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Summary. Intergeneric hybrids recovered through plant
regeneration from embryo callus culture and their col-
chicine-induced amphiploids were obtained from a cross
of Elymus canadensis with Secale cereale (cv ‘Gazelle’).
The embryo-callus-regenerated F, plants grew vigorous-
ly to maturity and regrew well after clipping, while the
embryo-rescued F, died of hybrid necrosis before matu-
rity. Most of the morphological characters of the sterile
F; hybrids were intermediate between the parents, but
tiller number and dry matter yield were higher than the
parents. Amphiploids from these F, plants had improved
fertility but were less vigorous than the F, plants. The
predominance of univalents in the F, and bivalents in the
amphiploids indicated that the genomes S, H, and R were
distinct. However, the occasional occurrence of multiva-
lents reflected a random, intergenomic or intragenomic
pairing. The mean chromosome associations of the F,
(2n=21, SHR), the C, amphiploids (2n=42, SSHHRR),
and the C; amphiploid (2n=40) at metaphase I (MI)
were 16.51;+2.05; 4 0.06,; +-0.02,,, 4+ 0.02y, 2.20,+ 19.87;
+0.02;y, and 7.10;+ 16.37,;+0.04,;, + 0.02, , respectively.
These amphiploids could be exploited as new germplasm
for forage crop improvement by controlled introgression
and backcrosses to the parents.
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Introduction

Canada wild rye (Elymus canadensis L.) is a North Amer-
ican native perennial grass with agronomic characteris-
tics of high forage yield and moderate quality (Walton
1983). Spring rye (Secale cereale L.) is an annual species

used as a reliable cereal crop, forage crop, or cover crop
over a wide geographic range (Stoskopf 1985). From the
standpoint of forage production, the poor tillering and
foliage of spring rye make it unsuitable for hay or pasture
production. Canada wild rye decreases forage quality
due to its coarsed leaves as it matures, but it is winter-
hardy and drought-resistant (Walton 1983). In an at-
tempt to combine the advantages of both species, we
endeavored to produce synthetic hybrids and am-
phiploids. Previously, Canada wild rye was hybridized
with wheat (Mujeeb-kazi and Bernard 1985; Yen and Liu
1987), barley (Mujeeb-kazi and Rodriguez 1982), and rye
(Hang and Franckowiak 1984) for the purpose of breed-
ing disease-resistant cereal species. Those intergeneric
hybrids were produced by the embryo rescue of hybrid
embryos. Callus formation and plant regeneration from
immature hybrid embryos have been regarded as an al-
ternative way to develop hybrid plants (Larkin 1985;
Merkle et al. 1988). In this study, the undifferentiated
hybrid embryos in conventional embryo rescue were sub-
jected to the callus formation and plant regeneration.

This paper describes the morphological and cytologi-
cal characterization of those F, hybrids and amphiploids
between Canada wild rye and spring rye.

Materials and methods

Canada wild rye (Elymus canadensis L., 2n=4x=28, SSHH)
accession, ‘Montana’, which was provided by Dr. Aung, Uni-
versity of Alberta, Edmonton, was emasculated and then hand-
pollinated with pollen of spring rye (Secale cereale L.,
2n=2x=14, RR) cv ‘Gazelle’. At 24 h and 48 h before and after
pollination, the pollinated florets of Canada wild rye were
sprayed with GA3 (50 ppm). Fifteen days after pollination, the
immature embryos were excised, sterilized in 4% —6% sodium
hypochlorite solution for 5 min, rinsed three times with steril-
ized water, and then cultured on MS medium (GIBCO) in
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15 mm x 180 mm test tubes. The seedlings differentiated from
the cultured embryos were transplanted into soil in the green-
house at the three-leaf stage. Undifferentiated embryos were
transferred to MS callus culture medium containing 2 mg 2,4-D
per liter. Calli were initiated in dark conditions for the first
month and then subcultured monthly on fresh MS callus culture
medium in a growth chamber at 24°1+1°C and 110 uEm?/s
fluorescent light. Three-month-old calli were transferred to hor-
mone-free MS medium for plant regeneration. The regenerated
plantlets under the same culture conditions as for callus culture
were moved to soil in the greenhouse at the three-leaf stage. At
maturity, the parents and F, hybrids from both procedures were
studied for such quantitative characters as plant height, tiller
number, leaf size (length and width), leaf area, spike length, dry
weight, leaf/stem ratio, and fertility. Pollen fertility was deter-
mined from pollen grains stained with 1.5% acetocarmine. Seed
fertility was considered to be the numbers of seeds per spike. The
regenerated hybrid plants were split into the individual tillers to
double their somatic chromosome complements by colchicine
treatment. Four-hundred-and-eight tillers were trimmed and
immersed in the mixture of 0.2% colchicine and 4% DMSO for
24 h. After 6-h rinse in tap water, the tillers were potted in the
greenhouse and the surviving plants were examined for somatic
chromosome numbers, dehiscent anthers, dusty pollen, and
seeds set in florets. Doubled sectors (C,) were separated from
the mixoploid clones. Open-pollinated seeds (C,) were collected
from the C, clones and the C, seedlings were grown in the
greenhouse. The same morphological characters and fertility as
for the parents and F, hybrids were studied for the amphiploid
plants (C, and C,).

Somatic chromosome numbers and karyotypes were deter-
mined for root-tip cells which were treated in cold water at 2°C
for 24 h and then fixed in acetic alcohol (1:3). Pollen mother
cells (PMCs) were fixed in Carnoy’s (6:3:1) solution to observe
chromosome behavior at metaphase I (MI), anaphase I (AI),
and the quartet stages. Squashed preparations for mitosis and
meiosis were made in 1.5% acetocarmine solution.

Results

Production of F| hybrids and amphiploids

The pollination of 70 florets of E. canadensis with pollen
from S. cereale cv ‘Gazelle’ yielded 28 embryos (40%), of

which 5 germinated on MS culture medium; 2 plants
grew and were identified as hybrids (triploids). The 2
hybrid plants necrotized at seedling and heading stage,
respectively. Twenty-three embryos which did not germi-
nate in embryo culture were transferred to MS callus
culture medium. From these, 1 embryo produced white
and compact calli (Fig. 1a). Four hybrid plants were
regenerated via organogenesis from the calli which had
been subcultured for 3 months (Fig. 1b). These grew
vigorously to maturity. Of the 480 clones which were
treated with colchicine and DMSO, 7 had doubled sec-
tors, from which 4 amphiploid plants (C,) were obtained.
Nineteen C, plants were obtained from the open-polli-
nated seeds (28 plump seeds) of the C, plants.

Plant morphology and fertility

The morphological characteristics and dry weight of the
parents, F, hybrids (both embryo-rescued and embryo-
callus-regenerated), and amphiploids (C, and C,) are
shown in Table 1. The data of the embryo-rescued hybrid
which died at the heading stage were obtained prior to
necrosis. Most of the characters of the callus-regenerated
hybrids were intermediate between the parents, but the
hybrids produced more profuse tillers than the parents.
As a result, dry weight of the hybrids was 64% and 335%
higher than that of E. canadensis and S. cereale, respec-
tively. However, the superiority of the hybrids over the
parents in dry matter yield tended to decline during re-
growth followed by clipping (data not shown). The leaf/
stem ratio of the hybrids was significantly higher than
that of the parents. There was no significant difference in
morphology among the four callus-regenerated hybrids.
Most of the hybrid pollen were empty and non-stainable.
All of the hybrids were completely sterile. Amphiploids
(C, and C,) showed a substantial loss in vigor compared
to the F| hybrids and E. canadensis (Fig. 1c—g).

Table 1. Morphological characteristics of parents, F; hybrids and amphiploids (C, and C,) from crosses between E. canadensis and

S. cereale

Genotype No. of Plant No. of  Leaf Leaf Spike Leaf Dry Leaf/

plants height tillers length  width length  area weight  stem

(cm) (cm) (cm) (cm) (cm?) ® ratio

E. canadensis 4 117.0 27.0 36.0 1.0 20.2 7.16 28.9 1:1.8
(7.62)* (4.08) (1.43) (0.08) 0.71) (0.36) (2.52)  (0.09)

S. cereale 4 99.8 14.3 25.0 1.3 9.2 4.21 10.9 1:2.1
(7.52) (4.50) (2.50) (0.08) (0.42) (0.28) 1.19) (0.18)

Hybrid (embryo-rescued) 1 43.8 41.0 23.8 0.9 - 3.67 7.2 1:1.6

Hybrids (regenerated) 4 115.6 86.5 25.8 11 15.7 5.29 47.4 1:3.2
(512)  @.11)  (212)  (0.08) (1.69) (0.62) (215  (0.37)

Amphiploids (C,) 4 103.9 28.3 19.8 0.8 154 4.98 15.3 1:1.4
(7.89) (7.27) 1.37) (0.05) (0.90) 0.67) (0.88) (0.13)

Amphiploids (C,) (2n=42) 2 94.9 7.0 26.6 1.0 19.3 3.52 55 1:1.5
(18.80)  (2.83)  (7.07)  (0.14)  (0.28)  (0.48)  (0.99)  (0.28)

# Standard errors in parentheses
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Fig. 1. a Hybrid embryo-derived callus; b plant regenerated from the callus; ¢—g plant morphology; ¢ E. canadensis, d S. cereale;
e F, hybrid; f C, amphiploid; g C, amphiploid (2n =42); h stained pollen of C, amphiploid; i—k seed morphology; i E. canadensis;

j C, amphiploid; k S. cereale

C, amphiploid plants had smaller leaves than did
their parents and the F, hybrids. Leaf area and dry
weight of the C, plants were, respectively, 18% and 40%
higher than those of S. cereale, but 30% and 47% lower
than those of E. canadensis. The bursting pollen of the C,
plants showed an average 56% of pollen stainability
(Fig. 1h) and set an average 4.6 seeds per spike. Howev-
er, more than 90% of the seeds were shriveled and did not
germinate. Twenty-eight plump seeds (9.3%) in all germi-
nated of which sizes were intermediate between the par-
ents (Fig. 1i—k), and from these, 19 C, seedlings devel-
oped at irregular intervals. Of the C, seedlings, 3 early-
maturing plants were examined for morphological char-
acters and fertility. In comparison with C, plants, the C,

plants had increased leaf length and leaf width but re-
duced tiller numbers (Fig. 1 g). Pollen stainability of the
C, plants averaged 38% at euploid level (2n=42) and
12% at aneuploid level (2n=40). One seed per spike set
in the C, plant (2n=42), while the C, aneuploid was
completely infertile.

Cytological behavior

A majority of the F| hybrid somatic cells were triploids
(2n=21) and those of the C, amphiploids were hexaploid
(2n=42) (Fig. 2a and b). However, two hexaploids and
one aneuploid (2n=40) were observed among the three
C, plants examined. Chromosome numbers of the other
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Table 2. Chromosome associations at MI of parents, F, hybrids and amphiploids (C, and C,) between E. canadensis and S. cereale

Genotype 2n Genome No. of No.of Mean chromosome associations (range) Xta
constitution plants cells

I RodIl Ringll III v A%

E. candensis 29 SSHH 2 98 0.12 0.711 13.23 - - - 27.16
0-4) (0-3) (11-13)

S. cereale 14 RR 2 113 0.23 0.87 6.01 - - - 12.03
(0-2) (0-6) (1-7)

Hybrid 21 SHR 1 117 17.98 1.28 0.19 0.01 0.02 - 0.58

(embryo-rescued) (11-21) (0-4) 0-2) (©O-1) ©O-1

Hybrids 21 SHR 4 417 16.56 1.77 0.28 0.06 0.02 0.02 0.95

(regenerated) (7-21) (0-7) ©0-4 (©-2) @©O-1) (©O-»

Amphiploids

C, 42 SSHHRR 2 119 2.20 6.61 13.26 - 0.02 - 32.94
0-14) (5-20) (1-15) 0-1)

C, 42 SSHHRR 2 86 3.40 5.56 13.82 0.02 - - 33.15
0-14) (2-10) 6-19) (0-1)

C, 40 ? 1 106 7.10 6.00 10.37 0.04 0.02 - 26.74
0-20) (1-12) G-17) (©-1) (0-1)

16 C, plants have not been determined at present. S.
cereale chromosomes were readily distinguished from E.
canadensis chromosomes by their larger size. There were
no differences in karyotypes between the embryo-rescued
hybrids and the embryo-callus-regenerated hybrids.
Table 2 shows the chromosome associations of the par-
ents, F, hybrids (both embryo-rescued and callus-regen-
erated), and amphiploids (C, and C,) at ML. E. canaden-
sis and S. cereale genotypes used in this study showed,
respectively, 13.9 and 6.9 bivalents per cell at MI. Ninety-
five percent of bivalents were ring-types in £. canadensis,
as were 87% of bivalents in S. cereale.

All hybrids showed low chromosome pairing ranging
from 1.47 to 2.52 in bivalent frequency per cell. The
callus-regenerated hybrids exhibited a higher frequency
of bivalents than those of the embryo-rescued hybrids.
More than 85% of bivalents in all hybrids were loosely
or well-connected rod-types (Fig. 2¢). Multivalents such
as trivalents, quadrivalents, and pentavalents were not
commonly observed in the hybrid PMCs (Fig. 2d and e).
The callus-regenerated hybrids showed quadrivalents in
1.2% of PMCs and pentavalents in 0.5% of PMCs. The
most frequent chromosome association of all hybrids at
MI was 2 bivalents and 17 univalents. Most of the hybrid

<
4

Fig. 2a—1. Somatic chromosome complements and meiotic chro-
mosome behavior of E. canadensis x S. cereale hybrids and am-
phiploids. a F, hybrid (2n =21); b amphiploid (2n=42); ¢—e MI
in the F; PMCs; ¢ 5,+11;; d 1, (arrow)+2,+14;; e 1, (ar-
row)+1;+2,+9;; f Al in the F, PMC showing irregular chro-
mosome disjunction; g quartet in the F; PMC with micronuclei;
h—k MI in the amphiploid PMCs; h 1, (arrow)+19; (C,);
P 17,48, (Cy)s j 194+4; (Cy, 2n=42); k 1y (arrow) +1y
+13,+7, (C,, 2n=40); 1 Al in the C, amphiploid PMC sho-
wing unequal chromosome distribution

PMCs showed unequal chromosome disjunction at Al
(Fig. 2f) and some of them contained occasional lag-
gards and bridges. Abnormal cytokinesis and micronu-
clei of variable numbers and sizes were occasionally ob-
served in the quartet stage (Fig. 2g). Meiotic chromo-
some behavior of the amphiploids was characterized by
the predominance of bivalents (Fig. 2h and i). Sixty-sev-
en percent of bivalents in the C, amphiploids were well-
connected rod-types ranging from 1 to 15 per cell. In the
C, amphiploid PMCs, the frequent chromosome config-
urations at MI were 21 bivalents (34%) and 20 bivalents
with 2 univalents (36%). Univalents averaged 2.20 per
cell ranging from 0 to 14, and quadrivalents were ob-
served in only two cells. Mean chiasma frequency per cell
was 32.9. The chromosome distributions at AI were pre-
dominantly unequal (19:23 or 20:22) (Fig. 21), and only
15% of the Al cells showed equal chromosome disjunc-
tions (21:21). Laggards and bridges were occasionally
observed in the anaphase stage as were micronuclei rang-
ing from one to six in the quartet stage. The chromosome
pairing of the C, amphiploids (2n=42) at MI was almost
the same in the C, plants (Fig. 2j). However, the aneu-
ploid plant having two chromosomes less than hexaploid
showed a higher frequency of univalents and trivalents
than the hexaploid plants of C, and C, (Fig. 2k). The
irregular chromosome behavior of the C, plants at Al
and in the quartets were of the same general nature as in
the C, plants.

Discussion

F, hybrids of E. canadensis with S. cereale (cv ‘Prolific’)
was first obtained through the conventional embryo res-
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cue by Hang and Franckowiak (1984), but this study is
the first report of the regenerants from the callus culture
of E. canadensis x S. cereale (cv ‘Gazelle’) hybrid em-
bryo and their colchicine-induced amphiploids. It is in-
teresting that hybrid necrosis was not expressed in the
regenerants, while the embryo-rescued hybrids died of
hybrid necrosis. This might be a result of genetic modifi-
cation during the process of tissue culture. Hybrid necro-
sis, which was found in some hybrids of wheat (Hermsen
1963) and Agropyron (Wang 1987 a), was assumed to be
controlled by complementary genes. In spite of hybrid
vigor of the F,, the reduction in tillering capacity and
leaf sizes resulted in a decrease of dry matter yield in the
amphiploids (C, and C,). Although fertility was restored
to some extent in the C, amphiploid plants, it declined in
the C, plants. A substantial loss in vegetative vigor and
a decline in fertility have been reported previously in
high-ploidy-level (8x or 6x) amphiploids of Elymus x
Agropyron hybrids (Asay and Dewey 1976; Dewey 1977)
and E. canadensis x Psathyrostachy juncea hybrids (Park
and Walton 1989). However, E. canadensis x Agropyron
libanoticum amphiploids (SSSSHH) showed some very
desirable characteristics and cytological stability (Dewey
1974). The vigorous regrowth of the F, hybrids and am-
phiploids reported here indicates a perennial growth
habit. However, the potential of increasing forage yield
by the repeated regrowth and improving forage quality
were not studied.

E. canadensis (SSHH) x S. cereale (RR) hybrids
were allotriploid of genome formular SHR and the
amphiploids were allohexaploid (SSHHRR) or near-
hexaploid (2n=40). The low chromosome pairing of the
F, hybrids and the predominance of bivalents
(diploidization) of the amphiploids indicate the distinct-
ness among the genomes (S, H, and R). However, the
occasional appearance of multivalents reflects a ran-
domy, intergenomic or intragenomic pairing, even
though it occurs at a low frequency. A few reports have
recently been documented on the genomic relationships
between the genomes: SH (Asay et al. 1987), SR (Wang
1987b), HR (Gupta and Fedak 1985, 1987a, b), and
SHR (Hang and Franckowiak 1984). There was a remote
phylogenetic relationship between the genomes in each
cross, and some capability of intragenomic pairing was
found in H and R genomes (Gupta and Fedak 1987a)
and in S and H genomes (Asay et al. 1987).

If this is true, regardless of genotypes used in hy-
bridization, multivalents in this study may have resulted
from the intragenomic pairing in H, S, and R genomes.
On the other hand, multivalent association may be due to
the intergenomic pairing between chromosomes struc-
turally rearranged by tissue culture and their intact ho-
mologous counterparts. This hypothesis would explain
the higher frequency of chromosome pairing in the cal-
lus-regenerated hybrids than in the embryo-rescued hy-

brids. Induction of structural chromosome rearrange-
ments accompanied by increasing chromosome associa-
tions were reported in the regenerants from the cultured
inflorescences or embryos of Triticum x Hordeum hy-
brids (Fedak and Grainger 1986) and Hordeum vulgare
x H. jubatum hybrids (Orton 1980). Sterility in the E.

canadensis x S. cereale amphiploids appears to be due to
genetically unbalanced gametes resulting from heteroge-
netic pairing and meiotic irregularity. Although the per-
formance of E. canadensis x S. cereale amphiploids in
the greenhouse has fallen short of expectations, the op-
portunity for introgression between two species may still
be possible by backcrossing to the parents and repeating
somatic cell and tissue culture of the amphiploids.
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