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1. Zaadopbrengst van Engels raaigras als gewas is een andere eigenschap
dan zaadopbrengst van aparte planten.

2. Moleculair en celbiologisch onderzoek wordt soms ten onrechte als
fundamenteel bestempeld.

3. Verruiming van de normen voor bestrijdingsmiddelen in de teelt
van uitgangsmateriaal kan milieuvriendelijk zijn.

4. Het aanstellen van academici in een deeltijdfunctie voor enkele jaren
op een onderzoek waarbij een promotie wordt voorgespiegeld,
leidt doorgaans tot onderbetaling en soms tot het beoogde doel.

5. Het uitsluiten van medewerkers van overlegstructuren op grond van
de aard van hun dienstverband getuigt niet van bedrijfskundig inzicht.

6. Het is nog maar de vraag of de fusies en reorganisaties
in het landbouwkundig onderzoek en in het onderwijs
op langere termijn wél renderen.

7. Stress wordt doorgaans als schadelijk gezien.
Dit is lang niet altijd terecht.

8. Huis-, tuin- en keukenactiviteiten worden ten onrechte vaak als
onbeduidend beschouwd.

9. Bij berichtgeving over de zondagsrust worden ten onrechte
alleen de negatieve aspecten belicht.

Stellingen behorend bij het proefschrift 'Genetic, cytological and physiological aspects
of seed vield in perennial ryegrass (Lolium perenne L.)’ van Anjo Elgersma,
te verdedigen op vrijdag 2 november 1990 te Wageningen.
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ABSTRACT

Seed yield in perennial ryegrass is low and unpredictable. Breeding for a high stable
seed yield is difficult, as seed yield is a complex trait with a low heritability. The
aims of this study were to identify selection criteria for high seed yield and 1o gain
more insight in the biology of seed reproduction in perennial ryegrass. Genotypic
and temperature effects on pollen tube growth rate were detected. Cytological
studies of seed development, ovule degeneration and seed abortion demonstrated
that non-praductive florets occurred at all positions within the ear. Abscission layer
development and the mechanism of seed shattering were similar in genotypes with
different seed retention.

Indirect selection for seed yield wounld be more efficient, if correlated traits with a
high heritability could be identified, either in spaced plants or in crops grown in
drilled plots. Significant and consistent differences for seed yield per plot were
found among nine perennial ryegrass cultivars over three years at two locations.
These differences were not correlated with thousand-grain weight, other seed yield
components or crop physiolegical traits assessed in drilled plots. Spaced plants
within each cultivar differed greatly for many traits. Broad-sense heritabilities were
high for all spaced-plant traits, but narrow-sense heritabilities were only significant
for some traits. No spaced-plant traits were identified that correlate with seed yield
in drilled plots.

Keywords: Lolium perenne, plant breeding, perennial ryegrass, seed yield components,
pollination, fertilization, seed abortion, seed shattering, cultivar-environment
interaction, dry matter partitioning, heritability, spaced plants, drilled plots
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GENERAL INTRODUCTION

Perennial ryegrass (Lolium perenne 1.) is the most common fodder grass in
Northwestern Europe. It is also widely used in other areas with a temperate climate
and sufficient rainfall, e.g., New Zealand and parts of the USA. Its qualities are
high persistence and dry matter production, good digestibility and palatability and
rapid establishment after sowing. Negative features are susceptibility to drought and
lack of winterhardiness. Perennial ryegrass is mostly used as a fodder crop, but
cultivars for turf have also been developed recently. It is also used for green
manure, especially tetraploid varieties.

Perennial ryegrass is propagated by seed. At the beginning of this century, imported
seed often proved less suitable for Dutch conditions. Native seed was collected until
1930, but the quality was not always good (van Dijk, 1966). Until 1957, seed of
good old pastures was recommended, but was difficult to obtain. The production of
grass seed as an arable crop was introduced into Dutch agriculture in the fifties.
Since then the acreage has increased to over 25,000 ha in 1990, consisting of about
11,000 ha perennial ryegrass. About half of the seed harvested in the Netherlands
is exported {100 million guilders annually), Apart from the economical value of the
marketed seed, grass seed crops are very valuable in arable farming. Nowadays,
crop rotation is very narrow which leads to many soil-bound problems (nematodes,
poar soil structure, low organic matter content, etc.). Grass seed crops have a very
fine developed and intensive rootsystem which improves the structure and increases
the organic matter content of the soil (Elgersma, 1988).

Grass breeding started in Wales before the second World War and major attention
was focused on the relation between maturity, growth habit and persistence. Early
cultivars had an erect growth habit and low persistence. They had a higher
seed-yielding ability than late-heading cultivars. After the second World War, grass
breeding developed rapidly. In spite of the low seed yields of late varieties, breeding
for seed yield did not receive very much attention, because the breeders were afraid
to sacrifice the high herbage quality of the late varicties (van Wijk, 1980). Seed
production also increased anyway due to betier agronomic practices. However,
during the sixties, breeding for seed yield started o receive more attention (Griffiths,
1965; Lewis, 1966; Bean, 1972). Breeders realized, that continuous breeding for
lateness and leafiness could impair the economics of seed production. Nowadays,
a large number of technically good grass cultivars with slight differences in
vegetative qualities are available, and the economics of grass-seed production
ultimately decides the commercial succes of a cultivar (van Wijk, 1980).

The growing interest in genetic variation for grass seed production is illustrated by
the following events: in 1978 the International Herbage Seed Production Research
Group (IHSPRG) was founded. In 1981 a meeting of the Fodder Crops Section of
Eucarpia, the European Breeders Association, was devoted to seed production in
herbage cultivars. In 1983 the Journal of Applied Seed Production was released. In
1985 a symposium on Floret Site Utilization in Grasses was organized in the




Netherlands and in 1987 a conference on Seed Production in grasses and forage
legumes was held in Denmark. The Commodity Board of Arable Products in the
Netherlands funded a research program entitled "Genetic variation for seed yield
in grasses”, that was carried out at the Foundation for Agricultural Plant Breeding
(SVP) in Wageningen from 1984 to 1988. The results are presented in the present
thesis.

The aims of this study were to identify selection criteria for high seed yield and to
gain more insight in the biology of seed reproduction in perennial ryegrass. Seed
yield is a complex trait with a low heritability. Selection for seed yield can be made
more efficient if traits in spaced plants or in a crop grown in drilled plots are
identified that are suitable for indirect selection for seed yield per plot. Such traits
should be easy to assess and should have a high heritability and a high correlation
with seed yield per plot. Selection for such traits should not impair vegetative
qualities. Therefore, in nine cultivars seed yield and its components were studied
both on a spaced-plant level (the initial situation in breeding) and on a drilled plot
level (the final situation in seed multiplication),

The importance of pollination, fertilization, seed development, abortion and seed
shattering for floret site utilization and seed yield were discussed in a literature
review {Chapter 1). Detailed studies were then made of these processes. Pollination
studies were conducted in greenhouses with controlled temperatures (Chapter 2).
Cytological studies of fertilization, seed development, ovule degeneration and
embryo abortion and of seed shattering were carried out on spaced plants grown
in the field (Chapters 3 and 4). In a large field experiment nine diploid cultivars
were studied. Drilled plots were harvested for seed over a three year period at two
locations (Chapter 5). Growth analyses were performed in drilled plots to gain more
insight in the physiology of the seed crop and to study the components that
determine seed yield (Chapter 6). Spaced plants were observed simultaneously. They
served as a source of open-pollinated progeny, which was used for parent-offspring
regression and heritability estimations (Chapter 7). They were also used to obtain
information about variation within cultivars and to define the phenotypic spaced-
plant traits upon which selection for high seed yield should be based (Chapter 8).
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CHAPTER 1

JCURNAL OF APPLIED SEED PRODUCTION, VOL. 3, 1985

Floret Site Utilization in Grasses: Definitions, Breeding Perspectives
and Methodology!

A. Elgersma

ABSTRACT

The seed yield of grasses needs improvement, and seed yield
should become a more important selection criterion in grass
breeding. Seed yield depends largely on the degree of floret site
utilization (FSU). This term is extensively discussed in this paper
and scveral definitbons are reviewed. A distinction is made be-
tween biological and economical FSU. Causes of variation in
FSU and various determination methods are discussed. Supges-
tion for breeding for increased FSU are also given.

Additional index words: Seed yield, pollination, fertilization,
sced get, seed development, seed harvest, abortion, shattering,
harvest loases.

INTRODUCTION

The success of a herbage cultivar in commercial produc-
tion not only depends on its forage attributes, but also on its
ability to produce seed. In forage varieties, chasacteristics
such as high vegetative production, persistency and quality
are of importance to the farmer. The seed producer, how-
ever, desires high seed yields of good quality.

There are two alternatives for maximizing seed yields:
1. Cultural manipulation of the grass seed crop to max-
imize development of flowering stems and fertile
florets.
2. Breeding for improved seed production jointly with
forage production when developing new varieties.

Breeding perspectives for higher seed production are the
focus of this paper.

Floret Site Utilization (FSU), Definitions and Components

Grass seed crops have a high yield potential, but this
potential is never fully realized. Griffiths et al. (1973),
Hebblethwaite (1977} and Burbidge et al. (1978) found real-
ized yields to be much lower. Based on seed yield compon-
ents, the theoretical production or potential yield can be
calculated as inflorescences m? x spikelets/inflorescence x
florets/spikelet x FSU x average seed weight. Owing to the

IElgersma, A. Foundation for Agricultural Plant Breeding, P.O.
Box 117, 6700 AC Wageningen, the Nethertands. Received for
publication 4 November 1985.

negative feedback on forage production, it is not desirable to
increase the size of the reproductive system, i.e. florets m2.
Instead, the efficiency should be increased (Bean, 1972),
which can be achieved by improving the FSU. The meaning
of this term, however, is not clearly defined. Bean (1972)
defines efficiency of the reproductive system as the percen-
tage of flowers which produce seed, and the size to which
these seeds develop. Several other terms have been used to
describe FSU. For example, seed set, floret fertility or fertility
index have been used. However, some of these jast terms are
already used for other traits, being components of the total
**floret site utilization™ . For a full understanding of FSU it is
necessary to analyze which processes occur from the time of
anthesis uatil determination of the final sced yield. It is
important 10 know how these processes are influenced by
environmental and genetic factors, and by genotype x envi-
ronment interactions.

In a biological sense, FSU can be defined as the percen-
tage of florets, present at anthesis, resulting in a viable seed.
For seed growers, the percentage and quality of the seeds that
can be harvested is of interest. After harvesting and cleaning,
the commercial seed yield can be expressed as a percentage
of the potential seed yield. In an economical sense, FSU can
be defined as the percentage of florets present at anthesis
which contribute to the harvested seed. Economical FSU
results from the following processes: pollination, fertilization,
seed set, seed development, harvesting and cleaning. During
each of these processes losses may occur (Table 1).

Pollination

The term “pollination’ is used to describe processes occur-
ring from the time of anther dehiscence until the pollen
reaches the stigma. Pollen grains on the stigma have a mu-
tually stimulating effect on pollen germination. Reduction of
the number of pollen grains on the stigma may reduce fertil-
ization. Early lodging limits pollen transport and successful
pollination. On the other hand, uniform flowering and high
pellen production favor pollination. Pollination is influenced
by environmental factors.

Fertilization
In the progamic phase of fertilization, seed set may be

reduced due to non-viability of pollen grains or incompatibii-
ity. Non-viable egg cells may also reduce FSU.

Pollen grains of grasses have a low retention of viability,
especially at low humidity. Jones and Brown (1951) stated




Table 1, Processes occurring after anthesis and associated losses
that reduce floret site utilization.

Florets at anthesis Losses

Pollination Empty flarets

Fenitization Empty florets

Seed set Empty florets
Early abortion

Seed development

- Early growth stage -----—----—-—--meeee e Abortion

- Food reserve accumulation stage--------—-—-  Diseases
Abortion

- Ripening stapge Discases
Shattering

Harvesting Shaitering
Damage

Cleaning Empty florets
Light seeds
Heavy seeds

Seed yield

that the poor seed set observed in some grass species may be
due to the susceptibility of stigmas to damage under high
temperatures and to desiccation of the pollen. Stigma wither-
ing in grasses begins a few hours after pollination. On the
stigma, about 60-80% of the grass pollen germinates. The
germination percentage increased with greater maturity of
pollen and stigma (Watanabe, 1961). Hebblethwaite and
Hampton (1981) mentioned that possibly not all florets are
potentially fertile, either because of pest damage (Johnston,
1960) or because they are morphologically sterile and in-
capable of developing sced (Johnston, 1960; Hill, 1980).
Johnston (1960) found up to 10% morphological sterility in
flowers of Dactylis glomerata. Part of the ‘sterility’ in
Bromus inermis and Agropyron spp. is genctically determined;
the environment also strongly influences the percentage of
flowers that set seed (Knowles and Baenziger, 1962).

Fertilization may be reduced due to self-incompatibility,
which is quite common in grasses. In ryegrass, for example,
there is a 2 loci gametophytic system, but under certain
conditions some self-fentilization can occur. Probably the
absence of other pollen favors self-fertilization. Poor seed set
might occur when synthetic varieties are based on a few
clones.

Seed Set

According to Hill (1980), the term *seed set’ describes the
carly growth of the embryo and endosperm. *‘Set’” is indi-
cated by the presence of cell division following successful
fertilization.

As shown by Hill (1971) and Burbidge et al. (1978),
approximately 60% of all florets are capable of being fertilized.
The position of a floret in the inflorescence influences the
probability of seed set (Anslow, 1964). In rvegrass, abortion
may occur after fertilization up to approximately 21 days

after anthesis., Soon after fertilization, cell division can be
disrupted resulting in a misshapen ovary. At a later stage,
seed development is often resumed. In other cases, cells
disintegrate and the entire ovule collapses (Hill, 1980).

It is not clear whether abortion occurs more often after
self-fertilization. Burbidge et al. {1978} noticed in Lolism
perenne that many more seeds were set than were harvested,
even when the crop was not lodged. They mentioned two
possible reasons for abortion of developing seeds: hormonal
inhibition of seed growth and competition for assimilates.

Seed Development

Hyde et al., (1959) distinguished three stages in seed
development in ryegrasses:

Stage L: the growth stage, duration 10 days after pollination.
Characteristics: rapid increase in seed weight,
high seed moisture content and non-viability.

Stage 2: the food reserve accumulation stage, duration a
further 10-14 days. Characteristics: a threefold
increase in seed dry weight. Seeds attain fuil via-
bility.

Stage 3: the ripening stage, duration 3-7 days. Character-
istics: dry weight remains approximately constant,
but moisture content falls from about 10% to equi-
librium with the atmosphere.

The stage of seed development affects three important
aspects of seed quality: viability, seedling vigor and storage
life (Hyde, 1950). Perennial ryegrass seed harvested 14 days
after pollination would be viable, but would give rise to
seedlings with poor vigor as high seedling vigor is not present
until about 24 days after pollination. Immature seeds deteri-
orate rapidly in storage.

A study by Hill (1971} with perennial ryegrass has shown
that different genotypes may have different patems of em-
bryo maturation. Furthermore, genotypes differ with respect
to dehydration and the time taken to attain harvest ripeness
{Hill, 1980). Cultural practices have a major effect on seed
development.

During seed development, shedding [osses occur. Besides
trying fo increase seed set, loss of viable seed can also be
reduced. Burbidge et al. (1978) did not consider shedding to
be a major factor, which contrasts with the results of Stoddart
{1964). According to Stoddart (1964), one of the principal
sources of yield loss in grass seed crops is the amount of seed
shed from the inflorescence. Environmental factors, such as
heavy winds, affect shedding. Spread in ripening time also
promotes shattering. In Lolium mutifloriam, genetic variation
for seed retention was found between populations (Harun and
Bean, 1979). Several authors reported improved seed reten-
tion resulting from breeding for this character (McWilliam,
1980; Phalaris aquatica (syn. tuberosa); Bean, [969; Phleum
pratense; Falcinelli et al., 1984; Dacrylis glomerata).

Seed retention does not affect forage qualities and seems to
be a very desirable character in grass seed crops. When
growth regulaters are introduced into commercial seed pro-
duction, seed retention will become even more significant.



Harvesting

Not all seed that is produced can be harvested because of
spread in ripeness, lodging and harvest losses. Within a sced
crop, differences in ripeness exist within and between spike-
lets, between inflorescences and between plants. The apical
florets in the spikelet, the apical part of an inflorescence and
the oldest inflorescences ripen fast. The harvest time is a
compromise between seed yield and gquality. When the crop
is harvested 100 early, many immature seeds are harvested,
resulting in:

-drying costs

-increased risk of damage

-cleaning losses (light seed)

-loss of quality (light seed with low seedling vigor)

If harvest is late, many seeds are lost through shedding. At
first, apical seeds will shatter which contain light seed. Then,
the oldest inflorescences which carry the heaviest and the
greatest number of sceds also start to shed. Bonin and Goplen
(1963) found that within clones of Phalaris arundinaced
shattered seeds were heavier than non-shattered seeds. Jensen
(1976) found that shed seeds had a lower moisture content
than non-shattered seeds. As the time of harvesting differs
more from the mean ripeness date, the risk of genetic shift
also increases (Davies, 1954).

A lodged crop is difficuit to harvest. Morover, new veg-
etative tillers may grow through the lodged inflorescences
and hamper barvesting. Seed quality decreases when the
seeds are attacked by fungi. In a lodged crop, shattering is
reduced. The harvest method, i.e. combining or swathing,
affects seed yield losses. Seeds can be damaged, resulting in
decreased quality. Harvest losses are greatly influenced by
weather conditions.

Cleaning

After barvesting and drying, the seed is cleaned. Normal
or “heavy'’ seed is separated from dust, sand, stalks, entire
spikelets, empty florets, light seed and weeds. The cleaned
seed is weighed, providing the final (economical) seed yield.
The number of clean seeds can be <alculated from the thou-
sand seed weight (TSW).

BREEDING PERSPECTIVES

Possible breeding perspectives for improved FSU, indi-
cated in the above review, are presented in Table 2. More
research is needed to investigate which process has the high-
est correlation with grass seed yield, which characteristic has
the targest genetic variation and which trait has the highest
heritability.

It is interesting to note that several authors (Knowles and
Baenziger, 1962; Ross and Adams, 1955; Lowe and Murphy,
1955; Raeber and Kalton, 1956; Nielson and Kalton, 1959,
Ibrahim and Frakes, 1984; Slinkard, 1965 and Davies, 1954)
reported FSU to be a fairly stable and highly heritable charac-
ter. Others, (Mackay, 1960; Bean, 1969, and Bugge,
1981), mentioned large environmental effects on FSU.

A good relationship between **seed set”” or **fertility index™
and seed production is reparted by Knowles and Baenziger
(1962), Ross and Adams (1955), Nieisen and Kalton (1959),
Slinkard (1965), Davies (1954), Dewey and Lu (1959) and
Hearn and Holt (1969). However, the determination method
of FSU influences the correlation between FSU and seed
yield.

METHODOLOGY

Several studies have been made of FSU, *'fertility index™”
or ‘*seed set”’ in grasses. The results however, cannot easily
be compared, because different characters appear to have
been determined in various ways. Three aspects of deter-
mining FSU should be taken into account: time of deter-
mination, determination method and sampling technique.

The time of determining the number of florets for calcu-
lating the potential yield is important. If florets are counted at
anthesis, the estimated potential yield is much higher than
when counted after the harvest, because florets are lost during
development and harvest. The time of determining the num-
ber of seeds for caleulating the realized yield is also impor-
tant. If seeds are counted before ripening, realized yield is
much higher than when they are counted after harvest, be-
cause seeds are shed and lost during ripening, harvesting and
cleaning.

Several determination methods have been described pre-
viously:

1. Number ratio between filled and total florets. This
method has been applied quite ofien to uncleaned seed
harvested just prior o ripeness. (Bean, [969; Davies,
1954; Knowles and Baenziger, 1962). Empty and filled
florets were separated by feeling, pressing or by examina-
tion over illuminated glass. Developing seeds are included
in the seed fraction so this method gives a measure of
biological FSU.

Tahble 2. Prospects of breeding for improved floret site utilization
in grasses,

Process: Sedection for:

Pollination - High pollen production
- Uniform flowering (heading)
- Lodging resistance

Fertilization - Potlen viability
and seed set - Ovalle viability

- Retention of pollen and
ovule viabitity

- Disease resistance

- Lodging resistance.

- Compatibility

- Disease resistance

- Lodging resistance

- Reduced embryo abortion
- Unifonn ripening

- Seed retention

Seed development




2. Germination percentage. This method is similar to
method 1 in that developing, viable seeds are included.
Very young seeds in the early growth stage which do not
germinate are not included, however. Biological FSU
measured in this way will therefore be lower than FSU as
estimated by method 1 (Lewis, 1966; van Wijk, 1985).

3. Weight ratio between cleaned and uncleaned seed. This
method is easy to apply, but does not give relevant infor-
mation about FSU. After threshing, seeds are separated
from empty florets and light seeds with a wind blower.
Cleaned seed is much heavier than light and empty seed,
so the percentage of cleaned seed is very high. This results
automatically in a high, significant correlation between
estimates of FSU and final seed yield (van Wijk, 1985;
Racber and Kalton, 1956).

4. Volume ratic between cleaned and uncleaned seed.
This method gives a better estimation of the percentage of
well-developed seeds than method 3 because seeds and
empty florets differ less in volume than in weight (Hean
and Holt, 1969).

5. Number ratio between cleaned and uncleaned seed.
This method is more precise than the fourth, but is very
laborious. After threshing, all potential seeds are counted.
Seeds are separated from empty florets and light sceds
with a wind blower. Cleaned seeds are counted. Like
methods 3 and 4, method 5 underestimates potential seed
yield, i.e. the number of floret sites, because losses of
floret sites are not included. Estimated FSU based on
these methods will, therefore, be too high. Because only
cleaned seeds are counted, a measure of economical FSU
is given.(Lewis, 1966; Johnston, 1960).

6. Calculated ratio between realized and potential seed
yield: FSU = yield m?/(inflorescences m2 x TSW/1000 x
florets/inflorescence). This method calculates economical
FSU. Number of inflorescences m? and florets/
inflorescence are determined at anthesis to obtain a *‘real-
istic” potential yield. FSU-values calculated in this way
are much lower than values obtained with the other methads
(Meijer, pers. comm.).

Method 1 seems most suitable for determining biological
F5U. Shattering losses are not measured when applying
these methods. For determination of biological FSU, how-
ever, shed seed should also be taken into account. For deter-
mination of economical FSU, method 6 seems the best.

The sampling technique for FSU should depend on the
purpose. If the aim is to determine the FSU of a crop,
inflorescences must be taken at random. If the aim is to detect
genetic differences in FSU between genotypes or popula-
tions, variation due to age, developmental stage or size of
the inflorescence should be reduced. Therefore, spikelets
should be tzken from similar positions in the infloresences
and florets from the same positions in the spikelets.

SUMMARY
The seed yield of grasses needs improvement. Seed yield

should become a more important selection criterion in grass
breeding. The yield potential, i.e. flarets my? is much higher
than the realized yields. Seed yield depends largely on the
degree of flaret site utilization (FSU). This term is not clearly
defined. A distinction should be made between biological
and economical FSU. Biological FSU can be defined as the
percentage of florets resulting in a viable seed. This charac-
tecistic results from several processes, i-e. pollination, ferti-
lization, seed set and seed development. Economical FSU
can be defined as the percentage of florets resulting in a
harvested seed. This characteristic results from biological
FSU, harvesting and cleaning.

In this paper the processes composing FSU in grasses are
discussed. During each process losses may occur, resulting
in decreased FSU. For several traits, genetic variation has
been found which might offer perspectives when breeding
for improved seed yield in grasses.

There is no agreerent on heritability of FSU. However,
results can hardly be compared among experiments because
several definitions of FSU and varicus determination methods
have been used. In this paper, three aspects of the method-
ology of FSU are discussed: time, method and sampling
technique. FSU should be determined in a proper way, and
methods and terms should be standardized. More research is
needed on FSU in grasses to develop better selection criteria
for improved seed yields.

ACKNOWLEDGEMENTS

Financial support from the Commaodity Board for Arable
Products is gratefully acknowledged.

REFERENCES

1. Anslow, R.C. 1964, Sced formation in perennial ryegrass II.
Maturation of seed. 1. Br. Grassl. Soc. 19:349-357.

2. Bean, E.W. 1969. Environmental and genetic effects upon
reproductive growth in tall fescue (F. arundinacea Schreb.)J.
Agric. Sci., Camb. 72:341-350.

3. Bean, E.W. 1972, Clonal evaluation for increased seed pro-
duction in two species of forage pr , Fesmuca arundiracea
Schreb. and Phleum pratense L. Euphytica 21:377-383.

4. Bonin, 5.G., and B.P. Goplen, 1963. Evaluating grass plants
for sced shattering. Can. J. Pi. Sci: 43:59-63.

5. Bugge, G. 1981. Genetic variability in the components of seed
yield of ryegrass species. pp. 37-41. In Breeding high yielding
forage varieties combined with high seed yield. Eepont of the
meeting of the Fodder Crops Section of Eucarpia in Merelbeke
(Belgium), 8-10 September 1981.

6. Burbidge, A., P.D. Hebblethwaits, and J.D. Jvins. 1978.
Lodging studies in Lolium perenne grown for seed. 2. Floret
site utilization, J. Agric. Sei., Camb. 90:269-274.

7. Davies, EXW. 1954, ““Shift”’ in a late flowering strain of
perenniat ryegrass (Lolium perenne). pp. 102-106. fn European
Grassland Conference. OEEC.

8. Dewey, D.R., and K.H. Lu. 1959. A correlation and path-
coefficient analysis of components of crested whealtgrass seed
production. Agron. I. $1:515-518.

9. Falcinelli, M., F. Veronesi, and V. Negri. 1984. Secd dis-
persal of Italian ecotypes of cocksfoot (Daciylis glomerata
L.). J. Appl. Seed. Prod. 2:13-17.




10.

1.

16.

7.

I8.

9.

20.

Griffiths, D.J., H M. Roberis, and J. Lewis. 1973. The seed
yield potential of grasses. Welsh Plant Breeding Station, An-
nual Report, 1973, pp. 117-123,

Harun, R.M.R., and E-W. Bean. 1979. Seed development
and seed shedding in North [talian ecotypes of Loliume mudti-
Jflorum, Grass and Forage Science 34:215-220.

Hearn, C.J., and E.C. Holt. 196%. Variability in components
of seed production in Panicum coloratum L. Crop Sci. 9:38-
40.

Hebblethwaite, P.Ix. 1977. Inigation and nitrogen studies in
3,23 ryegrass grown for seed. 1. Growth, development, seed
vield components and seed yield. J. Agric. Sci., Camb.
88:605-614.

Hebblethwaite, P.D., and J.G. Hampton. 1981. Physiolo-
gical aspects of seed production in perennial ryegrass. pp.
17-32. In Breeding high yieiding forage varieties combined
with high seed yield. Report of the meeting of the Fodder
Crops Section of Eucarpia in Merclbeke (Belgiom), 3-10
September 1981.

Hill, M.J. 1971. A study of seed production in ‘Grasslands
Ravanui’ perennial cycgrass (Lolium perenne), 'Grasslands
Kahu' Timothy (Pkieum pratense 1..) and prairie grass
{Bromus unilodes H.B.K.}. Ph.D. thesis, Massey University,
Palmerston North.

Hill, M.J. 1980. Temperate pasture grass-seed crops: forma-
tive factors. pp. 137-150 In P.D. Hebblethwaite (ed.). Sced
production. Butterwocths, London.

Hyde, E.O.C. 1950. Swudies on the development of white
clover seed. pp. 12:101-107. fn Proc. N.Z, Grassl. Assoc.

Hyde, E.O.C., M.A. McLeavy, and G.S. Harris. 1959. Seed
development in ryegrass and in red and white clover. N.Z.). of
Agric. Res. 2:947-952.

Iorahim, A.E.S., and R.V. Frakes. 1984. Variability and
interrelations of sced yield components in tall fescue (F.
arundinacea Schreh.) Geoet. Agr. 38:387-398.

Jensen, H.A. 1976. Investigation of anthesis, length of cary-
opsis, moisture content, seed weight, seed shedding and strip-
ping ripeness during development and tpening of a Fesruca
pratensis seed craop. Acta Agric. Scandinavica 26:264-268.

21,

22.
23.

4.

25.

26.

27,

28.

29

30.

31.
32.
33.

34.

Johnston, M.E.H. 1960. Investigations into seed setting in
cocksfoot seed crops in New Zealand. N.Z.J. Agric. Res.
3:345-357.

Jones, M.D., and J.G. Brown. 1951. Pollination cycies of
some grasses in Oklahoma. Agron. J. 43:218-222.
Knowles, R.P., and H. Baenziger. 1962, Fertility indices in
cross-pollinated grasses. Can. J. Pl. Sci. 42:46047],
Lewis, J. 1966. The relationship between seed yield and
associated characters in meadow fescue (Festuca pratensis).
L. Agric. Sci., Camb. 67:243-248,

Lowe, C.C., and R P. Murphy. 1955. Open-pollinated sced
setting among self sterile clones of smooth bromegrass.
Agron. J. 221-224.

Mackay, K.H. 1960, Variations in cross-fertility in two xeno-
gamous grasses, Bromus inermis Leyss. and Phleum pratense
L. Doctoral thesis, Univ. Wisconsin.

McWilliam, J.R. 1980. The development and significance of
seed retention in grasses. pp. 31-60. In P.D. Hebblethwaite
{ed.). Seed Production. Butterwerths, London.

Nielson, A.K., and R.R. Kalton. i959. Combining ability for
seed characteristics in Bromus inermis Leyss. Agron. J.
51:178-181.

Raeber, 1.G., and R.R. Kalton. 1956. Variation and inher-
itance of fertility and its components in Bromus inermis Leyss.
Agron. J, 48:212-216.

Ross, I.G., and M.W. Adams. 1955. The influence of hered-
ity on seed and forage production in smooth bromegrass, Proc.
8. Dakota Acad. Sci. 34:16-20.

Slinkard, A.E. 1965. Fertility in intermediate wheatgrass
Agropyron intermedium (Host) Beauv. Crop Sci. 5:363-365.
Stoddart, J.L. 1964. Seed ripening in grasses. §. Changes in
carbohydrate content. J, Agric. Sci. 62:67-72.

Wantanabe, K. 196]. Studies on the germination of grass
pollen. II. Germination capacity of pollen in relation to ma-
urity of pollen and stigma. Bot. Mag., Tokyo 74:131-137.
Wijk, A.J.P., van 1985. Factors affecting seed yield in breed-
ing material of Kentucky bluegrass (Pog pratensis L.} J. Appl.
Seed Prod. (in press).




CHAPTER 2

Sex Plant Reprod (1989) 2:225-230

Sexual Plant
Reproduction

© Springer-Verlag 1989

Effects of genotype and temperature on pollen tube growth
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Summary. Low yield in seced crops of perennial
ryegrass is related to low fertilization efficiency and
low temperature during anthesis. To study the ef-
fect of genotype and temperature on pollen perfor-
mance, we conducted greenhouse experiments at
controlled temperatures. Individual florets of four
genotypes that are known to differ in seed produc-
tion were hand pollinated at four temperatures
(14°, 18°, 22°, 26° C) both in vivo and via a semi-
in-vitro method involving excised florets on agar.
Pollen germination and tube growth were deter-
mined with UV-fluorescence microscopy and
scored in six classes at 2 h after pollination in vitro
and after 0.5, 2 and 5h in vivo. In vitro, both
genotype and temperature had a significant effect
on the performance of self-pollen. Pollen tube
growth increased with temperature. In cross-pol-
linations, the pistil parent had a significant effect
on pollen tube growth, and there was also a signifi-
cant pistil-by-temperature interaction. In vivo,
genotype and femperature significantly affected
pollen performance. The genotype-by-temperature
interaction was only significant 5 h after pollina-
tion. One genotype with low seed yield was pseudo-
seff-compatible and was a relatively poor mother
after cross-pollination. The effects of genotype and
temperature on the growth of self-pollen might be
exploited in a breeding programme.

Key words: Lolium perenne — Pollen tube — Geno-
type — Temperature - Self-incompatibility — Seed
preduction.
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Introduction

Perenuial ryegrass Lolium perenne L. s an impor-
tant temperate grass species used for both fodder
and turf. It is propagated by seed. Seed yields are
rather low and unpredictable, and low seed yield
results from low floret site utilization (FSU), i.e.
the percentage of florets producing a seed {Grif-
fiths 1965; Burbidge et al. 1978; Elgersma 1985).
Low seed yield is related to low temperature during
anthesis (Hampton and Hebblethwaite 1983), and
low floret site utilization may be partly caused by
low fertilization efficiency.

During the past 15 years there has been a great
resurgence of interest in genetic and environmental
factors that influence pollen tube growth. Recent
data indicate that a large portion of the microga-
metophyte’s genome is transcribed and translated
during pollen deveiopment, germination and tube
growth and that the majority of these genes are
also expressed during the sporophytic stage of the
life cycle (e.g. Tanksley et al. 1981; Willing and
Mascarenhas 1984). Morcover, the growth rate of
pollen tubes both in vitro and in vivo is deter-
mined, at least in part, by the genotype of the pol-
len (see Pfahler 1970; Sari-Gorla etal. 1976;
Gawel and Robacker 1986; Mazer 1987). Various
environmental conditions, such as temperature,
humidity and salinity (Zamir et al. 1981; Sacher
et al. 1983) are also known to influence germina-
tion and pollen tube growth rates. Consequently,
as one part of a comprehensive research pro-
gramme examining genetic variation for seed yield
components in perennial ryegrass, we investigated
the effects of temperature and genotype on the per-
formance of pollen following self- and cross-pellin-
ation.
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Materials and methods
Materials

Four diploid Loliunt perenne genotypes which differ in seed
yields (as observed in 1986 on spaced plants in clonal replica-
tions in field trials near Wageningen, The Netherlands) were
chosen for this study. Two genotypes, 1-33 and 5-7, had a
high average seed vield of 78.4 and 95.3 g per plant, respective-
ly, and 0.24 and 0.25 g per spike, respectively. Genotype 1-11
had an intermediate seed yieid (26.1 g per plant and 0.12 g
per spike), and genotype 1-50 had a low sced yield per plant
(13.5 g) and per spike (0.04 g). Seed yield per spike is an indica-
tion of floret site utilization. Genotypes 1-11, 1-33 and 1-50
originate from cv ‘Semperweide’ and genotype 5-7 originates
from cv ‘Perma’.

In the autumn of 1986 the four gemotypes were cloned,
transplanted inte 32 pots and vernalized in a greenhouse at
5° to 8°C during the winter. After vernalization eight pots
of each genotype were placed into each of four greenhouses
on March 25, 1987, and grown at a constant temperature of
36°, 22°, 18 or 14° C. Flowering began in early May in the
36° C greenhouse, lollowed in June by the clones in the 22°,
18° and 14° C greenhouses. Devernalization occurred in various
plants, especially at high temperatures. At 26° C the plants were
tather small and had tiny spikes; at 18° and 14° C, the plants
were the most vigorous.

Pollinations in vitro

Within each preenhouse semi-in-vitro pollinations were per-
formed among the four selected genotypes. We shall refer to
these as pollinations in vitro in this paper. For each tempera-
ture, two or more ovaries with pistils of each of the four geno-
types were excised and transferred to an assigned position on
agar in each of five petri dishes. Because anthesis pcours in
the mid-morning, the pistils were transferred in the late afier-
noon of the day before anthesis. The five dishes were stored
overnight in the same greenbouse as the one from which the
pistils were obtained. The next morning, in each greenhouss,
pollinations were made by shaking the spikes of the pollen
parent so that a cloud of fresh pollen was released from one
of the genotypes over an open dish containing the pistils of
the four genotypes. Each genotype was used to pollinate one
dish. The fifth dish was ocpened, but no potlen was released
over it. This resulted in the equivalent of a complete diallel
cross and a sham {control) pollination. The five dishes were
incubated in the greenhouse, and after 2 h the pistils were fixed
in FAA and stored at 4° C in 15 M ethanol. The entire experi-
ment was repeated at least twice at each temperature. One of
the genotypes (1-50), however, was not included in the experi-
ments at 22° C, because of insuflicient flowering when the other
genotypes were in bloom. At 26° C, we pollinated on May 21
and 26 and on June 25; at 22°C, on Junel, 2 and 25; at
18° C, on June 10, 17, 22 and 25; and at 14* C, on June 22,
23 and 25.

Pollinations in vivo

In vivo the four selecied genotypes were used as female parents
and will be referred to as mothers. Forty unselected genotypes
from different perennial ryegrass varicties were used as pollen
parents, and these will subsequently be referred to as fathers.
These plants were vernalized as described in the Materals, but
were all placed at 22° C on March 25 in order to provide pollen
of the same quality for pollinations at different temperatures.
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Individual florets of the four mothers were pollinated immedi-
ately alter the opening of the glumes and emergence of the
stigrna. Spikelets were rumbered from the bottom of the spike
upwards, and within spikelets, florets were numbered from the
base of the spikelet upwards. In this manner, floret position
within a spike was determined. Pollinations were made by re-
leasing a cloud of fresh pollen from the fathers over the opened
florets of the mother. At least five fathers were taken at random
from among the forty genotypes and transferred from 22°C
to houses containing the mothers shortly before flowering of
the mothers. In this way open pollination with a large quantity
of compatible pollen was realized. After pollination the fathers
were put back into the greenhouse kept at 22° C. Florets were
fixed at 0.5, 2 and 5 h after pollination. Whole spikelets were
collected, fixed in FAA and stored at 4°C in 15 M ethanol.
The hand-pollinated florets were dissected from the spikelets
using a binocular microscope.

At 26° C pollinations were conducted on May 19-22, 27
and 31; at 22°C, on May 21, 26, 27 and on June 11 and 24;
at 18° C, on June 10, 11 and 24; and at 14° C, on June 23-25,
27 and on July 2 and 3.

Observations

Fixed ovaries with pistils were rinsed in water and stained with
1% aniline blue, mouanted, gently squashed and examined by
fluorescent microscopy. Two scores were recorded for each
stigma: the performance of a2 random sample of 25 polien grains
and that of the three most vigorous pollen tubes. Stigmas that
were damaged during dissection or during the staining and
mounting procedures were not scored. One score, averaged over
both stigmas, was calculated per floret for mean pollen perfor-
mance (meanpp) and one for maximum pollen performance
(maxpp).

The following scale was used: 0=no germination; 1=ger-
mination but no penetration of the sigma by the pollen tubes;
2=penetration of the stigmatic bairs, but the pollen tubes have
not advanced to the main branch {stylar canal) of the stigma;
3=growilh of the pollen tube into the main branch of the
stigma; 4=pollen tubes have advanced to the base of the
stigima; 5= pollen tubes have entered the ovary; 6 =pollen tubes
have reached the micropyle. The date was used as a covariable
within each levet of temperature, while the factors temperature,
father and mother were considered fixed.

Results
Pollinations in vitro

No pollen was deposited on the vast majority of
the stigmas in the sham pollination dishes. On four
of the sham pollinated stigmas, three to ten non-
germinated pollen grains were observed, while one
stigma had two germinated grains (scores=1 and
2) and another stigma had one germinated grain
(score =1). These sham pollinations reveal that we
had indeed selected virgin pistils and that pollen
contamination was not a problem. In total, 306
florets were scored, and on most florets both stig-
mas could be observed. The data on meanpp and
maxpp are presented in Tables 1 and 2,

Within pistils of the same genotype, pollen
tubes had generally advanced further after cross-



Table 1. Mean polien performance {Meanpp) +standard error
in four perennial rycgrass genotypes 2 h afier pollination in
vitro at four temnperatures (T). Self-pollinations are underlined.

Table 3. Summary of the analyses of variance for the perfor-
mance of self-pollen in vitro; * P<0.05; ** P 0.0

For explanation of codes see text Source daf Meanpp Maxpp
T Mother  Father MS F MS F
Q)
57 1-11 1-33 i-50 Temperature (T} 3 117 355* 2171 6¢1+
Genotype {G) 3 440 13.64%* 496 13.75%F
14 5-7 0.940.1 23401 23402 20400 -G 8 0.38 1.1dns .32  0.89ns
1-11 20400 08402 26401 1.840.2 Residual 101 033 ¢.36
1-33 2.6+04 19404 14402 31402
1-50 22402 18402 23402 1.5+0.1
18 5- 7 14401 29403 31403 33401 Table 4. Summary of the analyses of variance for the petfor-
1-11 29403 17402 31401 27403 rnance of ¢ross-pollen in vitro. ns, Not significant; * P<{.05
1-33 33403 28+04 1.740.2  2.6+0.2
1-50 23401 23402 25403 24102 Source 4f  Meanpp Maxpp
22 -7 1.740.41 26102 3.0+03 -
-1 32Y63 15402 34%02 Ms F MS F
::2[3] E‘Gi 02 3'3 102 19 103 B Temperature (T) 2 057 197ns 004 008ns
Mother (M} 3 221 T65% 254 512*
26 57 14404 36102 33402 37103 Father (F) 3 104 357+ 1.19 2.40ns
111 34403 14104 33101 30101
1-33 31306 25£02 21103 39+01 T 8 05 200° 131 263
1-50 32402 3.0+06 30101 28401 T § 020 06705 028 057ns
" : . . ; " . M-F 5 065 223ps 093 187ns
M-F-T 11 051 1.74ns 052 195ns
Residual 137 0.29 0.49

Table 2. Maximum pollen performance (Maxpp) +standard er-
ror in four perennial ryegrass genotypes 2 h after pollination
in vitro at four temperatures (T). Self-pollinations are under-
lined

T Mother Father

49
5-7 1-11 1-33 1-50
14 57 14301 3301 32402 30403
141 26304 16103 32¥02 27405
1-33 31401 27404 18302 42+01
1-50 30100 27402 33103 23402
18 57 20402 38304 238304 42302
111 38%05 26302 38404 35402
1-33 40405 38105 28403 33102
1-50 31404 34402 39103 33403
2 57 26401 41:02 41105 -
1-11 45302 24%01 46102 -
1-33 36402 33£03 29104 -
1-50 - - - -
2% 57 24404 48401 47403 50400
1-11 41+04 24404 45402 374041
1-33 42407 36403 30302 47+03
1-50  33+03 37407 4102 36101

poliination than after sclf-pollination at all temper-
atures. This was expected, since perennial ryegrass
is a self -incompatible species (Spoor 1976). There-
fore, we separately analysed the data on pollen
performance after self- and ¢ross-pollinations,
Among the self-pollinations, significant geno-
typic effects were present for both meanpp and

for maxpp (Table 3). In general the pollen tubes
of genotypes 1-33 and 1-5¢ advanced further than
those of genotypes 5-7 and 1-11 (Tables 1 and 2).
Because the four genotypes flowered on different
dates in the 14°, 18°, 22° and 26° C greenhouses,
it was usually not possible to perform the experi-
ments at different temperatures on the same day;
thus date was introduced as a covariable in the
model. After climination of the effect of pollina-
tion date within temperature, temperature was ob-
served to have a significant (Table 3) and positive
(Tables 1 and 2) effect on pollen performance. The
interaction of genotype by temperature was not
significant (Table 3).

The results of the analyses of the cross-pollina-
tions are summarized in Table 4. Temperature af-
fected neither meanpp nor maxpp. The effect of
the mother on both meanpp and maxpp was signif-
icant. The effect of the father on meanpp was sig-
nificant, but on maxpp it was not. The mother-by-
temperature interaction was significant for both
meanpp and maxpp. That is, the performance of
the cross-pollen on some maternal genotypes (e.g.
1-33) varied only slightly with temperature, while
on other genotypes {e.g. 5-7) temperature had a
pronounced effect. Maternal-by-paternal interac-
tion, father-by-temperature interaction and the
three-way father-by-mother-by-temperature inter-
action were not significant.
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Poliinations in vive

In florets fixed 0.5 h after pollination, rare pistils
contained pollen tubes that had already reached
the micropyle, presumably due to pollen contami-
nation prior to the artificial pollination since the
majority of the pollen tubes had not yet penetrated
the stigma. However, this was only found at 26° C,
twice in genotype 1-33 and once in genotype 1-11,
and at 22° C, once in genotype 5-7 and once in
genotype 1-50. Therefore, we conclude that pollen
contamination was not a serious problem. These
florets were disregarded in the analyses, which
left 207 florets to be studied at 0.5h and after
pollination, 216 florets at 2 h after pollination and
267 florets at 5 h after pollination. The data on
maxpp are presented in Table 5. Only the most
vigorous pollen grains had germinated at 0.5h
after cross-pollination, but their tubes generally

Table 5, Maximum pollen performance (Maxpp) +standard er-
ror in four perennial ryegrass genotypes 0.5, 2 and 5h after
open pellination in vive at four temperatures {T)

T Mother Hours after pollination
°0)
0.5 2 3

14 57 0.50+0.18 - 3754064
1-11 1.31+0.26 2.3340.32 279+0.1
1-33 1.41+0.13 3.3640.33 1.24+034
1-50 1274022 - -

18 -7 0.91+0.22 1.90+0.28 220039
-1 198 +0.18 306 +0.31 1454032
1-33 1.55+0.12 2.5240.32 395+0.34
1-50 1.77+0.20 2954051 5.61+£0.29

22 =1 2.194+0.31 4.00+0.41 5124025
1-11 0.95+0.09 29540.35 4.004+0.53
1-33 2.004+0.67 4.474+0.41 4.73+0.27
1-50 - - 3.334£0.88

26 57 1.33+0.23 3471040 3071027
1-11 1.891+0.20 4254025 4.63+0.30
1-33 1111013 473+0.21 4364045
1-50 - - -

had not penetrated the stigmatic hairs. At 2 h after
pollination the three most virgorous pollen tubes
had entered the stigmas and had sometimes ad-
vanced to the base of the stigmas. After 5h they
were observed in the main branch of the stigmas
and had sometimes alrcady penctrated into the
ovary (Table 5),

The results of the analyses of variance within
each of the three sampling times are summarized
in Table 6. The analysis of variance of meanpp
is not presented because the results were similar
to those of maxpp.

At 0.5, 2 and 5 h after pollination, significant
effects of temperature and genotype on maxpp
were found (Table 6). Pollen performance tended
to increase with temperature (Table 5). The geno-
type-by-temperature interaction was only signifi-
cant at 5 h after pollination (Table 6).

Discussion

Our data show that an environmental factor (tem-
perature) as well as the genotype of the mother
plant affect the performance of both self- and
cross-pollen. As expected, temperature affected the
performance of cross-pollen in vivo and the perfor-
mance of self-pollen in vitro, but no significant
effect of temperature on cross-pollen was observed
in vitro. This was probably due to increased vari-
ance resulting from variation in pollination time.
However, the mother-by-temperature interaction
was significant (Table 4).

Cross-pollen outperformed setf-pollen because
perennial ryegrasss has a gametophytic self-incom-
patibility system (Spoor 1976; Cornish ¢t al. 1979;
McGraw and Spoor 1983). The resulting self-in-
compatibility is strong, but not complete, and
small quantities of seed may be obtained when in-
dividual plants are self-pollinated (Jenkins 1931;
TFoster and Wright 1970; Cornish et al. 1980). This
behaviour is usually referred to as psendo-self-
compatibility and individual plants differ with re-

Table 6. Summary of the analyses of variance for pollen performance {Maxpp) of cross-pollen in vivo at 0.5, 2 and 5h after

poliination. ns, Not significant; * P<0.05; ** P<0.01

Source Hours after pollination

0.5 2 5

ar M5 F dar MS F df MS F
Temperature (T) 3 2.94 3.48+* 3 8.49 3.56* 3 17.86 15.86%*
Genotype (G} 3 6.07 7.20%* 3 16.75 7.03** k! 21.97 9.20**
T-G 4 2.06 2.34ns 2 0.79 0.33ns 4 18.67 7.82%*
Residual 255 0.84 203 238 252 239
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spect to their pseudo-self-compatibility (Fearcon
et al. 1983; Winkelhorst and den Nijs, unpublished
work). Moreover, year-to-year variation in seed set
of some genotypes after self-pollination indicates
that environmental factors may also influence the
degree of pseudo-self-compatibility {Jenkins 1931;
Beddows et al. 1962).

In pereanial ryegrass a callose reaction occurs
after the contact of an incompatible pollen tube
with the stigma and this prevents further pollen
tube growth (Lundgvist 1961). Following selfing
in vitro, the stigmas generally had not been pene-
trated in genotypes 5-7 and 1-11 (Table 1}. In gen-
otype 1-33, however, most pollen tubes had pene-
trated the stigmatic hairs at 26° C, and in geno-
type 1-50, at 18°, 22° and 26° C, indicating that,
in these genotypes, self-incompafibility was less
strong. The three most vigorous pollen tubes en-
tered the stigma in all genotypes at 18°, 22° and
26° C; in genotype 1-50 penetration even occurred
at 14° C. So it is obvious that both genotype and
temperature influenced the growth of self-pollen.
In a grass breeding programme, these effects might
be exploited. For example, some genotypes might
best be self-pollinated at a high temperature.

Perhaps environmental effects, such as temper-
ature, are responsible for some of the confusion

concerning the number of loci involved in the in-
compatibility system of perenmial ryegrass (Law-
rence et al. 1983; McGraw and Spoor 1983; Leach
1984). We found that the performance of self-pol-
len at higher temperatures may exceed the perfor-
mance of cross-pollen at a lower temperature. Con-
sequently, unless temperature is carefully con-
trolled, day-to-day fluctuations in temperature
could obscure the degree of self-incompatibility.
There are some interesting contrasts among the
four genotypes with respect to the performance of
their pollen and pistils in self- and cross-pollina-
tions in vitro. This is illustrated in Fig. 1 (the data
are extracted from Table 2). The performance of
self-pollen follows a pattern similar to the perfor-
mance of pollen on stigmas of other genotypes.
In contrast, the receptivity of the stigma seems to
follow a different pattern. In essence, genotype
1-50, which is pseudo-self-compatible, is an out-
standing father but a relatively poor mother
(Fig. 1). On the other hand, the strongly self-in-
compatible genotype 57 is a less good father and
a relatively good mother. Perhaps strong self-in-
compatibility might actually promote the growth
of cross-pollen while inhibiting the growth of self-
pollen. Clearly, a larger study with more genotypes
would be needed to explore such possibilitics.

6 6
5-7 1-11
St 0 5
s -‘0--_____7..,“’.',‘ ............ A al
3 —2’- a 3 _6;1-.;"";
2r 2 h/\‘—.

18 22 26
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Fig. 1. Maximuim pollen
performance (maxpp; ordinate) of
pollen of four perennial rycgrass
genotypes in their own stigmas

(e behaviour after selfing) and in
other stigmas (4 behaviour as a
father} and maxpp of cross-pollen
on the stigmas of these four
genotypes (o behaviour as a
mothet) at four temperatures (°C;
abscissa) in vitro. Data were
extracted from Table 2

ie 22 26
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The poor performance of cross-pollen on pistils
of genotype 1-50 may explain the low seed yield
of this genotype. On the other hand, pistils of geno-
type 5-7 permit rapid growth of cross-pollen, and
this genotype has a high yield. In penotypes 1-i1
and 1-33 the relationship between behaviour as
a mother and seed yield is less clear.

Obviously, pollination in vitro provides techni-
cal advantages over pollination in vivo. In vitro,
emasculation is easy and time of pollination can
be adjusted to the pollen source. In vivo, simulta-
neous flowering of both parents is difficult to
achieve, as time of flowering during the morning
depends on genotype and temperature. In vivo,
some self-pollen is always shed onto the stigmas
while one is hand-pollinating with cross-pollen, un-
less the mother is male sterile or has been emascu-
lated. If for some reason no adequate cross-pollin-
ation occurs, the pollen observed will be mainly
self-pollen. But even after abundant pollination
with viable, compatible cross-pollen, the stigma al-
ways contains a mixture of cross- and self-polien.
Therefore, the performance of the most vigorous
pollen tubes will give a better indication of the
performance of cross-pollen than the average pol-
len performance.

In the in-vitro experiments pollen was pro-
duced inside the greenhouse where the pollinations
were conducted, and therefore the pollen may have
a different quality at each temperature. In the in-
vivo experiments all the pollen was produced at
22° C, therefore performance of the three most vig-
orous pollen tubes in vitra and in vivo can strictly
only be compared after 2 h at 22° C. However, the
pollinations were conducted on different days, and
since date had a pronounced effect on pollen per-
formance, only a rough comparison is possible be-
tween our results obtained in vitro and in vivo.
A detailed study with more genotypes is necessary
to compare both methods. However, the trend that
the genotype of the mother affects both mean and
maximum pollen performance was the same in
both our ¢xperiments in vitro and in vivo.
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Summary

In seed crops of perennial ryegrass, Lolium perenne L., yields are low and only 15 to 20% of the florets
produce a harvestable seed. This study was conducted to determine if seed abortion was a major cause of low
fioret site utilization (FSU) and therefore of low seed yield in spaced plants. Spikes of four spaced-pianted
genotypes of perennial ryegrass were harvested and fixed at one-week intervals one to five weeks after the
beginning of anthesis. Of a total of 74 spikes, over 13,000 florets were examined with a binocular microscope
and 66 whole spikelets were microtome sectioned. The histology of the pro-embryo is presented in relation to
the development of the endosperm. In one low vielding, two intermediate and one high yielding genotype,
biological FSU was 8,72, 73 and 63%, respectively. In all genotypes, 90% of the unproductive florets showed
ovule degeneration within a few days after flowering. A few florets were sterile or contained a degenerated
embryo sac already before flowering and about 5% of the unproductive florets showed seed abortion later
* than one week after flowering. Within a spikelet, successful fertilization did not decline from the basal to the
distal floret. Although in later stages distal florets had slightly less seeds, unproductive florets were found at
all floret positions. Biological FSU decreased mainly by ovule degeneration shortly after flowering. In
spaced plants, seed abortion was not important to low seed yield.

. Introduction

Perennial ryegrass, Lolium perenne L., is an im-
portant temperate grass species. It is propagated by
seed, but seed yields are rather low and unpredict-
able. New cultivars can only be commercialized,
- however, if the seed production is satisfactory.
Therefore, seed vield should become a more im-
portant selection criterion in grass breeding (Grif-
fiths, 1965; Elgersma, 1985).

Seed crops of perennial ryegrass have a high
yield potential, but realized yields are low (Grif-
fiths et al., 1973; Hebblethwaite, 1977). Only 15 to

20% of the available florets produce a harvestable
seed. The reasons for this very low economical
floret site utilization (FSU) are many: unproduc-
tive florets may be sterile {Knowles & Baenziger,
1962) or unpollinated, which is usually attributed
to unfavorable weather during anthesis. Florets
may be pollinated but not fertilized, either due to
incompatibility or to poor weather conditions for
pollen germination or tube growth. Florcts may
become fertilized, but embryos or developing
seeds may abort (Burbidge et al., 1978; Hill, 1980).
Seeds may shatter before harvest (Anslow, 1964;
Elgersma ct al., 1988; Stoddart, 1964) or be lost
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during harvesting and cleaning (Meijer, 1985). Fi-
nally, factors such as seed crop management, lodg-
ing, uneven ripening and diseases also affect seed
yield (Vyncke, 1981).

FSU is therefore a complex trait and estimates
depend upon the developmental stage, the sam-
pling technique and the determination method. Bi-
ological FSU, defined as the percentage of initial
florets producing a viable seed, results from polli-
nation, fertilization and seed development. Eco-
nomical FSU, defined as the percentage of initial
florets contributing to the harvested seed, is deter-
mined by shattering, harvesting and cleaning as
well (Elgersma, 1985).

Detailed observations are necessary for a better
understanding of the problems associated with low
seed production in perennial ryegrass {(Marshall,
1985). Developmental morphology of the embryo
is described in cereals {(Bhatnagar & Chandra,
1975; Suetsugu, 1951; 1953), but in forage grasses
little is known about seed development and abor-
tion. Reusch (1959) cbserved the early growth
rates of the endosperm and the embryo of peren-
nial ryegrass.

Not much is known about the position of unpro-
ductive florets within the inflorescence. Anslow
(1963; 1964) and Burbidge et al. (1978) mentioned
a decline in successful fertilization within a spikelet
from the basal to the distal floret. They also found
that embryos of distal florets were more susceptible
to abortion. However, Knowles & Baenziger
(1962) observed that although upper florets within
spikelets generally produced less seeds than lower
florets, unproductive florets were found through-
out spikelets and were not confined to distal flo-
TCts.

In this study seed development, degeneration of
ovules, and seed abortion were studied cytological-
ly in four genotypes of perennial ryegrass to in-
vestigate differences in biological FSU. The per-
centage productive florets was related to genotype,
floret position and developmental stage.

The fruit, consisting of a single seed fused to the
pericarp, is botanically a caryopsis but will be re-
ferred to as a seed in this paper.
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Materials and methods

Four unrelated diploid genotypes of perennial rye-
grass with contrasting seed production were used
that had been examined during several years (Ta-
bie 1). Two genotypes originate from cultivars, two
from breeding families. The extremely low yielding
genotype 1-5 descends from a cross of perennial
ryegrass with Westerwold ryegrass; the progeny
was backerossed three times with perennial rye-
grass. The other genotypes combined a fair to high
seed yield with good seed retention (Elgersma,
unpublished results).

In 1985, the genotypes were grown on a sandy
soil in large spaced planted nursery at Wolfheze,
the Netherlands. The plants were not tied up and
spikes lodged after anthesis. The plants were open-
pollinated with compatible pollen. Flowering was
defined as anther emergence of any individual flo-
ret, regardless of position or time of opening on a
plant. Anthesis was defined as the first floret to
flower on a spike. In each genotype, four individu-
ally labeled spikes were collected at random at
one-week intervals starting at one week after an-
thesis (WAA) until five WAA. Whole spikes were
fixed in FAA (900ml 15M ethanol, 50ml acetic
acid, 50 ml formaldehyde 1-7) and stored at 4°C in
15 M ethanol. The spikes were dissected and spike-
lets were observed with a binocular microscope.
Florets were checked for the presence of a seed and
the size of the seed was determined. Rudimentary
florets at the tip of each spikelet were omitted.

Sixty-six spikelets containing 587 florets were
chosen for cytological and histological investiga-
tion (Table 2). They were dehydrated in ethanol

Table 1. Seed yield of spaced plants of perennial ryegrass,
determined during four years

Genotype  Source Yield per plant (g)

1982 1983 1985 1986

1-5 175-5 - - 1.1 -

10-3 ‘Perma’ 11.2 17.0 H.1 1.5
10-7 ‘Lamora’ 10.2 14.4 9.7 7.3
5-8 3719 20.9 18.9 179 344




and embedded in paraffin. Whole spikelets were
sectioned at a thickness of 12 um along their axis.
The sections were stained with safranin and fast
green and examined with a light microscope.

For each genotype, the numbers of spikelets,
florets and seeds per spike were determined and
the percentage of productive florets was calculat-
ed. This percentage was also related to floret pos-
iton within the spike. Therefore, florets were num-
bered from the base of a spikelet upwards. Per
spike, florets at positions 1, 2 and 3 were grouped,
florets at positions 4 to 6 were grouped, florets at
positions 7 to 9 were grouped, etcetera.

Results

Normal development

The inflorescence of perennial ryegrass is a spike,
generally containing 20 to 30 spikelets (Fig. 1).
Each spikelet contains 5 to 13 normally developed
florets with a rudimentary floret at the top. Basal
and intermediate spikelets have more florets than
apical spikelets, A floret consists of a lemma and a
palea enclosing two lodicules, one ovary with two
stigmas and three anthers. The ovule is anatropous
and bitegmic. The mature embryo sac is of the
Polygonum type and consists of an egg cell, and
two small synergids located at the micropylar end,
a central cell, and three prominent antipodals at
the chalazal end.

Table 2. Numbers of sectioned spikelets (s) and florets (f) stud-
ied in four genotypes of perennial ryegrass at four stages of the
sampled spikes

Genotype  sf Stage {(WAA}
1 2 3 4

1-5 5 6 18 - -
f 53 163

10-3 s 4 6 2 -
H 40 50 20

10-7 $ 3 10 - 3
f 25 63 23

58 s 4 8 2 -
f 49 78 23

In spikes of perennial ryegrass, flowering gener-
ally starts in the central spikelets. It continues
along the spike rather rapidly to the top and more
slowly to the base. Within a spikelet, flowering
proceeds acropetally. Under favorable weather
conditions, more than one floret within a spikelet
flowers during the same day. At flowering, the
lodicules enlarge and the glumes open. Stamens
and stigmas emerge simultaneously from the
glumes. Pollen is released within a few minutes
after anther emergence. The time between pollina-
tion and fertilization depends upon both genetical
and environmental factors. In perennial ryegrass,
polien germinated within 0.5 hour, and 2 to 3 hours
after pollination pollen tubes had reached the mi-
cropyle at 14 to 26°C (Elgersma and Stephenson,
unpubtished results). Reusch (1959) observed divi-
sions in endosperm nuclei 12 hours after pollina-
tion.

Prior to flowering, the ovary is round and has an
average diameter of 0.5 mm (Fig. 2). In florets with
recently fertilized embryo sacs the ovule enlarges
and the ovary increases in length as well. Within
the embryo sac, the zygote is located at the micro-
pylar end and synergids are no longer visible. We
were not able to observe synergid degeneration
after pollination. Shortly after fertilization, the pri-
mary endosperm nucleus divides repeatedly and
free-nuclear endosperm is formed. Nuclei are scat-
tered mainly near the zygote, around the antipo-
dals, and in a thin layer of cytoplasm lining the
periphery of the embryo sac. The antipodals en-
large. Due to the growth of the endosperm, the
antipodals become located in a lateral position to-
wards the adaxial side (Fig. 3).

Some days after flowering, when the ovary has
elongated to 1.5 mm, the zygote divides, by form-
ing a transverse wall, into an apical cell at the
chalazal end and a basal cell at the micropylar end.
This pro-embryo is surrounded by a thick layer of
free-nuclear endosperm. Then the endosperm cel-
lularizes. Cell formation starts around the embryo
and proceeds to the chalazal end of the ovary. The
antipodals persist and enlarge further (Fig. 4). As
cellularization of the endosperm continues, the
first layer of endosperm cells at the chalazal end
forms along the periphery of the embryo sac, The
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Fig. 1. Spike of Lolium perenne L., containing 26 spikelets. Counted from the base, the fifth, thirteenth and twenty-second spikelet have
been removed (arrows) (x 0.5).

Fig. 2. Mature ovule with embryo sac (ES); the central cell (C) is visible (x 120).

Fig. 3. Ovule with zygote (Z), free-nuclear endosperm (arrows), and two antipodals (A) visible (x 120).

Fig. 4. Ovule with two-celled proembryo (E), as the cellularization of endosperm (EN) starts. Free-nuclear endosperm is indicated by
arrows. Two of the three antipodals (A) are prominently visible (x 120).

Fig. 5. Part of ovule with globualar embryo (E) and cellular endosperm (EN} (x 120}.

Fig. 6. Detail of endosperm in ripe seed, cells contain starch. AL is aleuron layer (X 190).

Fig. 7. Differentiated embryo (E), scutellum (SC) and plumule (PL} are visible. EN is endosperm (X 120).

Fig. 8. Ovule with collapsed embryo sac (ES) in pre-anthesis stage ( 120).
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apical cell of the pro-embryo divides perpendic-
ularly to the plane of the first division. After the
three-celled stage, division takes place in the two
upper cells in a plane parallel to the first division,
resulting in a five-celled pro-embryo. After this
stage, the pro-embryo develops further into a mul-
ti-cellular, pear-shaped embryo. The endosperm
continues cellularizing and the antipodals decline.
When the cellularization of the endosperm is com-
pleted and the central part of the embryo sac is
filled with cells, the embryo is globular (Fig. 5).

Two weeks after fertilization, embryo differen-
tiation has begun and starch is found in the endosp-
erm cells. The outer layer of the endosperm con-
sists of one layer of smaller cells without starch,
which become the aleuron layer (Fig 6). In ripening
seed, differentiation of the provascular and meris-
tematic tissue is observed (Fig. 7). In a fully differ-
entiated embryo, a scutellum, plumule, and radicle
are visible.

In spikes fixed onc week after anthesis (one
WAAY), the developmental stages of the florets
ranged from globular embryos with cellularized
endosperm at the base of the central spikelets to
immature embryo sacs at the upper parts of apical
and basal spikelets. At two WAA, developing
sceds at the base of the central spikelets contained
differentiating embryos and endosperm cells with
starch. In the upper parts of the central spikelets
and in the lower parts of the other spikelets, seeds
with free-nuclear endosperm were found. At this
time, some top florets of the basal spikelets had not
flowered yet. Three WAA all normally developed
florets had flowered and four WA A seeds of central
and apical spikelets were mature. Distal seeds
started to shatter from the upper spikelets. By five
WAA many seeds had already been shed and the
remaining seeds were completely ripe, with solid,
granular endosperm.

Ovule degeneration and seed abortion
Many florets did not set seed or exhibited arrested
seed development of various types.

In some non-apical florets, the ovary was rudi-
mentary and non-functional reduced anthers were
present inside the glumes. Apparently, these flo-
rets were completely sterile. In all four genotypes,

they occurred in very low frequencies.

In a low percentage of the sectioned florets, de-
generation staried before anthesis and affected the
embryo sac, which collapsed (Fig. 8). The ovartes
were similar in size to normal ovaries at the same
developmental stage.

In about 90% of the unproductive florets, degen-
eration started within a few days after flowering
and affected the nucellar tissue. This was similar in
all genotypes. Some nucellar ceils were swoilen and
stained more intensely with safranin than normal
cells (Fig. 9). In more advanced stages of degener-
ation, the contents of the cells of the ovule dis-
appeared (Fig. 10).

In about five percent of the unproductive florets,
seeds degenerated in later stages. The endosperm
in such aborting seeds was in the early cellular stage
and the embryo was globular. The embryo shriv-
elled (Fig. 11) and stained very darkly. In the en-
dosperm, the content of cells was hydrolyzed and
whole cells deteriorated. Such aborting seeds were
easily distinguishable under a binocular micro-
scope. In a few florets with collapsed seed, insects
were found inside the glumes.

Summarizing, we found that the majority of the
unproductive florets showed ovule degeneration
shortly after flowering in all genotypes. No differ-
ences among genotypes occurred for the percent-
age of sterile florets or aborting seeds.

Floret site wtilization related to genotype

The total number of examined spikes and the aver-
age number of spikelets per spike of the four geno-
types are summarized in Table 3. Genotypes 10~7
and 5-8 had more spikelets per spike than geno-
types 1-5 and 10-3.

The number of fiorets per spikelet and per spike,
the percentage of florets at pre-flowering stages
and the percentage of spikelets with one or more
shattered seeds are presented in Table 4, Geno-
types 1-5 and 5-8 initially had a high number of
florets per spikelet, compared to genotypes 10-3
and 10-7. Not unexpectedly (Table 3}, rather large
differences occurred for the average number of
florets per spike. At one WAA, in all genotypes
many florets (9 to 26%) were still in pre-flowering
stages.
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Fig. 9. Ovule degencration just after pollination (X 120).

Fig. 16. Ovule degeneration as in Fig. ¢, but in 2 more advanced stage of degeneration (x 120).
Fig. 11. Late abortion, resuiting in a degenerated ovule and ovary. E is embryo, EN is cellular endosperm {x 120).

The number of spikelets per spike (Table 3) is
independent of age, but the number of florets per
spikelet and per spike declined at four and five
WAA as a result of shattering (Table 4).

Table 5 shows the number of normally devel-
oping seeds and the percentages of both actual and
initial florets containing a sced. In all genotypes,
the actual percentage of productive florets re-
mained fairly stable with age, but the absolute
numbers of florets (Table 4) and seeds (Table 5)
per spike decreased in spikes sampled one to five
WAA due to shattering. This decline was especially
observed in genotypes 10-7 and 5-8, where at five

Table 3. The number of examined spikes (n) and the average
aumber of spikelets per spike with standard error (SE) and
range in four genotypes of perennial ryegrass

Genotype n Number of spikelets per spike
mean + SE range

1-5 18 237+ 0.3 21-26

16-3 17 223+ 05 19-28

10-7 19 258+ 04 22-28

58 20 262+ 0.6 23-31

Table 4. The average number of florets per spikelet and per
spike, the percentage of florets at pre-flowering stages (pre) and
the percentage of spikelets with shattered seeds (shat) of four
genotypes of perennial ryegrass at five stages

Genotype  Stage  Number of florets pre shat

(WAA) (%) (%)
Ispikelet /spike

1-5 1 9.6 254 9 0
2 9.2 203 0 0
3 10.2 241 0 8
4 8.7 202 0 21
5 7.4 174 0 38

10-3 1 7.4 164 9 0
2 8.7 174 2 0
3 8.4 177 0 o
4 7.7 191 0 9
5 7.0 170 0 40

10-7 1 9.7 241 26 0
2 7.6 188 6 0
3 8.0 200 4 16
4 6.3 153 0 47
5 5.0 121 0 66

5-8 1 9.7 264 20 o
2 10.1 311 7 0
3 9.9 251 0 0
4 10.3 282 0 11
5 6.4 201 0 B0
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WAA on average 66 and 80% of the spikelets,
respectively, had shattered seeds (Table 4).
Instead of expressing the number of seeds as a
percentage of the number of florets present at that
moment, we were also interested to know which
percentage of the initial florets resulted in a seed.
Therefore, the initial number of florets was calcu-
lated from spikes that had not shattered seeds yet
and valued 234, 177, 211 and 274 in genotypes 1-3,
10-3, 10-7 and 5-8, respectively. The actual num-
ber of seeds was expressed as a percentage of the
initial number of florets per spike (Table 5). Atone
and two WAA, this percentage was generally lower
than at three WA A because distal florets had not
flowered yet. At four to five WAA, this percentage
declined due to shattering. Consequently, three
WAA is the best stage to determine biological
FSU, which is defined as the percentage of initial
florets producing a seed (Elgersma, 1985). Esti-

Table 5. The actual number of seeds per spike, and the percent-
age of productive florets, calculated as percentage of actual and
initial florets (A and I, respectively) in spikes of four genotypes
of perennial ryegrass at five stages

Genotype Stage Number Percentage productive

(WAA) ofseeds florets (%)
per spike
A 1
1-5 1 19 10 8
2 10 5 4
3 18 8 8
4 15 7 6
5 9 5 4
10-3 1 98 i} 55
2 114 67 64
3 127 72 72
4 121 5] 68
5 110 66 62
10-7 1 129 87 61
2 132 79 63
3 154 80 3
4 124 8 59
5 95 78 45
58 1 153 78 56
2 223 81 81
3 172 69 63
4 196 2 72
5 131 81 48

mated values of biological FSU in genotypes 1-5,
10-3, 10-7 and 5-8 thus were &, 72, 73 and 63%,
respectively. In genotype 5-8, however, this esti-
mation may be somewhat low because the four
spikes sampled at 3 WAA contained rather few
florets per spike (Table 4) and both the number of
seeds per spike and the actual percentage of pro-
ductive florets were low (Table 5), compared to the
other sampled spikes of this genotype.

At five WA A, in genotype 1-5 only 50% (9/18) of
the florets with seed at three WAA yielded seed
(Table 5). In genotypes 10-3, 10-7 and 5-8, only
87, 62 and 76% of the seeds present at three WAA
were still present at five WAA (Table 5). This
illustrates the loss of seed caused by shattering.

The percentage of productive floreis related to floret
position

The percentage of florets containing a normally
developing seed was related to floret position with-
in the spike (Table 6). Each value was calculated
from at least 25 florets. Genotype 1-5 had an ex-
tremely low percentage of productive florets. In
the high yielding genotype 5-8 (Table 1), many
florets contained a seed.

In spikes sampled one WAA of genotypes 10-3,
10-7 and 5-8 the percentage of productive florets
was not lower in distal florets, i.e., no decline in
successful fertilization was observed. At two
WAA, the percentage of productive florets de-
clined in genotype 10-3 but not in the other geno-
types, i.e., embryos in distal florets were not more
susceptible to abortion than in basal or intermedi-
ate florets until two WAA. At later stages, the
percentage of productive florets tended to decline
in distal florets in genotypes 1-5, 10-3 and 10-7, but
not in genotype 5-8. On average, 5% of the uapro-
ductive florets showed seed abortion occurring lat-
er than one week after flowering in all genotypes.
The percentage of aborting seeds did not increase
in time and such seeds were found at all floret
positions.

Discussion

Normal development
Our study gives a cytological description of normal
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development of embryo and endosperm in peren-
nial ryegrass. An exact time table cannot be pre-
sented because it is not certain on which specific
day an examined floret had been pollinated.

Our results concerning normat seed develop-
ment demonstrate the lag in time between early
embryonic and endospermatic cell division, and
agree with the observations of Reusch (1939). Divi-
sion of the endosperm nucleus generally starts be-
fore the first division of the zygotic cell (Evenari,
1984). Moreover, the early growth rate of the em-
bryo is much slower than that of the endosperm in
perennial ryegrass (Reusch, 1959).

The pattern of cell divisions in the pro-embryo of
perennial ryegrass has not been described before,
as far as we know, and is similar to the pattern
observed in barley and rye (Suetsugu, 1951). The
rate of seed development depends on the position
of the floret within the ear. Within each spikelet,
top florets are the last to flower but first to ripen.
Not surprisingly, seeds from basal florets are larger

Table 6. The percentage of florets with a normally developing
seed related to floret position in four genotypes of perennial
ryegrass at five stages

Genotype Stage Floret position

(WAA)
13 46 79 10-12 1315
1-5 1 12 4 6 - -
2 8 0 7 6 -
3 11 7 8 3 -
4 510 3 -
5 9 3 1 0 -
10-3 1 2B R - -
2 %M 61 42 -
3 B4 T 4 M -
4 7 66 552 -
5 1 7 8 - -
10-7 1 7 92 9% - -
2 80 76 85 - -
3 81 81 8 58 -
4 8 88 69 - -
5 7% 82 59 - -
58 1 83 M 8 -
2 8 80 75 % -
3 % 6 & 57 -
4 0 75 570
5 8 s 0 79 -
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than seeds from apical florets within a spikelet
(Anslow, 1964).

Ovule degeneration and seed abortion

Genetic variation occurred for biological FSU: in
the low vielding genotype it was only 8% but in the
three medium to high yielding genotypes, biolog-
ical FSU ranged from 63 to 73%. It was striking,
however, that although the percentage of unpro-
ductive florets differed greatly among genotypes,
the histology of degeneration was sitnilar: ovule
degeneration occurring shortly after anthesis was
the major cause of decreased biological FSU in all
genotypes. It is not clear whether this was caused
by lack of fertilization or of divisions of the primary
endosperm nucleus or the zygote. Also, meiotic
irregularities may contribute to sterility. This may
have been important in the low yielding genotype
that descends from an interspecific cross. How-
ever, we did not check meiosis.

In a low percentage of the observed seeds, we
found degeneration starting at later developmental
stages. Seed abortion occurred at all floret posi-
tions, this was similar in all four genotypes. The
early development of such aborting seeds is nor-
mal; a globular embryo and cellular endosperm are
present. In some cases, abortion may have been
caused by insects, which were sometimes found on
top of the sceds, inside the lemma and palea. Insect
damage has also been reported in cocksfoot, where
florets with thrips infestation were found, larvae
destroying the developing seed (Johnston, 1960).

Our results, obtained on spaced plants, contrast
with the ideas of Burbidge et al. (1978), who con-
sider abortion of seed occurring later than three
weeks after anthesis one of the major reasons for
low FSU in plots of perennial ryegrass. However,
Meijer {1985) observed in plots of perennial rye-
grass that late abortion never exceeded 3% of the
total, which agrees with our observations on spaced
plants.

Floret site utilization

In our material, successful fertilization did not de-
cline within a spikelet from the basal to the distal
floret, which contrasts with the observations of
Anslow (1963; 1964) and Burbidge et al. (1978).



They also found that in plots, seeds of distal florets
were more susceptible to abortion. This pattern
suggests a competition for assimilates or mineral
nutrients within the spikelet (Hebblethwaite &
Hampton, 1981; Marshall, 1985). In plots, compe-
tition between spikes for light, water, assimilates
and nutrients is much stronger than in spaced
plants. We found distal florets within spikes of
spaced plants to produce slightty less seeds than
lower florets. However, unproductive florets were
found at ali floret positions, which was also report-
ed by Knowles & Baenziger (1962). This suggests
genetical or cytological causes rather than physio-
logical stress.

Low FSU is reported to be the most important
limiting factor for high seed yield in many grass
species (reviewed by Elgersma, 1985). For peren-
nial ryegrass very ditferent FSU are reported: 38%
(Hiil, 1971), 44% and 48% (Bugge, 1981}, 53.9%
{Beddows, 1931}, 62% (Griffiths & Lewis, 1967)
and 92.9% (Jenkin, 1931). Burbidge et al. (1978)
observed that about 60% of the florets set seed
within 3 weeks from anthesis, but by final harvest,
after 4 to 5 weeks, only 40 to 50% of these yielded
seed.

In this study, biological FSU was 8, 72, 73 and
63%, respectively, in the four genotypes. Although
the percentage of florets containing a normally de-
veloping seed declined only slightly in spikes sam-
pled one to five WAA, the actual numbers of flo-
rets and seeds per spike decreased rather strongly
due to seed shattering. At five WAA only 50, 87, 62
and 76% of the initial seeds were present in the four
genotypes.,

Qur results indicate that in spaced ptants of pe-
rennial ryegrass, fow biological FSU decreases
seed vield. However, in seed crops economical
FSU is only 15 to 20%. Although in plots biological
FSU is probably lower than in spaced plants due to
increased competition, we suggest that in seed
crops also factors other than biological FSU, i.e.,
uneven flowering and ripening among spikes, seed
shattering, lodging, diseases, harvest and cleaning
losses, limit realized seed yields.
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Summary

Yield in grass seed crops is decreased by seed shattering, which is generally caused by abscission. Abscission
layer development in perennial ryegrass, Lolium perenne L., was investigated to determine its histogenesis in
relation to the morphological stages of the inflorescence. Spikelets were fixed with weekly intervals from
heading to harvest ripeness. Florets were dissected and microtome sectioned.

Abscission layers were located in the rachilla just below each floret. They were already present at the
heading stage. Only slight histological changes were observed in the cells of the abscission layers during
flowering and seed development. Breaking of the abscission layers occurred four to five weeks after anthesis,
starting at the epidermis. No degradation of the abscission layer cells was detected, indicating that abscission
took place mechanically. No histological differences in abscission mechanism were found between groups of
genotypes with contrasting seed retention, suggesting that in our material differences in seed retention were
probably caused by morphological factars other than abscission layer development. Selection for high seed

retention is briefly discussed.

Introduction

Perennial ryegrass, Lolium perenne L., is a cool
season, perennial grass that is propagated by seed.
It is the most important forage grass in Western
Europe, and it is becoming increasingly important
as a turfgrass.

In contrast to cercals, seed yield characteristics
of most forage grasses have received little attention
from plant breeders (Griffiths, 19635; Elgersma,
1985), despite relatively low seed yields. Low
yields are due to a variety of factors including un-
productive florets, seed shattering prior to harvest
{Anslow, 1964) and seed loss during harvesting
{Stoddart, 1964; Jensen, 1976) and cleaning {Meij-

er, 1985). Increased seed retention does not in-
fluence forage quality and thus would be one of the
most desirable characters in grass seed crops (Grif-
fiths, 1965). The introduction of growth regulators
into grass seed crops to keep the crop upright wilt
increase susceptibility to shedding prior to harvest,
because in a lodged crop, the spikes are somewhat
protected against wind. Selection for seed reten-
tion in grass breeding is, therefore, strongly recom-
mended. ]
Seed shattering generally occurs by abscission
and in many cereals seed retention results from
elimination of the abscission layer, a process usual-
ly controlled by major gencs (review by McWil-
liam, 1980). If abscission layers are normally deve-
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loped, the degree of seed shattering is influenced
by various morphological characters of the inflo-
rescence, and variation is under polygenic control
(McWilliam, 1980).

Limited information is available regarding the
development of the abscission layer and the me-
chanism of the shattering process in forage grasses.
In the present study we investigated the develop-
ment of the abscission layer in perennial ryegrassin
relation to the morphological stage of the inflores-
cence. The seed is botanically a caryopsis, enclosed
by lemma and palea, but will be referred to in this
paper as a seed.

Materials and methods

In 1985, diploid genotypes of perennial ryegrass,
Lolium perenne L., were grown on a sandy soil in a
spaced planted nursery at Wolfheze, The Nether-
lands.

The inflorescence of perennial ryegrass is a spike
containing 20 to 30 spikelets. Spikelets are attached
to the main stem or rachis. They consist of 5 to 13
normally developed florets with one or some rudi-
mentary top florets. Apical spikelets have fewer
florets than basal and intermediate spikelets. The
florets are arranged on the rachilla in the same
plane as that of the spikelets upon the rachis (Figs.
1 and 2}.

Assessments were made on individual spikes
from the time of heading, i.c., the day when the tip
of the ear was first visible. Spikes were collected at
random at one-week intervals starting at the hea-
ding stage until five weeks after the beginning of
anthesis, to provide a basis for relating abscission
layer development to a specific morphological sta-
ge of reproductive development. Anthesis began
three to four weeks after heading,

At each harvest, three tillers were fixed in FAA
{900 ml 15M ethanol, 50 mi acetic acid, 50 m] for-
maldehyde 1-') and stored at 4°C in 15 M ethanol.
The three central spikelets of each inflorescence
were taken to reduce variation due to position and
developmental stage. Within each spikelet, the
central florets or seeds were dissected together
with a part of the rachilla. The material was dehy-
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drated in a tertiary butyl alcohol series, embedded
in Epon, and sectioned at 5 um longitudinally, per-
pendicular to the axis of the rachilla, with a glass
knife in a LKB ultramicrotome. Some cross sec-
tions were also made. The material was stained
with toluidine blue and studied with a light micro-
scope. Lignification of cell walls was checked in
several sections with phloroglucinol-HCl two
weeks after heading and five weeks after anthesis,

In a preliminary investigation of abscission layer
histogenesis, fourty-six florets of various genotypes
were sectioned at seven developmental stages,
starting at heading till six weeks later. In a second
expetiment, florets were sectioned in later stages to
study the abscission mechanism. Seven genotypes
were chosen, that had been examined for seed
retention during 1982 and 1983. Seed retention of
spaced plants was determined by tagging twenty
similar spikes at anthesis, and harvesting ten spikes
at harvest ripeness and ten spikes iwo weeks later.
Seed retention was calculated by expressing the
yvield of the second sample as a percentage of the
yield of the first sample. Four genotypes had a high
seed retention in 1982 and 1983. Three other geno-
types had a relatively low seed retention during
these years (Table 1), In each group of genotypes, a
number of florets was sectioned at both four and
five weeks after anthesis, of which 13 floretsin each
group were observable.

Table 1. Seed retention of seven genotypes of Lolium perenne L.
as determined in 1982 and 1983 on spaced plants

Genotype  Source Seed retention

(%) Class

1982 1983
1 Ecotype™® 160 100 high
2 ‘Perma’ 94 93 high
3 ‘Sprinter’ 87 100 high
4 ‘Lamora’ 100 100 high
5 ‘Lamora’ 69 37 low
6 ‘Campas’ 28 63 low
7 ‘Lamora” 35 74 low

* Collected in Limburg, The Netherlands.



Fig. 1. Spikelets with florets. Scale bar, 2.5cm (% 0.4).

Fig. 2. Schematic drawing of a spikelet, showing the position of
the abscission layers across the rachilla, just below cach floret.

Results

Abscission layer development

Abscission layers were already present at heading.
They are located below cach floret across the ra-
chilla, just below the attachment of the palea and
the lemma on the rachilla (Figs. 2 to 7). The cells of
the abscission layer can be recognized because they
are rather smail cornpared 1o the parenchyma cells
in the rachilla, they have a rectangular shape and a
reguiar position (Figs. 3 and 5). From cross sec-
tions, it appeared that three vascular bundles are
present in the ranchilla (Fig. 4). Therefore, we can
distinguish a central area between the three vascu-
lar bundles and an outer area between the vascular
bundles and the epidermis. During the heading
stage, in longitudinal sections the abscission layer
consists of two cell layers at the epidermal side. In

the outer area, adjacent to the vascular bundies 2 to
6 cell layers could be seen, and in the central area
the abscission layer varied from 4 to 8 cells wide.
The cell walls in the outer area stained more inten-
sely than walls of the cells of the abscission layer in
the central area (Fig. 5).

During seed development a slight increase of the
number of cell layers in the central area of the
ranchilla to a maximum of 13 was observed, proba-
bly resulting from cell divisions (Fig. 5). After lig-
ning staining, we observed that the cell walls of the
abscission layer were not lignified, but in the glu-
mes some lignin staining occurred.

Abscission mechanism
The abscission mechanism was studied in two
groups of contrasting genotypes. When dissecting
the seeds for the anatomical study, we found that
five weeks after anthesis many seeds had already
shattered. It proved difficult to handle the spikelets
without causing artificial sced shattering. Therefo-
re, only the relatively low number of 13 florets per
groups resulted in useful sections for observation.
No anatomical or histological differences in vas-
cularization and development of abscission layers
were found between the two groups of genotypes.
The abscission mechanism is illustrated in Figs. &
and 7. Separation of the seed from the ranchilla
takes place between two cell layers of the abscis-
sion zone, starting at the epidermal sides (Fig. 6).
The seed is connected to the rachilla with the vascu-
lar bundles and the central area. Finally, the vascu-
lar bundles break and the central area detaches
from the rachilia (Fig. 7). The seed abscises and is
free to shatter.

Discussion

Location of abscission layers

This investigation revealed that seed shattering in
perenniat ryegrass is conditioned by the formation
of abscission layers that extend across the rachilla
at the base of each floret. This pattern is typical of
many temperate grass species (McWilliam, 1980).
In many tropical grasses, the rachis disarticulates
immediately below the glumes, resulting in the
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Fig. 3. Section in the pre-anthesis stage showing the anthers (A), the ovary (O} and the abscission layer (AL), indicated by arrows,
across the rachilla. Scale bar, 0.5 mm (x 20).

Fig. 4. Cross section through the rachilla, showing three vascular bundles (VB). Scale bar, 72.5um (x 138).

Fig. 5. Section at two weeks after heading showing the abscission layer (arrows). Two vascular bundles (VB) can be seen. Scale bar,
T25pm (% 138)

Fig. 6. The opening of the abscission layer (AL) at five weeks after anthesis starts from the epidermis (arrows). In the center a cambium
(C) is visible. Scafe bar, 0.1Zmm (x 83).

Fig. 7. Completely separated seed, cells in the central area of the abscission layer (AL) and the vascular bundles (VB) are torn apart, at
the epidermal sides smooth cell walls are visible, Scale bar, 0.2nm (x 50).




shedding of a whole spikelet, usually containing
only one carvopsis (reviewed by McWilliam, 1980).

In Paspalum notatum and Paspalum dilatatum
(Burson et al., 1978) and in Panicum maximum
(Weiser et al., 1979) the abscission layer, located
below the whole spikelet across the pedicel, is re-
ferred to as primary abscission layer. In Panicum
maximum, below the fertile floret across the ra-
chilla, another abscission layer is found, referred to
as a secondary abscission layer (Weiser et al.,
1979). Both primary and secondary abscission
layers are also found in Panicum coloratum (Bur-
son et al., 1983) and in Phleum pratense (Bean,
1965).

Sequential development
At heading, abscission layers were already present

in perennial ryegrass, as in Alopecurus pratensis-

{Woehrmann, 1958). Also, secondary abscission
layers in Panicum maximum and P. coloratum
{Burson et al., 1983) were first visible at heading,
but the primary abscission layers in Paspalum
(Burson et al., 1978) and Panicum (Weiser et al.,
1979; Burson et al., 1983) were already initiated
during the boot stage.

In perennial ryegrass, at the epidermal side, two
cell layers were present, but in the center of the
rachilla, adjacent to and between the three vascu-
lar bundies, we found more layers. During flowe-
ring and ripening, the number of cell layers in the
central area between the vascular bundles increa-
sed slightly. In Paspalum and Panicum, primary
abscission layers were wedge shaped, i.e., five to
seven cell layers wide near the epidermis, and gra-
dually narrowing to one to three cells adjacent to
the vascular tissue near the center of the pedicel
(Burson et al., 1978; 1983; Weiser et al., 1979).
This pattern is opposite in terms of number of cell
layers to our ebservations in perennial ryegrass.

We noticed that cell walls in the layer between
the epidermis and the vascular tissue stained inten-
sely, but cell wall thickening during development
was pot found. In Paspalum and Panicum, thic-
kening of cell walls in the primary abscission layer
was observed during reproductive development.

In perennial ryegrass, lignification of cell walls in
the abscission layer did not occur. Woehrmann

(1958) mentioned thickening of membranes and
sclerification of cells in both the pedicel and in the
lower cell layers of the abscission layer in Alopecu-
rus pratensis. The abscission layer broke between
lignified and non-lignified cells. In a non-shattering
mutant obtained by irradiation, the abscission
layer was present, but lignification did not occur
(Woehrmann, 1958). In Paricum maximum, the
secondary abscission layer consisted of two to four
layers of very small, highly lignified cells (Weiser et
al., 1979). Sclerification of the secondary abscis-
sion layer in Panicum started from the epidermis
and continued inwardly {Burson et al., 1983).

The abscission mechanism

Because there is variation in flowering time within
inflorescences, among inflorescences of an indivi-
dual plant, and among plants in a population, ma-
turation of a seed crop occurs over a period. Inseed
crops, initial seed shattering is generally observed
3.5 to 4 weeks after the beginning of anthesis de-
pending upon weather conditions, i.e., wind and
rainfall. Shattering begins with upper seeds of api-
cal spikelets and continues with upper seeds of
intermediate spikelets and central seeds of apical
spikelets, and so on. In our material and under our
conditions, initial seed shattering started 3.5 to 4
weeks after the beginning of anthesis in upper spi-
kelets. In perennial ryegrass ¢.v. ‘S5.24° shattering
had already begun 2.5 weeks after anthesis and
seeds were lost at a constant rate {Anslow, 1964).
The discrepancy between the two results could ha-
ve been due to differences in methodology. We
observed individually labelled spikes but Anslow
did not. Considerable variation between spikes in
flowering time is known to occur in perennial rye-
grass seed crops. Lower humidity prevailing during
Anslow’s experiment also may have contributed to
the earlier shedding.

Two general mechanisms of seed abscission have
been reported in the literature (Pfeiffer, 1928): 1.
disintegration of the middle lamella and cell walls
as a result of (bio)chemical changes, and 2. me-
chanical tearing enabled by weak tissue in the
layer.

In Paspalum spp. and Panicum spp., the primary
abscission layer disintegrates biochemically accor-
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ding to Burson et al. (1983) and Weiser et al.
(1979). Cells elongated and collapsed and lacunae
were formed, starting from the center of the pedi-
cel toward the periphery. Later the vascular bund-
les were crushed and finally the epidermal cell walls
disintegrated, causing abscission of the spikelet
(Burson et al., 1978).

In our material no evidence of cell wall degrada-
tion was observed, similar to secondary abscission
layers in Panicurm (Burson et al., 1983), indicating
that separation results from middle lamellar sepa-
ration or mechanical force. Fahn and Werker
(1972) state, that no clear distinction can be made
between biochemical and mechanical abscission
types and there are actually all kinds of transitory
stages. According to Osborne (1984), grass sceds
separate actively, cefl separation being induced by
abscisic acid. This discrepancy can only be resolved
with more precise techniques.

Plant breeding perspectives

In cereals many non-shattering mutants with a
partly developed abscission layer or with no abscis-
sion layer at all have been identified (McWilliam,
1980). Clearly, the seed retaining genotypes ob-
served in this study are not such non-shattering
mutants, becauvse an abscission layer is present,
and the abscission mechanism cannot be distinguis-
hed from that of the seed shattering genotypes.
Probabily, variation for seed retention as observed
in perennial ryegrass (this stedy) and in Italian
ryegrass (Harun and Bean, 1979) is not related to
the abscission layers but to various indirect factors
influencing shattering, i.e., the size, strength, sha-
pe, and flexibility of the glumes and compactness of
the inflorescence and/or spikelets (McWilliam,
1980). However, in this preliminary experiment we
did not measured such characters.

The seed retention measurement were made in
1982 and 1983, but spikelets were collected for
sectioning in 1984, during a wet summer. It is possi-
ble that the differences between plants which oc-
curred in 1982 and 1983 were not fully expressed in
1984. The expression of seed retention may have
been modified by environmental conditions. In pe-
rennial ryegrass, seeds shatter only when matura-
tion, senescence and dehydration are well advan-
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ced. In practice, empty florets are difficult to sepa-
rate during threshing because they stick to the un-
derlying floret, indicating that the abscission layer
breaks only when a filled seed is present. In a large
spaced-planted population of perennial ryegrass,
seed yield and seed shattering were strongly corre-
lated (r = 0.70**, Elgersma, unpublished results).
High yielding plants are likely more susceptible to
shattering, if harvest is delayed. When many seeds
are set in a spikelet, the total weight pressing the
underlying abscission layers increases, which may
result in easier breaking of the lower abscission
layers. Consequently selection for seed retention
must be carried out simultaneously with selection
for yield.

References

Anslow, R.C. 1964. Seed formation in perennial ryegrass. II.
Maturation of seed. J Br Grass] Soc 19: 349-357.

Bean, E.W. 1965. Selection for seed retention in 5.48 and §.51
timothy (Phieum pratense L.). } Br Grassl Soc 20: 144-147.
Burson, B.L., J. Correa, and H.C. Potts. 1978, Anatomical
study of seed shattering in bahiagrass and dallisgrass. Crop

Sci 18: 122-125.

Burson, B.L., J. Correa, and H.C. Potts. 1983. Anatomical
basis for seed shattering in kleingrass and guineagrass. Crop
Sei 23: 747-751.

Elgersma, A. 1985, Floret site utilization in grasses: definitions,
breeding perspectives and methodology. J Appl Seed Prod. 3:
50-54.

Fahn, A., and E. Werker. 1972, Anatomical mechanisms of
seed dispersal. In: Seed Biology (Ed. Kozlowski). Vol. 1:151.

Griffiths, D.J. 1965. Breeding for higher seed yields from herba-
ge varieties. J Nat Inst Agric Bot 10: 320-331.

Harun, R.M.R., and EW. Bean. 1979. Seed development and
sced shedding in North Italian ecotypes of Lolium multi-
florum. Grass Forage Sci 34: 215-220.

Jensen, H.A. 1976. Investigation of anthesis, length of caryop-
sis, moisture content, seed weight, seed shedding and strip-
ping ripeness during development and ripening of a Festuca
pratensis seed crop. Acta Agric Scandinavica 26: 264-268.

McWilliam, J.R. 1980. The development and significance of
seed retention in grasses. p. 51-60. In: P.D. Hebblethwaite
(ed.). Seed Production, Butterworths, London.

Meijer, W.J.M. 1985. The effect of uneven ripening on floret
site utilization in perennial ryegrass seed crops. J Appl Seed
Prod 3: 55-57.

Osborne, D.J. 1984. Abscission in agriculture. Outlook on
Agriculture 13: 97-103.

Pleiffer, H. 1928. Die Pflanzlichen Trennungsgewebe. In: K.
Linsbauer {ed.). Handbuch der Pflanzenanatomtie. Vol. 5,




Sect. 1, Part 2. Borntraeger, Berlin. abscission in guinea grass as influenced by auxin and gibberel-

Stoddart, J.L. 1964. Seed ripening in grasses. . Changes in lin. Crop Sci 19: 231-235.
carbohydrate content. J Agric Sci 62: 67-72. Woehrmann, K. 1958. Untersuchungen ueber den Achrchen-
Weiser, G.C., R.L. Smith and R.J. Vamnell. 1979. Spikelet sitz bei Alopecurus pratensis L. Angew Bot 32: 45-51,

33




CHAPTER 5

Plant Breeding M, @ {1990}

© 1990 Paul Parcy Scientific Publishers, Beclin and Hamburg

ISSN 0179-9541

Centre for Plant Breeding Research CPO, Wageningen (The Netherlands)

Genetic Variation for Seed Yield in Perennial Ryegrass

(Lolium perenne L.)

A. ELGERSMA

With 4 figures and 5 tables

Received October 2, 1989 / Accepted January 29, 1990

Abstract

In perennial ryegrass seed yield is low and unreliable
and little is known about the seed-yielding capacity
of different cultivars. Therefore, genetic vanation for
seed yield was studied for three years at two loca-
tions. Twelve trials consisting of drilled plots of nine
diploid, late-flowering cultivars in four replications
were harvested for seed. Significant genetic differ-
ences for seed yield and seed weight were detected.
The ranking of the cultivars for seed yield differed
from that for seed weight. The levels of seed yield
and seed weight were affected by such environmental
factors as year, soil type and crop production year,
bus interactions of these factors with cultivars were
generally not significant. Variation in seed yield was
more related to vanation in seed number than to
variation in seed weight. There were no significant
cultivar differences for yield stabilicy. The highest
yielding cultivar was superior over a wide range of
environments and the seed yield of the poorest cul-
tivar was on average only 64 % of that of the best
cultivar,

Key words: Lolium perenne — perennial ryegrass —
seed yield — genetic variation — seed weight —
stability analysis

Perennial ryegrass, Lolium perenne L., is the
most important cultivated grass species in
NW-Europe. Many cultivars have been bred
with excellent forage or turf qualities, Seed-
yielding capacity has received little attention
from plant breeders (GrirFrrhs 1965, VYNCKE
1981), despite its relatively low level (Hes.
BLETHWATTE et al. 1980, Bucce 1987). This may

be due to the opinion that seed and forage
production are negatively correlated (van Wik
1980). Recently, improved seed vyielding
capacity has become a more important selec-
tion criterion in grass breeding, since it is of
considerable importance in the cost of seed
multiplication and ultimately determines the
commercial success of a cultivar, regardless of
its forage or turf qualities (ELgersma 1985). In
addition, high performance for seed yield
should be reliable over a wide range of envi-
ronmental conditions. Significant cultivar dif-
ferences in seed yield of perennial ryegrass
were found in the United Kingdom (Evans and
Muncey 1977) and in Denmark (NowrDEsT-
GAARD and JUEL 1979). Only limited and confi-
dential information is available on the seed
yield of cultivars obtained in practice in the
Netherlands, and these data are rather unreli-
able due to differences in region, seed crop
management, acreage, soil type, etc. (Anony-
mous, 1985).

Selection for seed yield is 2 major problem
{(van Wyk and Duyvenpak 1984). Therefore,
an extensive study was carried out to define
selection criteria for the genetic improvement
of seed yield in perennial ryegrass. Results are
reported here on (i) genetic differences in seed
yield, (i} relations between seed yield, seed
weight and seed number and (iii) the effects of
year, location and crop production year on
stability of seed yield.
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Materials and Methods

Plant material and experimental design: The trials
were carried out froen 1985 to 1988 in the experimen-
tal fields ‘Born’ and *Nude' at Wageningen, the
Netherlands, on sandy and clay soil, respectively.
Nine diploid perennial ryegrass cultivars of the pas-
ture type were used (Table 1). The cultivars were
chosen because of similat ear emergence dates, com-
parable vegerarive production of a high level, con-
trasting seed production and different origin/genetic
background.

Cerufied basic seed was kindly provided by the
various breeding companies and stored at 4 °C. The
same seed lots were used in all experiments, Germi-
nation tests revealed thar the germination capacity of
the seed remained at a high level during these years.

The seed was sown in the autumns of 1985, 1986
and 1987 at 10 kg ha™! with a row width of 0.25 m in
é-row plots of 1.5m X 10.5m. In 1985, at each
location three wrials (A, B and C) were established:
on sandy soil SA, SB and SC and on clay soil CA,
CB and CC. Each wrial had a complete randomized
block design with four replications and was sur-
rounded by border plots, sown with cv. “Wendy".
Thus each trial was 57 m X 10.5m. This design
allowed applicauion of fectilizer and herbicide to the
crop without causing mechanical damage. Plots
could be harvested individually and border effects
were minimized. New trials were established in 1986
and 1987 (Table 2}.

Experimental management: The seed was sown in
open land. In the Netherlands, about 50 % of the
perennial ryegrass seed crops are sown under a cover
crop, ¢.g., winter wheat, peas or flax. Fifty percent
are sown in open land in autumn, as was done in this

experiment to avoid unnecessary complications. De-
tails of the experimental management are given in
Table 2. Throughout the years, the previous crop on
sandy soil was spring barley, while on clay soil field
beans had been grown for green manure prior to our
experiments, Agronomic seed crop management was
according to recent recommendations of the Re-
search Station for Arable Farming and Field Produc-
tion of Vegetables (PAGY) (MEJER and VREEKE
1988), in order to simulate large-scale, commercial
production.

After the seed harvest of the first year crops in
1986 and 1987, the stubbles were cur and the trials
were used the next year for experiments with second
year crops. [n the Netherlands, about 50 % of the
commercial perennial ryegrass seed production fields
are also harvested the second year.

Seed yield: In 1986 the two outer rows of each plot
in trials SA and CA were cut by hand approximately
one week before harvest and only the four central
rows were harvested {Im x 10.5m). In a§} other
trials, the complete plots (1.5m x 10.5m) were
harvested. The lodged inflorescences between plots
were carefully pur aside by hand about one week
before harvest, to separate the plots and allow
machine harvesting, In contrast to the situation in
practice, where crops are swathed or sometimes
directly combine-harvested, the crop was cut with a
Hege fodder harvester (reciprocating knife mower)
1o minimize harvest losses. The crop of individual
plots was cut at harvest ripeness, at 43 o 50 %
moisture, put in large jute bags and dried at 25 °C 1o
about 11 % moistre. The seed was threshed and
cleaned to at least 98 % purity. Yields are converted
to kgha™ at 11% moisture. Thousand-grain
weight (tgw) was assessed by weighing three samples

Table 1. Abbreviations used in this paper and names of nine Lolium perenne culiivars, year of registration in
a cultivar list, heading date, breeder, relative dry matter yield (DMY) and relative seed yield (SY)

Cultivar Registr.  Breeder Heading DMY  SY
Abbrev. Name year date (%) (%)~
S ‘Semperweide’ 1946 Zwaan en de Wiljes (NL) 7-6 96 92
w “Wendy’ 1979 Van der Have (NL) 8-6 100 105
C ‘Compas’ 1958 Van Engelen & Joordens (NL) 8-6 98 108
L ‘Lamora’ 1945 Mommersteeg (NL) 9-6 99 97
Pe Perma’ 1939 Cebeco — Handelsraad (NL) 9.6 101 93
B ‘Barenza’ 1949 Barenbrug (NL}) 9-6 97 96
Pa ‘Parcour’ 1969 Petersen Saatzucht (BRD) 9-6 100 —
T “Trani’ 1977 Dansk Planteforaedling (DK) 10-6 — —
v Vigor' 1948 Rijksstation Voor 12-6 1 113

Plantenveredeling (B)

* Averaged over all diploid late-maturing cultivars in the Dutch Descriptive List of Varieties (ANONYMOUS,

1984).

** Averaged over the seven cultivars mentioned here from 1971 to 1983 (source: ANONYMOUS, 1985),
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Table 2. Experimental management

Location Sand Clay Sand Sand Clay
Trials SA, SB, 5C CA, CB, CC sD SE CE,CF
First-year crop
Sowing date 2 Sep. 1985 26 Sep. 1985 5 Sep. 1986 16 Sep. 1987 16 Sep. 1987
Feculizer
date August 1985 — August 1986 August 1987 -
rate (kg/ha) N 3N ON —
date 4 March 1986 4 March 1986 18 Feb. 1987 2 March 1983 4 March 1988
rate (kg/ha) fON 80N 150 N 130N 150 N
150 P, 150 K 150 P, 150K 125,225 K 60P, 108 K 60 P, 108 K
date 17 March 1986 17 March 1986 — —_ —
rate (kg/ha) 70N 50N — — —
Seed harvest
trials SA, SC CA, CC SD SE CE
date 29 July 1986 31 July 1986 4—7 Aug. 1987  19—25 July 1988 25—28 July 1988
Second-year crop
Weed control Tribunil Tribunil Tribunil
date Sep. 1986 Sep. 1986 Oct. 1987
rate (1/ha) 3 3 3
Fertilizer
date 1 Ocr. 1986 1 Oct, 1986 1 Oct. 1987
cate (kg/ha) 45N SN #$N
8P, 68K 3P, 63K 8P, 68K
date 18 Feb. 1987 18 Feb. 1987 4 March 1988
rate (kg/ha) 150 N 130N 150 N
125,225 K 125 P, 225 K 6P 108K
Sced harves:
trials SB, 5C CB, CC sD
daze 4—7 Aug, 1987 7—I11 Aug. 1987 19—25 July 1988

of 100 seeds. These samples were also used in germi-
nation tests on a ‘Copenhagen’ table, set at 30720 °C
and a photoperiod of 16/8 h. Seed number was calcu-
lated from seed yield and thousand-grain weight.
Other observations: Ear emergence date, various
stages of ear clongation and time of anthesis were
assessed three times a week. Plots were considered to
be at peak anthesis when the majority of the ears had
anchers exerted throughout the spike. Pollen samples
were collected during 1986 and 1987 and stained
with lactophenolic acid fuchsine. Lodging was visu-
ally rated three times a week.

Statistical analyses: In each trial analyses of variance
were conducted for the characters observed. Also,
various trials were combined and analyses of var-
iance were carried out to detect cultivar — location
(CL), cultivar — year {CY), cultivar — crop produc-
tion year (CP), cultivar — harvest method (CH) and
three-way interactions. Simple correlations were cal-
culated between characters on a ploc basis. A stabili-
ty analysis was conducted for seed yield. In the

analysis of variance, the average error was estimated
from the individual trials. The observed phenotypic
mean values of cultivar 1 in environment j were
regressed on the means of the environments 1o ob-
tain a coefficient of regression, b, for cach cultivar
(FmNLAY and WILKINSON 1963). In addicion the devi-
ation mean squares (s%;) that describe the contribu-
tion of cultivar i to cultivar-environment interactions
were calculaced (EBERHART and RUSSELL 1966).

Results
Genetic variation

Crop development: Although cultivars with
similar ear emergence dates had been chosen,
significant differences occurred for time of ear
emergence, ear elongation and flowering {data
not given). ‘Perma’ was earlier and “Lameora’
and ‘Barenza’ were later than expected from
Table 1: in all trials ‘Perma’ was the earliest
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Table 3. Seed yield (kg ha™") of nine perennial ryegrass cultivars in 12 trials at two locations during three years. The
cultivars are ranked for mean seed yield

Cultivar Trial
1986 1987 1988

SA-1* SC-1 CA-1 CC-t SD-{ S$B-2 SC-2 CB-2 CC-2 SD-2 SE-1 CE-1
‘Trani’ 1284 1580 1868 2293 1425 917 1111 1404 1693 666 829 1066
‘chdy' 1194 1431 1865 2242 1410 937 1079 1342 1722 455 782 904
‘Scmpcrweide‘ 1030 1231 1844 2059 1476 951 956 1250 1538 459 825 860
“Vigor' 1199 1390 1897 2138 1340 847 855 1217 1270 575 636 910
‘Parcour’ 965 1221 1609 1899 1258 908 1066 1533 1599 561 781 797
‘Perma’ 829 1317 1691 2084 1284 805 1027 1353 1677 403 771 901
‘Compas’ 992 1406 1838 2096 1217 813 804 1137 1556 502 595 635
‘Barenza’ 1102 1210 1604 2113 1011 567 587 1060 1147 383 498 756
‘Lamora’ 1073 1151 1496 1558 927 539 555 921 1186 387 377 531
Mean 1074 1326 1746 2055 1261 809 893 1246 1488 488 677 823
LSD (5 %) 218 159 187 222 183 130 193 209 185 228 291 363
ov (%) 14 8 7 7 0 1 15 12 9 32029 30

* Trial and crop production year (—1, —2) are indicated.
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cultivar followed by ‘Semperweide’, *Wendy’
and ‘Parcour’. “Vigor’ was rather late, and
‘Barenza’ and ‘Lamora’ were the latest. The
difference between ‘Perma’ and ‘Barenza’ var-
ied from three to ten days in the various trials.
In 1986 and 1987, the average pollen stainabili-
ty was over 90 % and no significant differences
occurred among cultivars. Lodging started at
the beginning of anthesis and was complete at
the end of anthesis. The lodging behaviour of
the cultivars was the same, iLe., the ranking
orders of the cultivars for flowering date and
lodging were similar.
Seed yield: Significant differences for seed
yield occurred among cultivars in each of the
12 trials (Table 3). The coefficients of variation
were small in 1986 and 1987; the high values in
1988 may have been caused by an irregular
stand of the crop, possibly due to fertlizer
application in a rather late physiological stage
compared with 1986 and 1987 (Table 2).
Seed weight and seed number: Analyses of
variance within trials showed significant differ-
ences among cultivars for thousand-grain
weight in each trial except CE-1. The ranking
order of the cultivars across trials was similar.
‘Semperweide’ and ‘Wendy’ always had the
highest seed weight and ‘Compas’ and ‘Baren-
za’ the lowest.

Significane differences occurred for the cal-
culated number of seeds in 1986 and in 1987,

but not in 1988. The ranking order of the
cultivars for seed number was more variable
among trials than that for seed yield or seed
weight, but “Trani’ generally had the highest
seed number and ‘Lamora’ the lowest. Within
trials, no significant differences occurred
among cultivars for the germination percentage
of the harvested seed.

Correlations: Correlations were calculated
per year for sandy and clay soil on a plot basis
and revealed that ear emergence, ear elonga-
tion, flowering and ripening were all positively
correlated. Thousand-grain weight was posi-
tively correlated with earliness. In 1986, seed
yield was not significantly correlated with
other characters, but in 1987 and 1988 yield
was positively correlated with earliness. Tt
should be emphasized, however, that only li-
mited variation for earliness is present in this
material, since it was selected for similar ear
emergence dates.

The correlations between thousand-grain
weight and seed yield varied among environ-
ments and were generally low: in 1986 they
were not significant, in 1987 they were positive
{p = 0.01) on sandy and clay soil (r = 0.42%*
and 0.37%%, respectively) and in 1988 the cor-
relation was negative (r = —=0.31**) on sand
and not significant on clay.

The correlations berween seed number and
thousand-grain weight varied from non-signif-



icant to negative, whereas the correlations be-
tween seed number and seed yield were ex-
tremely high, but it should be kept in mind
that sced number was calculated from seed
yield and thousand-grain weight.

The relation between seed yield and
thousand-grain weight of the cultivars aver-
aged over all environments is shown in Fig. 1.

Environmental effects

The environmental factors: harvest method
(Hj, year (Y), location (L) and crop produc-
tion year (P) affected the level of seed yield,
seed weight and seed number. Values were
highest in 1986 and lowest in 1988 and higher
on clay than on sandy soil. Crop development
was almost similar within years between trials,
but differed among years (Table 2). Seed yields

tgw (g} were significantly lower when border rows
- were cut. The cutting method was very labour-
intensive, a smaller area was harvested and
ol tipening was irregular since the two outer rows
] S dried faster than the two central rows. Thus
® i whereas the initial idea was to eliminate possi-
1.6 ¢ P . ble border effects, inaccuracy increased and
e therefore the cutting method was abandoned.
15 @ Pa o Second-year crops yielded about 20 % less
L ° T than first-year crops. In 1987, second-year
1.4 e V crops showed much winter damage, whereas
o C the first-year crop was hardly affected by the
13 B severe winter. In 1988, no winter da.ma.ge oc-
curred, but the second-year crop has a very

1.2 L L irregular stand.

B0 i0Co 1200 1400

seed yield (kg/ha)

Fig. 1. The relation between seed yield and
thousand-grain weight (tgw) of nine perennial rye-
grass cultivars, averaged over twelve environments.
For abbreviations see Table 1

The thousand-grain weight of seeds was al-
most equal in 1986 and 1987, but much lower
in 1988, Seeds from clay had a higher
thousand-grain weight and germinated slightly
better (98 %) than seeds obtained from sandy
soil {95 %).

The relation between average yield and aver-
age thousand-grain weight is shown in Fig. 2.

tgw (g}
1.8
[ ] 1986 clay
- O 1986 sand
1.6 o o
=R ® 1987 clay
c o
o) 1987 sand
1.4+
1388 clay
a
Py 1988 sand
1.2 |
Fig. 2. The relation between seed
yield and thousand-grain weight ' | | |
i Ive environments, avep- 1 o b b
{tgw) in twe ‘ , O 500 1000 1500 2000 2500
aged over nine perennial ryegrass cul-
tivars seed yield [kg/ha)
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Cultivars showed a tendency for increased
thousand-grain weight with improved envi-
ronments. The effects of year and soil type on
yield and thousand-grain weight are clearly
visible.

Yield stability

The ranking order of the cultivars for seed
yield was more or less similar in the various
trials (Table 3). The sced yield of the poorest
cultivar, ‘Lamora’, was on average only 64 %
of that of the best cultivar, “Trani’. A stability
analysis was conducted by regression of the
seed yield per cultivar per trial on the mean of
ali cultivars per trial. The analysis of variance is
shown in Table 4. Although significant, the

Table 4. Analysis of variance for seed yield of nine
perennial ryegrass cultivars in twelve environments

Source Df Ss Ms

Cultivars (C) 8 1769903 221238

Environments (E) 11 20643894  1876718**

CxE 88 1055090 11990%*
Regressions 8 142941 17868
Deviations 80 912149 114027

Tozal 107

Average

pooled error (264) 5781

*#, ** Significant ac the 0.05 and 0.01 probability
levels, respectively.
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cultivar — environment interaction was rela-
tively small.

To specify the environmental factors causing
the cultivar — environment interaction, anal-
yses of variance using subsets of trials were
conducted on a plot basis. The cultivar —
harvest method Interaction was significant
(p = 0.05). The cultivar — year interaction
was not significant in first-year crops, buc it
was  significant in  second-year crops
(p = 0.01). This was mainly caused by the
winter-weak cultivar “Vigor’, that performed
relatively poorly in 1987 after a severc winter,
compared to 1988 following a mild winter. The
cultivar — location interaction was significant
in 1986 (p < 0.05), but not in 1987 and 1988.
Analyses of variance across years indicated that
the cultivar — location, cultivar — crop pro-
duction year and three-way interactions were
not significant.

Fourteen percent of the interaction sum of
squares were explained by the regression mod-
¢l (Table 4). The estimates of the stabilicy para-
meters b and s% are presented for each cultivar
in Table 5. The percentage of variance ac-
counted for varied from 91 to 99 %. There
were no significant differences in b and s,
among the cultivars. As an example, the re-
sponse of three cultivars with the most extreme
reactions to different environments is illus-
trated in Fig. 3. No clear relation was found
between the mean seed yield and the regression
coefficient of the nine cultivars (Fig. 4),

- &~-- Trani
—a— Compas

---&--- L amora

Fig. 3. The seed yield of three
perennial ryegrass cultivars in
twelve environments and the
fitted regression lines



Table 5. The mean seed yield (kg ha™'), the regres-
sion coefficient b; & SE and the deviation mean
squares s’y of nine perennial ryegrass cultivars in
twelve environments

Cultivar Mean b; £ SE 5%
‘Trani’ 1345 1.02 £ .03 2503
“Wendy’ 1280 1.09+ .04 3133
‘Semperweide’ 1207 0.98 % .06 8708
‘Vigor' 1189 1.01+ .07 11156
‘Parcour’ 1183 0.86 £ .08 15889
‘Perma’ 1178 1.02 £ .08 14559
‘Compas’ 1133 1112 .05 6031
‘Barenza’ 1003 1.06 + 08 16113
‘Lamora’ 896 087 = 08 15187
b
1.2
C
[ ]
1.1 We
. T
B Pe%y *
1 vV
-
)
0.9
e .
L Pa
Q.8 —_ 1 — 1
BCO 1500 1200 1403

mean yi2ld [kg/hal

Fig. 4. The relation berween the overall cultivar
mean and the regression coefficient b for nine peren-
nial ryegrass cultivars in twelve environmenrs. For
abbreviations see Table 1

Discussion

The results of these experiments establish thac
genetic variation for seed yield is present in
perennial ryegrass and that the highest yielding
cultivar was superior over a wide range of
environments.

The most urgent constraints in grass breed-
ing have been named as those connected with
the assessment of herbage and seed-yielding
capacity and with the selection for seed yield
(vaxy Wik and Duyvenpak 1984), Because the
ranking of cultivars was fairly stable across

trials, our way of assessment of seed yield
appears to ensure reliable data on the relative
seed-yielding capacity of perennial ryegrass
culuivars. The ranking order of the cultivars is
not identical to the ranking found in commerce
averaged over the period 1971—1983. How-
ever, the data from commerce are incomplete
as the best cultivar is missing and less reliable
due to many environmental factors. Seed-crop
management may not be the same in all seed
companies and differs among seed growers,
while in this experiment all cultivars received
the same agronomic treazment. Our plot har-
vest method reduced losses due to shattering
and combine harvesting that normally occur in
commercial seed production. A different rank-
ing order in practice may indicate that such
losses are important. Another reason for the
discrepancy might be associated with the pol-
len source. Perennial rycgrass is 2 self-incom-
patible, wind-pollinated species. In this experi-
ment, cultivars were partly pollinated with
pollen from other cultivars in neighbouring
plots, whereas in commercial seed production
only own pollen is available. However, as the
cultivars are based on a sufficient number of
cross-compatible clones, lack of compatible
pollen in commercial seed production is not
likely. Therefore, we do not believe polien
source differences are responsible for the ob-
served discrepancies.

The relationship berween yield and seed
weight 15 of interest, because final yield is
determined by seed number as well as by seed
weight. The ranking order for seed yield dif-
fered from that for seed weight. For example,
‘Vigor' and ‘Parcour’ had higher yields than
‘Lamora’, but “Vigor’ had the lowest seed
weight. Consequently, ‘Vigor’ had a high and
‘Lamora’ a low seed number. Similar results
were found by Evans and Muncey (1977) and
NoroestGaarp and JUEL (1979). Apparently, in
some cultivars the number of seeds contributes
more to yield and in others the sced weight isa
more important yield factor.

Both seed yield and seed weight are genet-
ically determined and also influenced by the
environment, Accross trials, sced yield was
associated with seed weight due to environ-
mental effects. For example, on clay soil both
seed yield and thousand-grain weight were
higher chan on sandy soil, which may be re-
laced o factors such as soil structure, soil
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moisture content or available minerals. Soil
type affected seed yield more than seed weight,
for instance in 1986 and 1987 seed yield on
sandy soil was only 63 % of that on clay soil
but seed weight on sandy soil was 93 % of thac
on clay soil. Variation in seed yield was more
related to variation in sced number than 1o
variation in seed weight.

On sandy soil, second-year crops yielded
about 30 % less than first-year crops, but the
thousand-grain weight was similar. Conse-
quently, second-year crops had a lower seed
number than firsc-year crops.

Contrary to the findings of EserHART and
RusseLL (1966) in maize and Finvcay and Wi
KNSON (1963) in barley, in our trials with
perennial ryegrass no clear relation was found
berween the average yield and the regression
coefficient of the nine cultivars, indicating that
high yield potential and yield stability were not
mutually exclusive within the range of envi-
ronments used. Yield stability may result from
various mechanisms, e.g., genetic heterogenei-
ty, yield component compensation, stress to-
lerance or the capacity to recover rapidly from
stress, All culvivars used in this experiment are
synthetics, i.e., heterogeneous populations of
heterozygous genotypes. Such populations are
generally well buffered against environmental
influences (Becker and Leon 1988). Our ob-
servations on spaced plants (not reported here)
reveal that extensive genetic variation is present
within each cultivar and there are no differ-
ences in genetic heterogeneity of the nine cul-
tivars. Most breeders kindly provided confi-
dential information about the origin and the
number of clones on which their cultivar was
based. There was no relation berween the
number of clones and seed yield. Some cul-
tivars are related, but differed in seed yield.
The effect of environmental stress on seed
yield varies depending upon the growth stage
in which occurs. Therefore, cultivars with
minimal differences in maturity were chosen.
Most cultivar by environment interactions
were not significant, indicating that cultivars
were generally affected to the same extent by
environmental factors.

The prevailing opinion among forage grass
breeders is that late-flowering cultivars pro-
ducing high dry-matter yields often have a
poor reproductive efficiency, as reported by
Bucce {1987). This study reveals thac signifi-

cant differences for seed yield exist among nine
late-flowering perennial ryegrass cultivars with
high dry-matter production and satisfactory
agronomic performance, indicating that high
seed-yielding capacity and high dry-matcer
yield are not exclusive. Plant breeders should
therefore be able to combine excellent vegeta-
tive qualities and a high and stable seed pro-
duction level within their new cultivars. Impli-
cations for sclection on a single plant basis will
be discussed in 2 forthcoming paper.

Zusammenfassung

Genetische Variation des Samenertrages von
Deutschem Weidelgras (Lolium perenne L.)

Der Samenertrag von Deutschem Weidelgras
ist niedrig und unzuverlissig. Uberdies ist nur
wenig iiber die Ertragsfihigkeit der verschiede-
nen Sorten bekannt. Deshalb wurde die geneti-
sche Variation des Samenertrages im Verlauf
von 3 Jahren an zwei Orten untersucht, In 12
Drillsaatversuchen wurden von 9 diploiden,
spitblithenden Sorten in 4 Wiederholungen Sa-
men geerntet. Die Samenertrige und das Sa-
mengewicht lagen auf Lehmbéden héher als
auf Sandbdden. Die Erwige waren 1986 am
héchsten und 1983 am niedrigsten. Die Ertrige
zweijihriger Pflanzen lagen auf sandigen Bo-
den ungefiihr vm 30 % niedriger als diejenigen
von cinjihrigen. Bei den Merkmalen Samener-
trag und Samengewicht traten signifikante ge-
netische Unrerschiede auf. Die ertragsreichste
Sorte erwies sich in verschiedenen Umwelten
als iberlegen.

Der Samenertrag der schlechtesten Sorte
brachte im Durchschnitt nur 64 % des Ertra-
ges der besten Sorte.
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Summary

We had previously found differences for seed yield among nine perennial ryegrass cuitivars which were not
associated with variation for seed weight. To detect the physiological basis of these genetic differences for
sced yield, growth analyses were carried out. We related crop development and components of seed yield to
seed yield during three years on clay and sandy soil. No significant differences occurred among cultivars for
accumulation and partitioning of dry matter or the pattern of tilter production. Seed yield of the cultivars was
not associated with ear number or total dry matter yield of the seed crop. Seed yield was more correfated with
the number of seeds per unit arca than with seed weight. The number of seeds as calculated after harvest from
seed yield and seed weight was much lower than the number of seeds as estimated prior to harvest from seed
yield components. The number of spikelets differed significantly among the cultivars, but the ranking was
different from that for seed yield. The physiological basis of the genetic differences for seed yield is not clear.

Implications for breeding perennial ryegrass are discussed.

Introduction

Seed yield in perennial ryegrass is low. Therefore,
an extensive study was carried out to identify selec-
tion criteria for high seed vielding capacity in pe-
rennial ryegrass. We found differences for seed
production among nine late-flowering cultivars
sown in drilled plots (Elgersma, 1990). Differences
in seed yield may result from differences in biomass
production, in distribution of assimilates (e.g., har-
vest index) or both (Wilson, 1984). Seed yield is
determined by its components: ear number per unit
area, spikelet number per ear, floret number per
spikelet, floret site utilization (the percentage of
the florets containing a seed) and seed weight.
Genetic variation for seed yielding capacity was not
associated with that for seed weight (Elgersma,

1990). Therefore, the variation for various other
seed yield components, their relative contribution
to seed yield and the crop growth pattern were
studied to determine the cause of the cultivar dif-
ferences in seed yielding capacity.

Little is known about genetic variation for the
physiological components of seed production in
perennial ryegrass. In a one-year trial, Bugge
(1987) observed genetic variation for seed yielding
capacity among 100 populations. Seed yield was
positively correlated with the number of seeds per
ear. Correlations between seed yield and ear
tength, the number of ears and thousand-grain
weight were not significant. However, this could be
due to the very low nifrogen application which
caused incomplete development of spikes and
sceds (Bugge, 1987).
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Many environmental factors affect seed yield
through their effects on yield components. The
effects of agronomic treatments on components of
seed yield or on crop growth have frequently been
studied, usually in one cultivar (e.g., Hampton &
Hebblethwaite, 1985; Meijer, 1985; Horeman,
1989; Marshall & Ludiam, 1989).

The effect of an environmental factor on final
yield depends on the growth stage(s) in which it
operates. Therefore, we tried to minimize devel-
opmental variation by choosing only cultivars of
the pasture type (Elgersma, 1990). Large differ-
ences in seed yield were found among years, which
were related to climatic factors. Within years, seed
yield and seed weight were higher on clay than on
sandy soil and higher in first year crops than in
second year crops (Elgersma, 1990).

In this paper, genetic differences for seed yield
are related (i) to growth and development of the
seed crop and (ii) to components of seed yield.

Materials and methods

Plant material and experimental design

The trials were carried out from 1985 to 1988 at the
experimental fields ‘Born’ and ‘Nude’ at Wage-

ningen, the Netherlands, on sandy and clay soil,
respectively, as described previously (Elgersma,

1990). Nine diploid cultivars of the pasture type
were used. Although cultivars with similar ear
emergence dates had been chosen, significant dif-
ferences occurred for time of ear emergence and
flowering. ‘Perma’ was the earliest cultivar fol-
lowed by ‘Semperweide’, “Wendy” and ‘Parcour’.
‘Trani’ and ‘Compas’ were intermediate, ‘Vigor’
was rather late, and ‘Barenza’ and ‘Lamora’ were
the latest. The difference between ‘Perma’ and
‘Barenza’ varied from three to ten days in the vari-
ous environments (Elgersma, 1990).

The seed was sown in the autumns of 1985, 1986
and 1987 at 10kg ha~! with a row width of 0.25m in
6-row plots of 1.5m X 10.5m.

In 1985, at each location three trials (A, B and C}
were established: on sandy soil SA, SB and SC and
on clay soil CA, CB and CC (Table 1). Each trial
had a randomized block design with four repii-
cations and was surrounded by border plots. Thus
each trial measured 57m X 10.5m. This design
allowed application of fertilizer and herbicide to
the crop without causing mechanical damage. Plots
could be harvested individually and border effects
were minimized. Details of the management are
described in Elgersma (1990). New trials were es-
tablished in 1986 and 1987. In total ten trials were
sown and studied the same year; in seven trials the
second year crop was also studied. Out of these 17,
twelve trials were harvested for seed yield and five
were used exclusively for growth analyses (Table 1}.

Table 1. Overview of trials of first (~ 1) and second (— 2) year perennial ryegrass crops. Five trials were exclusively used for growth
analyses, twelve were harvested for seed yield (*) and of these, four were also used for determining seed yield components (**).

Year of sowing Location
Sand Clay
Observation year Observation year
86 ‘87 "88 86 '87 '88
1985 SA-1* SA-2 CA-1* CA:-2
SB-1 SB-2+ CB-1 CB-2*
SC-1** §C.2* CC-1** cc-2
1986 SD-1** SD-2*
1987 SE-1** CE-1*
CF-1
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Seed yield

Ear emergence date, time of anthesis and the de-
gree of lodging were recorded three times a week.
At harvest ripeness (at a moisture content in the
seeds of 45 10 50%), the crop of individual plots was
cut with a Hege fodder harvester (reciprocating
knife mower), put in large jute bags and dried at
25°C to about 11% meoisture. The seed was
threshed and cleaned. A subsample of about 200 g
was cleaned to at least 98% purity and dried at
105° C for 24 hours. Yields were converted to gm—2
at 0% moisture. Thousand-grain weight was as-
sessed by weighing three samples of 100 seeds. The
number of seeds per unit area was calculated per
plot from seed yield and thousand-grain weight
(Eigersma, 1990).

Growth analyses

In 1986, in trials SB-1 and SC-1 samples for growth
analysis were taken periodically with an interval of

about two weeks, starting from April, by cutting all
the plants within a 0.75m? quadrant (four rows,
0.75 m length) just above soil surface. Fresh weight
was determined immediately after cutting. A sub-
sample of about 25% of the total sample was
weighed and dried at 105°C for 24 hours. Dry
weight was determined and total dry matter (DM)
was calculated per plot and expressed in gm™2,

Atfour dates also a second subsample was taken,
weighed, and separated into dead material, green
leaf blades, stems {plus leaf sheaths) and cars
where-appropriate. Stems and ears were counted.
All plant material was then dried to a constant
weight. The fraction of generative tillers was ob-
tained by dividing the number of ears by the num-
ber of stems. From the ratio of subsample to total
sample, dry weight, the number m and dry
weight m~2 of the various components were calcu-
lated. In tnals SC-1 and CC-1, within a row of each
plot 0.20m was marked, in which tillers and ears
were periodicatly counted.

In 1987, samples for growth analysis in second
year crops were taken in trials SA-2 and CA-2. On

Tabie 2. Summary of the development of perennial ryegrass seed crops and climatic conditions in 1986, 1987 and 1988. The
developmental dates are averages of nine cultivars. T indicates mean iemperatures (° C) at 1.50 m, Rain total rainfall (mm), and Rad the

total global radiation (J cm™?) averaged per day

Crop development 1986 1987 1988
spring development slow slow quick
first crop growth end March end March begin March
date of ear cmergence (ee) June 12 June 10 May 30
date of first anthesis (fa) Jupne 26 July 2 June 13
date of end of anthesis (ea) July 14 July 19 June 30
harvest date (hd) July 30 August 18 July 23
secondary vegetative tillers no yes yes
harvest conditions good poor poor
Period 1986 1987 1988

Days T Rain  Rad Days Rain  Rad Days T Rain  Rad
Jan./Feb. -0.8 123 330 -09 65 266 5.0 186 270
March/April 53 136 827 6.4 126 1078 6.9 129 1167
May 13.6 68 1761 10.0 82 1495 143 38 1220
June 16.7 39 1990 14.0 93 1321 14.9 20 1540
ee-fa 14 19.3 12 2282 22 14.2 35 1386 14 13.8 8 1360
fa-ea 18 19.5 13 2099 17 18.3 62 2050 17 153 8 1642
ea-hd 17 16.2 34 1443 21 14.7 85 1159 24 16.0 31 1230
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10/6 and 6/7, a 1.0m? quadrant was cut and DM was
determined. Component dry weight was obtained
as in 1986. Samples of a row of 0.10 m were taken
on 22/5, 23/6 and 23/7. They were only used for
assessing relative DM partitioning (percent of the
total DM) and not for absolute DM, because DM
would probably be overestimated due to the small
sample. At harvest (11/8), seed weight was deter-
mined from a 0.20 m sample. In trial SD-1 per plot
0.40m was marked. Tillers and ears were counted
periodically and prior to the harvest of the whole
plot, the marked areas were cut and the material
was separated for a growth analysis.

In 1988, growth analyses were carried out in first
year crops in trial CF-1. A 1.0m? quadrant was cut
on 18/5, 9/6, 28/6 and 19/7, and dry weight of the
various components was determined from a sub-
sample of 0.10m.

Seed yield components

In 1987, in the first year crop (trial SD-1) the spike-
lets were counted per ear in the marked areas of
0.40m. In second year crops {trials SA-2 and
CA-2), the spikelets were counted in all the ears of
the subsamples taken for growth analysis on July
23. Also, in two blocks (18 plots) a row sample of
0.20 m was taken on July 17, about two weeks after
anthesis. Florets and seeds were counted in the
central spikelet of all ears. The mean number of
florets per spikelet was calculated based on all
spikelets sampled. For other calculations, only
spikelets were taken into account that had at least
one floret in which seed set could be observed, i.e.,
very late spikelets that had not flowered yet were
excluded. The percentage of spikelets that could be
observed was calculated per plot. Based on these
spikelets, the mean number of observed florets per
spikelet and the number of seeds were determined
and floret site utilization (fsu) was calculated as
(seeds/fiorets) x 100%. In 1988, in trial SE-1
0.10m was sampled in 2 blocks on July 15, about
one month after anthesis. Per plot, observations
were made on the number of ears, ear length (mea-
sured from the base of the lowest spikelet to the
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base of the top spikelet), the number of spikelets
pet ear, the number of florets in the central spikelet
(the rudimentary topflorets were not counted) and
the number of normally developing seeds. Also,
the position of each seed in the spikelet was record-
ed. Floret site utilization (fsu) was calculated.
Compactness of the ear was calculated as the num-
ber of spikelets/cm earlength. Per plot, means and
ranges were calculated and characters were corre-
lated. On a plot mean basis, analyses of variance
were conducted for each character (9 cultivars in
two replications) and correlations were calculated.

Results

The environments sampled in this study provided a
range of variation in growing conditions: first and
second year crops were used, the two locations
provided different soil types and the climate varied
greatly across the three years (Table 2).

The pattern of crop growth, tillering and
partitioning of dry matter

There were no consistent, significant differences
among the nine cultivars for accumulation or parti-
tioning of dry matter during 1986, 1987 and 1988.
Crop growth in 1986 averaged over cultivars is
illustrated in Figs. 1A and 1B. The accumulation of
dry matter (DM) of tillers, green leaves, dead ma-
terials and ears is presented in Figs. 1C and 1D.
Only slight differences occurred among locations.
The relative DM partitioning on clay soil during the
three vears is presented in Fig. 2. Whereas in 1987
the climatic conditions and the crop growth rate
were different from those in 1986 (Table 2), the
refative DM partitioning was almost similar (Fig.
2). In 1988, the maximum DM vyield was already
obtained at anthesis and in comparison with 1986
and 1987, the percentage dead materials was high.
Atear emergence, leaf DM had already declined to
about 15 percent of the total DM. It was then
already lower than the percentage dead materials,
whereas in 1986 and 1987 this situation was not
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Fig. 1. Total above-ground dry matter (DM) accumulation (Figs. A and B}, DM of green leaves, stems, dead materials and ears (Figs. C
and D) and tiller and ear numbers m ™2 resulting from growth analyses (ga) and non-destructive counts (nd) (Figs. E and F) on sandy and
clay soil, respectively, averaged over nine perennial ryegrass cultivars in 1986. Dates are expressed in days from April ist. On the
abscissa, E indicates the date of ear emergence, A of first anthesis and H the harvest date.
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reached until anthesis. However, in 1988 the distri-
bution of DM at harvest resembied that in 1986 and
1987 (Fig. 2).

The number of tillers revealed no significant dif-
ferences among cultivars during the three years. In
general, the number of tillers increased strongly
prior to ear emergence and then decreased dramat-
ically as illustrated for 1986 in Figs. 1E and 1F. The
number of generative tillers (ears) increased from
ear emergence, No consistent genetic differences
for the number of ears were found. Tillers and ear
numbers were usually higher on clay than on sandy
soil, but ‘Semperweide’ and ‘Wendy’ had more
tillers and ears on sand than on clay. Initial differ-
ences among the cultivars for the weight of individ-
ual ears were related to differences in earliness and
disappeared at harvest. In 1987, the cultivars did
not differ for the number of ears but in 1988 ‘Com-
pas’, ‘Perma’ and ‘Vigor’ had significantly more
cars than “Wendy’, ‘Lamora’ and ‘Semperweide’.

Seed yield and its components

Summaries of seed production characters are pre-
sented per year in Tables 3, 4 and 5. Phenotypic
correlations were calculated on a cultivar mean
basis between seed yield and other characters (Ta-
ble 6). Results will be discussed per character.

Harvest index

Seed vield can be considered the product of bio-
mass production and harvest index. The harvest
index (hi), calculated as seed DM/total DM, is
presented in Table 3. Harvest index was associated
with seed yield in 1986 on sandy soil, as the cultivars
differed for seed yield but had a similar dry matter
production (Table 3). In other environments also,
seed yield was positively correlated with harvest
index (Table 6).

Seed weight and seed number

Seed yield can be considered the product of the
number of seeds and the average seed weight. In
most environments, the cultivars differed signif-
icantly for thousand-grain weight, but the ranking
was different from that for seed yield (Tables 3, 4
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and 5). On a cultivar mean basis, no consistent
relation was found between thousand-grain weight
and seed yield in the various environments (Table
6). The number of seeds per unit area was the only
component that was consistently positively corre-
lated with seed yield (Table 6).

Ears

The number of ears did generally not differ signif-
icantly among the cultivars and was not associated
with seed yield.

Spikelets

The average number of spikelets per ear showed
significant differences among cultivars both on clay
and on sand in 1987. The number of spikelets was
largely the same on both locations. ‘Barenza’, ‘Vi-
gor’ and “Trani’ had more spikelets per ear than
‘Compas’ and ‘Semperweide’, and ‘Wendy’ had the

Towest spikelet number per ear (Table 4). Also in
1988, *Trani’ and ‘Barenza’ had significantly more
spikelets than ‘Wendy’ (Table 5), The number of
spikelets per ear was not correlated with seed vield
(Table 6).

Florets and seeds

In 1987, about two weeks after anthesis in total
2124 spikelets were sampled on sand and 1584 on
clay soil in second year crops. In 1988, 1044 spike-
lets containing over 5000 florets were sampled in
first year crops on sandy soil one month after an-
thesis. The spikelets were checked with a binocular
microscope for the presence of normally devel-
oping seeds. Wide ranges for the number of florets
and seeds per spikelet were observed within plots.
In 1987, many florets still contained anthers or the
ovaries were t00 young to determine seed set. On
sandy soil, in the early cultivars over 85% of the

Table 3. Seed production traits of first year crops of nine perennial ryegrass cullivars in 1986 on sandy and clay soil

Cultivar Soil seed yield (gm™?) thousand grain  seed number total dry matter harvest index  ear number
weight (g) (10'm™%) (gm™) {m?%)
Sand
Trani 140.6 1.45 97 1216 012 iMé
Wendy 127.4 1.46 8.7 1084 0.12 1908
Semperweide 109.6 1.45 7.5 1147 0.10 1866
Vigor 123.7 1.28 9.7 1026 0.12 1776
Parcour 108.6 1.31 33 1136 0.10 191%
Perma 117.2 1.45 8.1 1135 0.10 1585
Compas 1251 1.25 10.0 1059 0.12 2046
Barenza 107.7 1.19 9.0 1010 LIN S| 1719
Lamora 102.5 138 74 1285 0.08 2200
Mean 118.0 1.36 8.7 1126 0.10 1859
LsSD 5% 14.1 0.08 1.0 213 431
Clay
Trani 205.0 1.46 14.0 1124 0.18 2161
Wendy 199.5 1.56 12.8 1094 0.18 1706
Semperweide 183.3 1.58 11.6 1168 0.16 1740
Vigor 190.3 1.39 13.7 n72 0.16 2375
Parcour 169.0 1.47 1.5 1079 0.16 237
Perma 185.5 1.48 12.5 1071 0.17 2363
Compas 186.5 1.38 135 1157 014 2379
Barenza 188.0 1.29 14.6 1308 0.14 2243
Lamora 138.7 1.51 9.2 1205 0.12 2248
Mean 182.9 1.46 12.6 1153 0.16 2175
LSD 5% 19.3 0.09 1.5 184 478
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spikelets had at least one floret in which seed set
could be observed, whereas in the late cultivars this
was less than 70% . There were no significant differ-
ences for the total number of florets per spikelet
(Table 4). In early cultivars, significantly more flo-
rets per spikelet could be observed for seed set and
thus more seeds were present than in late cultivars,
but the seed set itself did not differ among the
cultivars. On clay soil the cultivars did not differ for
the number of florets or seeds per spikelet or for
fsu. In 1988, the development of the seeds was
more advanced thanin 1987, and all spikelets could
be observed. Within each plot, the correlations
between ear length, the number of florets per
spikelet and the number of seeds per spikelet were
positive. Ear length was also positively correlated
with the number of spikelets. Compact ears were

associated with low numbers of seeds and florets
per spikelet. Fsu was not correlated with other
characters. Based on plots means, ‘Trani’ had a
high number of florets and seeds per spikelet. In
contrast to 1987 (Table 4}, in 1988 significant genet-
ic differences were found for fru on sandy soil
(Table 5). In ‘Perma’ and ‘Parcour’, some seeds
had already shattered and therefore the number of
florets and seeds per spikelet are underestimated
and fsu might be a little overestimated. ‘Lamora’
had the lowest fsu. No consistent, significant culti-
var differences were found for the number of flo-
rets and seeds per spikelet or for fsu (Tables 4 and
5) and these characteristics were not correlated
with seed yield (Table 6).

Table 4. Seed production traits of second year crops of nine perennial ryegrass cultivars in 1987 on sandy and clay soil

Cultivar Soil seed yield thousand grain seed number  spikelets seeds floret site utilization
(gm~3) weight (g) (10'm3) eart* spikelets™t ** (%) **
Sand
Trani 90.3 1.27 7.1 223 4.7 &
Wendy 89.7 1.43 6.3 18.3 5.2 &
Semperweide 84.9 1.44 59 19.7 5.7 81
Vigor 5.7 1.24 6.1 21.4 3.9 88
Parcour 87.9 1.37 6.4 19.4 5.4 81
Perma 81.5 1.39 59 20.6 5.5 73
Compas 72.0 1.24 58 19.8 4.4 78
Barenza 51.3 1.15 4.5 212 4.7 86
Lamora 48.7 1.3 3.7 20.2 4.0 84
Mean 75.8 1.32 5.7 203 4.8 83
LSD 5% 105 0.05 1.0 2.3 0.8 i1
Clay
Trani 137.9 1.42 9.7 20.0 5.0 85
Wendy 136.3 1.51 9.1 18.9 43 75
Semperwcide 124.1 1.54 8.1 19.6 5.1 77
Vigor 110.7 1.35 8.2 21.0 4.0 80
Parcour 139.4 1.45 9.6 213 49 80
Perma 134.8 1.45 9.3 20.6 48 73
Compas 119.9 1.3 9.2 19.5 4.7 81
Barenza 98.2 1.26 78 21.8 4.0 70
Lamora 93.8 1.39 6.8 20.9 4.4 73
Mean 121.7 141 8.6 20.4 4.6 K
LSD 5% 13 0.08 11 1.9 1.3 14
* sampled on July 22.
** sampled on July 17.
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Table 5. Seed production traits of first year crops of nine perenial ryegrass cultivars in 1988 on sandy soil

Cultivar seedyield  1000-grain  seed number ear length  spikelets florets seeds flozet site
(gm %) weight () (10'm°3)  (mm) ear”! spikelet™  spikelet™  utilization (%)

Trani 73.8 1.10 6.8 204 24.8 5.5 4.2 77

Wendy 69.6 1.15 6.1 183 21.4 5.4 39 7%
Semperweide 73.4 1.24 6.0 183 22.4 5.1 3.6 72

Vigor 56.6 1.10 5.3 170 23.0 4.9 34 70

Parcour 69.5 1.13 6.5 151 pr R 4.6 31 71

Perma 68.6 1.10 6.3 176 220 4.6 3.6 80

Compas 530 1.00 5.3 154 217 4.9 3.7 75

Barenza 4.3 0.98 4.6 178 239 4.7 3.7 76

Lamora 33.5 1.12 3.0 178 232 5.1 3.3 62

Mean 60.3 1.10 5.5 175 22.8 5.0 3.6 73

LSD 5% 26 013 28 35 1.5 1.2 0.9 9

Floret position all cultivars, most florets contained a seed. At high-

In Fig. 3 the total number of florets observed at
various floret positions within the central spikelet is
shown for all cultivars. The number of florets at
position 1 equals the total number of sampled ears,
thus ‘Lamora’ had few ears and ‘Parcour’ many.
However, because ear density is very variable, the
balance between seeds and empty florets (includ-
ing aborted seeds) is more interesting (Fig. 3). In

er floret positions, the number of florets decreased,
because some spikelets contained only few florets.
In ‘Trani’, ‘Vigor’ and ‘Lamora’ this decline began
slowly, indicating that most spikelets had at least
three florets. In ‘Perma’ and ‘Parcour’, the number
of florets at positions 2, 3 and 4 was already lower
than that at position 1, indicating that many spike-
lets with only one, two or three florets were pre-
sent, probably due to shattering. Especially at fio-

Table 6. Phenotypic correlations between mean values of seed yield and other traits of nine perennial ryegrass cultivars in various
environments. Year, soil type and crop production year are indicated.

*P=0.05"":P=001;df =7

Environment
Year 86 ’86 87 87 87 ’B8 '88
Soil sand clay sand sand clay sand clay
Prod. year 1st 1st 1st 2nd 2nd 1st 15t
Trait
tgw 0.28 -.16 0.66 0.61 0.64 0.74* 0.53
seeds m~2 0.74* 0.86** 0.87** 0.94** 0.91** 0.96** 0.96**
dry matter —-0.10 -0.19 0.38 0.65
hi 0.81** 0.84** 0.74* 0.70*
ears m™? -0.34 -0.27 -0.19 003
spikelets ear™! -0.20 —0.48 -0.15
florets ear™ .19 —-0.40
seeds ear™! 0.53 0.45
florets spikelet ! 0.53 -0.16 0.21
seeds spikelet™! 0.34
fau —-0.18 0.51 0.56
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Fig. 3. The total number of florets observed at various floret positions within the central spikelet in a row of 0.20 m in nine perennial
ryegrass cultivars in first year crops on sandy soil in 1988. Normally developing sceds and empty florets {including degenerated ovules
and aborted seeds) are distinguished. The percentage of florets with a normally developing seed is indicated per floret position.

ret position 7 and higher, only few observations
could be made. The absolute number of empty
florets increased in central positions. The percent-
age of normally developing seeds (fsu) is indicated.
There was a general decrease in fsu form the lowest
to the apical floret positions within the spikelet,
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Differences among cultivars

Cultivars can be grouped according to their seed
yielding capacity. For example, ‘Trani’ and ‘Wen-
dy’ both have a high seed yielding capacity but are
quite different: ‘Trani’ produces many seeds per
unit area and ‘Wendy’ has heavy seeds. “Trani’ has
many spikelets per ear and ‘Wendy’ few, etc. The
cultivars ‘Wendy” and ‘Semperweide’ are rather



similar with respect to their relatively early ear
emergence, low number of ears, rather heavy till-
ers and ears, low number of spikelets per ear, aver-
age fsu and high seed weight. Nevertheless, “Wen-
dy’ had a high seed yield and ‘Semperweide’ only
an average seed yield. ‘Wendy’ has a higher harvest
index and a higher seed number. ‘Lamora’ and
‘Barenza’ both have a low seed yielding capacity.
Both cultivars have a late ear emergence date, but
‘Barenza’ has a very low seed weight and ‘Lamora’
an average seed weight (similar to that of “Trani’,
the highest yielding cultivar). ‘Vigor’, ‘Semper-
weide’ and ‘Perma’ have a similar average seed
yield but a different seed weight, ear emergence
date and number of spikelets.

Environmental effects

Seed yield, seed weight and seed number were
much higher on clay than on sand. Dry matter
production being similar on both locations, the
harvest index on clay came out higher than on sand.
However, these differences in harvest index could
not be explained by differences for growth rate or
dry matter partitioning. Soil type affected seed
yield much more than seed weight and thus the
variation for seed yield between locations was
mainly due to different numbers of seeds per unit
arca. However, the numbers of florets, spikelets
and seeds per ear determined in sampjes were simi-
lar on both locations in 1987 and therefore cannot
explain the large difference found for sced yield
between clay and sandy soil. These components
may have been determined in too early a stage of
development in 1987.

The large differences for seed yield between
years were not related to the total dry matter vield,
which was similar across years. The average num-
ber of spikelets per ear was higher in 1988 than in
1987 (22.8 versus 20.4), but the number of seeds
per spikelet was lower in 1988 (3.6 versus 4.7)
(Tables 5 and 4).

Discussion

Genetic variation for seed yield and analysis of
components

Previously significant cultivar differences for seed
yield were observed and these differences were
consistent in various environments. Significant and
consistent genetic differences also occurred for
seed weight, but the ranking orders of the cultivars
for seed yicld and seed weight were different (El-
gersma, 1990). The present study reveals that ge-
netic differences for seed yielding capacity were
not related to differences in crop growth, accumu-
lation and partitioning of DM or lodging beha-
viour.

Generally, seed yield was related to the number
of seeds per unit area, which in turn is determined
by the number of ears and by the number of seeds
per ear. However, no clear differences for the num-
ber of ears were found among the cultivars. Differ-
ences for seed yield were neither associated with
seed weight per tiller nor with the number of seeds
per car. Significant differences were found among
the cultivars for the number of spikelets per ear,
but spikelet number was not correlated with seed
yield. No clear differences for the numbers of flo-
rets and sceds per spikelet and for floret site uti-
lization were found among the cultivars and these
characters were not correlated with seed yield.

Seed abortion

According to Hampton (1988}, the failure of herb-
ape grasses to realize more than one-tenth of their
theoretical seed yicld potential is primarily due to
poor floret site utilization through abortion of de-
veloping seeds. In this view, insufficient assimilates
are available to sustain seed growth at all pollinated
floret sites.

In the present experiment, fsu generally de-
creased from the basal to the upper floret of the
central spikelet, although non-productive florets
were found at all floret positions, Marshall & Lud-
lam (1989) found in drilled plots that florets within
the all positions of the (central) spikelet aborted
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ovaries or developing seeds. We also found in
spaced plants, that successful fertilization did not
decline from the basal to the distal floret. Also
along the ear there was no difference between up-
per, central or basal spikelets. In later stages, distal
florets had slightly fewer seeds, but unproductive
florets were found at all floret positions (Elgersma
& Sniezko, 1988). This random pattern was also
found in other grasses by Knowles & Baenziger
(1962) and suggests genetical or cytological causes
rather than physiclogical stress,

Marshall & Ludlam (1989) found that about 50%
of the florets did not contain a normally developing
sced. They suggest that outbreeding species would
loose about 50% of their ovules because of genetic
defects associated with outbreeding, and in con-
trast in inbreeding species around 83% of the
ovules would survive. However, in this study in
various environments on average 73 to 83 percent
of the observed florets contained a seed. More-
over, seed set percentages in perennial ryegrass
reported by Anslow (1963): 65% , Beddows (1931):
53.9%, Burbidge et al. (1978): 60%, Griffiths &
Lewis (1967): 62% and Jenkin (1931): 92.9% do
not support this theory.

The number of seeds

The number of seeds per unit area calculated as:
number of ears X number of spikelets per ear X
number of seeds per spikelet, was three to four
times higher than the seed number calculated after-
wards from seed yield and thousand-grain weight.
The main reason is probably, that al} the seedsin a
sample are counted, whereas during harvest and
cleaning especially small and unripe seeds are lost
and other seeds are shed prior to harvest and thus
the final seced number is lower. A similar discre-
pancy between potential vield and realized yield is
often encountered (Hebblethwaite et al., 1980),
Meijer (1985) determined the number of florets per
ear at the end of anthesis and also prior to harvest,
when 30% of the initial florets were lost, mainly
due to shattering. Fifty-three to 68% of the florets
observed prior to harvest contained a seed, but
only 40 to 70% of these seeds were recovered after
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harvest and cleaning, Horeman (1989), too, found
that only 25% of the seeds observed prior to har-
vest were recovered after cleaning, which agrees
with our observations.

Potential versus realized seed yield

From the foregoing it is clear, that an important
loss of potential yield occurs during and shortly
after flowering, when only about 50-80 percent of
the florets set a seed. Another major loss occurs
during harvest and cleaning, because only about
25-70 percent of the seeds present before harvest
are regained.

The loss due to tiller mortality seems less impor-
tant, because tiller numbers increase dramatically
at ear emergence and then decrease again (Figs.
1E, 1F). It is therefore not useful to consider the
maximum tiller number in calculations of potential
yield. Most of the tillers that are produced late in
spring are small and do not survive (Ryle, 1966;
Anslow, 1963). The number of fertile tillers (cars)
is a more interesting yield component, but we
found very variable ear numbers both within and
among plots. The average number of ears and the
mean seed yield of the cultivars were not correlat-
ed.

Environmental effects

Various experiments have been reported on the
effect of environmental factors on seed yield, crop
growth and yield components. Hampton & Heb-
blethwaite (1985) found in two years a yield in-
crease following application of a growth regulator,
but the yield components responded differently.
Yield increases were associated with a higher num-
ber of fertile tillers in both years and with an in-
creased number of seeds per spikelet in one year.
Other yield components did not change. Horeman
(1989) found that the number of spikelets per ear,
the number of florets per spikelet and the number
of seeds per spikelet did not account for the observ-
ed yield increases after fungicide application. In
this study, differences between locations must have



been caused by soil type or by soil-weather interac-
tion, because the climatic factors were similar. Soil
type did not affect the crop growth rate, the accu-
mulation or the partitioning of dry matter, Seed
yield, seed weight and seed number were higher on
clay, but the number of cars and other components
of yield were not very different. Therefore, the
reasons of the higher harvest index and seed yield
on clay are not clear.

The relation between seed yield and seed weight
was non-linear: seed weight was less affected by
environments than seed yield. In general seed size
tends to be relatively constant over a range of con-
ditions (Marshall, 1985). The final weight of an
individual seed depends mainly on its position
within a spikelet (Anslow, 1964). The thousand-
grain weight of a crop is calculated after seed clean-
ing, small seeds are cleaned out and therefore the
minimum seed weight depends on the cleaning in-
tensity. This might account for the fact that the
average seed weight or thousand-grain weight is
rather stable. Consequently, there must be a close
relationship between the number of seeds pro-
duced per unit area and the yield of seed, which is
indeed demonstrated in agronomic studies (Heb-
blethwaite et al., 1980; Hampton & Hebbleth-
waite, 1983). We also found within each cultivar
high seed numbers in trials with a high yield.

5 Implications for plant breeding

This study does not clarify the physiological basis of
the observed genetic differences for seed yielding
capacity. For a plant breeder it will be difficult to
predict the seed yielding capacity, because no sin-
gle seed yield component in drilled plots was identi-
fied that is closely correlated to seed yield. There-
fore, breeders can probably best assess the yield
capacity of new cultivars in separate seed yield
trials, comparing the yield with that of standard
cultivars. The flowering dates of the cultivars
should not differ 10o much. Plots should not be too
small and border effects should be minimized as in
this experiment. Agronomic treatment should be
according to practice. Plots must be harvested indi-
vidually at harvest ripeness according to their mois-

ture content and shattering susceptibility. Of
course, the harvested seed cannot be used for mul-
tiplication because it results partly from pollination
by other populations. A safe estimate of the seed
production can be obtained in an isolated multipli-
cation, as here the self-incompatibility is ex-
pressed. It is recommended to base new cultivars
on clones with a similar flowering date and a short
flowering period, to minimize spread in flowering
and to avoid irregular ripening. Alternatively, in-
creased shattering resistance would allow a delay in
harvest until late-emerging ears have fully ripened
and consequently increase the recovery of seeds.
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Summary

Seed yield in perennial ryegrass is low and unpredictable. Spaced-plant traits suitable for indirect selection
for total seed yield in drilled plots would be very useful. The objectives of this investigation were to evaluate
genetic variation for seed yicld components and other traits among clones from three perennial ryegrass
cultivars differing in seed yield and their open-pollinated progenies. Per cultivar, a random set of 50
genotypes was cloned and on each genotype seed was generated by open pollination. Clonal ramets of the
parents were observed for 17 traits in 1986 at two locations. In 1987 and 1988, parents and progenies were
observed as single plants in a randomized complete block design with two replications. There was little
cultivar-cnvironment interaction for most traits. The parents differed significantly for almost ail traits.
Half-sib (HS) families differed for only three to five traits. Broad-sense heritabilities (h%,), based on variance
components of the parents, were moderate to high; earliness had the highest h?,. Narrow-sense heritabilities
(h?,), based on variance components among HS-families, were low to moderate and mostly not significant;
for most traits h?, estimates varied between years and cultivars. Flag leaf width and date of first anthesis
showed the highest h?%,. Narrow-sense heritability estimates from parent-offspring regressions (h* ;o) ranged
from non-significant to high, depending on year and cultivar; they were generally higher than the corre-
sponding b’ estimates. Generally, h? ., was highest for earliness, flag leaf width, ear length and the number
of spikelets per ear. Breeding methods that capitalize on additive genetic variance, such as mass selection,
should result in improvement for these traits.

Introduction Seed yields are generally rather low and unpredict-

able (Griffiths et al., 1966; Elgersma, 1985), but

Perennial ryegrass (Lofium perenne L.) is the most
important cultivated grass species in Western Eu-
rope. Breeding efforts have concentrated on vege-
tative qualities and many cultivars for forage or turf
are now available (Anon., 1990), while less empha-
sis has been placed on improving seed yield.
Perennial ryegrass is a self-incompatible, wind-
pollinated species that is propagated by seed. Com-
mercial seed production occurs in drilled plots.

there are cultivar differences for seed production
(Evans & Muncey, 1977, Nordestgaard & Juel,
1979; Elgersma, 1990). The economics of seed pro-
duction has become increasingly important for the
commercial succes of a new cultivar (van Wijk,
1980). Therefore, plant breeders need sclection
criteria to ensure a high and stable seed production
of new cultivars. Breeders usually start with spaced
plants and only after many years of recombination
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and selection, advanced populations are tested for
seed yielding capacity.

Selection in spaced plants in an early breeding
stage might be an effective method to aveid final
disappointments due to poor seed production, pro-
vided that spaced-plant traits are identified with a
high heritability and a high correlation with seed
production in drilied plots (indirect selection).
Heritability estimates provide an indication of the
expected response to selection in a segregating
population; as such they are useful in designing an
effective breeding program.

Many studies have been reported on spaced
plants (e.g., Bean, 1972; Bugge, 1987; Hayward,
1983; Rognli, 1987, Stratton & Ohm, 1989). Bugge
(1987) estimated broad-sensc heritabilities for
some seed yield components, but little is known
about narrow-sense heritabilities for spaced-plant
traits in perennial ryegrass. Therefore, heritability
was estimated for 17 spaced-plant traits in three
perennial ryegrass cultivars, which had contrasting
seed production in drilled plots. Heritabilities, esti-
mated from clonal parental material (h%,), from
progeny analyses (h%)) and from parent-offspring
regressions (h%;,), were compared for several
years for the three cultivars.

Materials and methoeds
Materials and methods

Three diploid, late-flowering perennial ryegrass
cultivars of the pasture type were used: “Wendy’,
‘Barenza’ and ‘Perma’. When grown in drilled plots
these cultivars had a high, low and intermediate
seed production, respectively (Elgersma, 1999).
From each cultivar, 50 seedlings were taken at
random, grown in pots and cloned. In 1985/86, two
clonal ramets of each genotype were grown on sand
and two on clay soil as part of a larger experiment
(a randomized block in two replications). One ra-
met was kept as a spare. In 1986, each set of 50
genotypes was also grown in a separate rye-isola-
tion. Seeds obtained by open pollination were har-
vested per genotype and sown immediately in the
greenhouse, Two randomly taken seedlings from
cach progeny were transplanted in Jiffy pots, thus
50 Half-Sib (HS) families consisting of two geno-
types were obtained per cultivar. In September
1986, the HS progenies and parental ramets were
planted in a ficld experiment on sandy soil. Parent
is equivalent to mother throughout this paper.
The plants were spaced 0.75x 0.75m apart.
Details of the experimental management are de-

Table 1. Traits and their abbreviations. Traits 1-10 were determined on a plant basis and traits 11-15 on two representative tillers per
plant, sampled three weeks after first anthesis. Traits 16-18 were calculated

1. EE ear emergence or heading date (days from April 1), when at least three ears are visible
2. FLL flag leaf width (mm) at ear emergence
3 FLW flag leaf length (mm) at ear emergence
4. GIE plant girth (cm) at ear emergence
5. FA date of first anthesis (days from April 1)
6. PH plant height (cm) when pulled up, after flowering
7. HD harvest date (days from April 1)
8. FT number of fertile tillers {only in 1986)
9 SYP seed yield per plant {(g)
10. SYS seed vield per spike (mg) from ten selected spikes
11. EL ear length (mm) from the base of the lowest to the hase of the upper spikelet
12. IN internode length (mm) from the upper intermode to the base of the lowest spikelet
13. SPK number of spikelets per ear
14. FL number of florets in the central spikelet
15. S number of seeds in the central spikelet
16. FsU floret site utilization calculated per spikelet as (seeds/florets)*100%
1 EEFA days from ear emergence to first anthesis (heading period)
18. FAHD days from first anthesis to harvest (ripening period)
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scribed elsewhere (Elgersma, 1990). At flowering
the plants were tied up to bamboo sticks to prevent
loss of tillers and to facilitate harvesting. Ten simi-
lar spikes were selected per plant and tied up sep-
arately. Harvest ripeness was visually assessed per
individual plant according to the colour of the
spikes and seeds and to the degree of shattering.
Harvesting was carried out per plant with a sickle,
the bundle of ten spikes being harvested separate-
ly. The spikes were cool-air dried and threshed by
hand. The seed was cleaned before weighing.

Following seed harvest in 1987, the stubbles
were cut. After regrowth, tillers of the progenies
were dug out. Spare ramets of the parental geno-
types were taken. The previous experiment was
repeated in 1987/88. Thus parents were observed in
1986 on sand and clay and in 1987 and 1988 on sand
(four environments) and progenies were observed
in 1987 and 1938 on sand. Table 1 shows the traits
assessed.

Statistical analyses

Models for analyses of variance

Data were analysed for each of the three cultivars
separately. In 1986, per location the 50 parents
were randomized within each of two blocks. In
1987 and 1988, 50 parents and 50 progenies were

Table 2. Two models with analyses of variance and expectations
of mean squares

Model 1

Source of variation  Df Expected mean
squares

Blocks (B} b-1 oL+ gad,

Genotypes (G) gt o’ + ba?,

Residual (R) (b-1)(g-1) o,

Model 1

Source of variation  Df Expected mean
squares

Genotypes (G) g1 o’ + 1o,

Residual (R) 2(r-1) o,

individually randomized as single plants within
cach of two blocks. The statistical design utilized
for a single years’ data is a randomized block, con-
sisting of 100 entries, in two replications.

Initially a model with g genotypes observedin b
blocks was used:

Vi= ut g+ bt g (Model I),
where y;; is the observed phenotypic mean value of
genotype i (i= 1...g; g= 50) in block j (j=
1...b; b= 2) and p, g, b, and g; represent the
overall population mean, the effect of the i'* geno-
type, the effect of the j* block and the mean ran-
dom error of the i" genotype in the j*® block, re-
spectively. For each trait the block effect was tested
according to model I (Table 2), but it was usually
not significant. Since neither a block effect nor a
possible genotype — block or family — block interac-
tion was considered to be of primary interest,
blocks were ignored in further analyses (Bos,
1981). The observations on the two replications
were pocled and a model with g genotypes, each
observed on r plants (ramets) was used:
withi=1...g,j=1...r,g=50and r= 2.

For the offspring a model with g HS-families,
each observed on r plants, was used:

Vi= 84 Ei owween tamities) T (B within tamitiesy + €5

where g, is the effect of the i* family and g; is the
effect of the i* family and the j plant, with i=
1...g,i=1...r, 2= 50 and r = 2. The residual
error contains both genetic variation within fam-
ilies and environmental variance.

For parents and half-sib families the analysis of
variance (ANOVA) according to model IT was used
(Table 2).

Broad- and narrow-sense heritability

Broad-sense (h%,) and narrow-sense (h?,) were cal-
culated per environment based on parcntal means
and family means, respectively. Estimates of ge-
netic variance components from clonal analyses
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were used to calculate h?, (Burton & DeVane,
1953) and estimates of genetic variance compo-
nents from progeny analyses were used to calculate
h%, (Nguyen & Sleper, 1983a) as follows:

h%, = 02;?’ (0231' + (C’zep"l'))
hzn = ozgl‘/(oz;l’ + (ozePlr))

where, 0%, 0’ = variance components due to
parents and families, respectively; 0%, 0° = re-
sidual mean squares in the ANOVA for parental
clones and in the ANOVA for HS-families when
calculating h% and h?,, respectively; and r = num-
ber of replications (here equal to two).

The genetic variation among HS-families (o%)
measures additive genetic variation (1/4 ¢%,) under
the following assumptions: no epistasis, the paren-
tal population is in linkage equilibrium, the parents
form a random sample from a reference population
and the parents produce offspring after random
mating. Epistasis is considered to be absent al-
though this cannot be verified. The three last as-
sumptions appear to be fulfilled.

Parent-offspring regression
The linear regression cocfficient of HS-progeny
values on their parental values is multiplied by two
to obtain an estimate of narrow-sense heritability
(1’p;) (Kempthorne, 1957; Falconer, 1981).
Averages per parent and HS-family were calcu-
lated per environment and these form the basis for
offspring-parent regressions. In 1987 and 1988, par-
ents and progenies were included in the same
blocks (completely randomized). However, poten-
tial bias might occur due to non-genetic covarianc-
es between parents and offspring (Vogel et al.,
1980}). This bias can be removed by regressing prog-
eny means on parental means evaluated under dif-
ferent locations and years (Casler, 1982). There-
fore, offspring values obtained on sandy soil in 1987
and 1988 were also regressed on parental values
obtaincd on clay in 1986, to obtain non-biased esti-
mates.
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Results
Mean values

Table 3 shows the mean values for 17 spaced-plant
traits and significances of genotypic variation be-
tween parental clones and HS-families of the three
cultivars in various environments.

Comparison of environments

Mean values of parents and progenies differed in
the various environments. The parents differed at
both locations (in 1986): on sand all cultivars had
longer flag leaves and ears; on clay they had more
tillers with longer internodes, more spikelets and
florets and a much higher seed yield per plant. The
parents also differed over the three year tested on
sandy seil. In 1986 the plants were late and had a
short ripening period and in 1988 they were caily
and had a long ripening period. The heading period
was also shortest in 1986 but longest in 1987. Fiag
leaf width and length, plant girth, seed yield per
spike, the number of florets and seeds per spikelet
and floret site utilization declined from 1986 to 1987
and from 1987 to 1988 in all cultivars. Seed yield per
plant was also highest in 1986, but lowest in 1987,
Plant height, internode length and the number of
fertile tillers were largest in 1987. Ears were short-
est in 1988 and the number of spikelets per ear was
highest in 1988 and lowest in 1987. These results
were found in all cultivars.

Mean values of the HS-families also differed in
the two years: in 1988, the offspring means were
smaller and plants were earlier than in 1987 for all
traits except spikelet number and ripening period,
which were larger in 1988, Again, this was irrespec-
tive of cultivars.

Thus, parental means and family means varied in
a similar way in 1987 and 1988 for all traits except
seed vield per plant: parents had a higher seed yield
per plant in 1987 than in 1988 and offspring yielded
more in 1988 than in 1987.

Comparison of cultivars
Mean values of parents and progenies differed in
the three cultivars.

‘Barenza’ was on average the latest cultivar and
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Table 4. Broad-sense (h%,) and narrow-sense heritabilities based on sib-analyses (h%,) and on parent-offspring regressions (h?,pg) of 17
spaced-plant traits in three perennial ryegrass cultivars over three years. The h?,p, estimates obtained by regression offspring means
from 1987 and 1988 on parental means from 1986 on clay, are printed in italics

cv. ‘Wendy'
Trait ®, b2, hera

‘86 sand ‘86 clay 87 ‘88 '87 '88 ‘87 88
EE 0.92 0.97 0.96 0.94 0.34 0 0.60 0.88 0.62 0.68
FLW 0.77 0.72 0.64 0.67 0.42 043 0.92 095 1.04 0.97
FLL 0.63 0.59 0,74 0.71 0.12 0.47 0.54 0.5¢ 0.89 1.06
GIE 0.66 0.52 0.65 0.82 0.02 0.15 0.00 0.00 0.04 0.00
FA 0.90 0.91 0.92 0.92 0.36 0.27 0.44 0.96 0.88 1.4
PH 0.46 0.63 0.68 0.66 0.28 0 0.58 1.20 0.14 1.02
FT 0.4 0.46 0.81 - 0 - 0.18 0.54 - -
SYP 0.61 0.51 0.77 0.42 0 0 0.48 0.24 0.38 0.20
5YS 0.38 0.57 0.82 0.38 0.30 0.40 0.33 0.10 0 [
iN 0.50 0.66 0.56 0.70 0.59 0.02 0.60 0.48 0.48 .24
EL 0.54 0.69 0.76 0.82 0.12 0 0.44 0.82 0.58 0.76
SPK 0.74 0.78 0.80 0.77 0.43 .08 070 0.52 0.74 .50
FL 0.56 0.59 0.72 0.52 0.03 0.33 0.30 0.54 0.06 .80
S 0.57 0.63 0.78 0.79 0.17 0.77 0.09 0 014 1
FsuU 0.69 0.61 0.69 0.53 0.20 0.64 0 0 0 ¢
EEFA 0.78 0.88 0.87 0.50 0.17 0.50 0.76 0 0.30
FAHD 0.27 0.73 0.58 0.34 0 0.35 0.02 0.37 0.68 0.46
cv. ‘Perma’
Trait b2, W, Wopg

‘86 sand ‘86 clay 87 '88 '87 ‘88 ‘87 ‘88
EE 0.96 0.96 0.95 0.9 0.07 .29 0.54 .62 .64 .62
FLW 0.69 9.76 0.67 0.62 0.40 0.00 0.54 0.58 0.48 .76
FLL 0.56 0.77 0.78 0.683 0.40 0 0.34 0.80 0.06 0.64
GIE 0.68 0.53 0.60 0.37 0.40 0.04 0.28 0.38 0.52 0.42
FA 0.79 0.88 0.85 0.80 0.14 0.45 0.48 0.54 0.58 110
PH 0.55 0.73 0.31 0.68 0 0.26 0.30 0.80 0.28 0.36
FT 0.4 0.32 0.72 - 0 - 0.14 0.04 - -
SYP 0.74 0.69 .81 0.59 0.43 0.46 0.32 0.3 0.88 0.30
5YS 0.61 0.72 0.61 0 0.36 0.34 0.16 0.04 0.00 0.02
IN 0.46 0.55 0.62 0.71 0.08 0.18 0.08 0.50 0.46 0.86
EL 0.62 0.66 0.87 0.83 0.24 0.12 0.60 0.88 0.60 0.40
SPK 0.58 0.77 0.74 0.76 0.35 0 0 0.40 0.68 0.50
FL 0.72 0.73 0.66 0.61 0.06 0.41 0.44 0.52 0.38 0.02
S 0.63 0.68 0.72 0.25 0.34 0.63 0.08 0.36 0.56 0.34
FSU 0.73 0.69 0.65 0.06 0.14 0.25 0.18 0.28 0.80 0.18
EEFA 0.80 0.51 0.8% 0.68 0.16 0.19 .50 0.60 0.24 0.50
FAHD 0.54 0.53 0.58 0.74 0 0.14 0.02 0.11 0.06 0.78
cv. ‘Barenza’
Trait 1, b, Wopo

'86sand ‘86 clay 87 '88 °87 '88 87 ’88
EE 0.94 0.96 0.95 0.95 .36 0.22 L.00 1.20 0.64 2.92
FLW 0.77 0.67 0.75 0.63 0.50 0.30 0.72 .90 0.59 0.54
F1.L 0.69 0.72 0.83 0.43 ¢.15 0.01 0.42 6.56 0.40 0.36
GIE 0.53 0.82 092 0.50 o) 007 0.04 U] 0.28 i)
FA 0.93 0.92 092 0.94 0.36 0.45 0.9 1.16 0.96 1.26
PH 0.63 0.52 0.79 0.68 0.33 0 0.40 0.00 0.00 0.08
FT 0.06 0.44 0.78 - 1] - 0.06 4] - -
SYP 0.50 0.7 0.86 0.64 0.20 4] 0.80 0.06 0.24 0.08
SYS 0.62 0.96 0.78 0.48 0.31 0.14 0.48 0.20 0.77 0.08
IN 0.41 0.60 0.53 0.53 0.00 0.15 0.50 0.62 0.32 0.06
EL 0.70 0.49 0.78 0.70 0.36 0.23 0.46 0.85 0.56 0.62
SPK 0.88 0.77 0.74 0.53 [t} 0 0.42 0.43 0.14 0.18

0.85 0.77 0.68 0.58 0.33 0.2 0.36 0.36 0.17 0.2¢4
S 0.78 0.60 0.53 0.45 0.45 0.41 0.14 0 0.36 0.02
FSU 0.67 0.46 0.53 0.56 0.35 0.79 0.10 0.01 0.56 0.4
EEFA 0.33 0.77 0.70 0.59 0.22 0 0.60 0.64 0.14 0.24
FAHD 0.79 0.62 0.65 0.67 0.43 0.44 0 0.56 0.67 0.38
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had the shortest heading period. ‘Barenza’ also had
the largest girth at ear emergence, the widest flag
leaves, most fertile tillers (*Wendy® fewest), most
spikelets (*Wendy' fewest) and fewest florets per
spikelet (‘Wendy’ most). ‘Wendy’ had the highest
seed yield per plant and per spike, the longest ears
and most seeds per spikelet. These differences were
found in all environments for both parents and off-
spring. Thus “Wendy’ and ‘Barenza’, with a high and
low seed yield per plot, respectively, showed also the
largest contrast on a spaced-plant basis.

Parents versus offspring

In 1987, mean values of the offspring exceeded
parental means for almost every trait and ears of
the offspring emerged and flowered slightly earlier.
This was found in all cultivars. In 1988, offspring
and parental means were about the same, although
in “Wendy’ offspring means were still slightly larger
for most traits. In both 1987 and 1988 the ranges of
the traits measured in the offspring (not shown) were
similar or slightly smaller than the parental ranges.

Genotypic variation and heritabilities

For almost every trait and for each cultivar signif-
icant differences were present among the 50 paren-
tal genotypes in the four environments (Table 3).
In contrast, no significant difference among HS-
families was found for most traits. In ‘Wendy’, 0%
was significant for only four traits (out of 17} in
1987 and for five traits (out of 16) in 1988. In
‘Perma’ it was significant for four traits and in
‘Barenza’ for only three traits in both years, respec-
tively. Moreover, o%, was significant for different
traits in 1987 and in 1988.

The variance component estimates from the
progeny analyses were smaller than those from the
parental analyses in both years (Table 3). This is
expected, since the progeny component measures
only the additive portion of the total genetic varia-
tion. Heritability estimates for those traits where
no significant genetic variation was detected in the
parent and progeny ANOVA are meaningless.
Therefore, significant values (Table 3) are printed
bold in Table 4. The heritability estimates from the

parent-offspring regression are printed bold, if the
regression coefficient exceeds twice its standard er-
Tor.

Most h?, values were moderate to high in the
three cultivars. In all cultivars, estimates were very
high for earliness (dates of ear emergence and first
anthesis) in all environments.

The h?, values were low to moderate. Within a
cultivar, estimates were rarely significant for the
same trait in both 1987 and 1988. The three cultivars
generally had different traits with a significant h? ; the
I, estimates were only significant in all cultivars for
flag leaf width and date of first anthesis.

The h2,p values were significant for more traits,
although the parent-offspring analyses showed
generally much scatter around the fitted regression
line and the percentage variance in the offspring
accounted for by the parents was low. In 1987 and
1988 biased estimates of h? ,, were significant for
nine and seven traits in “Wendy’, for five and five
traits in ‘Perma’ and for nine and six traits in ‘Bare-
nza’, respectively. “Wendy’ and ‘Barenza’ showed
largely the same pattern. In all cultivars, heritabil-
ity estimates for earliness, seed vield per plant, ear
length, spikelets per ear and heading period were
significant in one or both years. Non-biased esti-
mates of h?,, were significant for eight to nine
traits in “Wendy’ and ‘Perma’ in both years but in
‘Barenza’ for only seven and three traitsin 1987 and
1988, respectively. Estimates for earliness and ear
length were significant for all cultivars in both years
and for flag leaf length and width and spikelet
number, in one or both years.

Thus, in general both biased and non-biased h? 5,
estimates were significant for flag leaf width, earli-
ness, ear length and the number of spikelets per ear,

Discussion

The most convenient way to assess heritability is to
use clonal material, which is easily obtained in
grasses by splitting a plant into ramets of one or-
more tillers. In this manner traits can be assessed in
different environments. There was little cultivar —
environment interaction for most traits on the basis
of cultivar means: for example genotypes from
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‘Barenza’ and their progenies matured later in all
environments than those from the other cultivars
and parents and progenies of all cultivars matured
later in 1987 than in other years.

Based on clonal parental material, variance com-
ponents can be estimated and used to calculate h%
(Burton & DeVane, 1953). When clonal propaga-
tion is practiced, h? indicates the response to clonal
selection. However, perennial ryegrass is gener-
atively propagated. Therefore, h%, overestimates
the response to selection as it includes non-additive
effects. In this study, h%s were generally moderate
to high. They were very high for earliness, which is
not surprising (Cooper, 1959). Bugge (1987) found
in perennial ryegrass h? s for ear length, numbers of
spikelets per ear and florets per spikelet, seed yield
per plant and fertile tiller number of 0.92, 0.83,
0.71, 0.64 and 0.49 (based on two years and three
ramets/genotype). These values are comparable
with the present data. Progeny testing provides
estimates of narrow-sense heritability, which are
more realistic for a crop with generative multiplica-
tion. Here, estimates for h%, were indeed consid-
erably lower than those for h?,.

In this study, h?, was estimated on a family mean
basis. It is also possible to estimate h?, on the basis
of individual plants within families. However,
when the families are not cioned, the within-family
genetic variation and the environmental variation
are confounded and the latter is expected to be
large (Aastveit & Aastveit, 1990). A theoretical
possibility would be to substitute the ¢®, from the
parental analyses for the environmental variation
of the half-sibs and then estimate the genetic varia-
tion within HS-families (P. Stam, pers. comm.).
Alternatively, h%, could be estimated directly from
the sib-analyses as 40%,1/(0%+ + 0°5), because 402,
is an estimate of ¢%, and o%; estimates 3/4 0%, +
o3+ o2, and thus (0% + o%) equals 0%, = of, +
0%+ o* (I. Bos, pers. comm.). However, such
estimates often resulted in heritability values > 1.
Since in this study only two plants were present per
family, within-family variation would be based on a
minimal sample (Aastveit & Aastveit used 20
plants per family), and therefore heritability esti-
mates based on individual plants within progenies
are not presented in this paper.
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Parent-offspring regression is commonly used in
forage grass breeding. The most efficient design is
to have as many families as possible and to measure
only one plant per family (Falconer, 1981). Accord-
ing to Nguyen & Sleper (1983a) the regression
method provides a more satisfactory estimate of
narrow-sense heritability than does the sib analysis
method, There was little agreement between h?,
and h? .. The h?, values were not significant for
most traits, with the exception of flag leaf width
and date of first anthesis. For these two traits a
considerable portion of the total genetic variation
is additive. However, the h? ;, values were signif-
icant for more traits. Nguyen & Sleper (1983b) and
Wofford & Baltensperger (1985) also found little
agreement between narrow-sense heritabilities
from sib-analysis and parent-offspring regression
for seed yield traits in Festuca arundinacea and for
turfgrass traits in Cynodon dactylon, respectively.

Regression of offspring means on parental
means from the same trial (biased) resulted in
about half of the 99 comparisons in higher heri-
tability estimates than regression on parental
means from another environment (ron-biased), al-
though the first were expected to be inflated (Cas-
ler, 1982). Apparently, the environmental covar-
i1ances between parents and offspring were of mi-
not importance in this study.

A perennial ryegrass plant can be considered a
population of individual tillers with a limited life-
span. Although perennial ryegrass is rejuvenated
by cloning, still the physiological age of a plant
increases and also the chance for diseases. The best
comparison would therefore be between parents in
1986 and progenies in 1987, when both populations
were in the year following germination. Thus the
relationship offspring 1987 - parents 1986 is expected
to be better than the relationship offspring 1988 —
parents 1986. Indeed, for most traits the non-biased
heritability estimates were higher in 1987 than in 1988
in ‘Barenza’, but not in the other cultivars.

Wofford & Baltensperger (1985) found signif-
icant variation among clones and HS-families for 13
out of 18 turfgrass traits in Cynodon dactylon.
Aastveit & Aastveit (1990) found in Festuca praten-
sis highly significant additive variation for earliness
and dry matter yield, both vegetative traits. In this



study both h? ;, estimates were significant for earli-
ness, ear length, flag leaf width and the number of
spikelets per ear in all cultivars. These traits could
possibly be used for selection. Earliness, flag leaf
width and ear length are registration characters;
the number of spikelets per ear is a seed yicld
component. Most seed yield components {fertile
tillers, seed yield per spike, numbers of florets and
seeds and floret site utilization) and seed yield per
plant are not promising for selection in spaced
plants.

When seed yield per plot is predicted from a trait
assessed in spaced plants, there may be interaction
due to plant spacing in addition to the low heri-
tability of that trait and to the lack of correlation
between that trait and total seed yield per plot.
Therefore, the progeny should be observed both as
spaced plants and in drilled plots. The performance
of the HS-families in drilled plots is currently stud-
ied.
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Summary

Secd yield in perennial ryegrass is low and selection criteria for high seed production are lacking. Indirect
selection in spaced plants would be efficient, but spaced-plant iraits need to be identified that correlate with
seed yield in drilled plots. Spaced plants were studied of nine perennial ryegrass cultivars with a different
seed production when grown in plots. Genotypic variation within cultivars for seed yield components and
other traits was assessed in four environments in replicated clonal experiments. Extensive genotypic
variation for most traits was present within ecach cultivar. Based on cultivar means of 25 or 50 genotypes,
significant differences among cultivars were found for most traits. Cultivar-year interactions were found for
most traits, but no significant cultivar-location interactions were generally found. Spaced-plant traits in
general showed poor correlation to corresponding traits in drilled plots. Cultivars with contrasting seed yield
in plots could not be distinguished on the basis of their spaced-plant traits and therefore no criteria for

indirect selection for seed production in drilled plots could be identified in spaced plants.

Introduction

Seed yield in perennial rvegrass (Lolium perenne
L.) is low. Selection for high seed yield should

- become a more important aspect of grass breeding

{Elgersma, 1985), However, selection criteria for
high seed production are lacking (Van Wijk &
Duyvendak, 1984). In grass breeding, selection
usually starts with large source populations based
on widely-spaced plants. During commercial seed
production grasses are sown in rows. Therefore, it
is necessary to identify spaced-plant traits that cor-
relate with the seed yielding capacity of a crop
grown in drilled plots. In order to identify such
traits an extensive study on variation for seed yield
and its components was carried out both in drilled
plots and in spaced plants. Significant and consis-

tent differences for seed production in drilled plots
were found among nine diploid perennial ryegrass
cultivars (Elgersma, 1990a). The present study was
designed to characterize these cultivars when
grown as spaced plants.

Most reports concerning genetic variation for
seed yield in grasses deal with either spaced plants
(e.g., Burton & DeVane, 1953; Nguyen & Sleper,
1983, 1985; Elgersma et al., 1989; Rognli, 1987) or
drilled plots (Evans & Muncey, 1977; Nordest-
gaard & Juel, 1979). However, Bean (1972) and
Bugge (1987) studied both spaced plants and plots.
Bugge (1987) found correlations between the per-
formance of spaced plants of perennial ryegrass
and their topcross progenies in drilled plots for ear
length, ear number and thousand-grain weight, but
not for seeds per spike or for seed yield. Unfortu-
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nately, the sown crops were not fully developed
due to a very low N-application.

The objectives of this paper are: (i) to estimate
genetic parameters for seed yield components and
other spaced-plants traits within cultivars; (ii) to
assess the vanation between cultivars, based on
means of spaced-plant traits and (jii) to relate the
performance of cultivars as spaced plants to their
performance in drilled plots.

Material and methods
Plant material

Seeds of the late-flowering perennial ryegrass culti-
vars ‘Semperweide’, ‘Wendy’, ‘Compas’, ‘Lamo-
ra’, ‘Perma’, Barenza’, ‘Parcour’, ‘Trani’ and ‘Vig-
or’ were obtained from the Government Institute
for Research on Variaties of Cultivated Plants
(RIVROY} and were sown in a greenhouse in April
1985, Fifty randomly chosen seedlings of each culti-
var were transplanted to pots and grown outdoors
during the summer. The 450 genotypes were
cloned in June and further cloned in August into
seven ramets. Four ramets of equal size were used
in the present experiments, two were used in a
competition experiment and onc was kept as a
spare.

Methods and experimental design

Experiments were conducted at two locations,
‘Born’ (sandy soil} and ‘Nude’ (river clay), these
being 6 km apart in Wageningen, the Netherlands.
The two soil types were chosen, because plant
breeders usually observe spaced plants on sandy
soil, whereas commercial seed production occurs
mainly on clay soils. At each location two ramets of
the 450 genotypes were planied in September. The
plants were individually randomized, irrespective
of cultivar, planted 0.75 m apart within two blocks,
and each trial was surrounded by border plants,
The size of both trials was 10.5 X 75 m. During the
autumn and spring, weeds were hoed mechani-
cally. Fertilizer was applied in March. More experi-
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mental details are described elsewhere (Elgersma,
1990a). Plants that died were replaced but these
spare plants were excluded from the experiment.
The plants were tied up to bamboo sticks when
flowering to prevent tiller losses and to facilitate
harvesting. Ten similar spikes were selected per
plant and tied up separately. Harvest ripeness was
visually assessed per individual plant according to
the colour of the spikes and seeds and to the degree
of seed shattering. Harvesting was carried out per
plant with a sickle, the bundle of ten spikes being
harvested separately. The spikes were cool-air
dried, threshed by hand and the seed was cleaned
before weighing.

In 1986/87 and in 1987/88 new experiments were
carried out on sandy soil only. From the original 50
genotypes, 25 were taken at random per cultivar,
The plant material was taken from the spare ramets
that were grown in pots. In each of the new trials,
two ramets were planted per genotype. In these
experiments a randomized block design in two rep-
lications was used for the cultivars and the geno-
types of a cultivar were randomized within the
blocks.

The nine cultivars were grown simultaneously in
drilled plots adjacent to the spaced-plant trials (El-
gersma, 1990a; 1990b). The management of drilled
plots was typical of that used in commercial seed
multiplication (Meijer & Vrecke, 1988).

Observations

The spaced-plant traits assessed are shown in Table
1. Fertile tillers were only counted in 1986, because
the experimental procedure was unsuitable.

Statistical analyses

Traits determined on tiller samples were averaged
per plant. For both 1986 trials, separate analyses of
variance of genotype means were carried out for
each trait. The coefficient of genotypic variation
(cv,) cannot be presented for maturity dates, be-
cause it depends on the arbitrarily chosen initial
date from which days are counted. In 1986 the




effect of blocks was not significant and therefore, in
further analyses the blocks were ignored and com-
plete randomization was assumed. The broad-
sense heritability (h?%,) on a genotype mean basis
was calculated as h?, = 0%/(0% + o%/r) where r=
2. Expected gains from selection were calculated
per trait on a two-clone mean basis, assuming a
selection intensity of 10% (Burton & DeVane,
1953). Within each of the four trials phenotypic
correlations were calculated between traits.

For cultivar comparisons, analyses of variance
per trial were carried out on the cultivar means,
averaged aver spaced plants, for cach trait (Weath-
erup, 1980). A model with nine cultivars in two
replicates was used. Correlations were caiculated
between traits (based on cultivar means) within
each trial. Cultivar means were also correlated be-
tween trials. For 1986, a combined analysis of vari-
ance of cultivar means was carried out to determine
the efiect of location and the cultivar-location in-
teraction. Since in 1987 and 1988 only 25 genotypes
were studied per cultivar, the results obtained in
1986 were analyzed based on these 25 genotypes as

well, to enable a cultivar comparison across the
four trials based on the same materials. A com-
bined analysis of variance of cultivar means was
carried out for the trials conducted on sandy soil to
assess the effect of year and the year-cultivar inter-
action.

Cultivar means of spaced-plant traits were also
correlated with seed vield, thousand-grain weight
and other characteristics that has been assessed in
crops grown in drilled plots (Elgersma, 1990a;
1950b).

Subsets of the 1986 data were made by selecting
the 50% genotypes with the largest girth at ear
emergence within each cultivar. Per location, culti-
var means of spaced-plant traits were calculated
and correlated with seed yield per plot (Elgersma,
1990a).

Tabie 1. Traits and their abbreviations. Traits 1-15 were determined on a ptant basis and traits 16-20 on two representative tiliers per
plant, sampled three weeks after first anthesis. Traits 21-23 were calculated

1. WIN winterhardiness (visualiy rated in spring: 1= poor, 5= excellent) (only measured in 1986)
2. GIs plant girth {cm), measured in spring
3. EE ear emergence or heading date (days from April 1), when at least 3 ears are visible
4. FLL flag leaf width {mm) at ear emergence
5. FLW flag leaf length (mm) at car emergence
6. NPH natutal plant height (cm) at ear emergence
7. GIE plant girth (cm) at ear emergence
8. FA date of first anthesis (days from April 1)
9. PA date of peak anthesis (days from April 1)
10. EA date of the end of anthesis (days from April 1)
11. PH plant height (em) when pulled up, after flowering
2. HD harvest date (days from April 1)
13. FT number of fertile tillers (only measured in 1986)
4. SYP seed yield per plant (g)
15.  SYS seed yield per spike (g) from the selected spikes
16. EL ear length (mm) from the base of the lowest to the base of the upper spikelet
17. IN intemode length {mm} from the upper internode to the base of the lowest spikelet
18. SPK number of spikelets per ear
19. FL number of florets in the central spikelet
20, 8§ number of seeds in the central spikelet
21, FSU floret site utilization calculated per spikelet as (seeds/florets)™100%
22, EEFA days from ear emergence to first anthesis (heading period)
23, FAHD days from first anthesis to harvest {ripening period)
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Results
Comparison of genotypes

Significant within-cultivar differences were found
for most spaced-plant traits in each trial. The rang-
es within each cultivar were quite large, but no
evident differences in range were found between
the cultivars. Estimates of genetic parameters of
each cultivar, obtained in 1986, are illustrated in
Table 2 for seed yield per plant. Within each culti-
var, significant differences were observed among
the genotypes. The broad-sense heritabilities were
rather high and did not differ significantly among
the cultivars.

The ranges and genetic parameters for spaced-
plant traits were rather similar for all cultivars.
Therefore, the 1986 data were pooled for all the
cultivars to present a general impression of the
genetic variation for all traits. Various genetic par-
ameters are shown in Table 3. The overall means at
both locations were quite similar for the maturity
dates, as well as for plant height, plant girth, num-
bers of spikelets, florets and seeds, floret site uti-
lization and seed yield per spike. Mean values for
other spaced-plant traits differed greatly between
locations. In general, flag leaves and cars were
longer on sand, whereas on clay the plants had
longer upper internodes, more tillers and a much
higher seed yield. The genetic parameters were

quite similar at both locations, even for those traits
that had different mean values. For example, al-
though the seed vield per plant was almost twice as
high on clay as on sand, at both locations it could be
improved by 40% by selecting the top 10% . How-
ever, this could be an overestimation as it is calcu-
lated from broad-sense heritability. Genetic par-
ameters differed among traits (Table 3). The heri-
tabilities were very high for maturity dates. The
heritabilities measured on clay were in gencral
slightly higher than those measured on sand.

Correlations on a spaced-plant basis between
seed yield per plant and other traits are presented
in Table 4, and are more or less similar in the four
trials. Although the correlation ceefficients were
rather low, most values were significant owing to
the large numbers of plants. The most important
spaced-plant traits related to seed yield per plant
were plant girth at ear emergence, earliness, seed
yield per spike and the number of fertile tillers
(only measured in 1986).

Comparison of cultivars

In 1986, the nine cultivars differed significantly for
all investigated traits at both locations, based on
spaced-plant means. A combined analysis of varia-
nce showed significant effects of cultivar and loca-
tion for most traits, but cultivar-location interac-

Table 2. Mean value * Standard Error {SE), range, coefficient of genotypic variation (cv,} and broad-sense heritability (h?) of seed
yield per plant in nine perennial ryegrass cultivars, measured at two locations in 1986 on a two-clone mean basis of 50 genotypes per
cultivar, The cultivars are ranked according to their seed yield when grown in drilled plots

Cultivar Sand Clay
Mean + SE range oV, W, Mean + SE range cv, K,

Trani e 2 1-67 25 0.41 T1*** £3 34-138 29 0.78
Wendy 40*** £2 8T 26 0.61 EL - ) 25-118 18 0.51
Semperweide 40%** £2 13-78 33 0.69 T4*** £3 34-118 21 0.69
Vigor g 43 3-77 38 0.68 63*** £3 10-132 27 0.75
Parcour 6% +2 2-66 38 0.77 68*** +3 24-116 Al 0.84
Perma 41%** +2 11-95 34 0.74 69*** £ 3 25-121 26 0.69
Compas 45T £ 2 17-81 26 0.62 9% £3 27-142 28 0.82
Barenza K YA 3 863 24 0.47 65*** 13 23-107 28 0.79
Lamora 38T f2 1-73 26 0.49 66" £3 1-110 25 0.66

*, **, *** indicate the significance of differences between genotypes within each cultivar at P = 0.05, 0.01 and 0.001, respectively.
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tions were generally not significant. Similar culti-
var means were obtained using either 25 or 50
genotypes. The means were significantly correlat-
ed (r= 0.80**) for almost all traits, indicating that
25 genotypes (based on two plants per genotype)
are sufficient to provide a good estimate of the
cultivar mean for most traits. The mean perform-
ance of the cultivars in four trials, based on 25
genotypes, is presented in Table 5. Significant dif-
ferences among cultivars were found for most
traits. The ranking of cultivar means differed
among trials, For most traits the correlation of
cultivar means between locations was significant,
but there was no significant corretation between
years. Cultivar-year interactions were therefore
more important than cultivar-location interactions.

Correlations on a cultivar mean basis between
seed yield per plant and other traits were generally
of the same magnitude in the four trials (data not
shown). Seed yield per plant was positively corre-
lated with earliness, but this was only significant in
1986. In all trials, a negative correlation (ranging
from r= —0.72* to r= - 0.83**) was found be-
tween seed yield per plant and the number of spike-

Table 3. Mean value, coefficient of genotypic variation (cv,) and
broad-sense heritability (h?,) of 14 spaced-plant traits of peren-
nial ryegrass, measured at two locations in 1986 on a two-plant
mean basis of 450 genotypes pooled aver nine cultivass. For
abbreviations of traits see Table 1

Trait Sand Clay
Mean cv, w, Mean cv, W,

WIN 39 15 0.58 44 13 0.66
EE 72 - 0.95 ! - 0.96
GIE 132 10 0.61 131 9 0.66
FLL 246 12 0.64 208 14 0.69
PH 71 8 0.61 74 9 0.71
FT 344 17 0.46 485 16 0.49
SYP 39- 3 0.63 7 7 0.75
SYS 0.18 25 0.62 020 24 0.65
EL 246 14 073 27 13 0.76
IN 167 16 0.54 220 12 0.71
SPK 242 12 071 249 12 0.83
FL 28 14 0.69 0.0 12 0.68
S 7.5 24 0.72 74 21 0.66
FSU 75 19 0.51 72 16 0.63

lets per ear. No other traits showed significant cor-
relations with seed yield per plant.

Spaced plants versus drilled plots

The cultivars “Trani’ and ‘Wendy’ consistently out-
yielded ‘Lamora’ and ‘Barenza’ when grown in
drilled plots (Elgersma, 1990a). However, these
cultivars cannot be separated on average values of
any single spaced-plant trait (Table 5). Most
spaced-plant traits were poorly correlated with
seed yield per plot (Table 6). Figures 1 and 2 show
the relationship of seed yield per plant and seed
yield per spike, respectively, with total seed yield
per plot. Seed yield per plant was low in the most
productive cv. ‘Trani’, whereas the average yield-
ing cv. ‘Compas’ had the highest seed yield per
plant (Fig. 1). The relationship between plot vield
and seed yield per spike (Fig. 2) was better than
that between plot yield and seed yield per plant
(Fig. 1).

A significant correlation was found between
seed yield per plot and winter damage in spaced
plants in 1986, but this is not a suitable selection
criterion. In all trials, a small plant girth at ear

Table 4. Phenotypic correlations between seed yield per plant
and six other spaced-plant traits of perennial ryegrass, in four
trials. For abbreviations of traits see Table 1

Trial

86 clay'  '86 sand'! 87 sand’ 88 sand’
EE —022**  —017** 040 —(0.40**
GIE 0.36** 0.34% 0.39** 0.22%+
SYS 0.31** 0.40** 0.42** 0.38**
EL 0.01 0.08 —-0.08 0.11*
PH 0.22*= 0.29%* 0.22%+ 0.16**
SPK —0.05 =0.13** —0.25** -0.16**
FL 0.19** 0.19%* 0.17*" 0.17**
s 0.27** 0.28%* 0.25=* 0.25*
Fsu 0.21** 0.20** 017 0.13*
kT 0.38*~ 0.48** -~ ' -
EEFA 0.14** 0.28** 0.33** 0.19*
FAHD 0.4 0.09* —0.05 0.21%*

*, **indicates a significance at P < 0.05 and 0.01, respectively.
! based on 900 plants.
2based on 450 plants.
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emergence showed the best correlation with high
seed yield per plot (Table 6). To avoid any pos-
sible, unwanted influence of weak plants, subsets
of the 50% genotypes with the largest girth at ear
emergence (an indication of vigor) within each cul-
tivar were analyzed using the 1986 data. This result-
ed in higher cultivar means for girth, seed yield per

plant, car length and fertile tiller number at both
locations (data not shown). The cultivar ranking
for girth did not change substantially after elim-
ination of the smallest plants (again ‘Barenza’ had
the largest girth), unlike the ranking for seed yield
per plant (‘Trani’ and “‘Vigor’ had a relatively high-
er mean seed yield per plant). Correlations be-

Table 5. Means of various traits of nine perennial ryegrass cultivars and LSD-values (5%) between cultivars, calculated from analyses of
variance based on cultivar means, within four trials. Per trial, the minimum is underlined and the maximum in ifafics. For abbreviations
of cultivar names see text. For abbreviations of traits see Table 1

Trait Trial Cultivar Mean LSD
(5%)
s w c L Pe B Pa T v
EE '86 clay 7 68 &8 7 69 75 7 %7 1eer 1
86 sand 7 9 68 %69 75 7 %0 72008 1
'87 sand 76 7] 69 % n 7 ezl M 75eex 3
'28 sand 61 58 58 64 58 64 61 63 63 61%*s 3
GIE ‘6cay 129 130 137 132 131 137 14 125 124 131%%e 4
‘#6sand 132 126 137 138 132 4 135 123 127 132 5
'87sand 100 9 13 106 105 17 100 103 103 105 9
88 sand 93 % 97 % %4 e 9% 9 106 98+ 7
SYP '86 clay 76 73 & & 7 60 60 & 6 69 6
"86 sand 2 3 Y 37 EC - T 7 38 5
87 sand 20 8z 16 13 17 19 B 17 1g++e 6
88 sand 2 24 19 16 16 16 ¥ MW 2 15°+ 5
sYS "86 clay 022 021 019 019 020 018 017 020 020 020% 001
"86 sand 019 019 018 018 019 016 016 020 018  SIE®  0®
87 sand 012 012 012 008 008 007 010 010 010  010** 000
88 sand 003 003 003 002 002 001 002 002 002 002 001
SPK 86 clay 5 % u 26 25 26 25 26 2 I 07
86 sand 2 B B B 2% 26 5 25 25 HU4v 08
87 sand p2) 2 2 B 4 u 0B 24 o B 12
88 sand 25 2 % 27 v 28 26 n P23 263 13
] 86 clay 72 79 82 71 74 6% 65 13 62 T 06
86 sand 75 84 79 72 67 15 62 15 66  7.3* 0.6
87 sand 68 69 75 60 60 67 5B 68 61 65 038
88 sand 43 55 56 45 54 47 46 51 38  48%* 06
FSU "86 clay 070 074 077 072 06 071 06 074 06 07 005
"86 sand 076 079 077 073 070 08 066 076 074 074 0.04
87 sand 073 071 078 064 067 073 06 070 072 0T 0.07
88 sand 058 068 071 0359 067 064 059 067 054  0.62* (.06
EEFA  ‘S86clay 14 16 15 2 16 13 14 13 13 14%ee 1
'86 sand 14 16 s 12 16 13 14 13 12 14%++ 1
'87 sand 20 2 % 18 23 P/ 21 I8 21 2
'88 sand 19 b4 19 B 2 19 19 9 2 19%ex 1

*ee, v, ®, *lindicates a significance at P = 0.001, 0.01, 0.05 and 0.10, respectively.
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tween spaced-plant trait means (based on the larg-
est plants) and seed yield per plot were not affected
(compared to the data presented in Table 6).

Spaced-plant trait means (original data) were
also correlated with thousand-grain weight as-
sessed in drilled plots (Elgersma, 1990a). In con-
trast to cultivars with a different seed yield (Table
6), cultivars with a different thousand-grain weight
could be distinguished based on various spaced-
plant traits. Cultivars that produce heavy seeds
when grown in plots tended to have spaced plants
with a small girth at ear emergence, long flag leav-
es, long ears with few spikelets and a high seed
yield per spike in all trials.

Various spaced-plant traits were also correlated
with corresponding traits assessed in drilled plots
that had been determined in some trials (Elgersma,
1990b}. Most traits showed no significant correla-
tions, e.g., there was no correlation between the
average number of ears per spaced plant and the
number ears per m* in 1986 at either location. The
number of seeds per spikelet, the number of florets
per spikelet and floret site utilization in spaced
plants were not correlated with the same traits

Table 6. Correlations between cultivar means of various spaced-
plant traits and seed yield per plot within each of four trials, and
the correlations between overall means of spaced-plant traits
and seed yield per plot, averaged over the four trials. For
abbreviations of traits see Table 1

Trials Mean

86 clay ’'86sand ’'87 sand °88 sand

WIN — 066 —0.89** — - -
EE -0.28 -030 -0.31 -047 -038
GIE —020 -057 -067* -051 -065™
FT —0.21 -0.28 - - -
SYP 0.54 0.27 0.04 0.17 0.22
5YS 0.23 0.48 0,72* 0.41 0.52
“EL 0.20 0.33 0.40 0.16 0.42
SPK =054 ~041 -023 -052 -047
FL 0.33 0.37 0.03 0.14 0.23
S 0.30 0.42 0.19 —0.10 0.27
FSU 0.18 0.39 0.29 0.14 0.17

" EEFA 0.30 0.31 0.27 0.50 0.45
FAHD 0.13 038 -034 0.03 -0.19

** * {9 indicates a significance at P= 0.01, 0.05 and 0.10,
respectively.

assessed in crops grown in 1987 and 1988. How-
ever, there was a significant correlation between
ear length in spaced plants and in plots in 1988 (r =
0.82**) and also between the number of spikelets
per car in spaced plants and plots in 1987 (r=
0.90**), but not in 1988 (r = 0.64).

Table 7 shows overall means of the most relevant
traits determined in spaced plants and plots. The
environment has an obvious effect on various traits
e.g., maturity and the length of developmental pe-
riods are mainly affected by the year, whereas yield
for both spaced plants and plots is also greatly
affected by location. The yield difference between
locations in 1986 may be due to drought stress on
sand. Seed yields in 1987 and 1988 were similar in
spaced plaats, but the yields in plots were much
lower in 1988 than in 1987, possibly due to higher
losses in the heavily lodged crop during the wet
summer of 1988, Although spaced plants had a
similar seed yield in 1987 and 1988, seed yield per
spike was much lower in 1988 than in 1987. In 1988,
spikes contained more Likelets but fewer seeds
per spikelet and the floret site utilization was low-
er. Seeds were also smaller and lighter in 1988, both
in spaced plants and plots.

Discussion

Among the nine cultivars small, significant differ-
ences occurred for the traits investigated in this
study, while within each cultivar large and highly
significant differences occurred among genotypes.
This agrees with similar observations in perennial
ryegrass (Bugge, 1987), Westerwold ryegrass (El-
gersma et al., 1989) and tall fescue (Griffiths et al.,
1966; Burton & DeVane, 1953). It has therefore
often been suggested that selection within cultivars
could be effective for high seed yield. From this
study too, it is clear that selection perspectives are
present for important spaced-plant traits, including
seed yield per plant. However, this is only useful if
high seed yielding genotypes, when combined into
a synthetic variety, produce offspring with a high
seed yield when grown in drilled plots.

This study reveals, that most spaced-plant traits
showed no significant correlation with seed yield
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Fig. 1. The relationship between the mean seed yield per spaced plant and the total seed yield per plot of nine perennial ryegrass cultivars
in four trials, Cultivar names are abbreviated with their first letter(s), for names see text.

per plot. The negative correlation between plant
girth and seed yield per plot was mainly caused by
the very large average plant girth in the low yield-
ing cultivar ‘Barenza’. Therefore, in spaced plants
no useful selection criteria were found for seed
yielding capacity in drilled plots. The correlation
between performance as single plants and in swards
is high for traits such as ear emergence (Rognli,
1987; Cooper, 1959), but low for forage yield (e.g.,
Hayward, 1983). This discrepancy is believed to be
caused mainly by increased competition in swards.
Therefore, Burton & DeVane (1953) and Rognli
(1987) expect a fairly high correlation between seed
yield of spaced plants and seed yield in plots, as the
stand in a drilled plot is less-dense than in a sward.
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Indeed, a high correlation between the seed vield
of spaced plants and sown plots was reported by
Knowles (1977) in Agropyron intermedium and
Bean (1972) in tall fescue and timothy. However,
Bugge (1987) found in perennial ryegrass no corre-
lation between seed yield of spaced plants and that
of their progenies sown in rows. Similarly in this
study, no consistent correlation between seed yield
of spaced plants and seed yield in plots was found.
This may be due to plant spacing in general: the
more heterogeneous tillering in spaced plants com-
pared to drills may be caused by the relatively high
light penetration in the former. Late-emerging till-
ers survive under such conditions, while the mor-
tality of such tillers in plots is high due to competi-
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Fig. 2. The relationship between the mean seed yield per spike, averaged over spaced plants, and the total seed yield per plot of nine
perennial ryegrass cultivars in four trials. Cultivar names are abbreviated with their first letter(s), for names see text.

tion of the earlier-emerged tillers. Thus hetero-
geneity in spaced plants is larger than in plots. The
plants were also tied up after flowering which re-
duced tiller losses compared to those in lodged
plots.

For these reasons it was expected that spaced-
plant traits that depend less on plant spacing, such
as seed yield per sptke, numbers of spikelets, flo-
rets and seeds, floret site utilization and ear [ength,
relate better to corresponding plot traits than
spaced-plant traits such as seed yield per plant or
tiller number. However, except for ear length
(which was also found by Bugge (1987)) and pos-
sibly spikelet number, this was not the case. More-
over, ear length and yield components determined

in plots were not related to seed yield per plot
(Elgersma, 1990b). The ranking of cultivar mean
values of most spaced-plant traits differed among
years (this study), whereas in plots the ranking for
seed yield was similar for different environments
(Elgersma, 1990a}. In general, the relative per-
formance of populations in spaced-plant trials is
greatly affected by environmental differences (Da-
vies & Snaydon, 1989). Nguyen & Sleper suggested
in 1983 that spaced-plant selection for earliness
would improve seed yield in tall fescue, but in 1985
they recommended family selection rather than in-
dividual plant selection to reduce environmental
effects that occur in spaced plants. In orchardgrass
Stratton & Ohm (1989) also found large genotype-
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location interactions and therefore recommended
family selection rather than spaced-plant selection
to improve seed yield. However, Bugge (1987) ar-
gued that in perennial ryegrass family selection was
less succesful than single plant selection.

Another reason for the discrepancy between
spaced-plant and plot performance may be the
composition of the plant sample of a cultivar. The
sample size used here seems sufficiently large to
characterize the cultivar mcan, as mean values cal-
culated from either 25 or 50 genotypes were similar
and showed a high degree of correlation. However,
the spaced plants were taken at random and grown
without competition; consequently weak geno-
types were not eliminated, as happens in drilled
plots. Extremely late maturing genotypes are also
eliminated in plots, since they are overgrowsn,
Therefore, the spaced-plant samples probably con-
tain a larger range in vigour and maturity than the
plots. However, the correlation between seed yield
per plant and seed yicld per plot did not improve
when only the largest plants were included. Finally,
the poor relationship between spaced plants and

plots might be due to the rather loose genetic rela-
tionship between plants of a synthetic varicty. The
relationship between spaced plants and their pro-
genies sown in plots would be more precise than
that between random plant samp’es and sown culti-
vars.
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Table 7. Mean values of spaced-plant traits and of traits determined in crops grown in drilled plots of perennial ryegrass in four
environments (data in part from Elgersma 1990a; 1990b). For abbreviations of traits see Table 1

Trait
EE FA PA HD EEFA FAHD EL SPK F 5 FSU SYP
Spaced plants
Trial
'86 clay 71 86 87 112 14 26 237 25 10 7.4 72 !
’86 sand T 86 87 115 14 27 246 24 10 7.5 75 39
’87 sand 75 96 9% 125 21 29 252 23 9 6.5 n 18
’88 sand 61 80 85 114 19 34 216 26 8 4.8 62 18
EE FA PA HD EEFA FAHD EL SPK F 8 FSU  SEED
YIELD
(gm™)
Drilled plots
Trial
'86 clay 75 86 92 122 12 36 B - - - 206
*86 sand 72 87 94 120 15 33 - - - - - 133
*87 sand 73 93 95 129 20 36 - 20 - 4.8 83 126
’88 sand 60 3 81 114 13 41 175 23 5 3.6 73 68
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GENERAL DISCUSSION

Floret site ntilization

The reproductive potential of a grass seed crop is determined by the number of
ears per unit area, the number of spikelets per ear and the number of florets per
spikelet. The degree to which this potential is realized in terms of yield depends on
the proportion of florets that produce seed (biological floret site utilization) and the
size of the individual seed. Many florets are unproductive. The large difference
between potential and actual seed production is due to the poor capacity of florets
to mature seeds (Marshall, 1985). Losses occur during the developmental processes
occurring from anthesis onwards, namely pollination, fertilization, seed set and seed
development (Hill, 1980). Furthermore, in an economical sense floret site utilization
is also strongly decreased by harvesting and cleaning losses (Chapter 1).

The reasons for unproductive florets can be many and can only be resclved by
detailed observations on the development and fate of individual florets with time
from the emergence of the inflorescence 1o its maturation (Marshall, 1985). For
practical breeding, however, screening methods should be simple as large numbers
of plants have to be observed.

Pollination and fertilization

Minimum temperature at anthesis and during the week after anthesis was the main
environmental factor related to seed yield in field experiments (Hampton and
Hebblethwaite, 1983), but the precise effect of low temperature is not clear
(Hebblethwaite, 1985). Our studies under controiled conditions at four temperatures
revealed, that both the genotype of the mother and temperature affected pollen
performance (Chapter 2). In excised ovaries, (semi-in vitre) the genotype of the
mother affected pollen tube growth and there was also a significant mother-
temperature interaction. Selection for tolerance to low temperatures at anthesis
seems promising. At present, various in vifro systems are being compared with the
in vivo situation in order to develop screening methods for studying fertilization and
floret site utilization.

Seed development

When a floret is not pollinated or the egg cell is not fertilized, the ovule and ovary
degenerate (Chapter 3). In normal seed development, three stages of seed
development can be distinguished (Hyde et al, 1959): the growth stage (10 days),
the food reserve accumulation stage (10-14 days) and the ripening stage (3-7 days).
We found that the large majority of the unproductive florets showed ovule
degeneration within a few days after flowering. In general, seeds are most
susceptible to abortion during the growth stage (Evenari, 1984). We rarely observed
seed abortion in later stages, which agrees with findings of Meijer (1985).

Within an individual spikelet Anslow (1963; 1964) and Burbidge ef al. (1978) found
a marked decline in the capacity of florets to set seed from the basal o the distal
florets. These authors also reported that seeds of distal florets were more
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susceptible to abortion. This pattern suggests competition for assimiiates or mineral
nutrients within the spikelet, with the basal florets developing at the expense of
distal florets (Marshall, 1985). Based on these ideas, workers at the University of
Nottingham suggested that the gap between potential and realized seed yield is
caused by low floret site utilization, due to assimilate shortages. These are thought
to be caused by lodging and by competition from the elongating tiller and from
vetetative tillers (Hampton and Hebblethwaite, 1984; 1985). Hebblethwaite (1985)
therefore advocated spraying different chemicals to prevent lodging, to increase
transfer of assimilates to the seed and to prevent shattering in an upright crop.
However, the present trend is to reduce chemical treatments. Moreover, our data
on spaced plants (Chapter 3} and drilled plots (Chapter 6) do not sustain the above
theory. Empty florets were found more frequently in the higher positions of a
spikelet, but were also quite often found in all other floret positions. No clear
pattern in the position of unproductive florets was found. This was recently
confirmed by observations in a sown crop (Marshall and Ludlam, 1989), where there
was no position effect and there was neither an effect of erect spikes (more
assimilation) nor of removal of other spikelets (less competition) on floret site
utilization or on seed growth. This indicates that pollination is not hampered in a
lodged crop and that the majority of the distal seeds within a spikelet do not abort.
Therefore, genetic or cytological factors were probably responsible for the failure
of seed development, rather than physiological stress due to competition between
sinks.

Well-developed seeds started to shatter from 3.5 weeks after first anthesis.

Seed shattering is an important source of yield loss (Stoddart, 1964). Shattering
resistance (seed retention} does not affect forage quality and seems a very desirable
trait, provided that the recovery of seeds during threshing is not impaired. In our
study of the cytological basis of this trait, genotypes with different seed retention did
not show differences in abscission layer development and seed shattering mechanism
{Chapter 4). Just below each floret an abscission layer was detected, which was
already present at ear emergence. During anthesis and ripening, the number of cell
layers of the abscission layer in the central area increased slightly. No degradation
of the abscission layer cells was detected, indicating that abscission took place
mechanically.

Field experiments

Preliminary studies with Westerwold ryegrass (Lolium multifiorum  var.
westerwoldicum) (Elgersma ef al., 1989), perennial ryegrass and red fescue (Festuca
rubra) highlighted some of the restrictions of the main field experiment (Chapters
5 to 8). As the variation among genotypes within a cultivar proved to be large, a
sufficiently large number of randomly taken spaced plants must be taken to
determine within cuitivar variation. Cloning the plants provides a means to estimate
genotypic and environmental variation due to year, location and plant age. It was
also concluded, that the advantages of cloning the plants seem to be larger than the
disadvantage (possible introduction of within-genotypic variation as a result of
different ramet size). This view was recently confirmed by Davies and Snaydon




(1989): even a ten-fold difference in initial ramet size had little effect on the
subsequent performance of contrasting genotypes of the grass Anthoxanthum
odoratum.

In practical breeding, spaced plants are often selected in breeders nurseries on
sandy soil, whereas seed multiplication occurs mainly on clay in the Netherlands.
Therefore the experiments were conducted on a sandy and a clay soil. Agronomic
management was carried out according to that in practice in the Netherlands, but
seed was harvested with a fodder harvester to minimize harvest losses in order to
get the most reliable seed yield data.

Generative versus vegetative traits

Already in 1966 Lewis pointed out, that the herbage breeder has always to consider
the consumer advantage of a cultivar in relation to the cost of the seed mixture.
The breeder is challenged to combine vegetative qualities and high stable seed yield
in one cultivar. Those two characteristics are believed to act adversely on each other
(van Wijk, 1985). According to Bugge (1987), late-flowering cultivars have a poor
seed yield, Breese and Hayward (1972) cautioned against the inclusion of progeny
testing in the breeding scheme for grasses, as this would give too much importance
to sexual reproduction, when traits associated with asexual reproduction have to be
improved! Therefore, Bean (1972) stated that owing to the negative feedback on
forage production, it is not desirable to increase the size of the reproductive system.
Instead, its efficiency should be increased which can be achieved by improving floret
site utilization.

The 450 genotypes that were studied for seed yield components were also grown

in a timothy sward to assess their competitive ability, which is correlated with
persistence, an important vegetative trait (van Dijk and Winkelhorst, 1978).
Observations from 1985 to 1988 (Elgersma and de Vos, unpublished) showed that
competitive ability differed largely among the genotypes and was not correlated with
any other spaced-plant trait. Therefore, no evidence was found for a negative
correlation between generative and vegetative traits.

Nine existing cultivars were used to ensure a high agronomic quality. Some cultivars
were known to differ for seed yield in practice, although the differences are not
extremely large as the very low yielding populations are not maintained in practice,

Drilled plots

Significant, reproducable differences for seed yield were found among the cultivars
in twelve trials (Chapter 5). The highest yielding cultivar was superior over a wide
range of environments and the seed yield of the poorest cultivar was on average
only 64 % of that of the best cultivar.

This implies that vegetative quality and high stable seed yield can be combined in
one cultivar. An interesting question is how high stable seed yield is realized in a
crop. Which yield components are most important for high seed yield, are they
suitable for indirect selection and how can a breeder select for high stable seed
yield?

Significant cultivar differences also occurred for thousand-grain weight, but the
ranking of the cultivars for seed yield and for thousand-grain weight were different.
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Therefore, thousand-grain weight cannat be used for indirect selection for seed
yield. The calculated number of seeds per unit area was strongly correlated with
seed yield. The number of seeds is determined by seed yield components such as
fertile tiller number, numbers of spikelets per ear and seeds per spikelet, and floret
site utilization. However, these componenis were very variable within plots and
often cultivar differences were not significant within a trial and not consistent in
other trials. Cultivar differences for seed yield could neither be predicted from seed
vield components assessed in drilled plots nor from crop physiological traits
(Chapter 6). The discrepancy between the number of seeds determined in samples
prior to harvest and the calculated number of seeds after harvesting, threshing and
cleaning is large. This may be a reason for the poor correlation between yield
components and seed yield, because differences in seed yield components may be
overruled by losses during harvesting and cleaning. From experiments with different
harvesting and threshing techniques (Elgersma and van Hateren, unpublished) it was
concluded, that cleaning losses are probably responsible for the majority of the "jost”
seeds. These seeds may be in part immature (too small or too light) or may become
damaged, so that in samples they were scared as a seed but afterwards they are
cleaned out. Further study of the distribution of seed size and seed weight within
cultivars is needed.

The results presented in Chapters 5 and 6 reveal, that it is best to determine seed
yield per plot, irrespective of how the components contribute to the resulting yield.
When a breeder wants to assess the seed yielding capacity of a population in plots,
border effects should be minimized and each plot should be harvested individually
according to its harvest ripeness. Since no indirect traits were identified, seed yield
itself must be determined. In a seed yield trial with various cultivars a pollen
mixture is present in contrast to commercial multiplication, where only pollen from
the cultivar itself is present. When new populations with insufficient compatibility
are tested, this might result in overestimation of the seed production. However, in
the present study with the existing cultivars this was not the case.

Spaced plants

Indirect selection for seed yield per plot in spaced plants would be very useful. The
genotypic variation within each cultivar between spaced plants was large. Earliness,
ear length, the number of spikelets per ear and flag leaf width had a high narrow-
sense heritability in spaced plants and therefore show promise for selection (Chapter
7). For succesful indirect selection for seed yield, spaced-plant traits should have a
high correlation with seed yield per plot in addition to a high heritability. Therefore,
correlations were calculated between cultivar means of spaced-plant traits and seed
yield per plot of the nine cultivars (Chapter ). The correlations were generaily low,
for example the two highest yielding cultivars were dissimilar for most traits and the
lowest yielding cultivar could not be distinguished from most other cultivars. A small
plant girth at ear emergence and a high seed yield per spike showed the best
correlation with high seed yield per plot, but unfortunately the narrow-sense
heritabilities of these traits were very low. The traits with a high heritability were
not correlated with seed yield per plot. Moreover, within each cultivar individual




genotypes showed large differences for all traits. Therefore, no useful selection
criteria for seed yield per plot could be identified in spaced plants.

Implications for breeding

There are cultivar differences for seed yielding capacity in drilled plots. High and
low yielding cultivars could not be distinguished based on their growth rythm, dry
matter accurmnulation and partitioning, thousand-grain weight, fertile tiller number
or other crop physiological traits. No independent characters were identified in
crops grown in drilled plots that correlate with total seed yield per plot,

High and low yielding cultivars could neither be distinguished based on their spaced
plants. Spaced-plant selection does not seem promising for indirect selection for
high seed yield in drilled plots, because no spaced-plant traits were identified with
a high heritability and a high correlation with seed yield in drilled plots. However,
the heritability was based on spaced plants and these are more variable than seed
crops in plots; therefore the relation between seed yield of half-sib families sown
in drilled plots and spaced-plant traits of their mothers is currently being
investigated.

References

Amnslow, R.C,, 1963. Seed formation in perennial ryegrass. 1. Anther exsertion
and seed set. J. Br. Grassl. Soc. 18; 90-96.

Anslow, R.C., 1963. Seed formation in perennial ryegrass. II. Maturation of
seed. J. Br. Grassl. Soc. 19: 349-357.

Bean, E.W., 1972. Clonal evaluation for increased seed production in two species
of forage grasses, Festuca arundinacea Schreb. and Phleum pratense L.
Euphytica 21: 377-383.

Breese, E.L. and M.D. Hayward, 1972. The genetic basis of present breeding
methods in forage crops. Euphytica 21: 324-336.

Bugge, G., 1987. Selection for seed yield in Lolium perenne L. Plant Breeding
98: 149-155.

Burbidge, A., P.D. Hebblethwaite and J.D. Ivins, 1978. Lodging studies in Lolium
perenne grown for seed. 2. Floret site utilization. J. Agric. Sci., Camb. 90:
269-274.

Davies, T.M. and R.W, Snaydon, 1989. An assessment of the spaced-plant trial
technique. Heredity 63: 37-45.

Dijk, G.E. van, and G.D. Winkelhorst, 1978. Testing perennial ryegrass (Lolium
perenne L.) as spaced plants in swards. Euphytica 27: 855-860.

Elgersma, A., AP.M. den Nijs and F.A. van Eeuwijk, 1989. Genetic variation for
seed yield components of Westerwold ryegrass (Lolium multifiorum var.
westerwoldicum). Neth. J. Agric. Sci. 37: 119-127.

Evenari, M., 1984. Seed physiology: from ovule to maturing seed. Bot. Rev. 50:
143-170.

Hampton, I.G. and P.D.Hebblethwaite, 1983. The effects of environment at anthesis
on the seed yield and yield components of perennial ryegrass (Lolium perenne
L.) cv. 8.24. 1. Appl. Seed Prod. 1: 21-22.

85



86

Hampton, J.G. and P.D.Hebblethwaite, 1984. Experiments with vegetative tiller
manipulation in the perennial ryegrass (Lolium perenne L.) seed crop by the
application of growth regulators. J. Appl. Seed Prod. 2: 1-7.

Hampton, J.G. and P.D.Hebblethwaite, 1985. The effect of growth retardant
application of floret site utilization and assimilate distribution in ears
of perennial ryegrass cv. 'S.24. Ann. Appl. Biol. 107: 127-136.

Hebblethwaite, P.D., 1985. The influence of environment and agronomic factors
on floret site utilization in perennial ryegrass. J. Appl. Seed Prod. 3:

57-59.

Hill, M.J., 1980. Temperate pasture grass-seed crops: formative factors. pp.
137-150. In: P.D. Hebblethwaite {(ed.). Seed Production. Butterworths, London.

Hyde, E.O.C., M.A. McLeavy and G.S. Harris, 1959. Seed development in ryegrass
and in red and white clover. N.Z.J.Agric.Res. 2: 947-952.

Lewis, J., 1966. The relationship between seed yield and associated characters
in meadow fescue (Festuca pratensis). J.Agric. Sci, Camb. 67: 243-248.

Marshall, C., 1985. Developmental and physiological aspects of seed production
in herbage grasses. J. Appl. Seed Prod. 3: 43-49.

Marshall, C. and D. Ludlam, 1989. The pattern of abortion of developing seeds
in Lolium perenne L. Ann. Bot. 63: 19-27.

Meijer, WJ.M,, 1985. The effect of uneven ripening on floret site utilization
in perennial ryegrass seed crops. J. Appl. Seed Prod. 3: 55-57.

Stoddart, J.L., 1974, Seed ripening in grasses. 1. Changes in carbohydrate
content. J. Agric. Sci. 62: 67-72.

Wijk, AJP. van, 1985. Factors affecting seed yield in breeding material of
Kentucky bluegrass (Poa pratensis L.). 1. Appl. Seed Prod. 3: 59-66.



SAMENVATTING

Genetische, cytologische en fysiologische aspekten van zaadopbrengst in Engels
raaigras {Lolium perenne L.)

Probleemstelling

Engels raaigras is een belangrijke grassoort, maar in de commerciéle graszaadteelt
zijn de zaadopbrengsten laag en wissclvallig. Dit heeft meteorologische,
bodemkundige, teeltkundige en genetische corzaken. Het proefschrift richt zich op
dit laatste aspekt.

Grassenkwekers hebben zich in het verleden geconcentreerd op de verbetering van
vegetaticve eigenschappen en hebben rassen geproduceerd voor o.a. weilanden,
sportvelden en gazons. Daarbij kwamen de zaadproduktie eigenschappen pas op de
tweede plaats. De zaadopbrengsten van grassen namen in het verleden toch wel toe
door verbetering van de teelitechniek. Bovendien vreesden de kwekers dat selektie
op zaadopbrengst de gebruikswaarde zou aantasten, omdat er een tegenstelling lijkt
te bestaan tussen gebruikswaarde (vegetatieve kenmerken) en zaadopbrengst
(generatieve kenmerken) van grassen. Nu het aantal kwalitatief goede grasrassen
door veredeling sterk is toegenomen en het verschil in landbouwkundige waarde
tussen de rassen veel kleiner is geworden, wordt het commerci€le succes van een
nicuw ras steeds meer bepaald door de produktiekosten van het graszaad.
Momenteel zijn de perspektieven voor verdere verhoging van de zaadopbrengst
door betere teelttechniek afgenomen. Kwekers krijgen daarom steeds meer
belangstelling voor genetische verschillen in zaadproduktie. Het is daarbij nodig om
die componenten van zaadopbrengst te verbeteren, die de gebruikswaarde niet
aantasten. Het voornaamste doel in de grassenveredeling is dus het combineren van
goede vegetatieve én gencratieve prestaties binnen één ras. Een kweker begint
doorgaans met aparte planten en wil zo snel mogelijk selekteren. Het is echter de
vraag in hoeverre selektie voor zaadproduktie in een gezaaid veld zinvol is op basis
van kenmerken in aparte planten. Doclstelling van dit onderzoek is het opsporen
van selektiecriteria voor zaadopbrengst in Engels raaigras.

Inleiding

Uit inleidende proeven werd geconcludeerd, dat de relatie veld - aparte plant
onderzoek behoefde, dat genetisch onderzoek naar zaadopbrengst gekoppeld moest
worden aan gewasfysiologisch onderzoek en dat anatomisch/cytologisch onderzoek
naar bestuiving, bevruchting, zaadontwikkeling, abortie en zaaduitval nodig was. Er
is dus gekozen voor een multidisciplinaire aanpak van het probleem.

In hoofstuk 1 wordt de graszaadopbrengst omschreven als het produkt van de
volgende opbrengstcompanenten:

-aantal halmen per m?

-aantal bloempakjes per halm
-aantal bloemen per bloempakje
-bloembenutting

-gemiddeld zaadgewicht.
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Uit de literatuur blijkt, dat vooral bloembenutting (het percentage bloemen dat
zaad oplevert) een belangrijke opbrengstcomponent is. Daarnaast zouden ook
faktoren als zaaduitval, spreiding in rijptijd en legering erg belangrijk zijn voor de
zaadopbrengst. Bloembenutting kan worden opgevat in biologische zin maar ook in
economische zin; hierbij wordt uitgegaan van het aantal zaden dat na oogsten,
dorsen en schonen overblijft. Bloembenutting wordt bepaald door een aantal
processen, zoals bestuiving, bevruchting, zaadontwikkeling en zaaduitval.
Fundamentele kennis over genetische en fysiologische aspekten van deze processen
ontbreekt. Deze processen zijn daarom in detail bestudeerd.

Cytologisch onderzoek

Tijdens de bestuiving landt pollen op de stempel, waarna de pollenkorrels kunnen
kiemen en de pollenbuizen ingroeien. Polienbuisgroei in een stempel kan met een
UV-microscoop worden waargenomen. In een oriénterend onderzoek werden
genetische verschillen voor snelheid wvan pollenbuisgroei bij verschillende
temperaturen gevonden. In hoofdstuk 2 wordt onderzoek beschreven naar de
snelheid van pollenbuisgroei in genotypen met een verschillende zaadopbrengst, bij
verschillende temperaturen. Er is zowel met intakte planten gewerkt (in vivo) als
met vruchtbeginsels op agar in een petrischaal (semi-in vitro). Vooral het genotype
van de moederplant en de temperatuur waren van belang voor de snelheid van
pollenbuisgroei in de stempel.

Na bestuiving kan bevruchting optreden en vervolgens kan zich een zaad
ontwikkelen. Zaadzetting en zaadvulling zijn met een binoculair en ook door middel
van coupes onderzocht in aren, afkomstig van aparte planten (hoofdstuk 3).
Degeneratie van vruchtbeginsels trad vooral op binnen enkele dagen na de bloei.
Abortie van zaden in latere ontwikkelingsstadia kwam weinig voor. Nict-gevulde
zaden kwamen aan de uviteinden van de bloempakjes iets vaker voor, maar werden
ook op alle andere posities binnen de aar gevonden. Daarom is competitie tussen
zich ontwikkelende zaden waarschijnlijk niet de reden voor degeneratie, maar zijn
hiervoor wellicht genetische en cytologische faktoren verantwoordelijk.

Uitval van zaden is een verliespost in de graszaadteelt. Hierdoor treedt niet alleen
opbrengstderving op, maar kan ook een opslagprobleem ontstaan. Tijdens de
evolutic en domesticatic van de granen is de zaaduitval verminderd, doordat
mutaties optraden in de breuklaag tussen het zaad en de stengel, de abscissiclaag.
Uit waarnemingen aan aparte planten in het veld, waarbij halmen ofwel bij rijpheid
of één of twee weken daama werden geoogst, bleek dat sommige genotypen in
overrijpe staat nog een hoge zaadopbrengst hadden terwijl andere veel zaad
verloren hadden. Halmen van vier vastzadige en drie loszadige genotypen werden
individueel gemerkt en met intervallen geoogst vanaf schieten tot rijpheid. De
halmen werden gefixeerd en met een ultra-microtoom werden coupes gesneden van
de abscissiclaag. De abscissiclaag was tijdens het schieten al aanwezig en tijdens
bloei en zaadvulling werden meer cellagen gevormd in het centrale deel. Abscissie
gebeurde niet biochemisch, door het oplossen van celwanden, maar mechanisch,
door scheuring. Er konden geen duidelijke anatomische verschillen tussen vastzadige



en loszadige genotypen worden aangetoond.

Veldproeven

Het veldonderzoek richtte zich op de genetische achtergronden van verschillen in
zaadproduktie. Uit vooronderzoek bleck dat de variatie tussen planten uit een ras
erg groot is, zodat een behoorlijke steekproef moet worden genomen. Door
individuele zaajlingen te scheuren (kloneren) kunnen de jaar-, locatie- en
plantleeftijd-effekten worden ontstrengeld en kunnen de genetische en milieuvariatie
worden geschat, De voordelen van klonen lijken ruimschoots op te wegen tegen de
nadelen (mogelijke introduktie van extra binnen-kloon-variatie als gevolg van
verschillen in plantgrootte).

Negen diploide rassen van het weidetype van Engels raaigras zijn vergeleken, nl
Semperweide, Wendy, Compas, Lamora, Perma, Barenza, Parcour, Trani en Vigar.
De rassen verschillen weinig in doorschietdatum. Dit is belangrijk, omdat het
wenselijk is in een vergelikende rassenproef dezelfde weersomstandigheden te
hebben in hetzelfde ontwikkelingsstadium, bijvaorbeeld tijdens de bloei, zaadvulling
of cogst. Elk ras is afkomstig van een ander kweekbedrijf, en de rassen vari€ren in
ouderdom.

Gezaaide velden

De rassen verschilden betrouwbaar en reproduceerbaar voor zaadopbrengst
(hoofdstuk 5). Ze vertconden ook reproduceerbare verschillen voor duizend-korrel
gewicht, maar de rangorde van de rassen voor zaadopbrengst en duizend-korrel
gewicht verschilde. Er waren geen rasverschillen voor kiemkracht van het geoogste
zaad. De verschillen voor zaadopbrengst konden niet worden verklaard uit
bovengrondse droge stofproduktie (hoofdstuk 6). Er waren geen betrouwbare
rasverschillen voor verdeling van droge stof over blad, stengel en aar. De berekende
kenmerken ’aantal zaden per oppervlakte-eenheid’ en 'ocogstindex’ (schoon zaad
gedeeld door totale biomassa op basis van droge stof) vertoonden de beste
correlatie met zaadopbrengst.

In velden zijn geen bruikbare kenmerken voor indirekte selektie gevonden die
gecorreleerd waren met zaadopbrengst. Kwekers kunnen dus niet de zaadopbrengst
voorspellen op basis van een ander kenmerk, bepaald in kleine veldjes: de
zaadopbrengst zelf moet worden bepaald in gezaaide velden.

Aparte planten

Een andere mogelijkheid zou zijn, aparte planten te selekteren. Dit zou in een
vrocgtijdig  stadium wvan de selektie kunnen, omdat kwekers hun
veredelingsprogramma veelal met aparte planten beginnen. Indirekte selektie in
aparte planten is mogelijk als kenmerken worden opgespoord, die een hoge
erfelijkheidsgraad hebben en een hoge correlatie met de zaadopbrengst in een
gezaaid veld.

Binnen elk ras werd grote genotypische variatie gevonden voor zaadopbrengst en
-opbrengstcomponenten en voor andere kenmerken tussen de aparte planten
(hoofdstuk 8). Zaadopbrengst per plant was gecorreleerd met vroegheid, halmaantal
en zaadopbrengst per halm in aparte planten. Bij selektie van planten met een late
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schietdatum moet extra aandacht worden geschonken aan de zaadopbrengst.

Bij selektie in kruisbevruchters gaat het echter niet primair om de individuele
prestaties, maar er moeten ouders geselekteerd worden die superieure nakomelingen
produceren. De erfelijkheidsgraad van zaadopbrengst en -opbrengstcomponenten is
in drie rassen bestudeerd aan de 50 oudergenotypen in duplo en hun nakomelingen
(half-sib families) & 2 individuen (hoofdstuk 7). De erfelijkheidsgraad in brede zin
was in het algemeen hoog. De erfelijkheidsgraad in engere zin is zowel berekend
op basis van de varianticcomponenten tussen families als op ouder-
nakomelingschaps regressies. De eerste methode leverde voor zeer weinig
kenmerken betrouwbare variatie op, slechts voor vlagbladbreedte en bloeidatum was
de erfelijkheidsgraad hoog. De tweede methode leverde ook betrouwbare
schattingen op voor schietdatum, aantal bloempakjes en aarlengte. Deze kenmerken
bieden daarom in aparte planten perspektieven voor selektiemethoden zoals
massaselektie, waarbij vooral additieve genetische variatic wordt benut. Om als
indirekt selektickenmerk voor zaadopbrengst in een veld bruikbaar te zijn, moet er
behalve een hoge erfelijkheidsgraad tevens een goede correlatie =zijn met
zaadopbrengst in een veld.

Rassen met een vergelijkbare zaadproduktie in een veld, bleken echter als aparte
planten heel verschillend te reageren (hoofdstuk 8). Goede of slechte rassen konden
daarom niet goed worden gekarakteriseerd op basis van aparte planten. Aparte
planten van goede rassen hadden in het algemeen een kleinere plantomvang tijdens
doorschieten en een iets hogere gemiddelde zaadopbrengst per halm dan aparte
planten van slechte rassen. Hoewel de rassen verschilden op grond van hun
gemiddelde over 25 of 50 planten, was de variatie binnen elk ras veel groter dan
de variatie tussen rassen. In aparte planten zijn daarom geen bruikbare kenmerken
gevonden voor indirekte selektie voor zaadopbrengst in een gezaaid veld.

Perspektieven voor veredeling

Er zijn betrouwbare rasverschillen aangetoond voor zaadproduktie in gezaaide
velden. Deze verschillen waren reproduceerbaar over diverse miliens. Het was
echter niet mogelijk rassen met een contrasterende zaadopbrengst te onderscheiden
op grond van hun groeiritme, droge stofproduktie, verdeling van droge stof,
halmaantal of andere gewasfysiologiche kenmerken. Op veldniveau konden geen
onafhankelijk bepaalde kenmerken worden aangetoond die correleerden met
zaadopbrengst.

Binnen elk van de rassen was grote variatie tussen afzonderlijke planten.

Op basis van aparte planten was de erfelijkheidsgraad van de meeste kenmerken
laag, maar vroegheid, aarlengte, aantal bloempakjes per halm en vlagbladbreedte
hadden een hoge erfelijkheidsgraad.

Indirekte selektic op basis van aparte planten met als doel verhoging van de
zaadopbrengst in een veld is waarschijnlijk weinig zinvol, omdat de kenmerken die
een hoge erfelijkheidsgraad hadden, gemiddeld op rasbasis geen verband vertoonden
met zaadopbrengst in een veld. De erfelijkheidsgraad is echter onderzocht op basis
van aparte planten en planten zijn veel variabeler dan velden. Daarom wordt de
relatie tussen de zaadopbrengst van nakomelingen in een gezaaid veld en
eigenschappen van hun moeders als aparte plant momenteel verder onderzocht.
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