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ABSTRACT

Temperature affects the growth, development, fertility and
yield of cereals. The degree of sterility and subsequent
yield reduction caused by extreme temperature stress depends
upon the minimum level and duration of the stress temperature
applied and the stage of plant development at the time of
stress.

An experiment was conducted in which three low temperature
regimes'(-4°, -2°c and +3°C) were applied at 5 different
stages of plant growth (from 1 day before anthesis to 9 days
after anthesis) for a period of 6 hours with pre- and post-

conditioning periods of 6 and 4 hours respectively.

The results showed that the minimum temperature reached
determined the nature and severity of temperature injury in
Karamu wheat.

Complete floret sterility was evident when a -4% temperature
was imposed at the pre-anthesis or anthesis stages of plant
development; florets in any position of the head being equally
affected. A -4°C temperature stress applied 3 days after
anthesis produced 50% and 5% seed formation in primary and
secondary heads, respectively. This seed formation mainly
occurred in the basal florets of the apical and central
spikelets of the head, however the seeds formed did not
develop after stress and subsequent viable seed yield was

Zero.

At the later stages, 6 or 9 days after anthesis a -4
temperature stress had no significant effect on seed numbers.
However there was a substantial negative effect on seed
development and viability so that subsequent viable seed

yield was zero.

Temperature stresses of +3°C and -2°C had no significant

effects on seed formation, development and viable seed yield



when stresses were applied at any of the stages of plant

development tested.

The percentage of seed formation was highest in the two

basal florets of the central and apical portions of the

head compared to that in the two basal florets of the

bottom of the head and to the distal florets of all spikelets.

The percentage sterility in terms of relative sterility
(percentage 'D + R' type ovules) and sterility index (percentage of
'D' type ovules) was also described. It was found that in

‘Karamuw’ wheat 16% to 33% rudimentary florets were a common

feature, such structures included tiny basal, sterile

spikelets and the terminal florets of all spikelets.

Morphological and anatomical differences in ovules harvested
at different stages of development from different treatments
were observed. Ovules were classified into 6 groups for
assessment of seed development. (A = apparently not
fertilised, B = swollen and conical shaped, C = developing,
D = shrivelled and shrunken, E = shrunken with reduced

conical shape, R = rudimentary).

Possible pathways to seed formation and development can be
estimated from the data. A probable pathway to normal seed
development is A to B to C. However, in the case of
unsuccessful seed formation and development, the pathway is
likely to be A to DAto B to D or A to B to C to D. Further
detailed electron microscope work is needed to enable a
complete description and understanding of the pathways of
seed development in stressed and unstressed plants. Such
knowledge is needed to provide a logical basis for the
development of cultivars with increased cold tolerance,

fertility and yield.
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1, INTRODUCTION

Wheat is the third most important crop in Nepal, after rice
and maize, the area under wheat having trebled in the last
decade. The present area under wheat cultivation is 348,000
hectares which is about 15% of the total cultivated area.
Many factors such as the introduction of high yielding
varieties, irrigation, fertiliser and plant protection
measures have been extended in an attempt to increase
average yields per hectare, but significant yield increases
have yet to be achieved.

CIMMYT (1977) has suggested three main causes for low yields
per hectare i.e.: -

1. Inadequate physical facilities in remote northern hilly
areas.

2. Extension of cultivation into marginal and rainfed areas.

3. Expansion of cultivation areas in Tarai regions
(Southern plain areas).

In the Tarai regions, the growth cycle of the wheat crop is
50% shorter than in hilly areas, this reduction in growth,
cycle tending to result in low yields. In addition, a
partial environmentally induced sterility in improved high
yielding cultivars has been recorded during the last few
years. This is particularly a feature important in the
production of the most popular variety RR21 (SonaliKa ).
Sonalika 1is claimed to be one of the most widely adapted
cultivars, being capable of growth in winter on the plains
as well as in hilly elevated areas and covering a wide range
of agroclimatic conditions. However, in 1975 sterility was
recorded in agronomic trials with SonaliKe@ conducted by
agricultural stations. In 1976, several farmers in the
hills and plain areas reported the same effect. In 1977,
head sterility occurred not only in this variety, but also
in another improved variety NL30. (CIMMYT Report on Wheat
Improvement 1975, 1976, 1977). Although, at the moment



head sterility is not a major problem, occurring only in
small scattered areas, it is still a potential problem
influencing farmers wheat yields particularly when the crop
is grown as an additional winter crop.

Many observations have been made in the field which suggest
that the inability to set seed in some cultivars under
certain circumstances is caused by abrupt changes in
temperature and humidity during the flowering period which
kills the pollen in the anthers. However, the problem may
not be as simple as stated above.

The occurence of sterility caused by high or low temperature
stress has been widely accepted. Several countries,
including New Zealand and Australia have reported such

damage caused by low temperature stress during the reproduct-
ive stage of development of wheat plants (Suneson 1941,
Livingstone and Swinbank 1950, Single 1961, 1964, 1966,

Gott 1961, Asana and Williams 1965, Toda 1965, 1966,

Olugbemi 1968, Meredith 1977). Much work has been done to
measure the effects on plant tissue of internal ice formation,
and the expression of this effect on final grain yield during
the screening of resistant varieties. These studies have
shown that the degree of sterility caused by extreme
temperature stress depends upon the stage of plant growth,
and the intensity and duration of stress temperature.
Although sterility is reported in several studies on the
effects of temperature stress; the physiological causes
underlying the failure of seed setting is not elaborated.
Hill (1971) has suggested that successful seed development
depends on a number of processes including floret
development, anthesis, pollination, fertilisation and
embryogenesis. Temperature is an essential environmental
factor affecting these processes. So, an understanding of
the causes of sterility under stress conditions requires
detailed studies on seed development and the anatomical
causes underlying the failure of seed formation in wheat.



The present study was undertaken on a wheat cultivar derived
from Mexican parentage, bred in New Zealand, and commercially
released under the name 'Karamu' in 1972-73. The character-
istic features of this cultivar are short straw, awned seed

and resistance to lodging. The grains are oval in shape,

light in colour and are of satisfactory milling and baking
quality. 'Karamu' is moderately susceptible to mildew and

smut, but is resitant to rust and pre-harvest sprouting

damage (McEwan et al 1972). It is early maturing and yields
higher than other New Zealand varieties of comparable quality such as
Aotea and Kopara. According to Langer (1978) it tends to set more
grains per spikelet, and exhibits a higher proportion of

floret fertility than other varieties. It was released as

a spring sown wheat; but may also be sown in the early

autumn. In the latter situation its very early maturity may
result in yield losses from frost (McLeod and Upton 1978).

Because of the importance of environmental stress in general,
and low temperature stress in particular, on the quality and
quantity of wheat seed produced under temperate conditions
a study was conducted at Massey University during 1979/80,
the objects of which were to: -

1. Determine the effects of low temperature on seed
development and seed head fertility and sterility in
'Karamu' wheat.

2. Determine the influence of low temperature stress
imposed at various stages of plant development on the
components of seed yield.

3. Carry out microtome sectioning of florets to try to
determine the morphological pathways of early seed
development in both temperature stressed and
unstressed wheat plants.



2, REVIEW OF LITERATURE

2.1 INTRODUCTION

This review consists of two main parts - firstly a brief
description of wheat growth and development, and secondly a
more detailed discussion of genetic and environment effects
on the reproductive potential of wheat.

2.2 WHEAT GROWTH & DEVELOPMENT

Wheat development has been studied extensively over many
years by many workers. 'The life of wheat plant from seed
to seed' by Carruthers (1892) is one of the oldest works
describing the different stages of wheat development.
More recent work by Warrington et al (1977) and Brooking
(1979) has involved studies on the effects of
temperature on grain development pattern within the wheat
spike.

Monographs on the wheat plant which contain thorough
descriptions of vegetative and reproductive development
have been prepared by Percival (1921) and Peterson (1965).
From these descriptions on wheat development, plant growth
is most conveniently divided into two main parts -
vegetative and reproductive development.

The vegetative stage is confined to the development of
leaves and vegetative tillers. The number of tillers in
particular is an important contributor to total grainyield.
Low temperature stress during the vegetative growth stage
has little effect on growth unless plants are killed by
heavy frost. Some varieties of wheat need vernalisation
during their vegetative growth stage in order to be capable
of floral initiation at a later stage Langer (1979).



Warrington et al (1977) have found that temperature effects‘
during vegetative growth has no affect on subsequent seed
development. Korovin and Mamaev (1975) studied the effects of
temperature stresses of -12°C and -25°C for 5 hours at 3
different levels of soil moisture content. They found that
well developed plants were less sensitive to temperature
stress than seedlings but such stress did not effect

subsequent grain yield.

Studies of wheat ontogeny have been made by many workers,
including Brencheley (1908, 1909), Percival (1921),
Engledow et al (1923, 1924, 1925 and 1930), Frankel (1935),
Bonnett (1936 and 1937), and Bakhuyzen (1937),

Anderson (1954), Barnmard (1955, 1957 § 1974), Williams (1960, 1966),
Langer and Khatri (1965), Rawson and Evans (1970) and
Barnard (1974). Similarly, studies on other species of
Gramineae by Evans (1964), Langer (1979), Canode and
Parkins (1977) ,Hebblethwaite(1977) and Hebblewaite et al
(1980) have made the reproductive development sequence more
clearly understood. Thomas (1961) suggests the importance
of studies of reproductive development phases in order to
understand the seed production potential of any crop.

Cooper (1960) divided the different stages occuring during
reproductive development in all species of Gramineae into

three phases - floral induction, floral initiation and floral
development. More recently Hebblewaite et al (1980) has divided
the stages of reproductive development into two stages: -

1. establishment of yield potential,
2. wutilization of yield potential.

The yield potential is defined as the number of florets (or
potential seed sites) per unit ground area of the crop at
anthesis. The utilization of the yield potential is
determined by events at and after anthesis, the developmental
processes of pollination, fertilization and seed growth.

The importance of the later developmental stage is

influenced by a number of seed formative factors as
described by Hill (1980).



In wheat, the inflorescence is a determinant type, the
number of spikelets being decided on the shoot apex at the
double ridge stage. The number of florets in a spikelet
varies and structures which appear on the spikelet do not

necessarily develop into perfect florets and produce seed.

A perfectly developed wheat floret consists of two outer
glumes which enclose the androecium and gynoecium. The
androecium consists of three stamens with bilobed anthers
attached. The gynoecium is mono-carpellary with a
triangular ovary at the base and two styles at the tip.
The styles have 80-100 stigmatic branches which receive
pollen for fertilisation. The anatomy of the ovary shows
that the ovule is solitary, anatropous, bitegmic and
te@nuicellate (Bhatnagar & Chandra 1976).

2.2.1 Anthesis and Pollination

Anthesis is defined as the opening of the florets and
anther dehiscence and pollination as the fall of pollen
grains onto the stigma and the germination of pollen grains
and growth of pollen tubes towards the ovary.

In wheat flowering begins'in the middle of the spike and
proceeds rapidly upwards and downwards. Within individual
spikelets flowering proceeds from the basal floret to the
terminal floret (Percival 1921, Barnard 1955, De Vries, 1971,
Evans et al 1972). Flowering in wheat florets may be
cleistogamous (i.e. fertilisation occurring within an unopen
flower) or chasmogamous (i.e. fertilisation of an open
flower) in the same spikelet. Rajki (1960) and Abramova
(1966) have both recorded 80-907% of chasmogamous florets in
most bread wheat cultivars.

The duration of opening of an individual floret is quite
short but variable. Nikulina (1969) recorded florets open
from 12-48, 10-14 and 7 minutes for three different wheat
cultivars. DeVries (1971) suggests that the length of time
individual florets remain open in wheat depends upon



weather conditions during anthesis and on the cultivar
being studied.

The time to complete flowering within an individual wheat
spike 1s normally 5-6 days(Leont'ev 1966).However this can
be shoreter or even longer because of genotypic and
environmental factors (De Vries 1971). Strong winds and
low temperatures can inhibit anthesis in some grass
species (Hill 1971).

Weather conditions not only influence the duration of
anthesis, but under severe conditions of very high or low
air temperatures floral parts may be killed during the time
they are exposed directly to ambient conditions during
anthesis (Gott 1961, Olugbemi 1968).

2.2.2 Fertilization and Ovule Development

The term 'fertilization' refers to the actual fusion of the
male nucleus with the ovum. Ovule development (embryogenesis)
involves the early development of embryo and endosperm

tissues formed as a result of successful fertilization
(H1ill 1971).

Double fertilization is an essential process in wheat. The
ovary consists of a large oval cell called the 'embryo sac'
surrounded by integuments and nucellus layers. The embryo
sac contains the egg apparatus, consisting of one large
egg-cell and two synergids, at the micropylar end. At the
opposite end, which is the chalazal end, three or more
large antipodal cells are situated. The two polar nuclei
are found near the egg apparatus. The number of antipodal
cells, in wheat can be quite high. Hoshikawa (1960)
recorded 12-17 antipodal cells while Bhatnagar and Chandra
(1976) located 15-18 antipodal cells in wheat. The egg
apparatus, polar nuclei and antipodals are derived from
the division of the functional megaspore. The antipodal



cells probably aid in the nourishment of the young embryo.
The two polar nuclei fuse just before fertilization to
form the primary endosperm nucleus. During fertilization,
one male nucleus fuses with the egg nucleus to form the
zygote which later develops into the embryo. The second
male nucleus fuses with a primary endosperm nucleus to
form the endosperm nucleus which later develops into
endosperm.

The importance of the study of fertilization process and
early ovule development lies in the fact that all the
florets which successfully reach the stage of anthesis
do not necessarily produce seed.

The process of fertilization begins with pollen germination
which commences 1.0 to 1.5 hours after pollination
(Hoshikawa 1959) while actual fertilization takes place 3
to 9 hours later, depending upon temperature (Percival
1921, Morrison 1955, Hoshikawa 1960).

A recent study on reproductive biology of Triticum was
conducted by Bhatnagar and Chandra (1976). These workers
observed that while fertilisation usually occurs 10-16 hours
after pollination it may also take place as little as 3-4
hours after pollination.

A major difference between species occurs in the time
required for the first division of the fertilised egg. This
first division occurs after approximately 24 hours in Prairie
grass (Bromus unioloides) compared with 72 hours for rye
grass (Lolium perenne) (Hill 1971). 1In wheat, Batygina
(1974) has found that the zygote passes through a period of
dormancy that lasts for 16-18 hours before the first cell

division occurs but during this period the zygote is growing
and developing intensively. It is because of this

quiescent period that the first division of the fertilised
egg mother cell is not observed until 24 hours after
fertilisation. In the secondary endosperm cell, this



dormancy period is shorter and the first cell division begins
within 3-8 hours after pollination. It is possible that the
length of this 'rest' period may have an influence on the
subsequent ability or failure of seed development.

In wheat Hoshikawa (1961), Evans, Bingham and Roskams (1972)
observed the reopening of florets if fertilisation did not
occur after anthesis. In such cases the carpel continues to
grow slowly, retaining the ability to be fertilised for a
further three to five days. This is an unusual feature,
since it does not occur in other Graminaceous species such

as Lolium perenne, Bromus unioloides and Phleum pratense
(Hill 1971).

Studies on thefactors which affect fertilisation are
limited. Some work has been conducted on the effects of
temperature on fertilisation. Hoshikawa (1960) suggested
that the optimum temperature for fertilisation in wheat 1is
18-24°C with minima and maxima being 10°C and 32°C
respectively.

The process of fertilisation in wheat has been investigated
by Batygina (1962) in detail. According to her it is a
complicated biological process which is susceptible to
environmental influences. The study of fertilisation in
barley by Pope (1937 and 1943) and Cass and Jensen (1970)
have also added to our knowledge of fertilisation processes
in cereals.

Pope (1937) discussed the time factor in pollen tube growth,
while in 1943 he studied the growth of the barley ovule. He
found that the higher the temperature the faster the growth
of the pollen tube, but the thermal death point was reached
at 40°C. The significance of his study is the effect of
temperature upon cell multiplication and time period to
obtain maximum cell numbers. At 5°C the process was SO

slow that the maximum number of nuclei remained at 8 even
after 6 days. By comparison, at the optimum temperature of
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30°C, cell division occurred 8 times in 1 day. He also
concluded the ‘'heat blasting' attributed to high
temperature killing pollen by many workers is also due to

ovule injury.

Hill (1971) has observed collapse of the ovary in ryegrass
and emphasises that successful pollination and anthesis does
not guarantee effective fertilisation. Injury to ovules or
pollen tubes or limited development of these organs are all
possible causes of ineffective fertilisation. In fact male
sterility can be associated with mechanisms which disrupt
the process and path of pollen tube development and/or
prevent entry of the pollen tube into the embryo sac.

The post fertilisation development or early embryogenesis in
wheat has been described by Morrison (1955), Batygina (1969)
and Bhatnagar and Chandra (1976). 1In general the rate of
embryo development is much slower than the rate of endosperm
development (Morrison 1955, Batygina (1962). Morrison (1955)
showed that cell division occurs in definite planes and a
typical compact embryo structure is produced. Batygina (1969)
further described the patterns of cell division and

observed the 4-celled pro-embryo in a lateral plane. She
suggested it had a typical T-shaped structure characteristic
of early wheat embryogeny.

The time required to develop to the 4-6 celled proembryo
stage 1s 24-32 hours after pollination (Bhatnagar and
Chandra 1976), although Morrison (1955) has mentioned about
2 days for the 4-celled proembryo with cell division
continuing until 9 days after anthesis.

A description of the post-fertilisation sequence and
duration of development in wheat ovules is shown in Table 2,
according to Morrison (1955).
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TABLE 1: POST FERTILISATION DEVELOPMENT IN WHEAT OVULES
(Morrison 1955)

Days after EMBRYO ENDOSPERM
Anthesis
Nomker of Conditions Nuber Pf Conditions
Cells Nuclei
0 - Not fertilised - Polar nuclei
not fertilised
| No divisions Fertilised 2 - 12| Free nuclei
2 1-4 divisions| 4-celled embryo 4 - 32| Free nuclei
3 8-16 . = 60 - 100| Free nuclei
4 8-16 " - 100 - 300| Cells near
the embryo
5 20-34 = - 1000 plus| More cellular
& starchy
7 52-64 > - 2000 plus| Cellular
starchy
9 100 plus - - Starchy

| compact body

The condition of the multicelled endosperm 9 days after
anthesis 1s a starchy compact body. In the case of
unsuccessful fertilisation of two Hordeum species Morrison
(1955) found that the endosperm was degenerating with one
conspicuous band near the embryo. This was accompanied by
ovule collapse 4 days after fertilisation. Collapse of
ovules from 7 up to 21 days after fertilisation has also
been observed by Hill (1971) in ryegrass. In certain
treatments an inverted T-shaped ovary existed in a quiescent
state for period up to 21 days after anthesis and thereafter

collapsed or recommenced apparently normal development
(H1ill 1971).

Early endosperm development is concentrated on the ventral
side of the ovary according to Bhatnagar and Chandra (1976).
However, Hoshikawa (1961) has defined 13 different stages
of endosperm development, including the elongation of cells
into cylindrical forms which occur only in the later stages
of endosperm development.
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The major morphological changes in the ovule shape before and
after anthesls were described by Hill (1971), in some
herbage grasses and by Bhatnagar and Chandra (1976) in wheat.
The ovule, which 1s spherical before fertilisation, becomes
conical in shape soon after fertilisation. The later effects
could be due to auxin production stimulated by the
pollination process (Bhojwani and Bhatnagar 1976). After
fertilisation, the ovary wall grows extensively on the

distal end and is compressed at the proximal end. Due to the
disintegration of cells from the distal to the proximal
regions, the ovule becomes cylindrical, assuming the shape of
the normal caryopsis (Bhatnagar and Chandra 1976).

Hill (1971) has grouped ryegrass ovules into different
categories in an attempt to identify the sequence of seed
development and possible causes of ineffective seed set i.e.
category 'A' where the ovary was small with stigma and hairy
style still intact and had not enlarged, indicating that the
ovule had not yet been fertilised effectively; category 'B'
where the ovary was bilobed and enlarged suggesting completed
fertilisation. Often the hairy stigma had degenerated, and
the ovule appeared white, but not showing greenness or
elongation. Category 'C' where the ovary had become green and
elongated in a cylindrical fashion indicating normal seed
development, and category 'D' where ovules were obviously
disorganised and shrivelled. Little information is available
on the effects of environmental conditions on early
embryogenesis in wheat, although studies on grasses (Hill
1971) have indicated the occurrence of an inverted T-shaped
or mushroom shaped embryosac in ryegrass within 'B' type
ovules. Such ovules may often remain apparently quiescent
for up to 21 days and then either resumed normal development
(1.e. 'C' type) or die (i.e. 'D' type).
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2.2.3 Pattern of Seed Setting

A profile of grain development on the spike has been
described by Barnard (1955), Rawson & Evans (1970), Evans

et al (1972), &Warrington et al (1¢77). The first few basal
spikelets in each seed head are very small in size and do
not possess fertile florets, which Olugbemi (1968) defined
as tiny basal spikelets. Each spikelet is composed of two
basal empty glumes which Barnard (1955) defined as sterile
basal florets. In spikelets further up the spike the basal
two florets are always fertile. 1In distal spikelets and
just above the tiny basal spikelets the third floret is
either rudimentary or imperfect and does not set seed. In
the middle spikelets, the third floret is fertile, the
fourth floret may be fertile or sterile and the fifth floret
is always rudimentary. The sterility in these apical florets
(3rd, 4th and 5th florets) and in the tiny basal spikelets
due to their imperfect or rudimentary structure may be
environmentally imposed or may be a cultivar characteristic.
Barnard (1955) classed the florets as 'rudimentary' when
reduced palea and gynoecial structures were formed and
defined florets as 'imperfect' when the stamens were

reduced or missing. Imperfect florets may occasionally
produce seed but this is not the situation in rudimentary
florets. Although the number of florets per spikelet differs,
the profile of seed formation in the seed head is constant.
A spikelet is always composed of two empty basal glumes and
a rudimentary apical floret Barnard (1955).

2.2.4 Seed Development and Maturity

Seed development is the period following successful
fertilisation and 'seed set' until the seed is mature and
ready for harvesting. Various processes and stages are
involved during this period to achieve the basic seed
traits of seed dry weight, moisture content and viability.
Chemical composition, storability, seed vigour, size and
colour of the caryopsis also change during this period.
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The terms 'seed maturity' and 'seed ripeness' should be
distinguished in studies concerning seed development. A
seed is defined as mature when it has attained maximum dry
weight (Aldrich 1943 and Grabe 1956). A seed is 'ripe'
when it has dried to a moisture content in equilibrium with
the surrounding atmosphere.

Hyde et al (1959) has emphasised the importance of a knowledge of
seed development in correctly determining the correct

harvesting time in pasture grasses. This is also true in

the seed production of wheat and other cereals. Andersen

and Andersen (1980) have suggested that it would be

beneficial to know at which stage of development the
accumulation of dry matter terminates and also the rate of

seed loss due to delayed harvest. Such information would

help to accurately judge the correct time of harvesting.

Studies on seed development in wheat in relation to moisture
content and seed weight were first carried in the early
1900's (Brenchley 1912, Saunders 1928, Wilson and Raliegh
1929). More recent studies however have concentrated more
on the physiological aspects of seed development, chemical
composition and seed quality (Wellington 1956, Frey

et al 1958, Walpole and Morgan 1970, Rawson and Evans 1970,
Klein & Harmond 1971, Wheeler 1972, King 1976, Sofield

1977, Spierly 1977, Anderson et al 1978, Gordon et al 1979,
Mitchell et al 1980 and Anderson and Anderson 1980).

Several workers have tried to more clearly define the

different stages of seed development. Wellington (1956)
divided the processes of seed development and maturation
into four stages in relation to changes in seed moisture

content and germination.

He found that a growth stage lasted from 2 to 5 weeks after
anthesis when moisture content was very high but fell rapidly
and the grains remained green and were incapable of

germination. The second stage (ripening) lasted from 5 to 8
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weeks after anthesis when the grains reached their maximum
dry weight, the harvest ripe stage was reached and the
changes characteristic of ripening occurred. During this time
the seed moisture content decreased to 19%, and grain germin-
ation in the ear was up to 88.5% in the white wheat variety
Holdfast and 7% in the red wheat variety Atle. In the third
stage, 8 to 13 weeks after anthesis the moisture content
varied from 19 to 10% depending on humidity while grain
germination in the head increased to 95% for white wheat and
55 to 83% for red wheat. Few of the grains of either variety
in the basal spikelets were capable of germinating in the head
at this stage. The fourth stage lasted from 13 to 23 weeks
after anthesis, when a similar reduction in the moisture content
(19 to 10%) enabled all of the grains in the basal spikelets to
acquire the ability to germinate (Wellington 1956).

In studies on herbage grasses and legumes Hyde (1950, 1959)
described three main stages of seed development - a growth
stage, a food reserve accumulation stage and a ripening stage.
Supporting three principal stages of seed development and matur-
ation Anderson et al (1980) described that in the first stage,
the percentage moisture falls from about 80 to 55%, but there
is an increase in total moisture content, total fresh weight
and total amount of dry matter. In the second phase, fresh
weight and total moisture content are nearly constant, the
amount of dry matter increasing and percentage moisture content
falling from about 55% to 40%. In the third phase, the real
ripening period, the amount of dry matter is almost constant,

but total moisture content, freshweight and % of moisture decrease.

These stages of seed development and maturation are similar
in all species of Gramineae, although variation can occur

in the total period of development between species, cultivars
and also under different environmental conditions. The
duration of each stage of seed development in wheat differs
in the case of short duration wheat cultivars. Also, the
ripening period is shorter at high temperatures than under
cool conditions (Wellington 195 ). At 200C, the total

length of the ripening period was 53 days compared with

83 days at 15°C in wheat (Thorne, Ford and Watson 1968).
Changes in seed moisture content also vary with weather
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conditions. It was found in barley that between 50 and 407%
moisture content, the daily decrease in percentage of seed
moisture was about 0.7 percent in humid weather but 1.2% in
dry weather. When the moisture content had fallen to
between 40 and 20% the daily increase was up to 5% per day
in dry weather (Gesselein, 1959). Gordon et al (1979), in
studies on the seed development traits of four wheat
cultivars, found that while slight varietal differences
occur with time during seed development the trend of
changes in all cultivars remain the same.

Germinability of developing wheat seeds and other cereals
has been studied by a number of workers including
Wellington (1956), Anderson (1964), and Gordonet al (1979)
Earlier workers such as Harlan and Pope (1922) and Nutman
(1941) have shown that the germinability in barley and
wheat develops about 5 days after anthesis. Wellington

(1956) studied the germination behaviour of two wheat
cultivars and factors affecting seed development. He
showed that seeds are capable of germination as early as 3
weeks after anthesis, but need a period of drying or the
embryo has to be excised before it is capable of germination.
Due to mechanical properties of the pericarp, rather than
immaturity of the embryo, wheat seeds (harvested from 3-6
weeks after anthesis) do not germinate immediately after
harvest. Drying of premature seeds causes distortion of
the mechanical properties of the pericarp and also causes
the disappearance of starch from the embryo. These changes
result in increased rate of development.

The recommendations of ISTA (1976) which are used to break
the dormancy of immature wheat seeds have eliminated the
embryo excision technijue in assessing the real germination
potential of immature wheat seeds. These recommendations
prefer to rely on techniques such as prechilling to obtain
the necessary dormancy breaking effect. Studies by Gordon
et al (1979) have shown that wheat seed germinability
develops about 10 days after anthesis, when the seed
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moisture is still at 70%. Maximum viability of more than

90% is attained about 45 days after anthesis when seed
moisture content is less than 10%. The germination potential
increases rapidly, with decreasing moisture content. Maximum
dry weight is attained about 40 days after anthesis.

2.2.5 Components of Seed Yield and Seed Quality

Engledow (1925) Brooking (1979) and others have expressed
seed yield per unit area in terms of its components,
namely: -

yield = plants/unit area x ears/plant
X gralns/ear x graln weight.

Plant number is the only component which can be directly
controlled by seeding rate. The remainder are affected by
environment, genotype and plant density. The components of
yield may be further subdivided since the number of ears per
metre is controlled by two factors i.e. fertile tillers per
plant and number of plants per metre. Similarly the number
of grains per ear depends on the number of spikelets per ear
and the number of grains or fertile florets per spikelet.
Total grain weight or seed weight is ultimately dependant

on the number of grains and weight of each grain produced
(Gedye and Joyce 1978).

Though different workers have different views on the
importance of these components, Krishnamurty (1963) has
stated that seed yield components are chiefly expressed in
terms of grain size in winter wheat varieties and by grain
number in spring wheat varieties. There is no doubt that
grain yield can be increased by increasing any of above
components, but in practice a marked increase in any one
component may often lead to a decrease in another component.

Rawson and Evans (1970) showed that the sterility in the
basal florets of the central spikelets of wheat ears 2 days
before anthesis led not only to compensatory grain setting
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in normally empty distal florets but also resulted in a 20%
increase in yield. Bingham (1967) has also shown that
compensatory grain setting mechanisms can also operate
through an increase in grain welght at one spikelet position
leading to a corresponding decrease in grain number in
another spikelet.

After the components of yield, the other important factors
controlling seed yield may be broadly divided into
physiological processes and developmental processes.

Evans et al (1975) have reviewed the important physiological
processes associated with yield such as ear photosynthesis and
respiration, patterns of carbohydrate supply to the
developing grain and starch and protein storage. They
concluded that limitation of these processes to increased
yield varies with cultivars and growing conditions specially
during inflorescence development when the number of florets
are determined, and during grain filling or maturation when

the weight of individual grain is determined.

Hill (1980) describes that the processes of pollination
anthesis, fertilisation and seed set are major seed formative
factors. Hebblethwaite et al (1980) also emphasised the importance
of these processes which determine the final component of

seed yield i.e. number of fertile florets.

Important work on the effects of temperature and other
environmental factors on grain number and grain weight have
been conducted by Friend (1965 a); Asana and Williams
(1965); Wardlaw (1970); Marcellos and Single (1972);
Sofield et al (1974); Warrington et al (1977), Chowdhary
and Wardlaw (1978); and Brooking (1979). These studies
show that temperatures of the order of 10°C to 15°C are
most favourable for tiller production, with 15 to 18°C
being the most favourable for grain filling in wheat.
Higher temperatures (especially above 30°C) generally are
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associated with reduced yield (Brooking 1979). An increase
in temperature often causes an increase in the rate of

grain growth whilst decreasing the duration of grain filling.
Genotypes show some variation in these responses to
temperature (Brooking 1979).

Seed weight and seed germinability are essential seed
qualities which may be affected by a number of factors,
including environmental conditions before and at harvesting.

A great deal of work has been done to study the importance
of seed weight on germination, plant establishment and
final seed yield. A clear relationship between seed size
and seed yield has been established. Kaufmann and McFadden
(1963), Autenson and Walton (1970), and Dasgupta and
Austenson (1973) have demonstrated that heavier seeds
produce higher crop yields than lighter seeds. Despite
this observed effect the precise relationship between seed
size and seed vigour is not yet clear ( Carver, 1980),
although it is often found that smaller seeds produce weak
seedlings.

Maximum viability at harvest is necessary for two reasons;
firstly to obtain maximum viable seed yield and secondly to
maintain seed storability. However, seeds formed under
environmental stress conditions are generally poor in terms
of both seed weight and viability. In ryegrass Bean (1980)
obtained greatest seed weight per inflorescence from plants
grown at 20/15°C and highest percentage germination from

the seeds produced from plants grown at 25/20°C. In wheat,

a reduction in seed weight under different environmental
conditions and particularly under temperature stress
conditions has been reported by several workers (Asana and
Williams 1965; Olugbemi 1968; Wardlaw 1970; Sofield et al
1974; Single 1975; Warrington et al 1977 and Meredith 1977).
By comparison the amount of available literature on the
germinability of wheat seeds produced under stress
conditions is limited.
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The influence of the position of the seed on the
inflorescence on seed weight and germination has been
described by Bean (1980) in ryegrass. The seeds produced
on the basal florets of the spikelet are heavier than those
produced from the terminal florets. No difference was
found in germinability in this study although Anslow (1964)
observed variations in germination capacity of seeds from
basal florets and terminal florets of the spikelets. He
found that the seeds from the middle spikelets gave highest
germination and that the terminal seeds in each spikelet

were also of lower germination than the basal ones.

2.3 STERILITY

The inability of some florets to set seed is a common
feature in many plants. This 'sterility' effect may ?e
generally induced by genetic factors such as 'incompatibility'
'male sterility', 'cultivar character' or lack of effective
pollination. In addition, however a number of environmental
factors can play an important role in affecting the extent
to which floret sterility occurs. In particular, the

onset of unfavourable stress conditions such as temperature
radiation and insects and fungi can all seriously increase
the sterile:fertile ratio with a subsequent reduction 1in
crop yield. 1In wheat sterility caused b& low temperatures
during the flowering period has been reported in several
countries; 1including Australia and New Zealand (Olugbemi
1968; Single 1971; Meredith 1977). 1In other studies the
relationship between low temperature and sterility in wheat
has not been precisely documented. For example CIMMYT
reports in 1975, 1976, 1977 suggests that floret sterility
in wheat in Nepal may be a serious problem; particularly
in years when abrupt changes in temperature and relative
humidity occur during the period of anthesis and early seed
development. This environmentally induced sterility may

be limited to a few florets on a spikelet or may affect the
complete head. Thus many workers differentiate 'floret
sterility' from 'spikelet sterility' within a head and have
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measured the percentage of sterility in different ways.
Olugbemi (1968) measured sterility on the wheat head on the
basis of whole spikelet sterility (i.e. all florets sterile)
rather than on the fate of individual florets. He also
examined spikelets at three different locations on the wheat
ear (spikelet 3rd from the base spikelet 3rd from the top and middle
spikelet) to record changes in the pattern of sterility within the spike
Campbell et al (1969) measured sterility based on the first
and second florets and plotted the frequency of sterility
according to the sterile florets found in different spikelet
positions. Single (1966) in wheat,and Maun et al (1969) in Poa
pratensis L. and Marcellos and Single (1971) in wheat all o
measured the percent sterility based on individual florets.
Barnard (1955), Evans et al (1972) and Warrington et al
(1977) have measured the percentage of grain formation

within a spike based on floret position on individual
spikelets rather than sterile florets.

2.3.1 Genetic Sterility - Cultivar Charactistics

The susceptibility of different cultivars to unfavourable
environmental conditions can result in some differences in
the extent of floret sterility. In tests on more than 400
different wheat cultivars, however, Single (1961) reported
that the degree of susceptibility to cold temperature stress
which causes sterility, is very narrow between varieties.
Gott (1961) suggested in this respect that due to the
narrow genetical range it is often difficult for plant
breeders to select a resistant variety against frost
damage. Marcellos and Single (1972) reported differences
between 8 wheat cultivars regarding their response to
photoperiod and temperature during the post anthesis
development.

2.3.2 Environmental Sterility

Adverse environmental conditions during the flowering of
wheat heads may cause sterility (Peterson 1965; Martin
and Leonard 1965). 1In particular Salmon (1914),has
referred to drought, hot winds and insects or parasitic
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fungi as major causes of floret sterility 1in addition to
temperature stress.

(a) Low temperature stress

Gregory and Beeson (1926) reported injurious effects on
different wheat florets of the same head as a result of
cold wave of -3.7°C to +2°C in Indiana in 1925. They
suggested that the extent of floret sterility varied in the
same head due to the different stage of development of
individual florets. This explained the differential crop
damage effect from place to place according to the stage of
plant growth. This observation was reinforced by later work
by Butler (1948) who reported the failure of the lower
spikelets to set grain when a wheat crop was damaged by frost
in New South Wales. He suggested that this sterility was
caused by the destruction of male and female parts. More
critical work on the low temperature sterility effect in
wheat was carried out by Livingston and Swinbank in 1950.
They studied the effects of low temperature stress from
+2°C to -4°C at 10 different stages of plant growth at 5
different exposure times. Sterility occured most rapidly
and extensively at temperatues below freezing point, heads
at the stage of anthesis being most susceptible. At -4°C
an exposure time of 2 hours was sufficient to cause more
than 507% floret sterility after heading.

It has also been reported that the critical low temperature
at which damage occurs in wheat depends upon the weather
conditions prevailing prior to temperature stress. Studies
by Single (1961) have shown that sterility may occur
approximately at -3°C. He also found that while cold
resistant varieties are rare some varieties survive at -7°C
without exhibiting floret sterility. It has also been
noted that those varieties which do not require
vernalisation grow quickly and are early maturing. Such
varieties are more commonly affected by spring frost
temperatures at flowering with a corresponding increase in
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the environmentally induced floret sterility (Gott 1961).
Low temperature stress of -2.29C for 3 hours can cause

more than 50% floret sterility in wheat at anthesis. This
stage of development of the plant a few days before anthesis
to a few days after anthesis affects its susceptibility to
cold injury. The conditioning temperature prior to stress
is therefore very important in determining the percentage
of sterility. Under conditions of short low temperature
stress duration, complete head sterility generally does

not occur since one spike of wheat consists of many florets
of different ages. As a result each floret reacts to
stress temperature independently and will become either
sterile or fertile as a direct result of its susceptibility
or resistance depending on its developmental stage
(Olugbemi 1968). Although extreme temperature stress of
long duration can result in complete floret sterility
Metlyakova (1977) has shown that under moderate low
temperature stress conditions the androecium is more
susceptible to injury than the gynoecium. The influence

of temperatures on the physiological process described by
Micheal (1970) include chemical reactions, gas solubility,
mineral absorption and water uptake. The rate of chemical
reactions doubles with every 10°C temperature increase up
to 20 to 30°C. However at temperatures below 10°C, the
frequency with which reactants reach the needed energy
level is low and enzyme activity 1s minimal. The mechanism
of damage due to freezing temperatures on plant tissues and
cells have been the subject of investigation over many
years. Literature on this particular subject has been
provided by Livitte (1941, 1958), Asahina (1967) and Olein
(1967). 1In a series of studies on frost injury to wheat
(Single 1964) and to plants generally (Olein 1967) it has
been concluded that the damage due to freezing temperatures
depends on factors governing the spread of ice formation
and cell reaction to the presence of ice. Under freezing -
conditions ice formation first occurs in the intercellular
spaces. As long as the temperature does not fall too low,
this process is reversible and may occur on repeated
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occasions during the growth of plants without damage.
However, when the temperature falls beyond a critical point,
the cell membranes are unable to resist internal ice
formation. This factor coupled with dehydration and the
pressure exerted by the expanding ice masses results in

intracellular ice formation and cell death.

(b) High temperature stress

Salmon (1914) observed that the extent of floret sterility
at high temperatures (over 40°C) is greater than at low
temperatures (-2°C). As with low temperature stress the
conditioning temperature prior to high temperature stress
plays an important role in determining the amount of
sterility. Florets at the early anthesis and anthesis
stages of development are most susceptible to high
temperature induced sterility. Asana and Williams (1965)
have reported grain yield losses as high as 167% for each
rise in stress temperature of 5°C over 25°C. This effect
is a direct result of increasing floret sterility at high
temperatures.

Differential effects on the floral organs as a result of
temperature stress have been reported by Dotzenko (1967).
He found that the female organs are more susceptible to
damage by high temperature while male organs are more
affected by cold temperature stress. He also suggested
that while there are some differences in the susceptibility
of male and female floral organs due to low or high
temperature, both parts are equally damaged when the
intensity and duration of stress increases.

Besides, damage to male or female parts before fertilisation,
Livingstone and Swinbank (1950) also observed injury to
fertilised ovules which had begun to develop. This supports
the findings of Pope (1943) in which ovule injury at 40°C
was reported.
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Regarding the stages of plant development at which plants
become susceptible to stress temperature, Korovin and

Mamaev (1975) reported a decrease in seed yield when plants
were stressed during the seedling stage. However most of
the work done to find the stage at which plants are most
susceptible to temperature stress shows that it almost
invariably occurs after head emergence and that susceptibil-
ity increases during anthesis. (Livingstone and Swinbank
1950, Olugbemi 1968).

The effect of temperature extremes during floral induction,
initiation and development arrest the development of ear
components such as spikelet and floret numbers but do not
influence floret sterility. Only at the later stages of
floret development are the imperfect florets which became

sterile produced.

The susceptibility of the flowering stage is also confirmed
by Waldron (1932); Butler (1948); Chatters and
Schlerguber (1953) and Anonymous (1960). Single (1964)

has given the explanation that the glumes give protection
to the flower parts before they are opened. However florets
are directly exposed to stress conditions at anthesis,
making them more susceptible to increased sterility at this
stage of development. Studies on the pattern of
sterility within an individual wheat spike have shown that
most sterile florets generally occur at the apical region
rather than at the base of the spike (Livingstone and
Swinbank 1950).

Most studies involving identification of the most
susceptible stages are based on effects occuring at pre-
anthesis, anthesis or during grain development. Such
studies however generally do not use quantitative measure-
ments in terms of days. Olugbemi (1968) has however
suggested the most susceptible stage occurs in wheat from
about one week before anthesis to a few days after anthesis.



26.

This suggests that temperature may not only affect the
floral parts directly but also the fertilisation process.
During subsequent embryogenesis when cell multiplication is
complete, the growing tissues are more resistant to
unfavourable conditions, although embryonic roots and the
vascular system of the coleoptile and epiblast may still be
affected (Scherbatyuk et al (1977).

(c) Other environmental causes and interaction of
different factors

Besides temperature, stress conditions imposed by shortages
in other plant growth requirements such as soil nutrient
levels and moisture may also cause sterility in wheat.

Asana (1961); Langer & Ampong (1970); Wardlaw (1971);
Koldrup (1976) and Angus and Monchur (1977) have all
reported increased floret sterility caused by water stress
during floral initiation and development and also during
grain filling. Aspinall et al (1964) in studies on the
effects of water stress on barley have suggested that those
organs which are growing rapidly are most affected by

water stress.

Single (1964), and Langer and Liew (1973) have both reported
reduced numbers of fertile florets per spikelet when
insufficient nitrogen is available to the wheat plant during
its early stages of development before ear emergence.

More recently, Graham (1975) has shown that copper
deficiency in wheat plants can cause the development of
smaller non-viable anthers and subsequent floret sterility.

Evidence suggests that diseases and insects may also be
responsible for producing sterile heads. Johnstone (1960)
reported that infestations by thrips directly causes
low seed set in cocksfoot. Similarly, several wheat
diseases and insect infestations can cause poor seed set.
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Hot winds during the flowering period can result in a
serious increase in floret sterility in wheat. This
problem seriously affected wheat production in the Northern
plains of India before the introduction of early maturing
wheat varieties (Asana and Williams 1965).

The interaction of temperature and water stress during
heading and flowering is particularly injurious to wheat
plants (Peterson 1965, Langer and Ampong 1970).

Wardlaw (1970) reported an interaction between light and
temperature affecting seed formation, while Koldrup (1976)
found the interaction of low soil moisture, dry air and
high temperatue reduced seed setting significantly.

Hoshikawa's (1960) study on the fertilisation process 1in
wheat also shows that the interaction effect between
nitrogen level and temperature affects the process of
fertilisation and seed formation.

The response of reproductive developmental phases to
temperature 1s reviewed by Brooking (1979) and shows that
final seed yield is the result of interaction of the
prevailing temperature at different stages of development
but may be further modified by the interaction of genotype
and photoperiod. Livingstone and Swinbank (1950)
concluded from their experiment that the susceptibility of
florets to the freezing temperature is a result of complex
interactions of many factors.
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2.3.3 Methods of Overcoming Environmentally Induced
Sterility Problems

Gott (1961) suggested that because varietal response is very
narrow varieties which require a short day length and low
temperature for their floral initiation and development
should be selected so that flowering time can escape spring
frosts. Emphasis should be placed on date of planting to
ensure that flowering time is not effected by low spring
temperatures. Conversely,in areas such as the northern
plains of India where sterility is caused by hot winds and
high temperatures varieties with a short flowering duration
or early maturing varieties should be selected (Asana and
Williams 1965). From an agronomic point of view it is
therefore important to select a date of planting and
variety which allows the crop to avoid the effects of low
or high temperature stress, particularly during the

period from a few days before anthesis to a few days after
anthesis since during this period plants are most
susceptible to stress injury (Olugbemi 1968, Single 1975).
In an analysis of the yield components of wheat Langer
(1978) has shown than an increase of one grain per ear can
increase yield by up to 300 kg/ha. Conversely the effects
of even slightly increased floret sterility can represent

a yield loss many times greater than this figure. This
later effect can often be overcome by controlled crop
management including attention to water supply, nitrogen
level, plant density and planting time (Langer 1978).
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3, MATERIALS AND METHODS

3.1 Experimental Design

An experiment was conducted in which three different low
temperature regimes were applied at five different stages of
growth for a period of six hours and effects were assessed

at six sequential harvests. The temperatures used were: -

1. -4°C (T1)
2. =29 (12)
3. +3% (T3)

Temperature treatments were applied at the following stages
of plant growth: -

Pre anthesis (S1)
Anthesis (52)
3 days after anthesis (S3)
6 days after anthesis (S4)
9 days after anthesis (S5)

W oW N

Six sequential harvests were taken at: -

1 5 days after anthesis (H1)
2. 10 days after anthesis (H2)
3. 15 days after anthesis (H3)
4. 20 days after anthesis (H&4)
5. 25 days after anthesis (H5)
6. Final harvest at maturity E;E;AS days after anthesis)

For each treatment three replicates of three plants each
were used. Plants were selected at random from a plant
population of 1040 plants grown under uniform conditions in
one glasshouse.
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The variables measured at each harvest from each treatment

were. -

1. Date of anthesis of the primary and secondary seedheads
on each plant to identify the stage of development.

2. Number of sterile florets and their location on the
seedhead.

3. Components of seed yield such as number of spikelets
florets and grains with their location on the seedhead.

4. Total seed yield per three plants i.e. per replicate,
100 seed weight and number of tillers per plant.

5. Germination of seeds from primary and secondary seed-
heads.

6. Classification of grains according to their stage of
development and their number and location within the
spike.

7. Microtome sectioning of different ovule types to assess

the physiological development of embryo and endosperm.

Each of the above measurements were carried out separately
on seedlots from primary and secondary seedheads. However,
microtome sectioning of ovules was carried out on primary
seedhead samples only.

3.2 Trial Establishment and Management

3.2.1 Sowing and plant growth

The wheat cultivar 'Karamu' was obtained from the Seed
Testing Station Ministry of Agriculture and Fisheries. The
seeds were treated with 'Captan' fungicide. These seeds were
sown in 10cm plastic pots on 14 November 1979. Three seeds
were sown per pot, but 10 days after sowing, the plants were
thinned to one plant per pot, the most uniform plant being
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selected. The total number of plants grown was 1040. The
potting mixture used was a 50:50 peat and sand mixture with
150g of osmocote (4 months release), 150g superphosphate,
500g lime and 20g frittered trace elements in each 100 litres
of the mixture.

The pots were kept on wet pads on benches in the glasshouse.
The benches were rotated every 10 days to maintain uniform
plant growth. The temperature range in the glasshouse varied
from a minimum of 5°C to a maximum of 25°C during vegetative
growth and was increased to 30°C after the flowering stage.
In order to avoid border effects, the pots were also rotated
each week within the benches.

The nutrient level in the potting mixture was maintained by
adding Hoagland's mixture No 1 at the rate of 100ml per pot
twice per week, pots were irrigated with water only between
each nutrient application as necessary. Powdery Mildew
(Erysiphe graminus) was controlled by spraying with Benlate
fungicide. For insect control, Vapona was used to fumigate
the glasshouse. Small white-flies were controlled by

Diazinon granules.

3.2.2 Sampling plants for temperature treatments

According to the experimental design, the temperature treat-
ments of -4°C, =-2°C and +3°C were to be applied at five
different stages of plant growth from pre-anthesis to 9 days
after anthesis.

To ensure the sampling of plants at the correct growth stage,
each primary tiller as well as all secondary tillers were
tagged on the first day of anthesis. Anthesis was defined

as the date when the first anther was visible in any of the
florets in the head (Plate 1). In the present study

anthesis was first observed on 1 January 1980, 47 days after
sowing. While the plants were still flowering, a group of
162 plants which were still in the pre-anthesis stage (one
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A wheat seed head showing the onset of anthesis

Plate 1
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day prior to anthesis) or at anthesis were selected at
random from all the benches. These plants were marked with
green labels to indicate the stage 1 treatment. The plants
were selected in the afternoon of 7 January. They were then
grouped into 3 lots for temperature treatment. They were
staked and watered. On 8 January these plants were
transferred to the climate laboratories at the Plant
Physiology Division, DSIR, Palmerston North.

Similarly, for the stage 2 treatment, which was to be
applied as near as possible to the onset of anthesis, a
further group of 162 plants with their mean flowering date
on 8 January were selected. They were watered, staked and
transferred to the climate laboratory on the next morning.
For the stage 3 treatment, another group of plants with
mean flowering date on 7 January were selected and transfer-
red to the climate laboratory on 10 January, exactly 3 days
after anthesis. For stage 4 and 5 treatments, plants with
mean flowering dates on 8 and 6 January respectively were
selected and treated on 14 and 15 January. Plants in these
treatments were therefore treated exactly 6 days and 9 days
after anthesis, respectivelly.

3.2.3 Method of temperature stress treatments applied

The controlled environment (C.E.) as described by

Warrington (1971) and the frost rooms as detailed by
Robotham et al (1978), were used to apply stress temperature
treatments to the plants.

For each low temperature stress treatment the plants were
brought to the C.E. room 6 hours ahead of the stress. The
conditions in the rooms for this pre-stress period were
10°C+0.5°C, relative humidity 40+5% and 150W_"2 photo-
synthetically active radiation. The lighting system
consisted of 4 x lkw Sylvania 'Metal arc' high pressure
discharge lamps together with 4 x lkw Philips tungsten
iodine lamps (Warrington et al 1978). The lights were
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switched off at the start of the temperature decline and on

again at the end of the post-stress temperature rise.

The temperature decline occurred over 6 hours to either
+3°C, -2°C or -4°C. The stress temperature was maintained
for 6 hours. Thereafter, the temperature was raised to

10°C over the next 4 hours. During the stress temperature
period, the relative humidity of the air was approximately
100%. For stress temperatures -2°C and -4°C, the soil
temperature in the pots were kept above 5°C with a simple
soil heating system (Robotham et al 1978).

Some slight variations in the stress temperatures and
relative humidity occurred in some treatments due to
failure of the defrosting machinery, but in no case was the
variation more than ¥0.8°C or T10%RH.

The photosynthetic irradiances were 152, 160 and 159 W w2
in the +3O, -2° and -4°C stress rooms, respectively.

The plants under a temperature stress of -4°C for 6 hours

in the freezing room is shown in the plate 2.

3.2.4 Harvesting Method

The plants from each treatment were harvested at intervals
of 5 days, beginning 5 days after anthesis. At each stage
of stress the plants have different flowering dates. So
the harvests for each stage were carried out on different
dates according to the mean flowering date of that
particular stage. A harvesting plan is given in Table 3.
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Table 2: Sequential harvesting date at intervals of 5 days
after anthesis for plants stressed at 5 different
stages.

Harvest Date for H1 to H6
Stages Mean My Hy e Hy | 5 He
of Flowering| A+5 [A+10|A+15|A+20|A+25| (at maturity)
Stress Date days|days|days|days|days| A+(43-45)
Jan. Jan. lJan. {Jan. {Jan.|Feb. Feb.
By
*A-1day 9 14 19 24 29 3 20
=g
8 13 18 23 28 2 20
A+lday
93
7 12 17 22 27 1 20
A+3days
S4
8 13 18 23 29 3 20
A+6days
S5
6 11 16 21 26 31 20
A+9days
*A = Anthesis

At each harvest, 3 plants with 3 replications per treatment
were harvested. The primary head of each plant was kept
separate from secondary heads. After harvesting, the
secondary heads were left to dry in paper bags at room
temperature while the primary heads were dissected as soon
as possible (either the same day or within 1-4 days after
storage at 5°C).



Plate 2%

Plants treated at -4°C in the freezing room
of the climate laboratory, PPD, DSIR.
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3.3 Measurements

3.3.1 Ovule development

In order to assess the floret development, the florets were
classified into 'A', 'B', 'C', 'D', 'E' and 'R' categories,

according to their stage of ovule development.

An ovule was defined as 'A' when the ovule was of normal size
with active stigmas and it was presumed that at this stage
the floret had not been fertilised (Plate 3a). At a later
stage when the ovule had swollen, and assumed a bilobed and
conical shape with withered stigmas, the ovule was
classified as 'B' (Plate 3b and Plate 4). When this 'B'
stage developed further the ovule became elongated in a
cylindrical fashion, typical of a normal caryopsis, the
ovule was then defined as 'C' (Plate 3c). If ovule types
'A' or 'B' did not develop into 'C' and eventually the
ovule died then this ovule was classed as a 'D' (Plate 3d).
*The ovule 'D' was shrunken, shrivelled and misshapen and
greatly reduced in size. If the ovule had already been
swollen and thereafter became mishapen or a partially
swollen and distorted conical shape it was classified as
'E'. Finally florets which were not developed perfectly
and the floral structures were incomplete (with an absence
of male or female organs) were classified as rudimentary or
'R' (Percival 1921)(Plates 5 & 6).The tiny basal spikelets in
which florets were not developed were also classified as
'R' (Plate 6).

These types of florets were recorded on all 3 primary heads
per treatment and on 3 secondary heads selected at random

from the secondary heads present per treatment.

3.3.2 Percent fertility and sterility

Percentage fertility was calculated on the basis of the

percentage of type 'C' ovules present in the total ovules
C 100
( X =7 )

per head, 1.e.: TN

The percentage sterility
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Plate 3: Ovule categories used to distinguish different
stages of early grain development in wheat.

From left 'A' normal, unfertilised ovule before
anthesis.
'B' conical shaped, swollen ovule 1-3
days after anthesis.
‘C' cylindrical shaped, normal caryopsis.
'D' shrunken, shrivelled, sterile ovule.

Plate 4: Enlarged view of conical shaped, swollen 'B'
type ovules in wheat.



PLATE 5:

Typical rudimentary type terminal

florets with reduced floret
structures.

39,
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Plate 6 : Top row; 'R’ rudimentary terminal wheat floret,
lacking either male or female
Structures or both.

Bottom row; 'R’ rudimentary tiny basal spikelets.
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was calculated in two ways, i.e.;

Relative sterility (RSSA) which is the percent of sterile
D + R 100
florets, (-t_CTa—I) X i s OT

Sterility Index which is sterility due to ovule type 'D'

only. It was calculated as <f3%3T X 1%9)

Sterility measurements were recorded on all three primary
heads per treatment and on three secondary heads selected
at random from each treatment.

3.3.3 Ovule types, percent fertility and sterility
within a head

To study the ovule types and differential fertility and
sterility within a head, the spikelets on each head were
divided into three equal parts - top (V T), middle (V M),
and bottom (V B). In addition the basal 4 florets in each
spikelet part were divided into 2 groups, the basal 2
florets being grouped as bottom (HB) and the next 2 upper
florets grouped into top (HT). Other florets if present
were not analysed. These six positions within a seed head
are illustrated in Figure 1.

The position number of each spikelet and the position of
each floret on each spikelet were recorded during floret
dissection in order to locate the position of different
ovule types, and differential percent fertility and
sterility within the seedhead.

3.3.4 Seed yield and components of seed yield

After dissecting the seedheads and recording the ovule
types the grains from each treatment were collected,
counted and total seed weight per head was recorded. Mean
hundred-seed weight was calculated on the basis of total
seed weight divided by total seed number.
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FIGURE 1: A wheat spike, showing spikelets and

florets divided into 6 positions to study the

variations in the number of ovule types, fertility
and sterility within a seedhead.
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3.3.5 Germination Test

Germination tests on each sample per treatment were carried
out according to the ISTA Rules (1976) with some modification
where fresh ungerminated seed remained at the end of the
normal test period.

The number of seeds tested in the case of primary head seed
samples was 3 x 40 seeds and in secondary head seed samples
4 x 50 seeds. In samples where seed numbers were insufficient,
the maximum number of available seeds were used for testing.
The seeds were tested in rolled paper towelling, pre-
chilled at 5°C for 3 days and then transferred to 20°C
constant temperature. A first count was done on the 5th
day and a final count on the 8th day of test. If samples
had more than 5% fresh ungerminated seeds at the final
count, a number of different techniques were used to
encourage more complete germination i.e. extension of the
test period for a further 2 days, rechilling for 2 days at
5°C, transferring tests to 15°C constant temperature for 7
days, soaking substrate in 0.2% KNO3 and use of a 5°C-20°C
alternating temperature with supplemental lighting for 7
days.

All of these techniques assisted in reducing the number of

fresh ungerminated seeds and allowed a more accurate

assessment of germination potential.

3.3.6 Viable seed yield

The product of seed yield by the fraction germinable was

used to determine viable seed yield.

3.3.7 Ovule anatomy (Microtome section studies)

(Paraffin Method)
Samples of A, B, C and D floret types were collected from
primary heads from treatments.
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These ovules at different stages of development were fixed
into F.A.A. solution (Formalin, Glacial acetic acid and 70%
ethyl alcohol 12:1:17). Dehydration, infiltration and
embedding were followed according to the standard process
outlined by Johansen (1940) with few modifications. This
paraffin method was also used by other workers to study the
ovule development in wheat and other grasses (Hill 1971,
Bhatnagar & Chandra 1976).

Following dehydration in 70% alcohol for 5 hours, 90%
alcohol overnight and two changes of absolute alcohol
during the next day, the specimens were dehydrated in 50:50
xylol : alcohol for 10 hours, and changed to 100% xylol
during the next day. Melted wax was added every two hours.
When the vials were full, half of the mixture of xylol and
wax was decanted and the volume made up again with wax.
This process was repeated during the next day. Thereafter
the whole mixture was replaced by pure melted wax.
Additions of melted wax continued for 3 days each morning
and evening, until the xylol could not be detected by smell.

After gradual infiltration, the material was embedded in
wax using a Tissue Tek II machine (Tissue embedding
machine). The wax blocks were removed from the container

and stored in dust-proof containers before sectioning.

Microtoming was carried out on a rotary microtome set to
cut sections 10 M thickness. Haupt's adhesive was used to
stick the ribbon sections to microscope slides using the
procedure described by Johansen (1940). The slides were
allowed to dry overnight at 30°C and stored in dust-proof

boxes if staining could not be carried out immediately.

Before the sections were stained, the paraffin was removed
by immersion of slides in xylol for at least 5 minutes.
The slides were then placed in each of the following
solutions for % second, 50/50 xylol : absolute alcohol,
absolute alcohol and alcohol solutions of 95%, 85% and 707%
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and finally in water only.

The sections were then stained with 0.5% Toluidine Blue for
10 seconds. Although other stains such as Safranin were
tried, Toluidine Blue was found faster and more convenient.
Excess stain was washed off and slides were dried and fixed
by immersion in the following solutions for 5 minutes each;
707 alcohol, 857% alcohol, 95% alcohol, 2 beakers of
absolute alcohol (100%). Finally, the slides were cleaned
by immersing in solutions of; 50/50 xylol : absolute
alcohol and in pure xylol twice; and the slides were
permanently mounted in D P X.

Difficulties in microtome sectioning

The wheat ovule has a thick ovary wall covered with a hairy
surface. These hairs are arranged on the distal flat end
as the ovule develops. When the sections were cut, the
paraffin ribbon was often torn away from this part and
sections were crushed. Bhatnagar and Chandra (1976)
suggested the removal of hairs using a sharp scalpel

helped to overcome this problem. In the present study, the
top hairy portion of the ovary wall was cut away with a
sharp blade. However difficulties still occured in obtain-
ing serial sections as the ribbon often continued to tear
at some parts.

The orientation of the pro-embryo in the developing wheat
ovule is dorsoventral or lateral (Batygina 1969). Due to
this variability of orientation and also due to the small
size of the ovule it was difficult to adjust the plane of
cutting of the specimens to obtain the proper structure of
the pro-embryo. According to Batygina (1969) and Bhatnagar
and Chandra (1976) specimens should be cut dorsoventrally
as well as laterally. The orientation of the embryosac and
plane of cutting as suggested by Hoshikawa (1960) (Plate 7)
was also tried. Typically crushed sections as the result

of improper sectioning is shown in Plate 8.



Plate 7:

The orientation of the embryo sac of wheat
indicating the most appropriate plane of
cutting, as shown by Hoshikawa (1960).
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Plate 8: Typically torn section of a wheat ovule
as a result of improper cutting technique.
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3.4 STATISTICAL ANALYSIS

Most of the data were analysed in analyses of variance
{Steele and Torrie 1960}, the aim being to test for
significant differences between temperature stress levels
and stage of plant development treatments and for

significant interactions at each harvest.

Distribution of ovule fertility and sterility within a
seed head was examined by dividing each head into

6 positions (as described in Section 3.3.3) and conducting
analyses of variance as cutlined above to detect

differences between positions.

Duncan's new multiple range test has heen used for
examining differences between treatment values. The
values of any variable that are fellowed by different
alpiabetic subscripts are significantly different at
P £ 0.05.

Data were analysed using the Teddybear subroutine on the

Massey University B6700 computer.
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4,  RESULTS

The results are described in 2 sections. The first part is
concerned with the effects of low temperature stress applied
at different stages of plant development on seed development,
yield and yield components. The second part describes the
effects of low temperature stress at various stages of plant
development on seedhead fertility, sterility, ovule

development and anatomy in wheat.

4.1 Seed Development, Yield and Components of Yield

4.1.1 Seed Weight

The effects of temperature stresses of +3°C, -2°C and -4°C

on 100 seed weight are shown in Figures 2, 3 and 4 and Plates
9, 10, 11 and 12. Raw data and treatment means for all data
on 100 seed weights on a per plant basis and for primary and
secondary heads are given in Appendices 1, 2 and 3, together
with comparisons of treatment means using Duncan's New
Multiple Range Test.

In general the level of temperature stress applied (+3°c,
-2°C or -4°C) had far greater effects on 100 grain weight
than the effects of the different stages of plant development
when the stress was applied. In fact the 5 different stages
of plant development (from 1 day before up to 9 days after
anthesis) produced similar effects on 100 seed weight within
each temperature stress treatment. This trend occurred in
both primary and secondary heads and was also evident on a
per plant basis at each harvest, including the final harvest,
45 days after anthesis (Appendices 1, 2 and 3).

Although the effects of -2°C and +3°C temperature treatments
on seed development were similar (Figure 2) there was a trend
for 100 seed weight of seeds derived from secondary heads to
be less than that of seeds from primary heads during the
early stages of seed development (from 5 to 20 days after
anthesis). Thereafter 100 seed weights were similar.
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FIGURE 2: Changes in 100 seed weight for primary and
secondary head at different intervals after anthesis.
Results for each temperature stress treatments are

meaned over all stages of development.
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FIGURE 3: Effects of -4°C temperature stress applied at

different stages of development on the weight of 100 seeds
from primary heads at different intervals after anthesis.
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FIGURE 4: Effects of -4°C temperature stress applied
at different stages of development on the weight of
100 seeds from secondary heads at different intervals
after anthesis.
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PLATE 9:

5 different stages of plant development.
Note the normal grain produced from all

treatments at the final harvest, 45 days
after anthesis.

PLATE 10:

The seeds produced 1in sesondary heads when a
temperature stress of -2-C was applied at

5 different stages of plant development.
Note the normal grain produced from all
treatments at the final harvest, 45 days
after anthesis.
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PLATE 11:

PLATE 12:

The seeds produced in primary heads when a
temperature stress of -4°C was applied at

5 different stages of plant development

(S; to Sg). Note the absence of grain
produced”when the low temperature stress
was applied at or before anthesis (Sy, S»7).
At later stages of development small,
shrunken grains were produced.

o ' - - R .
L o el SRR R S T T T, Sl T

Then seeds produced in sscondary heads when a
temperature stress of -4 °C was applied at

5 different stages of plant development. Note
the absence of grain produced when the low
temperature stress was applied at or before
anthesis (S1, S2). At later stages of
development small, shrunken grains were

produced.
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Maximum 100 grain weight was achieved at the final harvest,
45 days after anthesis for both the +3°C and -2°C temperature
stress treatments applied at each stage of development
(Figure 2 and Plates 9, 10, 11 and 12).

By comparison a temperature stress of -4°C applied at all
stages of plant development (from 1 day before anthesis up to
9 days after anthesis) caused a highly significant reduction
in 100 grain weight compared to the +3°C and -2°C treatments
at all harvests. 100 grain weight remained very low and
relatively constant in all -4°C treatments and ranged from 0
to 0.4 grams only (Figure 2 and Plates 11 and 12).

The effects of the most severe temperature stress (-4OC)
applied at the 5 different stages of plant development are
shown in Figures 3 and 4. A temperature stress of -4°C
applied at pre-anthesis, anthesis or 3 days after anthesis
resulted in 100 grain weights of almost zero (0 to 0.1 gram)
for seeds derived from primary heads (Figure 2 and Plates

11 and 12). When the -4°C stress was applied 6 or 9 days
after anthesis there was a slight improvement in 100 grain
weight (0.1 to 0.4 gram), which was insignificant for seed-
lots derived from primary heads (see Appendix 2). At the
final harvest 100 grain weights of seed from primary heads
were low and similar for all the -4°C treatments regardless
of the stage of plant development at which the stress was
applied. However, on secondary heads and on a per plant
basis there was a small but significant increase in 100 grain
weight when the temperature stress of (-4°C) was imposed at
pre-anthesis (S1) compared to the results of similar stress
applied at all other later stages of development (Appendices
1, 3 and Figure 4).

4.1.2 Seed Number per Head and per Plant

Raw data and treatment means for all data on seed number are
presented in Appendices 4, 5 and 6. The effects of treat-

ments on the seed number per primary and secondary head at
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each stage of development are illustrated in Figures 5, 6, 7,
8 and 9.

Temperature stresses of +3°C and -2°C applied at any stage of
seed development (from 1 day pre-anthesis to 9 days post-
anthesis) had no substantial effects on maximum seed number
within the primary head (37 to 56 seeds/head) or secondary
head (9 to 42 seeds/head) categories at each harvest.

For these treatments, maximum seed number per primary head was
determined 5 to 10 days after anthesis and remained relatively
constant thereafter through to the final harvest, 45 days
after anthesis.

In secondary heads where temperature stresses of +3°C or -2°
had been applied at from one day pre-anthesis up to 3 days
post-anthesis (Figures 5, 6 and 7) compared to later stages
(Figures 8 and 9) the attainment of maximum seed number was
delayed a further 5 days and was reached 15 days after
anthesis, in the former treatments.

A temperature stress of -4°C applied one day before or 1 day
after anthesis caused a highly significant reduction in total
seed numbers per plant and also in both primary and secondary
heads (less than 12 seeds per head) compared to all other
temperature stress treatments (Figures 5 and 6). However,
when the same temperature stress (-4°C) was applied to plants
6 to 9 days after anthesis seed number per primary and
secondary head increased to normal levels giving results
comparable with those obtained in +3°C and -2°C treatments
(appendices 5 and 6). A -4°C stress applied 3 days after
anthesis caused a small reduction in seed numbers in primary
heads and a highly significant reduction in seed numbers in
secondary heads. Less than 8 seeds/head were present
compared to other temperature stress treatments applied at

this stage of plant growth. This meant there was an

approximately 507% reduction in seed number per plant when a
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FIGURE 5: Effects of temperature applied at pre-—anthesis
(S1) on seed number per primary and per secondary head at

different intervals after anthesis.
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FIGURE 6: Effects of temperature stress applied at
anthesis (S2) on seed number per primary and per secondary

head at different intervals after anthesis.
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FIGURE 7: Effects of temperature stress applied at
3 days after anthesis (S3) on seed number per primary
and per secondary head at different intervals after

anthesis.
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FIGURE 8: Effects of temperature stress applied at 6 days
after anthesis (S4) on seed number per primary and per

secondary head at different intervals after anthesis.
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FIGURE 9: Effects of temperature stress applied at
9 days after anthesis (S5) on seed number per primary
and per secondary head at different intervals after

anthesis.
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-49C temperature stress treatment was applied 3 days after
anthesis compared to that present when +3°C or -2°C stresses

were applied at each stage of development.

4.1.3 Seed Germination

Results of temperature stress meaned over all 5 stages of
plant development on the germination of seeds derived from
primary and secondary heads are given in Figure 10. Raw data
treatment means together with comparisons of means using
Duncan's Multiple Range Test are presented in Appendices 7
and 8.

The effects of temperature stress on seed germination were
similar in many ways to those on 100 seed weight. All plants
treated at any stage of development with a +3°C or -2°%
temperature stress produced maximum germination (88-997%) at

the final harvest, 45 days after anthesis (Appendices 7 and 8).

In all treatments which received a +3°C and -2°C temperature
stress viability began to develop 10 days after anthesis and
on primary heads more than 907 seed germinability was
attained 15 days after anthesis. However, on secondary heads
907% germinability was not obtained until 20 days after
anthesis.

The most severe temperature stress of -4°¢ produced extremely
high seed mortality. Normal germination was zero for all
seed produced on primary heads. Plates 13 and 14 show dead
seeds and abnormal seedlings produced at 5 and 10 days after
anthesis. Plate 15 shows typical dead seeds harvested 20
days after anthesis produced in the -4°C temperature stress
treatment applied 6 days after anthesis. The typical high
normal germination percentages produced in all +3°C and -2°C
treatments harvested from 20 up to 45 days after anthesis

are shown in Plate 16.
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FIGURE 10: Effects of temperature treatments (averaged
over all stages of development) on percentage germination
of seeds from primary and secondary heads at different
intervals after anthesis.
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PLATE 13: Typical Dead and abnormal seedlings produced

from seeds germinated 5 days after anthesis
in all treatments.

PLATE 14: Typical abnormal seedlings possessing only one

seminal root which occurred 5 and 10 days after
anthesis. Presumably the radicle was not fully
formed and differentiated atthese early harvests.
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PLATE 15: This photograph shows the dead seeds typical of
those produced in all -4°C temperature stress
treatments in which some seed was produced.
Note the shrunken, poorly developed dead seeds
after 8 days on a germination roll at 20°C.

PLATE 16: This photograph illustrates the high germination
percentage recorded in all +3°C and -2°C
treatments from seeds harvested from 20 to 45
days after anthesis.
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Seed on secondary heads which had been stressed at -4°C
generally showed zero germination irrespective of the stage
of plant growth at which low temperature stress had been
applied. The one exeption occurred in plants which had been
stressed at the pre-anthesis stage. In this case 337
germination was obtained from seed removed from secondary
heads at the final harvest (Appendix 8).

4.1.4 Seed Yield per Plant

The effects of temperature stress at different stages of
development on seed yield per plant are shown in Figure 11.
Raw data and treatment means are given in Appendices 9, 10,
11 and 12.

From Figure 11 it is evident that the effects of the various
treatments on seed yield per plant followed the same pattern
as described for 100 grain weight (see Section 4.1.1).

A temperature stress of -4°¢ applied at any stage of plant
development (from 1 day before anthesis up to 9 days after
anthesis) caused a highly significant reduction in seed yield
per plant compared to the +3°C and -2°C treatments at all
harvests (Appendix 9). At the final harvest, 45 days after
anthesis, 0 to 0.3 gm of seed per plant was present in -4°¢
treatments compared to yields of 8.3 to 12.2 grams/plant
produced in the +3°C and -2°C treatments.

Seed yield per plant is the sum of yield per primary head and
yield of all secondary heads on the plant. The contribution
of the seeds derived from primary heads to total yield per

plant is shown in Figure 12.

At the first harvest (5 days after anthesis) seeds from the
primary head contributed 55 to 66% of total seed yield per
plant in all temperature treatments (when temperature
treatments were averaged over all stages of development).

However at the final harvest, (45 days after anthesis) seeds



FIGURE 11: Seed yield in grams per plant at
different intervals after anthesis at different
treatments.
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FIGURE 11: CONTINUED
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FIGURE 12: Percentage contribution of primary head seeds
to yield per plant at different intervals after anthesis.
Results for each temperature stress treatments are

meaned over all stages of development.

N7

60-

Ul
(@)
A

to yield/plant

=~
=

301

10 15 20 25 30 35 40 45
Days after anthesis

m.J

x--x —4°C
B—ma ~-2°C
o—o -3°C



70.

from the primary head in the -4°C treatment contributed
significantly more to total yield per plant (34.4%) compared
to that observed in the -2°C and +3°C treatments (22.7 and
21.17% respectively , Figure 12 and Appendix 12).

4.1.5 Viable Seed Yield

Raw data, treatment means together with statistical comparisons
of means for all data on viable seed yield are presented in
Appendices 13, 14, 15 and 16.

Treatment effects on viable seed yield per plant and per head
(Figure 13) are essentially the same as those on yield per
plant and 100 seed weight (Sections 4.1.4 and 4.1.1,
respectively). However, viable seed yield was zero (because
germination was zero) at all harvests from -4°C treatments,
except when the -4°C stress was applied at the pre-anthesis
stage of plant development in secondary heads (Appendix 15).
Viable seed yield per primary head was greater than that

from an average secondary head in all the +3°C and -2°%C
treatments. In these treatments the primary head contributed
19 to 27% to total viable seed yield for plants.

4.2 Percent Fertility; Percent Sterility; and Ovule
Development

Yield and components of yield have been described in Section
4.1. Certain treatments produced high seed yields (i.e.
+3°C and -2°C treatments) whilst other treatments produced
low to zero yields (all -4°C treatments). It is now
proposed to describe the fertility and sterility patterns
which occur in seed heads in different treatments and in
different positions within the seed heads in an attempt to
explain the yield differences observed.

In order to obtain high seed yields per plant large numbers
of ovules per head must develop into normal seeds after
successful pollination and fertilisation. If fertilisation
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FIGURE 13: Viable seed yield in grams per plant at
different intervals after anthesis. Results for each
temperature stress treatment are meaned over all stages
of development.
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is not successful and/or subsequent ovule development does
not occur, the ovules become shrivelled and shrunken. In
the former case, the ovule is termed 'fertile' while in the

latter case it 1s termed '

sterile'. Hence, the number of
fertile and sterile ovules per head is associated with yield
per plant and 'ovule development' is an important process
which may be affected by genotype and environment the outcome
of which determines whether an ovule becomes 'fertile' or
'sterile'. Ovule development was also assessed by the physical
appearance differences between ovule types (as described in
the Methods Section 3.3.1) and their occurrence and

anatomical structure as observed in microtome sections during
the development stages from pre to post-fertilisation and
early seed development. The results for each of the variables

are presented below.

4.2.1 Percent Fertility and Percent Sterility

Ovules were defined as 'fertile' when the seed had 'set'.
Such 'fertile ovules' were identified by the elongated
cylindrical shape, typical of a normal caryopsis and defined
as category 'C'. Thus, the percen:ege of 'C' type ovules

per head is referred to as 'Percentage fertility'.

Two types of sterile ovules were assessed. Firstly, in cases
of unsuccessful fertilisation and seed 'set' the sterile
ovules became shrivelled, shrunken and dead. These types of
ovules were defined as 'D'. Secondly, it is a characteristic
feature of the wheat spike that one or two terminal florets
in each spikelet and several basal spikelets are usually
sterile due to lack of male or female structures or both,
and/or supressed floret development. The sterile ovules

from these incompletely developed florets were defined as

'R' or rudimentary. The percentage sterility was calculated

in two ways, firstly as relative sterility, (i.e. 'D + R/total

number of ovules x 100) and secondly as a sterility index
(D/total number of ovules x 100).
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(a) Percent Fertility

Raw data, treatment means and analyses of differences between
means in percent fertility per primary and secondary head for
different treatments at all harvests are presented in
Appendices 17 and 18. Treatment effects on percent fertility
are also illustrated in Figures 14 and 15. Treatment effects
on percent fertility are similar in many ways to those of
seed number per head and per plant previously described.

Both these indices comprise 'C' type ovules only.

A temperature stress of -4°¢ compared to stresses of +3°C and
-2°C caused a highly significant reduction in the percentage
fertility of heads at all harvests when plants were stressed
at the pre—anthesis stage of development (Appendices 17 and
18). The percentage of fertile ovules when a temperature
stress of -4°C was applied at pre-anthesis or at anthesis was
only O to 5% at any harvest (Figure 14, 15 and Appendices

17 and 18).

However, when the temperature stress of -4°C was applied

3 days after anthesis, the percentage of fertile ovules
present was approximately 50% and 10% in primary and secondary
heads respectively. In the later stages, 6 and 9 days after
anthesis, percentage fertility per head in all temperature
treatments was not reduced and remained near the maximum

level recorded in this experiment (approximately 70-80%)
(Figures 14 and 15).

Temperature stresses of +3°C and -2°C applied at all stages
of plant development had little effect on the percent
fertility which remained at 70-80% (Figures 14, 15 and
Appendices 17 and 18).

There was also a small difference between percentage ovule
fertility in primary compared to secondary seed heads.

The maximum percent fertility in primary heads was
approximately 807, compared with not more than 70% in
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FIGURE 14: Percent fertility per primary head at all
harvests when stress temperatures were applied at

different stages of development.
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FIGURE 15:
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Percent fertility per secondary head at all
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secondary heads (Figure 14 and 15).

(b) Percent Sterility

Ovules that had not developed into normal caryopses ('C'
type ovules) were classified as 'sterile' and these ovules
were either 'D' (shrunken, shrivelled and dead ovules) or
'R' (rudimentary ovules consisting of incomplete floral

structures), and percent sterility was measured as follows.

(1) Percent Relative Sterility, and Sterility Index

The effects of temperature stress applied at different stages
of plant development on percent relative sterility (i.e.

D + R/total ovule number x 100) at each harvest in primary
and secondary heads are shown in Figures 16 and 17,
respectively. Raw data, treatment means and details of
significant differences between means for %Z D + R, % D and

% R are given in Appendices 19 - 24.

In general percent total sterility results are the reciprocal
of % fertility data, since at all harvests from 10 days after
anthesis those floret sites which did not contain a normal

'C' caryopsis contained either 'D' or 'R' type ovules.

A temperature stress of -4°¢ applied at the pre-anthesis or
anthesis stages of plant growth produced the greatest total
sterility, from 90 to 100%. This consisted of 66 to 79% 'D'
i.e. sterility index and 34 to 217% 'R' type ovules at all
harvests taken 10 to 45 days after anthesis. At harvest 1,
5 days after anthesis many of the ovules examined were at a
very early stage of development ('A' or 'B') and had not yet
reached the 'C' or 'D' stage. The sequences of ovule

development will be described in Section 4.4.4.

A temperature stress of -4°C applied 3 days after anthesis
produced a relative sterility of approximately 50% in
primary heads which was made up of approximately equal
proportions of 'D' (sterility index) and 'R' ovules
(Appendices 19-24). When this treatment was imposed
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FIGURE 16: Relative sterility (%D + R Ovule Types) per
primary head at all harvests when temperatures were
applied at different stages of development.
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FIGURE 17: Relative sterility (%'D + R' type ovules)
per secondary head at all harvests when temperatures

were applied at different stages of development.
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on secondary heads relative sterility increased to approxim-—
ately 80 to 90%, all of this increase being in the form of
sterility index ('D' type ovules Appendices 20 and 22).

When a -4°C temperature stress was applied at 6 or 9 days
after anthesis and +3°C or -2°C temperatures were applied at
all stages of plant development percentage relative sterility
was found to vary 17-29% for primary and 30-437% for secondary
heads. The sterility index (%D) in these treatments was
0-14% for primary heads and 4 to 217 for secondary heads.

The percentage of 'R' florets was 16-257% for primary and
26-337% for secondary heads.

(c) Percent Distribution of Fertile and Sterile Ovules
Within a Seed Head

The wheat head was divided into 6 positions (as described in
the Methods Section 3.3.3) to determine whether stress
temperature and/or stage of plant development affected the
incidence and distribution of fertile and/or sterile ovules
within the head.

The results of % distribution of fertile ('C') and sterile
ovules ('D + R') in the 6 positions within primary and
secondary seed heads are presented in Appendices 25-28. A
typical pattern of the distribution of fertile and sterile
ovules in the six positions for a -2°C treatment is
illustrated in Figure 18.

In general, the relative order of positions from highest (20%)
to lowest (3%) fertility within the primary head was as
follows: -

Position 3 (consisting of the 2 basal florets in
all spikelets in the central 1/3 of
the head)

Position 5 (consisting of the two basal florets in
all spikelets in the top 1/3 of the
head)



FIGURE 18.
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Position 4 (containing the third and fourth florets
from the base in all spikelets in the
centre 1/3 of the head)

Position 1 (containing the 2 basal florets in all
spikelets and/or the tiny basal spikelets
in the lower 1/3 of the head)

Position 2 (consisting of the third and fourth florets
from the base in all spikelets in the
bottom 1/3 of the head)

Position 6 (consisting of the third and fourth florets
from the base in all spikelets 1in the
upper 1/3 of the head)

This order of distribution of fertility within the spike
remained the same for all treatments except for treatments
which received a -4°C stress at the pre-anthesis or anthesis
stages of plant development (Figure 19). These latter
treatments had absolute sterility in all positions at the
final harvest, 45 days after anthesis. For these treatments
at earlier harvests taken 10 to 25 days after anthesis low
levels of fertility were recorded at positions 3 and 5 only
(Appendices 25 and 26). The order of positions from highest
to lowest fertility was similar in both primary and secondary
heads. However, the total percentage of fertile ovules in
each position was less in secondary compared to primary heads
(Appendices 25 and 26). There was a trend for the top and
central position containing two basal florets (positions 3
and 5) to be areas of higher potential fertility compared

to positions containing distal florets (positions 2, 4 and ¢,
Figure 18 and 19).

The -4°C temperature stress treatment produced more than
90% relative sterility when plants were stressed pre-anthesis.
In this treatment the % of sterile ovules in all 6 positions
was significantly higher than in all other treatments. The
ranking of positions from highest to lowest sterility
followed the order 3, 4, 5, 1, 6 and 2. For the rest of

the treatments at all temperatures, positions 1, 3 and 5
(which included the two basal florets only) had a lower
percent sterility compared to that of positions 2, 4 and 6



82.

FIGURE 19: Percentage of fertility and sterility in

6 positions within the primary head at final harvest

(45 days after anthesis) when a
was applied at different stages
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(which included terminal and 'R' type florets Appendices
27, 28, 31 and 32, Figures 18 and 19). However, if 'D'

type ovules only are considered the occurrence of sterility
in the 6 positions was negligible (less than 8%) in all

+3°C and -2°C treatments and for -4°C treatments stressed at
6 to 9 days after anthesis (Figures 18, 19 and Appendices

29 and 30).

4.,2.2 Ovule Development

The effects of temperature stress applied at different stages
of plant growth may affect the ovule development process and
cause an ovule to become sterile or fertile. In order to
gain some understanding of the mechanisms in operation during
ovule development the effects of temperature stress applied
at different stages of plant growth on the type and numbers
of ovules present are described. Furthermore attempts were
made to determine the morphological and the anatomical path-
ways of early seed development in both temperature stressed
and unstressed wheat plants during the period from 0 to 10
days after anthesis.

In order to identify developmental phases, the ovules were
grouped into 'A', 'B', 'C', 'D' and 'E' and 'R' categories.
'"A' is an ovule prior to fertilisation, the ovule being of
normal size with an active stigma (Plate 17a). At a later
stage when the ovule had swollen and assumed a bilobed and
conical shape with withered stigmas, the ovule was
classified as 'B' (Plates 17b and 18). When this 'B' stage
developed further the ovule became elongated in a cylindrical
fashion, typical of a normal caryopsis, and was categorised
as 'C' (Plate 17c¢). 1If ovule types 'A' or 'B' did not
develop into 'C' and eventually the ovule died, then this
ovule was classed as a 'D'. The 'D' type ovule was
shrivelled, shrunken, misshapen and greatly reduced in size
(Plate 17d). 1If the ovule had already been swollen and
thereafter became misshapen or only partially swollen,
distorted and conical in shape it was classified as 'E'.



PLATE 17: Ovule categories used to distinguish different
stages of early grain development in wheat.

From left A - normal, unfertilised ovule before
anthesis
B - conical shaped, swollen ovule 1-3
days after anthesis
C - cylindrical shaped, normal caryopsis
D - shrunken, shrivelled, sterile ovule

PLATE 18: Enlarged view of conical shaped, swollen 'B'
type ovules 1in wheat.



Finally, ovules which had not developed perfectly and t!
floral structures were incomplete, were classified as '
(Plate 19). The tiny basal spikelets in which florets
not developed were also classified as 'R' (Plate 19).

The occurence of these different categories of ovule ty;
per head in different treatments were analysed to examii
the effects of temperature stress applied at different :
of plant growth on ovule development.

( 1 ) Percentage of ovule Types per Head

Raw data, treatment means and details of differences bet
treatment means for the percentages of ovule types at tt
first and second harvest (5 and 10 days after anthesis)
both primary and secondary heads are presented in Appenc
33 and 34. Figures 20, 21, 22 and 23 also show the numt
of ovule types per head for different treatments 5 and 1
days after anthesis.

The composition of different ovule types per head from j
stressed at -4°C pre-anthesis, at anthesis or 3 days aft
anthesis was significantly different from the composotic
ovule types in the remaining treatments. Heads from all
+3°C and -2°C treatments exhibited a similar compositior
ovule types (mainly 'C's'), whereas in the -4°C temperat
stress treatments the percentage of ovule types changed
according to the stage of plant development at which the
stress had been applied. For example, a -4°¢ temperatut
stress applied at 1 day before or 1 day after anthesis
produced the maximum percentage of 'D' type ovules when
plants were sampled 10 days after anthesis (Figures 22 ¢
However, when a -4°C temperature stress was applied at ¢
9 days after anthesis 'C' type ovules were the main type
found (Figures 21 and 23).

'A' type ovules were found at harvest 1 only, 5 days aft
anthesis (Figures 20 and 22). 'E' type ovules occurred
low numbers in most treatments at 5 days after anthesis



PLATE 19:

Top row:

Bottom row:

'R' type rudimentary terminal
wheat floret, lacking either

male or female structures or
both.

'R' rudimentary basal
spikelets.
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FIGURE 20: The percentage of ovule types present per primary head at
5 days after anthesis.
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The percentage of ovule types present per primary head at 10 days after anthesis.

FIGURE 21:
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FIGURE 22: The percentage of ovule types present per secondary
head at 5 days after anthesis.
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The percentage of ovule types present per secondary head at 10 days after anthesis.

FIGURE 23:
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and by 10 days after anthesis were not present (Appendices
33 and 34).

An important feature of ovule development in the -2°C
temperature stress treatments was that a higher percentage
of 'B' type of ovules occurred on secondary heads 5 days
after anthesis when the temperature stress was applied at
pre-anthesis, anthesis or 3 days after anthesis (Appendices
33 and 34). At later harvests 'B' type ovules were not
present in any significant quantity (less than 47%) and
presumably had mainly developed into 'C' (i.e. normal grains)
in later harvests in all the +3°C and -2°C treatments.

Ovules classed as rudimentary 'R' type ovules in general
occurred in similar percentages 16-25% for primary and
26-33% for secondary heads in all treatments (Figures 20, 21,
22, 23 and Appendices 23 and 24).

(ii) Percentage Distribution of Different Types of
Ovules within a Seedhead

The wheat seedhead was divided into 6 positions (Methods
Section 3.3.3) to determine the percentage of different types
of ovules present in different parts of the head. Raw data
and treatment means for the % of 'A' and 'B' type ovules
present in each position are given in Appendices 35 and 36.
Percentages of 'C', 'D' and 'R' type ovules have been
presented earlier in Appendices 25, 26, 29 and 30. 'A' type
ovules only occurred at harvest 1 and the maximum percentages
of A's occurred when a -4°C treatment was applied at 1 day
before first anthesis. The percentage of A's ranged from a
maximum of 15.7 to a minimum of 5.67% for positions 4 (florets
3 and 4 from the base in the centre 1/3 of the head) and 6
(florets 3 and 4 from the base in the top 1/3 of the head)
respectively. At later harvests, from 10 to 45 days after
anthesis, most of these positions were occupied by 'D’
type ovules. It was also of interest that positions of
highest potential fertility (3, 4, 5) had the greatest
percentage of B type ovules in secondary heads. At later
harvests these positions were usually filled with normal
grains, i.e. 'C' type ovules.
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Rudimentary ovules occurred in a similar distribution in all
treatments (Appendixes 31 and 32). They occurred in the
distal florets of spikelets (positions 2, 4 and 6) or in tiny,
basal spikelets (position 1) and their distribution was
similar at all harvests in all treatments.

(111) Ovule Anatomy

Microtome sectioning was carried out in representative
specimens of floret types A, B, C and D as described in
Materials and Methods Section 3.3.7.

In a typical ovule type 'A', two large antipodal cells are
found (Plate 20). Though a number of sections were cut

the egg apparatus, synergids, or polar nuclei structures were
not detected. This is possibly due to the occurence of these
organs in different planes and because of problems in
orientating ovules in the wax to cut them in the desired plane
and the tearing of tissues. Few complete serial sections

of whole ovules were obtained (Methods Section 3.3.7). The
plane of sectioning determined the structures found.

Because of the difficulty experienced in obtaining sections
of A'type ovules which showed all of the essential structures
in wheat a mature embryo sac prior to fertilisation as
depicted by Hoshikawa (1960) is shown in Plate 21.

In the ovule type 'B' collected from control plants an
approximately 6-celled embryo was identified (Plate 22)

while in 'B' ovules collected from -2°C treatments, no

embryo sturctures were found in spite of many serial sections
being cut and examined. Developing liquid endosperm was
clearly identified in the 'B' ovules from control plants
(Plate 23). Endosperm development was also identified in
some of the other 'B' ovules collected from the treatment
-2°c.



PLATE 20: Ovule type 'A' showing two antipodal cells
(a) in the embryo sac (es)

(Treatment control +3°C) (Magn x 40)
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PLATE 21:

A mature embryo sac, prior to fertilisation
showing egg cell (ec), synergidae (s) polar
nuclei (pn) and large antipodal cells (a)

(From Hoshikawa 1960)
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PLATE 22:

Ovule type 'B', embryo sac (es) with about a
6-celled embryo (e)

(Treatment control + 3°C) (Magn x 40)
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PLATE 23:
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Ovule type 'B' showing liquid endosperm (en)
developing in the embryo sac (es) (Magn x 40)

(Treatment control + 3°C).
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In 'B' type ovules collected from the temperature treatment
-2°¢ (Plate 24) the structures inside the ovule were not
identified but an inverted T shaped ovule structure was
clearly visible. This is similar in shape and size to the
'B' type ovule identified in ryegrass by Hill (1971). The
dense vertical column of tissue may or may not be organically
connected to the ovule.

Plate 25 shows a 'C' type ovule cut in a dorsoventral plane,
in which the endosperm had developed well but liquid portions
in the endosperm are still present. The embryo structure
seems to have just begun differentiation. In another case,

a 'D' type ovule collected from the -4°C temperature stress
treatment clearly shows the unidentifiable shrivelled and
shrunken structure typical of this category (Plate 26).



PLATE 24:

An inverted T shaped ovule. The vertical
column of dorsal tissue may or may not be
organically connected to the ovule.

(Treatment -20C) (Magn x 40)

98.



PLATE 25:

Ovule type 'C'.

Well developed liquid
endosperm (en) and embryo (e)

(Dorsoventral section)

(Treatment control +30C) (magn x 40)
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PLATE 26: Ovule type 'D' shrivelled and shrunken
structures unidentifiable collapsed ovule.

(Treatment —AOC) (magn x 40)
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5. DISCUSSION

Temperature stress has been shown to have a profound effect on
grain number, yield and quality in Karamu wheat. In this
experiment grain weight per ear and germination were
significantly reduced by exposing plants for 6 hours to a

-4°C frost. Although absence of a response to -2°% or +3°
temperature exposure may suggest that this wheat cultivator
has some degree of resistance to frost damage, it .is necessary
to consider that the treatments used in the controlled
temperature rooms may not necessarily reflect field conditions
precisely. In a natural field environment, other factors such
as humidity, wind speed, light and moisture may well influence
the effect of extreme temperature. Furthermore, the
temperatures in the pre-and post-temperature stress 'conditioning'
periods in the current work were gradually lowered from and
raised to 10°C over 6 and 4 hours, respectively before and
after the stress treatment. Sudden changes in temperature

are likely to be more damaging than a more gradual transition
to and from the stress temperature (Langer and Olugbemi 1970;
Single 1975). Therefore the amount of pre-chilling or post-
chilling may be of major importance in determining the amount
of field injury. Olugbemi (1968) found a -2.2% temperature
stress at anthesis produced more that 50% sterile florets in
Hilgendorf 61 wheat. Different genetic and conditioning
factors are likely to be associated with the above plant

responses.

The basic factors which contribute directly to seed-yielding
ability in grasses and cereals are the number of geedheads

produced per plant, the number of florets produced per seed-
head, the proportion of florets which set seed and individual

seed weight.
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Most investigators agree that seed 'set' (floret fertility) is
of prime importance in seed yield in the Gramineae and that it
is a component which shows a surprising degree of heritable
variation (Burton and De Vane 1953; Cowan 1955; Bean 1972;
Langer 1978; Griffiths, Lewis and Bean 1980). Bean (1972)
reported a heritability value of 0.51 for floret fertility in
S.170 tall fescue material, while other authors (Neilson and
Kalton 1959; Knowles and Baenziger 1962) have stressed the
importance of selecting highly fertile plants for improving
seed yield. Bean (1972) has therefore emphasised that seed-
yielding ability should be increased through an improvement

in the efficiency of the reproductive system, where efficiency
can be defined as the percentage of florets which produce seeds
and the size of which these seeds develop, rather than by an
increase in the size of the reproductive system by selection

for increased numbers of seedheads and larger seedhead size.

In addition to the above factors, which contribute directly to
seed yield, breeding can also provide the means of improving
cultivar characters which limit yield indirectly; such as
susceptibility to low temperature injury, loding and disease
susceptibility.

In the current work the lowest temperature stress treatment of
-4°C caused a significant disruption of normal seed setting
and development in different ways, depending on the stage of
plant and ovule development when the stress was applied.

Among the stages of development tested in the current work,
the only significant effects on grain number (seed setting),
yield and quality occurred in the temperature stress treatment
of -4°C. Sseed number, yield and quality were high and similar
when temperatues of -2° and +3°C were applied at any stage of
plant development.
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Ovules were classified into 6 groups for assessment of seed
development. (A = apparently not fertilised, B = swollen,
conical shaped, C = developing, D = shrunken, E = shrunken,
reduced conical shape, R = rudimentary) as described earlier.
Microtome sectioning of ovules was carried out to try to
determine the morphological pathways of early seed development
in both temperature stressed and unstressed wheat plants. A
detailed examination of these effects showed there were four

main categories of response to the different treatments.

1. High sterility - nil seed formation and development category

A temperature stress of -4% applied 1 day before anthesis or
1 day after anthesis in the primary head resulted in a highly
significant reduction in seed number, seed yield and components
of yield as well as a substantial increase in percentage
sterility of ovules. One hundred seed weight, seed yield per
plant, germination and viable seed yield were virtually nil
in the above treatments (i.e. -4°C applied at pre-anthesis
and anthesis). Seed number was low and ranged from 0 to 12
seeds/head. The percentage sterility in terms of relative
sterility (percentage 'D + R') and sterility index
(percentage 'D' ovule types) was approximately 100% and 80%
respectively. The majority of 'B' type ovules present 5 days

after anthesis became 'D' types by 10 days after anthesis.

The number of rudimentary ('R' type) ovules present was
similar in all treatments. For example the percentage of

'R' type ovules present 45 days after anthesis ranged from
18-24% and 26-32% in primary and secondary heads respectively.

The findings indicate that temperature below a critical point
at about the time the anthers are visible induces floret
sterility presumably by damaging certain reproductive organs,
although there was no indication which organs were most
susceptible to low temperature stress. However it has been
shown in Russian Wild Rye that the main effect of low

temperature at another extrusion involves the shrivelling of
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the anthers and pollen mortality, while high temperature
damages pistillate tissue (Dotzenko 1967). This supports the
theory that 'A' type ovules direct become 'D' type ovules
within 5 days of the imposition of a -4% temperature stress
because of damage to male organs and the disruption of
pollination and fertilisation processes so that no seed is
set.

Olugbemi's (1968) study on the effect of temperature stresses
of -2.2 up to 40°C on wheat plants at different stages of
development, (from pre-anthesis to grain development)
suggested that complete floret sterility on a seedhead was
seldom a feature of temperature injury. He indicated that
each floret reacted independently to temperature stress. In
the current work, presumably as a result of the more extreme
temperature stress of -4°c applied, almost all florets were
killed at the time of stress and no further seed development
occurred after the stress period. 1In addition, a detailed
examination of individual spikelets, florets and floret
positions showed that when sterility was high it was distributed
throughout the spike. All 6 positions studied had near total
sterility when a -4°C stress was applied at 1 day before or

1l day after anthesis. 1In these treatments it seemed that all

florets were equally susceptible to a -4 temperature injury.

2. Partial seed formation but insignificant seed development
category

When a temperature stress of -4°C was applied 3 days after
anthesis percent fertility increased to a maximum of
approximately 50% for primary and 5% for secondary heads by

the final harvest, 45 days after anthesis. Although
significant seed numbers occurred in this treatment, there

was little increase in 100 seed weight germination and yield
per plant after the stress had been applied. Presumably
freezing injury had caused cessation of normal seed development
processes as suggested by Single (1975).
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In plants stressed 3 days after anthesis at -4°c large
numbers of 'C' and 'D' type ovules were found in the first
harvest, 5 days after anthesis. The probable pathway to
fertility was from ovule types A to B to C. A number of
pathways leading to ovule sterility seem likely i.e. A to D,
A to B toD, or A to B to C to D. Ovule development often
proceeded rapidly and the intermediate stages were often not
observed at the 5 day sampling period.

The 'C' type ovules which were found in this category tended

to be most abundant in the 2 basal florets of the central and
top portions of the head. This means in this category, ovules
in the head reacted independently to temperature stress as also
observed by Langer and Olugbemi (1970), the resultant ovule
type produced depending on its stage of development when it

was exposed to stress.

3. Near maximum seed formation but insignificant seed
development category

At later stages of development, 6 or 9 days after anthesis,

a -4° temperature stress did not affect the attainment of
maximum seed number or percentage fertility which were near
the maximum level recorded in the experiment. However, there
was little increase in 100 seed weight, yield per plant,
germination and viable seed yield in these treatments. The
majority of ovules had developed to the 'C' stage before the
stress was applied in these treatments. The distribution of
'C' type ovules within the head was similar to that described in
Category 4 below. It is likely that freezing injury caused
cessation of normal seed development processes from the time
the low temperature stress was applied as found by Single
(1975) .

4. Normal seed formation and development category

When plants were stressed at -2°% or +3°% at any stage of

development there was no significant effect on seed formation
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and development.

Ovules had already formed seed by the first harvest and
continued normal development up to the final harvest, 45 days
after anthesis. A similar pathway to successful seed
development is evident in the work of Hill (1971, 1980) in
ryegrass. However, it is interesting to note that the
numbers of 'B' type ovules were significantly higher in the
temperature stress treatment of ~2% applied at 1 or 3 days
after the first signs of anthesis (approximately 20% of the
florets were 'B' ovules in secondary heads 5 days after
anthesis). It may be concluded that the change from 'B' to
'C' was faster in the +3°C treatments compared to -29C stress
treatments. Few category 'B' ovules were observed in -400
treatments. This may be due to rapid development to a 'D'

stage when a severe stress of -4%% is applied to a 'A'.

It has been shown that under unfavourable conditions inlcuding
certain low temperature situations the existence of 'B's' may
become prolonged (Hill 1971). This may mean there is every
possibility of abnormal ovule development, although in the
present study the results do not show significant numbers of

'B' type ovules being aborted.

Hill (1971, 1980) has shown that the florets in the stage 'B'
consist of an inverted T-shaped ovary, which can remain in an
apparently quiescent stage for up to 3 weeks in ryegrass crops.
Subsequently these ovules either resume further growth or
collapse. He further suggested that the ability to develop
seed or become a collapsed ovule may be associated with the

length of the dormancy period of the zygote in many species.

In wheat, the normal dormancy period is reasonably short
(16-18 hours) which suggests the change of seed development
is likely to be much higher than in other species with a
longer zygotic resting stage. The current results suggest

that a temperature stress of -2°C applied at anthesis or 3
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days after anthesis may extend the dormancy period. Pope
(1942) has shown that cell division in the zygote does not
occur until 3 days after pollination in barley at 5%. It
is therefore suggested that low temperature prolongs the
'resting period' of the zygote which may mean that if this
'B' stage is sensitive to temperature stress there is more

chance of disruption of seed set.

Further detailed embryology work (using light and the electron
microscope) is needed to resolve the gaps in our knowledge of
effects of low temperature stress on early seed development
and ovule structure. Frequent sampling of wheat crops (since
the zygote resting stage is relatively short) from early
anthesis would be necessary to ensure adequate detection of
'B' type florets and the structural changes occurring with
these ovules.

It is evident that in all the -2°C and +3°C treatments the
effects on ovules were transient and reversible (e.g. super-
cooling) and produced no significant effects on fertility,

seed yield and components of yield.

The potential for yield was also regulated in that temperature
had a marked effect on the number and location of florets
which set grains and hence on the potential number of sites
for grain development. Temperature also influenced seed
development and grain filling and hence the expression of

yield potential.

In general, the two basal florets set and filled more grains
compared to the more distal florets in all -29 and +3°%
treatments. Similar results have been obtained by Barnard
(1955) and by Warrington et _al (1977) with Australian wheat
cultivars.



108.

The 3 basal florets which have direct vascular connection to
the rachis are likely to have priority in assimlate supply
compared to the distal florets which are connected by a
subvascular system to the rachis (Hanif and Langer 1972).

The central part of the head although the site of highest
potential fertility was most affected by a -4°C temperature
stress in the current work and by high temperature in work
conducted by Warrington et al (1977).

In Karamu wheat the distal third of the seedhead was found to
be more fertile than the basal third of the head. However,
Warrington et al (1977) found the reverse to be true in
Gamenya wheat grown at 20/25 to 15/10°C. Different numbers
and locations of florets per spikelet and numbers of tiny,
basal sterile spikelets per head between Karamu and Gamenya

are possible causes of these differences.

The 4 response categories already described clearly show that
once a -4°C stress was applied, little or no further develop-
ment in seed number and/or seed weight occurred. Other
workers have provided details of the likely mechanisms in
operation during frost injury in wheat. Many early workers
(Gregory and Beeson 1926; Butler 1948; Livingston and
Swinbank 1950) have found poor seed yield and quality when
plants were damaged by frost. More detailed work by later
workers such as Single (1961, 1964, 1966, 1975) and Langer and
Olugbemi (1970) have shown that spikelets which are frozen
fail to develop further and give an indication of the stage
of development reached prior to the damaging frost. Single
(1964) has also shown that until its emergence, the seedhead
is protected from frost injury by the leaf sheath.
Reproductive tissues of the developing wheat seedhead however
are most susceptible to damage by freezing and depend upon
supercooling (i.e. a situation where at subzero temperatures
the water in the tissues remains liquid and not solid) to

Escape injury at subzero temperatures (Single and Marcellos
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1974). 1In the -2°c ana +3°c treatments in the current work,
presumably supercooling and cooling processes respectively as des—
cribed by Marcellos & Single (1979) were in operation so that little or
no freezing of water in cell tissues occurred and consequently
no irreversible damage to seed formation, development and yield
occurred. Other workers have found that a temperature of
~2.2%¢ applied for 3 hours to 'Hilgendorf 61' wheat at early
anthesis or at anthesis significantly reduced the percentage

of normal spikelets by more than 50% with all florets sterile
(Langer and Olugbemi 1970). Similarly Livingston and Swinbank
(1950) found that a temperature stress of -4OC or -2°C when
applied to 'Pawnee' wheat for 6 hours at anthesis produced

64.2 and 8.4% sterile florets per head respectively. This
indicates different tolerances between cultivars to freezing
injury. The different effects recorded may also be due to the
different conditioning influences and definitions of sterility
used. However, as long as crystallisation of internal

moisture is not induced by contact with nuclei, seedheads may
endure long periods at temperaturés of -5°C or below without
damage (Single 1964). There is some variation between
cultivars in their degree of frost tolerance. Single and
Marcellos (1974) found 17 cultivars could be ranked in order
according to their reaction in terms of spikelet survival to

freezing temperatures of -3%%.

Differences in conditioning environments used appears to alter
the degree of 'hardness', or resistance of plants to low
temperature stress conditions. Langer and Olugbemi (1970)
found significantly less sterility in plants which received

a period of low temperature conditioning at +7°%¢ compared

to +15.5°C exposure before a -2.2°% frost.

Uniform definitions and measurements of sterility (including
an assessment of fertility and sterility in all florets
present) and temperature conditioning treatments may help

to facilitate comparison of results obtained in different

experiments. Such an approach may also help in an understanding
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of the dynamics of floret fertility and sterility within and
between seedheads in stressed and non-stressed plants.
Problems arise in terms of ease of identifying and
distinguishing 'imperfect', 'rudimentary' and intermediate
floret types during seed setting and development. Often
detailed floret dissection and microscopic examination is
needed to accurately discern different floret types. The
floret classified as 'imperfect' is morphologically complete
except that the stamens are reduced or absent. A proportion
of these imperfect florets may set grain whereas this is not
so in rudimentary florets (Barnard 1955). Barnard (1964)
has classed florets as rudimentary when reduced palea and

gynaecial structures are formed.

In order to obtain a complete description of the fertility
potential of different wheat cultivars it appears that

emphasis should be placed on the total number of fertile
florets and all other types present per seedhead rather than
solely on the total number of florets or spikelets per head

as an indg¢x of grain yield and fertility. The seed development
of the fertile florets must also be considered, since a high
percentage of florets must be effectively pollinated,
fertilised and develop seed of maximum weight and germination

capacity to obtain the full yield potential of any crop.

The reduction in total seed yield by frost is influenced by
changes in two main components of seed yield - seed number

and seed weight. Seed number is the first stage in utilisation
of yield potential through the processes of ovule development

or seed set while increases in seed weight can only occur after
seed formation through the process of seed development. In

the case of a high degree of unsuccessful seed formation in

the first stage, it is obvious that total seed yield will be
reduced due to the presence of large numbers of sterile florets.
However, even if the first stage i.e. seed formation is
successful it does not assure the attainment of high seed yield.

Successful utilisation of the yield potential i.e. seed
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development is a necessary step to obtain maximum seed yield
and viable seed yield.

Studies of the mechanisms by which low temperature sress
affects ovule development may also be useful in explaining
the mechanism of frost injury causing an ovule to become
sterile. This could help physiologists and plant breeders to
overcome such problems. Langer and Olugbemi (1970) suggested
there may be a critical stage of reproductive development,
probably of quite short duration, when florets were most
susceptible to low temperature injury and the florets passing
through this susceptible stage are most likely to become
sterile. The high percent sterility at -4°C temperature
applied at pre-anthesis or anthesis suggests that the most
critical stage as mentioned by Langer and Olugbemi (1970)
appears to be from 1 day before up to 3 days after anthesis
in Karamu wheat. The severity of temperature stress may also
influence numbers and location of sterile ovules within the
head.

The current work has produced results with practical implicat-
ions for wheat production.

The experiment has shown that substantial disruption to normal
seed development resulting in low seed yields can occur when
Karamu wheat plants are exposed to a -4°c temperature stress
for 6 hours at any stage from 1 day before anthesis up to 9
days after anthesis. The different stages of plant develop-
ment used in the current work had little importance when
temperature stress was severe. The -4°¢ temperature stress
applied from 1 day before anthesis up to 3 days after anthesis
is reduced seed yield by decreasing seed number while in plants
stressed at later stages of growth (6 or 9 days after anthesis)
yield was reduced by disruption of seed development. The study
also provides preliminary information on the mechanisms in
operation and an understanding of the effects of low
temperature stress on pathways of ovule development and on

seed development and yield in Karamu wheat.
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Single (1968 & 1975) has suggested that breeding for frost resistance

and earlier flowering may offer one of the most promising
avenues for yield improvement. Furthermore, it may be worth-
while to consider the structure of the wheat plant as well as
its inherent resistance to low temperature stress. In
monoculms compared to multiculms if a period of low temperature
stress occurs during the shorter single flowering period

losses may be greater, since there is no capacity to form
secondary tillers. However, there is some capacity for

compensation within the seedheads of monoculms (Donald 1979).

Alterations in the time of sowing may make it possible for
farmers to avoid producing cereal crops that flower during
the times when the incidence of frosts are most likely. 1In
practice this is often not possible since, for example, soil
moisture levels may cause an unavoidable delay in planting
wheatlands.

Frost resistance, earliniess of flowering and sowing time are
factors which may enable new wheat cultivars to be grown in

the plains (Tarai) and hills of Nepal.

The results suggest that while anthesis, pollination and seed
set are essential pre-requisites to seed production low
temperature stress conditions may cause considerable disruption
of these processes and also cause alterations in the number
(fertility), weight and germination capacity of seeds during
the processes of seed development. It may be possible to
estimate the degree of frost injury before final harvest by

examining ovule types and development.

A sound knowlege of the physiological processes underlying
seed production (especially during early seed development) in
both temperature stressed and unstressed wheat plants is
needed to provide a logical basis for the development of
cultivars with increased frost resistance, fertility and

yield.
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6.  CONCLUSION

The results in the present study suggest that the lowest
temperature reached determined the nature and severity of
temperature injury in Karamu wheat when plants were stressed
at one day before anthesis up to 9 days after anthesis.
Florets about one day before the first signs of anthesis up
to a few days after anthesis were most susceptible to
temperature injury when exposed to a -4°¢ temperature stress.
Temperature stress treatments of +3°C and -2°C for 6 hours
had no significant effects on seed set, yield and germination
at any stage of plant development. Since only one cultivar
was tested, the results of this experiment cannot be presumed
to apply to all wheat cultivars. However, this and other
work reported elsewhere indicates that all the major wheat
cultivars are most sensitive to frost injury at anthesis and
that significant floret sterility and yield reduction may
occur at temperatures of -2°c to -4°C and below (Single

1964; Livingston and Swinbank 1965; Olugbemi 1968; Single
1968; Single and Marcellos 1974; Single 1975). It was
evident in this experiment that florets in any part of the
seedhead could be injured and further development curtailed.
Distinct changes in ovule morphology and anatomy also
occurred so that shrunken empty ovules were evident within a

few days of lethal low temperature stress.

Since there is an absence of highly resistant spring wheat
cultivars to low temperature injury and a limited possibility

in breeding for this character, practices that lead to

escape from injury seem to be the obvious short term alternative.
Such practises include selection of early or late planting
time(s) and of early maturing cultivars with a short flowering

phase during which seedheads are most susceptible.
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In the long term the accumulation of a detailed understanding
of the physiological processes which occur in low temperature
stressed and unstressed plants during anthesis and early seed
development may help to provide a basis for breeding and
producing wheat cultivars with increased frost resistance and
fertility at anthesis, the most susceptible stage of plant

development.
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KEY TO APPENDICES

(a) GENERAL

HARVEST 1 = Harvest at 5 days after anthesis
HARVEST 2 = " ¥ 10 I "
HARVEST 3 = . " 15 # G
HARVEST 4 = f " 20 * o .
HARVEST 5 = " * 25 " Y
HARVES T 6 - n n 4 5 L1} L1] [1]
S, = Stage of plant development at stress, 1 day
before anthesis (pre anthesis)
Sy = Stage of plant development at stress, 1 day
after anthesis (anthesis)
S, = Stage of plant development at stress, 3 days
after anthesis
S, = Stage of plant development at stress, 6 days
after anthesis
Sg = Stage of plant development at stress, 9 days
after anthesis
Ty = Temperature stress of -4°¢
T2 = Temperature stress of -2%
T3 = Temperature stress of +3°C

(b) RAW DATA AND TREATMENT MEANS

Firstly, three replicates of the raw data are presented
in the columns 1, 2 and 3 in each appendix, thereafter
the treatment means are presented. For example: -

In Appendices 1 - 24 and 33 - 34
ST Means = Treatment means



(c)

(d)

In the Appendices 25 - 32 and 35 - 36

TSHV Means = Treatment means

Data in the columns 1, 2 and 3 of the treatment means in
Appendices 1 to 24 and 33 to 34 refer to the results for
temperature treatments of —4°C, -ZOC and +3°C,

respectively.

STATISTICAL ANALYSES

Duncan's New Multiple Range Test was used to examine the

differences between treatment means.

In Appendices 1 - 16 means with different subscripts in
the Upper Case indicate Significant differences at a
P<0.05 due to the different stages of plant development
only within any one temperature treatment. However,
means with different subscripts in the lower case
indicate significant differences at P<0.05 due to
different stress temperatures only within any one stage

of plant development.
Means in Appendices 17 to 24 and 33 to 34 with different

subscripts in the lower case are significantly different

at P<0.05 within any one harvest.

OVULE POSITION DATA AND ANALYSES

The distribution of different types of ovules in 6
positions within the head are presented in Appendices
25 to 32 and 35 to 36. Raw data are represented by
the following symbols.



HB VB = Position 1 (consisting of the two basal
ovules in all spikelets and/or the tiny
basal spikelets in the lower 1/3 of the
head) .

HB VM = Position 3 (consisting of the 2 basal
ovules in all spikelets in the central
1/3 of the head).

HB VT = Position 5 (consisting of the two basal
ovules in all spikelets in the upper 1/3
of the head.

HT VB = Position 2 (consisting of the third and
fourth ovules from the base in all
spikelets in the bottom 1/3 of the head).

HT VM = Position 4 (consisting of the third and
fourth ovules from the base in all the
spikelets in the central 1/3 of the head).

HT VI = Position 6 (consisting of the third and
fourth ovules from the base in all spikelets
in the upper 1/3 of the head).

Treatment means for ovule positions are presented in
tables under the heading of TSHV means. In such tables
data in the columns headed; B, M and T the treatment
means refer to the results for positions VB, VM and VT.

Therefore;
HB B = Position 1 (as above)
HB M = Position 3 (as above)
HB T = Position 5 (as above)
T B = Position 2 (as above)
T M = Position 4 (as above)
T T = Position 6 (as above)



Duncan's New Multiple Range Test was used to examine
differences between different means. Different
subscripts in the lower case indicate significant

differences at P<0.05 between the 6 positions within

the head in each treatment only.
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