Euphytica (2024) 220:111
https://doi.org/10.1007/s10681-024-03371-w

RESEARCH

q

Check for
updates

Obtainment of intraspecific hybrids in strictly cleistogamous

Vicia ervilia (L.) Willd.

Maria Eugenia Caceres - Andrea Rubini
Marilena Ceccarelli’® - Francesca De Marchis
Fulvio Pupilli

Received: 12 April 2024 / Accepted: 16 June 2024
© The Author(s) 2024

Abstract Bitter vetch (Vicia ervilia (L.) Willd.),
one of the Near Eastern founder crops, is an annual
cleistogamous legume domesticated during the Neo-
lithic period. Originally used for human consumption,
over time it was replaced by other pulses and down-
graded to a fodder crop. When coupled with a small
degree of cross hybridization, cleistogamy confers
evolutive plasticity to the plant species. The aim of
the present work consisted in setting up optimal con-
ditions to overcome the existing cross hybridization
barriers in V. ervilia. Genotypes of Turkish origin,
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characterized by an erect growth habit were crossed
with Italian counterparts characterized by high seed
production. A detailed cyto-histological analysis of
flower development was undertaken to determine
the optimal stage for emasculation and manual cross.
Ninety-eight crosses were carried out and the hybrid
nature of the putative F1 progenies was assessed
by SSR (simple sequence repeat) DNA markers.
Fifty-five seeds were obtained of which only five
gave rise to hybrid plants. Among these, only three
turned out to be fertile and two of which generated
a consistent number of F2 seeds whose plants were
assessed in greenhouse for seed production and plant
growth habit. Most of the evaluated traits showed
mean values of the F2 plants intermediate between
the two initial parents, confirming that intraspecific
hybridization is not only possible but also useful to
exploit the diversity confined in different bitter vetch
populations.

Keywords Bitter vetch - Cleistogamy - Intraspecific
hybrids - SSR DNA markers

Introduction

The speciation process is due to the development of
reproductive isolation barriers that maintain the spe-
cies integrity by restricting the gene flow between
clustered phenotypes (Christie and Strauss 2019).
External barriers to genetic interchange between
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related populations prevent plant pollen of one pop-
ulation from falling on plant stigmas of the other
population. Among these barriers, cleistogamy,
reported across 228 genera and 50 families (Cul-
ley and Klooster 2007), is able to develop receptive
stigma and viable pollen shed in closed flowers (Lord
1981). Cleistogamous populations detain only mater-
nal information and tend to preserve locally adapted
genes (Schoen and Lloyd 1984; Winn and Moriuchi
2009) but, on the other hand, they increase their
genetic drift and inbreeding depression if deleterious
mutations cannot be purged (Lloyd 1979; Lande and
Schemske 1985). When coupled with cross-pollina-
tion (chasmogamy), cleistogamy confers an overall
reproductive plasticity leading to a fitness advantage
in species adopting a mixed-mating strategy (Koontz
et al. 2017). In these species, genetic engineering of
strict cleistogamous genotypes may represent a use-
ful strategy for bioconfinement of transgenic pol-
len (Huang et al. 2023). Unfortunately, cleistogamy
represents a major bottleneck to the introgression of
agronomic traits of interest into crops through hybrid-
ization with wild germplasm (Hadley and Openshaw
1980).

Bitter vetch (Vicia ervilia (L.) Willd.), one of the
Near East founder crops, is an annual cleistogamous
legume domesticated during the Neolithic period
(Ladizinsky 1998). Although originally used for
human consumption, over the years this species has
become a fodder crop because other pulses took place
as preferred food. Today, although being highly toler-
ant to drought and cold, it is an underutilized species,
rarely used in rotation regimes in low input farming
systems (Ratinam et al. 1994; Ates et al. 2014). On
the other hand, as a leguminous species, cultivated
bitter vetch is able to return reduced nitrogen to the
soil and holding non-shattering pods, it can be eas-
ily harvested at complete seed maturity by uprooting
with appropriate lifters (Esteban 1996). The seeds,
used in the past as protein source in animal feed for-
mulations, nowadays are replaced by other protein
sources, leading to a EU dependency on imported
soybean (Sun et al. 2018). This gives rise to the EU
necessity of exploiting alternative protein sources
into new as well as existing processes or products,
thus developing and ensuring more sustainable
and resilient supply chains (Verstringe et al. 2023).
Recent advances in animal feeding trials have yielded
encouraging evidences on the use of bitter vetch seeds
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in animal feeding (Russi et al. 2019). Besides, protein
seed extracts from V. ervilia have been successfully
used to produce environmentally friendly edible films
for food packaging (Porta et al. 2017). In summary,
thanks to the plasticity of use, bitter vetch can be con-
sidered an interesting and versatile alternative crop
for its re-introduction in marginal, abandoned areas
of Mediterranean basin where plant cultivation for
human consumption is not economically convenient
(Ordoéiez-Fernandez et al. 2018; Berger et al. 2002).
However, due to lodging problems and creeping habi-
tus of bitter vetch Italian germplasm, a considerable
number of seeds is lost during mechanical harvesting.
One possible way to circumvent these yield losses is
to breed and transfer the erect growth habit trait to
high seed yielding genotypes. Negative correlations
are reported by Livanios et al. (2018) between plant
high and lodging susceptibility, whereas seed yield
correlated positively with prostrate growth habitus
and, as a consequence, with plant high (Russi et al.
2019). Unfortunately, no genotype with erect habitus
has been detected among high seed yielding landraces
adapted to Central Italy, whereas many erect geno-
types are found among landraces collected in Turkey
(Russi et al. 2019). Therefore, it would be of great
interest to improve seed yields by combining the high
seed yield trait, available in locally adapted Italian
germplasm, with the erect growth habitus from Turk-
ish landraces. Even in reported cases of bitter vetch
plants originated from artificial cross pollination
(Ladizinsky and van Oss 1984; Zhang and Mosjidis
1995), no solid evidence of hybridity by using molec-
ular or biochemical markers has been described.
Therefore, the overall objective of the present work
is to set up a protocol to overcome the existing cross
hybridization barriers among V. ervilia genotypes,
facilitating gene transfer from wild germplasm to
adapted genotypes in future breeding programs.

Materials and methods
Plant materials and growth conditions

Twenty seeds per accession of V. ervilia were sown
in the greenhouse on February 1st 2022 in pots
20x20 cm containing a mixture of soil and peat
(1:1). Table 1 reports the parents from the Turkish
accessions 8, 10 and 14, all characterized by an erect
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Table 1 Attempted crosses between accessions of V. ervilia of Turkish and Italian origin

Q I} Failed crossing  Pods obtained F1 Seeds Successful F1 ~ F2 early seeds F2 late seeds
attempts obtained hybrids

Turkish Italian

8 23 2 1 2 - - -

10 21 1 1 1 - - -

10 22 1 1 2 - - -

10 23 1 4 8 1 10 -

14 21 2 2 5 28 23 13

14 22 2 3 3 - - -

14 23 3 3 4 - - -

Italian Turkish

21 8 8 1 3 -

21 14 14 1 3 -

22 8 9 2 2 -

22 10 5 3 8 -

22 14 7 6 1 1 sterile -

23 8 5 1 1 1 80 32

23 14 8 1 3

total 68 30 55 5 113 45

“one of the two F1 hybrids of the 14 x21 cross was sterile, whereas the other hybrid produced 23 seeds

growth habit (GH), and the Italian accessions 21, 22
and 23, adapted to Central Italy and characterized by
prostrate GH (Russi et al 2019). Ten days later, addi-
tional 20 seeds per accession were sown to obtain a
scalar flowering time in order to enhance the prob-
abilities of synchronized flowering between erect and
prostrate parental lines. All plants were grown under
routine practices in greenhouses with temperatures
maintained at 24-28 °C (Russi et al. 2019). Crosses
were carried out during May/June 2022 at 100% rela-
tive humidity to avoid self-fertilization because under
these environmental conditions the swollen pollen
of the mother plant could not get out of the anthers.
Seeds of parental lines and putative F1 hybrids were
sown in September 2022 and analyzed for SSR mark-
ers (see the Molecular analysis section) in November
2022. F2 seeds from confirmed F1 hybrids were sown
in March/April 2023, assessed for dry matter yield
and seed production, and harvested from June to Sep-
tember 2023.

Histological analyses of gametophyte development

In order to successfully perform crosses between
different accessions, the optimal stage of V. ervilia

flower development had to be established. Both the
stigma receptivity before fertilization by pollen of the
same flower and the optimal degree of pollen matura-
tion were analyzed, using three plants per accession
and 30-50 flowers per plant. Flowers were harvested
at different stages of development and fixed in a mix-
ture of absolute ethanol-acetic acid 3:1 (v/v). During
the preparation of histological sections, fixed samples
were dehydrated in a series of ethanol solutions. After
one hour, ethanol was replaced with xylene through
successive passages in xylene-ethanol mixtures with
increasing xylene concentration. The next day, the
material was embedded in paraffin in the same way,
by successive passages in xylene-paraffin mixtures
with increasing concentration of paraffin maintained
at 57 °C, until 100% paraffin was reached. Flowers
were cut by a microtome into 12 um sections. Sec-
tions were double-stained with Safranin and Fast
Green mixture. Briefly, sample hydration was carried
out by serial transfers in ethanol-water mixtures with
decreasing ethanol concentration from 95 to 70%.
After applying Safranin, dehydration was achieved
returning to a concentration of 90% ethanol. At this
point, the addition of Fast Green was followed by
two passages in absolute ethanol and by other two
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«Fig. 1 Histological analysis of developing gametophytes and
seeds in Vicia ervilia. Anthers at the tetrad stage and ovules
before the onset of megasporogenesis a. Hemianatropous
ovules b. Beginning of megasporogenesis and uni/bi-nucle-
ated pollen grains in the anthers c. Penta-cellularized hairs on
the apical portion of the style (arrows, d). Arrows in the fol-
lowing panels show: the initial archesporial cell e, the mega-
spore mother cell f, the chalazal megaspores (black, g) and
the epichalazal megaspore (white, g), the all four degenerated
megaspore of Italian accession 21 (h). Binucleate and tetra-
nucleated embryo sacs are represented in i and j respectively,
whereas in k it is reported a mature embryo sac showing an
egg cell (white arrow), one sperm cell (white arrowhead) and
two polar nuclei (black arrow) that fuse together with a sin-
gle sperm nucleus giving rise to a cell (arrow, 1) precursor of
the endosperm. Early and late phases of syncytium formation
are reported in m and n, respectively, in which arrows point to
syncytial cells layered on a side of the embryo sac. The arrow
in o points to the developed embryo with more than four cells
and in p to the early endosperm during cellularization. Safra-
nine-fast green staining. Scale bar: a—c =150 pm, d—k =20 pm,
I-p=30 um

passages in pure xylene. Sections were sealed with
a coverslip fixed with DPX Mountant for histology
and samples were observed under a light microscope
(DMRB, Leica).

Pollen viability

Three flowers per plant of each accession were col-
lected. Mature pollen was distributed on slides and
stained with a 1:1 acetocarmine:glycerol solution
(v/v) (Akaffou et al. 2014). Three to four hundred pol-
len grains per plant were analyzed at the microscope.
Rounded, red-colored pollen grains were judged to be
viable, while pale red or yellow ones were considered
as non-viable.

Cross procedures

A variable number of flowers per accessions were
chosen for emasculation when the petals reached
three-quarters of the sepal length (see Results). The
anthers were removed by forceps and stigmas were
manually pollinated. In order to prevent self-fertiliza-
tion or damages to the stigma, special care was taken
during emasculation to avoid any contact between the
stigma and the anthers of the same flower. The pol-
linated flowers were wrapped in a labeled paper bag
until seed maturation.

Molecular analysis

Genomic DNA was isolated from 100 mg (fresh
weight) of young and healthy leaves, using the Gene
Elute™ Plant Genomic DNA miniprep Kit (Merck,
Darmstadt, Germany) according to the manufactur-
er’s instructions. The primers for the four SSR loci
(VEO2, VEO5, VEO7 and VE09) came from Russi
et al. (2019). Primer sequences and PCR conditions
were described in El Fatehi et al. (2013). Amplifica-
tions were preliminary tested with unlabelled prim-
ers to assure that the amplicons were within the range
of 100-250 bp. SSR analysis was then performed
by using fluorescent-dye-labelled primers, and the
resulting PCR products were analysed on an ABI
3130 sequencer using the GeneScan 600 LIZ size
as molecular weight standard (Thermo Fisher Sci-
entific). SSR profiles were visualized with the XCR
Software.

Statistical analysis

Mean sterile pollen percentages were compared by
the Duncan test to a significance level of P<0.01
using the InfoStat Professional v. 1.1 software (Di
Rienzo et al. 2012).

Data on seed yield components (number of pods
per plant, number of seeds per pod, seed yield and
seed number per plant, 1000-seed-weight), on dry
matter yield per plant, on growth habit of the two
parents per cross, and on the F2 hybrids were ana-
lyzed by ANOVA and means separated by the Stu-
dent-Newman—Keuls test using the SAS software
(SAS Institute).

Results
Cyto-histological analysis of V. ervilia flowers

The cleistogamous nature of V. ervilia (fertiliza-
tion takes place before the opening of hermaph-
rodite flower) is a physical barrier which prevents
cross-fertilization, hence transfer of important traits
in breeding programs. Difficulties in crossing Turk-
ish erect-habitus genotypes with adapted high seed
yielding Italian landraces should first be investigated
and then overcome. For this purpose, studies on the
development of male and female gametophytes were
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undertaken to seek a correlation of macrogametogen-
esis and stigma receptivity fulfillment with external
morphology and dimension of the flowers.

Overall, male meiosis in bitter vetch preceded
megasporogenesis (Fig. 1). Tetrads were frequently
observed together with female gametophytes at
the beginning of megagametogenesis or at earlier
phases in the same flower sections (Fig. la). More
precisely, female meiosis started when pollen grains
had already been binucleated (Fig. lc). Ovules of
the hemianatropous type, usually three in number
(Fig. 1b), and penta-cellularized hairs were noticed
on the basal stigma and on the apical portion of the
stylus (Fig. 1d).

Then, we investigated in detail the mega-
sporogenesis and megagametogenesis processes
(Fig. le—p) in relation to the floral morphogenesis

Fig. 2 Flowers at different
stages of development

a—d and corresponding
developmental stages of the
carpel e-h and ovule (in
longitudinal sections, i-1).
In preanthesis stage a, e, the
megaspore mother cell can
be observed in the ovule
(arrow, i). At the anthesis
(b, f), the mature embryo
sac shows the egg apparatus
and polar nuclei (white and
black arrows respectively,
Jj)- At post anthesis stage

c and g, the first divisions
of the syncytium can be
observed (arrows, K). At
later post anthesis stage d,
h, the syncytium is layered
to the sides of the embryo
sac and an embryo at early
phase of development is
present (arrow, 1). Safra-
nine-fast green staining

i-1. Scale bar: a-h=1 cm,
i—j =20 um, k-1=30 um

@ Springer

(Fig. 2). Longitudinal sections of hermaphrodite
flowers containing a developing ovule showed
a multicellular archesporium that differentiates
beneath two layers of nucellar cells. One of the
archesporium cells increases in volume, showing
a dense cytoplasm as well as a nucleolus into the
nucleus (Fig. le). This cell differentiated into the
megaspore mother cell (MMC), compressing the
lateral cells and stretching along the major nucel-
lar axis (Fig. 1f). The MMC first meiotic division
produced two identical cells; the chalazal one began
its second meiotic division before the micropylar
cell, resulting in an asynchronous meiosis II that
produces a typical linear array of four megaspores.
The chalazal megaspore developed as functional
megaspore, whereas the epichalazal cell remained
active for short time and died after degeneration
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of the two micropylar megaspores (Fig. 1g). These
events occurred in the same way in all the acces-
sions studied. It should be noted that Italian acces-
sion 21 showed the highest percentage (5.26%) of
ovules with all degenerated megaspores (Fig. 1h).
The functional megaspore then underwent three
mitotic divisions giving rise to two (Fig. 1i), four
(Fig. 1j) and eight-nucleated (not shown) embryo
sac of the Polygonum type. The three haploid nuclei
at the micropylar end evolved into a group of cells
forming the apparatus containing an egg cell (white
arrow, Fig. 1k) that is fertilized by a sperm nucleus
(arrowhead, Fig. 1k). Although in many angio-
sperms the three antipodal nuclei evolve into three
or more cells, in all accessions of V. ervilia stud-
ied here, the antipodal nuclei degenerated earlier
without differentiating in cells. The two remaining
nuclei (polar nuclei; arrow, Fig. 1k) moved to the
center of the rising embryo sac, fuse with a single
sperm nucleus giving rise to the precursor cell (trip-
loid) of the endosperm (arrow, Fig. 11). After the
double fertilization has completed, the endosperm
development followed a nuclear developmental
model. Initially, less than 20 nuclei formed the syn-
cytium (Fig. 1m). After a week, while the syncytial
cells lined up (Fig. 1n), the zygote evolved into an
eight-cell globular embryo (Fig. 10). Immediately
after the syncytial phase, the developing endosperm
reached the cellularization stage (Fig. 1p).

To maximize the probabilities of successful
hybridization, we then tried to find the correla-
tion between stigma receptivity and external floral
morphology (Fig. 2). When the petals were still
completely covered by sepals (Fig. 2a), and the
anthers were shorter than the pistil (Fig. 2e), only
MMC was present in the ovule (Fig. 2i), so this
stage resulted too early for artificial fertilization.
When the flower became around 4.8 mm long with
sepals still a bit longer than the petals (Fig. 2b),the
gynoecium measured 3.2 mm long and the anthers
were still closed but reached almost to the same
level of the stigma (Fig. 2f), the embryo sac was
completely developed (Fig. 2j). Therefore, this
stage turned out to be optimal for manual crosses.
In later floral development stages (Fig. 2c, d),
when the petals were longer than the sepals, pistils
tended to curve (Fig. 2g) and the anthers began to
degenerate (Fig. 2h), the fertilization had already
occurred as endosperm syncytia at initial (Fig. 2k)

and advanced stages (more than 20 nuclei) were
observed (Fig. 21).

Moreover, to investigate whether the general low
seed set could be caused by pollen viability, mean
percentages of vital pollen were assessed. The mean
percentage of sterile pollen was low and within the
range of 0.32-2.72% in all accessions, except for Ital-
ian accession 21, where the percentage resulted sig-
nificantly higher, 9.06% (Fig. S1).

SSR characterization of the Italian and Turkish
parental lines

Once established the optimal flowering stage for
crosses, 28 parental plants (15 Turkish and 13 Italian)
were selected. Taking into consideration the flower-
ing time difference (Turkish accessions flowered ear-
lier than Italian ones, Russi et al. 2019), seeds were
sown at differentiated times (see Materials and meth-
ods) in order to synchronize the blooms of both Ital-
ian and Turkish accessions. Three to eight plants per
accession were analyzed with three informative SSR
markers (Table S1). In total, fourteen genotypes were
identified of which four for the accessions 10 and 22,
three for accession 14 and only one for the accessions
8, 21 and 23 (Table S1). These plants were used as
parents in 30 cross combinations, which, consider-
ing the parent genotypes, represented 26 different
genotype combinations, where the female parent was
alternately a Turkish (12 combinations), or an Italian
accession (14 combinations, Table S2). The crossing
results, summarized in Table 1, showed that 68 out of
98 attempted crosses were unsuccessful and 30 gen-
erated at least one pod containing 1-3 seeds per fer-
tilized flower. Fifty-five seeds were obtained, which
generated 55 plants whose hybrid or self-fertilization
nature was ascertained by SSR analysis (Table S2).
Among these, 50 plants showing the maternal geno-
type were classified as self-fertilization products
whereas five plants contained both maternal and
paternal alleles confirming their hybrid nature. An
example of SSR profile of parental and hybrid pattern
is shown in Fig. 3. The two parental lines, 23 and 8
(both of them were represented by a single genotype,
Table S1), were polymorphic and homozygous for all
three VE09, VEOS5 and VEO2 loci, whereas a plant
derived from their cross pollination (23 x 8) was het-
erozygous for the same markers.

@ Springer
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Fig. 3 An example of SSR profiles generated by XCR Software. Electropherograms of three (VE02, VEOS, and VE(09) markers for
the Italian accession 23, the Turkish accession 8, and one plant (23 X 8), derived from their cross

Obtainment of fertile F1 hybrids

Although all five hybrids were vegetatively normal,
only three resulted fertile and successfully completed
the reproductive cycle, yielding variable amounts of
F2 seeds (Table 1). Figure 4a, b shows an example of
the V. ervilia parental lines used for the crosses, while
Fig. 4c—e reports two of the F1 hybrids, together
with their parental lines. All plants of Italian acces-
sions showed a root crown originating several stems
(Fig. 4b), whereas all Turkish accessions were sin-
gle stemmed (Fig. 4a). It is noteworthy that all five
hybrids were multi-stemmed as the Italian parent,
irrespectively of the cross direction, indicating that it
was a nuclear dominant trait not subjected to parent-
specific expression (i.e. imprinting, Fig. 4e). Hybrids
appeared more vigorous compared to their parents
(Fig. 4c, d), probably as a consequence of heterosis,
even if this effect was not detected for seed production
(not shown). Flowering time was differently inher-
ited among the fertile hybrids. In a greenhouse with
12 h daylight, plants from Turkish accessions started
to bloom in the second half of April (76 days after
sowing, DAS, early flowering), and completed fruit
ripening and seed dehydration in late May. By con-
trast, plants from Italian adapted accessions started to
flower in May (96 DAS, late flowering). Out of the
three fertile hybrids, hybrid 10 x 23 retained the early
flowering trait only, while hybrids 1421 and 23X 8

@ Springer

showed an intermediate blooming phenotype, because
they started to flower at around 80 DAS (early flow-
ering) and completed fruit ripening in the following
month (producing 113 early seeds, Table 1). Surpris-
ingly, a second-round flowering for hybrids 14x21
and 23 x 8 took place at around 94 DAS, thus resem-
bling the late flowering trait of Italian accessions, and
producing a second set of 45 late seeds after another
month (Table 1 and Fig. 4f-g).

F2 seed production

Traits concerned with seed production were evalu-
ated among the F2 plants of two crosses and related
to their original parental lines (Table S3). Most of
the evaluated traits of the cross 14X 21 showed mean
values of the F2 plants intermediate between the two
initial parents, even if they were often closer to the
female parent (accession 14) of Turkish origin, from
which the F2 progenies did not differ significantly.
The same trend was also observed in the cross 23 x 8
with Italian origin female genotype. In most traits,
the mean values of the F2 generation were interme-
diate but statistically closer to the female parent. We
cannot affirm the presence of a maternal effect in the
two crosses since the traits taken into consideration
are quantitative and most likely regulated by genes
placed in the nuclear genome.
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Fig. 4 Phenotypic analysis of V. ervilia parental lines and
their F1 hybrids. Five-month-old plants in pots from seeds
grown in greenhouse obtained by self-fertilization of the sin-
gle stem Turkish accession 14 a and the three-stem Italian
accession 23 b. Seven-month-old plants in pots ¢ from seeds
obtained by self-fertilization of the Turkish accession 14
(maternal parent, at left), by self-fertilization of the Italian
accession 21 (paternal parent, at right), and by 14 X21 cross
(F1 hybrid, in the centre). Seven-month-old plants d from
seeds obtained by self-fertilization of the Italian accession 23

Discussion

To our knowledge, this is the first time in which arti-
ficial intraspecific hybrids proved by molecular mark-
ers are reported in the genuine cleistogamous species
V. ervilia. This result provides an important tool to
increase the genetic variability of locally adapted lan-
draces with important agronomic traits present in the
primary gene pool of this species.

As a first step, we investigated flower development
with a detailed cyto-histological analysis to determine
the right time for emasculation and manual cross. We
observed that male meiosis started earlier than female
meiosis and that ovules were of the hemianatropous
type, as it occured in other legume species, in which
the ovule development started as anatropous type but
ended as hemianatropous, due to a different growth
in the funiculus region (Bocquet 1959; Bocquet
and Bersier 1960; Bouman and Boesewinkel 1991).
Moreover, we reported that the chalazal megaspore
developed as functional megaspore, whereas the other

(maternal parent, at left), by self-fertilization of the Turkish
accession 8 (paternal parent, at right), and by the 23 X8 cross
(F1 hybrid, in the centre). Panel e shows a detail of the root
crown zone of the three plants of panel ¢ to highlight the multi-
stemmed hybrid and paternal plants. Branches of the hybrid
plant of panel d are shown, in particular those bearing legumes
formed after the first flow of flowering f and the apical por-
tion of the same plant stem with the second flow of flowering
observed g

three megaspores were destined to degenerate. This
developmental pattern was reported in most Vicia
species (Mitchell 1975), although in other legume
species it was observed that the second cell from the
chalazal end developed into functional megaspore
(Pal 1960; Cameron and Prakash 1994). According to
our results, flowers must be emasculated at the end of
megagametogenesis, when the petals are three-quar-
ters of the sepal length. As well as in lentil (Lens culi-
naris Medikus), a self-pollinated species with small
cleistogamous flowers like those of V. ervilia (Fratini
et al. 2014), manual crosses must be performed when
the petals reach three-quarters of the sepal length
(Wilson 1972; Malhotra et al. 1978). Therefore, in
both species the suitable flower developmental stage
for crossing is when the flower is still closed.

Of 98 pollinated flowers representing 26 cross
combinations (one cross combination involved one
genotype of Italian and one genotype of Turkish ori-
gin, Table S2), 4.1% pod set, i.e. four pods yielding
five hybrid seeds (5.1% hybrid seed set) as assessed by

@ Springer
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SSR analyses were obtained. These values are lower
than those reported in lentil in previous green-house
studies, e.g. 11% seed set in Wilson (1972) and 17.4
pod set and 24.4% seed set in Fratini et al. (2004). In
Pea another cleistogamous genus almost completely
self-pollinating, researches to overcome hybridiza-
tion barriers are more advanced: genes controlling
cross compatibility of cultivated P. sativum with wild
relatives have been identified (Bogdanova et al. 2009)
and interspecific hybrids have been reported (Ochatt
et al. 2004; Bogdanova et al. 2009). Selfed seeds in
V. ervilia were estimated to be 90.9% in compari-
son to the 5% reported in lentil (Fratini et al. 2004),
which could mean the difficulty for the operator to
identify V. ervilia flowers at the correct physiological
stage of three-quarters sepals to petals to prevent self-
fertilization. Alternatively, we could have got a high
rate pollen contamination during emasculation due
to anther rupture and pollen release inside the flower.
Even without investigating the influence of genotype
on crossing efficiency, we noted that Italian accession
21 resulted the worst as concerns megasporogenesis/
megagametogenesis development (with the highest
percentage of both degenerated megaspore and ovule
abortion) and microgametogenesis (with the highest
percentage of sterile pollen). Actually, no hybrid was
obtained in cross combinations where accession 21
was used as female parent, whereas one cross com-
bination with accession 21 as male parent produced
two hybrids, therefore the relatively high percentage
of pollen abnormalities did not affect the obtainment
of hybrid progenies in crossing procedures.

All crosses were performed manually under con-
trolled environmental conditions, as reported in len-
til by Fratini et al. (2004) who compared the cross-
ing efficiency both in the greenhouse and in the
field. SSR analysis confirmed the higher level of
intra-population variability already detected for Turk-
ish landraces (Russi et al. 2019) compared to Italian
landraces as several genotypes were identified within
the two accessions 10 and 14. In any case, we suc-
cessfully obtained inter-landrace hybrids that showed
heterozygosity for all the markers used. Moreover,
the hybrids generated F2 plants that showed various
arrays of seed production and growth habit, at least
under greenhouse growing conditions. Phenotype
evaluation of the F3 generation in field trials will
provide definitive evidence of obtaining superior
genotypes of V. ervilia for both seed production and

@ Springer

growth habit. Our findings lay the basis for a hybrid-
ization-based route for the genetic improvement of
bitter vetch in the perspective to exploit this versatile
crop under low input farming system.
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