
Introduction

Plant selection by breeders leads to reduction of

genetic variability of cultivars, limiting the diver-

sity of breeding traits, and lowering plant toler-

ance to biotic and abiotic factors. Thus to increase

the variability we must search for a new, more ef-

fective gene pool. Aegilops species can be used in

breeding programmes of many cereal species and

varieties, as a source of favourable agronomic

traits. Aegilops kotschyi contains genes for toler-

ance to drought, heat and salt (Kimber and

Feldman 1987), and its grain has a high protein

and lysine content (Maqbool et. al. 1997).

Ae. biuncialis is a promising source of resistance

to yellow rust (Damania and Pecetti 1990), brown

rust (Dimov et al. 1993), stripe rust (Oezgen

1984), and drought tolerance (Molnar et al. 2008).

Ae. ovata is an important gene donor for complex

disease resistance, high grain protein, and salt tol-

erance (Ganeva et al. 1992, Landjeva and Ganeva

1998, 1999). Spetsov et al. (1993) report that

wheat-Aegilops variabilis addition and substitu-

tion lines carry resistance to powdery mildew.

Within the tribe Triticeae, favourable genes poten-

tially can be transferred from wild to cultivated

forms. An example is wheat, whose genetic varia-

tion is increased by means of Aegilops-rye

amphiploids (Kerber 1987, Spetsov et al. 1993,

Simonenko et al. 1998). In this study, we used

Aegilops-rye amphiploids to introduce new varia-

tion into rye by crossing the 4 amphiploids with 4x

and 2x substitution rye carrying wheat chromo-

somes.

Material and methods

Crosses in two directions were compared. In the

first direction, the amphiploids Aegilops

biuncialis × S. cereale, Ae. kotschyi × S. cereale,

Ae. ovata × S. cereale, and Ae. variabilis (syn. Ae.
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peregrina) × S. cereale (Wojciechowska and

Pudelska 1999, 2002a,b) were pollinated with 4x

substitution rye carrying A- and B-genome wheat

chromosomes (Apolinarska 1996a,b) and 2x sub-

stitution rye carrying wheat chromosomes 2A, 5A,

and 7A (Apolinarska and Wojciechowska 2003,

Apolinarska 2003a). In the opposite direction, 4x

substitution rye was pollinated with the

4 above-mentioned amphiploids. BC1 and BC2

generations of hybrids of Aegilops amphiploids

with 4x rye and BC1 crosses of amphiploids with

2x rye were open-pollinated and backcrossed with

4x and 2x substitution rye, respectively. Also

BC11 and BC2 generations of hybrids of 4x rye

with amphiploids were back-pollinated with sub-

stitution rye.

By means of C-banding (method described by

Lukaszewski and Gustafson 1983), we analysed

(i) karyotypes of 91 plants of the BC1-F1 genera-

tion, 2 plants of BC1-F2, 2 plants of BC1-F3, and 9

plants of BC2, all resulting from crosses of

Aegilops amphiploids with 4x substitution rye; (ii)

karyotypes of 43 plants of the BC1 generation, re-

sulting from crosses of amphiploids with 2x rye; as

well as (iii) karyotypes of 13 plants of the BC1

generation and 4 plants of BC2 hybrids of 4x

substitution rye with the 4 amphiploids.

Results

Results of crosses of the 4 amphiploids with 4x rye

in the BC1 generation are presented in Table 1a

and chromosome numbers in the BC1-F1 genera-

tion of the hybrids are presented in Table 2a. Out

of the total number of BC1-F1 plants, 60.5% had 35

chromosomes. However, numbers of rye and

Aegilops chromosomes in individual plants, in-

cluding those with 35 chromosomes, varied

widely. Rye chromosome number varied from 16

to 22, while Aegilops chromosome number from

10 to 16 (Table 2a). Only 28.4% of plants had

21 rye chromosomes and 14 Aegilops chromo-

somes. Karyotypes of 29 plants contained

1-3 chromosomes of the wheat A genome, which

mostly substituted for rye chromosomes but some-

times also for Aegilops chromosomes (Figure 1).

Chromosome 2A was most frequent (14 times),

followed by chromosome 7A (13 times), 5A

(11 times), and 1A (2 times). We recorded 14
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Table 1. Results of crosses of Aegilops-rye amphiploids with 4x rye (a) or with 2x rye (b). Success rate =

percentage of pollinated florets that set seeds

a

Combination BC1 generation BC2 generation BC3 generation

no. of
polli-
nated
florets

no.
of

seeds

success
rate (%)

germi-
nation

(%)

no. of
polli-
nated
florets

no.
of

seeds

success

rate (%)

germi-
nation
(%)

no. of
polli-
nated

florets

no.
of

seeds

(Ae. biuncialis × rye) × 4x rye 526 142 27.0 90.9 2300 3 0.13 100.0 658 2

(Ae. ovata × rye) × 4x rye 490 46 9.4 55.0 920 3 0.32 100.0 282 0

(Ae. kotschyi × rye) × 4x rye 798 48 6.0 77.5 1916 1 0.05 0 936 0

(Ae. variabilis × rye) × 4x rye 570 117 20.5 66.6 2585 8 0.13 37.5 702 1

Total or mean (X) 2384 353 X=14.8 X=72.5 7721 15 X=0.19 X=60.0 2578 3

b

Combination BC1 generation BC2 generation

no. of
pollinated

florets

no. of
seeds

success
rate (%)

germination (%) no. of
pollinated

florets

no. of
seeds

(Ae. biuncialis × rye) × 2x rye 622 10 0.2 40.0 86 0

(Ae. ovata × rye) × 2x rye 584 55 9.4 28.3 929 1

(Ae. kotschyi × rye) × 2x rye 1393 18 1.3 41.2 248 0

(Ae. variabilis × rye) × 2x rye 1071 68 6.3 62.5 1837 0

Total or mean (X) 3710 151 X = 4.3 X = 34.0 3095 1



translocated chromosomes of the rye-Aegilops

type. Most of translocations were found in hybrids

of Ae. variabilis × S. cereale amphiploids, while in

hybrids of other amphiploids only single

translocations were detected. The BC1 generation

of hybrids of Aegilops × S. cereale with 4x substi-

tution rye did not set seed after open pollination,

except for 2 plants deriving from Ae. ovata. One

plant produced 2 seeds, and the other produced

one, but only 2 of them germinated. One BC1-F2

plant had 35 chromosomes, with 19 rye chromo-

somes and 16 chromosomes of Ae. ovata, while

the other had 34 chromosomes, with 20 rye chro-

mosomes, 12 chromosomes of Aegilops, and

2 wheat chromosomes (1A, 5A). Both plants set

only single seeds (the BC1-F3 generation). In the

progeny of the 35-chromosome plant, 24 rye chro-

mosomes and 8 chromosomes of Aegilops were

found. In contrast, in the progeny of the

34-chromosome plant, 28 chromosomes were de-

tected: 24 rye chromosomes, 2 wheat chromo-

somes (1A, 5A), and 2 Aegilops chromosomes.

Unfortunately, none of these BC1-F3 plants set

seeds.

The BC1 generation of hybrids of Aegilops-rye

amphiploids with 4x substitution rye set only

3 seeds, so we started backcross pollination with

4x substitution rye (Table 1a). However, out of

7721 pollinated florets, only 15 seeds developed.

In total, 9 seeds of the BC2 generation germinated.

BC2 plants had 22-38 chromosomes, but most fre-

quently 31 (3 plants) or 32 (3 plants). Addi-

tionally, they had 14-26 rye chromosomes and

7-24 chromosomes of Aegilops. In a

31-chromosome plant, wheat chromosome 1A

was found, while in a 32-chromosome plant, a

translocated chromosome 5B.R. None of these

plants set seeds after open pollination. BC2 plants

were backcrossed again with the use of pollen of

4x substitution rye, but only 3 non-germinating

seeds (BC3) were set.

Four Aegilops-rye amphiploids were pollinated

with a mixture of pollen from 2x substitution rye

(Table 1b). The 43 progeny plants had 22-35 chro-

mosomes, but 69.8% of the plants had 28 chromo-

somes. BC1 plants had 11-19 rye chromosomes

and 11-16 chromosomes of Aegilops (Table 2b).

In 10 plants, A-genome wheat chromosomes were

detected, including 3 plants with 2 wheat chromo-

somes each and 7 plants with single chromosomes.

Chromosome 2A was most frequent (6 times), fol-

lowed by 7A (4 times), and 5A (3 times). BC1

plants, in spite of the highly variable chromosome

composition, did not set any seed after open polli-

nation. After back-pollination with 2x substitution

rye, a single seed of the BC2 generation was set,

but it did not germinate.

As a result of crossing 4x substitution rye with

4 Aegilops-rye amphiploids, a total of 34 seeds de-
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Table 2. Chromosome composition of hybrids of Aegilops-rye amphiploids with 4x rye (a) or with 2x rye (b),

assessed by C-banding

a

Combination BC1 generation BC2 generation

no. of
plants

no. of chromosomes no. of
seeds after
open polli-

nation

no. of
plants

no. of chromosomes no. of
seeds after
open polli-

nation
total rye Aegilops total rye Aegilops

(Ae. biuncialis × rye) × 4x rye 30 30–36 17–21 12–16 0 3 31–32 15–24 7–10 0

(Ae. ovata × rye) × 4x rye 12 34–36 17–21 13–16 3 3 22–38 14–20 8–24 0

(Ae. kotschyi × rye) × 4x rye 23 35 19–21 14–16 0 0 0 0 0 0

(Ae. variabilis × rye) × 4x rye 26 31–35 16–22 10–16 0 3 31–33 19–26 7–24 0

b

Combination BC1 generation

no. of

plants

no. of chromosomes no. of seeds after
open pollinationtotal rye Aegilops

(Ae. biuncialis × rye) × 2x rye 1 28 14 14 0

(Ae. ovata × rye) × 2x rye 14 22–29 11–15 11–16 3

(Ae. kotschyi × rye) × 2x rye 3 20–28 12–19 12–15 0

(Ae. variabilis × rye) × 2x rye 25 27–35 13–18 11–16 0
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Figure 1. Mitotic chromosomes of BC1-F1 generation of hybrids Ae. variabilis x S. cereale with 4x substitution (rye (R),

wheat (A), Aegilops chromosomes not designated)

Figure 2. Mitotic chromosomes of tetraploid rye with translocated chromosomes Ae.R - designated



veloped from 4504 pollinated florets, so seed set

success rate (i.e. percentage of pollinated florets

that set seeds) reached only 0.75%. However,

when crossing 4x substitution rye with

amphiploids Ae. biuncialis × S. cereale and Ae.

ovata × S. cereale, no seeds were set, while with

the amphiploid Ae. variabilis × S. cereale, 11

seeds were set (0.64%), and with the amphiploid

Ae. kotschyi × S. cereale, 23 seeds were set

(1.36%). The 13 progeny plants had 28-35 chro-

mosomes. Four plants were 4x substitution rye: a

plant with chromosome 5A and 3 plants with 2

wheat chromosomes 1A and 5A. In the other

plants, 13-17 chromosomes of Aegilops were

found. Plants with Aegilops chromosomes did not

set any seed after open pollination.

Nevertheless, one of them (a 35-chromosome

BC1 plant from the combination of 4x rye ×

amphiploid Ae. variabilis × S. cereale with 20 rye

chromosomes, 13 Aegilops chromosomes, and 1

wheat chromosome 5A) had dehiscent anthers and

thus was used for further crossing. Tetraploid sub-

stitution rye (920 florets) was back-pollinated by

the above-mentioned 35-chromosome plant, and 5

seeds were set but only 4 of them germinated. The

cytological analysis showed that 4x substitu-

tion-translocation rye plants were produced, with

a pair of translocated chromosomes

Ae.variabilis-rye (Figure 2). Moreover, rye chro-

mosomes showed structural aberrations in distri-

bution of heterochromatin, which were reflected

in the lack of a telomeric band on the short arm of

2 chromosomes and additional small intercalary

bands on several chromosomes.

The other 8 plants of the BC1 generation of 4x

substitution rye with the amphiploids Ae.

variabilis × S. cereale and Ae. kotschyi × S.

cereale were back-pollinated with 4x substitution

rye. As a result of pollination of 1701 florets of the

BC1 generation with 4x rye, 4 germinating seeds

were produced, but none of the BC2 plants pro-

duced seed after open pollination.

Discussion

We attempted to introgress into rye the valuable

genes of 4 species of Aegilops: Ae. kotschyi, Ae.

biuncialis, Ae. ovata, and Ae. variabilis, by using

the Aegilops-rye amphiploids developed by

Wojciechowska and Pudelska (1999, 2002a,b,

2005). Unsuccessful attempts to introduce varia-

tion from Aegilops into rye were made by

Wojciechowska and Pudelska (2005), who back-

crossed amphiploids with 2x and 4x rye. By con-

trast, in this study, we tried to introduce into rye

the Aegilops chromatin by using 4x and 2x substi-

tution rye with wheat chromosomes, and this ap-

proach gave more satisfactory results.

Apolinarska (2003b, 2006) showed that the rye

genome is more closely related to wheat genome

A than to genome B. This confirmed an earlier hy-

pothesis (Miller and Riley 1972, Lelley1976,

Gupta and Fedak 1986) that the rye genome pro-

motes both homoeologous pairing of wheat and

rye chromosomes. The high pairing of wheat-rye

chromosomes, which occurs in 4x and 2x rye with

substitution wheat chromosomes, indicated that

incorporation of wheat chromosome segments

into rye chromosomes is highly probable

(Apolinarska 2003b, 2006). When starting the

study, we supposed that wheat chromatin (more

closely related to Aegilops chromatin and intro-

duced by crossing to 4x and 2x rye as substitution

chromosomes, and probably also as small

rye-wheat translocations) and the simultaneous ef-

fect of the rye genome as a promoter of

homeologous conjugation, should lower the steril-

ity of backcross hybrids and would lead to devel-

opment of fertile Aegilops-rye hybrids, and,

finally, of rye with Aegilops chromosomes.

In crosses of 4 Aegilops-rye amphiploids with

4x substitution rye, the seed set success rate in the

BC1 generation was on average nearly 8-fold

higher than in the BC2 generation, as well as in

backcrosses with 2x rye, and in backrosses of 4x

rye with amphiploids. C-banding of the BC1 and

BC2 generations of amphiploids with 4x substitu-

tion rye and BC1 with 2x substitution rye, showed

great variation in chromosome number and com-

position. Numbers of rye, wheat, and Aegilops

chromosomes varied widely. The presence of

A-genome wheat chromosomes in the crosses in

both directions indicates that wheat chromosomes

are transferred by both female and male gametes.

The lack of B-genome wheat chromosomes in

crosses of amphiploids with 4x substitution rye

(except for one plant with translocated chromo-

some 5B.R) indicates that B-genome chromo-

somes are not tolerated in this type of hybrids. In

spite of the highly variable karyotypes and contri-

bution of wheat chromosomes, only few crosses

deriving from Aegilops-rye amphiploids, both in

open pollination and in backcrosses, produced sin-

gle grains, which developed into sterile plants. In

the BC1 generation of hybrids of amphiploids with

4x and 2x substitution rye, we observed variation

depending on origin in respect of seed set success
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rate and germination rate, and sterility of hybrids

with 4x rye, both in open pollination and in

backcross pollination. However, their sterility in-

creased considerably in the BC2 generation, and

complete plant sterility in BC3 resulted in their

elimination from further experiments.

At the lower ploidy level, in hybrids of

amphiploids with 2x substitution rye, already the

BC2 generation was eliminated from further ex-

periments because of plant sterility. This confirms

the conclusions of Duvick (Duvick 1990 after

Lukaszewski et al. 2000), who found that

interspecific or intergeneric transfers of chromatin

into diploids are inherently more complicated than

into polyploids because diploid species are less

tolerant of alien chromatin.

After crosses of 4x substitution rye with

Aegilops-rye amphiploids in the BC1 generation,

only 13 plants developed from the seeds, but from

this crossing combination we derived fertile 4x rye

with the genetic material of Ae. variabilis. The

presence of chromatin of Ae. variabilis in 4x rye

was not unambiguously identified by means of

C-banding, except for one pair of translocated

Aegilops-rye chromosomes, which was marked in

Fig. 2. The lack of a telomeric band on rye chro-

mosome arms does not always indicate a

translocation. Rye chromosomes show a tendency

for band deletion both in rye (Weimarck 1975,

Pilch 1981a,b, Lukaszewski and Kopecky, 2010)

and in triticale (Lukaszewski and Apolinarska

1981, Ziauddin and Kasha 1982, Soler et al. 1990).

The observed structural aberrations in distribution

of heterochromatin in chromosomes of the ana-

lysed plants, as compared to the Giemsa C-banded

karyotype of rye (Gill and Kimber 1974) require

further research. Aberrations of heterochromatin

bands may suggest that Aegilops chromatin is

present in those chromosomes. Nonetheless,

C-banding cannot confirm unambiguously the

presence of Aegilops-rye translocations. Thus we

will continue research on the location of

chromatin of Ae. variabilis in chromosomes of the

derived 4x rye with Aegilops chromatin by means

of GISH, and we will study its resistance to dis-

eases. If the results are positive, 4x rye with

introgression of chromatin from Ae. variabilis,

will be used as an intermediate form for crosses

aimed at introducing the Aegilops chromatin into

2x rye plants.

Although it was used in crosses of 4x and 2x

substitution rye (carrying wheat chromosomes)

with amphiploids (Aegilops × S. cereale), we

failed to overcome plant sterility in the backcross

generations. The presence of A- and B-genome

wheat chromosomes in 4x rye and A-genome

chromosomes in 2x rye (probably also small

wheat-rye translocations) did not lead to develop-

ment of fertile hybrids, except for one

35-chromosome plant. Hybrid sterility also indi-

cates that the rye genome does not act as a pro-

moter of homoeologous conjugation.

New amphiploids are sometimes strongly iso-

lated from parental forms. This makes it difficult

to obtain backcross progeny (Wojciechowska and

Pudelska 1999). There are many possible causes

of this isolation. Most probably, a strong specific

genome-plasmon interaction occurred in back-

crosses of Aegilops-rye amphiploids with substitu-

tion rye, which resulted in plant sterility.

Tsunewaki (1993) found that a specific interaction

between wheat genotypes and Triticum-Aegilops

plasmons affects the fertility spectrum as well as

heading date and dry weight. The ge-

nome-plasmon interaction in the first backcrosses

of 4x substitution rye with amphiploid Ae.

variabilis was probably less strong, as only those

crosses led to development of fertile 4x rye in the

BC2 generation carrying Aegilops chromatin. Be-

sides, to some extent, the sterility of backcross

generations is due to differences in pollen mor-

phology between parental forms and the hybrids.

Pollen morphology analysis (Kalinowski et al.

2001) showed that the structure and shape of

exines of the amphiploids Ae. kotschyi-rye and Ae.

variabilis-rye differed from those of the parents.

In parental forms the pollen grains had only one

pore, while in amphiploid pollen, 1-3 pores were

observed. According to the reports of Kalinowski

et al. (2001), as well as Kalinowski and

Wojciechowska (2003), the sterility of backcross

generations may result from significant quantita-

tive and qualitative differences in peptide compo-

sition of pollen between parental forms and the

hybrids. Moreover, Kalinowski and

Wojciechowska (2003) suggest that after pollen

deposition on the stigma, a series of protein inter-

actions begins and the activity of new pollen pep-

tides may be important in this process. New

combinations of genes controlling the synthesis of

peptides (particularly the new ones) in

amphiploids may determine the crossing barriers

between the progeny and S. cereale.

In this study, plant sterility in all cross combi-

nations of amphiploids with 4x and 2x substitution

rye resulted in elimination of these plants from

further experiments in the BC3 and BC2 genera-

tions, respectively. Probably all the factors men-
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tioned above, i.e. genome-plasmon interaction and

differences in peptide structure and pollen mor-

phology between parental forms and the hybrids,

result in a strong crossability barrier. Moreover,

they contribute to the sterility of backcross hy-

brids.

In spite of the strong crossability barrier and

sterility in the BC1 and BC2 generation of hybrids

of amphiploids (Aegilops × rye) with rye and

backcross hybrids, one fertile plant was properly

developed and allowed us to produce 4x rye with

Aegilops chromatin.
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