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Abstract Solanum sisymbriifolium, a wild relative

of the S. lycopersicum species, has been found to be

resistant to numerous pathogens which cause severe

diseases in Solanaceae crops. It would be highly

desirable for species strongly affected by diseases (e.g.

tomato) to contain the resistant genes found in their

wild relatives. Solanum sisymbriifolium has been

considered of potential interest for S. melongena L.

breeding, as the former is resistant to several

pathogens and resistant interspecific hybrids have

been obtained. Additionally, several reports indicate

that S. sisymbriifolium is useful for tomato gynogenic

haploid production. It is still not quite clear whether S.

sisymbriifolium can be crossed with S. lycopersicum

and the development of hybrid progeny is possible. In

our preliminary in vivo crossing, S. lycopersicum 9 S.

sisymbriifolium diploid embryos were formed inside

fruits, but their development was inhibited at the

globular stage. To obtain F1 hybrids the embryo-

rescue method was implemented. Globular embryos

isolated 14–35 dap were cultured on various media

showing varied morphogenic potencies. Most of the

embryos did not develop on the used media but calli

formed from the embryogenic cells in[ 17% of the

embryos, allowing hybrid plants to be obtained. Ten

regenerants, which were adapted in pots containing

soil, had morphological traits similar to the S.

sisymbriifolium parent, including the plant habit,

presence of prickles on shoots or white colour of

flowers. The hybrid origin of the regenerants was

confirmed by flow cytometry analysis of DNA content

and KASP genotyping. The results indicated that S.

lycopersicum can be hybridized with S. sisymbri-

ifolium through interspecific hybridization to intro-

duce novel traits for use in tomato-breeding

programmes.

Keywords Interspecific hybridization � Solanum
lycopersicum 9 Solanum sisymbriifolium � Embryo

rescue � Embryogenic callus

Introduction

Solanum lycopersicum L. (2n = 24), previously

known as Lycopersicon esculentum Mill., originated

in the Andean region and is in high demand around the

world. The tomato belongs to the Solanaceae family,

which contains about 3000 species (Knapp 2002). The

genus Solanum contains around 1500 species and is

the largest in the Solanaceae family. Many Solanum

species are cultivated to provide economically impor-

tant crops (Fawzi and Habeeb 2016), with the global

tomato seed market being worth around 500 million

Ł. Piosik (&) � M. Ruta-Piosik � M. Zenkteler �
E. Zenkteler

Department of General Botany, Faculty of Biology, Adam

Mickiewicz University, Poznan, Poland

e-mail: l.piosik@amu.edu.pl

123

Euphytica (2019) 215:31

https://doi.org/10.1007/s10681-019-2358-9(0123456789().,-volV)(0123456789().,-volV)

http://orcid.org/0000-0002-3045-0892
http://crossmark.crossref.org/dialog/?doi=10.1007/s10681-019-2358-9&amp;domain=pdf
https://doi.org/10.1007/s10681-019-2358-9


euros (Bai and Lindhout 2007). The Lycopersicon

section of the Solanum genus includes the cultivated

tomato and 12 wild relatives, e.g. S. peruvianum L.

and S. pimpinellifolium L. (Peralta et al. 2005).

Cultivation for human consumption has led to the

development of many different cultivars and forms of

S. lycopersicum. Research and breeding activities by

scientists and plant breeders have led to the creation of

numerous varieties with fruits of different shapes,

colors, and tastes. Tomato breeding is currently a

vibrant industry, developing new and improved

cultivars.

One of the most important issues in tomato

breeding is resistance to pests and pathogens, of

which there are around 200 species affecting tomatoes,

causing considerable economic losses (Bai and Lind-

hout 2007). The tomato is highly prone to various

nematodes, aphids and diseases such as bacterial, viral

and fungal wilts, caused by multiple factors, recog-

nized as the most severe of all threats to tomato

cultivation. Fungal wilts are often caused by Fusarium

oxysporum species which enter through the roots and

colonize the vascular system, initially causing yel-

lowing and wilting of leaves and shoots (Sikora and

Gazaway 2009). Verticillium wilt, caused by the

Verticillium dahliae fungus and other species, causes

similar symptoms to Fusarium, and attacks tomato,

eggplant, pepper, and potato plants (Alconero et al.

1988; Sikora and Gazaway 2009). Other severe threats

to large-scale tomato and eggplant cultivation include

bacterial wilt (Collonnier et al. 2003; Sikora and

Gazaway 2009), caused by infections with the Ral-

stonia solanacearum species complex (Safni et al.

2014) which may also cause partial or complete

wilting. Tomatoes are also affected by root-knot

nematodes Meloidogyne spp., which affect more than

2000 other plant species (Sikora and Gazaway 2009).

The genes responsible for the resistance of tomato

plants to pathogens are often available in wild tomato

relatives. Cultivated tomatoes have much less genetic

variety than wild tomatoes, for example plants

belonging to the S. lycopersicum genome have less

than 5% of the genetic variability of their wild

relatives (Miller and Tanksley 1990). However, lim-

ited crossability often prevents these important genes

being introduced into commercial cultivars. Breaking

down interspecific barriers is therefore a very impor-

tant aspect of tomato breeding. One of the first

attempts to transfer genes conferring resistance to

root-knot nematodes from S. peruvianum to tomato

cultivars yielded a cultivated tomato F1 progeny that

were resistant to Meloidogyne spp. (Smith 1944).

Crossing tomatoes with S. pimpinellifolium resulted in

plants resistant to Cladosporium fulvum (Walter

1967). Khargongar et al. (2013) crossed tomatoes

with S. peruvianum and S. pimpinellifolium, which

have valuable genes conferring resistance to Fusarium

wilt and tolerance to early blight and abiotic stress.

These authors found that several crossing combina-

tions with S. peruvianum made it possible to produce

hybrid plants but that immature embryos needed to be

cultured. The wild species S. peruvianum is resistant to

TSWV (tomato spotted wilt virus), and tomato hybrids

with S. peruvianum have been found to be resistant to

this virus, which affects tomato production around the

world (Sohrab et al. 2015). The process of transferring

genes from wild to cultivated species is often difficult.

The hybrids frequently carry ‘‘blocks’’ of desirable

and undesirable attributes, and the recovery of impor-

tant genes is possible by several backcrosses. Also

decrease of resistance along back crossing is a known

fact. In order to achieve a high degree of resistance in

produced varieties, more than one resistance source

from wild species could be used in plants susceptible

to pathogens (Kalloo 1991). Therefore, new cross

combinations could be very valuable in tomato

breeding.

Crossability studies of tomato plants with other

species is widely described in the literature. Tomato is

hybridized with e.g. S. pimpinellifolium, S. habro-

chaites S. Knapp & D.M. Spooner, S. cheesmaniae (L.

Riley) Fosberg, S. chilense (Dunal) Reiche, S. peru-

vianum, S. chmielewskii (C.M. Rick, Kesicki, Fobles

& M. Holle) D.M. Spooner, G.J. Anderson & R.K.

Jansen or S. pennellii Correll. Interestingly, some F1

hybrids that resulted after cross combinations e.g. with

S. habrochaites or S. pimpinellifolium, were morpho-

logically similar to the wild parents (Kalloo 1991).

Several papers have also described the development of

somatic, interspecific hybrids regenerated from fused

protoplast e.g. with S. tuberosum L. (Melchers et al.

1978) or S. rickii Corr. (O’Connell and Hanson 1986).

Solanum sisymbriifolium Lam. (2n = 24), also

called sticky nightshade (Erhard et al. 2002), belongs

to the Cryptocarpum section of the Solanaceae family

(Weese and Bohs 2007). It is a self-sterile species

(D’Arcy 1974). Solanum sisymbriifolium originated in

South America, where it is used as an ornamental plant
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(https://npgsweb.ars-grin.gov/gringlobal/taxonomy

detail.aspx?992101521). It is also a useful source of

resistance to R. solanacearum wilt, V. dahliae wilt,

root-knot nematodes, and carmine spider mites (Al-

conero et al. 1988; Collonnier et al. 2003). Resistance

to these pathogens is desirable for cultivated eggplants

and tomatoes, both of which are highly susceptible to

the pathogens. Collonnier et al. (2003) found that

interspecific somatic hybrids of eggplants and S.

sisymbriifolium were more resistant than unhybridized

eggplants to R. solanacearum bacteria.

The crossability of tomato with S. sisymbriifolium

is still not fully understood. Several reports indicate

the potential of S. sisymbriifolium usage for produc-

tion of tomato haploids via gynogenesis induced by

the cross-pollination (Chambonnet 1996, 2012; Bal

and Abak 2003). Bal and Abak (2003) observed that

the cells of plants regenerated from embryos resulting

after crossing were diploid (2n = 24) or even had 25

and 26 chromosomes. Chambonnet (1996) observed a

haploid (n = 12) and diploid number of chromosomes

in the obtained progeny. Bal and Abak (2003) suggest

that regenerants with complete, diploid chromosomes

which they obtained, could be double haploids result-

ing from spontaneous chromosome doubling. The

authors noticed that the development of diploid

seedlings formed after crossing was similar to the

control tomato, although the stem and cotyledons were

thicker and the original leaves had more lobes (Bal and

Abak 2003). Chambonnet (2012) showed that after

crossing tomato with S. sisymbriifolium embryos

inside one fruit could be found at various stages—

from globular pro-embryos to heart-shaped or tor-

pedo-shaped ones. The author noticed also that the

embryos were usually small, differently shaped and

grew slowly when compared to the control. Plantlets

originated from the torpedo embryos were weaker,

grew more slowly and had short internodes, their roots

comprised of haploid and diploid cells. On the basis of

the observations the author suggests that the obtained

progeny could have a gametic origin (Chambonnet

2012).

In preliminary studies of the in vivo cross pollina-

tion of tomato and S. sisymbriifolium we found that the

tomato set fruits with diploid embryos and endosperm

within them. Embryo growth was inhibited at the

globular stage which can be attributed to a manifes-

tation of postzygotic barriers. The presence of the

remnants of the foreign pollen tubes inside the embryo

sacs and the presence of male gametes near the tomato

egg cell and central cell nuclei seemed promising.

Bearing in mind the results obtained by Chambonnet

(1996, 2012) and Bal and Abak (2003) as well as our

idea that obtaining hybrid progeny could be possible in

this cross combination, we developed an in vitro

method of culturing immature embryos through the

intermediate callus phase and by regenerating hybrid

plants.

Materials and methods

Plant material and crossing technique

Fertile S. lycopersicum plants were used for the

analysis of the embryo and endosperm development

(control). For the interspecific crosses, male-sterile

cultivated S. lycopersicum 8450-10 plants were used

as female parents, and fertile S. sisymbriifolium MM-

568 (from INRA UR1052) were used as male partners.

The plants of both partners used in the experiments,

were cutting of the same individual. The fertile S.

sisymbriifolium plants did not produce seeds and fruits

(self-sterile).

For the crossing attempts, the male-sterile S.

lycopersicum plants were used (instead of the fertile

ones) for several reasons. Tomato is self-pollinating

species—the pollination of stigma had taken place

sometimes even in closed flower buds. Usually in the

opened flowers, stigmas were already pollinated.

Therefore the crossing experiments using the fertile,

female tomato would be difficult, more time-consum-

ing (e.g. anthers removal) and the results could be

unclear. The male-sterile S. lycopersicum plants used

for crossing formed the anthers, although the mature

pollen grains did not develop. Therefore we were sure

that all of obtained embryos were not developed after

accidentally self-pollination.

Flowering plants in pots, obtained from Rijk Zwaan

R&D (Fijnaart, The Netherlands), were kept in a

growth chamber with a 16/8 h light/dark photoperiod

(the lights were switched on at 06:00 and off at 22:00).

The day and night temperatures were 24 ± 1 and

18 �C, respectively. The photosynthetic flux density

was 250–300 lmol m-2 s-1, and this was provided by

cool-white fluorescent lamps. The relative humidity

was 40%.
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Closed flower buds (1 day before anthesis) and

opened flowers of male-sterile tomatoes were chosen

for pollination. Flowers were emasculated by hand to

make the pollination easier because tomato anthers

closely surrounded the whole pistils with stigma. The

pistils with receptive stigmas were pollinated in vivo

using a very small needle. Hand pollination was

performed between 09:00 and 11:00 using fresh pollen

grains collected from the opened flowers of S.

sisymbriifolium. Each pollinated tomato flower was

labelled using a coloured marker. The germination of

pollen grains on the tomato stigmas was examined

microscopically under UV light after aniline blue dye

(1% w/v in H2O, at pH 7.2; Sigma) had been applied.

The interspecific crosses were produced in 2014 and

2015.

Histological analysis of the embryos

and endosperm

Control and interspecific pollination was performed,

then flowers or fruits were sampled between 6 h and

35 day after pollination (dap). Young fruits were fixed

in FAA solution (90 mL of 70% ethanol ? 5 mL of

formalin ? 5 mL of glacial acetic acid) for 1 day,

then dehydrated in a graded series of ethanol solutions.

Ovaries dissected from the fruits were opened and the

ovules were removed. Each sample to be analysed was

then embedded in a paraplast block and cut into 12 lm

thick sections using a microtome (Reichert, Ger-

many). Each section was stained with iron haema-

toxylin (3 g in 500 mL of 80% ethanol; Merck) and

fast green FCF (0.3 g in 100 mL of clove oil; Sigma).

These slides were classed as permanent slides.

Embryos were also analysed on squashed slides,

stained with acetocarmine (1% carmine in 45% glacial

acetic acid; Sigma).

Embryo culture

The embryo-rescue technique was used to overcome

the inhibition of hybrid embryo development. Fruits

were harvested 14–35 dap and washed in tap water for

5 min, then the fruits were disinfected in 2% active

chlorine in water for 10 min and rinsed five times with

sterile distilled water. They were then opened asepti-

cally, followed by removal of both the gelatinous

ovule coatings and the enlarged ovules. Embryos were

extracted from the ovules and cultured in Petri dishes

(5 cm diameter) containing modified MS medium

(Murashige and Skoog 1962). Initially, the embryos

were cultured on 20 modified MS media containing

phytohormones (zeatin, kinetin, 2.4-D, gibberellic

acid, 6-benzylaminopurine, thidiazuron, indole-3-

acetic acid) and additives (coconut milk, casein

hydrolysate) in various concentrations and combina-

tions. Most embryos were cultured directly on the

media but some were cultured on tomato endosperm

isolated 12–15 dap from the self-pollinated flowers.

Due to the fact that the embryos did not respond or

degenerate in vitro on a part of the used media, only 9

media (containing zeatin and 2.4-D which induced

callus proliferation) were selected for further exper-

iments (Table 1). The cultures were kept in a climate

chamber (Mytron) using a 16 h photoperiod (with a

photosynthetic flux density of 300 lmol m-2 s-1).

The day and night temperatures were 20 and 16 �C
respectively, and the relative humidity was 75%. The

cultures were checked at regular intervals, and the

number of embryos that responded (or not) on the

media were counted.

Plantlet regeneration

The calli that developed from the embryos were

transferred to selected regeneration MS media not

containing 2.4-D (Table 2). Well-formed rooted

plantlets were excised from each callus and transferred

to tap water containing micronutrients, macronutri-

ents, and iron (at half the concentrations in the MS

medium). After 10–14 days of hardening, the plantlets

were transferred to pots with garden soil (Kronen) and

adapted to the culture room conditions.

Morphological observations of regenerants

The morphology of leaves, shoots and flowers of

parents and hybrid plants were analysed under the

stereomicroscope. The compared plants were of the

same age. Measurements of the prickle lengths of the

examined species were performed using Axiovision

8.1 Software. From every 3 plants of 3 examined

species (parents and hybrids) 15 prickles were selected

from the medial part of the main shoot and measured.

Statistical analyses were performed by the Stu-

dent’s t test using Statistica 10 software (Tulsa, USA).
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KASP analysis

The hybrid nature of the embryo-rescued plants was

confirmed by using the Kompetitive Allele Specific

PCR (KASPTM) method, which was developed by

LGC Genomics (Berlin, Germany; http://www.

lgcgroup.com/kasp/#.WhvZdlXiaUk), following the

manufacturer’s instructions. The analyses were per-

formed by the Rijk Zwaan Company (Fijnaart, The

Netherlands). S. sisymbriifolium (3 plants), S. lycop-

ersicum (4 plants), and 8 regenerants (individuals)

obtained after the crossing procedure were analysed

using SNP markers. Initially 375 tomato SNP-markers

were tested, out of which 33 showed polymorphic

results in S. lycopersicum and S. sisymbriifolium.

From the 33 markers, 7 allocated on different chro-

mosomes were chosen. The localization of the selected

SNP markers TOM1–TOM7 (Table 3) was deter-

mined from the physical tomato genome map (Gen-

ome version SL3.0). For the development of prime

sequences, the tomato Genome version 2.50 (August

8.2016; solgenomics.net) was used. PCR was per-

formed using a solution containing the KASP reaction

mix, the assay mix, and template DNA. Endpoint

genotyping was performed using fluorescence mea-

surements using KlusterCaller software (LGC

Table 1 MS media used to induce callus development from the cultured embryos

Growth regulators (mg l-1) Coconut milk (ml l-1) Sucrose (g l-1) Callus induction

overall 176 embryos
KIN BAP ZEA 2.4-D IAA

– – 1.0 – – – 60 9 embryos

– – 1.0 1.0 – – 30 18 embryos

– – 1.0 1.0 – – 60 36 embryos

– – 1.0 1.0 – – 90 24 embryos

– – 1.0 2.0 – – 30 22 embryos

– – 1.0 – 0.5 – 20 14 embryos

– – 1.0 – – 10.0 30 12 embryos

– – 2.0 1.0 – – 30 27 embryos

– – 2.0 2.0 – – 30 14 embryos

Table 2 Optimum media for regenerating plantlets in vitro from the calli

Growth regulators (mg l-1) Sucrose (g l-1) Plantlets regeneration

overall 50 plantlets
KIN BAP ZEA 2.4-D IAA NAA

0.5 – – – – 1.0 30 2 plantlets

1.0 – – – 0.1 – 20 2 plantlets

1.0 – – – 0.5 – 30 2 plantlets

1.0 – – – – 0.5 30 3 plantlets

– 0.01 – – 0.01 – 20 10 plantlets

– 0.5 – – – – 30 2 plantlets

– 1.0 0.5 – 0.5 – 30 3 plantlets

– – 1.0 – – – 60 5 plantlets

– – 1.0 – 0.1 – 20 7 plantlets

– – 1.0 – 0.5 – 20 9 plantlets

– – 2.0 – – – 30 3 plantlets

– – – – 0.5 – 30 2 plantlets
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Genomics). The homozygote A was marked red,

homozygote B blue, and heterozygote AB green.

Flow cytometry

The nuclear genome size of S. lycopersicum, S.

sisymbriifolium and their hybrids was determined

using a Cytomics FC500 (Beckman Coulter) flow

cytometer with an 488 nm argon laser. The leaves of

the examined plants were washed 3 times in distilled

water. Due to the significant differences in the amount

of DNA between the parental plants and the internal

standards availability, 2 internal standards were used.

The leaves of S. lycopersicum were simultaneously

chopped with 1 cm2 leaf of internal standard—

Raphanus sativus L. ‘‘Saxa’’ 2C = 1.11 pg (Dolezel

et al. 1992) and the leaves of S. sisymbriifolium or

hybrids with Pisum sativum ‘‘Ctirad’’ 2C = 9.09 pg

(Dolezel et al. 1998). The samples were chopped us-

ing ice-cold Galbraith’s buffer (Galbraith et al. 1983)

containing 0.1% Triton, 1% (w/v) polyvinylpyrroli-

done 40,000 and 5 ll/ml 2-mercaptoethanol. The

suspensions were filtered through 30 lm nylon mesh

(CellTrics, Sysmex Partec) and 50 ll/ml RNAse was

added. Nuclei were stained with 50 ll/ml propidium

iodide and incubated on ice for 10–15 min. The

analysis was performed on 3 plants of S. lycopersicum,

3 plants of S. sisymbriifolium and 8 hybrid individuals.

The parental and hybrids plants were measured

separately with 5 repetitions—at least 5000 nuclei

were analysed. The amount of DNA of the examined

species was calculated based on values of G1 peak

means of samples and internal standard.

Results

Development of tomato embryo and endosperm

(control)

The pollen grains of S. lycopersicum has already

begun to germinate on stigmas 6 h after pollination

(Fig. 1a). Approximately 10 h later, pollen tubes grew

on stigmas with about 90% frequency. Long pollen

tubes penetrated the styles (Fig. 1b) and entered the

micropyle region of the embryo sac 1 dap (Fig. 1c).

Often, the two male gametes were present at the tip of

the unburst, thick pollen tubes or near the egg cell and

central cell nuclei/polar nuclei (Fig. 1c). Unfortu-

nately, during our embryological analysis we could

never observe the fertilization process of both egg cell

and central cell however we presume that this process

occurs between 1 and 2 dap. The first endosperm

nuclei were observed inside the embryo sacs 2 dap

(Fig. 1d). Well developing cellular endosperm com-

prising 6–7 cells were visible 1 day later. During the

following days, the endosperm cells divided inten-

sively and filled the embryo sacs. At the same time, the

four-celled embryos were visible (3–4 dap). Over the

next few days the ovules intensively enlarged. Glob-

ular embryos with properly developed suspensor were

present 8 dap (Fig. 1e) and heart-shaped ones around

14–15 dap (Fig. 1f). The growing embryos consumed

the endosperm intensively, whose remnants were

localized usually at the polar parts of the embryo

sacs. Highly elongated cotyledonary embryos were

visible 21–22 dap (Fig. 1g).

Interspecific crossing and fruit setting

The pollen grains of S. sisymbriifolium started to

germinate on tomato stigmas 6 h after cross

Table 3 SNP markers and

their chromosome

localizations (with

reference Genome version

SL3.0)

SNP Localization S. sisymbriifolium S. lycopersicum

KASP result SNP KASP result SNP

TOM1 SL3_0ch10 62691787 B G A A

TOM2 SL3_0ch03 65558479 A A B G

TOM3 SL3_0ch05 60946473 A T B C

TOM4 SL3_0ch11 7930489 B G A A

TOM5 SL3_0ch02 48608431 A T B C

TOM6 SL3_0ch07 2870607 B G A A

TOM7 SL3_0ch04 55646480 B G A C
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pollination. Up to 80% of the S. sisymbriifolium pollen

grains germinated on receptive tomato stigmas 1 dap

(Fig. 2a), when pollination was performed between

09:00 and 10:00. The pollen germination efficiency

was only 50% when pollination was performed later

on. Some of the germinated pollen grains produced

short pollen tubes which did not enter the styles, were

curved and distended at the tip. Pollen tubes (appro-

priate for the lengths of S. sisymbriifolium styles,

which are 2–3 times longer than tomato pollen tubes),

penetrated between papillae cells and grew through

the stylar connecting tissue (Fig. 2b) to the ovules

(anatropous, unitegmic, tenuinucellate Polygonum-

type megagametophytes) and entered the embryo sacs,

destroying one of the synergids 1–2 dap (Fig. 2c). The

embryological slides showed that the sperm cells were

near the egg cells or central cells or remained inside

the unburst pollen tubes. Similarly to the control

material, we did not notice the fertilization process of

both egg and central cell, although we presume that it

may occur at the same time as in the control material

(1–2 dap). At 2–3 days following pollination we

occasionally observed dividing central cells (Fig. 2d)

which may be a sign that the fertilization had taken

place. The first endosperm nuclei appeared about 3

dap (Fig. 3a). The endosperm divided intensively and

Fig. 1 The development of embryo and endosperm of S.

lycopersicum (control). a Pollen tubes germinated on stigma 6 h

after pollination. b Pollen tubes penetrated the style 1 dap, the

arrow indicates the direction of pollen tubes growth. c The

entrance of pollen tube (pt) with visible sperm cell (sc) 1 dap.

Polar nuclei (pn) are present. d Endosperm nuclei developed 2

dap. e Globular embryo developed 8 dap. f Heart-stage embryo

formed 15 dap. g Cotyledonary embryo 22 dap. Each scale bar

10 lm

123

Euphytica (2019) 215:31 Page 7 of 20 31



simultaneously surrounded the developing embryos

(Fig. 3d). The hybrid endosperm structures (highly

vacuolized large cells; Fig. 3d) were not generally

different from the endosperm structures in the control

material but sometimes contained small flattened cells

with very dense cytoplasm. The endosperm did not

develop in some of the embryo sacs that were

analysed.

Embryos analysed\ 22 dap often contained a few

cells and had well-formed suspensors, however some

of them degenerated early (Fig. 3b). The development

of hybrid embryos stopped at the globular stage

(Fig. 3c) despite high mitotic activity. Some embryos

retained the globular structure even one month after

crossing (Fig. 3d). Instead of developing properly to

the heart stage, some of the globular stage embryos

increased in size in vivo and sometimes almost

entirely filled the embryo sac, consuming the endo-

sperm (Fig. 3d). Some of the oversized embryos

started to collapse four weeks after pollination

(Fig. 3e), probably due to a lack of endosperm. The

squashed slides of the hybrid embryos revealed a

diploid (2n = 24) number of chromosomes in their

dividing cells. We did not observe a haploid (n = 12)

number of chromosomes or any signs of aneuploidy.

The failure to complete embryo development can be

attributed to post-zygotic incompatibility.

Interspecific crossing resulted in a relatively low

fruit setting rate, only 9.26% of the 3561 pollinated

flowers producing fruits. The ripe fruits were generally

slightly smaller than the control fruits. In summary, we

obtained 1289 globular embryos from which 1109

were used for the in vitro cultures and the rest for the

embryological analysis (squashed and permanent

slides). Only four of the observed in vivo embryos

reached the early heart stage (Fig. 3f).

Culturing the embryos

To overcome embryo development inhibition, globu-

lar embryos were removed from the ovules and

transferred to the media. About 50% of the fruits

were parthenocarpic, filled with parenchyma tissue.

Around 120 fruits (isolated 20–35 dap) had ovules

Fig. 2 Progamic phase of the S. lycopersicum 9 S. sisymbri-

ifolium crossing pollination. a, b S. sisymbriifolium pollen tubes

penetrated the stigma and style 1 day after cross pollination

(dap). Arrow indicates the direction of pollen tube growth. c The

pollen tube (pt) entered the embryo sac 2 dap. d Division of

central cell nuclei (presumably fertilized) 2 dap. The scale bars

in a and b 50 lm, and the scale bars in c and d 10 lm

123

31 Page 8 of 20 Euphytica (2019) 215:31



with immature embryos that were suitable for being

cultured further. The number of enlarged ovules per

fruit was highly variable, from as few as one to as

many as 30. Brown, wrinkled, very enlarged ovules

containing oversized globular embryos were found in

some fruits, especially isolated 30–35 dap.

At the beginning we attempted to use the nurse

technique in the first weeks of the experiment,

cultivating 139 hybrid embryos overall directly on

tomato endosperm (isolated 12–15 day after selfing;

Fig. 4b). The nurse technique was used e.g. Ziebur and

Brink (1951) who recorded the successful growth of

Hordeum embryos on the isolated, cellular endosperm.

In our work, the tomato endosperm became brown

very quickly and started degenerating, as did the

‘‘nursed’’ embryos. The failure of the nurse-technique

attempts led us to attempt to culture 970 globular

embryos directly on the selected media (Fig. 4a).

The embryo response in vitro depended on the

embryo age and composition of the medium. Most

(757) of the cultured embryos (on media without the

zeatin and 2.4-D) did not respond on the used media.

Fig. 3 Development of the endosperm and embryos after

crossing. a Three-celled endosperm (arrows) developed 3 dap.

b Early degenerating embryo 16 dap. c Globular embryo 16 dap.

d Embryo surrounded by the cellular endosperm (en) 27 dap.

The white line indicates the shape of embryo. e Degenerating

embryo and the remnants of the endosperm (en) 35 dap.

f Degenerated early heart-shaped embryo 28 dap. Each scale bar

10 lm
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Several (12) embryos which were generally iso-

lated\ 20 day after crossing died during the first

few days of culture. Media with zeatin and 2.4-D

induced the magnification of 21 embryos (sometimes

3–4 times), however growth stopped soon afterwards

(Fig. 4c, d).

During the culture some embryos produced mor-

phogenic callus on media containing zeatin and 2.4-D

in various combinations, therefore for further exper-

iments we decided to use only 9 media, which

effectively induced callus regeneration (Table 1). In

total 176 cultured immature embryos (mainly isolated

20–22 dap) developed a callus. These embryos

changed colour from milky white to green in the first

few days of culture and calli started to proliferate

intensively (Fig. 4e). The MS medium containing

1 mg l-1 ZEA and 1 mg l-1 2.4-D was the optimal

medium for stimulating callus growth.

Only four cultured globular embryos (around 25

day old) grew directly into plantlets on three different

media, two grew on MS ? 0.5 mg l-1 GA3-

? 0.5 mg l-1 BAP ? 10% coconut milk (containing

6% sucrose), one on MS ? 1 mg l-1

BAP ? 250 mg l-1 casein hydrolysate (containing

Fig. 4 In vitro culture of hybrid embryos. a Embryo isolated

32 days after cross pollination (dap) cultured on MS medium.

b Globular embryo isolated 25 dap (indicated by an arrow),

cultured on tomato endosperm (en). c and d Enlarged embryos

after 8 day of culture on MS medium containing 2.4-D

(2 mg l-1) and ZEA (1 mg l-1). e Callus from an embryo after

16 day of culture. f Morphogenic callus after 62 day on MS

medium containing ZEA (1 mg l-1) and IAA (0.5 mg l-1).

Each scale bar 100 lm
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4% sucrose), and the last one grew on MS ? 1 mg l-1

ZEA ? 0.5 mg l-1 IAA (containing 2% sucrose).

Unfortunately, these plantlets did not survive the

acclimatization.

Regeneration of hybrid plants

Well-developed, compact, green, morphogenic calli

(Fig. 4f) were split into small pieces and transferred to

modified MS medium containing no 2.4-D (Table 2).

About 15% of the calli increased in size and produced

adventitious buds. Yellowish/glassy, loose, non-mor-

phogenic calli rarely grew on the green calli. The first

shoot and leaf primordia emerged after several days,

but regeneration occurred within 2 months (Fig. 5a,

b). Overall 50 plantlets were regenerated (Table 2).

Most of the plantlets that were recovered in vitro had

well-developed roots and main shoots with leaves.

Some plantlets formed rosettes with numerous rela-

tively short shoots (Fig. 5b, c). The best media for

plantlet regeneration were the MS medium containing

0.01 mg l-1 BAP and 0.01 mg l-1 IAA (2% sucrose)

and the MS medium containing 1 mg l-1 ZEA and

0.5 mg l-1 IAA (2% sucrose).

Plantlets without roots (Fig. 5b) were transferred

onto the rooting medium MS ? 0.5 mg l-1 IAA.

Roots formed slowly, after 1–2 months. Well-devel-

oped and rooted regenerants were transferred to jars

(Fig. 5d). Plantlets with 5–6 cm shoots were trans-

ferred to water containing macronutrients, micronu-

trients, and iron (at half the concentrations in the MS

medium; Fig. 5e). After a few days, the plants were

transferred to soil (Fig. 5f). From the rooted plantlets

we obtained 10 plants originating from the different

embryos and from the 10 regenerants, 2 plants died a

few weeks after their transfer to soil.

Morphology of the regenerants

The bushy plant habit of the obtained regenerants

(Fig. 6b) was similar to that of S. sisymbriifolium

(Fig. 6c) rather than to the erect, maternal phenotype

(Fig. 6a). The height of the hybrids was slightly lower

(up to 50 cm) than the paternal plants (around

60–65 cm). Leaves of hybrids were visibly smaller

than S. sisymbriifolium, with similar morphology

(pinnatifid to pinnatisect). Shoots of all species were

green (although the S. lycopersicum ones had a lighter

shade) and covered by grandular simple hair (shorter

in hybrids when compared with the parents; Fig. 7a–

c). Distinguished from the S. lycopersicum plants

(Fig. 7a, d) and similar to those of S. sisymbriifolium

(Fig. 7c, f), the prickles were present on shoots and

leaves midvein of the hybrid (Fig. 7b, e). The prickles

of the hybrids were usually light-brown to dark-brown

and soft under the fingers, in contrast to the very sharp

and hard prickles of S. sisymbriifolium (yellow from

the bottom to dark brown at the top). The differences

in prickle length were significant—the hybrids pro-

duced prickles over 9 times shorter than S. sisymbri-

ifolium, but the prickles on the hybrids occurred more

frequently than in the paternal ones (Fig. 8).

The regenerants produced numerous flowers, but

markedly smaller and fewer than flowers of S.

sisymbriifolium. Corolla of the F1 hybrid flowers were

white to light blue corolla with yellow hues near the

pistils and stamens as S. sisymbriifolium ones. Sta-

mens of the hybrid were equal as long as styles

(Figs. 9, 10) and usually free (as in S. sisymbriifolium),

however with more loose arrangement than in paternal

flowers (Fig. 10e). Only in few of observed hybrid

flowers the stamens were fused together and formed a

tube which surrounded the styles and stigma similarly

to the tomato flowers. The stamens morphology of

hybrids was similar to the S. lycopersicum and S.

sisymbriifolium ones with the intermediate length. The

hybrid stamens were usually yellow (Fig. 10d) as in S.

sisymbriifolium (Fig. 10g). Stamens of male-sterile

and fertile tomato (morphologically comparable) were

usually yellow or greenish at the top (Fig. 10a).

In contrast to the parental material (Fig. 10c, i) the

fertile embryo sacs of hybrids (containing well

developed egg cell, synergids and central cell nuclei)

were present in only 10% of the analysed flowers

(Fig. 10f). Around 90% of the opened hybrid flowers

were female-sterile, with embryo sacs containing only

the remnants of the degenerated egg cell and central

cell nuclei. In some ovules only the remnants of

degenerated megaspore tetrad cells were present. In

none of the analysed anthers of hybrid (Fig. 10d) was

there any evidence of presence of pollen grains or even

microspores. The lack of pollen grains together with

the development of sterile embryo sacs (in most of the

ovules) are typical attributes of post-zygotic incom-

patibility. More investigations are necessary to

describe at which stage of micro- and megasporoge-

nesis the abnormalities occur in the hybrid plants.
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Flow cytometry and KASP analysis

The flow cytometry analysis confirmed the hybrid

status of the 8 tested regenerants. The measured DNA

content amount of all the analysed hybrids was

intermediate between the parental material. An exem-

plary result for one selected plant of each species was:

S. lycopersicum: 2.11 ± 0.13 pg (Fig. 11a); hybrid:

2C = 3.65 ± 0.01 pg (Fig. 11b); S. sisymbriifolium—

5.06 ± 0.03 (Fig. 11c).

The KASP genotyping analysis also confirmed that

the eight regenerants tested were hybrids. The KASP

analysis cluster plot of the TOM2 SNP marker showed

that the heterozygote (AB) contained marked SNP

(Table 3) for both crossing components (homozygote

A was from S. sisymbriifolium and homozygote B

from S. lycopersicum; Fig. 12). Analysis of six

additional SNP markers proved the hybrid origin of

all eight tested regenerants (Table 4).

Discussion

The method of embryo-rescue technique together with

the callus stage was developed successfully which led

to the regeneration of hybrid individuals. The topic of

Fig. 5 Regeneration of the hybrid plants. a Leaf rosette

originating from a callus after 61 day on MS medium containing

ZEA (1 mg l-1) and IAA (0.5 mg l-1). b Plantlet developed

after 110 day of culture on MS medium containing BAP

(0.01 mg l-1) and IAA (0.01 mg l-1). c Plantlet after 25 day on

rooting MS medium ? IAA (0.5 mg l-1). d Plantlet transferred

to the medium in a jar. e Plant transferred to tap water. f Young

flowering hybrid plant in a pot containing soil
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cross combination of S. lycopersicum 9 S. sisymbri-

ifolium is interesting for two reasons. Firstly, the S.

sisymbriifolium plants show a high resistance to

various pathogens which could be very useful for

breeding species. Tomatoes have previously been

crossed with their wild relatives such as S. peruvianum

Fig. 6 Plant habit of examined plants. A S. lycopersicum b hybrid c S. sisymbriifolium

Fig. 7 Morphologies of shoots and leaves (dorsal part) of

parents and hybrid plants. a, d shoot and leaf of S. lycopersicum

with no prickles. b, e short and numerous prickles formed on

shoots and leaves of hybrid. c, f long prickles developed on

shoots and leaves of S. sisymbriifolium. Each scale bar 20 lm
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or S. pimpinellifolium in many studies, to transfer

genes associated with pathogen resistance. The exam-

ined cross combination of S. lycopersicum 9 S.

sisymbriifolium also appeared promising for this

purpose. Secondly, S. sisymbriifolium has been used

in experiments on tomato gynogenic haploid produc-

tion (Chambonnet 1996, 2012; Bal and Abak 2003) so

the results of this research can be discussed with our

investigations.

The germination of S. sisymbriifolium pollen grains

on S. lycopersicum stigmas was frequent and oscil-

lated around 80% 1 dap. However, observations of the

pollinated stigma revealed that many of pollen tube

were short, and curled. Only some of the germinated

pollen tubes were long and penetrated the whole style.

The entrance of the pollen tubes was frequently found

in most of the analysed ovules. Bal and Abak reported

(2003) that in only 6 of 8 tomato varieties, pollen tubes

were visible inside the embryo sacs while in the two

remaining cultivars, pollen tubes reached only the

middle part of the style. Chambonnet (2012) observed

very low germination of S. sisymbriifolium pollen

grains - the pollen tubes remained within the stigma or

reached only the top of the style. Abnormalities in

pollen tube development were observed by Bal and

Abak (2003), Chambonnet (2012) and also in our tests,

which suggested the presence of prezygotic barriers

occurring as early as the pollen germination stage.

However, it is also known, that pollen germination and

pollen tube growth can be affected by many factors, as

plant genotype. Interestingly, De Nettancourt et al.

(1973) stated that S. peruvianum pollen tubes are

compatible with tomato styles and found that they

grew uninhibited through the stylar connecting tissue.

In many of our analysed ovules following crossing,

pollen tubes were present at the micropyle region of

embryo sacs, which was also reported by Bal and Abak

(2003). During embryological analysis carried out

with accuracy, it was not possible to identify the

fertilization process of both egg and central cell nuclei.

We were also unable to observe fertilization in the

control (tomato material). Likewise, Bal and Abak

(2003) were uncertain whether the fertilization took

place after crossing. Our further results seemed to

indicate that this process does occur, presumably

around 1–2 dap.

Interspecific crossing gave a relatively low fruit

setting rate (9.26%) which may be related to low

fertilization frequency. Bal and Abak (2003) found

that the fruit setting rate when crossing tomatoes with

S. sisymbriifolium varied widely and depended on

such factors as genotype and pollination date. Only

Fig. 8 The length of

prickles developed on

shoots of S. sisymbriifolium

and hybrid (prickles are not

presented in S.

lycopersicum).

The different

letters indicate significant

differences (± SE)

according to Student’s t test
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some of tested cultivars produced fruits, and the fruit

setting rates in April and May were 32.4% and 17.9%,

respectively (Bal and Abak 2003). Chetelat et al.

(1997) found that the number of fruits produced by

crosses of S. lycopersicum 9 S. lycopersicoides

Dunal varied in subsequent years (19.9% in the first

year and 38% in the second). Chambonnet (2012)

pointed out that two used genotypes of S. sisymbri-

ifolium had an impact on tomato fruit set and embryo

formation. Different specific cross combinations can

also result in markedly different fruit setting rates.

Kharkongar et al. (2013) found that crossing S.

lycopersicum (cultivars MT3 and KA) with S.

pimpinellifolium produced high fruit setting rates

(35% for MT3 and 32% for KA) but that crossing

with S. peruvianum gave relatively low fruit setting

rates (7% for MT3 and 8% for KA), probably because

of certain post-fertilization abnormalities.

Approximately 50% of the fruits produced after

pollination with S. sisymbriifolium were

parthenocarpic, containing only jelly-like tissue.

Parthenocarpic fruits produced after crossing were

also observed by Chambonnet (2012). Bal and Abak

(2003) found enlarged ovules inside the fruits of only

two crossed tomato cultivars, and also found that many

of the obtained fruits were parthenocarpic. The results

suggest that the lack of enlarged ovules in fruits can be

attributed to very early embryo abortion or a partheno-

carpic induction. Ho and Hewit (1994) noted that

hybrid embryo abortion occurred 2–4 weeks after

pollination when S. lycopersicum was crossed with S.

pimpinellifolium. Numerous parthenocarpic fruits

may form as a result of the parthenocarpy process

induced by the presence of foreign pollen grains on the

stigma. Stevens and Rick (1994) found that many

parthenocarpic fruits were produced when tomatoes

were crossed with S. pimpinellifolium.

In our study, post-fertilization barriers in the cross

between tomatoes and S. sisymbriifolium occurred in

the early stages of embryogenesis. Diploid, hybrid

Fig. 9 Morphologies of opened flowers: a1, a2 S. lycopersicum, b1, b2 hybrid, c1, c2 S. sisymbriifolium
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embryo formation was inhibited at the several-celled

and globular stage because of developmental abnor-

malities. Simultaneously with embryos, endosperm

which did not usually differ from the control material

developed. Only in some ovules did the endosperm

structure reveal developmental abnormalities as very

dense cytoplasm of visibly flattened cells. Embryos

usually of small size, often rapidly grew and consumed

the endosperm available. The lack of compatible

endosperm may have caused the embryos to collapse.

Fig. 10 Flower morphology of hybrid (e) and the parents: S.

lycopersicum (b) and S. sisymbriifolium (h) plants. a Anther of

male-sterile S. lycopersicum without pollen grains (stamen

isolated from fertile tomato for comparison), c ovule of S.

lycopersicum with embryo sac contained egg cell (ec), polar

nuclei (pn) and one visible synergid (s), d ‘‘empty’’ anther of

hybrid plant, f ovule of hybrid with fertile embryo sac, g anther

of S. sisymbriifolium full of pollen grains, i ovules and well

developed embryo sac of S. sisymbriifolium contained egg cell

(ec) and central cell nuclei (cc)

Fig. 11 Flow cytometry of DNA content: a S. lycopersicum, b hybrid, c S. sisymbriifolium
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The work of Chambonnet (2012) showed a high rate of

embryo formation (around 11%) at the various stages.

The author observed the presence of globular, heart-

shaped and torpedo embryos, even in the same fruit

which is differ from our results. Chambonnet also

highlighted significant differences in the size of

induced embryos, which were much smaller than

zygotic ones.

The inhibition of embryo development at the

globular stage, was the main reason for adopting the

embryo-rescue method. Culturing immature embryos

is a well-known technique that allows the regeneration

of hybrids in many cross combinations, such as

Salix 9 Populus (Zenkteler et al. 2005; Bagniewska

et al. 2011). Young embryos, at globular stage, require

a medium enriched with specific additives such as

coconut milk and casein hydrolysates or phytohor-

mones, which could be a substitute for compatible

endosperm (Sharma et al. 1996). In the present study

we isolated globular embryos and nurse them on the

tomato endosperm (unsuccessfully) or placed them

directly on the media. Against the background of other

authors who successfully cultured whole ovules with

embryos (Bal and Abak 2003) or cultured the obtained

embryos inside the nurse seed obtained after tomato

self-pollination (Chambonnet 2012), our cultures of

globular hybrid embryos revealed their various mor-

phogenic responses. Regardless of the isolation time

(14–35 dap), most embryos failed to develop on the

selected media during the early days of culture (only 4

embryos developed to the cotyledonary stage) and a

Fig. 12 Cluster plot of the KASP genotyping analysis using

TOM2 SNP markers. Homozygote A (S. sisymbriifolium) was

marked with FAM dye (red), and homozygote B (S. lycoper-

sicum) was marked with VIC dye (blue). The hybrid S.

lycopersicum 9 S. sisymbriifolium (heterozygote AB) was

marked with both dyes (green). The black points marked ‘‘no

target controls’’. (Colour figure online)

Table 4 KASP genotyping analysis (using seven SNP markers) of four clones of S. lycopersicum 8450-10 (1–4), three clones of S.

sisymbriifolium MM568-9 (1–3), and eight regenerants obtained after interspecific crossing (with reference Table 3 with SNP markers).

(Colour Table online)
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few embryos only oversized in vitro. However, a

medium supplemented with zeatin or 2.4-D ? zeatin

stimulated callus formation in[ 17% of the cultured

embryos, especially in embryos isolated 20–22 dap.

Chambonnet (2012) record a high death rate for

embryos cultured in vitro. Over the 5 years of the

experiments about 1000 embryos died shortly after

transfer. In our work only a few embryos degenerated

during culturing. These differences can be explained

by the specific media composition used for the

cultures. The author reported that after nursing heart-

shaped and torpedo embryos some plantlets developed

rapidly. Bal and Abak (2003) obtained a few plantlets

from the cultures of ovules with embryos. For the

embryo-rescue method, besides the properly selected

medium, the embryo developmental stage is a very

important factor. The regeneration of plants from

globular embryos is very difficult to carry out.

Therefore, having only embryos at a globular stage,

direct plant regeneration was unsuccessful. For exam-

ple, the highest control tomato embryo germination

rates were found for 28 and 32 day old cultured

embryos, and the lowest control embryo germination

rate was found for 20 day old embryos (Gebologlu

et al. 2011).

As the embryos did not develop on the selected

media, we focused on hybrid plant regeneration using

embryo-callus cultures. Plants developed from cul-

tured embryos via callus tissue have frequently been

described. Cap et al. (1991) obtained hybrid plants

from callus tissues from embryos of S. lycopersicum

crossed with S. peruvianum. Using the same cross

combination, Thomas and Pratt (1981) obtained calli

from 12% of undeveloped tomato seeds cultured

in vitro. In our work, morphogenic calli transferred to

media without 2.4-D produced hybrid plantlets. The

plantlets grew slowly, contrary to the results of Bal

and Abak (2003) and Chambonnet (2012) who noticed

the rapid growth of seedlings and plants. Some of the

plantlets regenerated in our investigation only reached

the rosette stage and they failed to develop roots.

Overall from the 50 plantlets, only 10 plants were

regenerated. The plants were originated from a callus

proliferated from 10 individual embryos. From 10

obtained plants, 2 died a few weeks after acclimati-

zation. Root tips of plants regenerated by Bal and

Abak (2003) contained cells with diploid (2n = 24) or

25–26 number of chromosomes. Chambonnet (2012)

noticed that the root tips of regenerated plants were a

mixture of haploid (n = 12) and diploid cells. The

authors suggest that the obtained embryos and plants

had a haploid, gametic origin and the spontaneous

chromosome doubling could have occurred during

their development. In our research no haploid cells

were observed in any of the analysed embryos. We did

not check the ploidy status of the regenerants,

although the 8 surviving plants were examined by

DNA content and KASP analysis, which proved their

hybrid nature.

The plants rescued from the in vitro cultures

represented morphology similar to the S. sisymbri-

ifolium male parent not to the maternal one. The

presence of attributes of the wild parents has also been

observed in other tomato cross combinations such as S.

habrochaites or S. pimpinellifolium (Kalloo 1991).

The morphological traits of S. lycopersicum 9 S.

sisymbriifolium hybrids which brought them closer to

the paternal plants were bushy plant habit, shape of

leaves, presence of prickles (much shorter than S.

sisymbriifolium) on shoots and leaves, flowers with

white corolla and similar shape of pistils and stamens.

These plants grew significantly more slowly than S.

sisymbriifolium, and the plant height and leaf length

was lower. Embryological studies also revealed

developmental abnormalities of the female and male

gametophyte, probably due to post-zygotic incompat-

ibility. The hybrids did not produce mature pollen and

in 90% of cases produced unfertile embryo sacs.

However 10% of the analysed embryo sacs were

comprised of well developed egg and central cell

nuclei. We later performed preliminary experimental

cross pollination of hybrids with pollen grains col-

lected from the parents. The pollination with tomato

pollen was unsuccessful, however cross-pollination of

hybrids with S. sisymbriifolium resulted at very low

fruit set (fruits morphologically similar to S. sisym-

briifolium). Interestingly, in some of the produced

mature fruits, only globular embryos were present.

These results indicated that hybrid progeny is partially

female-fertile. The morphology of the obtained

hybrids significantly differs from the regenerants

obtained by Chambonnet (2012) which were similar

to the S. lycopersicum material. Observations of

pollen, embryos, plantlets and plants suggested a

maternal, haploid origin of the regenerants, although

the author notes that the transfer of induced embryos

into young nurse seeds might cause uncontrolled

disturbance, such as the possibility of plantlets
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development from nurse seeds instead of the induced

embryo transferred into them (Chambonnet 2012).

Our work demonstrated that it is possible to obtain

hybrids of S. lycopersicum 9 S. sisymbriifolium,

phenotypically different from the maternal material,

and with confirmed molecular status.

This is the first report describing the possibility of

developing hybrid S. lycopersicum 9 S. sisymbri-

ifolium plants from immature embryos cultured

in vitro via callus.
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