angustifolius, and

L. luteus microspores

Cold or heat treatment:
microspore culture was
kept at 4 ◦C or 32 ◦C for

24 h in darkness

Induction of
embryogenesis

Multicellular structures
Proembryos

No plant
regeneration [172]

L. albus,
uninucleate microspores

(late stage)

Microspore culture
treated at 32 ◦C for 3 days

Embryo-like
structures (ELSs)

ELSs were obtained
on media containing

2,4-D and BAP
[173]
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3.3. Tribe Cicereae

Cicer arietinum L. (chickpea) is a diploid (2n = 16) self-pollinating species. C. arietinum is
one of the species cultivated by humans for the longest time. It has been cultivated since the
Neolithic period [174]. The origin of this species is debatable. Among the proposed centers
of origin have been the region between Greece and the Himalayas, the Mediterranean and
southwestern regions of Asia, and Ethiopia. Currently, the most likely place of origin for
this species is considered to be the southeastern regions of Turkey and northern Syria. Due
to their significant commercial importance, chickpeas are primarily valued for their high
nutritional and dietary qualities, especially their protein content ranging from 18 to 22%,
which, compared to other legumes, exhibits superior digestibility. Additionally, C. arietinum
seeds contain a high content of complex carbohydrates (50–66.9%) and proportionally high
levels of fat (2.7–7.42%) compared to other legumes [175]. These exceptional nutritional
qualities make chickpeas highly valued in trade and a fundamental component of the diet
in many regions of Asia and Africa.

Table 6 lists the reports on the studies on haploidization in C. arietinum. The first
report on in vitro androgenesis in C. arietinum was given by Khan and Ghosh [176]. As
a result of anther culture, three embryoids were regenerated from calli, but plants were
not obtained. Altaf and Ahmad [177] used a cold pretreatment of floral buds at 4 ◦C for
3–7 days and observed callus development on anthers. However, organogenesis was not
observed, and the ploidy status of the callus cells was not determined. Bajaj and Gosal [178]
induced callus from cold-treated anthers (for 3 days) and reported a few multicellular
embryoids, which did not develop further. Embryogenesis occurred on MS medium
containing 2.0 mg/L indole-3-acetic acid (IAA) and 0.5 mg/L kinetin. The highest callus
formation was developed on MS medium supplemented with 4 mg/L IAA and 2 mg/L
kinetin and rhizogenesis on MS medium containing 0.5 mg/L NAA and 3 mg/L kinetin
was reported. Later, callus development from the cold-treated anthers cultured on B5
medium with 2,4-D or NAA was reported, but the ploidy level was not determined. The
highest callus formation was obtained on B5 media containing 2 mg/L NAA and 2 mg/L
BAP and 2 mg/L NAA and 1 mg/L BAP [179]. Vessal et al. [180] obtained mature embryos
from cold-treated buds for 7–10 days, followed by anther culture on MS medium with
1 mg/L 2,4-D and 0.2 mg/L kinetin. The embryos were induced from haploid callus on
a medium with 0.5 mg/L kinetin and 10% sucrose. Plants were not regenerated from
embryos. In the callus samples, chromosome counts were performed and they consisted
of cells with haploid to polyploid chromosome numbers. Grewal et al. [181] applied cold
stress by incubating chickpea flower buds containing uninucleate microspores for 3–4 days
at 4 ◦C. Additionally, they applied two physical stresses: electroporation and centrifugation,
along with osmotic stress. They achieved callus development, embryo formation, and plant
regeneration, with the highest embryogenic response obtained through the combination
of cold stress, centrifugation, and electroporation. Panchangam et al. [182] typed flower
buds containing uninucleate microspores and pretreated them with cold (4 ◦C) for 2–4 days.
Then, they isolated anthers and centrifuged them at varying speeds (168, 200, 500, 671,
and 1000 g for 3, 5, 10, and 15 min). Further, the anthers were subjected to osmotic stress
for 4 days in three different liquid media containing either 170 or 89 g/L sucrose. Only
multicellular structures were obtained in this experiment. In another study [183], haploid
plants were regenerated using media containing 2,4-D and silver nitrate. Media containing
10 mg/L 2,4-D and 15 mg/L silver nitrate or 10 mg/L 2,4-D and 15 or 50 mg/L silver
nitrate proved to be the most effective for embryo induction and plant regeneration. It
was also noted that the incubation of cultured anthers at 32 ◦C for 2 days significantly
increased the number of embryos, while a beneficial effect on plant regeneration was
observed with the combination of cold stress (4 ◦C for 7 days) and heat (30 ◦C for 10 days).
There are significantly fewer reports regarding the culture of isolated microspores in
C. arietinum [15,184,185]. In the known studies where cultures were established from
uninucleate microspores, cell divisions or early-stage embryo development were achieved,
but none of them resulted in plant regeneration.
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Table 6. Reports on haploid research in genus Cicer arietinum L.

Method/
Technique

Material/Stage of
Development Conditions and Treatments Development Remarks References

Androgenesis/
Anther culture

Anthers
Uninucleate and

binucleate microspores

Anthers kept in the dark for
3 days at 25 ± ◦C, then

incubated for 10 h in light

Callus
Embryoids

Various ploidy levels in
callus: haploid (28%),

diploid (38%), and
aneuploid (38%)

Rhizogenesis from callus.

[176]

Greenish-white anthers
containing tetrads and
cells at the first mitosis

Flower buds kept at 4 ◦C
for 3 to 7 days.

Callus
No shoot regeneration

Callus produced on media
containing BAP + 2,4-D +

NAA in different
combinations. Unknown

ploidy level.

[177]

Anthers, uninucleate
microspores

Floral buds kept at 4 ◦C
72 h

Callus
Embryoids

Rhizogenesis
from callus

Callus with different
chromosome numbers. [178]

Anthers, uninucleate
microspores

A total of 72 h cold
pretreatment.

Callus
Embryoids

Rhizogenesis from
callus

Embryoids did not
develop further.

Callus had no haploid cells.
[98]

Anthers, microspores at
mid to late

uninucleate stage

Cold pretreatment: flower
buds kept at 4–5 ◦C

for 3 to 7 days.

Shoots regenerated
from anther-

derived callus,
callus-derived

globular embryos

Unstated ploidy level of
regenerated shoots. [179]

Not specified Not applied Callus
Plant regeneration

Regenerated plants
were diploid. [184,185]

Anthers, uninucleate
microspores

Cold pretreatment: buds
kept in cold for 7 to 10 days

Callus
Organogenesis and

embryogenesis

Callus obtained on MS
media supplemented with
2,4-D and kinetin. Mature

embryos obtained on
modified Blayd’s media
containing kinetin and

10% sucrose.

[180]

Anthers, uninucleate
microspores

Cold pretreatment: buds
kept at 4 ◦C for 3 to 4 days,

electric shock,
centrifugation, and high

osmotic pressure

Embryos
Callus

Plant regeneration

The highest number of
embryos per anther was
obtained when stresses
were applied combined

(cold pretreatment +
centrifugation +
electroporation).

[181]

Anthers, mid–late
uninucleate
microspores

Cold pretreatment: buds
kept at 4 ◦C for 2 to 4 days;

stress induced by
centrifugation and

osmotic stress

Multicellular
structures

The combination of stress
factors resulted in a

positive effect on the
frequency of divisions.

[182]

Anthers, uninucleate
microspores

Cold and heat pretreatment
in different combinations:
cultured anthers stored

at 4 ◦C for 4 and 7 days and
then transferred to 30 ◦C

for 10 days, 32◦ for 2 days,
or 35 ◦C for 8 h

Callus
Embryos

Haploid and diploid
plants regenerated

from embryos

The highest percentage of
regenerated plants from

embryos was observed for
anthers treated with a

combination of cold and
heat stress.

[183]

Androgenesis/
Isolated

microspores
culture

Not specified - Callus No plants regenerated [184]

Microspores at the
uninucleate stage

Heat stress: flower buds
kept at 32 ◦C for 16 h Proembryo structures No plants regenerated [15]

Microspores at the
uninucleate stage

Cold or heat pretreatment:
flower buds kept at 4 ◦C for

24 h or at 32 ◦C for 12 h

Multicellular
structures

Embryos (globular)
No plants regenerated [185]
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Table 6. Cont.

Method/
Technique

Material/Stage of
Development Conditions and Treatments Development Remarks References

In vivo
pollination

Male-sterile mutant
used as a female parent
and fertile variety as a

male parent

- Haploid plants
obtained from seeds

The haploid plants
constituted 34% of the

plants obtained from seeds
[16]

Wide crossing Cicer aretinum and
Cicer pinnatifidum

Multicellular
microspores produced

as a result of
wide crossing

- [186]

In C. arietinum, a single report on the induction of haploids from female gametophytes
was also reported. Reddy and Reddy [16] performed a cross between a male-sterile mutant
(used as the maternal component) and a fertile cultivar. As a result, they obtained 149 seeds,
out of which 51 plants exhibited weaker growth and narrow leaves. A cytological analysis
of the obtained plants indicated their haploidy.

A very interesting approach was presented in C. arietinum by Mallikarjuna et al. [186].
They performed a crossing between C. arietinum and C. pinnatifidum. As a result of the
cross, hybrid plants were obtained. These hybrids were fragile and weak and flowered
only when the cytokinin zeatin (1 mg/L) was added to the sterilized tap water used to
water the plants. All the whorls of the flower were present, although the anthers did not
dehisce. The cytological observation of the anthers (in acetocarmine) revealed cell divisions
in many of the microspores within the anther. The authors concluded that such microspores
can lead to the development of androgenic plants, as division in these microspores was
a consequence of the wide cross, as the anthers were not cultured in vitro. The mode of
division was not identified, and the multicellular cells occurred in conjunction with sterile
pollen grains. However, these studies were not confirmed by other authors.

4. Conclusions

The review of the literature has enabled us to identify some general factors affecting
the success of the stimulation of haploid cell development in cool-season legumes and they
are discussed below.

4.1. Method of Haploidization

The first important aspect is the selection of a proper and effective method of haploid
induction. The majority of the studies on cool-season legumes focused on androgenesis. The
best results were achieved in high-quality donor plants grown in a controlled environment
with minimized stress conditions. In this method, a key factor is the selection of the
proper stage of cells in anthers from which the development will be induced. Bud size and
microspore stage are important in androgenesis, and they are usually closely related and
relatively easy to determine in legumes. However, cytological studies confirm that pollen
development in legumes is not synchronous and in single anther cells at various stages
of development it will occur (i.e., tetrads and uninucleate microspores, or uninucleate
microspores and binucleate pollens) [187]. This implies the need for the selection of floral
buds in which the ordered stage (i.e., uninucleate microspores) is dominant. Based on
published studies, embryogenic competence in cool-season legumes aims between the
mid-unicellular and early bicellular stages [12,106,169,182]. Some authors also underlined
that androgenesis in legumes might be limited by the thick exine of microspores or young
pollens [20,172]. It has been shown that the exine thickness varies significantly in legumes,
and in Vicia pollen, it is relatively thick, measuring 1.5–1.7 µm in the polar region, while in
P. sativum pollen ranges from 0.2 to 0.4 µm [188,189]. Considering that the androgenesis in
P. sativum resulted in androgenic plants [96,100,102], while in V. faba microspore cultures
were ineffective and anther cultures resulted mainly in callus development [119–122], the
theory of the exine thickness effect seems reliable.
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The isolated microspore cultures are advocated as a more effective technique of an-
drogenesis compared to anther cultures due to the lack of somatic tissue during culturing.
In the Fabaceae family, this technique was applied, though it proved to be difficult and
ineffective. Essentially, among the published reports on cool-season legumes, only one
indicates its effectiveness reflected in embryo development, and it was observed in Lathyrus
sativus and P. sativum [106]. In other cases, isolated microspore cultures resulted only
in early mitoses that did not progress further. Recently, in our laboratory, we started
research on haploidization in V. faba using isolated microspore cultures. So far, the re-
sults have not yielded significant progress due to low microspore viability and very low
division frequency.

A literature review revealed that there were barely a few reports regarding attempts at
haploidization using female gametophyte cells in cool-season grain legume crop species.
Some trials have been made in P. sativum [108,109]. However, these are old reports from
40–50 years ago, and nothing new in this regard has been published since. Our research
using the distant hybridization of V. faba with pollen from other species within the Fabaceae
family (Phaseolus vulgaris and Lathyrus odoratus) shows potential when combined with
in vitro methods, as they resulted in the obtainment of haploid callus (unpublished data).
Therefore, this method is worth developing and optimizing. Perhaps another avenue is
also to explore other candidates, such as the other representatives of the Fabaceae family
as pollen donors, which could be utilized to induce egg cell development. Also, methods
involving gynogenesis in unpollinated ovaries and ovules would be worth trying.

4.2. Genotype

The significance of genotype on haploidization in cool-season legumes is a limiting
factor. In the majority of the published studies, the authors used one or two accessions,
from which only some responded positively to developing calli or embryos, while the
others were unresponsive [95–98,107–109,119–122,165–173,177–182]. The effect of genotype
was most profoundly shown in the studies of Ochatt et al. [106]. They tested ten P. sativum
genotypes, and among them, only three resulted in the regeneration of haploid plants from
the cultured microspores. This was even more sound, as the authors included in their
study three single loci EMS-mutants of Frisson accession (namely P64, P79, and P90). These
mutants, when cultured in vitro from various explants, were capable of proliferating into
calli, differentiating shoots, and early-stage embryos, but failed to regenerate any plants in
haploidization studies.

4.3. Stress Factors

The application of different stresses is shown to be of great importance, especially
during androgenesis [5,10], which was most widely studied in cool-season legumes. The
effect of a cold storage period on flower buds prior to anther culture has been studied in
these species, and it has been proven more beneficial compared to its application to cultured
anthers or microspores. The anthers of P. sativum cv. Bonneville and the breeding lines
T163 and P88 were subjected to a 72 h cold pretreatment whereby callus and heart-shaped-
stage embryos were obtained even if plants were not recovered [98] For P. sativum [12],
Cicer arietinum [12,182], and Lupinus sp. [169], the cold pretreatment of flower buds was
necessary to induce divisions in microspores. High and low temperatures with increasing
lengths of time were tested on the flower buds of P. sativum prior to their culture [106].
It was shown that high temperatures were detrimental to microspore viability, even if
they were applied for a short treatment (a few hours). In contrast, the cold storage of
buds was always beneficial, and even storage for several weeks did not cause any detri-
mental effect on the viability of cultured anthers or the division competence of cultured
microspores [12,15,106,180–182]. The vast majority of early studies on cool-season grain
legumes used mostly temperature (heat or cold) as stress pretreatments, although other
stresses had also been reported. Electroporation has proved to be useful for P. sativum,
Lathyrus sativus [106], and C. arietinum [182]. For some species, a combination of several
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stress factors was proven to be effective. In P. sativum, the key to success was combining
a cold treatment of flower buds with electrostimulation and an osmotic shock [106]. In
C. arietinum, the centrifugation of isolated anthers (at 168× g for 15 min) was also beneficial
for their development [182].

4.4. Culture Medium

There is no consensus in the literature on the culture media required for androgenesis
in cool-season legumes [12]. Various authors reported the effects of medium composition,
and most studies have used various modifications of the MS or B5 formula with various
growth regulators, mostly auxins and cytokins. Usually, media for the induction of an-
drogenesis in other crops are recommended to have high osmoticum supplied mostly by
sucrose in the concentrations of 90–130 g/L [5,7–9]. In cool-season legumes, the stimulation
of androgenic development was effectively achieved in media supplemented with sucrose
and/or maltose in concentrations ranging from 80 to170 g/L [12,15,107,181,185], compared
to the media supplemented with 30–50 g/L [167–169].

Ochatt et al. [106] compared three different basal media: NLN medium [135,190], LMJ
medium [136], and HSO (original) on androgenesis. They found that medium composition
was not crucial for responses, as all three media supported reproducible and comparable
responses in the absence of any treatment of microspores but following the cold storage
of the donor flower buds. Conversely, some genotypes showed recalcitrance regardless
of the treatments or culture conditions, indicating that the genotype is the primary factor
influencing androgenetic potential in legume species.

In recent years, a lot of attention has been directed towards searching for media
supplements that have the ability to stimulate cell proliferation. One such agent is the
oligopeptide phytosulfokine alpha (PSK-α). It was shown that PSK stimulated microspore
embryogenesis in triticale (x Triticosecale Wittm.) and Triticum aestivum [191] or Brassica
napus [192]. PSK at concentrations of 10−10 to 10−6 M added to culture media has been
shown to induce regeneration in P. sativum and highly recalcitrant V. faba during micro-
propagation [193]. Another interesting group of media supplements are the inhibitors
of DNA methylation and histone acetylation. Studies on microspore embryogenesis in
B. napus, H. vulgare, and triticale (x Triticosecale Wittm.) have shown that induced epigenetic
modifications regulate the activity of genes involved in these processes, which affects their
final efficiency [194,195]. Future efforts toward haploid induction in cold-seasoned legumes
should take these media supplements into consideration.

4.5. Plant Regeneration

Plant regeneration remains the main factor limiting haploid production in the ma-
jority of legume crops in general. As has been shown above, reproducible protocol
and repeatable plant regeneration have been reported for P. sativum [100,104,106] and
C. arietinum [183,184,186] while for the remaining cool-season legumes, plant regeneration
was occasional. The obtainment of embryo-like structures or embryos in different develop-
mental stages (globular to heart and even mature) has been reported; however, it seems
that for embryos, regeneration should be performed on hormone-free or low-hormone-
containing media. The regeneration from callus tissue was also problematic, as it was
often non-effective [15,102,147], and organogenesis from callus involved mainly rhizoge-
nesis [98,170,177] and rarely shoot organogenesis [15,96,100,106]. In legumes, a common
problem during regeneration was the development of shoots without roots [15,177]. An
interesting approach to solving that problem was in vitro grafting [196–198].

4.6. Origin of Regenerants

The most popular techniques for verifying ploidy include chromosome counting,
flow cytometry, or the cytological monitoring of microspore embryogenesis. Cool-season
legumes were the subject of all these techniques. Most research demonstrating the ploidy
status of cool-seasoned legumes focused on callus tissue. Research revealed that the
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obtained callus tissue was diploid [167,177] or haploid [95,120,121], but mixoploid samples
were also reported [96,98]. The reports on the analysis of ploidy in whole regenerated
plants are rare, as the conversion of embryos into plants and organogenesis of shoots from
calli is very difficult in legumes. A small number of regenerated plants were identified as
haploids [184,186] and diploids [15,103,184,185].

The verification of homozygosity in regenerants obtained from self-pollinated plants
is indeed problematic, as these plants are autogamous and therefore highly homozygous.
The use of heterozygous starting material followed by the molecular or morphological
confirmation of the status of progeny obtained after in vitro haploidization methods is a
standard route in other crops [9,54]. However, the majority of the publications on cool-
season legumes completely omit this step although it is vital as anthers, ovaries and
ovules consist of both haploid and diploid tissues. Histological studies in a member of the
leguminous family, namely G. max, have shown that callus developed from the epidermis
and the middle layer of cultured anthers [199]. In the case of legumes, this step would
involve making crosses between selected homozygous parents, and the manipulations
must have been performed on heterozygous F1 progeny. However, such studies have not
been reported so far.

Regardless of the explant used, the majority of studies on haploidization in legumes
report development mostly through the callus tissue (Tables 1–6). Its development in the
recalcitrant species may be considered as a success, but this tissue is known as genetically
unstable [200]. Some researchers have reported increased ploidy levels with the increasing
age of the callus obtained after the application of haploidization methods [96,182,190,201].
Given this, it seems reasonable to maximally shorten the phase needed to increase callus
mass in order to proceed as much as possible to the regeneration stage.

5. Perspectives

Considering standard methods for haploidization, androgenesis seems to be the most
promising for cool-season legumes. However, it is coupled with problems, i.e., the effect
of genotype, low callus/embryo development, plant regeneration, and the determination
of the origin of regenerants. Combining different stresses seems to be the pathway to
androgenesis, especially a combination of cold pretreatment of floral buds and high osmotic
medium. Future efforts should be directed towards the induction of organogenesis from
calli. That might be achieved by searching for effective media supplements other than
classic growth regulators, and advancing to the regeneration stage as soon as possible after
the induction of development from the used explant.

Although traditional methods commonly used in the breeding programs of other
species (e.g., in the Brassicaceae family) do not yield as significant results in species belong-
ing to the Fabaceae family, new biotechnological methods developed in recent years may
prove helpful. One such method involves utilizing mutations in the gene encoding the
protein CENH3 (Centromere-Specific Histone H3). CENH3 is a specific histone protein
located in centromeres, which is crucial for chromosome segregation during cell division. In
Arabidopsis thaliana, crossing a mutant expressing altered CENH3 proteins with a wild-type
individual resulted in the elimination of the mutant genome, leading to the obtainment of
haploid seeds [202]. This method has also been applied in maize [203] and is a promising
approach showing potential for genotypes resistant to traditional haploidization methods.
Among the challenges researchers face in the upcoming period is the ability to implement
this method and develop effective protocols for its application in species such as those
classified as cool-season grain legume crop species and others recognized as recalcitrant to
haploidization. The reports on the identification of centromeric repeats in Pisum sativum
revealed centromeres consisting of multiple separated domains of CENH3 [204]. Similar
chromosome organization was reported in Lathyrus but not in genera Vicia and Lens [205].
Relative to Vicia and Lens, Pisum and Lathyrus species possess an additional copy of the
CENH3 gene. However, the subsequent study of Vicia faba, a species with simple cen-
tromeres and only one copy of CENH3, also revealed multiple centromeric satellites [204].
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Therefore, Fabeae is a taxon with unusual distribution patterns and a possibly highly dy-
namic turnover of centromeric repeats. Research on CENH3-mediated haploid induction
in legumes has already been initiated, and hopefully, stable haploid inducer lines can be
generated in the future.
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