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Abstract: Solanum species have a wide geographic distribution and show a large range of ecological adaptation, and

thus have developed strong resistances to a wide range of pests, diseases and abiotic stresses. They represent unique mate-

rial as a source of useful genes and allelic diversity for the tetraploid cultivated potato (Solanum tuberosum). Knowledge of

the endosperm balance number (EBN) incompatibility system may be extremely useful for breeders in designing specific

crosses schemes for potato breeding. EBN has been experimentally assigned to Solanum species after crosses with standard

species whose EBN was arbitrarily established, and assuming the 2 ∶1 ratio as a prerequisite for normal endosperm devel-

opment. The role of the EBN incompatibility system in potato breeding is strongly complemented by 2n gametes. Only 2n

gametes can allow inter- EBN crosses and thus gene flow between sexually isolated species. This complementary role of

EBN and 2n gametes not only facilitates gene introgression between inter- EBN species, but also maintains the ploidy in-

tegrity of the two parental species. Examples are given to illustrate how to use EBN in crossing schemes designed for 2x

(2EBN) and 2x(1EBN) species. As increasing in the interest in exploiting exotic germplasm for breeding purposes, it is

strongly believed that an understanding of EBN can be used for interspecific gene transfer in any crop species where an

EBN- like system operates.
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The genus Solanum consists of about 2 000

species. Among them, particularly important for the

genetics and breeding of tetraploid (2n = 4x = 48) cul-

tivated potato Solanum tuberosum are tuber - bearing

species. There are more than 200 wild and cultivated

potatoes, grouped in the section Petota, that includes

subsections Estolonifera and Potatoe[1 ]. The species of

the subsection Estolonifera are all diploid (2n = 2x =

24), and typically do not produce tubers. Species of

subsection Potatoe form a polyploid series ranging

from the diploid to the hexaploid (2n = 6x = 72) level,

and have a minimal chromosome differentiation a-

mong taxa. Most of them (about 80%) are diploid and

tuberize. Taxonomically, they are grouped in 16 se-

ries. Series Tuberosa contains the seven cultivated

species (diploid S. tuberosum Group Stenotomum, S.

tuberosum Group Phureja and S. ajanhuiri; triploid S.

chaucha and S. juzepczukii; tetraploid S. tuberosum

Group Andigena and Group Tuberosum; pentaploid S.

curtilobum) as well as the wild species closely related

to them[1].

Solanum species have a wide geographic distribu-

tion, ranging from the southern part of the United

States to the southern Chile. The highest number of

species per degree latitude is found from northcentral

Peru to central Bolivia and in the central Mexican

highlands[2]. All these species show a large range of e-

cological adaptation and thus have developed strong
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resistances to a wide range of pests diseases, and abi-

otic stresses. They represent unique material as source

of useful genes and allelic diversity for the tetraploid

cultivated potato, whose genetic base is limited.

When designing breeding schemes for the ex-

ploitation of Solanum species through interspecific

sexual hybridization, breeders should know that these

species differ not only in the somatic chromosome

number, but also in the endosperm balance number

(EBN)[3]. The EBN represents a strong isolating mecha-

nism that is more important than ploidy in determining

the success of interploidy/interspecific crosses. Knowl-

edge of the EBN incompatibility system may be ex-

tremely useful for breeders in designing specific cross-

es schemes for potato breeding. In this paper, we de-

scribe the EBN model and give examples of its use.

1 The EBN Model

According to the EBN model developed by John-

ston et al. [3], each Solanum species has been assigned

a number ranging from 1 to 4, the EBN. Diploid

species can be 1 or 2 EBN, triploids 2EBN, te-

traploids 2 or 4EBN, pentaploids and hexaploids

4EBN (Figure 1). The tetraploid cultivated S. tubero-

sum Group Tuberosum is 4EBN. According to the

model, interspecific crosses are successful when in the

hybrid endosperm there is a 2 ∶1 ratio between ma-

ternal EBN and paternal EBN. In all the other cases

the endosperm degenerates after a few days from dou-

ble fertilization. Figure 1 illustrates some examples of

success/failure of interspecific and interploidy crosses.

Three important aspects should be underlined: 1)

Meiosis normally leads to the production of gametes

with a reduction in chromosome number and EBN

value; 2) Only when parents have same EBN crosses

are successful; and 3) If parents have different EBN,

crosses are successful if the parent with lower EBN

produces 2n gametes.
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S. tuberosum 4x(4EBN)×S. acaule 4x(2EBN)
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Fig. 1 The EBN model. Examples are given for three crosses involving 4x (4EBN) S. tuberosum as female

parent and different male parents. Ploidy and EBN value of polar nuclei and egg cell of the female

gametophyte, as well as ploidy and EBN value of the two sperm nuclei of the male gametophyte are shown.

Only a 2 ∶1 maternal to paternal EBN ratio in the hybr id endosperm result in successful crosses



EBN has been experimentally assigned to

Solanum species after crosses with standard species

whose EBN was arbitrarily established, and assuming

the 2 ∶1 ratio as a prerequisite for normal endosperm

development. S. chacoense (2n = 24) was first chosen

as a standard species by Johnston and Hanneman [ 4 ]

and given an EBN of 2. All species which resulted in

successful crosses with S. chacoense were assigned an

EBN of 2. In fact, when species with the same EBN

are crossed, the maternal to paternal EBN ratio in the

developing endosperm will always be 2:1. Johnston

and Hanneman[ 4 ] assigned an EBN of 4 to S. tubero-

sum and hexaploids S. demissum and S. oplocense af-

ter they successfully crossed them with a colchicine-

induced tetraploid 4EBN S. chacoense tester.

Some diploid species (S. brevidens, S. cardio -

phyllum, S. commersonii) strongly isolated from other

diploids were also used by Johnston and Hanneman[ 5 ]

to test the applicability of the EBN. It was found that

S. cardiophyllum could be crossed with 2EBN diploid

tester only after its chromosome number was doubled.

Thus, it was assigned an EBN of 1, as were other

species such as S. brevidens and S. commersonii.

Genetic studies by Ehlenfeldt and Hanneman [ 6 ]

suggested that three unlinked loci with additive effects

control the EBN. Camadro and Masuelli[7] developed a

similar model to explain results from crosses between

2EBN S. acaule (2n =48) and either 1EBN S. commer-

sonii (2n =2x) or 4EBN S. gourlayi (2n =48). However,

they hypothesized that the EBN of these species is un-

der the control of two and not three independent loci,

with alleles in homozygosity. Johnston and Hanneman[8]

confirmed that more than one gene and more than one

chromosome are responsible for the genetic control of

the EBN in Solanum and Datura.

2 The Complementary Role of EBN and

2n Gametes

The r ole of the EBN incompatibility system in

potato breeding is strongly complemented by 2n ga -

metes. Indeed, only 2n gametes can allow inter- EBN

crosses and thus gene flow between sexually isolated

species. Sexual polyploidization doubles both ploidies

and EBN values, so that in crosses between a 2EBN

diploid and a 4EBN tetraploid, the 2 ∶1 EBN require-

ment favors 2n gametes of the parent with lower EBN.

It should be pointed out that this complementary role

of EBN and 2n gametes not only facilitates gene intro-

gression from diploids to tetraploids, but also main -

tains the ploidy integrity of the two parental species.

As known, 2n gametes are the result of modified

meiosis typical of several Angiosperms[9]. Various mei-

otic mutations related to spindle formation and cytoki-

nesis have been associated to 2n gamete production in

potato. The main mechanism of 2n pollen formation is

the parallel orientation of spindles at metaphase II of

meiosis[10], whereas the most common mutation leading

to 2n egg formation is the omission of second meiotic

division[11]. Peloquin et al. reviewed the various meiotic

anomalies of 2n gamete production in potato and their

use for genetic studies and breeding purposes[9].

3 Use of EBN in Potato Breeding

Knowledge of EBN of Solanum species and of

the 2 ∶1 requirement makes it possible to logically

predict the success or failure of crosses between

Solanum species of interest. In addition, it allows the

prediction of the ploidy and EBN of the offspring,

even when previous crossability data are not avail -

able. Finally, the predictive value of EBN is useful

for designing specific breeding schemes aimed at the

exploitation of Solanum species which have developed

reproductive isolating mechanisms. In the following

part of the paper we will illustrate the use of EBN in

crossing schemes designed for 2x (2EBN) and 2x

(1EBN) species.

3.1 Exploitation of 2x(2EBN) species.

The most direct use of EBN is for the synthesis of

highly heterozygous 4x(4EBN) hybrids through sexual

polyploidization crossing schemes with 2x (2EBN)

species (Figure 2). This approach represents the classi-

cal alternative to the traditional 4x ×4x crossing

scheme for potato breeding. It first requires the pro-

duction of haploids of common S. tuberosum cultivars.
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Since S. tuberosum is 4x(4EBN), its haploids will be

2x(2EBN) and so can be easily crossed with 2x(2EBN)

wild Solanum species to capture genes of interest and/

or allelic diversity. Resulting hybrids are 2x(2EBN);

they are selected for traits of interest as well as for 2n

gamete production. Then, diploid hybrids are used in

sexual polyploidization schemes to generate 4x(4EBN)

progenies. Thus, the return to the 4x(4EBN) level of

cultivated potatoes is quite fast. The significance of 2n

gametes in these crossing schemes lies not only in the

possibility of equalizing the EBN of parents, but also

in their ability to transmit non- additive genetic effects

(heterozygosity and epitasis) from the 2x parent to the

4x offspring.

Generally two types of polyploidization are used,

unilateral sexual polyploidization (through 4x ×2x or

2x ×4x crosses), which requires functioning of either

2n pollens or 2n eggs, and bilateral sexual poly -

ploidization (through 2x ×2x crosses), which requires

functioning of both 2n pollen and 2n eggs. The choice

of the breeding scheme to be used depends on the

mode of 2n gamete formation present in the parent.

However, 4x ×2x crosses are preferable to 2x ×4x

crosses in that, compared to 2n eggs, 2n pollen trans-

mits a much higher percentage of heterozygosity (80%

vs. 40%). It should be pointed out that in unilateral

sexual polyploidization crossing schemes triploids are

rare due to the so called triploid block. For example,

in a 4x(4EBN) ×2x(2EBN) cross, the union of n ga-

metes from both parents would result in a triploid em-

bryo and a 5x endosperm, with a 4 ∶1 female to male

EBN ratio.

Several examples exist in the literature on the

use of these sexual polyploidization approaches for the

genetic improvement of the potato[ 12 ]. At the Institute

of Vegetables and Flowers in Chinese Academy of A-

gricultural Sciences in Beijing, the genetic diversity

obtained from the species of S. stenotomum, S. phure-

ja, S. chacoense, S. sparsipilum, S. jamesii, S. mi -

crodonmum, and S. vernei have been incorporated into

tetraploid cultivated varieties by unilateral sexual

ployploidization. A variety, Zhongda 1, with high dry

matter content, regular tuber shape, low reducing sug-

ar content and resistance to late blight was released

and certificated at national level in 2005. Advanced

clones of TD41 - 5, TD39 - 2, TD38 - 2, and TD41 - 6

from tetraploid - diploid progeny have been selected

with high starch content or good chipping quality[13].

3.2 Exploitation of 2x(1EBN) species

Several noteworthy species of potential use for

potato breeding are sexually isolated from S. tubero-

sum haploids due to EBN barriers. In particular,

crosses between 2x(1EBN) S. bulbocastanum, S. car -

diophyllum, S. brevidens, S. commersonii, S. brachis-

totrichum (among the other species) and 2x(2EBN) S.

tuberosum haploids result in a 1 ∶1 or 2 ∶0.5 female

to male EBN ratio following 2x(1EBN) ×2x(2EBN)

and 2x(2EBN) ×2x(1EBN) crosses, respectively. Thus,

the hybrid endosperm degenerate. Also in the case of

2x (1EBN) species, knowledge of EBN can be effi-

ciently used to design crossing schemes aimed at e-

qualizing the EBN of parents and at exploiting these

species. Direct EBN manipulation, coupled with the

use of 2n gametes, represents the simplest, most effi-

cient, and reproducible method for the exploitation of

1EBN species.

The strategy that will be presented here is based

on the production of the so called“ploidy bridges”.

The first bridge to produce is a triploid one (Figure 3).

For this purpose, it is necessary to double the chro-

Fig. 2 Unilateral sexual polyploidization between S.

tuberosum(tbr ) and 2x(2EBN) Solanum species (spp).
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2x(1EBN) spp

in vitro chromosome doubling

4x(2EBN) spp

×

2x(2EBN) tbr

3x(2EBN) hybrids

(2n gametes)

4x(4EBN) tbr

5x(4EBN) hybrids 4x(4EBN) tbr

4x- 5x(4EBN) hybrids 4x(4EBN) tbr

4x(4EBN) progeny

×

×

×

mosome number of the 2x (1EBN) species, to produce

4x (2EBN) derivatives. This can be easily performed

through either colchicine or in vitro regeneration from

explants. The 4x(2EBN) derivatives produced can be

crossed with 2x(2EBN) S. tuberosum haploids to pro-

duce triploid bridge. These have 2 genomes of the wild

species, and 1 of S. tuberosum. Therefore, their EBN

value is 2 (0.5 + 0.5 + 1). If the 2x(1EBN) species pro-

duces 2n gametes, then triploids can be directly pro-

duced through 2x(1EBN) - 2x(2EBN) crosses, because

2n gametes equalize the EBN of parents. The second

step in this scheme is the production of a pentaploid

bridge through 3x (2EBN) ×4x (4EBN) S. tuberosum

crosses. A necessary condition is that triploids must

produce 2n gametes, which not only balance functional

gametes of an odd ploidy parent, but also allow a com-

patible 2 ∶1 EBN ratio. Pentaploid bridges have 2

genomes of the wild species, and 3 of S. tuberosum.

Thus, their EBN value is 4 (0.5+0.5+1+1+1), and they

can be easily backcrossed to 4x(4EBN) potatoes.

Fig. 3 The ploidy br idge approach to introgress useful genes/allelic diversity from

2x (1EBN) species (spp) into 4x (4EBN) S. tuberosum (tbr ). If the 2x (1EBN) species

produces 2n gametes, chromosome doubling is not necessary to produce tr iploid br idges

At the University of Naples, this ploidy bridge ap-

proach has been carried out to exploit 2x (1EBN)

species S. commersonii[14]. This species, originating from

Argentina and Uruguay, has several valuable traits, in-

cluding resistance to low temperature stress and cold

acclimation capacity, resistance to pathogens and

pests, and a high dry matter content of tubers. Its

EBN and ploidy were doubled through a tissue culture

cycle and 4x(2EBN) S. commersonii was crossed to 2x

(2EBN) S. phureja - S.tuberosum hybrids to produce

the triploid bridges. Through the functioning of 2n

eggs, 4EBN pentaploid hybrids were then generated

following 3x(2EBN) ×4x (4EBN) crosses. As expected,

pentaploid bridges were easily crossed with tetraploid

varieties, giving rise to an aneuploid progeny[ 15 ]. This

represented a skewed population, in that the somatic

chromosome number of hybrids tended towards a low

aneuploid level, and hybrids with 48 chromosomes

were recovered[16]. The material developed showed in-

trogression of useful traits from wild S. commersonii.

Particularly interesting was the finding that in terms of

resistance to low temperatures, triploids performed

much better than pentaploids and aneuploid- tetraploid

(Table 1). Thus, having more genomes from the resis-
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Table 1 Killing temperature in non acclimated (NAC) and

acclimated (ACC) conditions of S. commersonii - S.

tuberosum hybr ids of 3x, 5x, and 4x- 5x hybr id generations.

The acclimation capacity is the difference between the

killing temperature in acclimated conditions and the killing

temperature in non acclimated conditions

tant parent increased the capacity to withstand low

temperatures, both in non acclimated and in acclimat-

ed conditions. However, within pentaploids and aneu-

ploid - tetraploid hybrids with resistance up to - 6℃

were found. The material developed is being evaluated

for other traits of interest and also with AFLP markers,

in order to select the hybrids combining useful traits

with a wild genome content[17].

4 Conclusions

The EBN represents a powerful isolating mecha-

nism in Solanum, and it may account for maintaining

the genomic integrity of species. The concept of EBN

as the effective ploidy of tuber and non- tuber bearing

Solanum species has put interspecific hybridization on

a more predictable and successful basis. Due to the

growing interest in exploiting exotic germplasm for

breeding purposes, we believe that an understanding of

EBN can be used for interspecific gene transfer in any

crop species where an EBN- like system operates, such

as Impatiens, Lycopersicon, Avena, and Trifolium.
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Hybrid

generation
Pedigree

Killing temperature(℃) Acclimation

capacity(℃)NAC ACC

3x 4x×2x - 4.2 - 7.1 2.9

5x 3x×4x - 3.3 - 4.6 1.3

4x- 5x 5x×4x - 2.8 - 4.2 1.4

S. commersonii - - 5.8 - 8.3 2.5

S. tubersoum - - 3.3 - 3.3 0.9
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