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Abstract An unilocular ovary is often observed in

the Fabaceae family. Thermopsis turcica Kit Tan,

Vural et Küçüködük is an endemic, rare plant species

in Turkey that is distinguished by its multi-carpellary

apocarpous ovaries. No research has been conducted

on the crossing of T. turcica with other species to date.

Vicia faba L. (fababean) (2n = 12), which is one of

the oldest crops used for human and animal consump-

tion, and Thermopsis turcica (2n = 18) were selected

to explore the possibility of increasing yield in edible

crops by intergeneric crossing. When T. turcica was

used as a male parent, pollen germination and pollen

tube growth appeared to be normal and globular

embryo formation was observed, but hybrid seeds

aborted due to post-fertilization barriers. In contrast, in

all crosses in which T. turcica was used as a maternal

parent, an embryo was not obtained, and viability of

the pistil did not exceed 10 days after pollination.

Also, in the samples left to free pollination, pistils died

in a few days after anthers were removed just before

pre-anthesis. Inability to obtain viable seeds by

hybridization of Vicia faba and T. turcica should not

be considered as a demonstration of complete incom-

patibility of the species in intergeneric crosses. The

present report constitutes the first study on this issue.
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Abbreviations

DAP Day after pollination

NGBG Nezahat Gökyiğit Botanical Garden

P. polyanthus Phaseolus polyanthus

T. turcica Thermopsis turcica

V. faba Vicia faba

Introduction

Thermopsis turcica Kit Tan, Vural et Küçüködük (Tan

et al. 1983) is a perennial herbaceous, endemic and

rare flowering legume species in Turkey. T. turcica

belongs to subfamily Papilionoideae of the Fabaceae,

and the availability of the multi-carpellate gynoecium

is the main agriculturally interesting trait of T. turcica.

The pollination period of T. turcica is from May to

June in Turkey. The plants of T. turcica initiate flowers

after 4 years from the time of planting when grown

from seed and 2 years when grown from rhizomes

(Cenkci et al. 2008, 2009; Vural 2009). T. turcica is a
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valuable resource for the improvement of related crops

since it has a gynoecium with 2–4 functional pistils per

flower (Fig. 1). The trait that provides the multi-

carpellary gynoecium in T. turcica would be interest-

ing if transferred to other species in Fabaceae by

intergeneric hybridization. A major purpose of gener-

ating crosses of T. turcica is to increase yields by

producing plants that have more than two free

carpellary ovaries.

Vicia faba L. is known as fababean, broad bean, and

field bean, and is produced by 58 countries in North

Africa, Southwest, and South Asia, and the Mediter-

ranean (Linnaæus 1753). Its flowers are white with

dark purple markings. The vast majority of the

populations of V. faba are cross-pollinated (Singh

et al. 2013).

T. turcica and V. faba differ very distinctly both in

morphological and genetic traits. T. turcica is yellow-

flowered and endemic to Turkey; it is a perennial

herbaceous species actively growing and flowering in

spring. On the other hand, V. faba is the world’s largest

feed crop legume species; it is annual and has a white-

purple flower.

The wild progenitor of V. faba is unknown, but its

closest wild relatives have 2n = 14 chromosomes

whereas the cultivated species possesses a chromo-

some number of 2n = 12. T. turcica has diploid

2n = 18 chromosomes (Muehlbauer and Tullu 1997;

Singh et al. 2013; Ozdemir et al. 2008). Due to

different chromosome pairing in intergeneric hybrids,

they could be sterile, but if successful, hybrids would

be promising for crop improvement.

There is a distinct difference between V. faba and T.

turcica regarding their gynoecium structure. T. turcica

has 2–4 free carpellary ovaries whereas V. faba has a

single gynoecium. For this reason, the introduction of

a multicarpellary ovary of T. turcica into V. faba is of

particular interest.

Hybridization was conducted between V. faba and

T. turcica and the crossability between two species is

analyzed in the present study.

Materials and methods

Plant material

In the present study, T. turcica and V. faba were used.

Plants were grown from seeds (V. faba) and rhizomes

(T. turcica). The rhizomes of T. turcica were harvested

by the workers of Nezahat Gokyigit Botanical Garden

(NGBG) and were planted at NGBG. The seeds of V.

faba were provided by local breeders around Adana in

Turkey. 83 individual plants of T. turcica were

planted, and in the same area, 300 seeds of V. faba

were sown. For hybridization study, crossing combi-

nations were determined as shown in Table 1. In total

of 500 pollinations were made in hybridization

program, including 100 pollinations for each combi-

nation. Artificial self-pollination of 100 flowers of T.

turcica and 100 flowers of V. faba was carried out.

Free pollination of 100 flowers of T. turcica was

allowed. For intergeneric crosses between T. turcica

and V. faba, in total 200 flowers of each were used.

Research area

Crosses among T. turcica and V. faba were carried out

at NGBG in Istanbul, Turkey during the pollination

period of May to June 2013. The area of planting

covered 30 m2.

Fig. 1 Three free carpellary ovaries of T. turcica (Scale bar

50 lm)

Table 1 Combinations of classical hybridization

$ #

1 T. turcica 9 T. turcica

2 T. turcica 9 V. faba

3 V. faba 9 T. turcica

4 V. faba 9 V. faba

5 T. turcica (free pollination)
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Pollinations and morphological observations

Pollination and histological analysis procedures were

carried out according to Linskens and Esser (1957)

and Eti (1987). All pollinations were implemented

using fresh pollen. For obtaining fresh pollen, at least

100 flowers were collected just at preanthesis of each

T. turcica and V. faba plant, and their petals and pistils

were removed. Pollen viability was tested just before

pollination via a colorimetric test with acetocarmine.

One day before anthesis, 300 flowers of V. faba and

400 flowers of T. turcica were emasculated at the

balloon stage in NGBG, hand pollinated (100 flowers

per treatment) using a small paint brush and covered

with a tracing paper.

Histological analysis in pollinated samples

Six pistils from each of the self- and cross-pollinated

groups were collected from first to the tenth day of

pollination to establish pollination possibilities. All

pistils were fixed in FPA-70 (900 mL ethanol-

700 mL/L, 50 mL formaldehyde, 50 mL propionic

acid) solution and stored at ?4 �C until microscopic

observations were carried out. The primary focus was

to analyze pollen tube growth in all pollinated

samples. Once this goal was achieved, ovule fertiliza-

tion analyses were conducted. To determine embryo

formation, paraffin block analysis was implemented.

Results

Pollinations and morphological observations

In all cross-pollinated T. turcica ($) 9 V. faba (#)

samples at the 5th day of pollination, pistil develop-

ment was observed, about before 10 days after polli-

nation (DAP) all pistils started to die. Pistils dried

within 10 days after pollination. In self-pollinated T.

turcica plants, ovules formed mature seeds by ten

DAP. It was observed that fertilization was successful,

and the pod developed quickly (Fig. 2). Moreover, in

all self-pollinated T. turcica samples, pistils devel-

oped, and ovules formed. Based on these observations,

it is concluded that T. turcica is naturally self-

pollinated.

To test whether T. turcica can be fertilized by any

other pollen coming from the environment by air or by

insects, pistils of emasculated flowers were left free for

pollination. Freely pollinated samples of T. turcica at

the fifth day of pollination became wrinkled and

started to die (Fig. 3).

Over time, unpollinated stigmas may lose their

pollen receptivity and then their life. This result is also

experimental evidence that T. turcica is a self-

pollinated species.

Histological analysis in pollinated samples

To identify pollen tube growth conditions, self- and

cross-pollinated samples were analyzed in all

Fig. 2 Cross-pollinated and self-pollinated T. turcica (T, T.

turcica; V, V. faba; DAP, day after pollination; Scale bar

50 lm)

Fig. 3 Freepollinated samples at the fifth day of pollination

(Scale bar 50 lm)
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combinations as shown in Table 1. It was observed

that in all pollinated samples 1 day after pollination

(DAP), pollen tubes reached the ovary (Fig. 4a). Also,

pollen grains produced thick pollen tubes, and when

the tubes penetrated into the style, the intensity of

fluorescence did not change. For this reason, pollen

tubes could be observed clearly until they reached the

ovary. It was observed that some extended and/or

twisted pollen tubes grew down to the ovary. As a

consequence of the present hybridization study, it was

concluded that there was no barrier to the pollen–pistil

interaction. Pollen tubes entered the ovary without any

problem.

In self-pollinated samples of T. turcica, ovule

fertilization was observed (Fig. 4b) four DAP. In

contrast, in self- and cross-pollinated samples of V.

faba, ovule fertilization was not captured in the same

timeframe. In self-pollinations, ovules formed mature

seeds after a month. In contrast, in intergeneric

crosses, no seed formation occurred, but globular

embryo formation was observed in these samples.

Globular embryo formation was seen in all of self- and

cross-pollinated samples of T. turcica and V. faba at

the eighth day after pollination (Fig. 4c). In addition,

endosperm was seen in all ovules obtained from both

self-pollinated and crossed samples.

From the data obtained from histological analysis,

two major conclusions were drawn. First of all,

embryo formation took place on the cross V. faba

($) 9 T. turcica (#) but not in reciprocal T. turcica

($) 9 V. faba (#) crosses. T. turcica pollen could

fertilize V. faba, but when V. faba was used as the

pollen donor and T. turcica as the recipient, no embryo

formation occurred.

It appeared that the development of testa was

maintained until 20 days after pollination in all

samples. Although all testa grew, the seeds of hybrids

only developed until 15 DAP.

The seeds of intergeneric crossed and self-polli-

nated samples were different in size; however, the

seed coat (outer integument) of intergeneric crossed

samples developed well, remained green and seemed

healthy (Fig. 5). In contrast, the inner integument of

both intergeneric crossed and self-pollinated samples

were yellow or green, thin and hairy (Fig. 6).

Discussion

Pollinations and morphological observations

Intergeneric crosses and self-pollinations were imple-

mented using T. turcica and V. faba and observations

were made on candidate hybrids. T. turcica is a self-

pollinated species, meaning that the stigma has strong

pollen receptivity before pollen is released from a

male parent in the same inflorescence. Therefore,

emasculation is required in hybridization studies to

prevent self-fertilization by pollen. Although inter-

generic hybridization could be a source of crop

improvement, intergeneric reproduction requires

effort to overcome pre- and post-fertilization barriers.

Crosses between species lead to an incompatibility

that may occur before and/or after fertilization. Pre-

Fig. 4 In all self-and cross-pollinated T. turcica samples of one

DAP, pollen germination was observed (a). In all four DAP

samples in T. turcica ovule fertilization was observed (b).

Globular embryo formation in all self-and cross-pollinated

samples of T. turcica (c). PG pollen germination, OF ovule

fertilization, GE globular embryos, PT pollen tube. Pictures

were taken at the same magnification (96.3). Scale bar 20 lm
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fertilization barriers include the failure of pollen

germination and pollen tube growth, and pollen tubes

not passing to the micropyle and/or embryo sac;

whereas post-fertilization barriers result in abnormal

development of the endosperm or embryo that is

referred to as ‘somatoplastic sterility’ Naik (1993).

Reciprocal crosses between V. faba and T. turcica

were made, with T. turcica used as either the maternal

or the paternal parent to determine its crossability.

In the present study, in the crosses that used T.

turcica as a pollen recipient, hybridization was not

fruitful. Factors affecting fertilization of T. turcica

may include low pollen germination, little stigma

receptivity, and crossing direction although a large

quantity of pollen of V. faba was applied to the stigmas

of T. turcica. Pistils may remain alive until ten DAP.

For these reasons, T. turcica clearly is a self-pollinator.

For hybridization studies, the age of female and

pollen donor parents are critical for successful

hybridization, as the female organ must be receptive.

As a result, crossing direction has a significant role in

achieving hybridization during intergeneric crosses.

The effect of choice of parents on interspecific and

intergeneric hybridization has been reported in a

number of studies (Fratini et al. 2004; Toussaint et al.

2004; Thorpe and Yeung 2011). For instance, in the

crosses between Phaseolus vulgaris L. and Phaseolus

polyanthus Greenman (Schmit and Debouck 1991), if

P. polyanthus is used as the maternal parent hardly any

embryos are produced, but in the reciprocal cross

embryo formation was observed. Also, the reversal of

crossing direction may affect the development of the

hybrid embryo since the interaction between the

embryo sac and maternal tissue, and the cytoplasmic

genes expressed in the endosperm and embryo may be

altered. Furthermore, incompatibility between a

hybrid embryo and maternal endosperm may be

another reason for the failure of the embryo. Finally,

if ovule fertilization occurred, non-development of

embryos in T. turcica 9 V. faba crosses may be the

result of the degeneration of the endosperm.

Histological analysis in pollinated samples

It is known that pollen grains can germinate on the

style or ovary wall instead of on the stigma (Clarke

et al. 2006), but in the present study when self-

pollinations were implemented using T. turcica,

pollen grains of T. turcica germinated on the stigma

on the first day of pollination. The same results were

also given in a previous study (Tekdal and Cetiner

2014). In some species, pollen tubes are filled with

callose, which is a plant polysaccharide. Thus, pollen

tubes are visible (Clarke et al. 2006; Gaaliche et al.

2013) as shown in the present study.

By fertilization observations in the self-pollinated

samples of T. turcica, it was noted that the pollen tube

penetrated into the embryo sac from the micropylar

Fig. 5 Testa development of the samples at 10th, 15th, and

20th day of pollination (DAP day after pollination; Scale bar

50 lm)

Fig. 6 The situation of the seed development (DAP day after

pollination; Scale bar 50 lm)
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opening. Hence the pollination type in T. turcica is

considered to be ‘porogamy’ (Deng et al. 2010;

Hiscock 2011).

Observation of pollen germination, pollen tube

growth, and ovule fertilization showed no evidence of

any pre-fertilization crossability barrier in intergeneric

crosses of V. faba ($) 9 T. turcica (#). Based on these

results, the barriers to hybridization occur post-

fertilization in nature. In addition, since successful

pollen germination and pollen tube growth was

observed in the hybrids between V. faba and T.

turcica, no surface specificity was seen in V. faba, as

declared in previous studies (Borisjuk et al. 1995;

Deng et al. 2010). Endosperm development was weak,

and embryos could not develop beyond the globular

stage. In future work, post-fertilization barriers could

be brought down by applying plant growth regulators.

Intergeneric hybridization appears to be an efficient

method to transfer agronomic traits such as the multi-

carpellary ovary of T. turcica to other crop species. In

plant breeding programs, increasing seed production is

very important for crop yield. Therefore, extra carpels

(more than the normal two carpels) are highly relevant

for seed production. Previous work Parra and Sánchez-

Lafuente 2010) has reported that a gynoecium of four

functional carpels has a tendency to produce more

flowers. Wen et al. (2012) report a study of overex-

pression of a serine carboxypeptidase, which is effec-

tive on carpel number in Arabidopsis thaliana L. and

explained that increased carpel numbers elevate the

number of seeds per fruit in A. thaliana. According to

our observations on seed production of T. turcica, this

unusual plant species has a 2–4 free carpellary ovary

including 9–10 ovules (Fig. S1, Supplementary Data).

To obtain a plantlet by intergeneric hybridization

between T. turcica and V. faba is difficult without

embryo culture. In embryo rescue, it is essential to

establish before the embryos are aborted, so that the

embryos can be dissected before an abortion, and their

development maintained in vitro. It is critical to

determine the appropriate culture medium and the

proper age of the embryo to be cultured to obtain

hybrids (Thorpe and Yeung 2011; Clarke et al. 2006).

In the present study, embryo abortion was observed in

hybrid seeds 15 DAP; therefore, embryo rescue should

be carried out for the samples at or before the 15th day

of pollination. Embryo abortion may be based upon

the taxonomic distance between species used in

hybridization and endosperm defects.

In summary, in intergeneric hybridization between

T. turcica and V. faba, it is very difficult to obtain a

plantlet by classical crossing techniques without

embryo culture, due to post-zygotic barriers which

are commonly related to endosperm failure and

successive unusual differentiation and denutrition of

immature hybrid embryos (Thorpe and Yeung 2011).

In interspecific hybridization, the embryo usually

grows for a maximum of a week. Similar results were

also reported in some other studies with chickpea

(Mallikarjuna 1999; Thorpe and Yeung 2011).

Conclusions

It seems likely that there would be an economic benefit

in increasing yield from hybrids of V. faba ($) 9 T.

turcica (#). Since hybrids could be obtained from

intergeneric crosses between V. faba and T. turcica, it

was demonstrated that crossing of T. turcica is

possible. Because pollen tubes reached the ovary and

fertilized it, it was concluded that pre-fertilization

barriers characterized by incompatibility between

pollen and pistils were not responsible for the failure

to obtain hybrid seed. Instead, post-fertilization bar-

riers such as endosperm failure, embryo abortion, and

a rapid proliferation of endothelium are likely to be the

main reasons for the failure of seed setting in the cross

V. faba ($) 9 T. turcica (#). Future steps to enhance

the possibility of obtaining hybrids and number of

hybrids include embryo rescue and a larger number of

crossings. Embryo rescue is suggested as a way to get

viable hybrids from an intergeneric cross between V.

faba and T. turcica.
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