Theor Appl Genet (1998) 96: 634-639

© Springer-Verlag 1998

F. J. Stadelmann - B. Boller - G. Spangenberg
R. Kolliker « Z. Y. Wang - L. Potrykus - J. Nosberger

Field performance of cell-suspension-derived Lolium perenne L. regenerants

and their progenies

Received: 3 November 1997 / Accepted: 25 November 1997

Abstract Two sets of plants (Lb and Lc), regenerated
from different single-genotype-derived embryogenic
suspension cultures of Lolium perenne cv Citadel, were
evaluated for agronomic traits in a modified polycross
design in the field. Seed from the primary regenerated
plants was harvested to evaluate morphological and
phenological traits of corresponding progenies in a
replicated field experiment. When compared to seed-
grown plants of the same cultivar, primary regener-
ants of the Lb set showed a significant delay in ear
emergence and a more-erect growth habit, while
primary regenerants from the Lc¢ set showed a signifi-
cantly higher seed yield. However, progenies of regen-
erated plants did not differ from those of seed-grown
plants. Embryogenic suspension cells of L. perenne
have the potential for producing fertile, well-perform-
ing, material which can be integrated into breeding
programs.
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Introduction

Perennial ryegrass (Lolium perenne L.) is a key forage
species for grassland agriculture in cool temperate cli-
mates throughout the world. Since it is an out-crossing
species with a high degree of self-incompatibility,
breeding management is difficult, and selection
schemes are complex, thus resulting in slow breeding
progress. The application of biotechnology to forage
grass improvement has the potential for comp-
lementing and enhancing conventional breeding efforts
(Spangenberg et al. 1995). However, a basic prerequisite
for the application of some biotechnological methods
for plant improvement is the efficient regeneration of
true-to-type plants from cells that are amenable to
genetic manipulations for a wide range of agronomi-
cally useful germplasm. Embryogenic suspension cells
can be used as targets for biolistic™ transformation
(Spangenberg et al. 1995) and are also a unique source
of totipotent protoplasts for graminaceous monocot
species. However, in order to assess the suitability of
these approaches for application in improvement
programs, the performance of regenerated plants and
their progenies needs to be investigated. Moreover,
such experiments have to be carried out in the field
to test the plants under conditions relevant to plant
breeding.

The aim of the present study was to test whether
L. perenne plants, regenerated from embryogenic
suspension culture (E.S.C.), maintain the agronomi-
cally important characters of the cultivar from which
they originate. For this purpose, primary regenerants
and their polycross progenies were evaluated in rep-
licated field experiments together with seed-grown
plants of the cultivar from which the E.S.Cs had
been established. In addition, somaclonal variation
was assessed by comparing different regenerants
from the same single-seed-derived culture and their
progenies.



Materials and methods

Plant regeneration

Tetraploid (2n = 4x = 28) L. perenne cv Citadel plants were regen-
erated from embryogenic suspension cultures as described by Wang
et al. (1993). Calli obtained from two mature embryos were used for
the initiation of two single-genotype-derived embryogenic suspen-
sion cultures (E.S.Cs), Lb and Lc¢, and maintained by a weekly
subculture (Wang et al. 1993). Plantlets were regenerated from
somatic embryos formed on the surface of suspension-cell-derived
calli. The regenerated plants were transferred to soil and established
in the greenhouse. The term ‘set’ refers to all plants originating from
the same single genotype-derived embryogenic cell suspension. Each
individual primary (Ry) plant, regenerated from the same genotype-
derived embryogenic cell suspension, gave rise to one ‘somaclone’
after vegetative propagation.

Investigation of primary regenerants and seed-grown plants

The experimental area was located at the Swiss Federal Research
Station for Agroecology and Agriculture (FAL), Ziirich-Reckenholz
(440 m above sea level), near Ziirich in Switzerland. The soil at the
experimental site was a fertile, eutric cambisol. In autumn 1993,
three somaclones (Ro) of the Lb set, 16 somaclones (Ry) of the Lc set
and 16 seed-grown genotypes (Fo) were planted in the field. Seed-
grown plants had been raised from basic seed of L. perenne cv
Citadel (Mommersteeg International B.V., AA Vlijmen, The Nether-
lands).

At the end of March 1994, three somaclones of the Lb set, five
somaclones of the Lc set and five seed-grown plants were selected
randomly, split into eight ramets and re-planted. The experimental
design was three polycrosses (PC I, PC II, PC III), separated by
intervals of at least 1.5 m. In each polycross, plants were planted
randomly at a distance of 30 cm within four replications. PC I in-
cluded five seed-grown genotypes and three somaclones of the Lb
set, PC 1I consisted of the same five seed-grown genotypes and five
somaclones of the Lc set, and PC III of three somaclones of the Lb
set and five somaclones of the Lc set. The following parameters were
investigated on each single parental plant: growth habit was visually
scored by the angle formed by the imaginary line through the region
of the greatest leaf density and the vertical, at the end of May. Date
of ear emergence was recorded when the tips of three ears were
visible. Before anthesis, each polycross was isolated with a plastic
tunnel up to seed maturity. The length of the stem and the ear were
measured on the first three stems with anthers appearing. Lodging
was prevented by fixing generative tillers to a stick. At seed maturity,
seed yield and the number of reproductive tillers were investigated.
Polycross-pollinated seed was harvested by removing all the repro-
ductive tillers when the first seeds were shedding. After drying in
a greenhouse, the seed was threshed and sieved (1.8 x 1.8 mm) by
hand and cleaned (Saugluftstufensichter Type 2, Kurt Pelz Saatmeis-
ter, Bonn, Germany). The number of seeds was counted using
a seed-counter (Type 400, Elmor, Rothfluhstr. 12, CH-8702
Zollikon, Switzerland).

At planting, the surrounding area was sown with Poa pratensis cv
Monopoly (10 gm~2) and cut frequently throughout the experi-
ment. N fertilizer was applied after planting (30 kgha ! N). Dicoty-
ledonous weeds were controlled by herbicides; monocotyledonous
weeds within the plots were removed by hand.

Investigation of the progenies of regenerated and seed-grown plants

The experimental area was located at the research station of the
Swiss Federal Institute of Technology, Eschikon (550 m above sea
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level), near Ziirich in Switzerland. The soil at the site was a fertile,
eutric cambisol.

At the end of August 1994, seed harvested on single mother plants
and four populations from basic seed of L. perenne cv Citadel were
sown in quick-pots. After 5 weeks in the greenhouse, the plants were
transplanted to the field at the end of September in 1994. The
experimental design was a completely randomized block with four
replications, each containing 30 plots (70 cm apart) of 17 plants
spaced 12.5 cm apart. Each plot, consisting of one single F; family or
control population, had the following structure: two border plants;
four plants for the investigation of morphology and fertility (same
investigations as in the parental plants); four plants on which no
measurements were made; four plants on which the shoot yield
(0.05 m above cutting height) was harvested on 20 May and 23 June
and dry matter determined (65°C, 48 h); three border plants.

At planting, P. pratensis cv Parade (10 gm™?2) was sown between
the plots and cut frequently throughout the experiment. N fertilizer
was applied after planting (30 kgha ™! N) and at a rate of 50 kgha ™!
in April, May and July in 1995. P and K fertilizers (100 kgha ™!
P,0s5 and 300 kg ha~! K,O) were applied in late October in 1994.

Statistical analyses

Statistical analyses were carried out using the statistical SAS pack-
age (SAS Institute, Cary, N.C., USA). An analysis of variance, using
the GLM procedure, was performed to compare the means of single
groups.

For factor analysis and clustering, growth traits were averaged
by parental genotype and somaclone with respect to the polycross
and by corresponding F; families. These values were transformed
to standard deviates (Sokal and Rohlf 1995). Factor analysis was
applied using the varimax rotation method suggested by Kaiser
(1958), and clustering was performed by the group-average method
(Everitt 1993). Rotated factor values of 0.50 or greater were con-
sidered to be important in interpreting factor associations (Back-
haus et al. 1996).

Results

Performance of primary regenerants
and seed-grown genotypes

Most growth parameters of primary regenerants (Ro)
varied significantly between the two sets of em-
bryogenic suspension cultures (Lb, Lc) used for plant
regeneration (Table 1, PC III). In comparison to seed-
grown plants (100%), primary regenerants of the Lb set
showed a significantly more-erect growth habit, a delay
in ear emergence of 16 days, longer stems (107%) and
a reduced seed yield per ear (80%) (Table 1, PC I).
Primary regenerants of the Lc set, in comparison to
seed-grown plants (100%), had significantly shorter
stems (92%) and ears (93%), more reproductive tillers
(185%) and seeds (182%), a higher seed yield per plant
(165%), a lower seed yield per ear (85%) and lower
1000-seed weight (90%) (Table 1, PC II).

The varimax rotation factor analysis assigned the
nine growth traits to three factors, accounting for 83%
of the total variability (Table 2). Factor 1 involved all
the seed production traits except for the seed yield per
tiller. The contribution of 1000-seed weight to this
factor was negative. Factor 2 was made up of the date
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Table 1 Means and comparisons of growth parameters for primary regenerants and seed-grown plants of L. perenne cv Citadel grown in

three polycrosses (PC I, PC II, PC III) in the field in 1994

Growth parameters PCI1 PCII PC III

Set Lb Seed-grown Set Lc Seed-grown Set Lb Set Lc
Growth habit* [no] 8.4 a° 53b 5.6b 5.8Db 8.7a 59b
Ear emergence [doy] 153 a 139 b 140 b 139 b 155a 138 b
Length of stem [cm] 94 a,b 88 ¢ 86 ¢ 93b 99 a 85¢
Length of ear [cm] 341 ab 34.8 a,b 331D 355a 342 ab 358 a
Reproductive tillers plant ~! [no] 97 b,c 85cd 115 a,b 63 d 70 d 134 a
Seeds plant ~* [no] 5148 b 5450 b 8387 a 4608 b 4040 b 8660 a
Seed yield plant ~* [g] 16.5b 173 b 232 a 14.1Db 12.7b 232 a
Seed yield ear ! [mg] 162d 202 b 199 b,c 233 a 170 ¢, d 173 b,c,d
1000-seed weight [g] 322 a 319a 279 b 310 a 307 a 2.65¢

*Visual scoring of the angle formed by the imaginary line through the region of the greatest leaf density and the vertical (1 = prostrate;

9 = erect)

®Means within rows followed by the same letter are not significantly different (P = 0.05) using Duncan’s Multiple Range Test

Table 2 Varimax rotated scores
for the three first factors of nine
traits of regenerated and
seed-grown L. perenne cv Citadel
plants in 1994

of ear emergence, the growth habit and — a negative
contribution — the seed yield per tiller. Factor 3 consis-
ted of two morphological traits, stem and ear length.
Figure 1 shows the scatter diagram of the first and
second vectors from factor analysis, explaining 63% of
the observed variation. In the same diagram five main
clusters, obtained after clustering at the 80% between-
cluster variation level using the group-average method,
are shown (Fig. 1). Both factor analysis and clustering
grouped plants with respect to their origin: all somac-
lones of the Lc¢ set were grouped in one cluster (3),
separated from the seed-grown plants mainly by factor
1. The primary regenerants of the Lb set were separated
from all other plants by a higher level of factor 2, and
split into two groups (clusters 1 and 2) by both factors.
The seed-grown plants were split into two clusters

Traits Communalities Factors
1 2 3
No. of reproductive tillers plant™* 0.93 0.96 —0.07 —0.02
No. of seeds plant ~* 0.97 0.95 —0.26 0.02
Seed yield plant™! 0.92 0.90 —0.29 0.16
1000-seed weight 0.61 —0.66 0.00 0.42
Date of ear emergence 0.89 —0.24 091 0.12
Growth habit 0.86 —0.29 0.88 0.08
Seed yield tiller ~* 0.67 —0.10 —0.67 0.45
Length of stem 093 —0.26 0.36 0.86
Length of ear 0.71 0.23 —0.22 0.78
Variance explained by each factor 3.338 2.377 1.770
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(4 and 5), characterised by negative values for both
factors.

Performance of the progenies of regenerated
and seed-grown plants

The performance of progenies regarding growth para-
meters was more strongly influenced by the polycross

Factor 1
Fig. 1 Scatter diagram of factor analysis based on nine growth para-
meters for parental L. perenne cv Citadel plants. Somaclones of the
Lb set from PC I (@) and PC III (A); somaclones of the Lc set from
PCII ([]) and PC III (A); seed-grown genotypes from PC I (OJ) and
of PC II (O). Numbers / to 5 indicate main clusters at the 80%
between-cluster variation level. Arrows indicate one strongly deviat-
ing somaclone within the Lb set originating from two different PCs



than by the origin of the mother plants within a poly-
cross (Table 3). When pollinated with the same group
of genotypes of seed-grown plants, the Lb set (in PC I)
gave rise to more-erect, later-flowering progenies with
longer stems than the Lc set (in PC II). These differ-
ences reflected those observed on the parental plants
(Table 2). The most striking feature of progenies origin-
ating from PC III, containing only regenerated plants,
was a reduced seed yield per ear and a reduced 1000-
seed weight. In general, there was no significant differ-
ence between the progenies of regenerated plants and
seed-grown plants within the same polycross. The only
significant differences were a more-erect growth habit
and a delay in ear emergence of progenies of the Lb set,
as compared to progenies of the seed-grown plants
(Table 3, PCI). Progenies of sets Lb and Lc, originating
from PC III and involving only these two sets, did not
differ at all. No difference was found between progenies
of seed-grown plants from either PC I or PC II and the
control plants, grown from basic seed material. This
indicates that the five genotypes of seed-grown plants
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selected for use in PC I and PC II were a representative
sample of the original cultivar Citadel. For the progeni-
es of the seed-grown plants, there was no effect of the
paternal polycross (Table 3, PC I/1I).

Factor analysis of the progenies and the basic seed
plants assigned the ten growth parameters into three
factors, with two parameters present in two factors
(Table 4). Factor 1 consisted of two morphological
traits and four fertility parameters, which were all pos-
itively correlated. Factor 2 included the date of ear
emergence and the growth habit, and — with a negative
contribution — the 1000-seed weight and shoot yield.
Factor 3 was made up of the number of reproductive
tillers and shoot yield. Figure 2 shows the scatter dia-
gram of the first and second vector of the factor analy-
sis from all progenies based on the ten investigated
growth parameters, as well as the five main clusters
obtained at the 80% between-cluster variation level. In
contrast to the primary regenerants, the progenies were
not generally grouped according to their origin. Only
progenies of PC III were clearly separated from the

Table 3 Means and comparisons of growth parameters for F; progenies of regenerated and seed-grown plants of L. perenne cv Citadel grown
in three polycrosses (PC I, PC II, PC III) and plants grown from basic seed (control) in 1995

Growth parameters PCI PCII PC III %%Sic
S

Set Lb Seed-grown  Set Lc Seed-grown  Set Lb Set Lc
Growth habit?® [no] 6.92 a® 6.40 b,c 6.25 ¢ 6.25 ¢ 6.84 a,b 6.80 a,b 6.42 b,c
Ear emergence [d.oy.] 148D 143 ¢ 144 c 143 ¢ 151 a 149 a,b 144 c
Length of stem [em] 104 a 104 a 98 b,c 101 a,b 97 ¢ 98 b,c 105 a
Length of ear [em] 299 a,b 29.8 a,b 293 a,b 29.1 a,b 28.6 a,b 28.6 b 30.5a
Reproductive tillers plant ~* [no] 40.5 a 364 a 36.6 a 36.6 a 404 a 399 a 40.8 a
Seeds plant ™! [no] 1644 a 1724 a 1543 a 1645 a 1429 a 1463 a 1727 a
Seed yield plant ™! [g] 57a 6.1a 51a 58 a 46a 47 a 6.1 a
Seed yield ear™? [mg] 139 a,b,c 166 a 136 b,c 156 a,b 105d 112 ¢, d 143 a,b
1000-seed weight [g] 336 ab 348 a 324 b,c 342 ab 314 ¢ 314 ¢ 337 ab
Shoot yield plant™!¢ [g] 23.7 a,b 253 a 254 a 243 a,b 20.1 b 21.7 a,b 255a

*Visual scoring of the angle formed by the imaginary line through the region of the greatest leaf density and the vertical (1 = prostrate;

9 = erect)

®Means within rows followed by the same letter are not significantly different (P = 0.05) using Duncan’s Multiple Range Test

°Total of the first and second harvests in 1996

Table 4 Varimax rotated scores
for the three first factors of ten
traits of progenies of regenerated
and seed-grown L. perenne cv

Citadel plants and plants grown
from basic seed (control) in 1995

Traits Communalities Factors

1 2 3
Length of stem 0.79 0.88 —0.05 0.09
Seed yield tiller ™! 0.92 0.87 —0.38 —0.19
Seed yield plant ! 0.92 0.86 —0.25 0.34
No. of seeds plant™! 0.87 0.83 —0.17 0.39
Length of ear 0.65 0.72 —0.17 0.31
1000-seed weight 0.79 0.64 —0.60 0.14
Date of ear emergence 0.91 —0.32 0.88 —0.18
Growth habit 0.72 —0.04 0.79 0.31
No. of reproductive tillers plant ™! 0.85 0.17 0.18 0.89
Shoot yield plant ! 0.73 0.33 —0.52 0.59
Variance explained by
each factor 4.129 2.323 1.693
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Fig. 2 Scatter diagram of factor analysis based on ten growth para-
meters for progenies of L. perenne cv Citadel plants. Somaclones of
the Lb set from PC I (@) and PC III (A); somaclones of the Lc set
from PC II (1) and PC III (A); seed-grown genotypes from PC I
(O) and of PC II (). Populations of basic seed plants (%). Numbers
1 to 5 indicate main clusters at the 80% between-cluster variation
level. Arrows indicate two F,; families of one somaclone within the
Lb set originating from two different PCs

other groups; they were located in the upper left of the
scatterplot and grouped into a single cluster (cluster 1).

Assessment of somaclonal variation

In the Lb set, there was one somaclone which differed
strongly from the other two somaclones (Fig. 1, in-
dicated by two arrows) independent of the polycross
where it was growing. This specific somaclone showed
poorer fertility (factor 1) and a later phenology (factor
2) than the other somaclones. In the F; generation the
corresponding progenies (Fig. 2, indicated by two
arrows) still showed lower fertility (factor 1) than pro-
genies from the respective polycrosses of the other
somaclones. As a consequence, the progeny of this
particular somaclone from PC I was grouped with
progenies of PC III in cluster 1.

Discussion

Primary regenerants of the two investigated sets differ-
ed from each other and from seed-grown plants of the
respective cultivar (Fig. 1, Table 1). The most distinct
characteristics of the Lb set were a significantly more-
erect growth habit and a pronounced delay in ear
emergence when compared to both seed-grown plants
and primary regenerants of the Lc set. A similar drift in
inflorescence emergence has been reported for primary
regenerants of Hordeum vulgare L. (Baillie et al. 1992)

and for progenies from primary regenerants of Triticum
aestivum L. and Oryza sativa L. (Qureshi et al. 1992;
Mezencev et al. 1995; Yamagishi et al. 1997). The most
distinct characteristic of primary regenerants of the Lc
set compared to the other groups, was a significantly
higher seed yield per plant. This higher seed-yield is
exceptional. Several authors (Qureshi etal. 1992;
Mezencev et al. 1995; Stadelmann et al. 1998) described
a lower, or at best equal, seed yield of regenerated
plants. However, the higher seed yield per plant of the
Lc set was due to a higher tiller production (> = 0.90;
P < 0.001), whereas the other seed yield components
(seed yield per ear, 1000-seed weight) were lower than
for seed-grown plants (Table 1). The primary regener-
ants of both sets did not differ in the seed yield of the
two respective polycrosses (Table 1). This indicates that
the pollen-donor — either a seed-grown or a regenerated
plant — had no effect on the seed yield of the primary
regenerants.

The results obtained by evaluating single agronomic
key traits are consistent with those obtained by factor
and cluster analysis, thus demonstrating the distinct
behaviour of the two sets (Fig. 1). The factor analysis
indicated that plants can be sufficiently characterised
by the main factors of ertility and phenology.

In our study, the performance of primary regenerants
was similar or even superior to seed-grown plants, and
thus, no negative correlation between high regenera-
tion ability and agronomic performance was apparent.
This is in contrast to reports by Orton (1984), Baillie
et al. (1992) and Qureshi et al. (1992), in whose studies
regenerated plants generally corresponded to the ag-
ronomically inferior types within the respective cul-
tivar.

Differences in growth traits between progenies of
regenerated and seed-grown plants within PC I and
PC II were less distinct than between corresponding
mother plants (Tables 1 and 3), as expected because of
the introduction of within-family variation (Aastveit
and Aastveit 1990). Only in PC I were differences
between the regenerants and the seed-grown plants
transmitted to the progenies (Table 3). The reason for
the more distinct behaviour of the two groups from
PC 1 is, that primary regenerants of the Lb set differed
mainly in traits of high heritability, such as ear emerg-
ence and growth habit (Loos 1994), whereas primary
regenerants of the Lc set differed in quantitative
characteristics of low heritability such as seed yield
(Aastveit and Aastveit 1990).

In contrast to the progenies of regenerated plants in
PC I and PC II, the progenies of PC III were grouped
closer, building a main cluster (cluster 1) at the 80%
between-cluster variation level and separated in the
upper left of the scatter diagram (Fig. 2). Such a close
grouping was expected due to the isolated cross-polli-
nation of only two parental sets: excluding somaclonal
variation, all progenies of PC III belong to the same
full-sib family. The differences between progenies of



PC III and the other progenies were mainly in an
agronomically inferior direction, as progenies of PC III
had a reduced seed yield (factor 1), a later ear emerg-
ence and a lower 1000-seed weight (factor 2). The re-
sults of key growth traits showed that the seed yield per
ear was strongly reduced, when compared to corres-
ponding progenies of the other polycrosses (Table 3).
The lower seed yield per ear was related to the later
phenology which resulted in a shortened period of time
to reach maturity (r* = — 0.91; P < 0.001). Due to the
faster ripening, the 1000-seed weight was lower and,
therefore, the seed yield per ear was reduced (Table 3).
This is consistent with reports by Elgersma (1990) and
Griffiths et al. (1978) who showed that the 1000-seed
weight of L. perenne plants is positively correlated with
earliness and negatively correlated with high temper-
ature. The fact that progenies of the Lc set did not show
a better tillering capacity, similar to their mother
plants, suggests that the superior tillering of primary
regenerants of the Lc set was due to carry over effects of
the culture environment and were thus of an ‘epigenic’
nature (Karp 1991; Winicov 1996). This stresses the
importance of an evaluation of progenies in order to
differentiate between transient and heritable in vitro
induced variation.

In our study, one somaclone of the Lb set deviated in
an agronomically inferior direction: it had a delayed
ear emergence, and fertility was lower. Somaclonal
variation in an agronomically undesirable direction
is well documented (Baillie et al. 1992; Qureshi et al.
1992; Mezencev et al. 1995; Stadelmann et al. 1998;
Yamagishi et al. 1997). Regarding fertility, the
phenotypic deviation of the primary regenerant was
apparently transmitted to the F; generation (Fig. 2,
indicated by two arrows). However, the differences in
the date of ear emergence and growth habit observed in
the primary regenerants within the Lb set (Fig. 1, factor
2) disappeared in the progenies (Fig. 2, factor 2). This
suggests that the particularly late flowering of this
specific somaclone was caused by epigenetic changes. It
may have increased the rate of self-pollination, which in
turn may have resulted in a reduced fertility of its
progenies, without fertility per se being reduced geneti-
cally. This interpretation is supported by the fact that
RAPD analysis did not show different banding pat-
terns for the parental somaclones within the Lb set
(Stadelmann et al. 1998).

In conclusion, primary regenerants of L. perenne
differed from seed-grown plants of the same cultivar in
morphological and phenological traits. However, with
regard to fertility, they performed similarly or were
even superior when compared to seed-grown plants.
Moreover, progenies of regenerated plants showed very
little difference to progenies of seed-grown plants.
Phenotypic differences between somaclones of a single
set were rare and more likely of an ‘epigenic’ nature
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than of a true genetic origin. The results suggest that
embryogenic suspension cells of L. perenne have the
potential for producing fertile and genetically stable
material which performs well and maintains the char-
acteristics of the original cultivar.
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