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ABSTRACT
Various genotypes of barley, Hordeum vulgare L. were hybridized with
genotypes of rye Secale cereaLe L. The reciprocal cross where rye
is the female parent failed at the barley pollen/rye stigma interface.

The success of hybridization was influenced by both crossing

techniques and the choice of parents.
Spring and autumn months provided the optimum crossing times. Hybrid
embryo yield was also improved by a humid atmosphere and by the
application of growth regulators to crossed spikes.

Hybrid endo-

sperm began to abort after day 3 in vivo and hybrid embryo abortion
Hybrid embryos were excised from fruits harvested at day

followed.

16 post-pollination.

Small hybrid embryos less than 0.5 mm in

length were cultured using a raft filter technique and then transferred to solid Norstog's Bli medium which was used for embryos
greater than 0.5 mm in length.

Embryos died in culture at various

stages of development and none survived past the 3 - 4 leaf stage.
A hypothesis which stated that parental cell cycle times should be
as similar as possible for maximal success in hybrid production was
tested.

The early seed development of twenty barley genotypes and

thirteen rye genotypes was studied. From this study the mean cell
doubling times of embryos were calculated: the results ranged from
9.2 - 12.9 for barley and 15.7 - 22.7 hours for the rye genotypes.
The hypothesis was tested by crossing parents of similar ('compatible')
or dissimilar ('incompatible') cell cycle times.

The results of

hybrid seed development correlated with the predictions made by the
hypothesis.

Hybrid endosperm was found to abort earlier in the

predicted incompatible crosses relative to more compatible crosses,
and its collapse coincided with the time of maximal cytological
aberrations in the hybrid embryo. Hybrid embryo development was
subsequently affected and its abortion commenced at an earlier date
in predicted incompatible crosses relative to the more compatible
ones.

It was concluded that hybrid embryo development was depend-

ent on hybrid endosperm development which in turn was affected by
parental growth rates.
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1.1 Objectives and background
The following set of objectives was drawn up when this investigation
began in Autumn, 1978
"To develop and extend methods useful for the production of viable
plants from crosses between barley and rye;
and range of genotypes of such hybrids;

to increase the number

to characterize these

cytogenically and to seek to understand the factors governing
the successful crossing of these species."

2

These aims have remained throughout the three years of this project
and have changed only in emphasis. The greater part of this study
has been concerned with understanding and controlling the factors
affecting hybrid production.

The approach taken can be considered

to have two components: a methodological one in which attempts were
made to improve the basic technology of crossing and embryo culture,
and a scientific part in which a hypothesis for the selection of
compatible parents was proposed and tested.

These approaches are

discussed later in Section 1.5.

There are three fundamental reasons for interest in interspecific
and intergerieric hybrids
such hybrids can occur naturally,
knowledge of the process of hybridization improves
understanding and adds to science,
natural and artificial hybrids can be exploited by man.

Interspecific hybrids are common in the plant kingdom, the number of
hybrids being approximately proportional to the number of species in
a given family (see Stace 1975 for a review).

Kruse (1967) has

estimated that roughly one half of the existing plant species are
polyploid.

This indicates that interspecific hybridization followed

by spontaneous doubling of the chromosomes has played an important
part in plant evolution (see also Stebbins 1971).

Numerous examples

of polyploid species can be found among cultivated plants, notably
potato and lucerne which are autoploids and wheat, tobacco and cotton
which are alloploids.

Synthetic alloploids such as the wheat/rye

hybrid X Triticosecale and the radlish/cabbage hybrid X Raphanobrassica
were created in recent years in an attempt to produce new crop species.
3

Intergeneric and interspecific hybrids can be very useful tools in
genetic engineering.

Intergeneric hybridization of cereals has been

successful in transferring desirable characters such as earliness,
winter hardiness, drought resistance and higher grain yields into
crops.

Similarly, resistance to leaf and stem rusts, smuts and

mildews has been increased and susceptibility to shattering and
lodging has been reduced (Smith 1942).

Interspecific hybrids can

be manipulated by plant breeders in transferring desirable traits
into existing crop species through the use of backcrossing methods,
but they may themselves form the basis of a new crop.

The potential that a barley/rye hybrid has of becoming a new crop
species can be assessed to some extent by following the development
of the wheat/rye hybrid, X Triticosecal-e.

Interest in triticale, as

it is known colloquially, was initiated by the possibility of producing
a cereal combining the baking qualities of wheat with the hardiness
of rye.

The amphiploid 2n = 56 chromosomes (42 from tetraploid

wheat and 14 from diploid rye) has occurred naturally on a number of
occasions and can be produced routinely by plant breeders and research
workers (Allard 1960).

The development of triticale into a commerci-

ally viable crop has taken longer than initially expected: early
cultivars yielded only half that of standard wheat varieties because
of low fertility and poor grain development.

The problem of ster-

ility has now been largely overcome and the longstanding problem of
shrivelled grain is being conquered by persistent breeding effort.
Triticale now exists at both the hexaploid and octaploid levels, i.e.
both tetraploid and hexaploid wheats have been used as parents.
Much of the hexaploid triticale has less than 14 rye chromosomes and

11

is probably the result of selection for non-shrivelled grain (Bennett
Smith and Barclay 1975).

In some areas, especially on marginal land,

triticale cultivars outyield the best available wheat varieties
(Dr. Gymer - personal communication).

East European countries, such

as Poland, Hungary, East Germany and Russia, grow triticale commercially as a fodder grain; the United States of America and Canada
also grow triticale for human consumption, i.e. for crackers and
bread.

Triticale cultivars have also been released in Australia:

these are high yielding, but lack the drought resistance possessed by
rye: it is hoped that selective breeding will overcome this problem
(Professor Driscoll - personal communication).

Triticale is thus

becoming established as a world crop species.

What then would be the advantages of combining the qualities of
barley and rye?.

Barley (Hordeuin vuLgczre L.) is the fourth most

important crop in the world after wheat, rice and maize with respect
to acreage and yield.

It is largely grown as an animal feedstuff,
Barley is a high yield-

but also for brewing and human consumption.

ing, early maturing crop which may be grown successfully in regions
where a short growing season precludes wheat.
Briggs is recommended as a general text).

(The book "Barley" by

Rye (Secale cereale L.)

is grown primarily as a grain for bread making and is second only to
wheat in this respect.

The area under rye has decreased in recent

years due to both a decline in the popularity of rye bread and
improved yields of modern cultivars.

Rye is extremely hardy and can

be grown on marginal land not suited to other cereals: consequently
it enjoys the widest distribution of all the cereal crops (Bushuk
1976).

The benefits gained by hybridizing barley with rye would be

5

important of the grass family. The genera Triticum, Secale,
Aegilops, Agropyron, Eremopyran and Haynaldia form the Triticinae

sub-tribe.

According to Simmonds (1976), the Triticinae is a

relatively newly evolved sub-tribe, and hybridization between these
six genera can result in either direct exchange of genetic material
or the production of viable amphiploids (see Stebbins and Pun 1953).
Barley is a member of the sub-tribe Hordeinae: the cross between
barley and rye is, therefore, a wider one than that between wheat and
rye since it involves two sub-tribes.

1.3 History of hybridization attempts with barley and with rye
Quinke (1940) was the first to describe intergeneric and interspecific
crosses with Hordeum.

The species Hordeum jubatum and H. nodosum

were used as the maternal parent and H. vulgare as the paternal.
Both of these matings were successful and vigorous hybrid plants were
produced directly from seed.

Intergeneric crosses included the

barleys H. vuLgare and H. jubatum as the female parent and Secale
cereaLe (rye) as the male parent.

Seed set was relatively high in

both cases (90% and 95% respectively), but all seed failed to germinate.

On further investigation, it was found that both the hybrid

endosperm and embryo disintegrated eight days after fertilisation.
Smith (1942) attempted crosses with H. vulgare as the maternal parent
and H. bulbosum, H. brevisubulatum and H. nodosuin as parental parents:

all seed, however, was found to be inviable.

Wider crosses between

Hordeum as female and Agropyron, Brornus, Elymus, Festuca and Secale

as male parents also failed to set seed.

:1

Brink and Cooper (1944) were successful in producing a hybrid between
H. jubatwn and Secale cereale.

H. jubatum was used as the pistillate

parent and the hybrid embryos were dissected out onto White's medium
9 - 14 days after pollination: one embryo germinated to give a
sterile hybrid plant.

The success of this cross was originally

attributed to a similarity in chromosome size of the two parental
species.

Later, however, Wagenaar (1959) demonstrated a consider-

able and easily identifiable difference in the size of the chromosomes
in the hybrid.

Thompson and Johnston (1945) investigated the cause of incompatibility
between barley and rye and found that no viable seed was produced
although fertilization took place.

The immediate cause of failure

was attributed to the abnormal development of the hybrid endosperm and
particularly the endosperm nuclei which, from an early stage,
exhibited mitotic aberrations.

The hybrid embryo, however, remained

healthy in appearance long after endosperm collapse.

Attempts have been made to improve embryo development in otherwise
incompatible matings using chemical treatments.

Larter and Enns

(1960) studied the influence of gibberellic acid (GA3) on the development of triploid barley embryos.

Crosses were made using autotetra-

ploid H. vulgare as female with diploid H. distichum as the male
parent. The maternal plant was treated with GA

by bending the flag

leaf down into a solution of the growth substance during embryogenesis.

It was shown that a continuous supply of exogenous GA

significantly enhanced embryo development.

Larter and Chaubey (1965)

investigated crosses between tetraploid barley and diploid rye which

were treated before pollination with various plant growth regulators.
It was suggested that gibberellic acid (GA3) and indole-.acetic acid
(IAA) were both effective in overcoming an initial barrier to hybridization.

Treatments were not effective, however, in sustaining

embryo development later than the pro-embryo stage.

Kruse (1967) applied various concentrations of GA

to barley florets

after pollination with rye. The data obtained suggested that the
frequency of recovered embryos was dependent on the product of the
GA

concentration and the number of applications: thus, treatment

with 50 ppm GA
ppm GA

for three days was equivalent to treatment with 25

for six days. Using treatments with GA
two hybrid plants
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were produced directly from cultured embryos.

Cooper, Dale, Dyer,

Lyne and Walker (1978), like Kruse (1967), also attempted the hybridization of modern cultivars of barley and rye.

Crossed spikes were

sprayed with a mixture of growth substances, GA

being the major

component. No viable plants were produced directly from embryo
culture.

However, one embryo gave rise to a white friable callus.

After a period of twelve weeks in culture, this began to regenerate
and several hybrid plants of varied karyotype were obtained.

Thomas

and Pickering (1978), using similar techniques, also obtained a
barley/rye callus from an excised embryo which regenerated a single
plant after seventeen weeks in culture.

Pickering and Thomas (1979)

also crossed tetraploid barley with diploid rye.

None of the

resulting hybrids survived beyond the 2 - 3 leaf stage in culture.
One embryo, however, gave rise to a callus which regenerated a single
diploid barley.

It was suggested that the rye chromosomes were

selectively eliminated from the callus tissue.

Fedak (1979) also

used GA

treatments in his attempts to hybridize modern cultivars of

barley with rye and was successful in producing a hybrid directly
from embryo culture.

The amphidiploid of barley and rye has occurred spontaneously (Thomas
and Pickering 1978) and as a result of treating zygotes with N20,
dinitrous oxide (Kruse 1976).

Unfortunately, no details of the

technique are given in the latter report and it is possible that the
amphidiploid may have arisen spontaneously and not as a consequence
of the treatment. The production of an amphidiploid between barley
and rye has been attempted using colchicine doubling, but so far this
has been unsuccessful.

In these circumstances it is arguable that

the best way of producing the amphidiploid may be by crossing tetraploid parents.

All hybrid plants obtained so far, including amphi-

diploids, remain sterile and resemble rye more than barley in their
gross morphology.

1.4 Technology of hybridization
The hybridization of any two species involves a considerable technological component.

The breeding systems of the parent plants are

one of the first considerations in crossing since these determine the
way in which flowering parts should be manipulated to achieve maximal
cross-fertilization.

In barley/rye hybridization this involves the

use of emasculation and pollination techniques.

As previously

mentioned, hybrid fruit development may be encouraged by treatments
with plant growth regulators. The chemical treatment of hybrid
fruits is, therefore, another important consideration in hybridization work.

The development of hybrid endosperm and hybrid embryo
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has also been reported to be affected by environmental factors such
as temperature and humidity: care must be taken, therefore, to
provide optimal growing conditions for these tissues.

The hybrid

endosperm produced in barleyX rye crosses has been found to collapse
a few days after fertilization, and the hybrid embryo must be rescued
and cultured if it is to survive.

Embryo culture has proved to be

an asset in crosses where embryos abort

in Vivo.

Culture techniques

and culture media must be carefully selected since hybrid embryos
have specific growth requirements.

All the techniques mentioned so far are common components to crossing,
but barley/rye hybridization has an additional item.

In the crossing

of these two species it is possible to generate hybrid callus from
cultured embryos.

A regeneration technique would be a valuable tool

in the production of hordecale and this also is discussed below.

1.4a Emasculation
Barley is a self-pollinating species, stigmas being receptive
when the anthers dehisce. Pollination is usually effected during
ear emergence and, at this stage, the enclosing flag leaf sheath
prevents floret opening; pollen movement is, therefore, usually
confined to a single floret.

Because of this inbreeding mech-

anism, any crossing programme involving barley as the female
parent must include an emasculation technique.

Two basic forms

of the techniques exist:
(i) The top third of the floret is cut either below or above the
tip of the anthers (Pope 1944).

Decapitated anthers do not

develop any further and can be left inside the floret;
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intact anthers are removed.

This technique is known

as scissor-emasculation or egg-topping.
(ii) The palea and lemma of the floret are pierced lengthwise with a pair of fine forceps.

The three anthers

are then removed, care being taken that the stigma is
not damaged (Jensen 1974).

This method leaves the

awns intact.
Both the above methods have been used by workers attempting
barley X rye hybridization.

Kruse (1967) and Thomas and

Pickering (1978) adopted Pope's technique; the former worker
used detached tillers with the flag leaf left intact.

Cooper

(1978) employed the second technique, but removed the flag leaf
and trimmed the awns level with the tip of the spike. Both
types of emasculation techniques have a disadvantage in that they
involve the removal of substantial areas of photosynthetically
active tissue (flag leaf and awns) which are important in normal
seed development (Evans and Wardlaw 1976).

The removal of these

tissues may limit the food supply to developing hybrid fruits
which may cause the endosperm and embryo to abort.

The timing of emasculation is critical in barley since spike
tolerance to desiccation prior to anthesis is low.

Ears selected

for emasculation should be well developed with florets bulging,
lemma and palea tissue beginning to harden and anthers turning
yellow.

This stage usually occurs one to two days prior to

natural pollen release and can be judged with reasonable accuracy
by measuring awn or ear emergence or the swelling of the boot.
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Unlike barley, rye is an outbreeding species and is easier to
emasculate. Anther dehiscence usually occurs a few days after
ear emergence as very soon after anthers begin to grow out and
hang from their florets.

The time period for safe emasculation

is greater than that of barley since there is greater tolerance
to desiccation.

As in barley, anther dehiscence is not syn-

chronous: it begins with the middle florets and then proceeds
acropetally and basipetally along the spike, the process taking
about four days to complete in rye and about two days in. barley.
This flowering habit necessitates the emasculation of selfcompatible ryes when they are used as female parents; selfpollination can be effected by younger developing florets casting
Emasculation

pollen onto older florets with receptive stigmas.

techniques are similar to those described earlier for barley.

1.4b Pollination
Similar pollination techniques have been used for barley X rye
crosses.

All workers have used fresh rye pollen and have

applied this to barley stigmas with a brush or by inserting a
dehiscing anther into the barley floret one to five days after
Jf

5L

emasculation (Kruse 1967, Thomas and Pickering 197, Cooper 1978,
Fedak 1979 and Pickering and Thomas 1979).

The reciprocal cross

has been attempted by Thompson and Johnston (1945) and Kruse
(1976), but with no success.

Little is known about the system

of incompatibility which operates in this cross, except that the
barrier occurs either during pollen germination, pollen tube
growth, fertilization or in the early stages of embryogenesis.
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1.4c Chemical treatment of crossed spikes
Treatment of pollinated spikes with gibberellic acid (GA3) has
been reported to improve fruit set in many intergeneric crosses
(Larter and Chaubey 1965, Kasha 1974, 1975, Jensen 1976, Fedak
1977, Kruse 1967, 1976, and Cooper 1978).
on the effects of GA

Detailed information

on intergeneric hybrid embryo and endosperm

development has not been obtained. Whereas several workers have
been successful in producing barley/rye hybrids by employing the
use of GA
ments.

31

few have included adequate controls in their experi-

Evidence for improved embryo development following GA

application has, however, been obtained in work on barley haploid
production via the H. vulgare X H. bulbosum cross (Kasha and
Subrahmanyam 1978).

Using water sprays and untreated plants as

checks, these workers demonstrated that GA

rather than additional

moisture was the major factor enhancing embryo and endosperm
development.

The role of GA

subject of speculation.
that GA

in these experiments remains the

Islam and Sparrow (1974) have suggested

simply safeguards against desiccation of scissor-

emasculated florets.

Kasha et aL. (1978), however, have put

forward the hypothesis that GA

functions to promote nutrient

movement to the developing fruit.

Bates and Deyoe (1973) and

Bates, Campos and Rodriguez (1974) have proposed that the barriers
to crossing of widely separated species are mediated through a
"specific-inhibition-reaction" (SIR), similar to the immunochemical reaction in animals.

Following this line of thought,

Taira and Larter (1977a, 1977b) have investigated the effect of

eta-amino-n-caproic acid (EACA), an immunosuppressive agent used
in the homografting of animal tissues, on the development of hybrid
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embryos between Triticum turgidum (female) and Secale cereale
(male).

The imrnunosuppressant (EACA) and its analogue, the

amino acid lysine, were applied to florets one day after pollination.

Both chemicals enhanced the development of hybrid

embryos in vivo and the success of embryo culture was improved
accordingly.

These experiments are not proof of the SIR hypo-

thesis since EACA and lysine may have been acting simply as an
additional nutrient source.

1.4d Temperature
Early work on barley (Pope 1943) demonstrated that temperature
has a marked effect on embryo and endosperm development.
Ambient air temperatures above 400 C and below 5°C inhibited
divisions in both embryo and endosperm.
were found to lie between 30°C and 35°C.

Optimal conditions
Despite this know-

ledge, the effects of temperature on barley/rye embryo development have received little attention.

Thomas and Pickering

(1978) carried out barley X rye crosses in glass-house conditions
during April and May when temperatures ranged from 15°C to 25°C.
Cooper et al. (1978) used a controlled environment at 200
for crossing barley with rye.

1°C

Kruse (1967), however, invest-

igated a range of temperature regimes and concluded that optimal
conditions occur between 20°C and 30°C; temperatures above 30°C
and below 17°C were found to be detrimental.

In a more thorough

investigation, Taira and Larter (1977b) demonstrated that small
fluctuations in temperature (

2°C) resulted in significant

reductions in normal embryo frequency from Triticuin turgiduin X
Secale cereale crosses.
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1.4e Culture media
The development of embryo culture has played a major role in
extending the range and improving the production of hybrid plants.
The culture of embryos

in vitro is

an essential component in

crossing programmes where the hybrid usually aborts

in. vivo

as is

Various media

the case in most intergeneric hybridizations.
have been used in the culture of plant embryos.

Although similar

in respect to the formulation of major minerals, trace elements,
vitamins and carbohydrates, the spectrum of amino acids and the
level of pH varies.

Early work reported the importance of

optimum pH conditions (Zeibur, Brink, Graf and Starman 1950, and
Rappaport 1954).

Zeibur

et al.

(1950) found a pH of 5.6 to be

best for 10 - 15 day old barley embryos, whereas Norstog and
Smith (1963) found pH 4.9 to be optimum for immature barley
embryos.

In a review of plant embryo culture, Narayanaswami and

Norstog (1964) stressed the importance of amino acids in embryo
culture. Work at that time indicated that embryos of

Datura,

oats, barley and orchids had a requirement for either casein
hydrolysate or an amino acid complex.

Casein hydrolysate is a

source of precursors for growth and differentiation and this can
be substituted for by amino acid mixtures in many cultures.

Cooper (1978) used Norstog's Bli medium in the culture of hybrid
barley/rye embryos.

Several workers have reported the high

survival and rapid growth of premature barley embryos on this
medium (Norstog 1973, Norstog and Blume 1974, Cameron-Mills and
Duffus 1977).

Jensen (1975) also found that the medium was

suitable for the culture of barley haploids.

Thomas and

PUP

Pickering (1978) used Gainborg's B5 medium in the culture of
barley/rye embryos.

This medium contains no amino acids in its

basic form though Gamborg (1968) has reported the beneficial
effects of amino acid additives. Media lacking amino acids give
little or no development of young embryos (Norstog and Blume 1974,
Cameron-Mills and Duffus 1977).

Jensen and his staff at Rise,

Denmark recommend that nitrogen should be provided as amino acids
rather that NH4 or NO3 ions for small barley haploid embryos.
At RisØ, a raft culture technique is used for small haploid
embryos in which the underdeveloped embryos are placed on a
filter floating above a liquid medium; when shoot and root
development begins, the embryos are transferred to a solid medium
(Jensen 1975).

The advantages of liquid media are that they

surround the embryo, toxic factors can diffuse away and there is
free gaseous exchange.

The potential of liquid media has not

yet been explored in the culture of barley/rye hybrid embryos.

1.4f Callus regeneration
The production of hybrid callus is not uncommon in barley/rye
hybridization.

Although work has been directed towards the

production of hybrid plants directly from embryo culture, the
intermediary callus stage has been useful in regenerating
hordecale plants of varied karyotype (Cooper 1978 and Ramsay).
The callus obtained by Cooper has ceased spontaneous regeneration
but still proliferates in culture.

The hordecale callus may

have potential in producing more hybrid plants if a regeneration
technique can be developed.

The loss of the ability of callus
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to regenerate has been reported in other cultures; carrot,
wheat and barley (Meyer-Teuter and Reinert 1973, Chin and
Scott 1977, and Cheng and Smith 1978).

The loss of the

capacity to regenerate in some cultures has been associated
with cytological abnormalities such as polyploidy and aneuploidy.
e
A cytological study of horth'cale callus was, therefore, undertaken (Chapter III, Section 3.5).

In general, callus can be initiated on induction media having
high concentrations of auxin; regeneration can occur when
callus is transferred to auxin-free media.

This technique has

been used successfully for callus produced by various members of
the Gramineae: napier grass (Bajaj and Dhanju 1981), wheat
(Dudits, Nemet and Haydu 1975, Bennici, Baroncelli and D'Amato
1979), oats (Cummings, Green and Stuthman 1976), maize (Green
and Philips 1975, Harms, Lirz and Potrykus 1976), sugar-cane
(Heinz and Mee 1969), rice (Nish, Yamada and Takahaski 1968)
and barley (Cheng and Smith 1975, Koblitz and Saalbad 1976).
The hordecale callus obtained by Cooper (1978) is peculiar in
that it required no induction treatment with auxin: the
material arose spontaneously from a developing hybrid embryo.
on Norstog's Bil medium which was free from growth regulators.
After three months in culture, the callus passed through a
regeneration phase in which roots, albino shoots and finally
green shoots were produced.

Attempts to induce regeneration

from this callus have been made in this study (see Chapter III).
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1.5 present study
Previous work done in this laboratory by Dr. Cooper has established
that
Fruit set occurs at a high frequency when diploid Sundance
barley is pollinated with diploid Petkus Somro rye.
Development of the hybrid embryo and endosperm is abnormal
and both eventually abort in vivo.
The hybrid embryo and endosperm contain mitotic aberrants
such as polyploid nuclei, chromosome bridges, lagging
chromosomes and micronuclei which seem to cause the loss
of viability.
A small proportion of hybrid embryos can continue to
develop

in

ViVO and can be cultured 16 - 20 days after

pollination.
Hybrid embryos exhibit' various developmental patterns in
culture.

Large embryos (greater than 0.5 mm) give rise

to roots or shoots or both, but development ceases before
plants reach a stage suitable for transplanting into pots;
smaller embryos fail to differentiate.
Callus tissue is produced in some cultured embryos; in
one case, this has been followed by a regeneration phase
from which several hybrid plants were produced: these
are all sterile and of varied karyotype.

The work of Dr. Cooper has formed the foundation to the present study.
In addition to providing useful information on crossing, it has also
produced hybrid callus material from which new hybrid plants may be
regenerated.

In view of the available literature, attempts have been
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made to induce regeneration in this callus tissue.

Hordecale callus

has been subjected to various cultural conditions in attempts to
induce regeneration.

The effects of growth regulators, culture

media and light regimes are described in Chapter III.

The remaining part of the present study is concerned with the production of new hybrid material which can be broadly considered to
contain two components: a technological one which aims to improve
the technology of hybrid production and a scientific part which aims
to rationalize the choice of parents for crossing.

These two

approaches are discussed in detail in the appropriate chapters, but
their contents are introduced below in sections 1.5a and 1.5b.

1.5a The technological component
In order to make crosses with a reasonable chance of producing a
hybrid plant, the basic technology of crossing and embryo care
has to be established.

Techniques and methods must, therefore,

be developed to a point which maximizes success: a variety of
techniques have been investigated for this purpose (Chapter IV).

The first part of Chapter IV deals with the preliminary experiments.

These were set up in order to investigate the effects of

temperature, humidity and various chemical treatments on the in

vivo development of the hybrid embryo and endosperm. The methods
used by Dr. Cooper were incorporated into these experiments as a
base line for comparison.

Also included in Part IVA is an

account of the viability of stored rye pollen.

Such a pollen

20

bank would greatly reduce the amount of labour involved in a
crossing programme as the rye plants need not then be grown.
The storage properties of rye pollen were, therefore, examined.

In the second part of Chapter fl/B, barley X rye hybridization has
been extended to (i) winter cultivars and (ii) various ploidy
combinations.

This was done in an attempt to increase the

variety of hybrid types.

The hybrid embryos produced from these

crosses were cultured on various media.

The development in

culture was recorded and the culture media assessed accordingly.

Another way in which barley X rye hybridization may be extended
is by carrying out the reciprocal cross in which rye is the
female parent.

Unfortunately, an incompatibility system

operates between barley pollen and rye stigmas and this has
prevented hybridization in this direction.

Knowledge of how

and when this mechanism operates may provide us with the means
to overcome it, thus extending barley X rye hybridization.

The

ability of barley pollen to germinate on rye stigmas and vice
versa has been examined using fluorescence microscopy.

1.5b The scientific component
From Cooper (1978) it is known that both endosperm and embryo
produced from crossing barley with rye contain mitotic abnormalities and that these aberrations may cause the death of the
hybrid tissues.

This situation has a parallel in the endosperm

of triticale, the wheat/rye hybrid in which mitotic aberrations
also occur.

Bennett, Smith and Barclay (1975) and Bennett (1977)
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have reported a link between the presence of late replicating
heterochromatin on rye chromosomes and the occurrence of
aberrant nuclei in triticale endosperm.

The difference in

mitotic times between parental genomes may also be an important
factor in hybridizations with barley.

Bennett, Finch and

Barclay (1976) have reported a difference in the cell cycle times
of Hordeuin vuLgare and H. bulbosum and it is interesting that
when these two species are hybridized together, the slower
replicating H. bulbosum chromosomes are eliminated from the
hybrid embryo.

The elimination of chromosomes of the parent with the slower
mitotic time has also occurred in barley X rye hybridization
(Kruse 1967, Fedak 1977, and Pickering and Thomas 1979).

In

the cross studied by Cooper, it was known that the rye parent,
2x Petkus Somro, had a considerably longer cell cycle time than
the barley, 2x Sundance.

The disparity in parental cell cycle

times between these cultivars may be responsible for the early
degeneration of the hybrid endosperm and the occurrence of
mitotic abnormalities in the hybrid embryo produced in this
cross.

These results and others described in Chapter V,

Section 5.1, have led to the hypothesis that parental cell times
play an important role in hybridization and that the cell cycle
times of parents should be as similar as possible for maximal
success in barley X rye hybridization.
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The relationship between parental cell cycle times and the
success of hordecale production has been examined in Chapter V.
For this study, cell cycle times of a wide variety of barleys
and ryes must be known: in this respect, only a limited amount
of data are available in the literature.

An investigation was,

therefore, set up in which the relative growth rates of various
barleys and ryes could be calculated.

This was done by

following the development in normal self-pollinations over a
time course (Part VA).

From this study it was discovered that

the embryo and endosperm growth rates varied between genotypes
of both species. The results from Part VA were then used to
form matings which were predicted by the hypothesis to be either
compatible or incompatible.

The test of the hypothesis takes up the second part of the
chapter (VB).

The success of hybridization was initially

assessed in a crude manner by measuring the yield of hybrid
embryos at 16 - 20 days after pollination for the various
'compatible' and 'incompatible' matings.

A second, more

refined method of assessment involved a cytological investigation of early hybrid seed development in which the degree
of cytological abnormalities is related to the survival of
the hybrid endosperm and embryo for each cross.

A discussion of the results is given at the end of each section.
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MATERIALS AND METHODS

2.1 Materials
2. la Plants
The plant material consisted of two species, Hordeun7 vulgare L.
barley and Secale cerea7e L. rye.

The cultivars used included

those employed by Cooper (1978), i.e. diploid and autotetraploid
versions of Sundance barley and Petkus Somro rye.

Barley and rye

both have a haploid set of 7 chromosomes: the diploids and tetraploids are thus 2x = 14 and 4x = 28 chromosomes respectively.
Sundance barley and Petkus Somro rye are convenient plants to work
with since both are early maturing and of spring habit, having no
vernalization requirement.

In order to extend the variation of

hybrids between the two species and in particular to investigate
the parental cell cycle hypothesis, a wider range of plants was
examined.

For the purposes of this study, cell cycle times of

barley and rye varieties must be known and in this respect only a
limited amount of data are to be found in the literature.
Bennett (1972) has demonstrated a correlation between cell cycle
time and minimum generation time in herbaceous plants, minimum
generation time being defined as the shortest time between sowing
a seed and recovering a seed.

On the assumption that life cycle

time was correlated with cell cycle time within a species (an
extrapolation from Bennett's work), a wide range of barley
cultivars was chosen to obtain a wide diversity of types with
respect to rate of plant development, place of origin and morphology (data from Dale and Wilson, 1977).
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Information on life cycle times was not readily available for rye
varieties.

A range of rye lines was selected from available

stocks: these differed in spring and winter, self- compatible
and self-incompatible habits and in origin.

The rye cultivar

Prolific was obtained from Dr. Chr. Lehman, Zentralinstitut fir
Kulturpflanzenforschung, Gatersieben, East Germany.

The

following tables give details of the cultivars used.

The barleys can be separated into two distinct types (2 or 6-row)
depending on whether there are two or six rows of fertile florets
in the spike.

Seed stocks of all the named cultivars were

checked at the Official Seed Testing Station of the Agriculture
and Fisheries Department for Scotland, East Craigs, Edinburgh by
courtesy of Mr. Andrew Curtis.

From these tests it was found

that all the cultivars were correct by name, apart from Etu which
possessed the wrong grain type for this cultivar and is, therefore,
suspect.

The full name for Sechzeilige is Sechzeilige Pumper-

gerste, but for ease this will be named as simply Sechzeilige.

The named rye varieties were checked against their varietal
characters.

A description of Petkus Somro was obtained from

Dr. G. Wahle of the F. von Lochow-Petkus Gmbh, Bergen, Norway
and characteristics of the other varieties from Dr. G.J. Scoles,
Crop Science Department, The University of Saskatchewan,
Saskatoon, Canada.

There was no cause to doubt the integrity

of these cultivars from the checks.

The origin of the cultivar

Ensi could not be found and it is likely that the seed stock of
this rye has been mislabelled.
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Table 2.1

The barley cultivars used, their place of origin and type

Place of
Origin

Cultivar
Akka
Ark Royal
Clipper
Craigs Triumph
Igri
La Prevision
Mans Mink
Proctor
Spratt Archer
Sonja
Sundance (2x, 4x)
Vada
Weeah
Ymer
474
482
Etu
(?)
Pirkka
Sechzeilige
Tralen Sidano

2-row

6-row

black

naked

+
+
+
+
+
+

+

+

+
+
+
+
+
+
+
+
+
+
+
+
+
+

U.K.
U.K.
Australia
U.K.
U.K.
Argentina
U.K.
U.K.
U.K.
Germany
U.K.
Holland
Australia
Sweden
Ethiopa
Egypt
Finland
Finland
Austria
Ethiopia

Table 2.2
The rye varieties used, place of origin and type

Habit
Cultivar

Self

Place of

or line

origin

Dominant
Ensi
2x Petkus Somro
4x Petkus. Somro
Prolific
Puma
300/10/6
3001/14
3003/7
3004/10
3007/4
3007/33
3008/3

Holland
Germany
Germany
Canada
Canada
Germany
Germany
Germany
Germany
Germany
Germany
Germany

Spring

Winter

Compatible

+
+
+
+
+
+

+
+
+
+
+
+
+
+
+
+
+
+
+

Incompatible

+
+
+
+
+
+
+
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Figure 2.1

Graph of the correlation between the days to flag
leaf appearance (Dale and Wilson 1977) and days
to emasculation for two-row and six-row barleys
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The barley lines 474 and 482 and all the German rye lines could
not be checked against official descriptions as these do not exist.
These lines were distinct from each other with respect to earliness
and such morphological characters as seed colour, seed nakedness,
presence of anthocyanin in the coleoptile, glaucous or glabrous
leaves and sheaths, pigmentation of anthers and pollen and plant
height at maturity.

These characteristics were checked each time

the plants were grown.

Tables 2.3 and 2.4 give the mean times taken from sowing (either
of seed or in the case of winter cultivars of vernalized seedlings) for the barley and rye genotypes to reach a stage when the
plants produced ears suitable for emasculation.

These data are

useful when designing a crossing programme as they enable sowing
times to be adjusted to produce synchronous flowering in parents.

The data for days to flag leaf appearance have been plotted
against the data for days to emasculation, see Figure 2.1.

This

was done as another check on the integrity of seed stocks.
Correlation coefficients of 0.98 and 0.91 were produced from the
two-row and six-row barley data respectively when the two sets of
data were compared.

Two-row barleys were emasculated 13 - 21

days after the appearance of the flag leaf and this seems a
reasonable period.

The six-row barleys with the exception of the

Egyptian genotype 482 were emasculated 2 - 10 days after flag
leaf appearance and this is clearly too short a period.

The

Dale and Wilson data were obtained from plants which were grown
in constant conditions from germination to the time of flag leaf
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appearance.

The present data for the six-row barleys with the

exception of 482 were obtained from plants which were sown in a
glasshouse in June and transferred to growth rooms in July.
Differences in the growing environment are likely to be the cause
of the discrepancies in developmental rates.. The Egyptian
barley 482 was emasculated 24 days after the time given for flag
leaf appearance and this is a reasonable time period to expect
between the two events.

This genotype was sown in March at the

same time as the rest of the barleys and ryes.

Unfortunately

all other six-row barleys had to be re-sown in June since the
March sowing produced flowering plants in mid-April when crossing
was not possible.

Despite the effect of the growing season, it

can be seen that the rank order of barleys from slow to fast
maturing is the same in both sets of data.
Table 2.3
The rye varieties used, their origin of
cultivation and number of days to emasculation

Origin of

No. of days to
emasculation

Variety

cultivation

Mean

S.E.

300/10/6
3007/4
3007/33
3004/10
Puma
3003/7
Prolific
3008/3
Ensi
2x Petkus Somro
4x Petkus Somro
Dominant
3001/14

Germany
Germany
Germany
Germany
Canada
Germany
Canada
Germany

58.9
60.1
67.4
72.4
73.0
74.7
78.9
80.1
80.1
84.1
86.4
88.3
94.0

0.43
0.99
1.83
1.29
2.75
0.75
1.43
2.26
2.26
1.39
2.70
0.81
0.00

?

Germany
(Germany)
Canada
Germany
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Table 2.4
The barley varieties used, their place of origin, number of days
to flag leaf appearance and number of days to emasculation

Origin of
Cultivar

No. of days to
appearance of
flag leaf *

No. of days to
emasculation

cultivation

Mean

S.E.

Mean

S.E.

Australia
Australia
Argentina
U.K.
U.K.
Holland
U.K.
Sweden
U.K.
U.K.
U.K.
U.K.
U.K.
(U.K.)

26.0
23.3
26.8
36.8
42.3
50.8
46.0
51.0
54.7

0.00
0.25
1.00
1.34
2.18
1.50
1.20
0.00
1.92

53.5

1.53

39.2
40.7
40.8
57.2
57.9
65.8
66.8
66.9
68.2
70.1
71.4
72.6
73.2
77.5

0.41
1.61
0.35
0.33
0.28
0.31
0.55
0.62
0.39
0.58
0.16
0.16
0.42
1.08

Ethiopia
Egypt
Finland
Finland
Ethiopia
Austria

30.0
36.0
36.3
36.0
44.0
44.0

0.00
1.82
1.19
2.46
0.37
2.02

39.5
40.1
41.2
42.6
46.3
49.0

0.76
0.34
0.31
1.14
0.15
0.52

Two-row
Weeah
Clipper
La Prevision
Craigs Triumph
Akka
Vada
Mans Mink
Ymer
Spratt Archer
2x Sundance
Ark Royal
Proctor
Igri
4x Sundance
Six-row
474
482
Etu (?)
Pirkka
Tralen Sidano
Sechzeilige

* data from Dale and Wilson (1977)
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2. lb Callus
As previously mentioned (Chapter I, Section 1.4f), Cooper (1978)
obtained several barley/rye hybrid plants of varying karotype
from callus material produced by an embryo in culture.

The

callus regenerated spontaneously to produce roots, albino shoots
and finally green shoots which gave rise to the hybrid plants.
The callus then ceased to regenerate plantlets, but has been
maintained on Norstog's 511 medium as it provides useful material
for studies on regeneration and has the potential for producing
new hybrid karotypes.

2.2 Methods
2.2a Plant production
Spring cultivars of barley and rye were sown directly into five
inch pots containing John Innes No. 1 compost.

Rye was found to

grow best in well drained conditions and pots containing rye were
given approximately two cm of coarse gravel at their base.
Grain of winter barleys and winter ryes was surface sterilized
and vernalized for at least six weeks on damp filter paper at 4°C
(see Section 2.2b).

Vernalized seedlings were sown in compost

and placed in a mist propagator for about a week before being
transferred to a glasshouse, since they tended to be susceptible
to desiccation. Plants were grown in glasshouses either at
King's Buildings or the Bush Estate.

The importance of healthy

plants for crossing has been stressed by several workers (Kasha,
1974; Jensen, 1976; Cooper, 1978; Dr. Finch - personal communication).

Outbreaks of mildew were checked with the fungicide

Persulon and greenfly were controlled by the general insecticide

32

Permasect.

Red spider mites were difficult to control during

summer months and this sometimes led to the abandonment of
crossing at this time. Most crossings were carried out during
the spring and autumn months when plants were relatively free of
pests.

Barley is photoperiodically sensitive: short days can

lead to male sterility (Aspinall, 1966; Batch and Morgan, 1974).
Plants received, therefore, a minimum photoperiod of sixteen
hours, natural daylength being supplemented by mercury vapour,
tungsten incandescent and warmA fluorescent tube lighting at the
King's Buildings and by sodium lamps at the Bush Estate.

Barley plants used for seed production were simply left to selfpollinate and were harvested when ripe.
taken with rye.

More care needs to be

Unlike barley, rye is an outcrossing species

and needs to be isolated from other varieties in order to keep
the line pure: isolation was usually carried out in growth rooms.

Plants used for study purposes were grown under glasshouse
conditions until leading tillers were approximately one week
from anther dehiscence.

Healthy plants were selected and trans-

ferred to growth rooms. A continuous supply of flowering plants
over the crossing period was ensured by staggering the sowing
dates.

2.2b Vernalization
Winter varieties of barley and rye require a cold treatment for
the induction of early and synchronous flowering: without this
vernalization treatment, plants remain vegetative for a longer
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period of time and flowering is subsequently delayed.

In field

conditions, vernalization is effected during the winter months
when the crop is composed of established plants.

Vernalization,

however, can be achieved conveniently in the laboratory using
seedlings.

Grain of the winter varieties was surface sterilized

by immersion in a 20% solution of industrial Sodium Hypochlorite
for twenty minutes. The grain was then rinsed in three changes
of sterile water and germinated overnight in sterile conditions
on damp filter paper in sealed nine cm diameter Petri-dishes
(eight seedlings per dish).

The Petri-dishes were then placed

in a refrigerator at 4°C for at least six weeks, care being taken
that the dishes did not dry out.

2.2c Growth rooms
A sixteen hour photoperiod was given in the growth rooms and
irradiation was from warm fluorescent tube and incandescent
tungsten lighting.

The temperature was maintained at either

20°C

1°C.

10 C or 10°C

temperature was recorded.

A gradient in both irradiance and
Irradiance was found to decline with

increasing distance from the light source, while temperature was
found to be highest in the near vicinity of the light source due
to heat emission from the incandescent bulbs.

Taking these

gradients into account, it was decided that spikes should not be
allowed to grow within twentyfive cm of the light source where
the ambient temperature was raised relative to the remainder of
the growth room and bench height was adjusted for each variety in
this respect.

These adjustments gave rise to a mean irradiance

-2 sec-1
immediately above the canopy (mean height
of 300 imoles m
at which flag leaf bends over).
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2.2d Emasculation
Spikes were emasculated using the forceps technique described in
They were selected for uniformity with

Chapter I, Section 1.4a.

respect to the extension of the awns for barley or rachis length
in the case of rye, and for size.

Spikes of the two-row barleys

and all the ryes were fully emasculated with the exception of
underdeveloped florets at the base and apex of the spike which
were removed.

Awns, lateral florets and flag leaf were left

intact to retain as much photosynthetically-active tissue as
possible for the developing fruit.

Anthesis was found to occur

earlier in the central row of florets than in the laterals in sixrow barleys.

Full emasculation was not possible as the lateral

florets became desiccated if their anthers were removed at the
same time as the centrals.

To prevent intra-spike pollination,

the lateral rows of florets were removed, leaving the two central
rows for pollination.

Unfortunately, the removal of the four

lateral rows had a deleterious effect on the remaining florets
as the spike frequently aborted.

It was, therefore, decided

that the central row of florets should be removed, leaving the
laterals for pollination and these florets developed satisfactorily.
Emasculated spikes used for selling were covered with a glasine
bag to prevent uncontrolled pollination.

The temperature inside

the bag rose to a maximum of 24°C during the light period and
dropped to 20°C at night: the median temperature was, therefore,
22°C.

In hybrid production, emasculated spikes were enclosed

within a plastic bag (unless otherwise stated).

These bags were

made from plastic tubing and had holes punched in them to prevent
saturation of the spike.

Plastic bags were preferred to glasine
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ones in hybrid production as they raised the relative humidity
which was found to be beneficial to hybrid fruit development.
Plastic bag temperatures were also raised by a 'glasshouse'
of

effect and maximaA24°C in 20°C growth rooms and 17°C in 10°C
growth roomes were reached.

2.2e Pollination
Pollination was of two types: either selfed in which case pollen
from the same variety as the maternal plant was used, or crossed
in which case pollen from the other species was used (rye on
barley or reciprocally barley on rye).

Fresh pollen was normally

used (except in the pollen storage experiment) and for rye this
was collected in glass Petri-dishes from dehiscing anthers.

The

release of pollen usually occurred early in the morning, but
pollen liberation was found to be continuous on bright, sunny
days.

A daily supply of pollen could be ensured if flowering

plants were grown in growth rooms where anther dehiscence occurred
regularly at about one hour after the lights came on.

Barley

and rye florets gape at the time of ovary receptivity due to the
swelling of the lodicules at the base of the floret.

Pollination

was carried out when all emasculated florets became receptive;
this was done in order to synchronize subsequent development
within a spike. Barley florets were ready for pollination two
to four days after emasculation; the time period for rye was four
to seven days.

Barley spikes were self-pollinated by placing a

dehiscing anther into each gaping floret.

Rye florets were self-

pollinated by brushing protruding stigmas with freshly collected
pollen.

The glasine bags were then replaced and the time of
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pollination noted.

Two replicate spikes were taken for the

embryological investigation (Chapter V) and were harvested at
daily intervals for up to five days, the time of harvest being
recorded.

Spikes were fixed and stored at 4°C in Carnoy's

solution consisting of six volumes absolute ethanol : three
volumes chloroform : one volume glacial acetic acid.

In hybrid studies, barley was generally used as the maternal
parent.

Florets were pollinated by brushing with fresh rye

pollen.

Crossed spikes were used either for developmental

studies (Chapter V) or grown on for embryo culture experiments
(Chapters IV and V).

In the former case, crosses were designed

to test the parental cell cycle hypothesis, the rationale
concerning the choice of parents being discussed in the introduction of Chapter V.

Crossed spikes were fixed in Carnoy's

solution at 48 hour intervals at ages 1, 3, 5, 7 and 9 days and
stored at 4°C.

The development of the hybrid embryos and endo-

sperms produced in these crosses was investigated cytologically.

In the reciprocal cross, protruding rye stigmas were pollinated
by tapping with a dehiscing barley anther.

Various techniques

were employed in an attempt to overcome the incompatibility
reaction of this cross: these included cutting back the rye
stigma, pollinating with dead rye pollen before adding the barley
pollen and treatment with growth regulating substances (Chapter V).
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2.2f Chemical treatment of crossed spikes
Stock solutions of gibberellic acid (GA3), naphthalene-acetic
acid (NAA), 6-dimethylallyamino purine (2iP) and eta amino-ncaproic acid (EACA) were made up separately.

The cytokinin

(2iP) was initially dissolved in alkali, and GA

and NAA were

similarly dissolved in a little ethanol: these were made up to
the required concentration and combination. Four drops of Tween
80 were added per litre to each treatment as a surfactant.
Treatments and stock solutions were stored in the dark at 4°C
when not in use and fresh stock solutions were made up every two
months.

The mixture of growth regulating substances was the

same as that used by Cooper (1978): 75 mg 1 1 GA3, 25 mg 1_i NAA
and 25 mg 1 21P.

The concentration of the immunosuppressant

(EACA) which was added to this mixture or used alone was ig 1-1
(Taira and Larter, 1978).

Solutions were initially sprayed onto

crossed spikes until run off, using an aerosol can sprayer.
Sprays commenced two days after pollination and were repeated for
four consecutive days.

A greater control over the application of

chemicals was achieved by use of a 2 ml hypodermic syringe.

In

this method an equal volume of solution could be injected into
each floret.

Application of chemical solutions was eventually

reduced to one treatment on the day after pollination only (see
Preliminary Studies, Chapter IVA).

2.2g Embryo culture
i Sterilization and excision
Hybrid embryos abort

in vivo at various ages.

In order to

obtain embryos of culturable size, fruits were allowed to
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develop to between 16 - 20 days; unfortunately, a large number
of embryos had usually aborted by this age.

Harvested fruits

were surface sterilized for 15 minutes in a 20% solution of
industrial Sodium Hypochiorite.

Fruits were then rinsed in

three changes of sterile water.

Excision of embryos took

place in a laminar flow cabinet previously swabbed with
ethanol.

Embryos were dissected out on autoclaved filter

paper, using sterile mounted needles and a binocular microscope at X30 magnification.

Excised embryos were washed twice

with two droplets of sterile water and transferred to the
culture medium.

Petri-dishes were sealed with parafilm to

prevent desiccation and incubation was carried out in the dark
at 24°C until root or shoot initiation after which they were
transferred to low light conditions (5 moles m-2 sec-1).

ii Culture media
Norstog's barley medium II in either the solid or liquid form
was generally used and was prepared as described by him (1973).
All nutrients were filter sterilized since some of the ingredients, especially the amino acids, were heat labile.

Orchid

agar (27 g 1_l) which is used in barley embryo culture at the
Plant Breeding Institute, Cambridge, was tried as a medium for
barley/rye embryos.

Table 2.5 gives a list of the ingredients

of the media and their concentrations.

The culture medium used for hybrid embryos was initially
Norstog's Bli in the solid state.

A raft culture technique

was later developed for small embryos: this was adapted from
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the procedure of barley haploid production at RisØ, Denmark.
The raft culture was set up by floating an autoclaved Gelman
filter (pore size 0.45 fim) on the liquid Bil medium in a
Petri-dish.

There are three advantages in the use of such

cultural techniques (Jensen, 1975):
the entire embryo is bathed: this is important since
cereal embryos absorb nutrients through their scutellar
end and in young hybrid embryos which are spherical
this cannot be recognised,
toxic factors can diffuse away,
there is free gaseous exchange.
The osmotic pressure of the medium is important and it is
recommended that sugar levels should be higher for small
The Norstog's Bil medium was,

embryos (Jensen, 1975).

therefore, adjusted by the addition of 25 g glucose per litre.
Hybrid embryos were cultured in the dark at 24°C until either
root or shoot initiation.

At this point, the germinating

embryos were transferred aseptically to solid, unadjusted Bli
medium and placed under continuous, warm white fluorescent
lights

moles m see- 1) to encourage chlorophyll

production.

iii Hybrid plant culture
Embryos which germinated and grew vigorously were potted first
into plastic pots containing perlite which had previously been
autoclaved. Plants were supplied with half strength Hoaglands
solution (see Table 2.6) and were enclosed in a propqgator to
ensure high humidity.

Plants were eventually potted into

John Innes No. 1 compost.

Table 2.5
Composition of the embryo culture media

Chemical

Ingredients
Macronutrients

CaC12.2H20

Norstog's Bli
mg 1_1

mg 1

740
1000

C(NO3)2
MgSO4.7H20

750

KC1

750

KH P0

910

C6H5O7Fe.5H20

250

10.000

CoCl2.6H20

0.025

CuSO4.5H20

0.025
25.000

FeSO4.7H20
H3B03

0.500

MnSO4.4H20

3.000

Na2 moo4 . 2H20

0.025

ZnSO4.7H 0

0.500

7.500

0.25
50.00
0.25
0.25

Vitamins

Ca-pantothenate
Meso-inositol
Pyridoxine HC1
Thiamine HC1

Amino
acids

L-alanine
L-arginine
L-cysteine
L-glutamine
L-leucine
L-phenylalanine
L-tryptophan
L-tyrosine

Carbohydrates

Malic acid
Sucrose
Bacto. Agar

Additions

Difco Purified Agar
Charcoal

6
g i
2 mg 1

pH of media

adjusted with NaOH

4.9

-

250
500

(NH4)2SO4

Micronutrients

Orchid Agar

50
10
20
400
10
10
10
10
-1
g I- 1I
1
34.2 g 1

-

-1
20 g 11
15 g 1

5.0
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Table 2.6
Composition of half strength Hoagland's solution
used in the culture of hybrid plants

Concentration
mg 1-1

Chemical

505.55

KNO3

1180.50

Ca(NO3)2.4H20
KH2PO4

115.05

MgSO4.7H20

493.00

E.D.T.A. Fe/Na salt

1.25

H BO

2.86

MnCl2.4H20

1.81

ZnSO4.7H20

0.22

CuSO4.5H20

0.08

H2moo4.H20

0.09

2.2h Callus culture
Hybrid callus obtained by Cooper (1978) was maintained on
Norstog's solid Bil medium.

The callus was sub-cultured onto

fresh media every six to eight weeks.

There have been several

reports in the literature of the regeneration of plants when
callus was transferred from a medium containing growth regulating
substances to the same medium but without these substances (see
Chapter I, Section 1.4f).

The effect of additions to the 311

medium and changes in environment on callus behaviour were investigated as was the response of the callus to changes in various
growth regulating substances such as 2,4 dichlorophenoxyacetic
acid (2,4-D), indole acetic acid (IAA) and kinetin; the effect
of changes in sugar concentrations was also studied.

The growth
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regulating substances were filter sterilized along with the
nutrients of the medium; when charcoal was incorporated, this was
autoclaved along with the agar component.

The effects of temper-

ature (20°C and 10°C) and light and dark growing conditions were
also studied (Chapter III).

2.2i Microscopy and cytological techniques
Various materials and stains were used in this work.

The stain

and procedure will be described for each material individually.
i Viability of stored rye pollen
Rye pollen was harvested on a sunny day, 1st March, 1979.
The pollen was stored in a corked vial which was placed inside
an airtight plastic bag containing silica gel and was refrigerated at 4°C.

Stored pollen was used at two ages, one week and

six weeks after harvesting.

The viability of the pollen was

tested using fluorescein diacetate as described by HeslopHarrison and Heslop-Harrison (1970).

Fluorescein diacetate was

dissolved in acetone, 2 mg m1 1; the stock solution was then
added drop by drop to a sucrose solution until the first persistent cloudiness appeared.

The concentration of the sucrose

solution was originally about 10-6 M, but was increased to a
point which minimized the osmotic lysis of the pollen.

The

solution was then added to pollen on a slide and the fluorochromatic reaction was observed using a fluorescence microscope.
The fluorochrornatic reaction is dependent upon the transport of
fluorescein diacetate across the plasma-membrane.

The test is,

therefore, primarily one for the integrity of the plasma-membrane
and is not recommended as a test for potency of rye pollen to
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germinate on barley styles since this test gave conflicting
results with the ability to fertilize for six week old pollen
(see Chapter IV).

ii Fluorescence microscopy of pollen germination
The incompatibility reaction of the barley on rye (reciprocal)
cross was investigated using fluorescence microscopy.

The

technique was adapted from that used in brassica work at the
Scottish Plant Breeding Station.

One day and two days after pollination, selfed and crossed
pistils of barley and rye were harvested and fixed in 1:3
glacial acetic acid : absolute ethanol (v/v).
was stored at 4°C until required.

The material

Pistils were hydrolyzed

initially in 1M NaOH for two hours at room temperature and then
for thirty minutes in 1M NaOH at 60°C.

After this treatment,

the material was washed with distilled water, the styles were
removed and placed in 2% methyl blue for either two hours at
room temperature or overnight in the refrigerator.

The stain

contained 2 g methyl blue and 20 g tn-potassium orthophosphate
(K3PO4) per litre of water.

Styles were mounted on glass

slides in stain, squashed under a coverslip and examined using a
fluorescence microscope. A Vickers Photoplan M41 microscope
was used which employs the epi-illumination technique devised by
Ploem (1967).

The microscope was set up with a high pressure

mercury vapour lamp as the light source, with a BG12 exciter
filter giving a peak transmitted wavelength of 400 nm and with a
barrier blue light filter (OG1 and GG9) to reflect wavelengths

REM

less than 500 nm.

Photographs of these preparations were

taken on Kodak Ektachrome 200 daylight/professional film
(Chapter IV).

iii Giemsa C-banding of root tips
My colleague, Gavin Ramsay, visited the laboratories of Dr.
M.D. Bennett, PBI, Cambridge and Dr. C. Vosa, Botany School,
Oxford to learn the technique of Giemsa C-banding. A modified
version of Vosa's technique was subsequently developed in
Edinburgh as follows:
Pre-treatment
Healthy root tips from plants or germinating grain
were harvested and placed on filter paper moistened
with 0.05% coichicine (w/v) in a Petri-dish.

The

dish was then left in the dark at room temperature
for 3Y hours.
Fixation
The root tips were transferred to vials and fixed
in freshly prepared 1:3 glacial acetic acid : absolute
ethanol (v/v) for 18 hours at room temperature.

The

material can then be stored for a further 24 hours at
4°C if necessary.
Hydrolysis
The root tips were washed twice in distilled water and
hydrolyzed briefly in hot lM HC1 at 60°C for 40 - 45
seconds with stirring.

The acid was quickly removed

and replaced with distilled water.
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(iv) Coverslip preparation
The root rnesistem was cut off on a slide in a drop of
45% acetic acid (3 apices per slide).
were then tapped out using a metal rod.

The meristems
A coverslip

previously smeared with glycerin/albumen and flamed was
placed over the suspension.
again and flamed.

The preparation was tapped

The slide was then placed between a

folded filter paper and squashed moderately hard.

The

coverslip was then floated off by immersion in absolute
ethanol (about 20 minutes).

The free coverslip was

transferred to fresh absolute ethanol for 30 minutes and
dried, face up, on filter paper in an oven at 60°C for
5 minutes.
(v) Treatment
Coverslips were placed in a Petri-dish which was floated
in a water bath at 19°C for rye and 45°C for barley.
Giemsa C-banding of barley requires a hotter treatment
for maximal staining.

Freshly prepared saturated barium

hydroxide (BaOH2) solution at the appropriate temperature was then poured into the Petri-dishes.

After 5

minutes, the barium hydroxide solution was quickly
replaced by running distilled water; the coverslips
were rinsed individually in the running water for 3 - 4
seconds.

After washing, the coverslips were placed

face up in clean Petri-dishes to which 2x SSC solution
at 60°C was added and they were incubated in this solution
in an oven at 60°C for 30 minutes.

The 2x saline sodium

citrate (SSC) consisted of 3.506 g sodium chloride and

1.765 g tri-sodium citrate in 200 ml of distilled water.
(vi) Staining
After incubation, coverslips were washed in distilled
water and placed in 1% Giemsa stain (1 ml Gurr's Improved
Giemsa stain made up to 100 ml with pH 6.8 buffer which
was prepared from a buffer tablet, and the stain was
then filtered): the stain is used fresh.

The staining

was monitored until good banding appeared (15 minutes -12 hours): slow staining could be improved by using
more concentrated stain at 2 - 5%.

Good preparations

were rinsed in distilled water, air dried and made
permanent by mounting in Euparal.

iv Giemsa C-banding of hybrid callus
This technique was the same as that for Giemsa C-banding of
root tips with the following exceptions:
The pre-treatment with coichicine was done with pieces of
callus submerged in a solution of the drug: this was
done to ensure that all of the outer cells (those likely
to be in division) were treated.

The colchicine treat-

ment was extended to 4 hours as it was anticipated that
the callus cells had a longer replicating time than the
root tip material,
After fixation, the callus was treated with a 4%
pectinase solution at 37°C for 30 minutes: this was done
to soften the otherwise hard material for later squashing.
The rest of the procedure was as previously described,
with the BaOH2 treatment done at 19°C to maximize the
banding of rye chromosomes.
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v Giemsa C-banding of hybrid embryos
Ten day old embryos were dissected out of fruits from three
crosses
Mans Mink (barley) X 3007/33 (rye)
Sundance (barley) X Petkus Somro (rye)
Proctor (barley) X Puma (rye)
The technique was the same as that described for root tips
(see above), except that the coichicine treatment was extended
to 4 hours because of the longer cell cycle time of this
material.

The BaOH2 treatment at 19°C was chosen so that the

rye chromosomes would be stained preferentially to those of
barley.

2.2j Cytological investigation of normal and
hybrid embryo and endosperm development
Fruits from ages 1 - 5 days were used in the study of embryo and
endosperm development in the barley/barley and rye/rye pollinations.

In hybrid studies, fruits were harvested up to 9 days

post-pollination.
until required.

The material was stored in Carnoy's solution
Fruits, either selfed or hybrid, were dissected

out under Carnoy's solution to prevent desiccation.

They were

then transferred to glass vials containing some of the fixative,
sealed and placed in a metal rack in a 60°C oven to warm for two
to three minutes.

The vials were drained and rinsed with lM

HC1 at 60°C and the hot acid was then added to the vials which
were re-stoppered and maintained at 60°C for a further twelve
minutes.

After hydrolysis, the vials were drained, washed with

distilled water and treated with Schiff's reagent prepared by the

Feulgen method (Darlington and La Cour, 1942): the stain was
modified so that twice the amount of leuco basic Fuchsin was used
(2 g per 230 ml of solution).

Vials were placed in the dark and

the fruits allowed to stain for 60 - 90 minutes.

The ovule was

dissected out at X30 magnification under a binocular microscope
by teasing the ovary apart longitudinally with fine needles;
this was done on a glass slide in a drop of the Schiff's reagent.
The ovule would frequently float free when this technique was
used.

The ovule wall was similarly teased apart, leaving behind

the embryo and the endosperm.

The Schiff's reagent was then

carefully removed with a piece of tissue and replaced with 45%
lacto-propionic orcein (Dyer, 1963).

The latter stain was

preferred to aceto-carmine as the material stained readily and
preparations did not dry out so quickly.

The material was then

examined under a Vickers microscope and photographs were taken on
Ilford Pan F film using a Zeiss Photomicroscope.

Embryo cells and endosperm nuclei were counted on a hand tally
counter.

Scoring was limited in that the tally could only deal

with whole numbers; for ease in counting, it was decided that
all divisions up to and including metaphase would be scored as
one cell (or nucleus) and that divisions after metaphase
(anaphase and telophase) would be scored as a complete division,
i.e. two cells or two nuclei.
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ATTEMPTS AT REGENERATING HYBRID PLANTS FROM HYBRID CALLUS TISSUE
3.1 Introduction
Callus of hordecale was produced by Cooper (1978) from a single
embryo cultured on Norstog's 811 medium.

After twelve weeks in

culture, the callus regenerated roots, then albino shoots with
roots and finally green shoots with roots without any change in
the culture medium.

Four distinct hybrid karotypes lines were

eventually produced: at least two of these lines are known to have
regenerated directly from callus and the indication is that the
callus was cytologically unstable.

The karotypes of these hybrids

are discussed elsewhere (Ramsay).

Hybrid callus, therefore, could

have potential for the regeneration of a wide range of hybrid plants:
the effect of different karotypes would be of physiological and
cytological interest.
regeneration.

Attempts were made, therefore, to induce

In general, callus of monocotyledons has been produced

by culturing plant tissue on media containing high concentrations of
an auxin such as 2,4-ID or NAA, and regeneration has been obtained
when the growth regulator(s) is removed (see Chapter I, Section 1.4f).
In contrast, hordecale callus had no such induction requirement and
proliferation and regeneration occurred without the addition or subtraction of growth regulators.

The growth of barley/rye callus is,

therefore, somewhat unusual and regeneration may not be achieved by
methods usual for monocotyledons.

An initial experiment was set up

to study the response of the callus when subjected to growth regulators
(Experiment 3.2) and from the results attempts were made to regenerate
hybrid plants (Experiments 3.3 and 3.4).

A cytological investigation

of the callus tissue was also undertaken to confirm the hybridity of
the material (Section 3.5).
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3.2 The effects of 2,4-dichiorophenoxyacetic acid
(2,4-D) and kinetin on hordecale callus
Kartel and Maheshina (1978) obtained barley regeneration when
embryonal callus was cultured on a medium containing 2 mg 1 2,4-IJ
-1
kinetin.
and 1 mg 1

Because of the similar origin of this

material with that of hordecale callus, i.e. both embryo derived
and involving barley, it was decided that the effect of 2,4-D and
kinetin on hordecale callus should be studied.

A factorial experi-

mentwas designed to study the effects of a wide range of combinations of the two growth regulators on hordecale callus.

3.2a Procedure: Dilution series of 2,4-D and kinetin were made
up and combined together in the Norstog's Bli medium so that a
four-by-four block was set up as shown in Table 3.1.
of 16 treatments was replicated three times.

The block

Stock calli which

had been in culture for approximately 18 months were sub-cultured
on to these media.

Treatments were randomized and cultured in

continuous light at 20°C.

Treatments were coded 1 to 4 for

increasing concentrations of 2,4-D and from 1' to 4' for increasing concentrations of kinetin.

The median plate, with respect

to the amount of callus, from each of the three replicates was
taken, placed in a block and photographed at intervals over a 27
day period beginning two weeks after culturing (Figure 3.1).
From these photographs, surface area growth was determined in
arbitrary square units by tracing the outline of the callus on
graph paper (Table 3.2).
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Table 3.1
Key to experimental treatments in one block

Kinetin
concentration

2,4-D concentration mg
0.005

0.050

0.500

5.000

1

2

3

4

0.005

1 1'

2 1'

3 1'

4 1'

0.050

1

2'

2 2'

3 2'

4 2'

0.500
3,

1 3'

2 3'

3 3'

4 3'

5.000
4,

1 4'

2 4'

3 4'

4 4'

mg 1-

3.2b Results:

Table 3.2

The surface area of callus measured from photographs taken over a 27
day period on Bli media with varying 2,4-D and kinetin concentrations
Increasing 2,4-D concentrations
1
Photographic
dates
25.1.79
8.2.79
22.2.79
Increase over 27 days
Percentage increase
25.1.79
8.2.79
22.2.79
Increase over 27 days
Percentage increase
25.1.79
8.2.79
22.2.79
Increase over 27 days
Percentage increase
25.1.79
8.2.79
22.2.79
Increase over 27 days
Percentage increase

1

2

1

34

2
Surface area (units
50
60
60
10
20
30
39
46
16
53
25
29
32
7
28
43
46
46
3
7

92
99
106
14
15
60
63
63
3
5
81
87
87
6
7
21
22
22
1
5

42
38
66
67
72
67
30
29
71 1 76
88
38
107
56
70
118
30
32
38
84
46
21
54
34
58
42
12
21
26
100
34
17
39
17
39
18
5
1
15
6

1'

2'

3'

4'
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Figure 3.1
Photographs of callus grown on various
2,4-D and kinetin concentrations

25.1.79
43 days
after
culturing

8.2.79
56 days
after
culturing

22.2.79
60 days
after
culturing
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Figure 3.2
Diagram to show the growth increase (square units) of callus
on media with various 2,4-ID and kinetin combinations

(4

)

10

Li
0.005
(1)

L

D

0.05

0.5

5

(2)

(3)

(4)

2,4-D concentration (mg l)

1 square unit
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3.2c Discussion and conclusions: The treatments used failed to
produce any regeneration, but they did have a marked effect on
the growth of the callus.

From Table 3.2 it can be seen that

when kinetin was present at its highest concentration, 5 mg 1_i
(41 ), there was very little callus growth regardless of the
concentration of 2,4-D.

The most rapid proliferation of callus

occurred on the medium containing 5 mg 1 2,4-D and 0.05 mg
kinetin (4 21 ), but from Figure 3.2 it can be seen that this did
not differ greatly from neighbouring treatments.

Fast growing

callus was found to be more friable than slow growing cultures.
In general, growth decreased with increasing kinetin and decreasing 2,4-0 concentrations.

High concentrations of kinetin

(5 mg 1_i) were thus found to be inhibiting to callus growth.
High concentrations of 2,4-D on the other hand produced rapid
growth of the callus.

3.3 Regeneration caused by changes in culture media
From the previous experiment it was found that neither 2,4-D nor
kinetin induced the regeneration of hordecale callus.

There are

several reports on the regeneration of plantlets after transferring
calli from media containing growth regulators, usually high in 2,4-D
to media without growth regulators.

The response of hordecale

callus to 2,4-D was encouraging since rapidly growing, friable callus
has been found to be good material for both the regeneration of
diploid barley (Cheng and Smith 1975) and more recently for haploid
barley (Jensen 1981).

The effect of transferring callus from the

culture media treatments of the previous experiment was, therefore,
investigated.

3.3a Procedure: Callus material grown on Norstog's Bli medium
with various combinations of 2,4-ID and kinetin was obtained from
These cultures were sub-cultured on to normal

Experiment 3.2.

Norstog's Bli with and without the addition of activated charcoal
at 2 mg 1.

Charcoal is known to be beneficial in the regener-

ation of haploids from tobacco anther cultures where it is thought
to remove inhibiting substances such as phenols and auxins from
the medium (Reinert and Bajaj 1977).

A study on the effect of

charcoal was, therefore, incorporated here.

Two blocks were set

up: Block 1 was placed in continuous light at 20°C and Block 2
in continuous darkness at 20°C.

The constitution of the mother

culture media from which the callus material was obtained has
been given previously in Table 3.1.

Each block was inspected weekly for signs of regeneration. After
three weeks in culture, no plate in either of the two blocks
showed root or shoot formation.

At this. stage, unirradiated

cultures (Block 2) were transferred to continuous light at 20°C
in an attempt to induce regeneration: Kadkade and Jopson (1978)
have reported light to influence bud formation in embryo-derived
callus of Douglas Fir.

Block 1 was maintained in continuous

light as a control measure.

3.3b Results and conclusions: Callus kept in continuous light
(Block 1) showed no signs of regeneration over the time course of
this experiment.

Some plates in Block 2 did, however, undergo

partial regeneration, i.e. roots and albino shoots were produced.
After the transfer of Block 2 into the light, roots were observed
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in both replicates (with and without the addition of charcoal)
obtained from the 3 + 4' mother culture (5 mg 1 kinetin and
0.5 mg 1 2,4.-D).

These roots appeared four days after the

transfer and were probably initiated in the dark. After a
further week in continuous light, each of these two plates
produced albino shoots (three in total): these did not develop
and remained small, less than 5mm.

After three weeks in the

light, albino shoots were also obtained from a replicate without
charcoal which was sub-cultured from the 1 + 4' mother culture
(5 mg 1 kinetin and 0.005 mg 1_i 2,4-D): these shoots also
failed to grow longer than 5 mm.

The incorporation of activated

charcoal was found to have no effect greater than that of the
unadjusted Bli medium with respect to callus regeneration.
Martineau, Hanson and Ausubel (1981) have studied the effect of
charcoal and growth regulators on anther cultures of Petunia and
Nicotiana.

Their results were consistent with the hypothesis

that charcoal can absorb significant quantities of both tissueproduced and exogenously-supplied growth regulators from the
culture media.

The concentration of charcoal used in this

experiment (2 mg 1_i) was twice that employed by Martineau et al.
The lack of an effect does not, therefore, support the notion
that hordecale callus may be inhibited from regenerating by an
overriding effect of endogenously-produced growth regulators.

The partial regeneration which was achieved appears to be the
result of certain pre-treatments.

Light may have had an effect

on shoot development; however, albino shoots are known to
develop after the production of roots in this material (Cooper
et aL 1978).

In terms of growth rate it would appear that the
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transfer of callus from slow to fast growing conditions induces
organogenesis, but this must be accompanied by culturing in
darkness.

The fact that partial regeneration was achieved may indicate that
hordecale callus does not lose its potential to regenerate with
age.

The regeneration of green plants may be dependent upon

certain specific conditions which were not achieved here.

3.4 Regeneration attempt using the technique of
Staverek, Croughan and Rains for alfalfa
The final attempt to induce organogenesis in the hordecale callus
produced by Cooper (1978) was to follow the technique used by
Staverek, Croughan and Rains (1980).

These authors obtained

regeneration from long term culires of alfalfa cells by the
transfer of callus over a series of media (Table 3.3).
technique was interesting for two reasons.

The

Firstly it involved

the regeneration of 32 month old callus: this was comparable to the
age of the hordecale callus at the time of the experiment which was
approximately 40 month old.

The second point of interest was that

bud induction required a high cytokinin to a low auxin ratio: this
was particularly interesting since hordecale callus reacted in a
similar manner in the previous experiment (3.3).

3.4a Procedure: Hordecale callus cultured on Norstog's Bli
medium was first transferred to a modified alfalfa initiation and
maintenance medium; this was made up as shown in Table 3.3, but
with the Norstog's 311 medium providing the nutrients instead of

Table 3.3
Media sequence for regeneration of alfalfa plant from long
term cultures of alfalfa cells (from Staverek et at. 1980)

Stage of regeneration
Callus initiation
and maintenance

Media
B + 2 mg 1

Media sequence
adopted

2,4-D

2 mg i
NAA
-1
2 mg 1
kinetin
-1
sucrose
30 g 1
10 g 1_i agar

1st

pH = 5.95
Bud and initial
leaflet induction

LS + 1 mg 1
6 mg 1
20 g l
8 g 1

IAA
kinetin
sucrose

2nd

agar

pH = 6.00
or
SH + 1 mg ll 2,4-D
21.5 mg i 1 kinetin
30 g l_l sucrose

-

6 g 1_i agar
pH = 5.90
'True' leaf formation
and shoot elongation

SH +-10 g 1_i sucrose
6 g 11 agar

3rd

pH = 5.90
Root development

B +0.1 g

inositol
ll
yeast extract
2 g
10 g ll sucrose
lOgi-1agar
pH = 5.95
or

SH +10 g l

sucrose

pH = 5.90
Key: B = Blaydes ; LS = Linsmaier and Skoog
SH = Schenk and Hildebrandt
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Blaydes medium. Norstog's Bil medium was used throughout this
experiment as the basic nutrient source since it was not known
whether other media could satisfy all the nutrient requirements
of this particular callus.

The first of the 'bud and initial

leaflet induction' media was chosen since this incorporated
kinetin at the same order of magnitude as in the previous experiment.

It was also feared that the kinetin concentration of

21.5 mg 1_1 present in the alternative medium may have been
lethal to hordecale callus; Norstog's Bli medium replaced the
listed nutrient medium again.

The final step in this sequence

was to transfer the callus on to Norstog's Bil medium with
10 g ll sucrose and 6 g ll agar.

The callus was allowed to

grow on each culture medium for four weeks and observations were
taken weekly.

3.4b Observations and discussion: Cultures were inspected weekly
for colour, growth rate, texture and signs of regeneration.
There was no detectable difference in either growth rate or
appearance of the callus on the 'initiation and maintenance'
medium compared with growth on Norstog's Bil medium.

Transfer

on to the 'bud and initial leaflet induction' medium, however,
produced islands of whiter callus (about 1 mm in diameter)
amongst the more normal cream-coloured material; the callus also
became very friable.

Unfortunately, these islands did not

develop into leaves or anything else when transferred to the
"true' leaf formation and shoot elongation' medium and remained
as callus.

The experiment was terminated at this point.

6

The hordecale callus used in this experiment was about 40
months old and could not be induced to regenerate.

When the

callus was only 3 months old, it began to regenerate roots and
albino and green shoots spontaneously (Cooper et al.1980).
The callus then ceased spontaneous regeneration.

Roots and

albino shoots were produced by the removal of growth regulators
in Experiment 3.3 when the callus was approximately 20 months
old.

In this experiment, when the callus was much older, it

produced only whiter islands of callus on a medium which induces
bud formation in cultures of alfalfa cells.

The response to

these regeneration attempts became weaker with time and it would
appear that the callus lost its ability to regenerate as it aged.
At this point it was decided that a cytological investigation
should be carried out.

As well as establishing the hybridity

of the callus, this might also provide some indication as to why
the material failed to regenerate.

3.5 Cytological investigation of the callus
A brief cytological study of the hordecale callus was undertaken to
establish whether or not the material had retained its hybrid nature
over the 3Y years that it had been in culture.

The callus was also

screened for symptoms which may be associated with the decline in
regeneration ability. The diminishing frequency of organ formation
has been accompanied by anueploidy and polyploidy in many cultures
(Muir 1965, Bayliss 1973, D'Amato 1977 and D'Amato, Binnici, Cionini,
Baroncelli, and Lupi 1980).

There have been at least two cases in

this material where aneuploidy has not prevented the regeneration of
distinct karyotype lines (Cooper et aZ..1978 and Ramsay 1982).
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Aneuploidy is not, therefore, a good criterion with which the loss of
the regenerating capacity may be associated in this callus.

The

degree of polyploidy in the callus was not known and since polyploidy
has been associated with non-regenerating calli, it was decided that
the frequency of polyploid cells should be scored.

Besides aneu-

ploidy and polyploidy, no other cytological aberration could be found
in the material examined.

3.5a Procedure: The hybridity of the callus was studied using the
Giemsa C-banding technique.

Barley and rye chromosomes possess

different banding patterns when stained with Giemsa; all rye
chromosomes band at the end of their short arm and some band at
both telomeres; barley chromosomes on the other hand band near
their centromeres and seldom at the telomeres.

The stain can

thus serve to differentiate between the two sets of chromosomes.
The staining procedure used for callus preparations is described
in Chapter II, Section 2.2i.

The temperature of the barium

hydroxide treatment was 19°C which was chosen to maximize the
banding of rye chromosomes; Giemsa banding of barley chromosomes
is best achieved with a hotter Ba(OH)2 treatment; chromosomes
which did not band were, therefore, assumed to be of the barley
complement.

3.5b Results: The number of dividing cells was found to be very
small in the callus tissue examined.

Some coichicined meta-

phases were found and these all contained both barley and rye
chromosomes.

Figure 3.4 shows a dividing cell with barley and

rye chromosomes present: this confirms the hybridity of the
material.

Figure 3.3 shows a coichicined metaphase of a rye
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Figure 3.3
CO

Giemsa C-banding of a coichince-treated
root tip cell to demonstrate the terminal
banding characteristics of rye chromosomes

I

Scale

= 1
2 i

Figure 3.4

Giemsa C-banding of hordecale callus chromosomes
showing the presence of barley and rye chromosomes

b

V

Scale

= 10

The smaller unbanded chromosomes (b) belong to the
barley complement, whereas the longer chromosomes (r)
with telomeric banding belong to the rye complement.
The presence of both barley and rye chromosome
demonstrates the hybridity of the callus.
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Figure 3.5

Giemsa stained callus nuclei: a relatively large poll id
nucleus (p.n.) is shown on the left with smaller, more
normal nuclei (n.n.) on the right of the photograph

Scale

= 22 i

root tip cell as a demonstration of the telomeric Giemsa banding
of rye chromosomes.

Polyploid cells were found to be very rare,

occurring at a frequency of about 1:300 cells.

The relatively

large polyploid cell shown in Figure 3.5 contained 30 - 40 spots
of darker staining material in its nucleus and this suggests a
rye chromosome number in excess of 28, i.e. the cell has more
than twice the basic number of rye chromosomes.

Normal sized

interphase cells were also found to contain a variable number of
spots ranging from 7 - 18.

The telomeres of rye chromosomes are

known to fuse during interphase and, therefore, the number of
spots cannot be used as evidence for aneuploidy.

3.5c Discussion: The cytological study of the callus demonstrated
its hybridity. Unfortunately, very few intact cells were found
in which the number of rye and barley chromosomes could be
counted confidently and consequently the range of karyotypes was
not obtained.

Aneuploidy, however, has not prevented the

regeneration of hybrid plants in past cultures of this callus nor
in cultures of Triticum durum where aneuploidy has been exploited
to produce plants with differing chromosome numbers (D'Amato
et

al.

1980).

Aneuploidy is not, therefore, a symptom of the

loss of the capacity to regenerate in this material.

The

frequency of polyploid cells was 0.33% which is very low when
compared to the 28% reached in cultures of

Crepis capillaris

cells after only 20 months in culture (D'Amato 1977).

The

frequency of polyploid cells in some callus cultures is known to
be raised when auxin and cytokinin are added to the culture media.
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High auxin to low cytokinin concentrations have been reported to
stimulate polyploid cells of

Flaplopappus gracilis and tobacco to

divide (Bennici, Buiatti, D'Amato and Pagliai 1971 and D'Amato

et al. 1980 respectively).

Stock hordecale callus has been

maintained on a culture medium free of growth regulators throughout the 31/2 years in culture.

The lack of growth regulators may

have reduced the frequency of mitosis in polyploid cells thus
keeping the incidence of polyploidy low.

3.6 Summary
The objectives of the experiments detailed in this chapter were to
study the response of hordecale callus to various media and environmental conditions, to see whether or not regeneration could be
induced by changes in these culture conditions and to examine the
cytology of the callus.

Unlike the barley callus studied by Kartel and Maheshina (1978),
hordecale callus could not be induced to regenerate by the incorporation of 2,4-D and kinetin despite the range of concentrations and
combinations which were used here.

Changes in the concentration of

these two growth regulators did, however, effect the growth rate of
the callus.

The highest concentration of kinetin employed (5 mg il)

was found to inhibit growth regardless of the concentration of 2,4-D.
The most rapid proliferation of callus was found on a medium containing a high 2,4-ID to a low kinetin concentration ratio (5 mg ll 2,4-D
and 0.05 mg 1 kinetin).

The growth rate of the callus was found

to be of interest since the transfer of callus from slow growing
conditions (high in kinetin) to relatively fast growing conditions

(growth regulator free culture medium) induced root and albino shoot
formation; unfortunately, no further development ensued. The final
attempt to bring about regeneration was to follow the technique of
Staverek et al. (1980), but the response of the callus to the changes
in the culture media was poor and no organogenesis could be induced.
In this last experiment the callus had been in culture for about 40
months; when the callus was only 20 months old, roots and albino
shoots were induced, but when the callus was only 3 months old it was
capable of the spontaneous regeneration of viable hybrid plants.
The ability to regenerate, therefore, diminished as the callus aged.

The cytological study of the callus provided proof of the hybrid
nature of the material with barley and rye chromosomes being found in
the same cell.

The loss of the regeneration capacity could not be

linked with aneuploidy in this callus since it was already aneuploid
after 3 months in culture when it regenerated plants of varying karyo—
type.

Polyploid callus cells were found to occur at a very low

frequency and again this was not thought to be of great significance
with respect to the loss of the ability to regenerate.
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ATTEMPTS TO INCREASE THE VARIETY OF HYBRIDS BETWEEN BARLEY
AND RYE BY THE USE OF VARIOUS CROSSING PROCEDURES
4.1 Introduction
The technological aspects of hybridizing barley with rye are the main
considerations of this chapter.
halves, A and B.

The chapter is divided into two

In Part A the cross studied by Cooper (1978), viz.

2x Sundance (barley) X 2x Petkus Somro (rye) was studied to determine
the effects of temperature, humidity and chemical sprays on the
development of hybrid embryos in vivo.

The in vitro development of

hybrid embryos on various culture media was also examined.

These

experiments were carried out in an attempt to find ways by which the
technology of crossing may be improved.

Part A also includes a

study on the storage properties of rye pollen: this was undertaken
since the ability to retain viability would be a potential means by
which the labour involved in crossing may be reduced, as rye plants
would no longer need to be grown at the same time as barley.

In Part B attempts were made to increase the variety of hybrids
between barley and rye by the use of different parental material.
The crossing of barley with rye was extended to winter cultivars, to
parents of varying ploidy levels and to the reciprocal cross where
rye is the female parent.

The reciprocal cross failed to set seed

and the incompatibility reaction between barley pollen and rye stigmas
was investigated.

In crosses where fertilization was achieved, the

effects of the timing of applying growth regulators were investigated.
The hybrid embryos harvested from these crosses were cultured on
various culture media in a continuation of studies aimed at improving
techniques involved in the hybridization of barley with rye.
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PART IVA

PRELIMINARY EXPERIMENTS

4A.1 Introduction
At the beginning of this three years of thesis study, some simple
experiments were set up to establish, as far as possible, the best
techniques which should be adopted when hybridizing barley with rye.
Included here are experiments on the storage potential of rye pollen,
the effect of chemical sprays on the development of hybrid embryos
and the effects of changes in temperature and humidity on hybrid
embryo development.

These experiments are mainly concerned with the

technology of crossing, the aim being to develop techniques to a
point which would maximize the chance of producing hybrid embryos in
future crosses.

The cross studied by Cooper (1978), namely 2x

Sundance barley X 2x Petkus Somro rye, was used throughout this early
work and the treatments employed by her were incorporated as
comparisons.

4A.2 Pollen storage experiment
Crossing programmes involve much labour, beginning with the growing
of plants, then emasculation, pollination, spray treatments and
eventually embryo culture. The work involved during and after
crossing is largely inescapable; however, an investigation was
undertaken to see if rye pollen could be stored: the benefit of this
would be to halve the number of plants needed for crossing since rye
would no longer by required as a source of fresh pollen.

Stored
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pollen must retain its potency to be of any use in hybridization and
two tests were set up to compare the viability of stored pollen with
that of the fresh material.

4.A.2a Procedure: Rye pollen from the cultivar 2x Petkus Somro
was harvested on a sunny day, 1st March, 1979.

The pollen was

transferred to a 4 cm corked vial where it reached a depth of
about 1 cm.

The vial was placed inside an airtight plastic bag

containing silica gel and refrigerated at 4°C.

Spikes of 2x

Sundance barley were emasculated and cross-pollinated with stored
or fresh pollen.

Stored pollen was used at two ages, 1 week and

6 weeks post harvest.

Pollinated spikes were sprayed with a

mixture of growth regulators for 4 consecutive days, beginning 2
days after pollination as done by Cooper (1978).

Spikes were

harvested 16 - 20 days after pollination at the first sign of
deterioration (yellowing) of well-developed fruits.. The
viability of the pollen was tested by its ability to fertilize
barley ovules and by its staining reaction with fluorescein
diacetate (Heslop-Harrison and Heslop-Harrison 1970).

4A.2b Results: The fluorescein diacetate test gave 100% fluorescence in every sample, i.e. fresh, 1 week and 6 week old pollen
all appeared to be fully viable.

The comparison of fruit and hybrid embryo production for fresh
pollen and 1 week old pollen and fresh pollen and 6 week old
pollen can be seen in the data which are given in Tables 4A.1 and
4A.2.

Selfed fruits (those containing well-developed endosperms)
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Table 4A.l
Fruit and embryo production after crossing
barley with fresh and 1 week old rye pollen

Spike

Fruit

Embryo

Treatment

replicate

number

number

Fresh
pollen

1
2
3
4
5

17
20
20
21
12

3
2
2
5
1

18.0

2.6

10
18
21
16
20

1
1
3
3
5

17.0

2.6

Mean
iweek
old
pollen

1
2
3
4
5

Mean

Table 4A.2
Fruit and embryo production after crossing
barley with fresh and 6 week old rye pollen

Spike

Fruit

Embryo

Treatment

replicate

number

number

Fresh
pollen

1
2
3
4
5

15
15
selfed
11
18

2
5
selfed)
0
3

Mean
6week
old
pollen

Mean

14.8
1
2
3
4
5

2.5

0
0
0
0
0

0
0
0
0
0

0.0

0.0
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and fruits which had deteriorated (<4 mm in length and/or brown)
were not scored.

From Table 4A.1 it can be seen that there is

very little difference between the means of fruit number and no
difference at all between means of embryo for fresh and 1 week
old pollen.

No significant difference could be found using a

't' test for either pair of means: the 't' value for fruit
number = 0.39 and that for embryo number = 0.00. Fresh and 1
week old pollen cannot, therefore, be distinguished by their
ability to fertilize barley ovules.

The results tabulated in

Table 4A.2, however, show a considerable difference between fresh
and 6 week old pollen. Although the fresh pollen produced
similar results to those recorded in Table 4A.1, the 6 week old
pollen completely failed to effect fruit set.

4A.2c Discussion and conclusions: The fluorescein diacetate
stain is not recommended as a test for potency of rye pollen to
fertilize barley ovules, since this gave conflicting results for
6 week old pollen.

The fluorochromatic reaction is dependent

upon the transport of fluorescein diacetate across the plasmamembrane (Heslop-Harrison and Heslop-Harrison 1970). The test
is, therefore, primarily one for the integrity of the plasmamembrane of the rye pollen which cannot be correlated with its
ability to fertilize barley ovules.

Rye pollen could be stored

successfully under the conditions used for up to 1 week; the
viability, however, was lost at 6 weeks.

More recent work on

the storage of grass pollen has associated the loss of viability
with desiccation, i.e. low temperature should be accompanied by
high humidity storage conditions (Heslop-Harrison 1979, Shivanna
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and Heslop-Harrison 1981, and Professor Pfhaler - personal
communication).

The results of this experiment seem at variance

with this conclusion since dry, airtight containers were used.
The pollen in this experiment was stored in bulk, 1 cm deep, and
it is possible that a humidity gradient was set up in the vial
with a corresponding viability gradient and this may account for
the successful storage of 1 week old pollen. Unfortunately,
this experiment gave no indication of the proportion of viable
grains other than there were sufficient numbers of viable rye
pollen after 1 week in storage to effect fertilization in barley
ovules.

The loss of viability occurred too rapidly under the conditions
used here to preclude the growing of rye along with barley for
crossing purposes.

The data are useful, however, in that rye

pollen can be stored over short periods during a crossing programme and this would help safeguard against the lack of pollen
on dull, wet days when anther dehiscence in the glasshouse is
poor.

4A.3 The effects of eta amino-n-caproic acid and a growth
regulator mixture on hybrid embryo development in

VWO

The improved fruit set induced by gibberellic acid and other growth
regulators has been reported several times in the literature (see
Chapter I, Section 1.4c).

This has led to the routine use of growth

regulators and particularly of GA
of cereals.

in the interspecific hybridization

The effects of these treatments on embryo development

have not been fully investigated.

Improved embryo development has,
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however, been reported in wheat X rye crosses after treatment with
the immunosuppressive agent, eta amino-n-caproic acid (Taira and
Larter 1978).

An experiment was designed, therefore, to study the

effects of growth regulators and eta amino-n-caproic acid on hybrid
embryo development in vivo, using the 2x Sundance X 2x Petkus Somro
cross.

4A.3a Procedure: Barley plants were grown under glasshouse
conditions until leading tillers were approximately 1 week from
anther dehiscence.

Healthy plants were selected and transferred

to a growth room at 20°C 1°C, 16 hour photoperiod and with an
irradiance of 300

-2
-1
m
sec
immediately above the canopy.

Spikes were emasculated and pollinated as described in the
Materials and Methods (Chapter II).

The growth regulator

mixture was that used by Cooper (1978), namely 75 ppm gibberellic
acid, 25 ppm naphthalene-acetic acid and 25 ppm 6-dimethylallylamino-purine.

The concentration of eta amino-n-caproic acid

-1
was 1 g 1 as used by Taira and Larter (1978).

All sprays

included 3 - 4 drops of Tween 80 per litre as a wetting agent.
There were five treatments in total including a distilled water
and an unsprayed control (Table 4A.3).
Table 4A.3
Key to treatments

Treatment
1 Unsprayed
2 Distilled water
3 Eta amino-.n-caproic acid
4 Eta amino-n-caproic acid
and growth regulators
5 Growth regulators

Notation
Unsprayed
Distilled water
EACA
EACA + GR
GR

77

Spray treatments began two days after pollination and were
repeated thereafter for 4 consecutive days.

Spikes were

harvested at 6 and 10 day post pollination and fixed in 1:3
acetic ethanol and stored in 70% ethanol at 4°C until required.
The experiment was designed as a randomized block; 4 blocks
were set up and each included all of the five treatments.

The

treatments were replicated twice in each block (2 spikes being
taken for each treatment, one spike harvested at 6 days and the
other at 10 days post pollination.

The randomized blocks were

separated in time and the mean pollination dates for the blocks
are given below.

Mean pollination dates for the blocks

Mean
pollination
Block

date

1
2
3
4

6.12.78
14.12.78
21.1.79
23.1.79

Fruits were stained in 45% lacto-propionic orcein and the embryo
dissected out under a binocular microscope at X30 magnification.
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The development of both fruit and hybrid embryos was investigated
and data were recorded on the following
number of green fruits per spike; fruits which were brown
or yellowing were regarded as non—viable and were not
counted
fruit length
embryo frequency, i.e. the number of hybrid embryos per
number of green fruits
embryo size

4A.3b Results: The following tables give the results for the
above characters.

Statistical analysis has been carried out

where appropriate and the symbols used are as follows
S

=

significant

N.S.

=

not significant

K

=

correction factor

p

=

probability level

L.S.D.

=

least significant difference

i Number of green fruits
The frequency of green fruits was the first criterion used
to study the effects of treatments on fruit development.
The results are recorded in Tables 4A.5 and 4A.6.

From the analysis of variance of both the data for the 6 and
10 day material, Tables 4A.5a and 4A.6a, it can be seen that
there was no significant difference in green fruit number
among any of the treatments.

That is to say-, the number of
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fruits could not be increased by the application of EACA,
GR, or EACA + GR over the Distilled water and Unsprayed
controls.

Although the green fruit yield was found to be higher at 6
days than at 10 (Tables 4A.5 and 4A.6), the difference
between the two means was not found to be significant at
p > 0.10.

The number of green fruit, therefore, did not

decrease significantly over the period studied.

Since

fruit abortion is associated with embryo abortion in this
cross (Cooper 1978), one might expect the number of green
fruit to be correlated with embryo yield, but this is not
confirmed in later results (see Section 4A.3b.iii on hybrid
embryo frequency).

It would, therefore, appear that fruits

remain green for some time after the death of the embryo in
this cross.

A block effect was found in the data for the 10 day material
which was significant at p > 0.05.

The difference was

associated with pollination dates., with more fruits aborting
in blocks 1 + 2 than in blocks 3 +4.

Thus, crosses made in

December had a higher fruit mortality than those made in the
following month.

Since all crossing was done using standard-

ized techniques with plants grown under controlled conditions,
the difference in blocks could be attributed to pre-crossing
conditions.

Variation in glasshouse conditions over the

rearing period for the 4 blocks may have brought about differences in plant health which is known to affect crossability.

Table 4A.5
Number of green fruits per spike six days after pollination

Number of green fruits per spike
Treatment

1

Unsprayed
Distilled water
EACA
EACA + GR
GR

13
12
9
14
10

20
15
9
12
15

16
16
19
19
12

16
20
22
15
11

Total
Mean

58
11.60

71
14.20

82
16.40

84
16.80

2

3

4

Total
65
63
59
60
48

Mean
16.25
15.75
14.75
15.00
12.00

295
14.75

Table 4A.5a
Analysis of variance

Source of

Degree of

Sums of

Variance

Variance

Level of

variation

freedom

squares

estimate

ratio

significance

277.75
85.75
43.50
148.50

28.58
10.88
12.38

2.31
0.88

N.S.
N.S.

Total variation
V. due to blocks
V. due to treatments
V. due to error
CD

19
3
4
12

(295)2
correction factor, K = 20 = 4351.25

Th1

zlAF

Number of green fruits per spike ten days after pollination

Number of green fruits per spike
Treatment

1

3

2

4

Unsprayed
Distilled water
EACA
EACA + GR
GR

13
10
12
9
14

11
7
10
12
15

11
20
18
20
15

18
14
15
15
17

Total
Mean

58
11.60a

55
ll.00a

84
16.80b

79
15.80b

Total

Mean

53.0
51.0
55.0
56.0
61.0

13.25
12.75
13.75
14.00
15.25

276
13.80

Means followed by the same letter are not significantly different
at p = 0.05; dissimilar letters indicate a significant difference.
The L.S.D. between block means is 4.11 at p = 0.05.
Table 4A.6a
Analysis of variance

00

Source of
variation

Degree of
freedom

Sums of
squares

Total variation
V. due to blocks
V. due to treatments
V. due to error

19
3
4
12

249.20
128.40
14.20
106.60

Variance
estimate

Variance
ratio

Level of
significance
K = 3808.80

42.80
3.55
8.88

4.82
0.40

S at p = 0.05
N.S.

ii Green fruit length data
As stated at the beginning of the experiment, two criteria

were used to study the effect of treatments on fruit development.

It has already been found that the treatments had no
The second criterion

effect on the number of green fruit.

employed to assess fruit development was green fruit length
and the data for this is given in Tables 4A.7 and 4A.8.

Tables 4A.7 and 4A.8 show the same trend in fruit length with
respect to treatment, i.e. the maximum fruit length was
achieved with the growth regulator mixture (GR); next was
the growth regulator mixture with the immunosuppressant
(EACA + GR), then the unsprayed control, distilled water and

finally the eta amino-n-caproic acid spray (EACA).

The

differences in the 6 day data were too small to be significant, but analysis of variance showed that there was a
significant increase in length due to sprays containing
growth regulators compared with the Distilled water and EACA
treatments for 10 day old fruits.

The GR and EACA + GR

treatments could not be separated, however, by statistical
analysis from the Unsprayed control.

Furthermore, these

three treatments were the only ones which produced an
increase in fruit length from 6 to 10 days; fruits of spikes
sprayed with distilled water and EACA failed to grow over
this period.

The GR, EACA + GR and Unsprayed treatments

were, therefore, found to be most beneficial for promoting
fruit development.
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Table 4A.7
Mean green fruit length six days after pollination

Mean green fruit length (mm)
Treatment

1

2

3

4

Total

Mean

Unsprayed
Distilled water
EACA
EACA + GR
GR

3.00
4.00
3.00
5.36
4.80

3.65
4.15
3.00
3.00
3.09

4.31
3.69
3.00
4.00
4.75

4.06
3.00
4.59
4.07
3.93

15.02
14.84
13.59
16.43
16.57

3.755
3.710
3.398
4.108
4.144

20.16
4.032

16.89
3.378

19.75
3.950

19.65
3.930

76.45

Total
Mean

Analysis of variance at p = 0.05
revealed no significant difference
among the treatments or the blocks.

Th1

LIAR

Mean green fruit length ten days after pollination

Mean green fruit length (mm)
Treatment

1

2

3

4

Total

Mean

Unsprayed
Distilled water
EACA
EACA + GR
GR

5.00
3.83
3.11
4.40
5.29

4.18
3.29
3.20
5.33
5.73

3.53
3,00
4.15
5.10
5.13

5.22
4.50
3.00
4.86
4.75

17.93
14.62
13.46
19.69
20.90

4.483ab
3.655b
3.365b
4.923a
5.225a

21.63
4.326

21.73
4.346

20.91
4.182

22.33
4.466

86.60

Total
Mean

Analysis of variance showed a significant difference
among treatments at p = 0.01 (99% confidence level).
Means followed by dissimilar letters indicate a
significant difference at p = 0.05 (95% confidence
level): the L.S.D. between the means = 1.22 at
this probability.
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iii Hybrid embryo frequency
After the fruits were counted and measured, they were
dissected and the embryos removed.

As in the case of fruit

development, embryo development was assessed by both
frequency and size.

Data for embryo frequency, i.e. the

number of embryos per number of green fruits are given in
Tables 4A.9 and 4A.10.

Analysis of variance has been

carried out on data converted by the arcsin transformation
as is usual for frequency (and percentage ) data.

From Tables 4A.9 and 4A.10 it can be seen that the frequency
of hybrid embryos dropped by nearly 50% from day 6 to day 10.
The grand total frequencies 8.166 and 4.198 correspond to
actual numbers of 130 and 67 embryos harvested at 6 days and
10 days respectively.

These differences, however, could not

be confirmed using a 't' test, due to the large variation in
the data.

Tables 4A.9 and 4A.10 show a similar trend for embryo
frequency to that which we have previously observed for mean
green fruit length (Tables 4A.7 and 4A.8), with the GR,
EACA + GR and the Unsprayed treatments producing higher
numbers of embryos per fruit relative to the Distilled water
and EACA treatments. Analysis of variance failed to detect
any significant difference in either blocks or treatments in
the data for the 6 day material.

A significant difference

between treatments was, however, found in the 10 day old data
in which sprays with growth regulators significantly enhanced
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Table 4A.9
Hybrid embryo frequency in six day old fruits

Hybrid embryo frequency
Treatment

1

2

3

4

Total

Mean

Unsprayed
Distilled water
EACA
EACA + GB
GB

0.615
0.000
0.000
0.214
0.600

0.700
0.333
0.000
0.167
0.067

0.438
0.688
0.105
0.737
0.583

0.750
0.200
0.636
0.600
0.733

2.503
1.221
0.741
1.718
1.983

0.626
0.305
0.185
0.430
0.496

Total
Mean

1.429
0.284

1.267
0.253

2.550
0.510

2.919
0.584

8.166
0.408

Table 4A. 10
Hybrid embryo frequency in ten day old fruits

Hybrid embryo frequency
Treatment

1

2

3

4

Total

Unsprayed
Distilled water
EACA
EACA + GB
GR

0.615
0.000
0.000
0.111
0.357

0.091
0.000
0.000
0.333
0.733

0.000
0.000
0.056
0.500
0.000

0.511
0.020
0.000
0.400
0.471

1.217
0.020
0.056
1.344
1.561

Total
Mean

1.083
0.217

1.157
0.231

0.556
0.111

1.402
0.280

4.198

Mean
0.304ac
0.005b
0.014bc
0.336a
0.390a
0.209

Means which do not share the same letter(s) are
significantly different from each other at p = 0.05

AR

embryo frequency relative to the Distilled water and EACA
sprays. The GR, EACA + GR and Unsprayed treatments were
yet again found to be the most beneficial.

iv Embryo size
The second criterion used to evaluate the effect of treatments on hybrid embryo development was to measure their size.
Tables 4A.11 and 4A.12 give the results for embryo length and
Tables 4A.13 and 4A.14 contain the data for embryo width.
Statistical analysis was not carried out on these data because
of the absence of embryos in some of the plots.

From Tables 4A.11 and 4A.12 it can be seen that the increase
in mean embryo length over the two harvest dates was approximately fourfold.

Mean embryo widths, however, increased

roughly threefold.

The preferential increase in length

brought about a change in embryo shape from spherical at 6
days to oval at 10 days.

The data show that there were no

appreciable block or treatment effects on embryo size in
either 6 day or 10 day old material.

4A.3c Discussion and conclusions: When all the data of this
experiment are considered, it is seen that there was only one
incidence of a block effect as opposed to a treatment effect.
Table 4A.6 shows the difference in fruit set between blocks
1 and 2 and blocks 3 and 4 in the numbers of 10 day old green
fruits.

Since the techniques used in this experiment were

standardized, the source of variation between blocks is more
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Table 4A. 11
Mean embryo length six days after pollination

Mean embryo
length in mm ()
Treatment

1

2

3

4

Total

Mean (x)

Unsprayed
Distilled water
EACA
EACA + GR
GR

0.06

0.06
0.08

0.06
0.07

0.07
0.04

0.07
0.06
0.03
0.06
0.07

0.05
0.05
0.08
0.06
0.06

0.24
0.19
0.11
0.25
0.24

0.060
0.063
0.055
0.062
0.060

Total
Mean

0.19
0.06

0.25
0.06

0.29
0.06

0.30
0.06

1.03
0.060

Table 4A.12
Mean embryo length ten days after pollination

Mean embryo
length in mm ()
Treatment

1

2

Unsprayed
Distilled water
EACA
EACA + GR
OR

0.25

0.21

0.18
0.21

0.22
0.23

Total
Mean

0.64
0.21

0.66
0.22

3

0.21
0.25
0.46
0.23

4

Total

Mean (x)

0.26
0.21

0.72
0.21
0.21
0.87
0.69

0.240
0.210
0.210
0.218
0.230

0.22
0.25
0.94
0.24

2.70
0.222

Table 4A.13
Mean embryo width six days after pollination

Mean embryo
width in mm ()
Treatment

1

2

3

4

Total

Mean ()

Unsprayed
Distilled water
EACA
EACA + GR
GR

0.06

0.06
0.07

0.06
0.06

0.06
0.04

0.07
0.05
0.03
0.06
0.06

0.05
0.04
0.07
0.06
0.06

0.24
0.16
0.10
0.24
0.22

0.060
0.053
0.050
0.060
0.055

Total
Mean

0.18
0.06

0.23
0.06

0.270.28
0.05 0.06

0.96
0.057

Table 4A.14
Mean embryo width ten days after pollination

Mean embryo
width in mm ()
Treatment

1

2

Unsprayed
Distilled water
EACA
EACA + GR
GR

0.18

0.12

0.18
0.16

0.15
0.16

Total
Mean

0.52
0.17

0.43
0.14

3

0.17
0.16
0.33
0.17

-

4

Total

Mean (x)

0.18
0.16

0.48
0.16
0.17
0.65
0.49

0.160
0.160
0.170
0.163
0.163

0.16
0.17
0.67
0.17

1.95
0.163
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likely to be due to pre-crossing conditions.

Glasshouse

conditions fluctuate from month to month with respect to physical
parameters such as humidity, temperature, light quality and light
quantity.

Since plants for each block were grown separately,

growth conditions for each may have been sufficiently diverse to
bring about the observed variation.

This experiment on spray

treatments was one of the first in a crossing programme which
extended from December, 1978 to June, 1979; the later crosses
are described in Part B of this chapter. A month to month
variation was seen throughout this period with the maximum
number of hybrid embryos peaking during the months of March and
April.

The trend of increased yield over the four blocks is also seen in
embryo frequency data (Tables 4A.9 and 4A.10).

This indicates

that the number of embryos recovered from a spike is proportional
to the number of green fruits and underlines the importance of
healthy plants for maximal fruit and embryo development.

The most significant treatment effect was found in the fruit
development of 10 day old material.

Table 4A.8 shows the

significantly greater fruit length produced by sprays containing
growth regulators over those sprays without growth regulators.
Since embryo frequency is proportional to fruit frequency and in
later stages to the frequency of plump, liquid-filled fruits, it
is important that fruit development is encouraged by growth
regulators to maximize embryo yield.

Contrary to the results of

Taira and Larter (1978a and 1978b), the immunosuppressive agent

EACA had no beneficial effect on embryo development, and when
applied alone was detrimental to growth.

Since the EACA treat-

ment was never significantly different from that of the distilled
control, the inhibiting effect was probably due to water.

The inhibiting effect of water has also been recorded in barley
haploid work where it decreased the frequency of haploid embryos
(Kasha et al. 1978).

The effect of water remains largely unex-

plained; water may inhibit embryo development directly or it may
cause leaching of an essential physiological component.

Norstog

and Blume (1974) have reported the progressive deterioration of
young barley embryos (with respect to their potential to germinate
in culture) relative to length of soaking in sterile water.

The

effect of long soaks was found to be countered by treatment with
abscisic acid (ABA): endogenous ABA or some other soluble substance may be important in embryo development.

The positive

effect of growth regulators was found to more than compensate for
the inhibiting effect of water.

It is conceivable that one or

more of the components of the growth regulator mixture can substitute for the loss of an endogenous factor(s) through leaching.

Results from this experiment show that the unsprayed control could
not be distinguished from sprays which contained growth regulators
and this appears to contradict literature reporting the routine
use of GA

in hybrid production (see Chapter I, Section 1.4c).

The procedure used for the application of growth regulators was
that used by Cooper (1978): spray treatments commenced 2 days
after pollination and were repeated for 4 consecutive days; the
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ter

timing of sprays may not be the most beneficial.

Other workers

have begun chemical treatments one day after pollination (Kruse
1967, Thomas and Pickering 1978, and Dr. Finch, PBI Cambridge,
personal communication).

The lack of a beneficial effect of

growth regulators in this experiment could, therefore, be
explained by inappropriate timing of application.

There is the

possibility, however, that hybrid embryos possess sufficient
endogenous growth regulators for development and that there may
be some other limiting factor.

Later experiments in Part B

adopted a one day spray to investigate this matter.

The immunosuppressant (EACA) had no beneficial effect on either
fruit or embryo development. The treatments which were found
to be most beneficial were those containing growth regulators,
i.e. GR and EACA + GR, and the unsprayed control.

These three

treatments were, therefore, carried on in the next experiment
which investigates the effect of temperature on hybrid embryos.

4A.4 The effect of temperature on hybrid embryos produced
from the 2x Sundance X 2x Petkus Somro cross
Temperature is known to affect embryo development. Taira and Larter
(1977b) have reported a temperature of 17°C, the optimal for development of embryos in spikes of wheat X rye crosses, whereas Kruse (1967)
has reported that temperatures around 30°C were the most beneficial
for development of barley/rye embryos.

The effect of temperature is

likely to be important in hybrids since this could affect the replication times of each set of parental chromosomes.

This experiment

was, therefore, designed to study the effect of two temperatures on
hybrid development in vivo.
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4A.4a Procedure: Results from the previous experiment showed
that the unsprayed control, growth regulator mixture (GR) and the
growth regulator mixture plus eta amino-n-caproic acid (EACA + GR)
were the most beneficial treatments for hybrid embryo development.
These treatments were repeated, therefore, in this experiment.
Growth rooms were adjusted to 10°C and 20°C: these ambient air
temperatures resulted in temperatures of 17°C and 24°C respectively inside the plastic bag enclosing the spike.
material was reared in the glasshouse.

Parental

Maternal barley plants

were transferred to growth room conditions about one week before
anthesis.

Emasculated spikes were pollinated at maximal ovary

receptivity when all the florets gaped due to the swelling of
their lodicules.

Pollination usually occurred two days after

emasculation in 20°C grown plants and at about five days for 10°C
plants.

Spikes were sprayed two days after pollination and

thereafter for fOur consecutive days, each treatment being replicated twice.

A block of plants was transferred from 20°C to 10°C

immediately after pollination as a control measure.

4A.4b Results: Spikes were harvested 10 days after pollination
and the frequency and size of embryos is recorded in Tables 4A.15
and 4A.16.

From Table 4A.16 it can be seen that a constant temperature of
20°C (24°C bag temperature) resulted in fewer embryos than did
the other temperature regimes.

The three spray treatments did

not differ significantly from each other within any of the
temperature regimes with respect to embryo yield.

A difference
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Table 4A.15
The number of embryos, fruits and embryo frequency
for the temperature regimes and treatments

Spike 2

Spike 1
Temperature

Embryo

Mean

No. of

No. of

No. of

No. of

number

embryo

regime

Treatment

embryos

fruits

embryos

fruits

column

frequency

20°C

Unsprayed
EACA + GR
GR

4
4
5

12
12
16

5
4
3

15
18
11

9
8
8

0.33
0.26
0.29

20°C-310°C

Unsprayed
EACA + GR
GR

13
8
15

21
11
19

10
9
18

20
14
33

23
17
33

0.56
0.68
0.86

10°C

Unsprayed
EACA + GR
GR

9
10
14

19
17
19

4
11
8

21
14
16

13
21
22

0.43
0.68
0.63

Table 4A. 16
The number of embryos (n), their mean lengths (x1) and widths (x2)
in mm, and their standard errors (SE1, SE2) from the two
replicate spikes for the temperature regimes and treatments

Embryo
Temperature

Erbryo length

Embryo width

-

numberMean

Standard

Mean

Stqndard

error (SE1)

x2

error (SE2)

regime

Treatment

n

20°C

Unsprayed
EACA + GR
GR

9
8
8

0.20
0.22
0.21

0.01
0.01
0.01

0.15
0.16
0.15

0.02
0.02
0.02

20°C-100 C

Unsprayed
EACA + GR
GR

23
17
33

0.13
0.15
0.15

0.02
0.01
0.03

0.09
0.10
0.10

0.01
0.01
0.02

10°C

Unsprayed
EACA i- GR
GR

13
21
22

0.12
0.16
0.11

0.02
0.02
0.02

0.08
0.09
0.08

0.01
0.01
0.01

in embryo yield was recorded, however, between the temperature
regimes.

The temperature regime which resulted in the greatest

embryo yield was the transfer from 20°C -4 10°C after pollination,
though these results did not differ appreciably from a constant
temperature of 10°C (17°C bag temperature).

From Table 4A.16 it can be seen that there is little difference
between the Unsprayed, EACA + GR and the GR treatments at either
temperature and this is confirmed by the chi-squared test
using the discrete total embryo number data.

(12

If the Null

hypothesis that there are no differences between the Unsprayed,
EACA + GR and GR treatments is assumed, then we have
for 20°C
2

I

-

(observed - expected )2
expected

-

(9 - 8.33)2 + (8 - 8.33)2 + (8 - 8.33)2
8.33
8.33
8.33

=

0.05389 + 0.01307 + 0.01307

=

0.08

and similarly
for 20°C -410°C
=

5.37

for 10 °C

1
2

=

2.61

None of these three figures, i.e. 0.08, 5.37 and 2.61 exceed the
chi-squared value of 5.99 at p = 0.05: the Null hypothesis is
not disproved and we have no evidence to suggest that there are
appreciable differences between the three treatments.

This

result agrees with the previous findings of Section 4A.3.

Making the reciprocal chi-squared test where the Null hypothesis
assumes that there are no differences among the temperature
regimes, it is found that the Unsprayed treatments differ at
p = 0.05.

The EACA + GR data show only a slight significant

difference at p = 0.10, whereas the figures for the GR treatment
show a much greater significant difference at p = 0.01.

From Table 4A.16 it is seen that there is no appreciable difference in embryo size between the Unsprayed, EACA + GR and GR
treatments within any of the temperature regimes. The means
for embryo length and width were much greater at 20°C than at
the lower temperature.

4A.4c Discussion and conclusions: The data show that temperature
had a marked effect on both the frequency and size of ten day old
hybrid embryos. There was no evidence to suggest that the three
treatments produced different effects, i.e. the growth regulator
mixture alone and with eta amino-n-caproic acid could not be
distinguished from the unsprayed control and this confirms
previous findings.

Low temperatures produced two effects:

increase in frequency and a reduction in growth rate of hybrid
embryos.

The increased frequency of embryos produced at the

lower temperature was interesting since temperature may be manipulated to produce a higher frequency of older, culturable
embryos.

This experiment was extended, therefore, in the next

experiment (4A.5).
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4A.5 The effect of temperature and humidity
on the production of culturable embryos
The effect of low temperature on the frequency and growth rate of
young hybrid embryos has been demonstrated in the former experiment
which has been extended here to study the effects of temperature on
the yield of older, culturable embryos (les than 0.25 mm in length).
The effects of humidity were also examined here.
used plastic bags for self pollination work.

Cooper (1978) has

Plastic bags were

preferred in hybrid work as they created a greater humidity and this
was said to be beneficial for hybrid embryo development.

Since no

data were available to assess the effects of humidity, it was decided
that a study on humidity should be incorporated in this experiment
and this was done by the removal of the plastic bag after pollination.

4A.5a Procedure: Plants were reared and treated as described in
the previous experiment (4A.4).

Fruits were harvested between

15 and 30 days after pollination when the first of the most welldeveloped fruits showed signs of deterioration (yellowing).

The

spray treatments were repeated, but bags were removed from spikes
after pollination.

Embryos were asceptically removed from

harvested fruits and cultured on solid Norstog's Bil medium with
and without charcoal at 2 g 1 1.

Charcoal was incorporated into

some cultures as there was evidence that it could remove inhibitory substances such as phenols and auxins from the culture medium
(Reinhert and Bajaj 1977).

Such inhibitory substances may also

be produced by cultured hybrid embryos.

4A.5b Results: The effects of temperature on embryo frequency
After the embryos

and size are given in Tables 4A.17 and 4A.18.

were scored for frequency and length, they were placed on Bil
medium with and without charcoal. The cultures were examined
weekly and scored for the presence of callus, roots, shoots and
death (see Tables 4A.19 and 4A.20).

'Prd-1 /ift 17

The effect of temperature, spray treatments
and the removal of the plastic bag after
pollination on embryo frequency

Mean embryo frequency (x)
Ambient air temperature
20°C

10°C
Spike
Treatment

1

2

Spike

Mean

Mean

(x)

1

2

()

+ bag
Unsprayed

0/19

4/21

0.050

3/16

3/18

0.089

EACA + GR

3/19

7/18

0.135

3/21

2/19

0.063

GR

1/17

3/21

0.053

4/20

5/21

0.220

Unsprayed

2/23

0/7

0.034

0/18

0/18

0.000

EACA + GR

0/13

0/13

0.000

1/18

2/22

0.028

GR

0/21

1/16

0.018

0/18

0/16

0.000

- bag

Table 4A.18

The effect of temperature, spray treatments and
the removal of the plastic bag on mean embryo
length (pooled from each replicate spike)

Ambient air temperature
10°C

20°C

Mean

Mean

embryo

embryo

length

Standard

length

Standard

(cm)

error

(cm)

error

Unsprayed

0.325

0.063

0.317

0.027

EACA + GR

0.280

0.042

0.300

0.110

GR

0.310

0.095

0.767

0.100

Unsprayed

0.350

0.050

-

EACA + GR

-

-

0.450

0.050

0.330

0.000

-

-

Treatment

+

bag

- bag

GR

100

Table 4A.19

Embryo development in culture from plants at 10°C

Production of

number

Unsprayed

1
2
3
4

+bag

EACA+GR
+bag

+bag

Unsprayed

-

bag

days

+
-

callus

roots

shoots

culture

charcoal

65
78
65
22

-

+

68
68
68

+
+ *
+
+
+
-

+

68
68
14
25

+
+

1
2

68
68

+
-

1

68

-

1
2
3
4
5
6
7
8
10

GR

Medium

after

Embryo
Treatment

Death,

1
2
3
4

+
+

+

+

+
+

+

+

68
81
110
68
68

EACA+GR

-

bag

GR
- bag

Key :

= date unknown
* see photograph, Figure 4A.1
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Table 4A.20

Embryo development in culture from plants at 2000

Production of
Embryo
Treatment

number

Unsprayed

1
2
3
4
5
6

+bag

EACA+GR
+bag

GR

1
2
3
4
5
1
2
3
4
5
6
7
8
9

bag

callus

roots

+
+
+

-i-

+
+

+

+

shoots

Death,

Medium

days

+

after

-

culture

charcoal

14
68
14
68
68
68

+
+
+
-

14
7
35
68
68

+
+
+

?
?
13
25
25
68
7

±
+
+
-

12
68
7

+
-

?

+

+

Unsprayed

- bag
EACA+GR
-bag

1
2
3

+

GR

- bag

Key :

? = date unknown
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Figure 4A.1

Germination from a hybrid embryo with callus

Scale

= 1 c

Note callus tissue (arrowed); this formed
before production of roots and shoots.

E*1

From Tables 4A.19 and 4A.20 it can be seen that all embryos
eventually died in culture.

Callus formation occurred quite

frequently (13 out of 44 embryos produced callus) and this
sometimes gave rise to roots and shoots.

The presence of

charcoal in the culture medium had no detectable effect on
embryo development.

4A.5c Discussion and conclusions: From Table 4A.17 it is seen
that temperature had little effect on the frequency of culturable
hybrid embryos. Although low temperature increased the frequency
of 10 day old embryos (see previous experiment 4A.4), the
frequency of occurrence of older, culturable embryos was unchanged.
Taking both these results into consideration, it would appear that
embryo abortion in

ViV0

occurs mainly after the pro-embryo stage,

but before 10 days at 20°C.

This is the period when one would

expect differentiation to begin.

Since differentiation entails

differential growth rates between certain parts of the embryo,
this stage of development may increase the frequency of mitotic
aberrants in important growth areas due to inequality of replicating times of barley and rye chromosomes and this may result in
embryo abortion.

Results also showed (Table 4A.17) that the removal of the bag
after pollination considerably reduced the frequency of hybrid
embryos.

Bag temperatures were raised by a 'glasshouse effect';

however, the differences observed between treatments is attributed
to changes in humidity rather then temperature since bagged spikes
at 17°C performed better than unbagged spikes at 20°C.

The addition of charcoal to the culture medium had no detectable
effect on the growth and development of embryos. Charcoal is
known to improve haploid plant production from cultured anthers
where it is believed to bind inhibiting substances such as
phenols and auxin. Recent work on anther cultures of Petunia
and Nicotiana (Martineau, Hanson and Ausubel 1981) has demonstrated that charcoal can absorb significant quantities of both
tissue produced and exogenously supplied auxin from the culture
medium.

The lack of an effect of charcoal in this experiment

indicates that there is no such inhibiting effect in these
cultures and that some other cause of embryo abortion exists:
perhaps nutritional, physiological and/or cytological in nature.

Various stages of growth and differentiation were reached in
culture (Tables 4A.19 and 4A.20): this was also found by Cooper
(1978).

All embryos eventually died and this frequently

occurred before any form of differentiation was detected.

Death

was recorded at all stages in development, from freshly cultured
embryos to callus initiation to germination.

Large embryos were

harvested from the bagged GR treatment, yet these did not do any
better than other, smaller embryos in culture.

The disappointing

development in culture may have been due to cultural conditions:
the use of liquid culture techniques are investigated in Fart B
of this chapter.
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4A.6 Summary
The preliminary experiments described in this chapter have been very
useful in establishing some of the techniques and methods for
crossing. For instance, it has been demonstrated that rye pollen
can be stored for at least one week (4A.2).

The stored

week old

material is useful since it can substitute for fresh pollen on dull,
damp days when anther dehiscence is poor, thus providing a continuous
supply of pollen for crossing onto barley.

It has also been- estab-

lished that there is a monthly change in the success of hybridization,
with March and April giving the best results over the late winter,
spring and summer months of this initial crossing programme.

This

result is in accord with general opinion on the favourability of
crossing seasons for grasses, and future crossing work was planned
for Spring and Autumn months since they are recommended times.

The chemical spray experiments provided much data which were both
useful and interesting.

Firstly, it was found (Section 4A.3) that

the frequency of hybrid embryos was proportional to the number of
green fruits at ten days post-pollination.

The production of green

fruits was found to be very poor in sprays lacking growth regulators.
Contrary to the results of Taira and Larter (1977), the immunosuppressant, eta amino-n-caproic acid was detrimental to both fruit
and embryo development.

The most unexpected result of the chemical

spray experiments was that fruit and embryo development in unsprayed
control spikes were as good as those produced in spikes sprayed with
growth regulators.

As discussed at the end of Section 4A.3, the

lack of a beneficial effect of the growth regulators over the unsprayed control could be explained by the timing of the application.
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The spraying of spikes two days after pollination may be too late:
better results may be achieved if the growth regulator mixture was
applied earlier, i.e. one day after pollination and this is investigated in Part B of this chapter.

Temperature was found to have a marked effect on both the frequency
and size of ten day old hybrid embryos (Sections 4A.4 and 4A.5).
Growth rooms in which the ambient air temperature was 10°C gave more,
but much smaller embryos than those from plants grown at 20°C.
Although the lower temperature increased the frequency of ten day old
embyros, it did not improve the number of older, culturable embryos
above that of plants at the higher temperature.

Hybrid embryo

abortion was consequently correlated with a change in morphology
from spherical embryos at ten days to pear-shaped embryos at sixteen
to twenty days.

The last experiment in this chapter, Section 4A.5 demonstrated the
importance of a humid environment for hybrid embryo development
in vivo.

Charcoal was found to have no effect on the growth of

embryos in culture;

it is, therefore, unlikely that hybrid embryos

produce substances similar to those produced in anther cultures
which inhibit development.

All embryos eventually died in culture:

the use of a solid culture medium may have been responsible for this;
a liquid culture technique is investigated in Part B.
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PART IVB

ATTEMPTS TO INCREASE THE VARIETY
OF HYBRIDS BETWEEN BARLEY AND RYE

4B.1 Introduction
One of the objectives of this research was to increase the number and
variety of hybrid plants between barley and rye and so, among other
things, to provide material for the cytogenetical study of sterility
found in the hybrids produced by Cooper et al. (1978) and Kruse (1967).
Crossing was extended, therefore, to winter cultivars and to tetra—
ploid parents of barley and rye.

Crossed spikes were treated with a

mixture of growth regulators, but in this instance the timing of
application was brought forward in an attempt to improve hybrid
embryo yield over that achieved in Part A of this chapter.

Another

variation in the technology of crossing was in the culture of embryos.
A raft culture technique was adapted from that used in barley haploid
production.

Orchid agar and solid Norstog's Bil culture media were

also used and the development of hybrid embryos on the three culture
media is assessed.

The final investigation in this chapter deals

with the incompatibility system of the reciprocal cross where rye is
the maternal parent: this cross also offers a potential means by
which the variety of hordecale plants may be increased.

The sterility of barley/rye hybrids may be caused by a lack of
pairing between the two sets of chromosomes at meiosis. The problem
might be overcome by doubling the chromosome number, using colchicine,
so that pairs of homologous chromosomes are present in the hybrids.
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The effect of coichicine on the hybrids produced by Cooper and Kruse
has been described elsewhere (Ramsay 1982).

An alternative approach

would be to use tetraploid parents in the creation of new hybrids. Tetraploid parents have the potential of producing hybrids containing
two complete genomes of both barley and rye, thus providing homologous
pairs of chromosomes.

Crosses between tetraploid parents were made

and at the same time other crosses between tetraploid and diploid
parents were carried out in order to investigate the effects of
different ploidy combinations.

At this stage of the crossing programme, a simple experiment on the
timing of the application of growth regulators to cross-pollinated
spikes was performed.

One observation made earlier (see Part A) was

that spraying with growth regulators had no effect on fruit and
hybrid embryo yield compared with the unsprayed control. The
explanation given to account for the lack of a beneficial effect was
that the application of growth regulators was badly timed and that
the treatment should be given earlier at one day post-pollination
instead of beginning after two days. The effect of applying growth
regulators one day post- pollination was now compared with fruit and
hybrid embryo yield from untreated spikes.

In the embryo culture techniques studied here, three different media
were investigated. The solid Norstog's Bil medium which has been
used throughout earlier work (Cooper et at. 1978) was compared with
Orchid agar and an adjusted liquid Norstog's Bli.

Orchid agar is a

relatively simple culture medium with casein hydrolysate replacing
many of the nutrients, particularly the vitamins and amino acids of
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the more complex Norstog's Bil medium.

It has the advantages of

being supplied commercially and is easily prepared: it is used at
the Plant Breeding Institute (Cambridge) for the culture of interspecific crosses with barley (Dr. Finch - personal communication).
The liquid culture medium investigated here was adapted from that
used for barley haploid production at Ris$, Denmark (Jensen 1975).
A raft culture was used initially: this was set up by floating a
filter on the liquid Norstog's Bil medium.

The advantages of the

use of liquid media in the culture of barley haploids are
the entire embryo is bathed (cereal embryos are thought to
absorb nutrients only through their scuttelar end and in
young embryos this cannot be recognized since the embryo
is often spherical),
toxic factors can diffuse away,
there is free gaseous exchange.
According to Jensen (1975) the osmotic pressure of liquid media is
critical for the culture of barley haploid embryos which are less
than 0.5 mm in length.

It is recommended that sugar levels should

be higher for young embryos and the Norstog's Bli medium was adjusted
by the addition of 25 g glucose per litre to meet this requirement.
The effect on hybrid embryo development of solid Norstog's Bli medium,
Orchid agar and raft culture is recorded.

Another potential way of increasing the variety of hybrids between
barley and rye is to use rye as the female parent.

This would

provide hybrids with a different (maternal) cytoplasm.

Barley is

normally used as the maternal parent when hybridized with rye.

The

final investigation of this chapter is concerned with the reciprocal
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cross, using rye as the female parent.

This cross has seldom been

studied. An incompatibility system is thought to operate between
rye stigmas and the pollen of barley since this cross fails to induce
fruit development (Thompson and Johnston 1945, Cooper 1978).

This

idea was confirmed by an investigation which examined the ability of
pollen to germinate on receptive and foreign stigmas, using fluorescence microscopy.

4B.2 Attempts to increase the variety of hybrid plants
4B.2a Procedure: A pragmatic approach was taken in hybridizing
barley with rye during the months of June and July, 1979.
Winter cultivars of barley (Sonja and Igri) were pollinated with
a range of winter rye lines obtained from Germany and winter rye
cultivars from Canada. Tetraploid Sundance barley was also
crossed with tetraploid Petkus Somro rye and diploid rye lines.
The choice of male parent in these crosses was determined by the
availability of rye pollen at the time of ovary receptivity in
the female parent (barley).

Following the results of previous

experiments, the growth regulator mixture (viz. 75 mg 1-1 GA
31

25 ma 1 MAA and 25 mg 1_1 2iP) was aoolied once one day after
pollination.

The treatment involved the application of a drop

of the mixture into each floret with a syringe as done by Kruse
(1967).

Treated spikes were compared with untreated spikes with

respect to green fruit and embryo yield.

Spikes were initially

harvested 20 days after pollination as in previous hybridizations.
Fruit senescence was found to occur earlier than in crosses
carried out in March and April, and harvesting was subsequently
advanced to 16 days post-pollination.

Excised embryos were
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cultured on either solid Norstog's Bil medium, Orchid agar or on
a filter raft on liquid adjusted Norstog's Bli medium.

Embryos

on the raft culture which either germinated or grew too heavy to
be supported by the filter were transferred to solid unadjusted
Norstog's Bil medium.

Embryos were cultured in the dark at 24°C

until shoot formation occurred and then they were removed to weak
i
irradiance (5

-2
m sec-1) to encourage chlorophyll production.

4B2b Results: The data for green fruit and embryo yield of
treated and untreated spikes of the winter and tetraploid crosses
are given in Tables 4B.1 and 4B.2.

From Table 4B.1 it can be seen that the number of green fruits per
spike ranged from 0 - 7. Unfortunately, the number of florets
per spike were not counted and, therefore, the number of green
fruits per pollination is not known.

However, the number of

florets per spike for Igri and Sonja is likely to be between
30 - 50: the production of green fruits is, therefore, seen to
be small.

Only one embryo was recovered from all the crosses in

Table 4B.l: this was obtained from the fruit marked with an
asterisk (*).

The embryo was cultured on solid Norstog's Bli

medium and died after 48 days without the formation of either
callus, roots or shoots.

Table 4B.2 shows the green fruit and embryo yield from crosses
after using 4x Sundance as the maternal parent: 28 assumed
tetraploid and 12 assumed triploid embryos were cultured on either
solid Norstog's Bli medium, Orchid agar or on a filter raft
floating on liquid Norstog's Bil medium.
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Table 4B.l
Data for crosses using winter varieties: the parents,
growth regulator treated spikes (t), untreated spikes (u),
age of fruits at harvest and green fruit yield

Winter

Winter

Age of

Number

Spike

Spike

barley

rye

fruit at

of green

treated or

number

(female)

(male)

harvest

fruits

untreated

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

Igri

3006/10/6

"
"
"
"
"
"
"
"
"
"
"
"
"
"

It

20
20
20
20
20
20
20
20
16
16
16
16
16
16
16
20
20
20
20
16
16
16
16
16
16
16
16
16
16
16
16
16

"
"
"
"
Puma
3006/10/6
Puma

"
"
"
"

Sonja

3006/10/6

If

It

it

Puma

"
"
"
"

if

"

"
"
"
"
"
"
"
"
"

to

Dominant
It
if
it

"
"
"
"
"
3001/14
I'

3
1*
3
4
1
3
5
1
7
1
3
7
1
1
4
2
2
1
0
3
1
4
3
5
2
5
1
0
2
5
1
2

U

t
u
t
u
t
t
t
t
u
t
u
t
u
t
t
u
t
U

t
u
t
u
t
u
t
u
t
u
t
u
t

* see text
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Table 4B.2

Data for crosses using tetraploid barley with tetraploid
and diploid rye: the parents, spikes treated with growth
regulators (t), untreated spikes (u), age of fruits
at harvest, green fruit yield and embryo yield

Age of

Number

Tetraploid

Tetraploid

fruits

of

Number

Spike

barley

rye

at

green

of

number

(female)

(male)

harvest

fruits

embryos

1 (t)
2 (u)
3 (t)
4 (u)
5 (t)
6 (u)
7 (t)
8 (u)
9 (t)
10 (u)
11 (t)
12 (u)
13 (t)
14 (u)
15 (t)
16 (u)
17 (t)
18 (u)
19 (t)
20(u)

4x Sundance

4x Petkus Somro

20
20
20
20
20

7
5
5
3
3

2
2
1
2
2

20

0
0

0

1
0
0
0
4
0
1
Q
2
0
5
4

0
4
8
0

it
if

it

it

if

it

it

It

1

to
to

20

if

20

it

20
20
20
20
20
20
20
20
20
20
16
16

3
8
0
8
0
0
5
0
4
0
4
7
4

16
16
16
16

2
6
10
2

if

it
if

if
if
it

It
it
it
it
it

0
2

Diploid
rye
1
2
3
4

(t)
(u)
(t)
(u)

4x Sundance

3006/10/6
if

3001/14

MEM

A comparison of fruit and embryo yield between untreated and
treated spikes from both the diploid and tetraploid crosses
was carried out using the t-test (Tables 4B.3 and 4B.4).
Crosses which had less than three replicates were excluded
from statistical analysis.

From Tables 4B.3 and 4B.4 it can be seen that in all cases apart
from one, the use of growth regulators at one day postpollination significantly increased the yield of both green
fruits and in the case of the tetraploid cross of hybrid embryos
also.

The general beneficial effect of the growth regulator

treatment employed in this crossing programme is evidence that
the timing of the application is critical: treatment at one day
post-pollination has, therefore, a greater effect than treatments
which start at two days post-pollination.

After spikes had been scored for fruit yield, the fruits were
dissected and the embryos were removed and counted. The embryos
were then cultured on one of the three culture media already
referred to.

The development of the excised, cultured embryos

is recorded in Tables 4.5 and 4.6.

Healthy embryos are white.

When they begin to die they turn progressively more brown.
Embryos were classed as dead when they were brown over their
entire surface.
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Table 4B.3
A comparison of the mean number of green fruits
produced between spikes treated with growth
regulators and production on untreated spikes

Numbers
of
spikes
used

Total
number
of green
fruits

Mean green
fruit yield
per
spike

t-value
and
significance
level

u

3

7

2.33

t=1.92
N.S.

t

4

9

2.25

u

3

20

3.00

t

5

9

4.00

u

5

9

1.80

t

5

12

3.80

4x Sundance u
x
4x Petkus Somro t

10

15

1.50

10

51

5.10

Cross
(u=untreated
t=treated)
Igri
X
3006/10/6
Igri
x
Puma
Sonja
x
Dominant

t=5.56
S. at p=0.01

t=9.62
S. at p=0.01

t=35.34
S. at p=0.01

Key: N.S. = Not Significant, S = Significant at probability, p
Table 4B.4
A comparison of the mean number of embryos
produced between spikes treated with
growth regulators and untreated spikes

Numbers
of
spikes
used

Total
number
of
embryos

Mean
embryo
yield
per spike

u

3

0

0.00

t

4

1

0.25

4x Sundance u
X
4x Petkus Somrot

10

9

0.90

10

19

1.90

Cross
(u=untreated
t=treated
Igri
x
3006/10/6

t-value
and
significance
level

t=15.03
S. at p=0.01
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Table 4B.5

The development of embryos from the 4x Sundance
X 4x Petkus Somro cross on solid and liquid
Norstog's Bil culture medium and on Orchid agar

Spike

Culture

Embryo

treatment

medium

number

Orchid
agar

1
2
3

Solid
Norstog's
BIl

1
2
3

Liquid
Norstog's
BIl

1
2
3

Orchid
agar

1
2
3
4
5
6
7

Untreated

Treated
Solid
Norstog's
BIl

Liquid
Norstog's
Bil

1
2
3
4
5
6
1
2
3
4
5
6

callus

Production

Death,

of

days after

roots

shoots

culture
28
28
28

+

54
49
28

+

53
42
53

+

28
28
26
20
28
26
28

+
+
+

+

+

+
+

+

+
+

+

+

+

+

28
100
56
70
49
28
49
84
48
84
56
56
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Figure 4B.1
Regeneration from embryonal callus obtained
from the 4x Sundance X 3001/14 cross

I

Scale

= 1 cm

Legend: The plant photographed above was transferred from the Petridish to a pot containing perlite (to encourage root development),
placed in a humid propagator and fed with half strength Hoaglands
solution.

The plant was subsequently transferred to John Innes No. 1

potting compost.

Schiff's reagent and orcein stain were used in a

cytological investigation of root tip cells

The cells were found to

contain a complete diploid set of barley chromosomes with no additional
rye chromosomes. The plant grew and developed as a normal 2x Sundance
barley, was fully fertile and set seed.
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4B.2c Discussion: Crosses using winter barley as the female
parent were not successful in producing hybrid embryos.

Only

one embryo was recovered from a total of 32 hybridizations.
Although it is inadvisable to grow crossing material during the
summer months, the pre-crossing conditions in the glasshouse are
not thought to be completely responsible for the lack of success
since a reasonable number of embryos were recovered from the
tetraploid crosses made at the same time. The incompatibility
between winter barleys and the winter ryes used here is,
therefore, thought to be under genetic control and may well be a
consequence of different parental cell cycle times.

The

parental cell cycle hypothesis states that hybrid production
between barley and rye is best achieved when parents possess as
similar cell cycle times as possible.

Unfortunately, not all

the winter varieties used here were studied to determine cell
cycle times.

From data obtained in Chapter V, Part A, it is

now known that the Igri X Puma cross has a discrepancy in the
two parental cell cycle times of 10 hours: this is relatively
large and can be seen as indicating an incompatible mating combination on the hypothesis. The same may be true of winter
varieties studied here.

Crosses using 4x Sundance as the maternal parent were productive.
From Tables 4B.5 and 4B.6 it can be seen that embryo development
on Orchid agar was inhibited; embryos died early on this culture
medium and failed to differentiate: the use of this culture
medium was discontinued.

Embryo growth and differentiation into

callus, root and shoot production was found to occur on both the
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solid and liquid Norstog's Bil medium.

The raft culture was

found to have the advantage of delaying the death of embryos,
with only 23% of embryos dying within 50 days of culture as
compared with 46% on the solid Norstog's Bil medium at this time.
All embryos, with the exception of one, died, death occurring at
various stages in development.

Figure 4B.1 shows a diploid

barley plant being regenerated from a piece of callus derived
from embryo.

Crosses between tetraploid barley and diploid rye

were also carried out by Pickering and Thomas (1979) with similar
results, that is to say that these workers could not get hybrid
plants to survive beyond the 2 - 3 leaf stage after germination,
but were able to regenerate diploid barley plants from embryoderived callus.

It is not known at which stage the rye chromo-

somes were eliminated in these crosses, but Pickering and Thomas
suggested that this occurred in the callus tissue. From Cooper
(1978) it is known that diploid Petkus Somro rye has a slower
cell cycle time than tetraploid Sundance barley.

It seemed

reasonable, therefore, to conclude that the diploid plants
mentioned above were produced by the elimination of chromosomes
of the parent with the slower cell cycle time.

The elimination

of rye chromosomes has also been reported in other crosses
between Hordeuin vulgare and Secale cereale where barley haploids
have been produced (Kruse 1967, and Fedak 1977).

Large discrep-

ancies in parental cell cycle times may bring about mitotic
instability with the elimination of the chromosomes of the slower
parent likely to be one symptom.

These data give support,

therefore, to the parental cell cycle hypothesis.
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43.3 The incompatibility system of the reciprocal cross
The reciprocal cross using rye as female and barley as the male
parent was first studied by Thompson and Johnston (1945) who found
no evidence of either embryo or endosperm development in their
studies.

Cooper (1978) also found that this cross failed to induce

fruit development.

Incompatibility mechanisms in interspecific and

intergeneric hybridization within the Gramineae have been found to
operate between pollen and stigma. Two genes Kr1and Kr

are known

to regulate the crossability of wheat and rye (Zeven and Van Heemert
1970).

Studies on the rye pollen grain germination and pollen tube

growth in the Triticum aest-iVum X Secale cereale cross showed that
the dominant alleles of the crossability genes manifest themselves
through retardation and eventual inhibition of pollen tube growth at
the base of the style and in the ovary wall (Lange and Wojciehowska
1976).

A similar mechanism also operates in the partial incompat-

ibility between Hordeum vuLg'are and Hordeuni bulbosum where pollen
tube growth is inhibited in the style (Pickering 1979).

The

incompatibility reaction between pollen and stigma is common in the
Gramineae and is likely, therefore, to be the cause of the lack of
fruit development in the Secale cereale (female) X Hordeuin vulgare
(male) cross and this was shown to be the case.

4B.3a Procedure: Fresh pollen from dehiscing anthers of rye was
used both to self-pollinate rye stigmas and to pollinate barley
stigmas.

Pistils from all the compatible crosses, i.e. rye X

rye, barley X barley and barley (female) X rye (male) were
harvested the day after pollination.

Those from the incompat-

ible combination, rye (female) X barley (male), were harvested
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Figure 4B.2

Germinated rye pollen grains on rye
stigmas one day after pollination

Scale

Key:

= 35

rm

pg = pollen grain
pt = pollen tube
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Figure 4B.3

Germinated barley pollen grains on
barley stigmas one day after pollination

Scale

= 35

pg = pollen grain
pt = pollen tube
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Figure 4B.4

Germinated rye pollen grains on barley
stigmas one day after pollination

.
Ilk-.A
I

•

Scale

Key:

= 35

pg = pollen grain
pt = pollen tube
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Figure 4B.5

Ungerminated barley pollen grains on
rye stigmas two days after pollination

Scale

Key:

35

pg = pollen grain

one day and two days post-pollination.

Pistils were fixed,

stained in methyl blue, examined and photographed as described
in Chapter II, Section 2.2i.

4B.3b Results: Rye pollen was found to germinate on and grow
without malformation in stigmas of both barley and rye.

Barley

pollen on the other hand was only able to grow when applied to
barley stigmas and failed completely to germinate on rye stigmas.
These findings are summarized as photographs in Figures 4B.2 to
4B.5.

4B.3c Discussion: The incompatibility reaction of the rye
(female) X barley (male) cross was found to operate at the pollen/
stigma interface and was manifest in the inability of barley
pollen to germinate on rye stigmas.

The incompatible response,

therefore, occurred earlier in this cross than in other systems
described in the Gramineae where pollen tube growth is inhibited
(Zeven and Van Heemert 1970, Lange and Wojciehowska 1976, and
Pickering 1979).

The mechanism which prevents the germination of the barley pollen
grain in this cross may be understood when the events of pollination of a compatible mating are considered.

The sequence of

events of successful pollination of grasses was described by
Watanabe (1955) and are: hydration, exudation, resorption and
germination.

The physical properties of the pollen grain wall

and the changing properties of the membrane of the vegetative
cell during the hydration phase play major roles in the polli-
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nation process.

Following the capture of the pollen grain,

water flows into it from the stigma and germination can ensue
within five minutes (Heslop-Harrison 1979a).

The speed at which

hydration takes place is connected with the structural properties
of the outer wall of the pollen grain (the exine) which, is
perforated by micropores over its entire surface (Rowley 1960).
When the pollen grain becomes fully dilated it continues to take
up water.

The membrane of the vegetative cell is leaky at this

point and the continuing influx of water results in exudation
through the micropores over the whole area of the pollen grain
(Heslop-1-Iarrison 1979a, 1979b).

The vegetative cell membrane

is then thought to be reconstituted into a semi-permeable
membrane, analagous to the change observed in membranes of
imbibing dehydrated seeds (Simon 1974).

An osmotic system is

then set up and further uptake of water builds up a hydrostatic
pressure within the pollen grain which results in the extrusion
of the pollen tube through the germ pore, the germination phase.

Transfer of material between pollen grain and stigma has been
demonstrated during the hydration and exudation phases.

During

the rapid hydration of the pollen grain, soluble stigma proteins
penetrate the exine and are taken up as far as the intine of the
pollen grain wall: uptake into the vegetative cell has not yet
been demonstrated (Heslop-Harrison 1979b).

Sugars and a variety

of intine derived proteins are also released from the pollen
grain during exudation (Heslop-Harrison 1979a, 1979b).

The

transfer of materials has obvious implications for the inability
of the barley pollen grain to germinate on rye stigmas.

The
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leaky nature of the membrane of -ungerminated pollen coupled
with the bi-directional flow of water with its solutes may bring
about early recognition and rejection of barley pollen and
prevent its germination on rye stigmas.

In the light of the

sequence of events leading up to germination, it would seem
plausible that the exchange of materials between pollen and
stigma has in some way prevented the reconstruction of the
vegetative cell membrane which is vital for the germination
process.

Symptoms of a gametophytic incompatibility reaction such as
swollen pollen tube tips and inhibited growth were not found
when rye pollen was used to effect fertilization of barley ovules.
'q81

This finding is in agreement with the theory of Pandey (198-2 in press) which predicts that crosses between self-incompatible
species as male (in this case, rye) and self-compatible species
as female (in this case, barley) should be successful.

Pandey's

theory is that self-compatibility has evolved by the erosion of
the self-incompatible genes (the S1 series).

He argues that

self-incompatible species have a larger array of "specificities"
than self-compatible species; specificities in the pollen from
self-compatible species will, therefore, always be more than
matched by those in the stigma and style of self-incompatible
species.

The inhibition in crosses with self-incompatible

species as female and self-compatible species as male and the
acceptance in the reciprocal cross is, therefore, a consequence
)81

of the S gene evolution (Pandey 198€ - in press).

The compat-

ibility of the direction of the barley X rye cross is then in
accordance with the ideas of Pandey.
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Many varied techniques such as pollen treatments, bud pollination,
delayed pollination, heat treatment and surgical methods, etc.
have been developed to overcome the incompatibility barrier
between species (Frankel and Galun 1977).

Some of these tech-

niques have been carried out on the reciprocal cross using rye as
the maternal parent. Barley was pollinated onto rye stigmas
along with dead rye pollen; this mixture and uncontaminated
fresh barley pollen was also applied to style stumps after the
removal of the stigmas, but both methods failed to effect fertilization.

One way in which the incompatibility reaction between

barley pollen and rye stigmas might be avoided is by the use of
stigma grafting. It is known that barley pollen takes seven
hours to reach the ovule after arriving on the barley stigma
(Bennett, Smith and Barclay 1975).

It may be possible to detach

barley stigmas a few hours after self-pollination and to graft
these on top of rye ovules.

The barley pollen tube might then

grow out of the barley stigma and effect fertilization of the rye
ovule.

Such a technique has been used in otherwise incompatible

interspecific matings of both Datura and Petunia (Garner 1967).
This surgical method of overcoming the incompatibility barrier
does not appear to have been used for crosses within the Gramineae.

4B.4 Summary
The results of experiments in Section 4B.2 were useful in two ways.
Firstly it was demonstrated that the timing and duration of application of growth regulators to crossed spikes is critical to success.
The application at day one produced superior yields of green fruits
and hybrid embryos than the untreated controls.

Since untreated
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controls have the same effect as treatments beginning at two days
post—pollination (see Part A), it follows that the treatment at one
day has a greater effect than treatments beginning at two days.
Secondly, the embryo culture technique was improved.

The raft

culture was found to prevent the sudden death of cultured embryos
wh;ich occurred on Orchid agar and Norstog's Bil medium. Each of
these improvements in technique were taken up in later work.

Crosses using winter barleys failed to produce embryos. The cause
of failure was not fully understood at the time, but in the light of
later work on parental cell cycle times (Chapter V) it is now known
that at least one of these crosses was incompatible according to the
hypothesis, i.e. the cell cycle time of the two parents were greatly
dissimilar and the same may be true of the other winter crosses.

Crosses using tetraploid parents were successful in producing hybrid
embryos, but these all died in culture at various stages in their
development. A normal diploid barley was produced from crossing
tetraploid barley with diploid rye, a result which has been repeated
elsewhere (Pickering and Johnston 1979).

The assumed elimination

of rye chromosomes in these crosses is consistent with the cell cycle
hypothesis and work was designed to examine this further.

The final experiment in this chapter had demonstrated that barley
pollen fails to germinate on rye stigmas and hybridization is
prevented in this direction.

The compatibility of barley (female)

X rye (male) and the incompatibility of the reciprocal cross is in
accordance with Pandey's theory on S1 gene evolution.
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CHAPTER V

STUDIES ON THE EFFECTS OF PARENTAL CELL CYCLE TIMES
ON THE PRODUCTION OF HYBRIDS BETWEEN BARLEY AND RYE

5.1 Introduction
The parental cell cycle hypothesis which was briefly introduced in
Chapter I is considered in more detail here.

The hypothesis states

that hybridization between barley and rye is best achieved when the
cell cycle times of the parents are as similar as possible.

In

order to test the hypothesis, a variety of parental cell cycle times
must be known.

Part A of this chapter is concerned with early seed

development of several types of barley, Hordewn vulgare and rye,
Secal..e cereale and from this the relative growth rates of embryos
(arid hence cell cycle times) and endosperms were determined.

These

data were-then used in Part B where certain hybridizations were
carried out in which varying degrees of compatibility were predicted
by the hypothesis.

The success of the crosses was then assessed by

hybrid embryo yield at sixteen days post-pollination and by early
hybrid seed development.

5.2 Development of the parental cell cycle hypothesis
5.2a Cytological abnormalities of hybrid tissues
Cytological aberrations of endosperm and embryo are common
phenomena in interspecific and intergeneric hybridization in the
Gramineae (Brink and Cooper 1947, Beaudry 1951, Stutz 1962,
Lange 1971, Gymer and Whittington 1973, Bennett 1977, and
Cooper 1978).

The cytological disturbance of the endosperm is
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usually greater than that of the hybrid embryo and includes
aberrants such as polyploid nuclei, chromosome bridges, lagging
chromosomes and micronuclei.

In many crosses the mitotic

aberrations of the endosperm bring about its collapse and the
hybrid embryo has to be cultured in vitro if it is to survive.
The mitotic instability in hybrid tissue can also bring about
the elimination of chromosomes of the parent with the slower
cell cycle time:

Hordeum vulgare X Hordeum bulbosum (Lange

1971, Subrahmanyam and Kasha 1975), H. vuLgare x Secale cereaLe
(Kruse 1967, Fedak 1977, and Pickering and Thomas 1979) and in
X Triticosecale.

The theories put forward to account for the

mitotic aberrations oiserved in hybrid tissues are discussed
below.

5.2b Hypotheses on the cause of mitotic
instability in hybrid tissues
Some unpublished data from Bennett's laboratory (PBI, Cambridge)
give evidence for a link between endosperm disturbance in the
wheat/rye hybrid, triticale and the amount of heterochromatin of
rye chromosomes.

Rye is known to have relatively large terminal

blocks of late-replicating heterochromatin (Ayonoadu and Rees
1973).

Several lines of triticale have been found with one or

more of these terminal blocks missing or reduced.

The work at

Bennett's laboratory has involved assembling several of these
chromosomes into one triticale.

Grain shrivelling has been

reduced in such lines and is thought to be a consequence of
lessening the degree of mitotic aberrations caused by the late
replicating telomeres of rye chromosomes.
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In the barley X rye cross studied by Cooper (1978), it was found
that the mean cell doubling time of the barley was 17.0 hours and
that of rye 21.6 hours.

Selective elimination of rye chromo-

somes may be expected in this cross since rye is the slower
developing parent.

Cooper (1978) did not establish whether or

not preferential chromosome elimination occurred in this cross
and suggested that both barley and rye chromosomes were lost in
hybrid embryos.

The elimination of rye chromosomes in barley

X rye crosses has, however, been found by Kruse (1967) and Fedak
(1977): each of these workers obtained a low frequency of barley
haploids.

The preferential elimination of rye chromosomes has

also occurred when tetraploid barleys are hybridized with diploid
ryes, and this has resulted in the production of diploid barleys
(Pickering and Thomas 1979, see also Chapter VB).

The elimin-

ation of rye chromosomes in these crosses is consistent, therefore,
with the parental cell cycle hypothesis.

The preferential elimination of Hordeuin bulbosum chromosomes in
the production of H. vulgare haploids is under genetic control.
Ho and Kasha (1975) have demonstrated that chromosomes 2 and 3
of H. vulgare are involved in the elimination of H. buLbosum
chromosomes in the developing hybrid embryo.

It was concluded

that both arms -of chromosome 2 and the short arm of chromosome 3
contain major genetic factors controlling elimination.

The mode

of action which these genes dictate is unknown, but it is possible
that they may be involved in regulating the mitotic cycle time,
thus mediating chromosome elimination.
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Though differences in parent cell cycle times is the most common
explanation for mitotic aberrations, other theories have been
made.

Bennett, Finch and Barclay (1976) have put forward the

proposal that the elimination of Hordeuin bulbosum chromosomes in
the H. vulgare X H. bulbosum cross is caused by a shortage of
material necessary for mitosis.

These workers found that the

elimination of chromosomes in hybrid endosperm was low during the
first day after pollination when the rate of nuclear development
was maximal.

Pro-embryos showed a high frequency of elimination

three days after pollination and it was suggested that the sudden
oo,ne

increase in the incidence of chrosome elimination was caused by
changes in chromosome/spindle interactions and especially by a
shortage of spindle-attachment proteins.

The hypothesis of limiting spindle-attachment protein is a reasonable suggestion, but the results of Bennett et al. can also be
used in support of the parent cell cycle hypothesis.

In their

experiment, two cultivars of H. vulgare were used, Vada and Sultan,
and one genotype of H. bulbosum.

Bennett et a7. (1976) measured

the number of embryo and endosperm nuclei at five times after
pollination for the three parents; the means have been plotted in
Figure 5.1.

Bennett et al. (1976) found that the elimination

of H. bulbosum chromosomes was more rapid in Vada hybrids than in
Sultan hybrids. From Figure 5.1 it can be seen that the difference in parental cell cycle times between Vada and H. bulbosum is
greater than Sultan and H. bulbosuin:

elimination was greater,

therefore, when parental cell cycle times were more dissimilar.
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One phenomenon which is widespread in hybrids is the suppression
of the nucleolar organizer (N.O.).

In hybrids where prefer-

ential chromosome elimination occurs, the genome which is
eliminated is frequently the one which has its N.O. suppressed
The relevance of N.O. suppression to barley/rye hybrids is
investigated elsewhere (Ramsay 1982).

The hypotheses of limiting spindle-attachment proteins and
parental cell cycle times, and the effects of heterochromatin
amount and N.O. suppression may not be mutually exclusive.
Unfortunately, the hypothesis of limiting mitotic materials is
not readily testable, but that of compatible cell cycle times is.
The parental cell cycle hypothesis is well supported in barley/
rye hybrids, with the elimination of the slower developing genome
being reported by several workers (Kruse, Fedak, Pickering and
Thomas, see also Chapter IV): it is this latter hypothesis
which is investigated in this chapter.
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Figure 5.1

Development of embryo (Em) and endosperm (En)
of Hordeuzn vulgare cv Vada (V) and Sultan (5)
and

H. bulbosum (H.b) from Bennett et al. (1976)
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Mean cell cycle time was about 11.5 hours
for Vada, 13..7 hours for Sultan and about
20 hours for the H. bulbosum genotype
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PART VA

EARLY SEED DEVELOPMENT IN VARIOUS GENOTYPES
OF HORDEUM VULGARE L. AND SECALE CEREALE L.

5A.1 Introduction
As discussed at the beginning of this chapter (Section 5.2), the
parental cell cycle time may play an important role in the development of hybrid endosperm and embryo. The test of this hypothesis
depends upon knowing the cell cycle times of parents in particular
matings.

The initial assumption was that there is a diversity of

cell cycle times within the two species Hordeum vulgare and Seca1e
cereale and this was examined and established.

It was then possible

to select and cross genotypes of the two species with similar or
dissimilar cell cycle times; the success of these crosses was
monitored and the hypothesis assessed (Part VB).

5A.1a Evidence for a diversity in cell cycle times
in Hordeum vulgare and Secale cereale
Bennett (1976) has recorded different rates of development for
the embryos and endosperms of the barley cultivars Vada and
Sultan (see Figure 5.1).

Bennett and Finch (1972) have also

found that the mitotic cycle time of root meristem cells of the
barley cultivar Mans Otter (12.0 hours) is less than that of the
cultivar Sultan (12.4 hours).
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The evidence that a variation in cell cycle times exists within
the species Secale cereale (rye) is more tenuous.

Work at

Bennett's laboratory (PBI, 'Cambridge) has demonstrated a link
between the late replicating heterochromatin of rye chromosomes
and mitotic disturbances in the endosperm of triticale.

The

rye chromosomes in some triticale lines have regions of late
replicating heterochromatin deleted and in these lines the endosperm development is much improved.

It is possible that the

mitotic disturbances in triticale endosperm are caused by a
discrepancy between the mitotic cycle time of the wheat and the
rye genomes and that this disparity is improved when regions of
late replicating heterochromatin of rye chromosomes are removed.
There is, therefore, a possible link between the amount of late
replicating DNA and the mitotic cycle time of rye.

Indeed,

Ayonoadu and Rees (1968) have recorded an increase in the mitotic
cycle time in ryes which possess extranumary B chromosomes:
these are heterochromatic and the greater the number of B chromosomes the longer the mitotic cycle time.

Various estimates of the DNA amount have been given for rye.
For instance, an amount of 9.5 pg per 1C nucleus can be derived
from the 28.4 pg per 3C nucleus recorded by Bennett (1972);
similarly an estimate of 8.3 pg per 1C nucleus can be obtained
from the 33.1 pg per 4C nucleus reported by Bennett, Gustafson
and Smith (1977).

These data suggest that there is a variation

in the amount of DNA, possibly heterochromatic DNA within the
species Secczle cereale and this in turn may bring about a
diversity in mitotic cycle times.

140

5A.lb Method of assessing cell cycle times
The cell cycle time of young embryos can be determined by
counting the number of cells along a time course.

This method

is also easier than that of the complex radioactive labelling
technique used in root tip studies.

Since the development of

the hybrid embryo is the major obstacle in the production of
barley/rye hybrids, the compatibility of parents as assessed by
their early seed development would seem appropriate.

5A.lc Study material
It was not known whether a fast or a slow cell cycle time in
either species was associated with any other varietal characteristic, although the possibility existed of a correlation with
some aspects of plant development such as the time to awn
appearance or flowering.
therefore, fairly open.

The choice of material for study was,
Barley genotypes were chosen in order

to obtain a wide variety of types with respect to morphology,
place of cultivation and rate of plant development (Dale and
Wilson 1977).

Similarly, a range of rye lines were selected

from available stocks.

Varietal characteristics of the barley

and rye genotypes have been given in Tables 2.1 and 2.2 of
Chapter II.

5A.2 Procedure
Plants were grown in a glasshouse and transferred to growth rooms one
to two weeks prior to anthesis.

Flowering commenced in early May,

1979 and continued until late July of the same year.

Spikes of the

barley and rye genotypes were emasculated and artificially self-
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pollinated. The developing fruits were harvested at 24 hour
intervals up to 5 days after pollination and fixed for later cytological examination.

Methods of emasculation, pollination,

harvesting and cytology have been described in Chapter II under
the appropriate headings.

The results of this work are given in Sections 5A.5, 5A.6 and 5A.7
in which the early seed development over the first 5 days postpollination of barley and rye is described and analysed.

The

development of the embryo and endosperm are more clearly understood
if the early stages of embryo sac development and pollination are
first considered, and these descriptions have been obtained from the
literature.

5A.3 The development of the embryo sac
The embryo sac development of barley and rye is basically that of the
Polygonum type described by Maheshwari (1950).

Development is

slightly modified in that after megagametogenesis the antipodal cells
continue to divide to give a variable number of cells, varying also
in ploidy (see Figure 5A.1).

The mature embryo sac thus contains an

egg cell with two associated synergid cells (the egg apparatus), two
fused polar nuclei and ten to forty antipodal cells.

The assembly

of the mature embryo sac is given in Figure 5A.2 and has been
described several times for members of the Gramineae (Morrison 1955,
Norstog 1972, Bennett, Rao, Smith and Bayliss 1973, Cass and Jensen
1970, and Bennett, Smith and Barclay 1975).
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The egg apparatus consists of a single egg cell with two synergid
cells on either side. All three cells are pyriform in shape and are
located at the micropylar end of the embryo sac.

The egg cell

contains a large number of highly refractile lipo/starch granules
(Norstog 1972).

At maturity the nucleus of the egg cell is organ-

ized into an early prophase-like condition in which the haploid set
of chromosomes are thread-like and radiate away from the nucleolus
(Bennett

et al.

1975).

are devoid of nucleoli.

The synergids have interphase nuclei which
t

The two polar nuclei are contained in the

central cell which is the largest cell in the embryo sac.

This lies

just behind the egg apparatus to which it is connected by cytoplasmic
strands. The two haploid nuclei are appressed together and appear
hemi-spherical.

Like the egg cell, these two nuclei appear to be in

prophase at maturity.

The antipodal cells lie behind the central cell and fill up the
remaining space at the chalazal end of the embryo sac of which they
occupy about half the volume. Their numbers vary greatly, but the
modal numbers have been estimated between 20 and 26 for barley and
about 12 for rye (Bennett

et al.

1975).

Antipodal cells are highly

endopolyploid and can continue to divide up to one day postfertilization.

5A.4 Pollination
The early events of pollination which lead to the germination of the
pollen grain have been described already, Chapter IV, Part B, Section
4B.3c.

Pollen tube growth can begin within five minutes after the

arrival of a viable pollen grain on a receptive stigma.

The pollen
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tube penetrates the stigma and grows down between cells of the style.
While the pollen tube is growing down the style, one of the synergid
cells of the egg apparatus begins to degenerate.

On reaching the

ovule, the pollen tube grows along its integuments, passes through
the micropyle and enters the embryo sac through the degenerate
synergid. The pollen tube then discharges its vegetative nucleus
and its two cellular sperms along with a variable amount of starch
into the degenerate synergid. These events of pollination which
lead to the fertilization of the egg and the central cell have been
discussed in greater detail by Pope (1937), Heslop-Harrison (1979a),
and Cass and Jensen (1970).

5A.5 Early seed development in barley and rye
5A.5a The endosperm
Mitosis of the endosperm had already commenced before the first
harvest date which was 24 hours after pollination. Endosperm
nuclei of both species were found to be contained in a sheet of
cytoplasm, the coenocyte, which at day one had grown around the
mass of antipodal cells which then occupied a position in the
centre of the main bulk of the coenocytic endosperm (Figures 5A.3
and 5A.4).

The antipodal cells reached their maximum size at

day one and this coincided with the time of the most rapid
replication of the endosperm nuclei. After day one the endosperm
became progressively pear-shaped with the embryo located at the
apex of the neck region (Figures 5A.9 and 5A.10).

The endosperm

of rye developed slower than that of barley; thus, at day two
the antipodal cells of barley were beginning to be displaced by

endosperm nuclei and began to degenerate, an event which generally
occurred at day three in rye.

The shape of the endosperm was

not caused by areas of localized division since it was found that
all the nuclei divide shortly after each other in waves which
pass through the entire endosperm. The shape taken up by the
endosperm is probably that of the space provided by the growing
fruit into which the endosperm grow.

Divisions in endosperms of both barley and rye were found to be
nearly synchronous over the first five divisions (32 nuclei).
Synchrony then became less pronounced and dividing nuclei were
seen to occur in waves.

In young endosperm (1 to 2 days old in

barley and up to 3 days in rye) the waves of division began at
the embryo end and spread to the chalazal end (see Figure 5A.5);
thus, nuclei near the embryo could be found nearing the completion
of mitosis, while those at the chalazal end were just beginning
to divide.

In older endosperm the waves of division began

further back from the embryo at the sides of the coenocyte from
where they spread in both directions to affect all nuclei.

The endosperm was frequently found to consist entirely of interphase nuclei numbering from 8 to 4096 in a 2 series (see Figures
5A.3 and 5A.10).

From this it was deduced that the onset of an

endosperm division proceeded only after the completion of the
previous wave. Barley endosperm nuclei were not counted after
day three since scoring was difficult because of the large
numbers of nuclei involved (>3000).

In barley, the endosperm

often became cellular at or shortly after day three at which
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point the accumulation of starch began to mask the nuclei and
make analysis difficult. Cell wall formation in the endosperm
did not occur until five days after pollination in rye (see
Figure 5A.12).

Cell wall synthesis was found to begin at the

embryo end and then spread throughout the rest of the endosperm.

At one day post-pollination most barley endosperms had undergone
5 divisions (32 nuclei, see Figures 5A.3 and 5A.5); the ryes
1

varied between 3 and 4 divisions (8 - 16 nuclei).

The replic-

ation rate of endosperm nuclei was found to be most rapid around
day one in both species, the growth curve being steepest at this
point (see Figures 5A.15 and 5A.16).

The rate of growth was

found to decline after day one and continued to do so over the
time course of this experiment.

The growth rate of the endo-

sperm was found to decline exponentially with time (see Section
5A. 6).

Only two aberrant endosperms were found out of a sum total of 529
examined: one of these was in the barley cultivar Ark Royal
while the second was in the rye cultivar Prolific.

The nature

of these aberrations can be seen in Figures 5A.13 and 5A.14 and
is indicated in the legends of these figures.

It is interesting

that each of these aberrant endosperms were found two days after
pollination which suggests that they are the result of mitotic
mistakes at a time when the endosperm was in its most rapid stage
of development.
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5A.5b The embryo
The zygote of all the barley and rye genotypes studied commenced
division much later than the primary endosperm nucleus. The
first mitosis was observed in some barley cultivars at day one
(see Figure 5A.4).

However, most barleys and all rye genotypes

did not form two-celled embryos until after one day postpollination (see Figure 5A.5).

Subsequent cell division of the

embryo proceeded at different rates with the barleys being faster
than the rye genotypes (see Table 5A.3).

Divisions in the

embryo of both species became asynchronous after the four-celled
stage (Figure 5A.7) and this was manifest in the changing morphology (Figures 5A.8 and 5A.9).

The zygote divided to produce a hemi-spherical two-celled embryo
of the same size.

The remaining synergid could still be found

to be associated with two and four-celled embryos, but had
degenerated in older seeds.

The two cells of the embryo then

divided with the more micropylar nucleus being slightly retarded
relative to the other (see Figure 5A.6).
The axes of these two
p/ff C4O° )
divisions were almost p
icu-ar to one another and the
resulting four-celled embryo was oval in shape (Figure 5A.9).
Subsequent divisions were not synchronous and the embryo became
pear-shaped (8 - 20 cells) and then torpedo-shaped (400 - 1000
cells).

Rye embryos did not develop past the pear-shaped form

during the time course of this study.
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Figure 5A.1

Diagramatic representation of the monosporic, Polygonum type
embryo sac development of barley and rye (Maheswari 1950)
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Figure 5A.2
Diagram of the mature pistil of barley and rye
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Figure 5A.3

Barley embryo sac one day post-pollination

Scale

= 52 im

barley genotype - Ark Royal

Legend: The zygote (z) has not divided and is located
in a nipple-like projection at the micropylar end of
the embryo sac.

There are 32 endosperm nuclei ( flu

which are all at interphase: these have begun to grow
around the antipodal cells (a) which occupy a position
near the centre of the coenocytic endosperm.

Cells

of the ovule wall are also seen (O.w. ).
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Figure 5A.4

Barley zygote one day post-pollination

.

.

4

.
.

Scale

= 13 im

barley genotype - Ark Royal

The photograph above was taken with the condenser
diaphragm closed down to show up the refractile
starch granules (s.g. ) of the zygote.

The nucleus

of the zygote is in an early prophase-like state.
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Figure 5A.5

Barley embryo one day post-pollination

Scale

= 42

barley genotype - Akka

Legend: The zygote has divided to produce a 2-celled
embryo (em).

The endosperm nuclei are at different

stages of division with nuclei at anaphase (an) at the
embryo end and nuclei at prophase (pr) at the chalazal
end of the embryo sac. The numbers of endosperm
nuclei are changing from 16 - 32.
(a) are highly developed.

The antipodal cells

A degenerate synergid cell

(s) is also visible.
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Figure 5A.6

A dividing 2-celled rye embryo two days post-pollination

Scale

30 um

rye genotype - Prolific

Legend: The two embryo nuclei at the tip of the
endosperm (en) are seen in division with the basal
one ( b ) at metaphase and the apical nucleus (a
at anaphase. Note that the axes of the two
divisions are almost at '.gh-t----ang1e to one another.
The outline of the embryo cells was visible when the
condenser diaphragm of the microscope was closed down.
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Figure 5A.7

The neck region of the endosperm of rye at three
days post-pollination showing a four-celled embryo

Scale

= 44 .im

rye genotype - 3004/10

Legend: The cluster of four relatively small
cells at the tip of the endosperm (en) is the
embryo (em).

The oval outline of the embryo

and that of the associated degenerating
synergid cell (Sy) is visible in places.
The endosperm consisted of 256 nuclei at this
stage of which 37 are present in the neck region.
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Figure 5A.8

An eight-celled barley embryo two days post-pollination

Scale

= 15 rIm

barley genotype - Proctor

Legend: The embryo (em) at the tip of the endosperm (en
is pear-shaped.

Note the gap (g) between the two sets

of four cells.

Embryos at this stage were difficult to

excise intact since they frequently cleaved along this
line of weakness.

The endosperm consisted of 512 nuclei

at this stage.
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Figure 5A.9

A fourteen-celled barley embryo two days post-pollination

1,
*_

..

S..

em

A

A
I
1~',

Scale

=

22 m

.

.- 40

barley genotype

-

Akka

Legend: The embryo (em) is pear-shaped.
Note the two suspensor-like cells at the
basal end of the embryo and the presence
of starch grains (s) at the apical end
of the embryo.
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Figure 5A.10

A rye endosperm three days post-pollination

Scale

= 160 im

rye genotype - Prolific

Legend: This coenocyte consists of 512
endosperm nuclei and contains some
degenerate antipodal cells (a).

A few

pollen grains (p) have invaded the
preparation.

The embryo was separated

from the endosperm during dissection.
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Figure 5A.11

A wave of divisions in a barley endosperm
nuclei two days post-pollination

Scale

= 28

barley genotype - Spratt Archer

Legend: This photograph shows a wave of endosperm divisions
spreading from right to left.

Nuclei nearing the completion

of division at anaphase (an) or telophase (te) are seen at
the right hand side with nuclei at earlier stages of division
such as late prophase ( Lpr ) and metaphase (m) at the left
hand side of the photograph.
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Figure 5A.12

A cellular region of a rye endosperm
five days post-pollination

Scale

= 14 rm

rye genotype - 3007/33

Legend: Cell walls (c.w. ) can be seen around
the dividing nuclei and are also beginning to
form between recent divisions M.

Refractile

starch grains (s.g. ) also begin to accumulate
at this stage in development.
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Figure 5A.13

Aberrant divisions in a barley endosperm

m
:

Of
lb

rfl••_,_•••

t

V

Scale

= 22

barley genotype - Ark Royal

Legend: A two day old endosperm
with aberrant mitoses: chromosome
bridges (b), lagging chromosomes (I)
and multipolar spindles (m) are all
displayed.
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Figure 5A.14

Aberrant rye endosperm nuclei

Scale

= 10 im

rye genotype - Prolific

Legend: A two day old endosperm
showing two mitotic aberrants;
a dumb-bell nucleus (d) on the left
which is a result of chromosome
bridges at telaphase and a coichicinelike metaphase (c) on the right
showing 21 rye chromosomes.
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5A..6 Growth rates of embryos and endosperms
5A.6a The embryo
The number of cells in the embryo at the five harvest dates are
given in Table 5A.1 for barley and in 5A.2 for the rye genotypes.
These data have been used to obtain information on embryo growth
rates.

From Figures 5A.15 and 5A.16 it can be seen that the

embryo growth rate for both barley and rye increases exponentially with time, i.e. is log/linear.

This relationship makes it

possible to calculate the mean cell doubling time using the slope
(= relative growth rate) of these lines and is given by the
following equation:
Ln2 x 24 hours
Mean cell doubling time (hours) =
relative growth rate
The relative growth rate and the mean cell doubling time data for
the barley and rye genotypes are given in Table 5A.3.

The

regression line from which the relative growth rate is obtained
intercepts the y-axis (number of cells) below the origin: this
point is a useful statistic and has been designated the symbol a.
The values of a are recorded in Table 5A.3.

The growth rate of the embryo is given by the following general
equation:
Lny

= bx - a

where y is the number of cells at time x and h is the slope of
the line (= relative growth rate) and the negative constant a the
point at which the line cuts the y-axis.

Both a and b values

can be calculated from the regression line using a Canon calculator.
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Table 5A.l
The mean number of embryo cells () at 1 to 5 days post-pollination
for the barley genotypes.

The standard error of the mean cell

number (SE) and the number of embryos examined (n) are also shown

Day 1
Genotype
Pirkka
Sechzeilige
Proctor
Spratt Archer
Akka
La Prevision
Craigs Triumph
Etu (?)
Ark Royal
Tralen Sidano
482
2x Sundance
Vada
Weeah
Igri
Clipper
Ymer
4x Sundance
Mans Mink
474

Day 2

Day 3

x

SE

n

x

SE

1.0
1.0
1.0
2.0
1.3
1.0
2.0

0.0
0.0
0.0
0.0
0.3
0.0
0.0

3
3
3
4
4
6
2

12.0

0.0

-

-

8.0
8.8
14.0

0.0
0.5
0.0

6
5
2

1.0
1.0

0.0
0.0

4
4

12.5
11.0
8.0
13.8

0.5
0.0
0.0
1.0

2
1
5
4

1.2
1.0
1.0
1.0
2.0
1.0
1.0
1.2
1.0

0.2
0.0
0.0
0.0
0.0
0.0
0.0
0.2
0.0

4
4
5
5
3
4
5
5
1

8.5
8.0
8.0
8.3
8.0
11.5
20.0
8.0
8.0

0.5
0.0
0.0
0.3
0.0
2.4
1.0
0.0
0.0

4
4
4
3
5
4
2
3
3

-

-

-

-

-

Additional data:

-

-

-

-

-

Day 4

Day 5

n

x

SE

n

x

SE

n

x

SE.

n

2

91.4
103.0
52.7
72.3

4.5
0.0
10.5
11.5

8.7
4.1
-

5
1
3
4

4
5
-

46.0
73.0
25.0

1.0
5.6
6.0

-

2
4
2

-

20.0
28.0
44.8
41.0
27.0
22.0

7.0
0.0
12.3
1.7
1.7
6.0

2
1
4
3
3
2

287.0
224.3
210.3
456.4
313.9
355.0
239.7
432.0
134.3
703.0
366.0
164.0
114.2
116.0
137.2

31.1
25.0
71.6
50.1
25.2
26.5
23.3
39.6
21.3
66.3
56.3
10.1
17.4
12.0
15.9

5
3
4
5
8
4
3
6
4
6
5
5
8
2
5

142.0
148.3
52.7
64.0

18.9
13.9
6.4
0.0

4
5
5
1

1631.3
1346.8
1298.2
1016.0
706.7
703.0
1347.3
1512.8
587.0
858.5
977.5
702.3
536.6
442.0
392.8
616.8
486.3
491.0
447.3

89.2
126.3
71.6
80.9
31.5
88.8
125.3
60.8
25.0
14.5
43.5
56.2
53.7
41.7
47.2
49.1
32.9
44.8
45.0

3
4
5
3
3
4
6
4
5
2
2
3
8
5
4
5
7
4
5

-

-

40.0
56.8
-

-

-

-

-

2x Sundance at day 3.5

x = 136.3, SE = 8.7, n = 3

Ark Royal

x = 3335.7, SE = 504.9, n = 3

at day 6

-

-

Table 5A.2
The mean number of embryo cells (x) at 1 to 5 days post-pollination
for the rye genotypes.

The standard error of the mean cell

number (SE) and the number of embryos examined (n) are also shown

Day

Day

Day

Day

Day

Genotype

x

SE

n

x

SE

n

x

SE

n

x

SE

n

x

SE

n

3007/33
Prolific
Ensi
300/10/6
Dominant
2x Petkus Somro
3004/10
4x Petkus Somro
3001/4
3007/4
3008/3
3003/7
Puma

1.0
1.0

0.0
0.0

5
4
5
4

-

5
2

-

17.5
16.7

5.5
0.7

4
3

-

33.2
37.0
16.0

6.9
1.3
0.0

0.3
0.0
0.0

4
6
5

1.0
1.0

0.0
0.0

4
4

0.2
0.5
0.0
0.0
0.5
0.0
0.5
0.0
0.3
0.3

5
4
1
5
4
3
5
4
3
3

17.5
11.0
22.3
8.0
10.0
11.0
8.4
12.8
6.0
11.5

1.5
2.0
0.8
0.0
1.1
2.0
1.2
1.4
0.0
1.5

5
4
4
3
4
5
5
4
1
2

-

1.3
1.0
1.0

8.2
4.5
8.0
4.0
4.5
4.0
3.2
4.0
4.3
4.3

-

5
7
5

4

0.3
0.3
0.0
0.3

0.4
0.5

0.0

1.2
1.8
1.0
1.8

4.3
6.5

1.0

-

6
4

38.5
30.0
23.3
20.0
16.0
16.0
19.0
19.6

2.4
0.0
2.9
1.8
0.0
0.0
1.6
2.0

4
1
3
5
3
4
6
3

-

1.0

-

0.0

-

5

Additional data:

4.2
-

- 0.4 6
- -

2.0
2.0
1.3

0.0
0.0
0.3

5
4
2

2.0
3.0

0.0
1.0

6
4

-

-

-

-

-

-

300/10/6 at day 6

x = 68.2, SE = 14.6, n = 5

3004/10 at day 8

X

= 184.0, SE = 81.5, n = 3

-

Table 5A.3
Barley/rye embryo growth rate statistics: the mean number of
cells at day 5, the mean cell doubling time in hours, the
relative growth rate and the correlation coefficient between the
increase of the natural logarithm of the number of cells with time
and the intercept of the correlation line on the z1-axis (the a value)

Mean cell
doubling
time
(hours)

Relative
growth
rate (b)

Correlation
coefficient

a
value

1631.3
1346.8
1298.2
1016.2
706.7
703.0
1347.3
1512.8
587.0
858.5
977.5
702.3
536.3
442.0
392.8
616.8
486.3
491.0
447.3

9.2
9.3
9.5
9.9
10.0
10.1
10.3
10.5
10.7
10.8
10.9
11.1
11.2
11.3
11.5
11.6
11.8
11.9
11.9
12.9

1.80
1.78
1.74
1.68
1.67
1.65
1.62
1.59
1.55
1.54
1.53
1.50
1.48
1.47
1.44
1.34
1.40
1.40
1.40
1.29

0.988
0.994
0.997
0.988
0.985
0.998
0.991
0.984
0.986
0.964
0.935
0.977
0.976
0.995
0.984
0.999
0.980
0.974
0.985
0.965

-1.39
-1.65
-1.53
-1.96
-1.19
-1.63
-0.99
-0.46
-1.18
-0.52
-0.49
-0.69
-1.22
-1.20
-1.07
-0.78
-0.73
-0.65
-1.11
-0.77

33.2
37.0
16.0

15.7
17.7
18.0
18.0
18.3
19.4
20.7
21.3
21.4
21.8
22.1
22.6
22.7

1.06
0.95
0.92
0.92
0.91
0.86
0.80
0.78
0.78
0.76
0.75
0.74
0.73

0.976
0.989
1.000
0.985
0.918
0.977
0.997
0.992
0.985
0.933
0.973
0.985
0.980

-1.64
1.13
-1.85
-0.97
-0.33
-0.44
-0.90

Mean
number
of cells
at day 5

Genotype
Barley
Pirkka
Sechzeilige
Proctor
Spratt Archer
Akka
La Prevision *
Craigs Triumph
Etu (?)
Ark Royal
Tralen Sidano
*
482
2x Sundance
Vada
Weeah
Igri
Clipper
Ymer
4x Sundance
Mans Mink
*
474

*

-

Rye
3007/33
Prolific
*
Ensi
300/10/6
*
Dominant
2x Petkus Somro
3004/10
4x Petkus Somro
3001/14
3007/4
3008/3
3003/7
Puma

-

38.5
30.0
23.3
20.0
16.0
16.0
19.0
19.6

-0.88
-1.10
-0.71
-0.79
-0.78

* data unreliable due to lack of replicates
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LA A

The mean number of endosperm nuclei (x) at 1 to 3 days post-pollination
for the barley genotypes.

The standard error of the mean nuclei

number (SE) and the number of endosperms examined (n) are also shown

Day

Day
Genotype

x

SE

n

x

SE

n

x

SE

n

Pirkka
Sechzeilige
Proctor
Spratt Archer
Akka
La Prevision
Craigs Triumph
Etu (?)
Ark Royal
Tralen Sidano
482
2x Sundance
Vada
Weeah
Igri
Clipper
Ymer
4x Sundance
Mans Mink
474

32.0
16.0
32.0
24.0
25.0
32.0
32.0
30.0
37.3
64.0

0.0
0.0
0.0
4.6
5.3
0.0
0.0
1.2
5.3
0.0

3
4
6
4
4
7
3
4
6
2

1135.4
-.
618.8
859.9
1090.8

69.8

-

5

-

56.6
72.2
66.8

8
8
6

4096.0
4281.3
4096.0
4096.0
3215.0

0.0
117.9
0.0
0.0
521.9

3
5
4
4
4

6
5
6
4
5
4
5
6
1

4
4
3
6
5
5
4
8
7
4
4
5
4
6

0.0

0.8
2.6
4.5
0.0
7.1
0.0
0.0
0.0
0.0

0.0
96.3
65.0
56.8
192.3
52.9
91.4
9.9
22.3
0.0
18.7
51.2
17.5
7.8

8192.0

10.3
24.4
18.7
16.0
21.8
8.0
8.0
32.0
8.0

1024.0
877.5
959.0
1080.0
1635.4
423.0
492.5
257.1
544.6
512.0
550.3
307.2
529.5
501.2

Additional data:
0)

Day

-

- -

-

4x Sundance at day 4

-

-

4338.0
-

3584.0
2048.0
4022.6
1864.3
1707.2
1544.1
4282.8
1024.0
2048.0
2048.0

- 4
- 206.9 4
- -

512.0
0.0
147.0
124.2
215.7
190.6
186.8
0.0
34.4
0.0

x = 2048.0, SE = 0.0, n = 4

4
4
5
8
5
8
5
3
5
2

Table 5A.5
The mean number of endosperm nuclei (x) at 1 to 5 days post-pollination
for the rye genotypes. The standard error of the mean nuclei
number (SE) and the number of endosperms examined (n) are also shown

Day 2

Day 1

Day 3

SE

n

x

SE

n

2048.0
1024.0

0.0
0.0

7
4

-

3300.0
2048.0
1977.3

0.0
0.0
50.7

1
4
3

1024.0
1797.5
1092.0
1024.0
1693.8
1024.0
869.6
1024.0
512.0
1478.7

0.0
177.7
68.0
0.0
241.7
0.0
92.7
0.0
0.0
154.0

2
4
7
2
4
6
7
4
1
6

2048.0
2048.0
3408.5
2048.0
1877.3
2048.0
2048.0
2048.0

0.0
0.0
197.5
0.0
170.7
0.0
0.0
0.0

4
2
2
5
6
4
5
3

Genotype

x

SE

n

x

SE

n

x

SE

n

x

3007/33
Prolific
Ensi
300/10/6
Dominant
2x Petkus Somro
3004/10
4x Petkus Somro
3001/14
3007/4
3008/3
3003/7
Puma

8.0
5.0
8.0
7.0

0.0
1.0
0.0
1.0

3
4
1
4

114.8
122.6

13.3
16.3

539.3
512.0

27.3
0.0

6
4

129.8

-

4
5

1.8

8

8.0
10.0
8.0

0.0
2.0
0.0

4
4
5

10.0
16.0
16.0
10.7

2.0
0.0
0.0
2.7

4
4
3
3

210.5
128.0
256.0
152.8
112.0
128.0
128.0
240.5

19.0
0.0
0.0
24.8
16.0
0.0
0.0
9.2

8
4
4
4
4
3
4
4

893.3
410.0
341.3
479.7
1024.0
253.5
402.3
256.0
256.0
516.8

71.0
51.2
85.3
20.5
0.0
2.5
51.7
0.0
0.0
4.8

7
6
3
6
4
4
7
5
4
5

-

-

-

-

-

-

-

-

-

Day 5

Day 4

-

-

-

-

Standard errors greater than 0.0 are indicative of endosperms undergoing division

-

-

Figure 5A.15

Endosperm (En) and embryo (Em) growth rates of two
barley varieties: Mans Mink (MM) and Proctor (P)
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Figure 5A.16

Endosperm (En) and embryo (Em) growth rates of
two rye varieties: Puma (P) and 3007/33 (3)
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The equations for the growth rates of the fastest and slowest
barleys and ryes are:

Pirkka (fast)

Lny = 1.8x - 1.4

474

Lny = 1.3x-0.8

Barley
(slow)

3007/33 (fast)

Lny

= 1. lx - 1.6

Puma

Lny = 0.7x - 0.6

Rye
(slow)

5A.6b The endosperm
From Figures 5A.15 and 5A.16 it can be seen that in both barley
and rye the growth rate of the endosperm diminishes with time.
The growth rates of the endosperm, therefore, cannot be as easily
defined as those of the embryo.

Nevertheless, it is possible

to describe the changing growth rate.

Rye data are more suit-

able for analysis than the barley data since there are five
points on the time course, whereas with barley endosperm there
are only three.

The genotype 3004/10 has been taken as a

representative example of rye. Data for the mean number of
nuclei at days 1 to 5 (Table 5A.5) have been plotted in Figure
5A.17 and tangents drawn to the curve at the five daily intervals.
Thèslope of the curve at these five points can now be estimated
from their tangents using the formula:
Ln(y1/y2)
slope (b)

=

I'

X

-

where yj is the number of nuclei at time x1 , etc.

The estimated

gradients for the five points are given below in Table 5A.6.
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Figure 5A.17
Graph of the mean number of endosoerm nuclei
2000

1000
WE
MOC

0
.4)
Cd
bi

200
0

a)

40

z

20

10
0

1

2

3

4

5

Time (days)

171

Figure 5A.18
The rate of endosperm division plotted
against time for the rye genotype 3004/10
(b) semi-log, plot

(a) normal plot
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(x)
I
2
3
4
5

Y1

Y2

1000
350
810
1500
2048

10
44
300
810
1300

Slope
(b)
4.61
2.07
0.99
0.62
0.45

The values obtained of b have been plotted against

X

on an

arithmetic (Figure 5A.18a) and a logarithmic scale (Figure
5A.18b).

The correlation coefficient for the line obtained

on the semi-logarithmic plot was -0.89.

The linearity of the

semi-log, indicates that the relative growth rate of the
endosperm declines in an exponential manner with time.

The above calculations are subjective in that both the growth
curve and the tangents were drawn by eye. Nevertheless, there
is a fairly good correlation between the rate of growth and time
(Figure 5A.18b).

Similar high correlations have also been

found for endosperms of other ryes and barleys.

It is concluded,

therefore, that the relative rate of nuclei production in the
endosperm declines exponentially with age.

5A.7 Comparison between the rates of
embryo and endosperm development
The endosperm growth rate is. not constant over the time course studied
and this makes comparison with the embryo difficult.

In Tables 5A.4

and 5A.5 the barley and rye genotypes have been arranged in order of
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their embryo growth rate: the fastest developing embryos are at the
top of the table and the slowest are at the bottom. From these two
tables it can be seen that there is some correlation between the
relative growth rate of the embryo and the number of endosperm nuclei
f lVe

at the fi-e-d harvest dates. There are three notable exceptions in
the case of the barley table (5A.4): it can be seen that the cultivars Craigs Triumph and Ymer have exceptionally rapid developing
endosperms and in the case of the rye table (5A.5) it is seen that
tetraploid Petkus Somro has a faster developing endosperm than would
be expected from its embryo growth rate. These anomalies have
reduced the correlation between embryo relative growth rate and number
of endosperm cells at day 3 for barley (r = 0.60) and at day 5 for
rye (r = 0.82).

Plots of the number of embryo cells against the number of endosperm
nuclei for each harvest date for five barley genotypes with fast
developing embryos and five with slow growing embryos are shown in
Figure 5A.19.

Figure 5A.20 shows the equivalent graph for rye

genotypes. Fast and slow developing genotypes cannot be distinguished in these two figures since the data for fast and slow genotypes are intermingled.

When data for both species are superimposed

(Figure 5A.21), the same general relationship is seen to apply for
both barley and rye.

From earlier figures (5A.15 and 5A.16) it is

seen that the growth rates of the embryo and endosperm vary and that
slow and fast developing types can be distinguished.

Once the time

factor is removed, however, it is seen that these types can no longer
be separated.

The pattern of development obtained (Figure 5A.21)
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Figure 5A.19
Ln number of endosperm nuclei plotted
against the Ln number of embryo cells
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Figure 5A.20
Ln number of endosperm nuclei plotted
against the Ln number of embryo cells
n
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Figure 5A.21

Ln mean number of embryo cells
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is the same for both species and this infers that early seed development progresses in the same manner for all genotypes of barley and
rye. The correlation between the numbers of embryo cells and endosperm nuclei suggests that the factors which affect the growth rate
of the embryo also influence the endosperm.

5A.8 Discussion
The early developmental pattern of the embryo and endosperm in Hordeum
vulgare and Secale cereale genotypes was found to be similar and
agrees with previous descriptions of early seed development (Pope
1937, Pope 1943, Maheshwari 1950, Odenbach 1964, Bennett, Smith and
Barclay 1975, and Bennett, Finch and Barclay 1976).

There is,

however, some confusion concerning the shape of the four-celled
barley embryo.

According to Norstog (1972) both cells of the two-

celled embryo divide in .the same plane to produce a tier of four
cells.

Odenbach (1964) on the other hand recorded four-celled

embryos as having an oval shape similar to that found in the present
study for rye embryos (Figure 5A.7) and this was the product of perpendicular divisions of the two-celled embryo (see Figure 5A.6).
Unfortunately, four-celled barley embryos were never seen in this
study since this stage occurred between harvest dates.

It is

difficult to discern how the relatively complex structure of the
eight-celled embryo (Figure 5A.8) could have developed from a row of
four cells as described by Norstog (1972), and the description given
by Odenbach (1964) is preferred.

Odenbach (1964) does report,

however, an odd variation in the structure of four-celled barley
embryos.

The anomalous embryo was in the shape of a disc with each

of the four cells occupying one quarter of the area.

This structure

is probably the result of the apical four cells separating from the
other cells of an older embryo which has been found here (Figure 5A.8).
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Although the pattern of embryo and endosperm development was similar
in all genotypes studied, there was a marked difference in developmental rates.

For instance, the mean cell doubling time of the

embryo over the first five days after pollination ranged from 9.3 to
12.9 hours for the barley genotypes and from 15.7 to 22.7 hours for
the ryes. The results for barley are in close agreement with those
of Bennett et at. (1976) who, using similar conditions, obtained a
mean cell doubling time of 11.5 hours for the cultivar Vada; a value
The

of 11.2 hours was found for this genotype in the present study.

mean cell cycle time of barley embryo cells in the cultivar Sultan
was 12.3 hours (Bennett et at. 1975) and this also lies within the
range of values obtained for the barley genotypes.

The values for the growth rate of rye embryos, 15.7 to 22.7 hours,
are all slower than the 14.0 hours calculated for the cultivar Petkus
Spring by Bennett et at. (1975).

This rye was not studied here and

the relatively fast cell cycle time may be a genotypic effect.

The

value of 14.0 hours is not too surprising when the wide diversity
(7 hours) of embryo growth rates of the rye genotypes is considered.
The rye 2x Petkus Somro and its tetraploid version were also studied
by Cooper (1978) along with diploid and tetraploid Sundance barley.
All the growth rates obtained by Cooper are slower than those
obtained here for the same genotypes. The discrepancy between the
two sets of results is likely to be caused by environment effects
such as temperature and irradiance.

Cooper harvested her developing

fruits from glasshouse plants, whereas a constant environment was
used in this study.
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The differences in environmental conditions have significance for
hybridization since these may alter the rank order of mean cell
doubling times of embryos obtained here.

It was felt necessary,

therefore, that conditions for crossing in Part B should be the
same as in Part A.

The endosperm development of all the genotypes studied was coenocytic at first and over two thousand nuclei were produced in it.
The rate of doubling of nuclei in the endosperm was found to decline
exponentially with time.

The fastest rates occurred around day one

post-pollination in barley and extended to day two in the rye genotypes.

It is interesting to note that the time of the most rapid

growth of the endosperm coincided with the time of maximal development of the antipodal cells. These cells degenerate suddenly during
the coenocytic phase at about day two in barley and around day three
in rye endosperms.

The role of the antipodal cells remains a topic of speculation.

A

secretory function was suggested by Brink and Cooper (1944) and by
Zinger and Poddubnaya-Arnoldi (1967); combined with evidence that
the antipodal cells synthesize proteins (Heslop-Harrison 1972), this
suggests that these may act as a source of protein for the rapidly
developing endosperm.

It has been demonstrated that for both barley and rye, the increase in
the number of endosperm nuclei with time correlates with the increase
in the number of embryo cells.

It seems likely, therefore, that the

factors which affect the growth rate of the embryo also influence the

180

endosperm.

The correlation is not so pronounced within each species;

nevertheless, barleys and ryes with relatively fast growing embryos
were generally found to possess rapid developing endosperms (Tables
5A.4 and 5A.5); conversely, genotypes with slow growing embryos
possessed slow developing endosperms.

When the time factor was

removed it was found that the relationship between the number of
endosperm nuclei and the number of embryo cells was the same for both
species (Figures 5A.19, 5A.20 and 5A.21).

This common pattern of

early seed development may also apply to other genera of the
Gramineae.

Tetraploid barley endosperm was found to develop at a slower rate
than its diploid version, similarly the embryo, and this was also
found by Cooper (1978).

In contrast to Cooper's findings, endosperm

of tetraploid rye was found to develop faster than its diploid form.
Cooper did record, however, a faster rate of development in tetra—
ploid rye than in the diploid version over the first two days after
pollination.

It is possible that fluctuation in glasshouse

conditions caused a retardation in further development. No other
data has been obtained for growth rates of tetraploid rye endosperm,
but it is known that increasing the ploidy level can speed up as well
as slow down the meiotic and mitotic cycle times of various tissues
(fl and eett 1972, and Bennett et al. 1975).

IMI

5A.9 Conclusions
The results obtained in this chapter from parental tissues are
important in establishing the following points:
Barley and rye genotypes differ in the mean cell cycle time
of their embryos and within each species a range is found.
Because of possible effects of environment, notably
temperature, crossing programmes which attempt to assess
the effects of parent cell cycle times on hybrid develop—
ment must adopt similar conditions as used here.
The data on normal seed development enable a comparison
of hybrid development to be made.
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('T.JADP'D IM

TESTING THE HYPOTHESIS

5B.1 Introduction
On the basis of the data obtained for cell cycle times, a test of
the parental cell cycle hypothesis was now possible.

The barley

genotypes with the fastest and slowest rates of early seed development were selected and crossed in combinations with the fastest and
slowest ryes.

The predicted compatibility of these crosses is

indicated in Table 5B.1.

Unfortunately, data for the barley

cultivar Pirkka which has the fastest embryo growth rate were
originally miscalculated and Pirkka was, therefore, not included
in these crosses: the cultivar Proctor was included instead.
Crosses of intermediate compatibility were also included in the
crossing programmes to provide additional data.

Two crossing programmes were organized, one in the spring and early
summer of 1980, the other in the spring of 1981.

The first of these

was designed principally to provide material for the cytological
investigations of the developing hybrid embryo and endosperm, but
surplus spikes were used to produce embryos for culture purposes.
The second crossing programme was organized to produce hybrid embryos
solely for culturing in an effort to produce hybrid plants. Each
of the crossing programmes incorporated compatible and incompatible
matings so that as much information as possible could be obtained in
order to assess the parental cell cycle hypothesis.
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Table 5B.l
The crosses selected to test the parental cell cycle hypothesis.
The parents with the mean cell doubling time of their
embryos and the expectation of the crosses are shown

Rye (male)

Barley (female)

Genotype

Mean cell
doubling
time of
the embryos
(hours)

-

Genotype

Mean cell
doubling
time of
the embryos
(hours)

Difference
between
parental
mean cell
doubling
times
(hours)

Relative
expectation
of the
cross

Included
in
crossing
programme
1
and/or
2

474

12.9

3007/33

15.7

2.8

Compatible

1

Mans Mink

11.9

3007/33

15.7

3.8

Compatible

1 + 2

474

12.9

2x Petkus Somro

19.4

6.5

Intermediate

1

Mans Mink

11.9

2x Petkus Somro

19.4

7.5

Intermediate

1

2x Sundance

11.1

2x Petkus Somro

19.4

8.3

Intermediate

1 + 2

Proctor

9.5

Puma

22.7

13.2

Incompatible

1 + 2

Sechzeilige

9.3

Puma

22.7

13.4

Incompatible

1

The periods of crossing were from May - July, 1980 and from April June, 1981.

Unfortunately, in the first crossing programme several

plants of the winter rye 3007/33 remained vegetative for eight.- ten
weeks after sowing and did not come into flower at the expected time,
perhaps by being devernalized by high temperatures in the glasshouse
when sown.

Sufficient plants were available to complete the crossing

for the cytological investigation, but the pollen supply from this
genotype ran out before any crossing could be made for embryo culture
purposes. The maternal barley parents of compatible crosses with
3007/33 were re—sown and some crossing was made later in 1980 in an
effort to produce hybrid embryos for culturing.

5B.2 The effect of parental cell cycle times on
intraspecific hybrids of Hordewn vuLgare
From Table 5B.1 of Part A it is seen that there is a considerable
variation in cell cycle times within the species Hordewn vuLgare.
During the second crossing programme it was possible to hybridize the
barley Mans Mink (female) with Proctor (male).

The difference in

cell cycle times of the two barleys is 2.4 hours and approaches that
of the most compatible intergeneric cross, viz. 474 X 3007/33.

A

comparison between intraspecific and intergeneric hybridization where
the disparity in parental cell cycle times is similar would be of
interest and the cross was, therefore, carried out.

The cross also

serves as a check on techniques.

Emasculated spikes of Mans Mink were pollinated by inserting a
dehiscing anther of Proctor into each floret.

Two replicas were set

up and each was harvested at day five after pollination. The number
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of embryo cells out of a total of six fruits was counted. The
hybrid embryo was found to have a mean cell number of 650; the mean
number of embryo cells in the parents at this age was found to be
447 and 1298 for Mans Mink and Proctor respectively (see Table
5A.3).

The hybrid is, therefore, seen to occupy an intermediate

position and this suggests that the genetic control of the cell
cycle time within the species is multi-allelic in nature.

5B.3 Procedure
The techniques which were found to be the most beneficial for hybrid
production (Chapter IV) were brought together here and used as a blueprint. The environment of the maternal plants was the same as that
of Part A with respect to temperature and light conditions.
Environmental conditions were standardized as it was feared that
changes in temperature might alter the rank order of parental cell
cycle times.

Barley genotypes were used as female parents and were emasculated in
the same manner as for the self-pollination studies (Part A).

This

meant that the two-row barleys, Mans Mink, Proctor and 2x Sundance
were completely emasculated with the exception of underdeveloped
florets at the base and apex of each spike which were removed.
Spikes of the six-row barleys, Sechzeilige and 474 had their central
florets removed: the remaining four rows of lateral florets were
then emasculated as for the two-row barleys.

Hybrid fruits were,

therefore, formed in the central florets of two-row barleys and in
the lateral florets of the six-row barleys.

The standardization of

emasculation was done so that comparisons could be made with the
development studied in the parental types.
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Emasculated spikes were enclosed in plastic bags and cross-pollinated
two to four days later.

The day after pollination, spikes were

treated with a solution containing 75 mg 1_i GA3f 25 mg 1_1 NAA and
25 mg 1 2iP.

The application of growth regulators at day one

post-pollination was found to give the best results for hybrid embryo
production (see Chapter IV, Part B).

Approximately 0.025 cm3 of

this solution was syringed into each floret.

In the first crossing

programme, spikes were harvested at 48 hourly intervals from day one,
viz, on days 1, 3, 5, 7 and 9.

Two replicate spikes were taken at

each harvest date and these were fixed in Carnoy's fixative and
stored at 4°C.

Four or five fruits were taken from the middle section of each spike
and stained with Schiff's reagent using the method of Feulgen.

The

hybrid embryo and endosperm were then dissected out from three of
these fruits and records were made of the development of the embryo
sac.

The remaining fruits were used as substitutes in cases of

damage due to poor dissection.

Data from six florets, three from

each replicate spike, were obtained, therefore, for each harvest date.

The spikes which were used for the production of embryos for culture
purposes consisted of surplus spikes from the first crossing programme
and all the spikes from the second crossing programme.

The methods

of emasculation, pollination and chemical treatment were the same as
those indicated earlier, but these spikes were allowed to develop
until 16 - 18 days after pollination. Embryos were removed from
harvested fruits and were either cultured or taken for cytological
studies where they were stained with Giemsa in an attempt to determine
their cytological status and whether they were hybrid.
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5B.4 Hybrid development
The results will be taken in the following order.

First, success or

otherwise of the crosses will be assessed in terms of embryos produced
and developed by 16 - 18 days after pollination.

Secondly, success

is assessed at a more refined level by considering aspects of early
endosperm and embryo development in predicted compatible and incompatible matings.

Finally, attempts to produce hybrid plants via the

culture of well-developed and callused embryos are considered.

5B.4a The production of hybrid embryos assessed at day 16
Fruits harvested at day 16 were found to contain hybrid embryos
at various stages of development.

It was sometimes the case

that very small (<0.5 mm) and aborted embryos were found: these
were not scored.

In Table 5B.2 the frequency of surviving

embryos at day sixteen is recorded; these embryos were relatively large (>0.5 mm) and appeared to be healthy. (white).

From Table 5B.2 it can be seen that the frequency of surviving
embryos was very low in the first crossing programme.

Seasonal

factors are known to affect hybridization and the low number of
embryos recovered is probably due to the lateness of these
crosses; the commencement of crossing programme 1 was later in
the year than crossing programme 2. The results given in Table
5B.2 for the first crossing programme are from spikes not used in
the cytological investigation and were consequently the later
maturing spikes from each batch of barley plants.

It is also seen from Table 5B.2 that all crosses involving sixrow barleys failed to yield surviving embryos at day 16.

Hybrid

fruit development was in the lateral florets of the six-row
barleys. The removal of the central row of florets may have
damaged the spikes sufficiently to cause the failure of these
crosses.

The crosses involving six-row barleys were not

continued in the second crossing programme.

The 2x Sundance X 2x Petkus Somro cross also failed to produce
apparently healthy 16 day old embryos in crossing programme 1.
This cross is normally expected to produce around 2% of embryos
per pollination, and the lack of success suggests that glasshouse
conditions in the late spring of 1980 were not conducive to
hybridization.

These 1980 crossings did, however, produce some

results which were in agreement with the parental cell cycle
hypothesis.

It was found that the predicted incompatible cross

Proctor X Puma produced few embryos relative to the predicted
compatible cross where Mans Mink was the maternal parent. The
Mans Mink X 3007/33 mating was predicted to be more productive
than the Mans Mink X 2x Petkus Somro cross, but the lower
frequency of embryos in the former cross was probably the result
of crossing later in the year; the Mans Mink X 3007/33 cross
was delayed because the male parent, 3007/33 remained vegetative
until July, 1980.
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The production of 16 day old healthy embryos was improved in the
second crossing programme and it can be seen from Table 5B.2 that
the results are in agreement with the predictions made by the
hypothesis.

The predicted compatible cross Mans Mink X 3007/33

produced the greatest frequency of embryos and the predicted
incompatible cross Proctor X Puma the least, with the 2x Sundance
X 2x Petkus Somro mating occupying an intermediate position.

It was found that embryos from the predicted intermediate and
incompatible crosses were often with callus (Table 5B.3).

In

the Proctor X Puma cross it was found that embryos which did not
form callus were frequently less than 1 mm long.

The predicted

compatible cross Mans Mink X 3007/33 on the other hand produced
well-formed, oval-shaped embryos and several of these were quite
large, approximately 3 mm in length.

Taking the results of Tables 5B.2 and 5B.3 into consideration, it
appears that parents with the more similar cell cycle times give
more embryos than crosses where the parental cell cycle times are
dissimilar.

The cause of the relative success of these crosses

is considered in greater detail in the cytological study.
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Table 5B.2
The number and frequency of 16 day old embryos produced from various crosses

Cross

Prediction
of the
cross

Crossing
Programme
Number

Number
of
spikes

Number
of florets
pollinated

Number of
healthy
embryos
at 16 days

Percentage
of healthy
embryos per
pollination

CD
1-4

ct
0
H
0

(0

474*
X
3007/33

Compatible

Mans Mink
X
3007/33

Compatible

474*
X
2x Petkus Somro

Intermediate

Mans Mink
X
2x Petkus Somro

Intermediate

2x Sundance
X
2x Petkus Somro

Intermediate

Proctor
X
Puma
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X
Puma
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-
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-

-

-

-

1
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2

-

-

-

-

1

6
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0

0.0

2

7

222

5

2.3

1
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240

2

0.6

2

18

872

13

1.5

1

6

186

0

0.0
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-
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The number, size and presence of callus on hybrid
embryos obtained from crossing programme 2

Number of embryos

Total

of

>I mm

Cross

embryos

long

Mans Mink
X
3007/33

14

2x Sundance
X
2x Petkus Somro

5

Proctor
X
Puma

13

Key:

about

about

m

2 m

3 m

4

long

long

long

long

4

1

9

about

number

5

1

about
m

3

2#

5*

3#

* = two with callus; # = all with callus

5B.4b Cytological investigation of hybrid fruits
Spikes containing hybrid fruits were harvested at 1, 3, 5, 7 and
9 days after pollination.

The spikes were then fixed and stored

in Carnoy's solution at —4°C.

The fruits of these spikes were

dissected and the development of the hybrid embryo and endosperm
was assessed after staining with Schiff's reagent.

Photographs

with legends of the hybrid embryos and endosperms are given later
in Figures 5B.1 to 5B.9.
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i The hybrid endosperm
Hybrid endosperm was absent from all 9 day old fruits, but the
development of 1 to 7 day old endosperm for the various crosses
is given in Table 53.4. The data show that the number of
endosperm nuclei is very variable, but peaks at around day 3.
The decline in numbers after this time may be due to degeneration of nuclei or to fusion of nuclei.

Polyploid nuclei were common throughout the time course and
there are several ways in which these may be formed. There
is the possibility that separate nuclei fuse together and
hence reduce nuclei number, but for which there is no evidence.
It is also likely that polyploid nuclei are formed by incomplete separation of daughter nuclei and there is evidence
for this (see Figure 53.8).

Aberrant mitoses were found in

the Proctor X Puma and the Sechzeilige X Puma crosses. These
aberrants were similar to coichicine-metaphases and suggest
that the spindle apparatus was not formed; the failure of the
chromosomes to separate could also cause the formation of
polyploid nuclei.

The occurrence of enlarged nucleoli was not a general phenomenon. When it occurred this was at 2 - 4 days prior to endosperm collapse (see Figure 5B.9).

The incidence of enlarged

nucleoli was thus found at day 1 and day 3 in endosperms of
predicted incompatible matings and at 5 and 7 days in themore
compatible crosses.

Cooper (1978) also found prominent

nucleoli to occur in hybrid endosperm prior to its disappearance.

It is not known if such nucleoli have a function and it

may be that such a state is a symptom of death.
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The degeneration of the endosperm was found to occur earlier in
predicted incompatible crosses than in the more compatible ones
(see Table 5B.4).

Death occurred at around day 5 in the

Proctor X Puma and the Sechzeilige X Puma crosses in which the
differences between parental cell cycle times of their embryos
was greater than 13 hours.

In the Mans Mink X 3007/33, Mans

Mink X 2x Petkus Somro and 474 X 2x Petkus Somro matings where
the difference between parental cell cycle times was less than
8 hours, the endosperm was found to survive until 7 days after
The Mans Mink X 3007/33 cross was predicted to be

pollination.

more compatible than the Mans Mink X 2x Petkus Somro cross
which was in the intermediate category.

The endosperm produced

in the Mans Mink X 3007/33 cross possessed more nuclei than
that of the Mans Mink X 2x Petkus Somro cross at day 7 and
indicates that the degree of polyploidy was not as pronounced
(Table 5B.4).

The endosperm was also found more frequently to

be present at this age in the predicted compatible cross and is,
therefore, thought to be better developed than that of the
predicted intermediate cross.

The results of hybrid endosperm development are seen to correlate,
therefore, with the predictions made by the hypothesis, i.e.
endosperm survivies longer in predicted compatible crosses than
in incompatible matings.
Key to Table 5B.4:
A
B
C
D
E
?
x

=
=
=
=
=
=
=
=

number of nuclei
polyploid nuclei
colchicine-like metaphases
expanded nucleoli
dumb-bells and chromosome bridges
nuclei unstained and could not be counted
nuclei absent, but some cytoplasm present
endosperm absent
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Table 5B.4
Characteristics of the hybrid endosperm at four times after pollination

Cross
Mans Mink
X
3007/33
(compatible)
Mans Mink
X
2x Petkus Somrp
(intermediate)
474
X
2x Petkus Somro
(intermediate)
Proctor
X
Puma
(incompatible)
Sechzeilige
X
Puma
(incompatible)

Days after pollination
5
7
3
1
Character
Spike 2
Spike 1 Spike Spike 1 Spike
Spike 1
Spike 1 Spike 2
scored
? 153 28 x 76 x x 115 28 68 16 10
A
4 19 5 20 8 ? 163 151 147 207 289
+ . + + +
+
+
+
+
i+
+
+
+
B
+ +
C
+ + + + +
+ +
+
D
E
6 x 8 16 x
2 8 1 20 8 16 150 258 210 218 312 155 56 ? 78 21 ? 63
A
+ +
+
++
+
+ + +
+
+
+
1+
+
B
+ + + + + +
C
+ +
+
+
1+
D
E
A
B
+
+
C
+
+
+
+ +
D
E
x x x x x
x x x x x x
x
x
x
9
8 16
32 12 13 16 20 14
A
+
+
+
B
+ +
C
+ +
+
+
+
D
E
+ +
x x x x x
A
8586168108 133206xxx-xx
+
+
+
B
+
+ +
+
C
D
+
+
E

Note: see text for Key

2
x

x

x

x

Th1.

The means (x) and the standard errors (SE) for the number of cells, micronuclei
and the proportion of micronuclei to cells for hybrid embryos

Character scored

Crosses

Day 1

Day 3

x

x

SE

SE

Day 5
x

SE

Day 7
x

SE

Day 9
x

SE

Number of cells
1.7 0.2 10.7 2.1 91.2 19.0 351.2 77.0 553.0 131.8
Mans Mink
* Number of micronuclei
10.5
3.6 88.3 11.2 191.7
0.0 0.0 0.0 0.0 25.7
X
0.02
0.25
0.01
0.31
0.03
0.21
0.00
0.00
Proportion
of
micronuclei
to
cells
0.00
0.00
3007/33
1.2 0.2 14.8 2.1 102.2 16.6 278.7 73.8 544.0 243.1
Number of cells
Mans Mink
30.6
0.0 0.0 0.5 0.5 37.0 7.2 69.5 21.7 196.0
+ Number of micronuclei
X
2x Petkus Somro Proportion of micronuclei to cells 0.00 0.00 0.03 0.03 0.37 0.05 0.18 0.02 0.13 0.05
55.5 9.4 91.3 20.2
2.0 0.0 16.5 1.2 52.7 17.4
Number of cells
474
15.5 2.4
25.0
5.0
0.0 0.0
1.5 1.0 17.3 2.8
+ Number of micronuclei
X
2x Petkus Somro Proportion of micronuclei to cells 0.00 0.00 0.07 0.05 0.38 0.10 0.25 0.03 0.16 0.03
1.2 0.2 15.3 2.0 87.0 26.4 183.7 26.9 416.5 96.9
Number of cells
Proctor
29.7 13.0 106.5
20.5
0.0 7.8 1.2 32.4 7.4
Number
of
micronuclei
0.0
X
#
Proportion of micronuclei to cells 0.00 0.00 0.51 0.02 0.43 0.11 0.17 0.10 0.19 0.02
Puma
94.3 13.7 258.0 120.0
1.0 0.0 17.3 1.5 67.2 18.6
Number of cells
Sechzeilige
0.0 0.0 9.3 2.2 26.0 5.9 67.3 14.1 139.0 61.0
X
# Number of micronuclei
Proportion of micronuclei to cells 0.00 0.00 0.71 0.13 0.30 0.03 0.57 0.06 0.55 0.02
Puma
Key:

*

= compatible; + = intermediate; # = incompatible

ii The hybrid embryo
Micronuclei were frequently found in hybrid embryos. The
extent of this cytological abnormality was assessed by
measuring the proportion of micronuclei to embryo cells.
Table 5B.5 gives the mean number of embryo cells, the mean
number of micronuclei and the proportion of micronuclei to
cells for the five harvest dates.

The number of cells in the hybrid embryo at day 1 was either
one or two and increased to over 500 at day 9 in some crosses.
The number of cells per embryo was found to be very variable
and this is reflected in the large standard errors seen in
Table 5B.5.

The ratio of micronuclei to cells was greatest

at day 3 for the two predicted incompatible crosses and this
was found to coincide with the time of endosperm collapse.
In the predicted compatible and intermediate crosses the
proportion of micronuclei to cells was found to peak at day
5, but the values obtained (around 0.35) are lower than those
of the Proctor X Puma (0.51) and Sechzeilige X Puma (0.71)
crosses at day 3.

The following sequence of events was found to occur in the
two predicted incompatible matings: endosperm breakdown
occurred around day 3 which coincided with the maximum
frequency of micronuclei relative to embryo cells and death
commenced at day 5.

This pattern of events was also found

in the predicted compatible matings, but was spread over a
longer period of time, i.e. the proportion of micronuclei
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was greatest at day 5 which again corresponded to the time of
endosperm degeneration; the first aborted embryos were found
two days later at day 7.

There seems to be, therefore, a

relationship between endosperm collapse and embryo abortion,
this being most pronounced in matings where the parental
embryo cell cycle times are most dissimilar.

This suggests

that hybrid embryo breakdown is indirectly linked to the
parental cell cycle hypothesis, but directly associated with
endosperm breakdown.

Further evidence to support this

indirect effect comes from hybrid embryo growth rates.

The mean cell doubling time of the hybrid embryo was calculated
in the same manner as described for normal development (see
Section 5A.6).

The calculation was modified, however, in that

only one value for the number of hybrid embryo cells was taken
for each harvest date and this was obtained from the embryo
which contained the maximum number of cells at that particular
date.

The mean cell doubling time of the hybrid embryo given

in Table 5B.6 is derived, therefore, from the most well—
developed hybrid embryos from each cross.
Table 5B.6
Parental and hybrid mean cell doubling times

Cross
Female parent

Male parent

Barley
genotypes

Mean cell
doubling
time

Rye
genotypes

Mean cell
doubling
time

Hybrid
mean cell
doubling
time
(hours)

Mans Mink
Mans Mink
474
Proctor
Sechzeilige

11.9
11.9
12.9
9.5
9.3

3007/33
2x Petkus Somro
2x Petkus Somro
Puma
Puma

15.7
19.4
19.4
22.7
22.7

21.3
30.6
32.1
23.5
24.1
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From Table 5B.6 it can be seen that in all the crosses
studied, the mean cell doubling time of the most welldeveloped hybrid embryos are longer than either of the
parent and do not occupy an intermediate position as was
found to be the case in the intraspecific Mans Mink X
Proctor cross (see Section 5B.2).

The cell cycle time in

barley/rye hybrid embryo cells appears, therefore, to be
long enough for the DNA replication of each genome to be
completed, i.e. time is not a limiting factor.
Figure 5B.1
A hybrid embryo and endosperm three days after pollination
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cross: Sechzeilige X Puma
prediction: incompatible

Legend: The embryo (em) was found to contain 20 cells
with 16 micronuclei when squashed.

The endosperm (en)

exhibits polyploid (p) and 'normal' sized nuclei (n).
All the endosperm nuclei are in a prophase-like condition
which suggests that divisions are synchronous.
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Figure 5B.2

A three day old hybrid embryo showing starch grains

Scale

= 28 r.lm

cross: Sechzeilige X Puma
prediction: incompatible

Legend: The condenser of the Zeiss microscope was closed down
to show up the refractile starch grains (s.g. ) which are
distributed throughout the embryo.

The accumulation of starch

grains was frequently found to occur in hybrid embryos. A
piece of this embryo is missing from the photograph, but the
complete embryo contained 28 cells with 14 micronuclei (m).

200

Figure 5B.3

A five day old hybrid embryo of irregular shape
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cross: Sechzeilige X Puma
prediction: incompatible

Legend: This embryo contained 138 cells and 36 micronuclei.
Starch grains ( s.g.) are also visible.

The irregular shape

of the embryo may indicate the beginning of callus formation;
older embryos from such crosses where the parental cell cycle
times were most dissimilar were frequently found with callus
(see Table 5B.3).
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Figure 5B.4

A relatively well-developed hybrid embryo seven days old

Scale

= 25 im

cross: Mans Mink X
2x Petkus Somro

Legend: This well-developed, symmetrical embryo contained 408 cells
with 94 micronuclei (m).

The number of cells and the shape of the

embryo are equivalent to those found in 5 day old normal embryos of
Mans Mink: development is, therefore, slower in the hybrid relative
to its maternal parent.

The number of cells in 7 day old 2x Petkus

Somro is not known, but previous calculations (Table 5B.6) have shown
that the growth rate of the hybrid is slower than either parent in
all crosses studied.
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Figure 5B.5

An unsquashed cell of a hybrid embryo showing
non-congressional chromosome at metaphase

El

Scale

= 4

cross: Sechzeilige X Puma
prediction: incompatible

Legend: The axis of the metaphase plate is indicated with
long arrows.

It can be seen that at least two chromosomes

are not aligned on this axis ( 1 and 2): such chromosomes
may be left behind when the chromosomes separate at anaphase.
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Figure 5B.6

A cell from a hybrid embryo showing mitotic aberrations

Scale

= 5 um

cross: Sechzeilige X Puma
prediction: incompatible

Legend: The above photograph shows a cell at
anaphase in which a lagging chromosome is
present (I).

The cluster of chromosomes at

the top of the cell (c) is believed to be a
micronucleus formed by previous aberrant
divisions and is also in division.
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Figure 5B.7

An unsquashed cell from a hybrid
embryo showing mitotic aberrations
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cross: Sechzeilige X Puma
prediction: incompatible

Legend: The aberrant anaphase above shows two main features.
These are lagging chromosomes (I) and multipolar spindles in
which chromosomes appear to be migrating to several poles
(a,b, C and d).

Micronuclei (m) are also visible in adjacent

cells.
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Figure 5B.8

An aberrant hybrid embryo cell

W
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= 5 im

cross: Sechzeilige X Puma
prediction: incompatible

Legend: The cell at anaphase shows four chromosomes in one
half of the division.

The two smaller chromosomes are

probably barley and the longer two rye chromosomes.

It is

likely that one barley and one rye chromosome were left
behind in a previous division and formed a micronucleus.
The two chromosomes have probably replicated during the
division of the cell which contains them.

Figure 5B.9

Synchrony in division of hybrid endosperm nuclei

-/ 4.
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Scale

= 30 rm

cross: Proctor X Puma
prediction: incompatible

Legend: The four endosperm nuclei are all in a late
prophase state and demonstrate that hybrid endosperms
behave in a similar mariner to normal endosperms in
that nuclei divisions are synchronous.
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Figure 5B.10

A dumb-bell nucleus from a hybrid endosperm
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cross: Proctor X Puma
prediction: incompatible

Legend: The dumb-bell nucleus above was probably
formed by one or two lagging chromosomes at anaphase
which may then have formed chromosome bridges between
the two daughter nuclei.
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Figure 5B.11

A prominent nucleolus of a hybrid endosperm nucleus

Scale

= 14 im

cross: Proctor X Puma
prediction: incompatible

Legend: The nucleus (n) above was stained with acetocarmine.

Nucleoli have an affinity for aceto-carmine

and the accumulation of the stain in the nucleolus

(flu)

has produced the darker area within the above nucleus.
The nucleolus above has a diameter of about 14 r

which

is twice that of a normal barley endosperm nucleolus.
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Figure 5B.12

Shoot regeneration in young hybrid callus

Scale

= 1 cm

Legend: The above callus material was obtained from
an embryo from the Proctor X Puma cross.

Albino (a)

and green (g) leaves are shown along with root hairs.
Regeneration was obtained when callus was transferred
from a culture medium containing growth regulators to
a culture medium free of growth regulators.
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Figure 5B.13

Regeneration of roots in young hybrid callus

Scale

= 1 cm

Legend: The above callus was obtained from an embryo
from the Mans Mink X 2x Petkus Somro cross.

Roots (r)

were regenerated once the callus tissue was transferred
from a culture medium containing growth regulators to a
culture medium free of growth regulators.
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53.5 The culture of hybrid embryos
From Table 5B.3 it can be seen that a total of 32 embryos were
harvested from crossing programme 2. Four relatively large embryos
(>1 mm) from the Mans Mink X 3007/33 and four from the Proctor X
Puma crosses were taken, treated with coichicine and stained with
Giemsa as described in Chapter II, Section 2.2i.

Giemsa C-banded

rye chromosomes and unbanded barley chromosomes were found in all
preparations and the material from each cross was considered to be
hybrid.

Unfortunately, all chromosomes were dispersed in these

preparations and a cluster in which unbanded barley and banded rye
chromosomes were present together could not be found and photographed.

The remaining embryos were then cultured.

Small embryos less tha -i

2 mm in length were cultured using the filter raft technique.
These were then transferred to solid Norstog's Bil medium when they
became too heavy to be supported by the filter, or when they began
to produce roots and/or shoots.

The remaining larger embryos which

were free of callus were placed directly onto solid Norstog's Bil
medium, and some of these developed roots and shoots.

Hybrid

embryos with callus were cultured on solid Norstog's BIl medium which
was modified by the addition of 5.00 mg 1 2,4-D and 0.05 mg 1_1
kinetin. This culture medium was found to promote rapid proliferation of hordecale callus in previous studies (see Chapter III,
Section 3.2).

It was used here in an attempt to promote callus

formation since it was thought that transfer of callus tissue to a
growth regulator-free culture medium may induce regeneration.

Three

of the six embryos which had callus survived and continued to produce
callus tissue on this culture medium.

After six weeks in culture
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the calli were transferred to unadjusted Norstog!s Bli culture medium
where regeneration of both roots and shoots occurred in the three
cultures (Figures 5B.12 and 5B.13).

Unfortunately, no hybrid plants were obtained from either cultured
embryos or callus since all shoots aborted before or at the 3 - 4
leaf stage.

5B.6 Discussion
The results of Part B of this chapter give support to the parental
cell cycle hypothesis in that the incidence of hybrid endosperm and
embryo collapse was found to be greater in predicted incompatible
crosses than in compatible ones.

Not only was the frequency of

hybrid enbryos greater at day 16 in compatible crosses, but these
were found to be better developed than those of the predicted
incompatible matings, i.e. they were larger and free of callus.

The death of the hybrid embryo could be correlated with the breakdown
of the endosperm (Table 5B.4).

The degeneration of the endosperm

occurred at day 3 in the predicted incompatible matings and at day 5
in the more compatible matings.

In the predicted incompatible

matings the incidence of micronuclei in the embryo at day 3 was much
greater than that at day 5 for more compatible matings and (as a
probable consequence) embryos began to abort earlier in these crosses.
The time of endosperm breakdown would seem, therefore, to be critical
for hybrid embryo production. A similar relationship between endo—
sperm and embryo development has been found in Hordeuzn hybrids.
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In the H. vuiqare X H. bulbosuin cross it was found that maximal
chromosome elimination in hybrid endosperm occurred at day 2 after
pollination and that the maximal rate of elimination in the embryo
occurred the day after (Bennett, Finch and Barclay 1976). The
development of the hybrid embryo would appear, therefore, to be
dependent upon the development of the hybrid endosperm in H. vulgare
X H. bulbosu.'n and H. vulgare X SecaLe cereals crosses.

In barley/

rye hybrids this dependence was found to be most pronounced over the
first three days after pollination, but the hybrid embryo gradually
became less subject to the fate of the endosperm as time progressed.

The proportion of hybrid embryos at day 16 was greater in predicted
compatible crosses than in incompatible crosses.

The survival of

these embryos may be attributed to adequate supplies of nutrients
provided by the hybrid endosperm.

Hybrid endosperms of compatible

crosses which survive to day 7 may accumulate more nutrients than
those which degenerate at day. 3.

Nutrients provided by the endo—

sperm may then be used to sustain growth until day 16.

Inadequate

supply of nutrients may be the cause of the higher abortion rates
and callus production found in embryos from crosses of incompatible
and intermediate expectation relative to hybrid embryo development
found in the predicted compatible cross.

Although the data for hybrid embryo development agree with the
parental cell cycle hypothesis, the abortion of hybrid embryos is
thought to be an indirect effect which is directly related to
hybrid endosperm breakdown. Further evidence which supports the
notion of an indirect effect comes from the calculations of hybrid
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embryo cell cycle times (Table 5B.6) where it was found that even in
the most well-developed hybrid embryos the cell cycle time was always
slower than either of its parents.

The chromosomes of each genome

have sufficient time, therefore, to replicate and divide.

Time may,

however, be a limiting factor in hybrid endosperm development.

In

normal barley and rye endosperm development, the endosperm has a much
faster mitotic rate over the first few days after pollination than
that of the embryo: this is likely to be true for hybrid endosperm
also.

Time would, therefore, be expected to be more limiting in

hybrid endosperm development than in hybrid embryo development.
The results for hybrid endosperm development were found to correlate
with the predictions made by the hypothesis and it is concluded that
parental rates of development should be as similar as possible for
maximal development of hybrid endosperm.

The relationship between the collapse of the hybrid endosperm and
the sudden increase in the incidence of micronuclei in the hybrid
embryo may be attributed to nutrient deficiencies.

Bennett et at.

(1976) have suggested that the elimination of Hordeum bulbosum
chromosomes in the H vuLgare X H. buLbosuin cross is caused by a
shortage of materials for mitosis.

There is no evidence for prefer-

ential chromosome elimination of one genome in the material studied
in this chapter, but it was found that chromosomes of both parents
were eliminated from the main nucleus in hybrid embryo cells (Figure
5B.8), and this was also found by Cooper (1978).

Such aberrant

mitoses may be caused by a shortage of materials which are supplied
to the hybrid embryo by the endosperm. The accumulation of starch
found in hybrid embryos (Figure 5B.2) is interesting in this respect.
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In normal development, starch grains were found only at the apical
(endosperm) end of the embryo.

The build up of starch throughout

all cells in hybrid embryos may be the result of the embryots
inability to use carbohydrate supplied by the endosperm and as a
consequence the energy supply for mitosis is limited.

Another

possibility is that the embryo is capable of utilizing the carbohydrate, but that the energy requirement for mitosis is diminished
by some other limiting factor such as shortage of spindle-attachment
proteins as suggested by Bennett et at. (1976): the surplus nonrespired carbohydrate is then stored as starch.

An interesting point of speculation which can be considered here is
the role of growth regulators in hybrid seed development. There
have been several reports on the beneficial effect of growth regulators and particularly of gibberellic acid, GA

on hybrid seed

development (see Chapter I, Section 1.4c for a review and also the
results of Chapter IVB).

From the descriptions of normal seed

development (Section 5A.5) it is known that cell wall formation and
starch accumulation began in barley endosperms after day 3. This
process can be considered to be the reverse of that found in germmating barley grains.

In barley grain germination, the breakdown

of starch is gibberellin-dependent with the growth regulator being
supplied by the developing embryo.

The gibberellin is transported

across the scutellum and into the starchy endosperm where it stimulates the aleurone layer to produce a -amylase which breaks down
the starch (Hill 1973).

The accumulation of starch in normal

developing cellular endosperm may be due to a reduction in the
concentrations of endogenousgibberellin.

Relatively high
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concentrations of gibberellin may be involved early in seed
development when the endosperm is coenocytic: the reduction
in gibberellin concentration may then initiate cell wall
formation and starch accumulation.

Gibberellin may, therefore,

stimulate enzyme production and thus provide energy for the
developing endosperm and embryo. The accumulation of starch
in hybrid embryos may be indicative of a low gibberellin
concentration. The reported beneficial effect of GA3 in
hybrid embryo production may then be explained by its ability
to activate enzyme production and as a result to provide
energy for the developing hybrid tissues.

One factor yet to be accounted for is the preferential elimination of rye chromosomes reported in barley/rye hybridization
work (Kruse 1967, Fedak 1977, Pickering and Thomas 1979, see
also Chapter IVB).

It was discovered in the present study

that 16 day old hybrid embryos from predicted compatible and
incompatible crosses all contained both barley and rye chromosomes: the total elimination of rye chromosomes had not,
therefore, occurred in this material.

One explanation for

the absence of rye chromosomes in plants produced by Kruse,
Fedak, and Pickering and Thomas is that selective elimination
of rye chromosomes occurred during the differentiation of
hybrid embryos and callus tissue into roots and shoots.

The

differentiation of tissue involves differential growth rates
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and it may be that under such circumstances the time period of
mitosis becomes limiting in hybrid cells.

This limitation in

time may then result in the loss of chromosomes of the parent
with the slower cell cycle time in some developing plantlets.
Mitotic abnormalities during the production of roots and shoots
may also bring about the abortion of hybrid plantlets when they
reach the 3 - 4 leaf stage which was the most advanced stage of
development achieved in this study.

The culture of hybrid callus tissue in this chapter was relatively
successful in that three out of the six callused embryos cultured
continued to produce callus and could be induced to regenerate
by transferring them from a culture medium with growth regulators
to a growth regulator-free culture medium. Unfortunately, not
more than one plantlet was regenerated from any one particular
piece of callus and these did not develop beyond the 3 - 4 leaf
stage.

Hybrid embryonal callus has provided good material in

past studies for the production of hybrid plants which vary in
karyotype (Cooper 1978).

Hordecale callus was found to lose

its capacity to regenerate with age (see Chapter III, Section 3.6):
relatively young hybrid callus, however, can be manipulated to
bring about regeneration.

It is hoped that further experiment-

ation with young hybrid callus tissue will provide ways in which
the material can be manipulated to induce more productive
regeneration than was achieved here.

218

SB.? Conclusions
The predictions made by the cell cycle hypothesis were found to be
accurate in that hybridization between genotypes of Hordeum vulgare
and Secale cereale was improved in crosses where parental cell
cycle times were most dissimilar.

The effect of parental growth

rates was most pronounced in the development of the hybrid endosperm with abortion occurring earlier in predicted incompatible
crosses than in more compatible ones.

The degeneration of the

hybrid embryo was found to correlate with the fate of the endosperm
and it is concluded that similarity in parental growth rates is
more important for hybrid endosperm development than it is for
hybrid embryo development, i.e. similarity in parental growth
rates is critical in rapidly developing tissue where time is a
limiting factor in successful mitotis.

The parental cell cycle

hypothesis, therefore, is not strictly correct: a more accurate
statement would be that parental endosperm mitotic times should
be as similar as possible for maximal hybrid embryo production in
hybridizations between Hordeum vulgare L. and SecaZ-e cereale L.
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6.1 Summary of the present study
Hybrid embryos can be produced when Hordeum vulgare is crossed with
Secale cereaLe.

The success of this intergeneric cross is influenced

by both crossing techniques and by the choice of parents.

In the

technological part of this study (Chapter IV) it was found that spring
and autumn months provide the optimum times for crossing. The yield
of hybrid embryos was also improved by the application of a growth
regulator mixture at day 1 after pollination. The embryo culture
technique was also improved in that small hybrid embryos, less than
0.5 mm in length, could be kept alive and grown on by culturing on a
raft filter.

Once these embryos developed sufficiently, they could

be transferred to solid Norstog's Bli medium which was used for larger
embryos.

Hybrid embryos were found to develop on Norstog's Bil

culture medium, but development beyond the 3 - 4 leaf stage was not
achieved.

The scientific part of the study (Chapter V) was concerned with
testing the parental cell cycle hypothesis which states that parental
cell cycle times should be as similar as possible for maximal hybrid
production.

The results of hybrid .endosperm development from crosses

of varying degrees of compatibility were found to agree with the
prediction made by the hypothesis.

The collapse of the hybrid endo-

sperm influenced hybrid embryo development and the frequency of embryo
abortion was found to be greater in predicted incompatible crosses
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than in predicted compatible matings.

Hybrid embryos harvested at

day 16 from the predicted intermediate and incompatible crosses were
found to be less developed than those of compatible crosses in that
they were often small or with callus.

It was concluded that

parental endosperm growth rates are critical for success in hybridization and that these should be as similar as possible for maximal
hybrid embryo yield.

Hordecale callus produced by Cooper (1978) was found to lose its
ability to regenerate with age.

Hybrid callus tissue could be

obtained from crosses of intermediate and incompatible expectation
and this material could be induced to regenerate roots and shoots
by manipulating the growth regulator content of the culture medium.

6.2 Limitations in barley/rye hybrid production
One of the major obstacles in barley/rye hybrid production is the
low number of viable embryos recovered at day 16 after pollination.
Harvesting was carried out at day 16 since hybrid embryos were
sufficiently large to be handled and cultured at this time
16 may not be the optimal harvest date.

Day

Sixteen day old hybrid

embryos survive for only a short period in culture and die at
various stages in development.

Hybrid plantlets produced directly

from cultured embryos or indirectly by regenerating callus tissue
did not develop past the 3 - 4 leaf stage and this presents another
major obstacle in the production of hybrid plants from the barley X
rye cross.
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6.3 Areas of future work
Results from Section 5B.4b (p. 192 - 211) have demonstrated that
hybrid embryo abortion begins at day 5 in predicted incompatible
crosses and at day 7 in compatible crosses.

Harvesting before these

times, therefore, would yield the maximum number of hybrid embryos.
Such embryos would be very small and hence difficult to excise.

It

may be possible, however, to develop a technique in which fruits
containing developing hybrid embryos are cultured in vitro.

Hybrid

embryo development may be more successful when either intact or
decapitated (to allow free movement of nutrients) young fruits are
placed on a culture medium.

The callus tissue produced by hybrid embryos is useful material since
it has potential for the regenerétion of a variety of hybrid plants
which vary in karyotype.

Callus tissue can be obtained from hybrid

embryos produced in intermediate and incompatible crosses.

It was

found that young callus tissue could be induced to regenerate, but
that plantlets obtained died at the 3 - 4 leaf stage.

As suggested

earlier (p. 219), studies on callus manipulation may provide ways by
which more productive regeneration may be achieved.

Studies on the

effects of various growth regulator combinations, changes of culture
media, temperature and light may be included here.

The reciprocal cross where rye is the female parent also provides a
potential means by which the variety of barley/rye hybrids may be
increased.

The reciprocal cross was found to fail at the pollen/

stigma interface.

it was suggested (p. 130) that the incompatibility

reaction between barley pollen and rye stigmas may be avoided by
grafting barley stigmas containing pre-germinated barley pollen onto
rye ovaries and this would be an interesting area of further work.
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