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Experiments were carried out to study changes in the physiological and
biochemical properties of cotton seedling roots with respect to high tewperature and
waterlogging treatments. It is clear from these studies that both high tesperature and
waterlogging significantly damaged the seedling roots and affected their physiological

and biochemical activities.

Cultivars showed no effect on their root growth for heat stresses up to 30 °C but
were adversely affected when streased above this temperature. Cultivar MNH-93 performed
well up to about 38 'c, while Qalandari showed an inhibition at temperatures of 35 °C and
above. At a temperature of ¢5 'c, roots of both cultivars were irreparably damaged. When
careful statistical analysis of the data was carried out, however, no significant
differences were found between the cultivars studied. Presh weight and dry weight values
were only determined for MNH-93, but they confirmed the findings of the root growth
measurements for that cultivar.

Stress temperatures above 40 C caused a loss of phoapholipids. The results of
(He-“C) choline incorporation studies revealed that each of four cultivara showed
different rates of incorporation into PC under normal germinating conditions at 25 'c.
Longer roots incorporated more (He-uc) choline than shorter roots. At temperatures of
40°C and above, (Me-1%C) choline incorporation decreased with increasing teaperature.
At SO'C, more than 80X of the activity was lost in all the four cultivars studied. In
general, no significant differences were found between the cultivars studied.

The results of fatty acid analyses suggested that greater unsaturation occurred
with increasing germination time. High temperature had a marked effect on fatty acid
compogition and caused significant changes especially in neutral lipid and giycolipid
fatty acids. Small changes were also observed in phospholipid fatty acids. A large
increase of free fatty acids was found in MNH-93 but not in S-12 at the end of recovery
following heat shock. In this respect, the cultivar S-12 appeared to be a relatively
better cultivar than MNH-93, since free fatty acids are known to be damaging to cells,

Waterlogging had significant effects on root growth in all the four cultivars
studied. Increasing waterlogging time caused greater damage to the root system and
waterlogging for 24 hours stopped further root growth completely. In teras of both root
growth and visible damage, S-12 was clearly a more tolerant cultivar than MNH-83,
Rehmani or Qalandari. Aerated waterlogging caused smaller reductions in root growth in
tvo cultivars studied (Qalandari and S-12). In this treatment, no visible dasage to the

roots was seen.

Waterlogging also caused large reductions in respiratory activities. During

recovery following waterlogging treatments, Qalandari recovered its respiratory activity
much faster than the cultivar $-12, however. In this respect, Qalandari appeared to

be a more tolerant cultivar than S-12.

Fatty acid analyses following waterlogging showed changes in both their levels
and their relative composition. This treatment caused a marked increase in the amount
of esterified fatty acids. Waterlogging also enhanced the synthesis of a set of low
molecular weight compounds and suppressed the synthesis of all the "normal” fatty acids.
A significant increase in free fatty acids was observed in MNH-~93 but not in $-12. This
particular set of results suggests that $S-12 was a relatively better cultivar than the

MNH-983.

¥When taken altogether, the results suggested that there is very little genetic
variability between the cultivars of cotton commonly grown in Pakistan with respect to

heat tolerance and waterlogging tolerance.
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Chapter One

General Introduction

This chapter gives a general description of the cotton plant,
its production and importance in daily use. The chapter also explains
the germination process and the various changes which takes place
during germination. A general account of 1lipids, especially
phospholipids and the metabolism of phospholipids, are also explained.
The effects of environmental factors on the germination and growth of

the cotton plant are then discussed.

1.1 General description of cotton crop

Cotton is one of the most important crops grown commercially in
about 60 developing countries between 47°N and 35°S (Bielorai et al.,
1983). These countries include Pakistan, India, China, Egypt, Mexico
and Peru. The United States of America is also a major producer.
According to the United Nations Food and Agriculture Organization’s
statistics, the world’s planted area in cotton is about 33 x 10% ha,
about 23% of the worldwide cultivated arable land (FAO, 1978). It has

been reported that cotton has evolved in several different locations,

although its exact origin is unknown. The earliest written records

indicate that cotton was known in Mexico as early as 5000 B.C.,

Pakistan in 3000 B.C., Peru in 2500 B.C. and in India at least by

2000 B.C.
Cotton belongs to the genus Gossypium of the Family Malvaceae.

The modern cultivated cottons fall into two different groups

consisting of two diploid (2n=26) "Old world" species (G. arboreum L.

and G. herbaceum L.) and two tetraploid or amphidiploid (2n=52) "New

world" species (G. hirsutum L. and G. barbadense L.). In addition to



the modern cultivated species, the genus also includes 46 wild and
lint-less species, that are widely scattered geographically and which
can grow at high temperatures (Fryxell et al., 1992). During the
twentieth century, however, the New World species G. hirsutum, has
become the most popular species and it supplies over 85% of the
world’s supply of raw cotton for factory use. The remaining 15% of
production is covered by the remaining three cultivated species,
G.bafbadense, G. arboreum and G. herbaceus.

Cotton is a warm-season crop growing in subtropical and tropical
countries and requiring a temperature range of 20-30°C from
germination to harvest (Bhatti, 1975; Abdel Magid and Osman, 1977). It
is not grown in regions in which the mean annual temperature is below
16°C (Chapman and Carter, 1976). Cotton is a long-season annual crop
requiring about 180-200 frost-free days. It grows to a height of 2-5
feet (60-120 cm) and develops a deep tap root and a widely branching
secondary root system. It requires adequate moisture (Arnon, 1972) and
continuously warm days with relatively warm nights for optimum growth
and development (Gipson and Joham, 1968).

Cotton requires high light intensity during most of the growing
season for efficient growth and good economic yields. According to
Chapman and Carter (1976), plenty of sunshine is vital for cotton and
areas with more than 50X cloudiness are not suitable for the crop.

Cotton requires moderate to fairly large amounts of water. The
minimum is about 20 inches (50 cm) of rainfall per year. Heavy rain
can injure the young seedlings, however, as well as the fully grown
plant. The optimum for economic yield is about 60 inches (150 cnm)
distributed throughout the season. Irrigation requirements can vary
from 24 to 72 inches (60-180 cm). Excess moisture, whether from

irrigation or rainfall, delays maturation and interrupts harvesting.



Cotton can be produced on a variety of soils. Deep, friable
soils with good humus content and favourable moisture-holding capacity
are preferred. Generally, those that are high in organic matter
produce higher cotton yields. Loamy soils (clay and sand mixtures) and
alluvial soils are ideal for cotton. Very sandy soils can produce poor
cotton yields, however. Cotton can be grown over a wide range of soil
pH, but the optimum lies between 5.0 and 8.0 (Arnon, 1972; Chapman and
Carter, 1976). In Pakistan, the cotton crop is mainly grown in the
Indus valley in Sindh and Punjab provinces, which have a continental
type of climate characterized by extreme variations of temperature,
both seasonally and daily. The summer growing season starts from the
month of April and ends in September. In summer the temperature often
exceeds 45°C and the diurnal variations may be as much as 20°C. The
soils of the Indus valley are mainly alluvial. The average annual
rainfall is about 7 inches (180mm), coming mainly in July and August.
The type of soil and especially the availability of irrigation water
are therefore the main factors which determine the choice of cotton as
a crop.

Basically, Pakistan is an agricultural society and cotton plays
an important role in the country’s economy. The country obtains about
one-third of its agricultural export earnings and one-tenth of its
total export earnings from cotton. Due to environmental factors such
as high temperature and waterlogging, poor quality of seed supplied
to the farmers, and poor farming practices, low productivity remains

a severe problenm.

The parental backgrounds of the cultivars used in this study are

as follows:



Qalandari: G. anomalum x (wild species) x M4 (G. hirsutum)
Rehmani: G. hirsutum 21 x McNaire TH-14920
S-12: MNH-93 x 7203-14-4 Arizona

MNH-93: C-158 x MS-39 x MEX12

1.2 Importance of cotton

The cotton plant produces a wide range of products and they can
be used in several ways. Although it is mainly grown for its fibre, it
also plays an important role in producing edible oil. Several workers
have reported that cotton seed production and processing ranks second
among the five major oilseed crops, which are soybean, cotton,
sunflower, peanut and rape seed (Anon, 1982; Van Waal wijkn van Doorn,
1982).

The seed produces two kinds of hairs. One is long, thick and
white or creamy in colour and it is called lint or fibre. The other is
very short and attached more strongly to the seed coat; it is called
fuzz or linters. The cotton lint, after ginning is graded according to

fibre length, strength and fineness. The colour of the fibre and

presence of trash also affect grade. Continuous exposure in the field
to weathering and the action of microorganisms can cause white cotton
to lose its brightness and become darker.

Cotton lint is a raw material for the textile industry. It is
stronger than the fibre of other crops (eg. flax, hemp etc.) and it
has other qualities of primary importance in many textile products.
Lint strength, length, smoothness and maturity are the main of these
properties. The longer lint is finer and more expensive, while short
staple is relatively less expensive. Long staple is mainly used in
high quality clothes. Short staple is used for making carpets, rugs,

blankets, ropes and other rough material.



After removing the lint, the cotton seeds is further processed
to yield about 16X crude oil, 9X linters, 20% hull and 45X meal
(Chapman and Carter, 1976). The oil is the most valuable among the
above products, accounting for about 50X of the value of the crop. It
is mainly used for human consumption. The cottonseed cake or meal is
rich in protein and is mainly used as a livestock feed supplement. The
linters are a source of cellulose used for making rayons, explosives,
film, shatter proof glass, plastics etc. (Berger, 1969). The hull is

less expensive and is mainly used as roughage in livestock feed.

1.3 Structure of the cotton seed

The structure of the cotton seed is shown in Figure 1.1. It is
simple in structure and about 6 X 10 mm in size. It consists of an
embryo covered by a seed coat or testa. The embryo consists of two
large but very thin cotyledons, an epicotyl or plumule, hypocotyl and
a radicle. Structurally, the cotyledons are analogous to leaves. They
are attached at the upper end of the short, thick stem-like axis of
the embryo called the hypocotyl. Most of the storage materials (mainly
lipid and protein) are present in the cotyledons. The plumule is
located just above the point at which the cotyledons are attached to
the hypocotyl. The primary root of the plant develops from the lower
end of the hypocotyl. The embryo is surrounded by a thin endospern,
nuclear fragments and the hard seed coat consisting of more than five
cell layers (Christiansen and Moore, 1959). The colour of seed coat is

dark brown or black.

Several workers have studied the ultrastructure of the

cotyledons and reported that the cells have many clear-cut structural
characteristics including nuclei, spherosomes (fat storage bodies)

protein bodies (protein storage bodies), globoids (phytin particles



Figure 1.1 Structure of the cotton seed.



within the protein bodies), and cellular cytoplasm in which the
nucleus, spherosomes and protein bodies are eabedded (Figure 1.2).
Gossypol glands containing toxic polyphenols and gossypols can be seen
in the cell walls of the seed coat (Yatsu, 1965; Dieckert and
Dieckert, 1972, 1976). These cellular structures, mainly those of the

cotyledons, are strongly reflected in the chemical composition of the

seed.

1.4 Chemical composition of seed

According to their storage materials, the seeds of different

species can be divided into two groups.
1. Those with lipids as their main storage material.
2. Those with carbohydrates as their main storage material.

Cotton belongs to the first group. The chemical composition of
the cotton seed can vary among cultivars, location and according to
environmental factors (Copeland, 1976; Cherry, 1983). The seed is an
excellent source of lipids and proteins. Its oil content is about 20X.
Brohult and Sandegren (1954) determined the total protein content of
G. herbaceum, and reported that it was approximately 20-22% of the dry
seed weight with 90X of the proteins being globulin and the remaining
10X glutelin. Cherry et al. (1981); and Cherry (1983) reported that
phytin, a major phosphorus-containing compound, is also present in the

cotyledons of cotton seed and is located within the protein bodies.

The seeds also contain a small amount of mineral material, which tends

to accumulate in the hull and structural tissues. The typical

structural and chemical composition of cotton seeds (Cherry et al.,

1981; Cherry, 1983) is given in Table 1.1.



Ultrastructure of cotyledonary tissue (From Yatsu,

1965). (1) A typical spongy parenchymal cell from the
cotyledon of a dry cotton seed fixed with lithium permanganate,

Figure 1.2

X /000, (2) osium tetroxide fixation, X 7000, AL, aleurone

grain; CW, cell wall;
S, spherosome; GL, globoid; MT, mitochondria; N, nucleus;

Pd, plasmodesmata.



Table 1.1 Structural and chemical composition of cotton seeds G.

hirsutum

Component Content X

Structural composition:

Hull 41.6
Kernel 45.4
Lint 14.0

Chemical composition:

0il 19.0
Protein 22.3
Free fatty acids 0.2
Free gossypol 1.0
Total gossypol 1.1
Phosphorus 0.9

The hull, kernel and lint values are percentage of whole seed.

The oil, free fatty acid, protein, free gossypol, total gossypol and

phosphorus values are percentage of delinted seeds.



1.5 The Germination Process

Under suitable conditions of water availability, oxygen tension
and temperature, the seed rapidly absorbs water, increases its
metabolic activity and then germinates (Abdel Baki, 1969). The entire
metabolic apparatus of the dry seed becomes operative in a sequential
fashion. The term germination can be defined as those activities which
begin with water uptake and which terminate with the emergence of the
radicle or hypocotyl (Bewley and Black, 1978; Roberts, 1988).

The cotton seed has an epigeal germination system in which the

cotyledons emerge above the ground. In the first stages of

germination, the radicle or primary root develops from the cotton seed
and elongates downward (Figure 1.3). It is a tap root system and when
the root reaches a length of 20-25 cm, the cotyledons begin to emerge
above the ground. Lateral roots start to develop after the emergence
and unfolding of the cotyledons (Arnon, 1972). In the later stages of
germination, the hypocotyl extends upward pulling the attached
cotyledons towards the soil surface. The seedling emerges from the
soil 5-12 days after sowing (Bielorai et al., 1983). After opening of
the cotyledons, they quickly become green and photosynthesis begins.
Plumule growth proceeds and later the exhausted cotyledons wither and
fall to the ground in a few days time.

Leffler and Williams (1983) have reported that during the first
few hours, the water content of delinted seeds increased sigmoidly.
After an initial rapid increase in the rate of uptake, further
absorption occurs but at a reduced rate (Krieg and Bartee, 1975). When
the water enters the seed, it first reaches the interior of the seed
coat. There is a two-fold increase in size of the seed coat, which
becomes turgid and the chalazal pore opens. The seed coat then becomes

permeable to oxygen and carbon dioxide which are necessary for



cotyledons
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Figure 1.3 Epigeal germination in cotton.




respiration. The further uptake of large amounts of water causes
expansion and the rupture of seed coat. Cotton seeds are normally
fully hydrated in approximately 4 to 5 hours at 30°C at a soil
moisture level of 55X (Benedict, 1984).

The hydration of the seed initiates metabolic activity by
activating enzymes, polysome formation, transcription and translation,
which are required for growth and cell division.

As mentioned above, the hydration process activates various

enzymes available in the seed and which then support metabolism and

ATP production (Christiansen and Moore, 1961). The early phase of

germinative metabolism is dominated by the mobilization of the lipid
reserves. Lipase enzymes are reported to be present in the cotton seed
and are activated during germination (Yuldashev and Rakhimov, 1970).
Lipase acts on glycerides to produces free fatty acids, although only
low amounts of free fatty acids are reported during germination
(Christiansen and Moore, 1961; St. Angelo and Altschul, 1964). The
free fatty acids are converted into carbohydrate via the glyoxylate

pathway. Reserve carbohydrates are broken down by various engzymes

(eg. starch by amylase). These carbohydrates serve as substrates for

respiration and energy production. Proteinases (endopeptidases,

carboxypeptidases and aminopeptidases) are responsible for breaking
the peptide bonds of the storage proteins and releasing amino acids
(Ryan, 1973). Phytin is hydrolysed by phytase. Rakhimov et al. (1986)
reported that, under dry conditions, cotton seeds possess low phytase
activity, but it increases gradually during germination, reaching a
peak on the fifth day when its activity is nearly seven times higher
than the original value. Many other enzymes required for germination
(eg. enzymes of intermediary metabolism such as glycolysis, tri-

carboxylic acid cycle and oxidative phosphorylation) are already



synthesized during embryogenesis (Trelease, 1984). As proteins break
down during seed germination, there is a concomitant rise in amino
acids in the cotyledons followed by protein synthesis in the growing
parts of the embryo (Copeland, 1976). The dry seeds also store pre-
existing mRNA. The early protein synthesis following imbibition is
fully dependent on this pre-existing messenger. Later events, however,
associated with cell division and differentiation, require protein
synthesized using newly synthesized mRNA. In cotton seeds, some
preformed mRNAs are immature and require polyadenylation during early
imbibition before being translated (Copeland, 1976). It has been
reported that, in cotton seed cotyledons, glyoxysomes increased 7-fold
in volume within 36 hours after imbibition (Kunce et al., 1984)
presumably reflecting membrane synthetic activities in the imbibed
seeds.

Several important factors which affect the germination process

are as follows:
Temperature: Each crop has its own temperature requirement for optimum

germination. Ong and Baker (1985) reported that changes in temperature

can affect germination and seedling growth. Christiansen and Moore

(1961) reported that the mobilization of cotton seed reserves are

adversely affected by low (10-15°C) temperatures. Arndt (1945)

concluded that each stage of cotton seed germination has its own
optimum temperature so that the temperature response Ray change
through the germination period. The overall optimum temperature range

is between 20-30°C (Abdel Magid and Osman, 1977; Kreig and Carrol,

1978; Sethar, 1993).

Water: All seeds require sufficient moisture for imbibition and

germination. Different seeds have different water requirements for

their germination however. For example, in seeds such as beetroot



(Beta vulgaris) and spinach, an excess of water can reduce the
permeability of the seed coat to oxygen and inhibit germination
(Gulliver and Heydecker, 1973). Low soil water potentials also reduce
the germination rate of cotton (Jordan, 1982) and, once germinated,
hypocotyl elongation is reduced more than radical extension (Wanjura
and Buxton, 1972), At optimua temperatures, cotton seedlings emerge in
about 5 days at ~0.03 MPa, 7 days at -0.3 MPa and no emergence was

evident after 13 days at -1.0 MPa water potential (Wanjura and Buxton,

1972),

Gases: Oxygen plays an important role in oxidative metabolic
processes., Germination in most species may therefore be retarded if
the oxygen concentration is reduced substantially below that of air
(21%). The influence of carbon dioxide on seed germination is usually
the reverse of oxygen and most species fail to germinate if the carbon
dioxide partial pressure is increased beyond the atmospheric level
(0.03%). Cotton seeds can tolerate a slightly increased concentration
of carbon dioxide however (Patterson et al., 1988). A reduction in the
level of carbon dioxide does not affect germination.

Seed viability and vigour: Seed quality is one of the major factors
that determines the success or failure of germination and crop
establishment. All seeds can retain their viability to germinate for
considerable periods if they are stored under suitable conditions.
Damage during harvesting, processing and handling is a major problem
in many seed industries. Injury symptoms such as damage to the seed
coat, internal physiological damage (visible only after germination),
sensitivity to microorganisms and hidden injuries of a physiological
nature all reduce germination vigour, subsequent plant growth rate and
ultimately reduce the yield. Kreig and Bartee (1975) and Leffler

(1981) reported that good quality seed is therefore one of the first
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pre-requisites of cotton production,

Presoaking: Pre-sowing soaking of seeds in water is a way to stimulate
germination in several species, especially seeds such as cotton with
hard seed coats. Imbibition and metabolic processes begin during the
presoaking, resulting in the early availability of energy and

metabolic precursors to be utilized for biosynthesis and germination.

1.6 Cell Membranes

Biological membranes contain a diversity of lipids and proteins.
The lipids are amphipathic (possessing hydrophobic and hydrophilic
residues). A small amount of carbohydrate is also present. The
composition of membranes, however, varies from plant to plant, organ
to organ and membrane to membrane. Furthermore, their composition may
also alter with age or environment (Parsons, 1975). The ratio of
lipids to proteins reflects the different functions of the membranes
(Finean et al., 1978). For example, myelin membranes in mammals
contain 75% of lipids, whereas mitochondrial and chloroplast inner
membranes contain more than 70X protein (Houslay and Stanley, 1982).

The protein content of a membrane undoubtedly reflects the
metabolic activity of that membrane. There are two types of proteins
present in the membranes, which can be classified on the basis of
dissociability. One type consists of intrinsic or integral proteins.
The other type consists of extrinsic or peripheral proteins. Integral
proteins interact extensively with the hydrocarbon chains of the
membrane lipids and extend deep into the membrane structure.
Peripheral proteins are bound to membranes by electrostatic and
hydrogen bond interaction near to the surface of the meabrane. For a
reader is referred to

detail account of membrane proteins, the

texts (eg. Metzler, 1977; Finean et al., 1978; Houslay and Stanley,
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1982).

Plant lipida: In this thesis we are mainly concerned with membrane
lipids. The lipid content of membranes ranges from 25-70% by weight
and the nature of the lipid varies with each membrane (Parsons 1975).
They are mainly composed of polar lipids with smaller amounts of
neutral lipids. The polar lipids are often peculiar to certain types
of wmembranes and as such are specific markers for membranes
(Getz, 1970). They include phospholipids and glycolipids. In animal
tissues, glycolipids are rarely detectable. In contrast, plant tissues
often have high glycolipid levels of which significant proportions are
galactolipids (Douce and Joyard, 1980). Two types of galactolipids are
mainly present, monogalactosyldiacylglycerol (MGDG) and digalactosyl-
diacylglycerol  (DGDG). In photosynthetic membranes,  these
galactolipids comprises more than 70% of the total lipid present
(Roughan and Batt, 1969). The presence of galactolipids in other
membranes is still in doubt (Douce and Joyard, 1980). Small amounts of
sulpholipids (sulphoquinovosyldiacylglycerol) are also present in
chloroplasts, especially in the lamellae (Douce et al., 1973).
Phospholipids are the most important 1lipids in all other
biological membranes (Tevini and Lichtenthaler, 1977). All biological
membranes are believed to consist of a bilayer of polar lipids, which
serve as a matrix into which the various intrinsic and extrinsic
proteins are integrated. The phospholipid molecule contains a polar
head group and two hydrophobic fatty acyl tails. The fatty acyl chains
vary in length (normally from 14-24 carbon atoms) and usually contain
one or more cis double bonds (Figure 1.4). Each double bond creates a
bend in the tail. The difference in tail length and saturation are
important because they influence the fluidity of the membrane.

Among all the phospholipids, the simplest phospholipid is
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Lauric acid (C12:0)

Myristic acid (C14:0)

Palmitic acid (C16:0)

Stearic acid (C18:0)

Oleic acid (C18:1)

Linoleic acid (C18:2)

Linolenic acid (C18:3)

Cl‘lS (CHz) 10° COOH

CH,(CH,),,,COOH

CH,(CH,),,.COOH

CH,(CH,),.COOH

CH,(CH,), CH=CH(CH,),.COOH

CH,(CH,);(CH,.CH=CH),(CH,),.COOH

CH,(CH,.CH=CH),(CH,),.COOH

Figure 1.4 Structures of the common plant fatty acids



phosphatidic acid (PA) to which other phospholipids are related. This
phospholipid serves as a precursor to the phospholipid constituents of
membranes as well as to the di- and - triacylglycerols (Mazliak
et al., 1982). Phosphatidyl choline (PC) is the most abundant
phospholipid in nature. This phospholipid is thought to be present in
all the membranes and comprises more than 45X of the total
phospholipid fraction of non-photosynthetic membranes of plants,
including cotton (Rakhimov et al., 1986), wheat (Vakharia, 1986),
spinach (Wintermans, 1963)) and runner beans (Kates, 1960). The second
major phospholipid is phosphatidyl ethanolamine (PE). The proportion
of this phospholipid can vary from plant to plant. It is present in
sugar beet leaves where it comprises 23% of total phospholipids
(Wintermans, 1960), but only 1% in barley leaves (Benson and Maruo,
1958). Dry cotton seeds contain about 25% of this phospholipid. The
third major phospholipid in cotton seed is phosphatidyl inositol (PI),
which comprises about 15X of the total phospholipids (Babaev et al.,
1974). Phosphatidyl glycerol (PG) is a major phospholipid in
photosynthetic membranes, constituting as much as 25X of the total
phospholipids. Other phospholipids are also present in the membranes,
but they are in smaller quantities and do not usually comprise more
than 3% of the total phospholipids. For example, phosphatidyl serine
(PS) is widely distributed in animal tissues, but also occurs in plant
tissue in minor quantities (Mazliak, 1980). Lastly, diphosphatidyl
glycerol (DPG) has been identified in plant tissues by Benson and
Strickland (1960).

Unlike polar lipids, the neutral lipids contain no ionizable
groups. These lipids include sterols and their derivatives including
the steryl esters of fatty acids. The sterols of the neutral lipid

fraction (frequently called phytosterols) can be divided into two
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classes, the free sterols and the steryl esters. Sitosterol,
stigmasterol and campesterol are the major sterols found in plants
with isofucosterol and cholesterol present in minor quantities. The
sterols are present in all subcellular membrane fractions (Kemp and
Mercer, 1968; Grunwald, 1975; Janiszowska et al., 1979),

Variation in the relative contents of phosphatides and sterols
may change the properties of membranes (Cobon and Haslam, 1973; Feo
et al., 1975; Demel and de Kruff, 1976; Grunwald, 1978). Feo et al.
(1975) reported that sterols affect the permeability of membrane
vesicles and liposomes. Cholesterol in particular has an ordering
effect upon membranes, increasing the phase-transition temperature and
reducing permeability. The importance of this effect in plant
membranes is uncertain.

The major class of neutral lipids of plants is the
triacylglycerols, however. They are synthesised in very large amounts
as energy and carbon storage compounds in seeds and they are the
principle components of seed oils (cf. Table 1.1). Smaller amounts of
diacylglycerols are also present.

The chemical structures of the major plant lipids are shown in
Figures 1.5 to 1.8.

Biosynthesis of phospholipids: The relatively few studies of plant
phospholipid biosynthesis have indicated that the processes involved
are essentially the same as those which exist in animal tissues
(Stumpf, 1975). These studies have been extensively reviewed (Metzler,
1977; Mazliak, 1980; Mudd, 1980). Because PC is the major membrane

phospholipid, the present account will mainly concentrate on the

synthesis of this lipid.

The principal biosynthetic pathways to the phospholipids are

shown in Figure 1.9. Lord et al. (1973) reported that the endoplasmic
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reticulum is a site of PC formation where it plays a major role in the
biogenesis of cell membranes generally. The mitochondria also play an
important role in the synthesis of phospholipids. Thus, a major
portion of enzyme activity for the pathway from PA to PG and also some
synthesis of PC and PE occur in the mitochondria. The mitochondrial
enzymes of the PG synthetic pathway are all associated with the inner
mitochondrial membrane, as is PC synthesis by methylation of PE
(Sparace and Moore, 1979). However, PC and PE biosynthesis by head-
group transferase activity occurs in mitochondrial membrane fractions
(Sparace and Moore, 1979).

There are three alternative routes in both animal and plant
tissue for the synthesis of PC, the nucleotide pathway, the
methylation pathway and the base-exchange pathway. Among these three,
It

the nucleotide pathway is quantitatively the most important.

consists of three reactions:-

1. Choline + ATP > phosphoryl choline + ADP
(choline kinase)

2. Phosphoryl choline + CTP =——————> CDP choline + PPi
(CCTase)

3. CDP choline + DAG —~———————> PC + CMP
(CGTase)

This pathway was first established in animals by Kennedy and Weiss

(1956) and called the Kennedy pathway. The enzymes responsible are

reported to be present also in plant tissues (Mudd, 1980; Moore

et al., 1983).
The second pathway of PC synthesis is by the methylation of the

head group of phosphatidyl ethanolamine. This pathway proceeds by
three sequential methylations of the ethanolamine of phosphatidyl
ethanoclamine. Some evidence indicates the presence of this pathway in
Chlorella (Sastry and Kates, 1965), tomato root (Willemot and Boll,
1967) and spinach leaf (Marshall and Kates, 1973). Moore (1976)
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reported that it accounts for only 4-5% of total PC synthesis in plant
tissues however.

The third process, producing PC via a base-exchange reaction
between PC and PE, may be present in plant tissues (Marshall and
Kates, 1974). The reaction occurs at very slow rates in plant extracts
and it is considered unlikely that it has much significance in vivo.
Phospholipid Catabolism: The methods by which lipids can be degraded
in cells are as follows:

Lipolytic acyl hydrolases can be involved, including
phospholipases Al' Ai’ B. They have low specificity and they catalyse
the hydrolysis of fatty acyl ester bonds in the phospholipid molecule
to release free fatty acids (Figure 1.10). Free fatty acid is required
for full activity in crude extracts, probably acting to disrupt the
membrane bilayer structures.

Phospholipase C hydrolyses the glycero-phosphate bond of
phospholipids (see Figure 1.10). Two enzymes have been identified in
plant extracts. The first enzyme, which hydrolyse PC, was identified
in spinach chloroplasts by Kates (1955). Recently, a PI phospho-

lipase C (phospho-diesterase) has been identified in celery stenm

(Irvine et al., 1980). It hydrolases PI to DAG, orthophosphate and

inositol.

Phospholipase D is widely distributed in higher plants (Kates,
1960; Quarles and Dawson, 1969) and catalyses the production of PA
from PC, PE, PG and PS in decreasing order of activity (Rodionov and
7akharova, 1978). This activity leads to the release of the
corresponding head-group moiety, choline, ethanolamine, etc. (Kates,
1960).

Lipoxygenase may catalyse the peroxidation of linoleic and

linolenic acid to produce hydroperoxide products (Figure 1.11), which
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can be further metabolised by cleavage enzymes. The hydroperoxide
products are highly reactive compounds which are known to damage
membrane structure (Tappel, 1973; Mead, 1976) as well as Proteins
(Gardner, 1979). The lipoxygenase are most active against free fatty
acids, but the fatty acids of glycerolipids and phospholipids can be

attacked also (Kuhn et al., 1990).

1.7 Environmental stresses on plants

Environment has a profound effect on the growth and development
of plants. Higher plants are subjected to a large number of
environmental and biological stresses and these adverse conditions may
interfere with their normal growth and development. There are two
types of stresses, biotic and abiotic, which the plant may experience
during its life cycle. Biotic stress pertains to living organises,
such as aerial or soil-borne pathogenic organisms, insects, pests and
other plants for example weeds. Abiotic stresses involve all physical

and non-living chemical factors which includes temperature, air

pollution, salinity, deficiency or excess of nutrients, high solar
irradiation, water stress and anaerobiosis caused by waterlogging.
They usually cause damage to crop plants and severely reduce yield and
food quality. Therefore, the importance of producing stress-tolerant
plants is beyond question.

High temperature: Temperature is a primary environmental factor
controlling plant growth and development (Christiansen, 1986; Ehling,
1986). It can determine the rate of seed germination, seedling

establishment, time of flowering, fruit formation and growth

throughout the life cycle of the plant. There is presently concern
that temperature may rise world-wide because of increasing

concentrations of carbon dioxide and methane in the atmosphere due to
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the excessive burning of fossil fuels. Furthermore, the solar UV
radiation reaching the earth may intensify because of the depletion of
ozone in the atmosphere caused by man-made fluorocarbon and nitric
oxides (Sisson and Caldwall, 1977).

Exposure of plants to high temperature causes a variety of
changes in physiological and metabolic processes (Berry and Bjorkman,
1980; Quinn and Williams, 1985). Generally, heat stress in summer
crops in tropical and sub-tropical regions appears within the range of
35-42°C, depending upon the species and cultivar. Nightingale (1935)
revealed that changes in above-ground temperature can even affect the

growth, anatomy and metabolise of roots. At temperatures between 45

and 54°C permanent or lethal injury may occur which can be

irreversible even after returning to normal temperatures. Haugen and
Smith (1992) reported that a temperature of 38°C caused wmarked
differences in the morphology and growth of the root system of
mungbean. In wheat leaf meristems, a temperature of approximately 45°C
caused inhibition of mitosis and cell division (Kharlamov and
Mousienko, 1992). This finding has been confirmed by Francis and
Barlow (1988), Grace (1988) and Bowen (1991), who stated that the
rates of cell division and cell extension are especially sensitive to
unfavourable temperatures. An increase in temperature to 47°C resulted
in a complete cessation of auxin transport from the apical buds in
pea, sunflower and cotton plants (Morris, 1979). High temperature also

affects other physiological and biochemical processes, such as

photosynthesis, respiration, translocation and membrane lipid
metabolism. High temperature increases the respiration and disrupts
normal cell metabolism including the control of glycolysis and the TCA

cycle. The general release of vacuolar enzymes into the cytoplasm due

to loss of integrity of the tonoplast membrane may cause an imbalance
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in respiration by causing an increased oxidation of phenclic compounds

released from the vacuoles into the cytoplasa.

Temperature is one of the most critical environmental factors
known to affect membrane structure and function. The degree of
fluidity of the cell membrane greatly affects the ability of cells

to survive and function. Quinn (1988) reported that changes in growth

temperature are associated with changes in membrane lipids.

Chloroplast membrane lipids contain high levels of

unsaturated fatty acids, which form the proper environment for the

attached proteins (Lem et al., 1980). Both MGDG and DGDG are

particularly rich in linoleic and linolenic acid which cause

thylakoid membranes to be unusually fluid, so that compounds within
them are relatively mobile, including the proteins and lipids (Wolf et

al., 1982). Slack and Roughan (1978) working on linseed and soybean

cotyledons showed that the molar proportion of oleic acid

increased and linoleic and linolenic acid decreased as the growth

temperature increased. This was confirmed by Wolf et al. (1982), who

showed that, in soybean, the linoleic and linolenic acid

contents decreased markedly whereas the proportion of oleic acid

increased as the temperature increased. St. John and Christiansen

(1976) studied cotton seed germinated at 15, 20, 25 and 30°C and also

showed that, as the temperature increased, the linoleic acid content

of the polar lipid fraction decreased.

At normal temperatures, the membranes are permeable to and

actively pump specific ions and molecules. As the temperature is

increased, the membranes lose their selective permeability and

become more permeable to all species of ions and small molecules.

Benzioni and Itai (1973) reported that 2 minutes of heat shock at

47.5°C in tobacco leaves increased the leakiness of all menbranes.,
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This was confirmed by Pagano and Arens (1977) who showed that leakage
was greater at 30°C than at 10°C. High temperature is also damaging
to the wmembrane structure (Quinn, 1988). Skogqvist (1974)
working on wheat seedlings, showed that 2 minutes of heat shock at
45°C caused an expansion of the endoplasmic reticulum cisternae

giving rise to small irregular vacuoles. She further reported that

mitochondria were also irregular with fewer tubules and adhering

membrane curls.

Chloroplasts like mitochondria are energy-producing organelles.

The chloroplast is surrounded by a double membrane which controls

the molecular traffic into and out of them. Within the chloroplast

there is the thylakoid membrane which contains the photosynthetic

pigments. There are two main kinds of pigments, chlorophyll (a

and b) and the carotenoids (carotenes and xanthophylls). One half of
the total 1lipid content of the thylakoid membrane consists of
pigments, while the other half is composed of galactolipids

(glycolipids) with smaller amounts of phospholipids. Several

workers have studied the effects of high temperature on chloroplasts.

Adelusi and Lawanson (1978) found that chloroplast formation

in maize and cowpea is retarded when seedlings were heat

stressed for 8 hours at 45°C. Gounaris et al. (1983 a and b) found

that incubation of bean chloroplasts between 35-45°C, caused

complete destacking of the grana, but no alteration in the

distribution of the membrane- associated particles between the

exoplasmic and protoplasmic fracture faces in freeze-fructure

studies. Heating above 45°C lead to an extensive separation of

membrane lipids into aggregates of cylindrical inverted

micelles. They further reported that 5 minutes incubation at 50°C

lead to 75% of the chloroplasts containing non-bilayer
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structures.

The photosynthetic process is highly temperature sensitive.
Chloroplasts held at 40°C for 10 minutes show greatly reduced
rates of photosynthesis and (“C) carbon dioxide incorporation into
amino acids, organic  acids, sugars and organic phosphorus
compounds (Chernov et al., 1971). According to Iordanov and Vasil’eva
(1976), exposure of spinach leaves for 10 minutes at 45°C strongly
inhibited the rate of photosynthesis and 5 minutes at 50°C resulted
in complete loss of photosynthetic activity. In the temperature range
5-30°C, photosystem II donates electron to P700 with maximum
efficiency (Tikhonov and Ruuge, 1978). At temperatures above 35°C,
however, there is a marked reduction in photosystem II activity

(Gounaris et al., 1983 a and b), whereas the photosystem I-mediated

photo-oxidation of cytochromes did not become inactivated until

48-52°C (Smillie, 1979). Smillie also reported that heat injury to

chloroplast thylakoid meabranes begins above 35°C and causes

abnormal chlorophyll fluorescence and absorbance leading to
inactivation of chloroplast membrane activities.

A major response to high temperature is the synthesis of heat-
shock proteins which takes place at the expense of the synthesis of
normal proteins. This is known as the heat-shock response. The heat-
shock phenomenon is a ubiquitous response of all living organisas,

including plants, to high-temperature stress (Schlesinger et al.,

1980; Lindquest, 1986). Sachs and Ho (1986) indicated that the optimal
conditions for heat-shock protein induction in higher plants is a
sharp temperature upshift to 39-41°C. It has been shown, however, that

the pattern of synthesis of heat-shock proteins may differ between

cultivars and between species. It is believed that accumulation of

heat-ghock proteins is essential for the plants to cope with the
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stress conditions experienced and for the induction of thermal
tolerance (Schelsinger et al., 1980; Burke et al., 1985; Key et al.,
1985). Besides heat shock, many other stress conditions such as
waterlogging, high salt concentrations, intense UV light exposure
(Sachs and Ho, 1986), and osmotic stress (Czarnecka et al., 1984; Key
et al., 1985) can induce the synthesis of at least some heat-shock

proteins.

Low temperature: Similarly to high-temperature stress, the effect of
suboptimal temperatures may also result in failed or retarded
germination, death or injury of seedlings, slow emergence of
cotyledons or the appearance of chlorosis and necrosis in young
photosynthetic tissues (Obendroff and Hobb, 1970; Van Hasselt, 1972;
Cal and Obendroff, 1972; Nishiyama, 1975; Simon et al., 1976). Low or
suboptimal temperatures similarly adversely affect membrane lipid
compogition. Levitt (1980) reported that low temperature causes phase
transitions in the membrane lipids, which cause contraction of the
membrane. In addition to this, freezing temperatures lead to strong
dehydration of the protoplasm. Such dehydration stress may alter the
physical properties of the cellular membranes (Pearce and Williams,
1985) and damage thylakoid membrane structure (Hetherington et al.,
1988). Low temperature also affects the fatty acid composition of the
membranes. In plants grown at low temperature there was an increased
desaturation of palmitic acid to hexadecadienoic acid and oleic acid
to linoleic acid (Williams et al., 1988). Similar reports have also
been made by St. John and Christiansen (1976) for cotton seedlings.
They found that, as the temperature decreased from 30 to 15°C, the
linolenic acid content of the polar lipid fraction increased. Lyons
et al. (1964) suggested that the increase in linolenic acid content is

associated with increased membrane fluidity.
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Waterlogging: The effects of waterlogging on the yield of many
crops is often under-estimated (Drew, 1983 and Hocking et al., 1987),
Nevertheless, the need to increase production into regions suffering
from waterlogging points to an urgent need for the selection and
breeding of plants with increased flooding tolerance. Exposure of
plants to excess water or water deficits disrupts the biochemical
processes occurring in the plants and may lead to damaging effects.
Crop plants are especially vulnerable during the seedling stage
because of their small size and the soft and delicate nature of their
tissues. In the case of cotton, waterlogging during the early growth
phase is an important yield-limiting factor in countries like
Pakistan, where waterlogging is not uncommon at the time of seedling
emergence.

Temporary or continuous waterlogging is common throughout the
world, often large areas of land being covered (Ponnamperuma, 1972).
Much waterlogging occurs as a result of overflowing of river banks.
For example, countries like Pakistan and India are traversed by
numerous river systems that overflow their banks, mainly during the
monsoon season in July and August. Waterlogging also occurs in other
countries including Australia (Beadle, 1962), New Zealand (Holloway,
1962) and the U.S.A. (Briggs, 1973; Broadfoot and Williston, 1973).

The submergence of plants in compacted soils following

waterlogging results in poor yields, because higher plant roots have
an absolute requirement of oxygen to sustain metabolism and growth.
Most plant tissues will tolerate anoxia for only short periods of time
before irreversible changes occur (Hook and Crawford, 1978). It is a
well-known fact that waterlogging causes injury through oxygen

starvation (anaerobiosis), because it fills the air spaces in the soil

through which oxygen diffuses. Cotton appears to be very sensitive to
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waterlogging (Hodgson, 1982; Hocking et al., 1987; Woodstock et al.,
1985). Similar findings have been reported for other species such as
barley, wheat and soybean (Wignarajah and Greenway, 1976; Drew, 1983;
1992; Salam and Scott, 1987). A wide variety of toxic compounds
accumulate in waterlogged soils (Ponnamperuma, 1972), including
ethylene, organic acids and manganese etc., and there is a decline in
nitrate in the soil solution (Drew and Sisworo, 1979). Waterlogging
always imbalances the plant mineral nutrition (Kogzlowski and Pallardy,
1984), It reduces the concentrations of N, K, P, Ca, Mg and increases
the concentrations of Mn and Fe in barley (Leyshon and Sheard, 1974),
in Zea mays (Lal and Taylor, 1970), in wheat (Trought and Drew, 1980
b; c) and in cotton (Hocking et al., 1987).

Even short-term anaerobiosis caused by waterlogging can injure
roots and results in a variety of stress symptoms including decreased
root and shoot dry weights, leaf epinasty and wilting (Drew, 1983).
Williamson (1968) reported that under anaerobic conditions (nitrogen
atmosphere) the proportion of root tip cells apparently undergoing
mitosis in Vicia faba was reduced in 15-30 minutes after the start of
anoxia and ceased completely after 24 hours, by which time the root
apices were dead. Reduction of the concentration of oxygen from 0.2 to
0.02 atm. reduced root extension rates from 21.3 to 8.8 mm per day

(Lopez-Saez et al., 1969). Root extension in soil is slowed down even

before dissolved oxygen is totally depleted (Drew, 1992). Thus,

waterlogging slows the production of new cells due to low levels of

oxygen (Kozlowski and Pallardy, 1984).
Moldau (1973) reported that the waterlogging of soil caused a

sharp decrease in stomatal conductance in Phaselous vulgaris.

Seedlings of Quercus marocarpa exposed to waterlogging closed their

stomata within a day or two and remained closed for at least 30 days
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(Tang and Kozlowski, 1982 a and b). Hiron and Wright (1973) reported
that waterlogging of root systems results in rapid accumulation of
abscisic acid which also causes stomatal closure, inhibition of shoot
growth and early leaf senescence (Milborrow, 1974). Reduction in leaf
extension or shoot elongation has been associated with interference in
the synthesis and transport of cytokinin (Railton and Reid, 1973) and
gibberellins (Reid and Crozier, 1971).

Anagerobiosis caused by waterlogging brings about changes in
respiratory metabolism from aerobic to anaerobic pathways (Gupta,
1977a). The mitochondrial cytochrome chain in root cells ceases to
function in the absence of molecular oxygen, leading to the
accumulation of NADHzand suppression the Kreb’s cycle (Fitter and Hay,
1987). This in turn produces lactate and ethanol and synthesizes only
2 ATPs per hexose molecule metabolised compared to 36 ATPs under
aerobic respiration (Roberts et al., 1984 a and b). It has been
reported that the end-products produced by anaerobic respiration (such

as ethanol) are potentially harmful to plants (Drew, 1992). Vantoi et

al. (1987) reported that anaerobiosis in maize roots increased the

activities of four enzymes, alcohol dehydrogenase, pyruvate

decarboxylase, lactate dehydrogenase and the malic enzyme. Mukherjee
et al. (1986) specified that reduction in energy charge (Saglio et
al., 1980) associated with changes in the plasma membrane and/or
tonoplast are responsible for gradual loss of ATPase activity.

As mentioned above the root apical meristem is particularly
sensitive to oxygen deprvation (Roberts et al., 1984 a and b). The

latter workers further reported that, in maize root tips, the ATP

concentration drops steeply during the first minutes of anoxia and

then stabilizes at a low level. Roberts and co-workers found that,

during extended periods of exposure of root tips to anoxia, the
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cytoplasm became more acidic, until cell death occurred after 15-20
hours,

Exposure of plants to excess water also caused reduction in the
rate of photosynthesis. Photosynthesis in Pseudotsuga menziesii
seedlings began to decrease within 4-5 hours after flooding (Zaerr,
1983). This caused changes in carbon dioxide fixing activity, reduced
chlorophyll content of leaves, early leaf senescence and abscission.
Moldau (1973) and Bradford and Hsiao (1982) deduced that inhibition of
ribulose bisphosphate carboxylase/oxygenase production is partly
responsible for these changes together with stomatal closure. Sojka
and Stolzy (1980) demonstrated that reduction in soil oxygen may cause
stomatal closure even at optimum soil matric potentials in several
species such as cotton, wheat, sunflower, tomatoes and jojoba.

Waterlogging also reduces the rate of translocation of
photosynthetic products from sources to sinks (Sij and Swanson, 1973;
Zvareva and Bartkov, 1976). Sachs et al. (1980) found that
anaerobiosis also modifies the synthesis of proteins, with only 10
major proteins and a similar number of less prominent ones being
synthesised. The production of these proteins is in someways
analogous to the heat-shock proteins, but their roles appear to be
different.

Under normal conditions, oxygen plays an essential role in the

biosynthesis of unsaturated fatty acids. As mentioned above,

waterlogging causes elimination of oxygen and affects membrane
structure and functions. The creation of double bonds by desaturase
activity depends on oxygen together with a reductant (NADH or NADPH)
and ferredoxin or some other electron carrier (Hitchcock and Nichols,

1971; Stumpf, 1980). As a result of waterlogging, therefore, changes

in membrane lipid composition (eg. degree of saturating of fatty acid
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residues, chain length and presence of sterols) can be expected to
modify membrane fluidity and transport processes. Degeneration of
mitochondria under anoxia, extracted from yeast cells is closely
associated with interference in the synthesis of unsaturated fatty
acids, leading to increased permeability of the inner mitochondrial
membrane and uncoupling of ADP phosphorylation from respiration.
Little or no research has been done, however, on the effect of
waterlogging on membrane lipid composition. The results reported by
different workers on anoxia are complex and puzzling. Vartapetian et
al. (1978b) reported that the existence of anoxia-tolerant and anoxia-
intolerant plants suggests that difference between them might
originate either in the synthesis of membrane lipids or avoidance of
their degradation. They further reported that in anoxia-tolerant
coleoptiles of rice germinating anaerobically, the lipid composition,
including the unsaturated fatty acids, was similar to that in control
tissue. Labelling studies with (“C) acetate revealed that de novo
synthesis of unsaturated fatty acids occurs under anoxia (Vartapetian
et al., 1978b). The authors concluded that these puzzling results
suggest either the existence of an unusual pathway for lipid synthesis
or transport of 1lipids from embryo without being converted to
carbohydrate via the glyoxylate and gluconeogenesis pathways.
Contradictory results were also obtained by Hetherington et al.
(1982) working on rhizomes of Iris pseudacorus (anoxia-tolerant) and
Iris germanica (anoxia-intolerant). The lipid composition of the two
species was similar in aerated controls. When rhizomes were subjected
to 14 days of anaerobic treatment, there was a marked decline in the

content of the saturated fatty acids (palmitate and stearate) but not,

as might have been expected, the unsaturated ones. In contrast,

results reported by Rebeille et al. (1980) working on anoxia-
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intolerant Acer pseudoplatanus cells in suspension culture, showed
that the synthesis of polyunsaturated fatty acids was progressively
suppressed when the oxygen partial pressure was at or below 0.03
atmospheres. Chirkova et al. (1981) found a comparable reduction in
total unsaturation in the phospholipids extracted from homogenates or
mitochondria of wheat and rice roots which had been anoxic for several
days.

Drought: Water deficit or drought has profound effects on growth,
yield and plant quality. The first effect of this stress is a loss of
turgor that affects the rate of cell expansion and ultimately cell
size. Loss of turgor is probably the process most sensitive to
drought. This in turn decreases the growth, stem elongation, leaf
expansion and stomatal aperture opening. Higher plants subjected to
low water stress close their stomata in order to prevent water loss.
This in turn slows down carbon dioxide uptake which affects not only
photosynthesis but sooner or later primary metabolism in general
(Spear et al., 1988). Plants also lose their mesbrane integrity and
become leaky due to low water stress (Gupta, 1977b). Pham-Thi and

Vieira-da-Silva (1975 and 1980) reported that drought provokes a

disorganization of cell metabolism and damages the membrane structure

in the drought-sensitive species. Water stress affects the lipid

composition of cotton leaves, decreasing total fatty acids mainly due
to a decrease in linolenic acid (Pham-Thi et al., 1982).

Salt stress: Plant growth is also affected by salinity or salt stress.
Salt stress consists of two components. The first is the increased
external osmotic pressure due to the high salt concentration. The
second component involves the physiological and metabolic effects of
the salt in the plant cell. Among the metabolic disturbances, the

entry of sodium into the cytoplasm is the most important primary event
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affecting the cell (Katsuhara and Tazawa, 1986). Water potential,
osmotic potential and turgor pressure are quickly perturbed in many
species, including maize and sorghum (Erdie and Taleisnik, 1992).
Later effects involve enzyme inhibition (Katsuhara and Tazawa, 1986),
changes in plasma membrane composition including phospholipid:protein
ratios, sterol:protein ratios, and ATPase activity (Zwiazek et al.,
1992). Changes in amino acid and mineral ion partitioning between
compartments within the cell also occurs (Stassart, 1992).

Muller and Santarius (1978) and Harwood (1984) reported that
salinity caused a reduction in total chloroplast lipids accompanied by
a decrease in the degree of fatty acid unsaturation. Zarrouk and
Cherif (1984) specified that increases in the concentration of sodium
chloride greatly affect the fatty acid composition. Other studies
revealed that salt stress in sunflower, Plantago L. (Ribwort plantain)
and olive induces decreased levels of all lipid classes in a total
lipid extract (Bettaieb et al., 1980; Erdei et al., 1980; Zarrouk and
Cherif, 1981).

Other stresses: In recent years, the harmful effects of atmospheric
pollution have been widely publicised. Ozone is one of the gases which

may accumulate through the action of ultra-violet radiation and the

gases released into the atmosphere from motor exhausts. In plants, the

appearance of water-soaked spots on the leaves is one of the

recognizable symptoms (Rich, 1964). Later, the leaves become bleached

and necrotic (Simon, 1974). Ozone also causes the breakdown of the
plasma membrane (Thomson et al., 1966). It has been suggested that it

acts directly upon membranes by reacting with the double bonds of

unsaturated fatty acids.
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1.8 Strategic basis for the present study

It is quite obvious from the brief summary above that crops are
very susceptible to several environmental stresses both singly and in
combination. It is also very clear that much work remains to be done,
especially with respect to the production of stress-tolerant

varieties. There is evidence from agronomists and plant breeders that

cotton suffers significant damage due to high temperature and

waterlogging. The cotton crop is believed to be very susceptible,

especially during early growth, flowering and boll formation.

Pakistani scientists have produced very little evidence to support

these statements, however, possibly due to the lack of research

training and facilities. Yet, high temperature and waterlogging are
not uncommon in Pakistan during the early development of the cotton
plant. These stresses must cause severe damage to early seedling
development as well as to the young plants. Because of these
problems, the present study was undertaken to measure some basic but
important physiological and biochemical parameters in the growth and
development of cotton seedlings and to determine the effects of high-
temperature stress and waterlogging on their activities.

It has been reported that cellular membranes are the primary

site of high temperature injury in plants (Raison et al., 1980).

Membrane lipids undergo phase-transition (abrupt reduction in

viscosity) at supraoptimal temperature which affects, for exaample,

membrane transport process, photosystem II activity in chloroplast and
electron transport systems in chloroplast and mitochondria. Any damage
to membrane may also affect the activities of membrane -bound enzymes.
The enzymes responsible for membrane lipid synthesis may be on such
system affected by high temperatures. It has been reported that high

temperature also damages cells via thermal denaturation of proteins
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and nucleotides (Pace and Campbell, 1967). Hydrogen bonding becomes
weakened (Hochachka and Somero, 1973) and is considered to be
responsible for alterations in protein stability at high temperature
(Langridge, 1963).

Because of the lack of general research on cotton crop,
especially on environmental stress and membrane lipid metabolism, the
present research was carried out to answer the following questions:-
1. Does heat shock affect the development and survival of seedling

roots?

2. Does heat shock influence the membrane phospholipids in seedling
roots?

3. Does heat shock affect the uptake and incorporation of (Me-'c)
choline in phosphatidyl choline?

4. Does heat shock affect the fatty acid composition in neutral
lipids, glycolipids and phospholipids?

5. Does anaerobic or aerobic waterlogging influence the developament
and survival of seedling roots?

6. Does waterlogging affect the respiration rates of the seedling

roots?

7. Does waterlogging influence the fatty acid composition in neutral

lipids, glycolipids and phospholipids?

8. Are there any differences between cultivars or between seedlings of

high and low vigour with respect to the above parameters.

31



CHAPTER TWO



Chapter Two

Material and Methods

2.1 Plant material

Cotton (G. hirsutum L.) varieties S-12 and MNH-93 were supplied
by the Pakistan Central Cotton Committee’s Research Institute at
Multan (Punjab), Pakistan. Cultivars Qalandari and Rehmani were
supplied by The Cotton Research Institute, Sakrand (Sind), Pakistan.
The seeds used in these experiments were from the 1989 to 1992
harvests. The detail for the seeds used in each experiment is given in

the individual results chapters.

2.2 Glassware
All glassware was cleaned by soaking overnight in a phosphate-
free detergent (Lipsol liquid, LIP Equipment and Servicing Ltd.,

Shipley, U.K.). After scrubbing with a brush, the glassware was washed

with distilled water and placed for one hour in dilute hydrochloric

acid (to remove remaining detergent). It was finally washed three
times with distilled water and dried in an oven at 110°C.
Glassware contaminated with radioactive material was pre-soaked

in Decon detergent (Decon Laboratories Ltd. Hove, U.K.) for 4-5 hours

followed by above cleaning procedure.

2.3 Reagents
Unless otherwise stated, reagents were obtained from BDH Ltd.

Poole, Dorset. Radiolabelled compounds were supplied by The

Radiochemical Centre, Awersham, Bucks, U.K. Sephadex G-25 (coarse) was
obtained from Pharmacia Fine Chemicals AB, Uppsala, Sweeden. Fatty

acid standards were from Sigma Chemical Company, London, U.K.
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The Sep-Pak chromatography cartridges for lipid fractionation
were obtained from Waters Chromatography Division, Millipore

Corporation Milford, Massachusetts, U.S.A.
Buffers were prepared according to standard procedures (Dawson

et al., 1969) and their pH was checked before use using a laboratory

pH meter.

2.4 Solvents

All solvents used in these experiments were AnalaR grade, except

butanol which was laboratory reagent grade. This solvent was re-

distilled prior to use.

2.5 Seed treatment

Cotton seeds were delinted by the following procedure. The seeds
(20g) were placed in a 200 cl3 beaker and approximately 4 cn’ of
concentrated sulphuric acid were added (lclaper 58 seeds). The seeds
and acids were stirred thoroughly with a glass-rod for 3 minutes and
left for 5 minutes. They were then stirred for 2 minutes and
transferred to a Buchner funnel where they were washed with running
tap water for 3 minutes. The seeds were then placed in 200 cnJ 1%
sodium bicarbonate solution for 10 minutes to neutralise remaining
acid and washed thoroughly with distilled water. The delinted seeds
were soaked for an hour in 1 litre of distilled water. After this
time, the floaters were discarded and the sinkers were placed in a

1.5% sodium hypochlorite solution (0.1% available chlorine) for 20

minutes to further sterilize them. Finally, the seeds were washed

eight times with sterile distilled water to remove the hypochlorite.
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2.6 Germination and selection of quartiles

Fifty delinted and sterilized seeds were placed in 10 rows with
5 seeds in each row, on a sheet of Whatman No. 1 filter paper (23 x 57
cm). The filter paper was woistened with 40 cn’ sterile distilled
water. The filter paper was then rolled up round a wooden stick (32 x
0.5 cm) and placed in a polythene bag (35 x 23 cm). The top of the bag

was folded over and tied lightly to maintain sterile conditions and

allow air exchange. Finally, the bag and its contents were stood

upright in a 500 ca’ beaker and incubated in an incubator in the dark
at 25°C. After 24 and 48 hours, the bag and its contents were rolled
to re-moisten the seeds with water that had collected at the bottom of
the bag. For each analysis, 100 seeds were germinated in this way in

two filter paper rolls.
After 48, 54, 60, 66 and 72 hour germination periods, the seeds
were harvested and the best 75 seedlings were selected. The 75
seedlings were divided into three quartiles according to their root
lengths as follows:
First quartile: the longest 25 roots (93mm #12 at 72h).
Second quartile: the medium 25 roots (72mm *9 at 72h).
Third quartile: the shortest 25 roots (52mm *6 at 72h).
The root length values are for the cultivar MNH-93. Other cultivars
showed a similarly wide range of values. The fourth quartile was of
very poor quality and it was discarded.
Roots were detached from the harvested seedlings with a scalpel
and the fresh weight of each quartile was determined prior to lipid

analysis. Dry weight values were determined from separate experiments

in which roots samples were dried at 70°C for 48 hours.
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2.7 Heat-shock treatment

Two kinds of heat-shock treatment were given to seedlings. For
the determination of root length , seedling samples were heat-shocked
at 25, 30, 35, 37.5, 40, 42.5 and 45°C. This was done by transferring
batches of seedlings that had germinated for 48 hours and still in
their rolled paper and plastic bags from the 25°C incubator to an air
incubator set at the heat-shock temperature. After 3 hours at this
temperature the seeds were returned to the incubator at 25°C for
further germination up to 72 hours. For the fresh weight, dry weight,
phospholipid and fatty acid determinations, seedling samples were
heat-shocked at 35, 40, 42.5, 45 and 50°C. This was done by
transferring batches of seedlings that had germinated for 48 hours and
still in their rolled paper and plastic bags from the 25°C incubator
to a water bath set at the heat-shock temperature. Care was taken to
avoid water entering the plastic bags from the bath. After 2 hours at
this temperature, the seeds were returned to the incubator at 25°C for
a further germination up to 72 hours. At the end of this time the

seedlings were harvested for analysis.

2.8 Waterlogging treatment

Cotton seeds were germinated in rolled filter papers for 48
hours as described in section 2.6. The rolled filter papers along with
their contents were taken out from the plastic bags and placed in
glass jars (30 cm high x 8 cm diameter) filled with water up to 26 ca.
This was enough to completely cover the rolled paper and its

seedlings. All these treatments were carried out under controlled
conditions at 25°C. The jar was covered with a glass lid and a piece
of cling film was wrapped over it to prevent air exchange between the

inside of the jar and the outside atmosphere. The jar and its contents
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were then incubated at 25°C for 6, 12 or 24 hours. The oxygen
concentration of the water in the jar was monitored before and after
each waterlogging treatments. After this waterlogging treatment, the
paper roll containing the seedlings was drained and returned to the
plastic bag and incubated at 25°C for a period of recovery. The
recovery period was adjusted so that the total experimental period was
72, 96 or 120 hours for each waterlogging treatment. At the end of
these times the roots were harvested and measurements of root length,
fresh weight and dry weight were made. For the dry weight, the roots
were harvested and dried in an oven for 48 hours at 70°C. In separate
experiments the tips of the roots were harvested for measurement of
their respiration rates.

Seedlings were also given waterlogging treatments in aerated
water. The rolled filter paper along with its contents was taken from
its plastic bag and placed in to a tank (44 cam height x 25 cm length
x 22 cm wide) filled with water up to 40 cm. This was enough to cover
the roll and its contents. The tank was maintained at 25°C. It also
contained a stirrer which circulated the water to help maintain
oxygen levels in the water. The water was aerated by bubbling fresh
air through it from the laboratory compressed air line. The oxygen
concentration was monitored at 3, 6, 12 and 24 hours and maintained at
100X * 5%. At these times, the paper roll containing the seedlings was
drained, returned to its plastic bag and incubated at 25°C for a
period of recovery. The recovery period was adjusted so that the total

experimental period was 72, 96 or 120 hours for each waterlogging

treatment.

The oxygen concentration of the water in the waterlogging

treatments was measured using an oxygen electrode (Model PHOX62,

(PHOX System Ltd., Bedfordshire, U.K.). The instrument was calibrated
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with distilled water saturated with 100X oxygen at 25°C. The sensor of
the oxygen meter was immersed in the water and rotated to ensure

adequate water flow past the sensor membrane. The oxygen concentration

was measured in units of nglq.

2.9 Measurement of oxygen uptake by root tips

The respiration rate of the root tip segments was measured with
a Clark-type oxygen electrode connected to a chart recorder (Kipp &
Zonen, Model DB-111, Talbot Scientific Ltd., Cheshire, U.K.). The
water jacket of the electrode was connected to a temperature
controlled water bath to maintain it at 25°C. Five approximately 5mm
long tips were used for each measurement. Two cn’ buffer (20mM MES-KOH

buffer, pH 6.5 + 2mM CaSO;) were placed in the sample compartment of

the electrode and the tissue was added. The sample compartment was
minute period.

The results are presented in units of nmoles min’! 5tipsd-

then closed and oxygen uptake was measured over a 20

2.10 Radiolabelling of roots
The uptake and incorporation of radio-labelled (Me-“C) choline

by cotton roots in the absence of saturating concentrations of

unlabelled carrier choline was measured according to the method of
Varty (1975). Roots from germinated seedlings were washed, damp dried
and placed in a sterile 100 cn3 conical flask containing 10 ca’ of

sterile labelling medium. The flask was then plugged with sterile

cotton wool. The labelling medium, consisted of 50mM Tris-maleate

buffer, 50pg cm” chloramphenicol and 1uCi (Me—“C) choline (specific
activity 55mCi nnolq). The pH of the medium and period of incubation
were varied according to the experimental design. The flasks and their

contents were incubated at 25, 30, 35, 40, 45 and 50°C in a
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reciprocating water bath operating at 175 oscillation per minute. At
the end of the radiolabelling period, the medium was removed from the
roots by vacuum filtration through a sintered-glass funnel. The roots
were then washed three times with distilled water and re-incubated for
5 minutes at room temperature in IOOCIJ, 10mM unlabelled choline
chloride to remove radiolabelled material from the tissue cell walls,

At the end of this incubation, the roots were washed several times

with distilled water. The roots were then extracted with boiling

water-saturated butanol (WSB).

2.11 Extraction of lipids

In this investigation it was important to follow an efficient
and reproducible procedure for the extraction of lipids from the
tissues. A suitable lipid extraction procedure must ensure that
lipoprotein bonds are broken and it must minimize degradative enzyme
activity during extraction. This latter factor is particularly
important in plants, which may contain phospholipases and other

phosphatases that are activated by organic solvents (Kates, 1970;

Colborne, 1974).

Hot water-saturated butanol (WSB) has been reported to be the
most thorough lipid extraction solvent for wheat products (MacMurray
and Morrison 1970) and its use has been advocated for vegetative plant

by Colborne and Laidman (1975). In the light of this work,
adopted for the present

tissues
the hot WSB extraction procedure was
experiments. The tissue was thus plunged into 150 cm’ boiling WSB in
a 300 ca' tall-form beaker and boiled for 3-5 minutes to inactivate
enzymes (Colborne, 1974). The tissue was then cut into small segments

(<1cm) and homogenised for 5 minutes using a Polytron top drive
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homogeniser at speed mark 3. After the particulate material had
settled, the supernatant was filtered through 2 layers of Whatman GF/A
glass microfibre filters placed in a sintered-glass filter funnel. The
residue was further extracted twice with WSB and once with a mixture
of chloroform and methanol (1:1, v/v). The final extraction prevents

bumping when the combined filtrate is reduced to dryness in a rotary

evaporator at <50°C. The residue from the rotary evaporation was

dissolved in 30 cml organic phase (Section 2.12) followed by 10 drops
of distilled water (This breaks lipo-protein bonds present in the
mixture). The mixture was then evaporated to dryness again, 25 Cﬂs
ethanol (to remove traces of water) were added and the whole was
evaporated once more. The flask and its contents were then removed
from the rotary evaporator and a stream of nitrogen was blown over the
contents to make sure that they were completely dry. Finally, the
sample was taken up into § cn3 organic phase for purification by
partition chromatography on a column of Sephadex G-25. If not used

immediately, it was stored under nitrogen at -20°C for as short a time

as possible.

2.12 Purification of crude lipid extract by partition chromatography

on Sephadex G-25

Two solvent systems were used for partition chromatography on

Sephadex G-25, the organic phase and the aqueous phase (Mirbahar,
1981). To prepare the two phases, chloroform, methanol and 0.58%
aqueous sodium chloride were mixed in the ratio of 8:4:3 (v/v) in a
separating funnel, shaken thoroughly and left for 4-5 hours. The
mixture separated into two phases, in which the upper phase was the

aqueous phase and lower one was the organic phase. Each phase was
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transferred to separate stoppered bottles and stored until needed.
The crude 1lipid extract contains both lipid and non-lipid
material (amino acids, sugars, nucleotides, inorganic salts etc.). It
is necessary to remove these non-lipid components prior to 1lipid
analysis, The 1lipid extract was therefore purified by partition
chromatography on a column of Sephadex G-25, using a modification of

the method of Rouser et al. (1967).
The column was prepared as follows. About 3g Sephadex G-25
(coarse grain) were briefly degassed in 30 cna aqueous phase and the

grains were allowed to swell in the liquid for 3 hours. The resulting

slurry of beads was poured into a Whatman chromatography column

(Whatman Ltd. Springfield Mill, Maidstone, Kent U.K.) of 1 cm internal
diameter and allowed to settle to a height of 11 to 12 cm. The column
was then pre-washed using the following sequence:-

Aqueous phase: 50 cn’ at a flow rate of 1 cnalin'.
! ainl,

win’l,

at a flow rate of 0.5 cm
3

Organic phase: 20 ca

! at a flow rate of 1 ca

Aqueous phase: 50 cm
Immediately before application of the sample, the column was eluted
with 20 cn’ of the organic phase at a flow rate of 0.5 cm min’l. The

crude lipid extract was then applied from its sample vial to the

column in a small volume of organic phase using a Pasteur pipette.

This was allowed to run slowly into the column bed. The vial was

rinsed three times with small volumes of organic phase and these in
turn were applied and allowed to run onto the column bed. The lipids
were then eluted with 20 cn3 organic phase at a flow rate of 0.5 ca3
min’l. and collected in a 100 CI’ round-bottomed flask containing two
drops of ethanol. This fraction is termed the purified lipid extract.

It was taken to dryness in a rotary evaporator at a temperature of
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<§0°C. It was then transferred in 2 cn1 chloroform to a glass saample
vial, evaporated to dryness under nitrogen and stored at -20°C for
later analysis.

After use, the column could be regenerated by removing water-
soluble material with 50 cl3 of aqueous phase at a flow rate of 1 c.3
ninq. It could be repeatedly used if not allowed to run dry. The
column could be left standing at room temperature with aqueous phase
for a week or more between uses. To prevent bacterial growth on the

Sephadex, 0.02% (w/v) sodium azide was added to the aqueous phase when

the column was not in use.

2.13 Separation of free fatty acids and esterified fatty acids

The separation of free fatty acids from the esterified fatty
acids was performed according to the method of Draper (1969). The
! of

purified lipid extract (Section 2.12) was dissolved in 25 cm

diethyl ether-hexane (1:1, v/v) and placed in a separating funnel. The

free fatty acids were then extracted with 4 separate 10 c13 aliquots

of 1% aqueous sodium carbonate. The combined aqueous extracts were

acidified with concentrated phosphoric acid to pH 1 and the free fatty

acids were re-extracted with 50 c33 of diethyl ether-hexane mixture
(4:1, v/v). This fraction was dried by rotary evaporation and
redissolved in 2 cnJ chloroform prior to further analysis. The organic

phase remaining after the extraction with sodium carbonate was dried

by rotary evaporation and redissolved in 2 c-3 chloroform for further

analysis.

2.14 Chromatography on silicic acid columns

Disposable Sep-Pak cartridges (Section 2.3) containing a coluamn

41



of silicic acid (2.5 cm height x 1.0 cm diameter) were used to
separate the esterified lipids obtained by partition between
hexane:ether and sodium carbonate solution (Section 2.13) into neutral

lipid, glycolipid and phospholipid fractions. The column was attached

to a solvent reservoir consisting of the barrel of a 50 cm’ syringe

without its plunger. The column bed was washed with 25 cuﬁ of
chloroform at its natural flow rate. The esterified lipid sample was
then carefully transferred into the syringe barrel and allowed to run
into the column bed. This procedure was repeated 3 times with 2 ch
aliquots of chloroform to ensure that all lipid was transferred. Lipid
fractions were then eluted according to following sequence.

Neutral lipid: 30 cn’ chloroform at a natural flow rate.

Glycolipid: 25 cn3 acetone at a natural flow rate.

Phospholipid: 30 cn3 methanol at a 1 cn3 per minute.

The natural flow rate for methanol was found to be very slow. This was
improved by using the piston of the syringe to force the solvent
through the column. The fractions were collected separately in small
round-bottomed flasks, reduced to dryness on a rotary evaporator and
samples in

transferred using chloroform to glass sample vials. The

their vials were stored under nitrogen at -20°C.

The efficiency of the method was checked using (Me-“C)

phospatidyl choline. Over 95 percent recovery of the phospholipid was

obtained.

2.15 Determination of lipid phosphorus

An adaptation of the method of Rouser et al. (1966) was used to
determine the amounts of lipid phosphorus in the purified lipid

extracts. An aliquot of the 1lipid fraction from Sephadex G-25,
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containing 2-8 pg of lipid phosphorus, was transferred to a 20 cu3

reductase tube and reduced to dryness under nitrogen. The samples was
then digested with 0.7 cnsperchloric acid at 200°C using a dry heating
block (Model DB-4, Tekhne Cambridge Ltd., Duxford, Cambridge, U.K.).
When the digestion became clear (about 90 minutes), it was cooled and
a further 0.7 cnJ perchloric acid was added followed by 6.6 cn3
distilled water and 1 cn3 2.5% ammonium molybdate. After mixing
thoroughly, 1 cn3 10% ascorbic acid was added, and the whole was mixed
and heated for 5 minutes in a boiling water bath. After cooling, the

optical absorbance was measured at 800nm. A calibration curve was

prepared using standard solutions of potassium orthophosphate

containing 0-10 pg phosphorus (Figure 2.1).

2.16 Determination of radioactivity

Uptake of radioactivity into the tissue was determined as the
radioactivity contained in an aliquot taken from the WSB extract
(crude 1lipid extract). Incorporation of radioactivity into
phosphatidyl choline was determined as the radioactivity contained in

the purified total 1lipid fraction obtained from Sephadex G-25

chromatography.

For these determinations, the lipid samples were transferred to
. . . i
scintillation vials, dried under nitrogen and dissolved in § cm’ of

i

inserted in 22 cm’ glass

scintillation fluid (6 ca' plastic vials
scintillation vials were used). The scintillant used was Scintillant
Cocktail T (BDH Ltd. Poole, Dorset, U.K.). Radioactivity was counted
in a Beckman Model LS 7500 spectrometer (Beckman-IRIC Ltd. High
Wycombe, Bucks, U.K.). Raw counting data were converted from counts

per minute (cpm) to disintegration per minute (dpm) by the

43



1-0[-

0-81

0-6-

Absorbance

0-2¢

Phosphorus (ug)

Figure 2.1 Calibration curve for the determination of lipid phosphorus.



spectrometer using the Crompton end effect.

2.17 Gas-liquid chromatography of fatty acid methyl esters
The free fatty acid fraction (Section 2.13) and the lipid

fractions from silicic acid chromatography (Section 2.14) were

converted to fatty acid methyl esters according to the method of

Morrison and Smith (1964). The lipid samples in 4 cm’ screw-capped
sample vials (Phase Separations Ltd. Deeside, Clywd, U.K.) were
reduced to dryness under nitrogen and then placed in a desiccator
under vacuum for an hour to ensure complete dryness. One an of 14%
boron trifloride in anhydrous methanol was then added. The samples
were heated in a dry block heater (Model DB-4, Techne Cambridge Ltd.
Cambridge, U.K.) at 60°C for 30 minutes and then cooled to room
temperature. Two cm’ hexane and 1 cm’ distilled water were then added,
the mixtures were briefly shaken and they were then centrifuged for §
minutes at 1500 rpm in & bench centrifuge. The upper hexane layer was
transferred by Pasteur pipette to a clean sample vial. The remaining
agueous phase was reextracted with 2 x 2 cm’ hexane. The combined
hexane extract was dried completely under nitrogen and the fatty acid
methyl esters were redissolved in 1 quof dichloromethane prior to gas
chromatographic analysis. At this stage, the methyl esters could be
stored at ~20°C and they were found to be stable for several weeks.
The fatty acids methyl ester mixture was analyzed using a Pye

Model 104 gas chromatograph fitted with a flame ionization detector.

Five or 10 pl samples in dichloromethane were analyzed using a

silanized glass column (5.0 ft x 0.4 mm i.d.) packed with 10%

diethylene glycol succinate (DEGS) on 100-120 mesh Chromosorb W-AW-

DMCS as support phase. The chromatography was carried out at 190°C
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using oxygen free nitrogen at 40 cnﬁ per minute as the carrier gas. The
hydrogen and air flow rates were 40 cnz per minute and 150 cm3 per
minute respectively. Before and after each 3 hours of work, the
chromatograph was re-calibrated using a mixture of authentic, pure
fatty acid methyl esters. This allows the peaks corresponding to
palmitic acid (C16:0), stearic acid (C18:0), oleic acid (C18:1),
linoleic acid (C18:2) and linolenic acid (C18:3) to be identified in
the chromatograms from the cotton lipid fractions (Figure 2.2). In
this method, the area under each peak was calculated by triangulation
(i.e. peak height x width at half peak height). Another standard of
heptadecanoic acid (C17:0) (1 mg cm4) was also applied after each 3
hours of work, this was the quantitative standard from which the
amount of each fatty acid methyl ester in the unknown samples could be

calculated. From these areas and that of the C17:0 standard the

percentage of each fatty acid was calculated.

2.18 Statistical analysis

All means, standard deviation and standard error values were
calculated using a pocket scientific calculator (Casio Model fx-82c).
The statistical analysis (Student’s T-test) was done using a personal
computer with the Systat/Sygraph software (Systat, Inc. Evanston, IL.

USA). A probability value of 0.05 or less was considered to be

significant and any value above that was considered to be

insignificant.
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CHAPTER THREE



Chapter Three

Effects of Heat Shock on Root Development

3.1 Introduction

Numerous investigators have reported that temperatures above or
below the optimum level inhibit root and shoot growth (Kailasanthan et
al., 1976; Abdel Magid and Osman, 1977; Garcia-Huidobro et al., 1985;
Murtadha et al., 1989). Even a 2 minute heat-shock at 47.5°C applied
to maize roots inhibited shoot and root growth (Caers et al., 1985),
The period between planting and emergence is a critical time in the
development of the cotton plant. In countries such as Pakistan and
India the temperature often reaches 40°C or more during this period.
Such temperatures may cause severe damage to both the root and the
shoot of the seedlings. Haugen and Smith (1992) reported that a
temperature of 38°C brings marked differences in the morphology and
growth of the root systems of mungbean,

Pollock (1990) pointed out that temperature change alters the
rates of chemical reactions, and living organisms are the products of
many such reactions occurring within their cells. Exposure of young
seedlings to high temperature thus causes a variety of changes in

physiological and metabolic processes. Heating pea roots caused

modification in the structure of membrane systems (Buttrose and Swift,
1975). Exposure of maize kernels to 46°C produces the appearance of
corpuscles in the cytoplasm and in the mitochondrial matrix (Fransolet
et al,, 1979). This is due to changes in membrane lipids (Rivera and
Penner, 1978). These workers further reported that an increase in

temperature from 15 to 30°C caused increases in palmitic and stearic

acids and decreases in oleic, linoleic and linolenic acid contents in

both the plasmalemma and mitochondrial fractions.
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After sowing and onwards, the soil temperature plays an
important role in the rate and duration of plant growth. Soil
temperature clearly affects root development in cotton and soybean as
found by Bland (1993). Robinson (1949) reported that the soil
temperature is closely related to the air temperature. The cotton seed
is sown 2-4 cm below the soil surface. Brady (1984) stated that
average monthly soil temperature at a 7.5-cm depth is higher than the
air temperature throughout the year. He further added that, on
average, the surface 15-cm layer of soil is warmer than the air at
every season of the year.

Once cotton seed has germinated, the temperature optimum for
growth probably changes with different stages of seedling growth
(Arndt, 1945). Radicle elongation begins before hypocotyl elongation
and proceeds at a faster rate. Before appearance of lateral roots, the
radicle elongates at a constant rate. It has been reported that the
rate of elongation of both radicle and hypocotyl in cotton increase
between 16 and 32°C and begins to decrease at 38°C (Wanjura and
Buxton, 1972). This was in accord with the results of Arndt (1945) who
showed that increasing elongation occurred between 18 and 33°C with a
decreased toward 39°C. Wanjura and Buxton (1972) further stated that
growth and elongation of the radicle is limited to the tips where cell

division and elongation are concentrated.

Meristematic cells are more sensitive to heat stress. In wheat

leaf meristems, for example, temperature stress at around 45°'C causes
inhibition of both mitosis and cell division (Kharlamov and Mousienko,
1992) followed by a cessation of root elongation (Sattelmacher et al.,
1990). Sattelmacher et al. (1990) further reported that bending of the
apical root zone occurred together with formation of root hairs on the

concave side and lateral roots on the convex side of the root. Root
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extension is also significantly affected by temperatures (Bowen,
1991).

Safaralieva et al. (1980) reported that high temperature
increased the abscisic acid activity in roots, decreasing the root’s
rate of cell formation and cell elongation. Increase in temperature
also increase uptake of mineral nutrients (P, N and K) (Natr and
Purs, 1971).

The main objective of the present experiment was to evaluate the
effect of high temperature on root growth in the cotton species
Gossypium hirsutum. The chapter describes preliminary experiment
carried out to find suitable procedures for heat shock treatment and

to study the effects of temperature on seedlings development before

proceeding to further biochemical studies.

3.2 Methods

The preliminary experiments were carried out on the cultivars
MNH-33 and Qalandari from the 1989-90 harvest (Section 2.1). An
adaptation of the method of Sethar (1993) was used to germinate the
cotton seeds in rolled filter paper. The details of the procedure and
the selection of seedling quartiles are described in Section 2.6.

Seedlings that had been germinated for 48 hours at 25°C were

heat shocked at 25°C (control), 30, 35, 37.5, 40, 42.5 and 45°C. Two

procedures were used for this. In the case of the root length data,

the seedlings were heat shocked for 3 hours in an air incubator,
whereas for the fresh and dry weight determinations the seedlings were
heat shocked at 35, 40, 42.5 and 45°C for 2 hours in a water bath
(Section 2.7). After the heat-shock treatment, they were returned to
3

the incubator at 25°C to recover for up to 72 hours. A further 5 ca

aliquot of sterile distilled water was added to each batch of
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seedlings at 48 hours. Two further controls consisted of seeds
germinated for 48 hours at 25°C (control 1) and for 72 hours at 25°C
(control 2), that is without removal from the 25°C incubator.

At the end of their incubations, the seedlings were harvested
and their roots were detached from the cotyledons using a scalpel. The
isolated roots were sorted into quartiles according to their root
length (Section 2.6) and the length of each root was measured using a
ruler. For fresh weight determination, the seedlings in each quartile
were bulked and weighed on a five-place analytical balance. The
quartiles were then dried for 48 hours in an oven at 70°C and re-
weighed to determine their dry weight. The percent moisture contents
of the quartiles were calculated from the dry weight and fresh weight
data.

The resulting data were analysed statistically as described in
Section 2,18. Best fit curves were drawn to data points using a

personal computer with the Systat Sygraph DWLS (Distance Weighted

Least Square) software prograame.

3.3 Results
3.3.1 Effect of beat shock on root growth

The results of this experiment are presented in Tables 3.1 to
3.3 and in Figures 3.1 and 3.2. Large variations in root growth rate
were noted. Due to this variation in growth rate, which occurred even
within a single seed lot, relatively large samples (100 seeds) were

used for each analysis. Even with samples of 100 seeds large standard

deviation values were still obtained. Therefore, it was decided to
divide the roots into four quartiles according to their length. This

reduced the standard deviation values considerably (see Tables 3.2 and

3.3 and Figures 3.1 and 3.2). Only the mean values #sd and ise for the
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first, second and third quartiles are presented in this thesis. Due to
poor germination percentages, values for the fourth quartile were not
considered reliable (variable numbers of seeds in the quartile had not
germinated at all). This quartile was therefore discarded.

The data for the whole root samples (i.e. before division into
quartiles) will be described first (Table 3.1, Figures 3.1A and 3.2A).
It is quite clear from these data that, in the first phase of growth

from zero hour to 48 hours at 25°C, the roots of the MNH-93 grew

faster than those of the cultivar Qalandari (cf. control 1 of MNH-93

and control 1 of Qalandari in Table 3.1). In the second phase, from

48 to 72 hours, the pattern was completely different however. The
roots of Qalandari grew faster than those of MNH-93 at 25°C. (cf. the

difference between control 1 and control 2 for each cultivar in Table

3.1).

When ratios (control 2: control 1) of the growth of both
cultivars were calculated from the data, it was quite obvious that the
ratio for two cultivars, MNH-93 and Qalandari were 1.7 and 2.5-fold
respectively.

In the case of MNH-93 (Figure 3.1A), the lengths of the roots
subjected to heat shock at 25, 30, 35 and 37.5°C remained variable

(large sd values) but the means were not obviously affected by these

treatments. Above 37.5°C, however, there was a noticeable effect on

root growth. As temperature increased, the root length decreased. At
45°C, root growth was nearly stopped. Cultivar Qalandari behaved only
slightly different from MNH-93 in this respect (Figure 3.2A). In this
cultivar, heat shock at 25 and 30°C had no significant effect on
growth. Heat shock at higher temperatures, however, produced

increasingly large reductions in mean root length. Root growth was

reduced greatly after heat shock at 40°C and growth nearly ceased
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Table 3.1 Effect of heat shock on root growth of two cotton

cultivars.

Heat-ghock MNH-93 Qalandari
temp. (°C)

mean $sd +ge mean +sd *ge
25.0 66.4 23.7 1.4 59.4 29.0 2.0
30.0 64.7 23.8 1.4 64.6 30.3 1.9
35.0 66.0 25.6 1.5 56.5 24.8 1.7
37.5 63.0 24.8 1.6 53.9 24.0 1.6
40.0 46,7 19.4 1.2 48.0 22.3 1.4
42.5 44.0 17.5 1.1 43.7 21.6 1.4
45.0 41.2 13.9 0.8 32.4 14.2 0.9
Control 1 36.9 11.9 0.7 27.4 12.1 0.8
Control 2 64.1 24.5 1.5 61.8 25.6 1.6

Each value is the mean length (mm) #sd and *se from 300 seeds.

Control 1: Seeds germinated for 48h at 25°C without heat shock.
Control 2: Seeds germinated for 72h at 25°C without heat shock.

Table 3.2 Effect of heat shock on root growth of the cultivar MNH-93.

Second quartile

Third quartile

Heat-shock First quartile
temp. (°C)

mean #sd ise mean isd *se mean *sd ise
25.0 93.6 8.2 0.9 75.5 5.9 0.7 57.6 8.3 1.0
30.0 94.6 8.9 1.0 71.6 6.8 0.8 52.8 7.1 0.8
35.0 93.9 9.1 1.0 75.4 10.9 1.3 56.2 10.5 1.2
37.5 90.0 13.9 1.6 70.5 12.9 1.5 54.7 12.5 1.4
40.0 68.5 11.6 1.3 53.1 8.6 1.0 39.3 6.0 0.7
42.5 65.1 10.7 1.2 47.6 3.4 0.4 36.3 4.4 0.5
45.0 56.6 5.7 0.7 46.0 5.4 0.6 36.6 7.3 0.8
Control 1 50.9 4.3 0.5 41.4 2.3 0.3 33.2 3.3 0.4
Control 2 93.2 12.3 1.4 72.1 9.2 1,1 51,7 6.3 0.7

Each value is the mean length (mm) *sd and tse from 300 seeds.
Control 1: Seeds germinated for 48h at 25°C without heat shock.
Control 2: Seeds germinated for 72h at 25°C without heat shock.



Table 3.3 Effect of heat shock on root growth of the cultivar

Qalandari.

Heat-shock First quartile

Second quartile

Third quartile

temp, (°C) ---eemmmcmmeeeaee

mean *sd ise mean *sd #se mean *sd tge
25.0 88.3 13.2 1.5 59.8 11.6 1.3 23.1 13.3 1.7
30.0 95.8 13.1 0.7 72.3 11.6 1.3 44,3 16.3 1.9
35.0 80.4 11.3 1.3 57.9 9.6 1.1 26.7 14.8 1.9
37.5 76.9 11.4 1.3 54.7 11.5 1.3 27.2 15.0 2.0
40.0 71.5 8.7 1.1 54.8 8.7 1.0 33.5 11.2 1.3
42,5 61.2 17.5 2.0 46.1 12.3 1.4 25.9 13.2 1.6
45.0 46.5 8.6 1.0 34.9 5.2 0.6 20.9 8.0 0.9
Control 1 39.6 5.1 0.6 27.1 4.5 0.5 11.9 5.8 0.8
Control 2 88.7 9.1 1.1 67.2 8.5 1.0 44.6 12.9 1.5

Each value is the mean

Table 3.4 Temperature at which root growth is inhibited by 50%

length (mm) #sd and tse from 300 seeds.

Control 1: Seeds germinated for 48h at 25°C without heat shock.
Control 2: Seeds germinated for 72h at 25°C without heat shock.

(TIG-50) in the two cotton cultivars.

MNH-93 Qalandari

TIG-50 TIG-50
Total roots 41.0 41.5
First quartile 41.4 41.5
Second quartile 41.0 41.8

41.3 40.6

Third quartile

The TIG-50 values (°C) are calculated from Figures 3.1 and 3.2.
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Figure 3.1 Effect of heat shock on root growth in cultivar MNH-93. (A) all seeds,

(B) first quartile, (C) second quartile, (D) third quartile.
Vertical bars indicate standard deviation values.



100,

’E\ 0 L 1 1 i |

&

8

g c D
A 100, -

55 30 35 40 45

Heat-shock temp. (°C)

Figure 3.2 Effect of heat shock on root growth in cultivar Qalandari. (A) all seeds,
(B) first quartile, (C) second quartile, (D) third quartile.
Vertical bars indicate standard deviation values.



following treatment at 45°C.

Because of the large standard deviation values, it was difficult
to prove significant differences between two cultivars (cf Figures
3.1A and 3.2A). In an attempt to overcome this problem, TIG-50 values

were calculated for each cultivar. The TIG-50 value is the temperature

at which root growth is inhibited by 50%. It was calculated as

follows: On each graph, two horizontal lines were drawn representing
the control 1 values (48 hour germination at 25°C) and the control 2
values (72 hour germination at 25°C). A third horizontal line was then

drawn half way between the two control lines. Where this line cut the

curve, a vertical line was dropped to the x axis. The point where

this vertical line intercepts the x axis is the temperature at which
growth is inhibited by 50X (the TIG-50 value).

From the results shown in Table 3.4 and in Figures 3.1A and
3.2A, the TIG-50 for MNH-93 was 41°C and the value for Qalandari was
41.5°C. It can be seen that there is only about 0.5°C difference
between the values for the two cultivars. The cultivar Qalandari was
possibly slightly more heat tolerant than MNH-93, but the difference
is not statistically significant.

The data for the first, second and third quartiles are presented
in Tables 3.2 and 3.3 and in Figures 3.1B to D and 3.2B to D. When
these results are compared with the data for whole seedling samples,
the general pattern was found to be very similar in all cases. In the
case of MNH-93, heat shock at temperature up to 37.5°C had no
gignificant effect on any of the quartiles (statistical probability
P>0.06). Heat shock at temperature above 37.5°C had progressively
greater effects on root growth and the effects were highly significant
(P<0.001). In the case of Qalandari, root growth was significantly

reduced at 35°C and above (P<0.001) suggesting that this cultivar is
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more heat sensitive than MNH-93. However, there were no significant
differences between the TIG-50 values for the first, second and third
quartiles of the two cultivars (Table 3.4). All of the TIG-50 value
for both cultivars lay in a narrow range within less than one degree
of 41°C.

In the data for the different quartiles and the data for whole
samples, two more important observations can be made. The values for
the standard deviations obtained from the quartiles data were much
smaller than from the whole sample data. Standard error values were

relatively low in all cases, however, due to the large sample size

employed.

3.3.2 Effect of heat shock on the fresh and dry weights

The determination of fresh weight and dry weight was carried out
only for the cultivar MNH-93. The results are presented in Tables 3.5
and 3.6 and Figures 3.3 and 3.4. The results for fresh weights of the
roots show a similar pattern to the data for root length. Thus, the

fresh weight in all the three quartiles almost doubled between 48 and

72 hour in seeds germinated at 25°C (cf control 1 and control 2 in

Table 3.5). Seedlings heat shocked at 35°C or above showed obvious
reductions in fresh weight in all the three quartiles. The fresh
weights of all the three quartiles were highly affected following heat
shock at 42.5 and 45°C. Moreover, it was observed that the seedlings

heat shocked at these temperatures showed actual reductions in root

fresh weight compared with the 48 hour control. Clearly, this

treatment even caused a significant loss of fresh weight presumably
due to dehydration of the roots following severe heat-shock damage.
When TIG-50 values were calculated from the graphs (Figure 3.3

and Table 3.7), somewhat different results were obtained compared with
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Table 3.5 Effect of heat shock on root fresh weight gain of the

cultivar MNH-93.

Heat-shock First quartile Second quartile Third quartile
temp. (°C)

mean *sd ise mean isd ise mean *sd ise
25.0 3.4 0.2 0.10 2.7 0.1 0.06 2.0 0.2 0.10
35.0 2.9 0.1 0.06 2.3 0.1 0.06 1.6 0.2 0.10
40.0 2.5 0.3 0.20 1.8 0.4 0.20 1.2 0.2 0.10
42.5 1.3 0.2 0.10 0.8 0.3 0.20 0.5 0.2 0.10
45.0 1.3 0.1 0.06 0.9 0.1 0.03 0.5 0.1 0.04
Control 1 1.8 0.1 0.04 1.4 0.0 0.00 1.0 0.3 0.20
Control 2 3.4 0.2 0.10 2.7 0.1 0.06 2.0 0.2 0.10

Each value is the mean weight (g (25 roots)q) *sd and %se from 3 or 4

experiments.

Control 1: Seeds germinated for 48h at 25°C without heat shock.
Control 2: Seeds germinated for 72h at 25°C without heat shock.

Table 3.6 Effect of heat shock on root dry weight gain of the
cultivar MNH-93.

Third quartile

Heat-shock First quartile Second quartile
temp. (°C)

mean +sd mean *sd mean *sd
25.0 0.23 0.00 0.18 0.00 0.15 0.02
35.0 0.20 0.01 0.17 0.01 0.12 0.01
40.0 0.17 0.02 0.12 0.03 0.09 0.02
42.5 0.11 0.01 0.07 0.01 0.05 0.01
45.0 0.07 0.01 0.07 0.01 0.05 0.01
Control 1 0.13 0.00 0.11 0.01 0.08 0.02
Control 2 0.23 0.00 0.18 0.00 0.15 0.02

Each value is the mean weight (g (25 roots)J) tsd from 3 or 4

experiments.

Control 1: Seeds germinated for 48h at 25°C without heat shock.
Control 2: Seeds germinated for 72h at 25°C without heat shock.

Table 3.7 Temperature at which fresh and dry weights

gains are
inhibited by 50% (TIG-50) in the cultivar MNH-93.

Fresh weight Dry weight
TIG-50 TIG-50
First quartile 38.0 38.0
Second quartile 37.3 37.3
Third quartile 36.3 35.6

The TIG-50 values (°C) are calculated from Figures 3.3 and 3.4.
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the TIG-50 values obtained from the root length data. The fresh weight
TIG-50 values for the first, second and third quartiles were 38.0,
37.3 and 36.3°C, respectively. These values cover a range of only
about 1°C on either side of 37°C and the differences are almost
certainly not significant.

The dry weight values are presented in Table 3.6 and in Figure
3.4. The dry weight patterns for the roots of heat shocked seedlings
were qualitatively similar to the fresh weight and the root length
pictures. Once again, there were significant reductions in the dry
weight values for all three quartiles following heat shock at
teaperature of 40°C or above. The dry weight of all three quartiles
were highly affected following heat shock at 42.5 and 45°C.

Statistical analysis by T-test of the data in Tables 3.5 and 3.6
showed that heat shock at temperatures of 40°C and above significantly
affected both fresh weight and dry weight values (P<0.005).

When TIG-50 values were calculated from the dry weight data,
they were very similar to those obtained from fresh weight data, i.e.
the TIG-50 all lay within about 1°C of 37°C (Table 3.7).

From the Figures 3.1 to 3.4, it can be seen that there is about
3 to 4°C difference between TIG-50 values derived from root lengths
and those derived from fresh and dry weight data. The TIG-50 values of
root length are in the range of 40.6 to 41.8°C, whereas those for the

fresh and dry weight data are in the range between 35.6 to 38.0°C.

Discussion

All germinating seeds have similar patterns of root growth.

Under optimum conditions, the rate of growth increases with

increasing germination time. In the case of cotton germination at

25°C, the root length shows a progressive increase during the first 72
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hours (Figure 6.2). Interestingly, cultivar MNH-93 showed faster root
growth in the first phase from zero to 48hour compared with Qalandari.
In the second phase, from 48 to 72 hour, the root growth of the
Qalandari was much faster than that of MNH-93. There are two possible
explanations for this, firstly seed coat permeability and secondly
seed quality. In favour of the first explanation, Christiansen and
Moore (1959) found that most species of wild cotton and even a few
domestic varieties produce seeds with seed coats which upon drying
become hard and impermeable to water. This in turn delays germination.
The seeds of the cultivar Qalandari may have a slightly harder seed
coat so that swelling and opening the chalazal aperture takes a little
longer. In support of the second explanation, Aref et al. (1973)
reported that seed quality is one of the important factors that
determine the development of the seedlings. Emergence of the radicle,
for example, is mainly dependent on seed vigour. Seed of poor quality
and vigour may perform poorly even under ideal planting and growing
conditions, whereas seeds of high quality and vigour generally
perform well under relatively adverse environmental conditions (Aref
et al., 1973). The environment in which seeds are produced can affect
the seed vigour and hence seedling performance (Peacock and Hawkins,
1970). The seed of cultivar MNH-93 may be of better quality because it
showed the highest germination percentage and the root emerged faster
than Qalandari under normal growing conditions at 25°C.

The results presented in this chapter reveal that root growth

was affected by high temperature. The cultivar MNH-93 showed no

significant effect up to temperature 37.5°C, while Qalandari was

significantly affected at 35°C and above. Visible damage was observed
at a temperature of 40°C or above. After heat shock at 40°C, the root

tips were generally narrow and pointed and they became a yellowish. At
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42.5°C the upper half of the roots became damaged, At 45°C, most of
the roots were completely damaged. They were generally blackened and
they were obviously dead. It is clear that exposure to 45°C is lethal
for cotton roots. These results are in agreement with other workers
who reported that temperatures above 42°C are lethal for cotton
(Berckley and Berckley, 1933; Sethar, 1993). Glady (1938) has reported
that even 35°C is beyond the range of optimal temperature for the
growth of cotton root tips.

In the case of the fresh and dry weights, the results showed a
different pattern to that shown by the root length data. Heat shock at

40°C caused significant reductions in fresh and dry weights of the

cotton roots. Above 40°C, the change in fresh and dry weight was

actually negative; that is, there were losses in weight compared with
the controls. This was probably due to severe damage and even death of
the cells leading to loss of turgor and shrivelling of the tissues.
There are some other reports which support these findings that high
temperature stress reduces fresh and dry weight accumulation (Adelusi
and Lawanson, 1978; Salim and Saxena, 1991).

Due to the variability in the rate of growth of individual
cotton seedlings, it was difficult to find significant differences
between the two cultivars studied. To overcome this problem, root
length data were dealt with by separating them in quartiles and TIG-50
values were introduced. From the TIG-50 values obtained froa the whole
samples and first, second and third quartiles, it is clear that there
were only slight difference between the two cultivars. Similarly
Sethar (1993) working on cotton, reported little difference between
various cultivars of the cotton obtained from Pakistan.

When the TIG-50 values from root length data and those obtained

from fresh and dry weight data were compared, there was about 3 to 4°C
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difference between them. This could be due to the nature of the
different heat shock treatments applied to the seedlings. (The root
length data were obtained from seedlings heat shocked in an air
incubator, while the data for fresh weight and dry weight were from
seedlings heat shocked in a water bath). The seedlings heat shocked in
the water bath were more badly damaged than the seedlings heat shocked
in the air incubator.

From the TIG-50 values of fresh and dry weights, we can
speculate that the seedlings of the first quartile might be more heat
tolerant than the second quartile and the seedlings of the second
quartile might be more heat tolerant than the third quartile. These

differences were small however. To confirm this pattern, it was

decided to carry out more detailed determinations of fresh and dry
weights at different times following heat shock to see the effect on
cotton seedling roots. These results will be discussed in Chapter 4.

It was also noted that the seedling treated in the air incubator
took one hour to reach the desired heat shock temperature, whereas the
seedlings in the water bath treatment took only 3 to 5 minutes to
reach the heat shock temperature. It was therefore decided to use the

water bath heat shock treatment in all further experiments.
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CHAPTER FOUR



Chapter Four

Effects of Heat Shock on Phospholipids

4.1 Introduction

Numerous investigations have shown that cellular membranes are
primarily involved in injury caused to plant cells by high temperature
(Ordin et al., 1974; Raison et al., 1980; Thebud and Santarius, 1982).
It is a well established fact that the physical phase of lipids,
mainly phospholipids, play an important role in the structure and
physical functions of biomembranes (Simon, 1974; Mazliak, 1977).
Increasing the growing temperature caused increases in the saturation
of fatty acids (Rivera and Penner, 1978). The greater fatty acid
saturation leads to decreased membrane fluidity (Thompson, 1979) and
this decreased fluidity of the membrane can affect the activity of the
fatty acyl desaturase enzyme (Brenner, 1984). Recent investigations
have suggested that changes in the lipid phase of membranes, such as

decomposition of lipid molecules and release of free fatty acids, are

also involved in altering the physical state of the membranes during

heat treatment (Berry et al., 1975; Murata et al., 1975; Fork and

Murata, 1977).

Plasma membranes contain a high ratio of phospholipids (Parsons,
1975). It has been reported that these membranes are highly
susceptible to high temperature stress (Thebud and Santarius, 1982).
Death of the plant due to heat may arise due to liquefaction of
protoplasmic lipids (Belehdradck, 1935). Actual changes in the levels
of lipids during heat treatment are less well documented however.
Quinn (1988) reported that changes in the growth temperature are
associated with changes in the membrane lipid composition. Exposure of

tobacco leaves to high temperature for 2 minutes at 47.5°C inhibited
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the synthesis of phospholipids (Benzioni and Itai, 1973).

Membranes play an important role in maintaining the transport
processes in the cell. In normal growing conditions, the lipids
(mainly phospholipids) of the membranes are arranged in a fluid
bilayer configuration which acts as a matrix for the intrinsic and
extrinsic proteins (Quinn, 1988). In this configuration the membranes
have a low permeability to small polar molecules. When the temperature

is changed to either above or below the limits of normal growth, the

membranes loose their normal configuration and become permeable

(Berry and Bjorkman, 1980; Raison et al., 1980). In tobacco roots, for
example, the efflux of chloride ions and Hc-labelled metabolites
increased when the roots were treated for only 2 minutes at 47.5°C
(Benzioni and Itai, 1973). In addition to this, they further reported

that damage to the membranes will affect the activity of bound

menbrane enzymes as well as compartmentation in the tissue, which may

in turn cause a rise in catabolic activity.
Several scientists have studied the effects of high temperature

on chloroplast membranes. Adelusi and Lawanson (1978) found that

chloroplast formation in maize seedlings and cowpea is retarded when
seedlings were heat stressed for 8 hours at 45°C. Gounaris et al.

(1983a and b) reported that incubation of bean chloroplasts at 35-45°C

caused complete destacking of the grana, but no alteration in the

distribution of the membrane-associated particles between the

exoplasmic and protoplasmic fracture faces in freeze fracture studies.
Heating above 45°C leads to an extensive separation of non-
phospholipid lipids into aggregates of cylindrical inverted micelles.
They further added that a 5 minute incubation at 50°C leads to 75% of

the chloroplasts containing non-bilayer structures.

Skogqvist (1974) working on wheat seedlings showed that high
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temperature is also damaging to the endo-membrane structure. She
reported that a 2 minute heat shock at 45°C caused an expansion of the
endoplasmic reticulum cisternae giving rise to small irregular
vacuoles. In addition to these she further added that mitochondrial
structure becomes irregular with fewer tubules and adhering membrane
curls. In pea roots, 2 hours of heat-shock treatment at 41°C induced
a 50% decrease of respiration with no change in ATP content (Nikulina,
1985). Heating for more than 5 hours killed pea leaves and abruptly
increased oxygen uptake by increasing substrate contact with released
enzymes (Semikhotova and Nikulina, 1987).

It has been reported that phospholipid deterioration and

consequent loss of membrane integrity represents an important

physiological event associated with the loss of seed viability. Very
little work has been done in this context on the effects of high
temperature on membrane lipid metabolism. The general lack of
information is especially apparent in the case of cotton. The
experiments in this chapter were therefore performed to determine the

effects of high temperature on phospholipid levels during germination,

and on the synthesis of phosphatidyl choline in cotton seedlings.

4.2 Methods

4.2.1 Plant material

In this section the seeds of four following cultivars were used:
MNH-93 and Qalandari from the 1989-90 harvests and Rehmani and S-12

from the 1990-91 harvests. For the phospholipid determinations, seed

of one cultivar MNH-93, was used. The preliminary experiments to

measure (Me-“C) choline uptake and incorporation were also carried out
on the cultivar MNH-93. Due to shortage of seed from the same seed

lot, another lot of seed from the same cultivar (MNH-93) was used to
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measure the uptake and incorporation of (Me-”C) choline in the main

experiment.

4.2.2 Application of heat stress

The detailed procedures for these experiments are described in
the Material and Methods chapter. Briefly, seedlings that had been
germinated for 48 hours at 25°C were heat-shocked for 2 hours at 35,
40, 42.5 and 45°C in a water bath (Section 2.7). After the heat-shock
treatment, they were returned to the incubator at 25°C for recovery.
The recovery period was adjusted so that the total experimental period
was 54, 60, 66 and 72 hours for each heat shock treatment. Controls
consisted of seeds germinated up to 72 hours at 25°C in the same
incubator. At the end of the experimental treatments, seedlings were
harvested and their roots were detached from the seeds using a
scalpel. The isolated roots were sorted into quartiles according to
their lengths (Section 2.6) and their fresh weight measured. Their
lipids were then extracted by hot, water-saturated butanol (Section
2.11)., After purification by chromatography on columns of Sephadex
G-25, the total lipid fraction was assayed for its lipid phosphorus

content (Section 2.12 and 2.15). The dry weight values were determined

from separate experiments as in section 3.2.

4.2.3 Measurement of uptake and incorporation of (Me—“c) choline

The detailed procedures for this experiment have been described
in Chapter 2 (Sections 2.5 and 2.6 and 2.10 to 2.12). Briefly, the
procedures were as follows. For the measurement of (Me-”C) choline
uptake and incorporation into phosphatidyl choline in the absence of
saturating concentration of unlabelled carrier choline, 25 roots were

placed in 100 cn’ 50mM tris-maleate buffer containing 50 ng cn'3
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chloramphenicol and 1 pCi (Me—“C) choline (specific activity 55 mCi
lnold). In preliminary experiments, the pH was varied between 6.2 and
7.7. In the main experiments the pH was fixed at 7.2 (see results
below). The tissues were incubated for 15, 30 or 60 minutes in a
reciprocating water bath operating at 175 oscillation per minute.
After incubation, the roots were washed three times with distilled

water and then incubated for 5 minutes in 100 CI3, 100mM unlabelled

choline chloride to remove radioactive material from the free spaces
of the cell walls. The roots were finally washed 5 times with
distilled water and their lipids were extracted with hot water-
saturated butanol (Section 2.11). After extraction, the crude lipid
extract was purified by chromatography on columns of Sephadex G-25

(Section 2.12).

Uptake of radioactivity into the tissue was determined as the

radioactivity in an aliquot taken from the crude lipid extract.

Incorporation of radioactivity into phosphatidyl choline was
determined as the radioactivity contained in the purified total lipids

from Sephadex G-25 chromatography.

All the data were analysed statistically as described in Section
2.18. Best fit curves were drawn to data points using the personal

computer with the Systat/Sygraph DWLS (Distance Weighted Least Square)

software programme.

4.3 Results

The results from the experiments in which fresh weight, dry
weight and total phospholipid levels were determined are presented in
Tables 4.1 to 4.3. and Figures 4.1 to 4.3. In seeds germinated at 25°C
(controls), fresh weight, dry weight and total phospholipid contents

of the roots all progressively increased with increasing germination
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time. In each case the curves followed a similar pattern. The effect
of heat shock on each of these experimental parameters will now be

discussed in turn.

4.3.1 Effect of heat shock on fresh and dry weights

The results for fresh weight are presented in Table 4.1 and in
Figure 4.1. The fresh weight of roots in the first quartile increased
from 0.1g at 24 hour up to 3.5g at 72 hour in the control seedlings
germinated at 25°C. In seedlings that had been heat shocked at 35°C,

there was no clear differences between the 72 hour fresh weight value

and the 72 hour control value. It is more difficult, however, to

decide whether or not the shock treatment had an effect at

intermediate times between 48 and 72 hours. Roots heat shocked at 40°C

or above showed more obvious reductions in fresh weight. After

treatment at 40, 42.5 and 45°C, fresh weight was reduced to 2.5, 1.4
and 1.0g respectively at 72 hours. Also, it was observed that these
roots clearly showed deleterious effects (browning of the tissue) at
54, 60 and 66 hours (Figure 4.1A).

In the case of the second quartile, the patterns of the growth

curves were very similar to those for the first quartile, but all the

values were lower. In this quartile, the general appearence of the

seedlings heat stressed at 35°C were also significantly affected as

compared with controls treated at 25°C. Heat stress at 40°C and above

caused further reductions in the fresh weight gains of the roots

compared with the control (Figure 4.1B).

The effect of heat stress on the third quartile was also
qualitatively the same as that on the first quartile (Figure 4.1C).
The general difference was that the fresh weight values were generally

lower than those of the second and first quartiles.
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Table 4.1 Effect of heat shock on root fresh weight.

Heat-s?ock Total First Second Third
temp.(°C) gern. quartile quartile quartile
time(h)
25 24 0.10 20.02 —_— - —_— -
36 0.65 $0.08 _— - —_— -
42 1.30 #0.05 0.80 #0.05 -_—
48 2.10 #*0.20 1.60 #0.20 1.10 %0.10
60 2.50 #0.20 1.90 +0.30 1,30 *0.10
72 3.50 #0.40 3.10 +0.40 2.50 $+0.20
35 54 2.40 $0.06 1.80 #0.10 1.20 #0.20
60 2.30 $0.05 1.80 #0.10 1.40 #0.20
66 2.90 #0.60 2.30 0.40 1.60 #0.30
72 3.50 *0.10 2.70 #0,20 1.90 *0.40
40 54 1.90 +0.30 1.50 #0.20 1.00 #0.30
60 2.20 $0.30 1.50 #0.30 1.00 #0.20
66 2.40 20.20 1.80 #0,20 1.10 #0.20
72 2.50 #0.20 1.70 0,20 1.10 #0.30
42.5 54 1.60 +0.20 1.30 #0.10 0.90 *0.01
60 1.40 #0.00 1.10 #0.10 0.70 $0.06
66 1.50 #0.40 1.10 #0.20 0.70 $0.20
72 1.40 #0.30 1.10 #0,20 0.70 #0.20
45 54 1.70 *0.05 1,30 0,20 0.90 #0.20
60 1.70 #0.20 1.10 #0.20 0.60 #0.20
66 1.80 #0.10 1.20 #0.40 0.70 %0.10
72 1.00 #0.30 0.70 %0.10 0.40 20.10

Each value is the mean weight (g (25 roots)q) tsd from 3 or 4 separate

experiments.,
The experiment was carried out on Cv. MNH-93.



Table 4.2 Effect of heat shock on root dry weight.

Heat-sl’xock Total First Second Third
temp. (°C) germ. quartile quartile quartile
time
25 24 0.03 #0.000 - - - -
36 0.07 #0.004 - - - -
42 0.09 *0.006 0.06 #0.005 - --
48 0.15 #0.001 0.11 #0.007 0.08 +0.020
60 0.18 #0.020 0.13 #0.010 0.10 0.010
72 0.25 #0.030 0.18 #0.020 0.18 #0.020
35 54 0.15 #0.008 0.12 #0.007 0.09 +0.010
60 0.16 #0.004 0.13 *#0.005 0.11 #0.020
66 0.19 #0.030 0.15 #0.020 0.12 #0.010
72 0.24 +0.010 0.19 #0.010 0.15 %0.030
40 54 0.12 #0.010 0.10 #0.007 0.08 #0.010
60 0.15 #0.020 0.11 $0.020 0.08 %0.020
66 0.16 #0.010 0.12 #0.010 0.08 %0.008
72 0.18 +0.020 0.11 #0.010 0.08 %0.020
42.5 54 0.10 #0.001 0.09 $0.003 0.07 *0.004
60 0.10 #0.000 0.07 #0.007 0.05 #0.005
66 0.10 #0.020 0.07 #0.010 0.06 £0.020
72 0.11 #0.020 0.10 #0.020 0.07 #0.020
45 54 0.10 #0.003 0.08 +0.005 0.06 *0.008
60 0.10 #0.010 0.06 #0.010 0.05 +0.002
66 0.09 #0.010 0.07 #0.006 0.05 *0.003
72 0.06 *0.010 0.04 *0.007 0.03 £0.008

Each value is the mean weight (g (25 roots)q) +sd from 3 or 4 separate

experiments.
The experiment was carried out on Cv., MNH-93.
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A statistical analysis of the results for the first, second and
third quartiles shows that heat stress at 35°C had no significant
effect in any quartile (P>0.08). The effects of heat stress at 40,
42.5 and 45°C were always highly significant (P<0.01).

The dry weight results are shown in Table 4.2 and in Figure 4.2.
The dry weight patterns for the roots of heat stressed seedlings in
all the three quartiles were qualitatively very similar to the fresh
weight patterns. In all the quartiles, the seedlings heat stressed at
35°C did not show significant differences at 72 hours compared with
the 25°C control (P>0.32). At shock temperatures of 40°C and above,

the dry weights of all three quartiles were affected in a very similar

way to that seen for fresh weight. The latter effects were highly

significant (P<0.01).

4.3.2 Effect of heat shock on total phospholipid levels
The results for the three quartiles are presented in Table 4.3

Figure 4.3. The general pattern for total phospholipid levels was very

similar in all the three quartiles. In the first quartile, the

phospholipid level rose from 1.3 pmoles (25 roots)4 at 24 hours to 6.5

pmoles (25 t'oo’CS)'1 at 72 hours in the control seedlings germinated at

25°C. Seedlings heat stressed at 35°C, however, did not show a

significant difference in this pattern (P=0.9). The final phospholipid
level at 72 hours was possibly significantly reduced by heat-shock at
40°C, however, (P=0.06) and above 40°C, the effect was very large and
significant (P<0.001). Following shock at 45°C, there was actually a
loss of phospholipid and the total phospholipid at 72 hours was
reduced by 50%.

In the second quartile, the total phospholipid level rose from

2.9 pmoles (25 roots)! at 42 hour to 6.0 pmoles (25 roots)” at 72
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Table 4.3 Effect of heat shock on total phospholipid levels.

Heat-s?ock Total First Second Third
temp.(°C) Gern. quartile quartile quartile
time(h)
25 24 1.30 #0.15 -_— - -_— -
36 2.70 +0.20 -_— - - -~
42 4,20 #0.40 2.90 *0.30 —_ -
48 4.90 *0.30 4.00 #0.30 3.20 #0.20
60 6.10 %0.40 4.60 *0.30 3.50 #0.30
72 6.50 +1.30 6.00 *1.20 4.60 #1.10
35 60 6.30 *0.30 5.00 #0.30 4.20 $0.40
72 6.60 *0.40 4,70 #0.90 .10 #0.60
40 60 5.60 *0.50 4.60 *0.60 3.20 #0.30
72 5.20 #1.00 4,30 %+0.20 3.00 #0.40
42.5 60 4,40 $0.20 3.60 *0.10 2.60 %0.20
72 4,60 +0.30 3.20 %0.60 3.20 #0.40
45 60 3.80 £0.30 2.90 #0.30 2.20 *0.30
72 3.30 #0.50 2.80 +0.30 2.00 #0.40

Each value is the mean lipid phosphorus level(umoles (25 roots)q) +sd

from 3 to 5 separate experiments.
The experiment was carried out on Cv. MNH-93.
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hours in the seedlings germinated at 25°C. The effect of heat stress
on this quartile was similar to that in the first quartile but with
one difference. In this quartile, the phospholipid level at 60 hour
was apparently higher in the seedlings heat stressed at 35°C as
compared to the corresponding control (P=0.48). At 72 hours, however,
the accumulation of total phospholipid was negatively and
significantly affected by the heat stress treatment (P<0.03).
Following treatment at above 35°C the reduction was very marked at 72
hours. Following shock at 45°C, the total phospholipid was reduced by
53X as compared to its control (P<0.001).

In the case of third quartile, the curves were very similar to
the other two quartiles. In the control, seedlings germinated for 48
hours at 25°C showed 3.2 pmoles (25 roots)’ total phospholipid level,
which increased to 4.6 umoles (25 root:a’.)'l at 72 hours. Heat stressed
seedlings at 35°C showed a significantly higher phospholipid level at
60 hours as compared with the control (P=0.008). At 72 hours, however,
the difference had disappeared. Seedlings heat stressed at 40°C showed
clear reductions in phospholipid levels at all times (P<0.006). After
treatment at 45°C, the phospholipid was reduced by 57X as compared to
the control (P<0,001).

When the results for total phospholipid levels are compared with
those for fresh weight and dry weight (see Figures 4.1 and 4.2 and
Chapter 3), it can be seen that they are all very similar in all

as the shock temperature was increased, the fresh

The

quartiles. Thus,

weight, dry weight and total phospholipid levels decreased.

effects became progressively more pronounced as the shock temperature

was increased above 35°C.
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4.3.3 Preliminary experiments on the uptake and incorporation of
(Me-~1%C) choline

A series of preliminary experiments were carried out to
determine the best experimental conditions in which to measure the
uptake and incorporation of (Me-“C) choline into the cotton seedling
roots. In the first of these experiments, roots were incubated for 15,
30 and 60 minutes in the presence of the radiolabelled precursor. This
experiment was carried out at pH 6.7 (see Vakharia, 1986). The results
obtained for choline uptake and incorporation are presented in Table
4.4 and in Figure 4.4, Both the uptake and incorporation increased
with the increasing incubation time. Thus, at 15, 30 and 60 minutes
the uptake was 37250, 50725 and 114913 dpm (25 roots)d respectively
producing a straight line on the graph. The graph for incorporation

into phosphatidyl choline showed a hyperbolic curve, however, and

incorporation was much slower after 60 minutes of incubation. The
incorporation values were 4940, 8870 and 11420 dpm 25 (roots)! at 15,

30 and 60 minutes respectively. The incorporation/uptake ratio was

also reduced at 60 minute compared with 30 minute. A 30 wminute

incubation period was therefore chosen for the next experiment.

Because the uptake and incorporation values were very low

compared with those in wheat (Vakharia, 1986), a further experiment

was carried out to examine the effect of pH on the two activities. In
this experiment, both uptake and incorporation were measured over a 30
minute period at pH 6.2, 6.7, 7.2 and 7.7. The results are presented
in Table 4.5 and in Figure 4.5. Uptake did not vary between pH 6.2 and
6.7 showing values of 50511 and 50725 dpm (25 roots)4 respectively.
Uptake increased slightly at pH 7.2 (i.e. 53794 dpm (25 roots)q), but
it was sharply reduced at pH 7.7, where it was 15911 dpa (25 roots)q.

Choline incorporation into phosphatidyl choline at pH 6.2 and 6.7 also
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Table 4.4 Uptake and incorporation of (Me-“C) choline at pH 6.7

15 min. 30 min. 60 min.
Uptake 37.3+18.0 50.746.7 115.0%24.3
Incorporation 4.9%1.3 8.9%1.7 11.4#2.2
I/U ratio 0.1540.04 0.18%0.04 0.10+0.00

Each value is the mean (dpm x 104(25 roots)!) *sd from 3 to 5

experiments.
The experiment was carried out on Cv. MNH-93.

Table 4.5 Effect of pH on the uptake and incorporation of (He—"C)

choline
6.2 6.7 7.2 7.7
Uptake 50.5%12.6 50.7%6.7 53.848.3 15.9#11.7
Incorporation 9.1+1.9 8.9%1.7 13.743.2 4.243.4
I/U ratio 0.19%0.04 0.1840.04 0.261+0.08 0.26+0.02

Each value is the mean uptake or incorporation (dpm x 104(25 roots)q)

*sd from 3 to 5 experiments.
The experiment was carried out on Cv. MNH-93.
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Figure 4.4 Uptake and incorporation of (Me-'‘C) choline at pH 6.7.(A) uptake, (B)
incorporation in cultivar MNH-93.
Vertical bars indicate standard error values.
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Figure 4.5 Effect of pH on uptake and incorporation of (Me-'*C) choline.
(A) uptake, (B) incorporation in cultivar MNH-93.
Vertical bars indicate standard error values.



did not differ, whereas at PH 7.2 it increased reaching a peak of
13707 dpm (25 roots)4. The incorporation was reduced again to 4249 dpm
(25 roots)™ at pH 7.7. It is clear from this experiment that the
optimum pH for cotton roots is different from the value reported by
Vakharia (1986) for wheat aleurone tissue. Therefore, it was decided
to carry out all further experiments on cotton at pH 7.2.

The next preliminary experiment was carried out to measure the
time course for the uptake and incorporation of (Me—“C) choline at pH
7.2 (the optimum pH for cotton). This experiment was carried out on
cotton roots incubated for 15, 30 and 60 minutes at 25°C. Only roots
from the first quartile were studied and the results are presented in
Table 4.6 and in Figure 4.6. Both the uptake and the incorporation of
radioactivity increased with increasing incubation time. At 15, 30 and
60 minutes, the uptake was 22919, 53794 and 95788 dpm (25 roots)’!
producing a straight line on the graph. The incorporation values were
5597, 13707 and 24618 dpm (25 roots)'I respectively at 15, 30 and 60
minutes, which also produced a straight line graph., Thus, both uptake
and incorporation increased linearly with the incubation time at pH
7.2,

An experiment was also carried out in which a source of calcium

or magnesium was presented in an attempt to enhance the uptake and

incorporation of the (Me-“C) choline into the roots. Various

concentrations of calcium and 0.5 mM magnesium chloride were used in

separate experiments. The results of this experiment are shown in
Table 4.7. They show that magnesium chloride at the concentration
employed inhibited both uptake and incorporation. Calcium chloride at
5nM and 10mM did not have any effect, but calcium sulphate at 0.5mM
increased uptake from 53794 to 69356 dpm (25 roots)d. It did not

produce any difference in the incorporation of (Me-“C) choline into
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Table 4.6 Uptake and incorporation of (He-“C) choline at pH 7.2

15 min. 30 min. .60 ain.
Uptake 22.9%0.8 53.8+8.3 95.8+2.8
Incorporation 5.6%0.8 13.743.2 24.640.4
I/U ratio 0.24+0.03 0.26+0.08 0.26+0.01

Each value is the mean uptake or incorporation (dpm x 107%(25 roots)™)
tsd from 3 to 5 experiments.
The experiment was carried out on Cv. MNH-93.

Table 4.7 Effect ﬁf ca't and Mg" ions on the uptake and incorporation

of (Me-"'C) choline
Control CaS0 CaClz CaCl MgCl
0.5 5mM 10 0.5

Uptake 53.848.3 69.445.6 55.3%4.7 46.4%7.0 40.0%2.5

Incorp- 13.7%3.2 12.8%0.5 11.9+1.1 10.7+1.7 9.3%0.8
oration

1/U ratio 0.26%0.08 0.1940.02 0.22#0.01 0.23%#0.02 0.23%0.02

Each value is the mean uptake or incorporation (dpm x 104(25 roots)q)

*sd from 3 to 4 experiments.
The experiment was carried out on Cv. MNH-93.

Table 4.8 Effeft of pre-incubation on the uptake and incorporation of

(He-‘C) choline.

Control With pre-incubation
Uptake 53.848.3 34.1
29.4
Incorporation 13.7%3.2 7.5
6'2
I1/U ratio 0.2610.08 0.21
0.22

. . -3
Each contrﬁl value is the mean uptake or incorporation (dpm x 10

(25 roots)™’) *sd from 4 experiments. _
With pre-incubation, the results of two seperate experiments are
presented.

The experiments were carried out on Cv. MNH-93.
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Figure 4.6 Uptake and incorporation of (Me-"“C) choline at pH 7.2. (A) uptake, (B)
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phosphatidyl choline, however. (The use of the sulphate salt was
coincidental and it is assumed that 0.5mM calcium chloride would have
produced the same effect). Although its effect on (Me-“C) choline
incorporation was small and ingignificant (P=0.70), it showed a
significant effect on uptake (P=0.04). It was therefore decided to use
0.5mM calcium sulphate in all future experiments.

A final brief experiment was carried out in which the roots were

pre-incubated for 30 minutes prior to radiolabelling. For this, the 48

hour seedling roots were placed in a 100 cn’ sterile conical flask

containing 10 0.3’ 50mM tris-maleate buffer, pH 7.2, 0.5mM calcium

sulphate and 50 pg cnschloralphenicol. The flask was incubated for 30

minutes at 25°C. After incubation, the roots were removed from the

pre-incubated medium and radiolabelled according to the method
described in Section 4.2.1. The results are presented in Table 4.8, It
is quite obvious from this experiment that pre-incubation reduced the

uptake and incorporation of (Me—“C) choline by up to 50%. This step

was therefore, not adopted as a routine part of the final procedure.

4.3.4 Effects of heat stress on the uptake and incorporation of

(He—“C) choline in the cultivar MNH-93
Due to similar patterns of developing phoapholipid levels being

found in the first, second and third quartiles and the effect of

temperature on them, it was decided to work only on the first and the
third quartiles from the germinated seedlings (see Section 2.6). In

this experiment, the heat shock was applied actually during the
measurement of (Me-“C) uptake. Thus, roots from 48 hour seedlings were
radiolabelled for 15, 30 and 60 minutes at 25°C (control), and for 30
and 60 minutes at 30, 35, 40, 45 and 50°'C. After the incubation the

roots were washed and extracted as described earlier (Sections 2.10 to
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2.12). The results are presented in Table 4.9 and in Figures 4.7 and
4.8,

In both quartiles, uptake and incorporation in the 25°C control
increased linearly with increasing incubation time. Increasing the
incubation temperature increased the uptake rate but the relationship
between uptake and temperature was rather random., In the first
quartile, for example, uptake increased with increasing temperature up
to 40°C but then declined again at 45 and 50°C (Figures 4.7A & B). In
the third quartile, uptake increased progressively with the incubation
temperature, but the relationship was still not regular.

In contrast to the picture obtained for uptake, incorporation of
(Me-“C) choline into phosphatidyl choline was strongly affected by
temperature., In the first quartile (Figure 4.7C), roots incubated at
30 and 35°C were not significantly affected (P>0.07) compared with the

(25°C) control. The incorporation was significantly decreased at 40°C,

however, (P<0.006) and above 40°C, the effect became very large

(P<0.001). At 50°C, incorporation was reduced by 88% at the 60 minute
incubation period.

The effect of temperature on the third quartile (Figure 4.7D)
was very similar to that on the first quartile but with one minor
difference; incorporation at 45°C decreased markedly after 60 minutes
incubation so that a non-linear uptake pattern was obtained. At 50°C,
incorporation was reduced by 83% over a 60 minute incubation.

There is a possibility that the data for the uptake of (Me-“C)
choline in Table 4.9 and Figure 4.7 are the results of combined
effects of temperature on both uptake and incorporation. In order to
g8et more accurate assessment of the effect of temperature on the
incorporation alone, it was decided to calculate uptake/incorporation

ratios. These values are given in Table 4.9 and they are presented
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Table 4.9 Effe

t of temperature on the uptake and incorporation of

(Me-""C) choline
??E?' First quartile Third quartile
30 wmin. 60 min, 30 ain. 60 min,

25 Uptake 49.417,3 112,3%19.2 33.545.8 83.0¢12.5
Incorp. 9.3#1.1 23.0%1.6 7.320.7 13.6%0.8
/U 0.19%0.00 0.2140.03 0.2240.03 0.1710.03
ratio

30  Uptake -~ -= 143.0#£12.0 -- --  110.0#15.2
Incorp. -- -~ 19.4#1.3 -~ == 12.2%0.7
/U -—- == 0.14+0.02 -— - 0.12%0.02
ratio

35 Uptake -- -- 136.6+15.8 -- --  98.6%10.7
Incorp. -~ =-- 18.9%0.9 - -- 12.2%2.0
I/u -~ -=-  0,14%0,01 - - 0.1240.01
ratio

40 Uptake 80.4+10.0 182.3%5.3 56.0+14.4 118.5%5.6
Incorp. 6.140.1 14.8#%1.2 4.4%1.0 9.8%0,7
I/U 0.08+0.01 0.08%0.01 0.08+0.01 0.08%0.01
ratio

45 Uptake 68.6+10.3 136.6%7.5 49.6%3.8 125.2#11.6
Incorp. 5.0%0,7 8.6%0.3 4.5%0.7 6.0%0.5
I/v 0.07+0.02 0.06%0.02 0.09+0,00 0.05%0.01
ratio

50 Uptake 68.045.8 125.8+18.3 50.2+5.8 138.2%6.8
Incorp. 1.7%0.2 2.8%0.7 1.340.2 2.4%0.1
I/U 0.025+0.0 0.022+40.0 0.026+0.01 0.017£0.0
ratio X

Each value is the mean uptake or incorporation (dpm x 104(25 roots)q)

tsd from 3 to 5 experiments.
The experiment was carried out on Cv. MNH-93.
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graphically in Figure 4.8. It can be seen that the effects of heat
stress on both quartiles were very similar, with the curves following
the same pattern. Thus, as the temperature was increased above 30°C

the incorporation/uptake ratio decreased progressively.

4.3.5 Effect of heat stress on the uptake and incorporation of (Me—“c)

choline in four different cotton cultivars

Because of the similar effect of heat stress on (Me-“C) choline
uptake and incorporation on the first and third quartiles of MNH-93

(Section 4.3.4 above), it was decided to estimate the rates of

synthesis of phospholipids in only the first quartile of four

cultivars of cotton. Since uptake and incorporation have been shown to
be linear with time, it was also decided for this experiment to use
only the 60 minutes incubation period. The results for the uptake and
incorporation of (Me—“C) choline in the different cultivars are

presented in Table 4,10 and in Figures 4.9 and 4.10.

At the control temperature of 25°C, the different cultivars

showed different uptake activities (Table 4.10 and Figure 4.9).

Cultivars MNH~93 and Qalandari showed higher uptake, having values of

112303 and 105233 dpm (25 roots)! respectively, while cultivars

Rehmani and S-12 had lower uptake values of 73710 and 63303 dpm

(25 t-oot:s)'1 respectively. Uptake was affected at higher temperatures,
but the effects were not clear cut and it was difficult to explain the
results (see Figure 4.9). To overcome this problem, several curve-

fitting methods from the Systat/Sygraph computer software package

were tried. Best fit curves for the plots of uptake against
temperature were eventually obtained using the DWLS (Distance Weighted
Least Square) programme (Section 3.2). It can be seen from the graphs

(Figure 4.9) that these curves were generally similar for each
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Table 4.10 Effe

ﬁt of temperature on uptake and incorporation of
(Me-"'C) choline in different cultivars.

Temp. (°C) MNH-93 Qalandri Rehmani s-12

25  Uptake 112.3#19.2 105.2+10.4 73.7%4.4 63.342.3
Incorp. 23.141.60 19.4%2.7 16.740.5 14.742.8
I/U 0.2140.03 0.19#0.02 0.23%0.02 0.24+0.04
ratio

30 Uptake 143.0#12.0 136.4423.5 89.2426.5 110.446.7
Incorp. 19.441.3 16.0+1.9 17.944.7 14.8#1.1
I/u 0.14%0.02 0.1240.01 0.20%0.02 0.13+%0.01
ratio

35 Uptake 136.6415.9 143.8445.5 138.4426.1 89.7+17.4
Incorp, 18.940.9 13.4%2.4 15.2#2.7 11.840.8
I/u 0.1440.01 0.10#0.02 0.11%0.01 0.14#0,01
ratio

40  Uptake 182.345,3 88.6%9.3 145.5%32.0 106.6+1.2
Incorp. 14.8%1.2 6.3%1.1 11.342.5 8.340.9
I/u 0.08+0.01 0.07%0.02 0.0840.01 0.0810.00
ratio

45 Uptake 136.6%7.5 137.7420.6 78.1+17.1 86.3%4.1
Incorp. 8.620.3 7.4%1.6 5.3+0.5 4.7%0.2
I/U 0.06+0.00 0.05%0.01 0.07%0.01 0.05%0.00
ratio

50 Uptake 125.8+18.3 82.3%4.2 103.0+18.0 74.0%18.3
Incorp, 2.8%0.7 2.110.1 2.9%0.4 2.3+0.08
1/U 0.022+0.00 0.024+0.00 0.03%0.00 0.03%0.01
ratio

Each value is the mean uptake and incorporation (dpm x 104(25 roots)q)

*sd from 3 to 5 experiments.
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cultivar. They show that, at temperatures up to about 40°C, uptake
appears to increase, while above 40°C the uptake of (Me—“C) choline
declined. The effects are not large, however, and there is a
noticeable scatter of the plotted points.

At 25°C (control), the different cultivars also showed different
incorporation activities. The incorporations of (Me-*c) choline into
phosphatidyl choline in the cultivars MNH-93, Qalandari, Rehmani and
5-12 were 23062, 19434, 16720 and 14707 dpm (25 roots)'l respectively
(Table 4.10). The incorporation was adversely affected at 35°C and
above in MNH-93 and Qalandari, while in the cultivars Rehmani and S-12
the incorporation was affected only at 40°C and above. At 45°C, the
incorporation in all the four cultivars was strongly affected. Above
this temperature, the effect of heat stress on all the cultivars was
large and very similar. At 50°C, incorporation was reduced by more
than 80% in all the cultivars. (Figure 4.10).

A statistical analysis of the data in Table 4.10 reveals that

the incorporation in MNH-93 and Qalandari was not significantly

affected at 30°C (P>0.09), but it was affected at 35°C (P<0.05) and

more strongly at 40 to 50°C (P<0.005). In S-12 and Rehmani,

incorporation was not significantly affected at either 30 or 35°C
(P>0.24), In both of these cultivars, it was significantly affected at

40°C (P<0.05) and at 45 or 50 (P<0.001).

Figure 4.10 shows the effect of heat stress on (Me-“C) choline

incorporation in the four cotton cultivars in graphical form. Despite

the above statistical analysis, it is difficult to see real

differences between the various cultivars. To overcome this problen,

a decision was taken to calculate TII-50 values (Temperature

Inhibiting Incorporation by 50%; cf. TIG-50 value in Section 3.3.1).

The TII-50 values were calculated as follows: On each graph, a
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Table 4.11 Temperature at which (le—"c) incorporation is inhibited by
50 percent (TII-50) in various cultivars of cotton

Cultivar Incorporation I/U ratio
TII-50 TII-50
MNH-93 43.0 37.5
Qalandari 39.0 35.2
Rehmani 43.7 36.6
5-12 42.4 35.0

The TII-50 values (°C) are calculated from Figure 3.10.
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horizontal line was drawn corresponding to the control incorporation
of (Me—“C) choline at 25°C. Then, a second horizontal line was drawn
half way between the base line (x-axis) and the 25°C control line.
Where this line cut the plotted curve, a vertical line was dropped to
the x axis. The point where this vertical line intercepts the x axis
is the temperature at which (Me-“C) choline incorporation is inhibited
by 50%. This is defined as the TII-50 value. The TII-50 values for

MNH-93, S-12, Rehmani and Qalandari were 43.0, 42.4, 43.7 and 39.0

respectively (Table 4.11). It is quite obvious that there are only

small differences between these values for the four cultivars.

Qalandari showed somewhat less tolerance to high temperature than

other cultivars.
When the incorporation:uptake ratios were calculated, the
effects of temperature on uptake could be seen more clearly (Table

4.10 and Figure 4.11) and it became obvious that all the cultivars

were similarly affected by high temperature. As the temperature

increased, the incorporation:uptake ratio decreased. The TII-50 values

of ratios were also calculated. The TII-50 values for MNH-93, S-12,

Rehmani and Qalandari were 37.5, 35.0, 36.6 and 35.2 respectively

(Table 4.11).

4.4 Discussion
All germinating seeds most probably have similar patterns of

developing phospholipid levels. In the case of cotton seeds

germinating at 25°C, the pattern was very similar to that for wheat
seedlings observed by McDonnell (1980). Thus, the phospholipid levels
in the roots increase 5-fold from 24 hour to 72 hour, while the wheat

seedlings showed a 7-fold increase over a similar period. This sharp

increase presumably arises due to synthesis of new membranes

71



associated with cell enlargement and cell division. El-Nockrashy et
al. (1974) reported that, as cotton seed germination proceeds, there
was a continuous increase in the percentage of total phospholipids.
In the first experiment on MNH-93, the difference in
phospholipid levels between the first, second and third quartiles
became apparent at 60 hours and were even greater at 72 hours. The
first quartile roots accumulated more phospholipids than either the
second or the third quartile, and the second quartile accumulated more
phospholipids than the third quartile. These results suggest a direct

correlation relationship between the growth of roots and the

development of phospholipids-containing membranes. It further

indicates that the second and third quartiles have less membranes than
the first quartile. This is presumably due to lower rates of protein

and mRNA synthesis which result in slower rates of cell enlargement
and cell division.

An attempt was made to present the results for total
phospholipids per gram fresh weight or per gram dry weight. When this
was done, however, very scattered results were obtained which were
difficult to interpret. This was probably due to effect on all the
three parameters of fresh weight, dry weight and total phospholipid
levels. Therefore, it was decided to present all the results per 25
roots.

In contrast to the results of phospholipids, when the results of

(Me-“C) choline uptake and incorporation were calculated and plotted

either as per gram fresh weight or per gram dry weight, these results

showed similar pictures to the per 25 roots data. To make uniform

pattern presentation, however, these results are also presented on a

per 25 roots basis.

Severe heat shock to the cotton seedling roots resulted in a

72



loss of fresh weight, dry weight and total phospholipids, possibly due
to effects on membrane integrity. Raison et al. (1980) has reported
that membranes are primary sites for high temperature injury. Tischner
et al, (1978) has also reported that phospholipids levels in

Synchronous chlorella are reduced by heat shock.

From these results (Figures 4.1 to 4.3), two effects could be
observed due to heat stress. The first effect was one in which the

growth of seedlings was slowed down by treatment at 35 and 40°C

resulting in the reduction of fresh and dry weight gains. The

situation for phospholipid level was similar. The second effect was
one in which an actual loss of fresh weight, dry weight and total

phospholipids was observed following heat shock at 42.5 and 45°C. This
was probably due to tissue damage including damage to the membranes.

Quinn (1988) has previously observed that high temperature is damaging

to membrane structure.

Another interesting feature of the MNH-93 results for fresh

weight, dry weight and phospholipid levels was that the second

quartile was apparently less tolerant than the first quartile to the
treatment at 35°C, Furthermore, the third quartile appeared to be

generally less tolerant than the second quartile. The effects of

higher temperature also had a similar effect and we can assume that

the third quartile is less tolerant than the second and first

quartiles and the second is less tolerant than the first quartile in

this respect. When these results were analysed by the student’s

T-tests, however, all of the differences proved to be not significant,

It is interesting, nevertheless, that other workers have reported

results indicating such relationships. Sethar (1993), also working on

cotton seedling roots, reported that high temperature caused more

electrolyte leakage from shorter roots than longer roots and that
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their distal halves leaked more than proximal halves., Similarly with
regard to cold shock, Dexter et al. (1932) reported that alfalfa roots
exposed to 5°C showed greater electrolyte loss. They further added
that longer roots seem to be distinctly more cold tolerant than the
smaller roots as measured by electrolyte leakage.

The lipid contents of the cotton roots will only be decreased if
the rate of break down is greater than the rate of synthesis of new
lipids, combined with the ability of the cell to incorporate the new
lipids into membranes. Benzioni and Itai (1973) reported that damage
to the membranes will affect the activities of membrane-bound enzymes

as well as compartmentation of metabolites in the tissue. The latter

effect may cause a rise in catabolic activity. In addition to this,

they stated that the changes in membrane integrity caused by heat

treatment could be at least partly due to the effect of heat on

membrane biosynthesis.

From earlier studies, it has been reported that phosphatidyl

choline is the major phospholipid of non-chloroplast membranes in

higher plants (Harwood, 1980; Ansel and Spanner, 1982). It has also

been shown that (Me—“C) choline is incorporated exclusively into

phosphatidyl choline (Kagawa et al., 1973; Varty, 1975; Mirbahar,

1981). It was for this reason that the uptake of (Me-“C) choline into

cotton roots and its incorporation into phosphatidyl choline was

measured in the present study. It is interesting in this context that
Yarden and Mayer (1981) observed that during the rapid increase in
membrane phospholipids in pea seedlings (P. sativum and bP.elatius),
free choline content also increased very rapidly. Increases in the

choline content of seeds have also been reported in germinating wheat

by Chittenden et al. (1978).

It was quite clear from the present results that the effect of
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heat shock on (Me-“C) choline incorporation into phosphatidyl choline
was similar in both the first and third quartiles of the MNH-93
seedlings.

The results tabulated in Table 4.10 suggest that temperature
above 35°C had significant effect on (Me-“c) choline uptake and
incorporation. Thus, as the temperature increased above 35°C, the rate
of synthesis of phosphatidyl choline decreased. At 50°C, however, more
than 80X of the phosphatidyl choline synthesis was inhibited in all
cultivars. There have been only a few studies of the effects of high

temperature on lipids, but the literature available on the subject

supports our observations. Thus, it has been reported that high

temperature inhibits the synthesis of phosphatidyl choline. Benzioni

and Itai (1973); Ordin et al. (1974); Tischner et al. (1978) reported

that reduction in tobacco, Phaseoulus vulgaris and Synchronous

chlorella, phospholipids biosynthesis occurred at high temperatures.
Lin (1990) reported that exposure of Phaseoulus vulgaris seeds to 100%

relative humidity at 45°C for 1-4 days reduced the total phospholipid
level. She further added that reduction in phospholipids is due

primarily to degradation of phosphatidyl choline.

The present effects of high temperature could be due to the
direct effect of temperature on the biosynthetic enzyme systems
involved. Membrane-bound enzymes might be expected to be especially
sensitive to temperature change due to their dependency on the correct
degree of fluidity in the membrane. Lin et al. (1984) reported that

high temperature reduces the rate of normal protein synthesis and
induces the synthesis of heat-shock proteins. Key et al. (1981) found
that soybean seedlings shifted from a normal growth temperature of

28°C up to 40°C similarly showed dramatic changes in protein synthesis

including the synthesis of heat-shock proteins.
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A statistical analysis of the raw data in Table 4.10 indicated
that MNH-93 and Qalandari are less heat tolerant than S-12 and Rehmani
with respect to phosphatidyl choline synthesis. From the TII-50 values
for the four cultivars, however, it appears that there is no real
difference between the three cultivars MNH-93, Rehmani and S-12.
Qalandari appeared to be more sensitive to heat stress than the other
cultivars however. It showed a 3°C difference in TII-50 compared with

the other three cultivars. When TII-50 values for incorporation/uptake
ratios were determined, however, the 3°C difference of Qalandari

disappeared.

It may be concluded from this experiment that there is no real

difference between the four cotton cultivars with respect to their

heat tolerance.
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CHAPTER FIVE



Chapter Five

Effects of Heat Shock on Fatty Acid Composition

5.1 Introduction

Under normal conditions, the polar part of the lipid molecule
is localised at the outer faces of biological membranes, with the
fatty acyl moieties embedded within the membrane structure. Both the
polar head and the hydrocarbon tails of phospholipids play an
important role in determining the structure and physico-chemical
properties of membrane lipid bilayers. Thompson and Zalik (1973)
suggested that both the unsaturation levels of the fatty acid moieties
and the polar end of the lipids influence the properties of the
membranes. Membrane lipids contain high levels of unsaturated fatty
acids which create the proper environment for the proteins of the

membranes (Lem et al., 1980). In most plants, the five major fatty

acids, i.e. palmitic acid (C16:0), stearic acid (C18:0), oleic acid

(C18:1), linoleic acid (C18:2) and linolenic acid (C18:3), account for

95-98% of the total fatty acids.

Temperature has been identified as an important environmental

factor affecting the fatty acid composition in seeds (Tremolieres et

al., 1978), roots (Willemot, 1975; Simolenska and Kuiper, 1877) and

leaves (Wilson and Crawford, 1974; St. John and Christiansen, 1976).
Several workers have observed that the proportions of these fatty
acids are strongly influenced by high temperatures (Slack and Roughan,

1978; Wolf et al., 1982; Matsuzaki et al., 1988). They further

reported that the molar proportion of oleic acid increased and that of
linoleic and linolenic acid decreased as temperature increased. This

was confirmed by St. John and Christiansen (1976) studying cotton seed

germinated at 15, 20, 25 and 30°C. They showed that, as the
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temperature increased, the linoleic acid content of the polar lipid
fraction decreased.

The membrane lipids maintain their fluidity under normal growing
conditions for the functioning of membrane-bound enzymes such as
ATPase (Grisham and Barnett, 1973). The change in the degree of
unsaturation of the lipids of organisms grown at different
temperatures is associated with this property of membrane fluidity
(Raison et al., 1980; Harwood, 1983). This in turn directly affects

the activity of fatty acyl desaturase enzymes (Brenner, 1984). Changes

to lower temperature can cause phase transition from fluid to solid

state in the membrane lipids, which would induce a conformational

change in the enzyme and affect its activation energy (Lyons, 1973).
Harris and James (1969a and b) suggested that temperature could also
influence the rate of fatty acid desaturation through an effect on
oxygen solubility in the membrane lipid phase. Desaturase mechanisms
leading to linoleic and linolenic acid formation were found to be

temperature-dependant in cell cultures of Catharanthus roseus G. Don,

Glycine max (L.) Merr. and Nicotiana tobacum L. and the optimum

temperatures varied with the cell lines (MacCarthy and Stumpf, 1980).

Kuiper (1984) reported that changes in membrane lipid
composition may also be attributed to stress-induced degradation
processes. Enzymes such as phospholipase and lipoxygenase may be
involved in these degradation processes. Mishra and Singhal (1992)
stated that 8-10 day old wheat seedlings exposed to temperatures of
35-45°C and high light intensity showed an increase in the
peroxidation of thylakoid lipids. They further reported that the lipid
peroxidation leads to the oxidative degradation of polyunsaturated
fatty acyl residues in the thylakoid lipids.

In our own earlier experiments (Chapter 4) there was evidence
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that 2 hours heat-shock at 40°C reduced total phospholipid levels and
also reduced the synthesis of the phosphatidyl choline. Apparently,
this temperature did not visibly damage the root tissues, although
above this temperature damage was evident. In the present experiment,
therefore, a temperature of 40°C was used to study the effect of heat-

shock on the fatty acid composition of germinating cotton seedlings.

5.2 Methods
5.2.1 Determination of fatty acid composition
In these experiments, seeds of two cultivars MNH-93 and S-12,

were used from the 1992-93 harvests. Details of the procedures

employed are described in the Material and Methods chapter. Briefly,
cotton seedlings that had been germinated for 48 hours at 25°C were
heat-shocked for 2 hours at 40°C in a water bath (Section 2.7). After
the heat-shock treatment, they were returned to the incubator at 25°C

for recovery up to 72 hours. Controls consisted of seeds germinated

for 48 and 72 hours at 25°C. At the end of the experimental

treatments, the seedlings of the first quartile (Section 2.6) were

harvested and their roots were isolated from the cotyledons using a
scalpel. The root lipids were then extracted using hot water-saturated
butanol (Section 2.11). After extraction, the crude lipid was purified
by chromatography on columns of Sephadex G-25 (Section 2.12). Free
fatty acids and esterified fatty acids were separated from the
purified lipid fraction (Section 2.13) and the esterified fatty acids
were further separated into neutral lipid, glycolipid and phospholipid
fractions by chromatography on columns of silicic acid (Section 2.14),
Finally, fatty acid methyl esters were prepared from the various

fractions and analysed by gas-liquid chromatography (Section 2.17).

Each experiment was duplicated and each fatty acid analysis
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within each experiment was also duplicated. The values present in
these experiments are means tsd from the four individual values.

The resulting data were analysed statistically as described in
Section 2.18. All the graphs were plotted using a personal computer

with the Quattro Pro 3 (Borland International Inc.).

5.3 Results
In addition to the expected fatty acid methyl esters, a few low
molecular weight peaks were found in the chromatograms from some
tissues, especially in neutral lipids and glycolipids (see Figure
2.2). The appearance of some of the peaks was spasmodic, however, and
they are therefore not included in our calculations. On the other
hand, some of these peaks appeared frequently. They are therefore
included in the results and mentioned as unknowns. When the log of
retention times of these unknowns together with the corresponding
values for three authentic fatty acids, palmitic (C16:0), margaric
(C17:0) and stearic acid (C18:0), were plotted against the number of
carbon atoms, two of the unknowns fell onto the straight line obtained
and they appeared to correspond to lauric acid (C12:0) and myristic
acid (C14:0). They were tentatively identified as these fatty acids.
The major fatty acids present in all the lipid fractions were
palmitic (C16:0), stearic (C18:0), oleic (C18:1), linoleic (C18:2) and
linolenic (C18:3) acids. The two major fatty acids were palmitic and
linoleic acids, together comprising over 60% of the total fatty acids
in each lipid fractions except in the glycolipid fraction at some
stages of germination. In the control seeds germinated for 72 hours,

for example, linolenic acid was the major fatty acid in this fraction.
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5.3.1 Effect of heat shock on fatty acid composition in the cultivar
8-12

The results from this experiment are shown in Tables 5.1 and 5.2
and in Figures 5.1 to 5.5.

The levels of all fatty acids in the various fractions are

presented in Table 5.1 and in Figure 5.1. The total amount of

esterified plus free fatty acids at 48 hour germination was 1970 ug
(25 roots)’!, which increased slightly in the 72 hour control to 2110
ng (25 roots)q. In the seedlings heat shocked for 2 hours there was a
significant increase (P=0.02) to 2200 pg (25 roots)4, but after
recovery the level fell again to below the 72 hours control. The
difference between the level at the end of the recovery and the 72
hour control value was near to the significance level (P=0.06).

A marked increase in neutral lipid fatty acids was found during
germination from 48 to 72 hours. The increase was from 348 to 439 pg
(25 roots)q. However, because the latter value had a large standard
the significance of the increase could not be proved

deviation,

(P=0.12). Seedlings heat shocked for 2 hours at 40°C showed a

significant increase (P=0.04) in the neutral lipid fatty acids to 650
pg (25 roots)!l. At the end of the recovery period following heat
shock, the level had declined again to 445 pg (25 roots)q.

During germination between 48 and 72 hours, the glycolipid fatty
acids apparently increased from 75 to 107 pg (25 roota)q. The increase
was not statistically significant, however (P=0.28). Seedlings heat
shocked for 2 hours did not show any significant increase in this
fraction. Moreover, at the end of the recovery following heat shock,
the glycolipid fatty acids had decreased compared with the 72 hour
control value., Again, the decrease was not significant (P=0.18).

The amount of phospholipid fatty acids remained unchanged
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Table 5.1 Effects of heat shock on the esterified and free fatty acids

in the cultivar 8-12

Lipid fraction Total gernm. Fatty acid contﬁnt
time (h) pg (25 roots)”
48h control 348 +82

Neutral lipids 72h control 439 *29
After heat shock 650 %180
After recovery 445 %92
48h control 75 %16

Glycolipids 72h control 107 %44
After heat shock 84 +8
After recovery 66 %12
48h control 1520 *104

Phospholipids 72h control 1505 +198
After heat shock 1440 #257
After recovery 1405 %76
48h control 27 *6

Free fatty 72h control 62 *2

acids After heat shock 25 2
After recovery 22 13
48h control 1940 #60

Combined acyl- 72h control 2050 *150

Lipids After heat shock 2170 #120
After recovery 1920 *40
48h control 1970 60

Total lipids 72h control 2110 *150
After heat shock 2200 #130

1940 #30

After recovery

Each value is the mean

content *sd from four determinations.
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between 48 and 72 hours germination at a value of about 1500 ng
(25 roots)’!, Seedlings heat shocked for 2 hours showed an
insignificant reduction in the value to 1440 pg (25 z'oots)'l (P=0.63).
At the end of the recovery period, the value had not changed.

Table 5.1 also contains data for the total acyl lipids (neutral
lipid + glycolipid + phospholipid). The combined fatty acids in these
fractions changed very little under the various treatments. Thus, the
values for the 48 hour control was 1940 pg (25 1'001:8)'1 increasing to
2050 pg (25 t'oots)’1 in the 72 hour control. The level following heat
shock was 2170 pg (25 roots)’1 and following the recovery period it was

1920 pg (25 roots)”. Heat shock thus apparently caused a small but

significant increase (12%) in the value (P=0.02) which was not

maintained during the subsequent recovery period.

In the free fatty acid fraction, the fatty acid level increased
from 27 pg (25 root‘.s)'1 at 48 hours to 62 ng (25 t'oot:sl)'I at 72 hours
(P<0.01). Heat shock for 2 hours did not have any significant effect
on the level compared with the 48 hour control but it prevented any
increase in the level during the recovery period.

The ratios of the individual fatty acids in the neutral lipid

fraction are shown in Table 5.2 and Figure 5.2. In roots germinated

for 48 hours, the fatty acid composition of this fraction was 24.4%

palmitic acid, 8.8% stearic acid, 15.8% oleic acid, 37.7% linoleic

acid, 10.3% linolenic acid and 2.9% unknowns. During the next 24 hours
of germination there were only limited changes in these proportions.
In particular, the proportion of linolenic acid increased to 12.2% at
the expense of linoleic acid (P<0.04). Since there was an increase in
the amount of neutral lipid during this period (Figure 5.1), the
increase in the linolenic acid was not quantitatively accounted for by

a decrease in the linoleic acid. Seedlings heat shocked for 2 hours
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showed increases in the proportions of unsaturated fatty acids,
especially that of linolenic acid, at the expenses of the two
saturated fatty acids. At the end of the recovery period following
heat shock, the proportions of the unsaturated fatty acids had
declined again to levels below those in either the 48 hour or the 72
hour controls. A small increase was also observed during the recovery
period in the proportion of palmitic acid and a significant increase
(from 2.8 to 16.0%) occurred in the set of unknown low molecular
weight compounds (P<0.001).

The results for the glycolipid fraction are shown in Table 5,2
and in Figure 5.3. In the roots of seeds germinated for 48 hours, the
proportions of the fatty acids were 24.9% palmitic acid, 7.9% stearic
acid, 15,1% oleic acid, 23.1% linoleic acid, 27.7% linolenic acid and

1.3% unknowns. During the next 24 hours germination, considerable

changes in these proportions were observed. The largest increase
appeared to be in the proportion of linolenic acid from 27.7 to 37.0%
at the significant decreases in stearic and oleic acids (P<0.03). The
change in linolenic acid was statistically not significant however
(P=0.08). The relative amounts of palmitic and linoleic acids remained
constant. Seedlings heat shocked for 2 hours showed a sharp increase

in palmitic acid from 24.9 to 33.9% and decreases in stearic, and

oleic acids. All of these changes were statistically significant
(P<0.03). At the end of the recovery period, a further significant
increase (P<0.04) in the percentage of palmitic acid to 40.9% occurred
at the expenses of the unsaturated fatty acids especially linoleic
acid. The proportion of the latter fell from 21.4 to 15.6% (P=0.03).
The results for the phospholipid fractions are shown in Table

5.2 and in Figure 5.4. The proportions of fatty acids in this fraction

did not show any significant changes between 48 and 72 hours (P>0.4).
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In seedlings heat shocked for 2 hours, there was a small and
statistically insignificant increase in the proportion of palmitic
acid (P=0,07) at the significant expense of linoleic acid (P=0.02).
The proportions of stearic and linolenic acids did not show any
significant change (P>0.16). The proportion of oleic acid were
significantly changed during this period (P=0.02). At the end of the
recovery, the amount of linoleic acid recovered up to the control
value,

The results for the free fatty acid fraction are shown in Table
5.2 and in Figure 5.5. In the roots of seeds germinated for 48 hours,
the proportion of the fatty acids were 36.7% palmitic acid, 13.1%

stearic acid, 11.5% oleic acid, 25.2% linoleic acid, 10.7% linolenic

acid and 2.8% unknowns. During the next 24 hours germination,

considerable changes in these proportions were observed. The most
significant increases were observed in the proportions of linoleic
acid from 25.2 to 33.0% and linolenic acid from 10.7 to 17.8% at the
expenses of palmitic and stearic acids (P<0.03). Seedlings heat
shocked for 2 hours showed a significant increase in linoleic acid
from 25.2 to 35.8% (P=0.005) and decreases in palmitic and stearic
acids, The change in stearic acid was significant (P=0.01). At the end

of the recovery period, significant increases in the percentages of

stearic and oleic acids, to 10.2 and 21.4% respectively (P<0.03),

occurred at the expenses of the unsaturated fatty acids, especially

linoleic acid which decreased from 35.8 to 26.8% (P=0.02).

5.3.2 Effect of heat shock on fatty acid composition in the cultivar

MNH-93

The results from this experiment are shown in Tables 5.3 and 5.4

and in Figures 5.6 to 5.10.
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The fatty acids levels in the various fractions are presented in
Table 5.3 and in Figure 5.6. The total amount of esterified plus free
fatty acids at 48 hour germination was 2270 pg (25 roots)q which
increased significantly in the 72 hour control to 3330 png (25 z-oote.)'1
(P<0.001). In the seedlings heat shocked for 2 hours there was a small
increase (11%) in the value to 2510 ng (25 roots)‘I and after recovery
the level increases further up to 3070 pg (25 roots)'l (P<0.04).

During germination from 48 to 72 hours, an insignificant

increase in neutral lipid fatty acids was found (P=0.14). The apparent
increase was from 537 to 718 pg (25 roots)4. Seedlings heat shocked
for 2 hours also showed an apparent increase to 749 pg (25 roots)q. At
the end of the recovery period following heat shock, the level had
declined to 581 pg (25 roots)4. Because of the large standard
deviation values, these changes were also statistically insignificant
(P>0.36).

The glycolipid fatty acids also increased significantly from 52
to 123 ug (25 rootav,)'I during germination between 48 and 72 hours
(P=0.01). Seedlings heat shocked for 2 hours showed a significant
increase from 52 to 139 pg (25 root;s)'1 (P=0.01). After recovery
following heat shock, the glycolipid fatty acids underwent a further
small increase from 139 to 154 pg (25 roots) L.

A relatively large and significant increase in the amount of
phospholipid fatty acids was found during germination from 48 to 72
hours (P<0.001). The increase was from 1655 to 2453 ng (25 roots)q.
Seedlings heat shocked for 2 hours showed a small reduction in the

value from 1655 to 1580 ng (25 roots)q' At the end of the recovery

period, the value had increased again to a value of 2254 ng

(25 roots)q. This value is near to the 72 hour control value and the

difference between them is statistically insignificant (P=0.23).
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Table §.3 Effects of heat shock on the esterified and free fatty acids
in the cultivar MNH-93

Lipid fraction Total germ. Fatty acid contﬁnt
time (h) pg (25 roots)”
_ 48h control 537 *218
Neutral lipids 72h control 718 *144
After heat shock 749 $324
After recovery 581 #220
- 48h control 52 $34
Glycolipids 72h control 123 $16
After heat shock 139 19
After recovery 154 *44
48h control 1655 %320
Phospholipids 72h control 2453 212
After heat shock 1580 $79
After recovery 2254 *180
48h control 25 18
Free fatty 72h control 32 +8
acids After heat shock 40 *6
After recovery 78 *4
48h control 2240 290
Combined acyl- 72h control 3200 *180
Lipids After heat shock 2470 *480
After recovery 2990 500
2270 #290

48h control

Total lipids 72h control 3330 180
After heat shock 2510 %490
After recovery 3070 +500

Each value is the mean content *sd from four determinations.
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Figure 5.6 Effects of heat shock on total fatty acids in various lipid fractions in cultivar MNH-93. [ , 48h control; WM , 72h control;
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Table 5.3 also contains the data for the total acyl lipids
(neutral lipid + glycolipid + phospholipid). The combined fatty acids
in these fractions changed significantly under the various treatments.
Thus, the value for the 48 hour control was 2240 pg (25 roots)’
increasing to 3200 pg (25 roots)”! in the 72 hour control (P=0.001).
The level following heat shock was 2470 pg (25 root,s)'1 and following
the recovery period it was 2990 pg (25 roots)q. Thus, heat shock still

allowed a small but insignificant increase in the value (P>0.46), but

this rate of increase was not maintained during the subsequent

recovery period (cf 72 hour control).

In the free fatty acid fraction, the fatty acid level increased
slightly from 25 pg (25 x’oot.s)'1 at 48 hours to 32 ng (25 r’oot‘,s)'I at
72 hours. Seedlings heat shocked for 2 hours showed an increase from
25 to 40 pg (25 roots)q, but the increase was statistically
insignificant (P=0.06). At the end of the recovery, the level showed
a further increase to 78 pg (25 roots)'1 (P<0.001).

The ratios of the individual fatty acids in the neutral lipid

fraction are shown in Table 5.4 and in Figure 5.7. In roots

germinated for 48 hours, the fatty acid composition of this fraction
was 27.5% palmitic acid, 6.2% stearic acid, 20.3% oleic acid, 40.4%

linoleic acid, 3.9% linolenic acid and 2.3% unknowns. During the next

24 hours of germination, there were only limited changes in these

proportions. In particular, the proportion of linolenic acid increased
significantly (P=0.003) to 9.1% at the expense of palmitic acid

(P=0.023). Since there was an increase in neutral lipid during this

period (Table 5.3), the increase in the linolenic acid was not

quantitatively accounted for by a decrease in the palmitic acid.
Seedlings heat shocked for 2 hours showed increases in the proportions

of palmitic and linoleic acids at the expense of oleic and linolenic
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acids. The latter decreased significantly (P=0.03). At the end of the
recovery period following heat shock, the greater change was noted in
the set of unknown low molecular weight compounds which increased from
2.7 to 13.7% (P=<0.01) at the expenses of palmitic and linoleic acids.
The proportions of palmitic and linoleic acids were statistically
insignificant compared with 72 hour control (P=0.06), but the
proportion of linolenic acid was significantly decreased compared with
72 hour control (P=0.003).

The results for the glycolipid fraction are shown in Table 5.4
and in Figure 5.8. In the roots of seeds germinated for 48 hours, the
proportions of the fatty acids were 36.8% palmitic acid, 3.9% stearic

acid, 18.2% oleic acid, 25.3% linoleic acid and 15.7% linolenic acid.

During the next 24 hours of germination, considerable changes in these

proportions were observed. Marked increases took place in the

proportions of stearic acid from 3.9 to 6.7% and linolenic acid from
15.7 to 35.0% at the expenses of palmitic, oleic and linoleic acids.
All of these changes were statistically significant (P<0.04) except
that for linoleic acid (P=0.40). Seedlings heat shocked for 2 hours
showed a small and insignificant increase in palmitic acid from 36.8
to 42.3% (P=0.33) and also in the set of unknowns from zero to 2.6X.
There was a decrease in the proportion of oleic acid. At the end of
the recovery period, an increase in the proportion of linolenic acid
from 15.8 to 22.1% (P=0.05) was found at the expense of a similar
decrease in the combined proportion of palmitic and linoleic acids.

The results for the phospholipid fractions are shown in Table

5.4 and in Figure 5.9. In the roots germinated for 48 hours, the

proportions of the fatty acids were 34.1% palmitic acid, 3.0% stearic
acid, 5.8% oleic acid, 40.1% linoleic acid, 16.6% linolenic acid and

0.5% unknowns. These values underwent only small changes between 48
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and 72 hours. The largest changes were in the proportion of linolenic
acid, which increased from 16.6 to 20.8% at the expense of palmitic
acid. Both of the changes were significant (P<0.04). In seedlings heat
shocked for 2 hours, there were few significant changes in these
proportions. A small increase was observed in the percentage of
palmitic acid at the significant expense of linolenic acid (P=0.02).
At the end of the recovery period, the amount of linolenic acid
increased again to the control value and a small decreases was found
in the palmitic and linoleic acids. However, all of these values were
insignificantly different when compared with the 72 hour controls
(P>0.08).

The results for the free fatty acid fraction are shown in Table
5.4 and in Figure 5.10. In the roots of seeds germinated for 48 hours,
the proportions of the fatty acids were 48.7% palmitic acid, 5.3%
14.5% oleic acid, 24.8% linoleic acid, 5.9% linolenic

stearic acid,

acid and 1.8% unknowns. During the next 24 hours germination, the

proportions of the unsaturated fatty acids (linoleic and linolenic

acids) increased significantly (P<0.001), The largest increase was

noted in the proportion of the linoleic acid from 24.8 to 43.8% with
a significant decrease (P<0.03) in the proportion of palmitic acid. A

small decrease in the proportion of oleic acid was also observed. At

this stage, the unknown low molecular weight compounds had

disappeared. Seedlings heat shocked for 2 hours showed a significant

and a

increase in linoleic acid from 24.8 to 40.2% (P=0.01)

corresponding decreases in palmitic and oleic acids. During the

recovery period, the proportion of palmitic acid increased (P<0.001)
and the percentages of oleic and linoleic acids decreased compared

with 72 hour controls. The proportion of linolenic acid recovered up

to corresponding control.
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5.4 Discussion

It is unfortunate that, when statistical analyses (Student
T-test) were done, some of the large experimental changes were found
to be insignificant due to large standard deviation values. For
example, the increase in neutral lipid fatty acids due to heat shock

was found to be significant in the cultivar S-12, but not in MNH-93.

Despite the statistics, however, the differences may be real in both

instances. In any future extension of the present studies, it will be

necessary to increase the number of replicate experiments and

analyses.

Analysis of the fatty acids from cotton roots following heat

shock show changes in the compositions of both the free and esterified

fatty acid fractions. Similar observations have been reported by

several workers who have shown that temperature change alters fatty

acid composition (Slack and Roughan, 1978; Wolf et al., 1982;

Matsuzaki et al., 1988).
The present results indicate that the total amount of esterified

and free fatty acids increased with increasing germination time. This

increase was greater in MNH-93 than in the cultivar S-12. These

increases were presumably associated with the synthesis of
phospholipids for new meabrane formation. The fatty acid levels in
individual fractions also increased with increasing germination time
between 48 and 72 hours in both cultivars, with the exception of the

phospholipids in S-12. The greater increase of fatty acids in the

phospholipid fraction in MNH-93 may be due to the formation of more
membrane in this cultivar than S-12. The fresh weight values for the
roots used in this experiment confirms this; the fresh weight of the

MNH-93 increased from 1.8g at 48 hours to 3.3g at 72 hours, while in
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the cultivar S-12 the fresh weight increased only from 2.0g at 48

hours to 2.5¢ at 72 hours.

Heat shock caused increases in the levels of the neutral lipid
fatty acids and decreases in the levels of phospholipid fatty acids in
both cultivars. The increases in neutral lipid fatty acids must be due

to increased synthesis of neutral lipids such as triacylglycerol at

the raised temperature. Bowman and Mumma (1967) working on the

oomycete Pythium ultimum reported that there is a tendency for more
triacylglycerol to be synthesized at higher temperatures. Skoggvist

(1974) working on wheat reported that soon after heat treatment, the

triacylglycerol content of the root tips was higher than in control

roots. She further added that high amounts of triacylglycerol might be
derived from the cell membranes, because the permeability of the
membranes were changed by the heat treatment. This would presumably

involve the converting of phospholipids to triacylglycerols and/or

diacylglycerols. The decrease in the levels of phospholipid fatty

acids observed in the present study reflects a similar associated

reduction of total phospholipid from cell membranes associated with

neutral lipid formation in both cultivars. According to Skogqvist

(1974), the higher content of triacylglycerols found in wheat roots
subjected to heat treatment was probably derived from membrane lipids

such as PC, PE, PS and perhaps galactosyl diacylglycerols. These polar

lipids were hydrolysed to phosphatidic acid, which was then

dephosphorylated and esterified to form triacylglycerols. In the

present study, heat shock also caused a significant increase in the

levels of the glycolipids. The increases in glycolipid fatty acids

might be due to increased synthesis of glycolipids at this

temperature. When the ratio of phospholipids to glycolipids are

calculated the result indicated a decrease in the proportion of
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phospholipids and a corresponding increase in glycolipids. Quinn
(1988) reported that growth at low (unspecified) temperature caused a
small increase in the proportion of phospholipids to galactolipids.
After recovery from heat shock, the levels of fatty acids in the
neutral lipid, glycolipid and phospholipid fractions recovered towards
their 72 hour control levels in the cultivar $-12. In the cultivar
MNH-93, however, the levels of neutral lipid fatty acids and
phospholipid fatty acids remained below the 72 hour control values

while the level of glycolipid fatty acids showed a small increase. A

significant increase in free fatty acids was observed in this

cultivar. Such increased levels of free fatty acids might cause the
disruption of membrane structures and decrease the thermostability of
membranes. Weiss (1980) has reported that the formation of free fatty
acids by endogenous lipases decreases the thermostability of membrane
structures within plant cells. Santarius (1980) also suggested that
small amounts of unsaturated free fatty acids liberated by heat-
stimulated hydrolysis of lipids may contribute to changes in membrane
lipid interactions.

In S-12, there was an increase in the total acyl lipids as well
as in the total lipids but the picture was dominated by phospholipid
which were present in the greatest amount. In the case of the MNH-93,
the picture is quite clear and shows the greater increase in the total
acyl lipids as well as in the total lipids. The main reason for this

is that MNH-93 contains greater amount of all lipid classes.

The results of phospholipid fraction in the cultivar MNH-93

are in agreement with the results obtained in the Chapter 4 (see
Section 4.3.2.). These results suggest that heat shock at 40°C had no

significant effect on phospholipid fatty acid composition or total

phospholipid levels.
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During germination between 48 and 72 hours at 25°C, significant
changes were observed in the proportions of fatty acids in the neutral
lipid, glycolipid and free fatty acid fractions. Only small changes in
the phospholipid fraction were found however. El-Nockrashy et al.
(1974) and St. John and Chritiansen (1976) have reported that the

fatty acid composition of polar lipids in cotton seeds changes

markedly during germination. Increasing germination time caused

increased synthesis of unsaturated fatty acids especially linolenic
acid, and decreased synthesis of palmitic acid similar to the present
observations.

The results for the glycolipid and phospholipid fatty acids
suggest that high temperature inhibits the synthesis of unsaturated

fatty acids and enhances the synthesis of saturated fatty acids in

these polar lipid fractions. The greater saturation occurs in the

glycolipids fraction while, in phospholipid fraction, the changes were
small. The situation for both cultivars was similar. Raison et al.
(1983) reported that increased temperature causes changes in fatty
acids but the changes in fatty acids associated with the phospholipid

fraction were considerably less than the glycolipids. These results

confirm reports by Wolf et al. (1982) and Matsuzaki et al. (1988)

working on soybean. They showed that the proportions of linoleic and
linolenic acids decreased as growing temperature increased. At the
other extreme, Quinn (1988) reported that growth at low temperature
caused decrease in lipid saturation. Although roots contain only small

amounts of glycolipids, these glycolipid fatty acids are very
susceptible to high temperature. The levels of the unsaturated fatty
acids decreased markedly in this fraction suggesting that, in cotton

roots, the changes in the proportion of the unsaturated fatty acids

are an important response to high temperature. This is presumably due
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to effects on the compositions of monogalactosyldiacylglycerol (MGDG)
and digalactosyldiacylglycerol (DGDG), which are known to be highly
susceptible to temperature. Raison et al. (1983) reported that changes
in temperature from high to low provoke greater changes in the
composition of glycolipid fatty acids than in other fractions. If this
is true, then the plastid membranes of cultivar S-12 are somewhat less
sensitive to heat stress than those of MNH-93. The proportions of the
unsaturated fatty acids in the phospholipid fraction, also showed
reductions in the both cultivars. These reductions were greater in the
cultivar MNH-93 than in cultivar S-12. In this respect, the cultivar

5-12 once again showed the greater tolerance to heat stress.
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CHAPTER SIX



Chapter Six

Effects of Waterlogging on Root Development

6.1 Introduction

Because of the failure to find significant differences between
the Pakistan cotton cultivars with respect to heat stress, it was
decided to extend the present study to include another abiotic stress
(waterlogging) experienced by the crop. It was hoped that a greater
degree of genetic variability might be found with respect to this
stress,

The period between planting and emergence is a critical time in

the development of the cotton plant. Exposure of seedlings to excess

water causes reduction in oxygen supply to the roots (Orchard and So,
1985) and can bring adverse changes in physiological and biochemical
functions. In Pakistan, the sowing season for cotton extends from the
end of April to the end of June depending upon the locality. Soil
waterlogging after planting is not uncommon as a result of heavy
rainfall, overflowing of river banks and sometimes over-irrigation at
this time. This results in the submergence of plants in compacted
soils. The ultimate result is poor seedling growth and poor yield.
Moreover, damage to seedlings during this stage of growth can affect
subsequent productivity.

Woodstock and Taylorson (1981) reported that as little as 1 hour
submergence of soybean seedlings can be severely injurious. Hodgson
and Chan (1982) and Woodstock et al. (1985) have reported that even
shorter periods of waterlogging reduce plant productivity. Cotton also
1970;

appears to be very sensitive to this form of stress (Huck,

Hocking et al., 1985 and 1987).

In normal conditions, oxygen diffuses through the air spaces of
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the soil to satisfy the oxygen demand of roots. Waterlogging prevents
this diffusion and causes the depletion of oxygen at the roots (Stolzy
et al., 1961; Turner et al., 1983). The lack of oxygen also starts a
sequence of chemical and biochemical reduction reactions, producing
compounds that may be injurious to root metabolism (Drew, 1983;
Jackson and Drew, 1984). Root growth generally decreases with
decreased oxygen content in the soil (Letey et al., 1961; Stolzy et
al., 1961). Tackett and Pearson (1964) and Hopkins and Patrick (1969)
working on sudangrass and cotton (Gossypiua hirsutum) concluded that

soil oxygen levels below 10% suppress the penetration of roots into

the soil. Letey et al. (1962) and Meek et al. (1980) stated that the

overall growth of cotton is reduced by poor aeration and results in
plant with reduced height, dry matter and fruiting parts (Hodgson,
1982).

The root tip is more sensitive to low oxygen tension than the
other parts of the root. Anaya (1972) reported that elongation of
wheat roots was 25, 32 and 36 centimetres at oxygen levels of 2, 6 and
10%, respectively, after 21 days exposure. Cannon (1925) stated that
plant roots need 8 to 10% oxygen for fast growth. In addition to this,

he further added that roots of many species can make limited growth

with 2% oxygen or less. Initiation of new roots requires about 12%

oxygen however (Boynton et a&l., 1938) and formation of new roots is

reduced when the oxygen concentration drops below 15%. The root tip is
the major site for the synthesis of gibberellins (Jones and Phillips,
1966) and cytokinins (Itai and Vaadia, 1965). During waterlogging,
when this region of the root is subjected to anaerobic conditions,
their synthesis and translocation will be reduced. In sunflower, for
is reduced by

example, synthesis and translocation of cytokinin

waterlogging (Burrows and Carr, 1969). Even short-term waterlogging
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increases the production of ethylene and abscisic acid (Hocking et
al., 1985), Increasing concentrations of abscisic acid leads to
stomatal closure and it may be a contributory cause of reduced growth
in waterlogged conditions (Milborrow, 1974).

Lack of oxygen is undoubtedly the trigger for changes in the
metabolism of the roots (Drew and Sisworo, 1979). For example,
anaerobiosis in roots has been shown to increase the activities of

four enzymes, alcohol dehydrogenase, pyruvate decarboxylase, lactate

dehydrogenase and malic enzyme in maize seedlings (Vantoi et al.,

1987). The dependence upon anaerobic respiration also leads to
insufficient ATP for growth and maintenance. Anaerobic respiration in
roots produces compounds such as ethanol that are potentially harmful
when accumulated in large concentrations. Accumulation of ethanol

resulting from increased glycolysis can readily lead to membrane

disruption by lipid solubilization and this will inactivate

mitochondrial enzyme activity and further increase the preponderance
of glycolytic activity. Leakage of cell contents will quickly follow,
and the exudation of soluble metabolites promotes the growth of soil
pathogens which then assail the roots and eventually cause death.
There are several other reports regarding the growth of cotton
and waterlogging under field and laboratory conditions which show that
nutrient uptake mechanisms are impaired (Hocking et al., 1985, 1987;

Soomro and Waring, 1987). Both groups of workers specified that short-
term waterlogging reduces the uptake of phosphorus, nitrogen,
potassium and calcium. Hocking et al. (1985) also reported that
waterlogging increased the accumulation of proline in shoots.

The main objective of present experiments was to quantify and
compare the effects of waterlogging on root growth in various

cultivars of cotton (Gossypium hirsutum).
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6.2 Methods
6.2.1 Plant material
In these experiments, seeds of four cultivars were used:

Qalandari from the 1989-90 harvest and MNH-93, S-12 and Rehmani from

the 1991-92 harvest.

6.2.2 Application of waterlogging

The detailed procedures for these experiments are described in
the Material and Methods chapter. Briefly, seedlings that had been
germinated for 48 hours at 25°C were waterlogged for 6, 12 or 24 hours
(Section 2.8). The seedlings were waterlogged either in non-aerated or
in aerated water. After the waterlogging treatment, they were drained
and returned to the incubator at 25°C for recovery. The recovery

period was adjusted so that the total experimental period was 72, 96

or 120 hours for each waterlogging treatment. Controls consisted of

seeds germinated for up to 120 hours at 25°C (ie without

waterlogging). At the end of the experimental treatments, seedlings

were harvested, their roots were detached from their cotyledons using

a scalpel and the length of each root was measured using a ruler. For

fresh weight determination, the isolated roots from batches of

seedlings were weighed on a five-place analytical balance. The roots

were then dried for 48 hours in an oven at 70°C and re-weighed to

determine their dry weights.

The resulting data were analysed statistically as described in
Section 2.18. All graphs were plotted using a personal computer with

the Systat/Sygraph (Smooth=short) software programme.
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6.3 Results
6.3.1 Oxygen levels during waterlogging
The concentration of oxygen in the submerging water was measured

before and at the end of each waterlogging treatment. The results are

presented in Table 6.1 and in Figure 6.1. It is clear that, after

placing the seedlings in the water, the concentration of oxygen
declined with increasing duration of waterlogging treatment. Thus,
after 6 hour treatment the seedlings of S-12 consumed most oxygen
(76%) while the other cultivars consumed about 50X of the available
oxygen. At the end of the 24 hour waterlogging treatment, the cultivar

S~12 still showed the greatest consumption of oxygen (97%) together

with MNH-93 and Qalandari (95%). Rehmani had consumed 90X of the

available oxygen.

6.3.2 Effect of waterlogging on root growth

The results for these experiments are presented in Table 6.2 and
in Figure 6.2. They show that the patterns of root growth in the
controls at 25°C were similar for all the cultivars. There were small

quantitative differences however. At 48 hour, for example, Qalandari

showed the greatest root growth and the lowest root growth was

observed in Rehmani. After 120 hours germination, Qalandari once

again had the greatest root growth but the lowest root growth was now
found in the cultivar S-12.

Seedlings subjected to waterlogging showed marked reductions in
their root growth. The effect of waterlogging on each cultivar was
variable. After 6 hour waterlogging, the root growth (between 48 and

120 hours) was reduced by 33, 54, 60 and 69X, respectively, in S-12,

Rehmani, MNH-93 and Qalandari compared with their controls.

Waterlogging for 12 hours caused greater inhibition so that more than
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Table 6.1 Oxygen levels during waterlogging

Stress

period (h) Rehmani Qalandari 8-12 MNH-93
0 8.20 8.20 8.20 8.20
3 6.00 5.80 5.80 6.40
6 3.60 4.20 2,00 3.90
12 1.00 0.70 0.70 0.70
24 0.60 0.40 0.25 0.45

Each value is the mean oxygen concentration (mg lq) from 3 to 5
experiments.

Table 6.2 Effect of waterlogging on root growth of various cotton
cultivars

Cultivar Total Period of waterlogging (h)

germ, Control
period (h) 6 12 24
Qalandari 24 12 %6 — -= -
48 47 *15 - - --
72 75 $22 53 *15 46 *16 43 +14
96 94 30 54 *18 58 *18 43 16
120 111 #35 67 *23 64 *19 49 17
S-12 24 11 %5 -- - ~--
48 46 *15 -- - ~-
72 58 *19 46 *15 49 *15 45 13
96 89 *29 70 +18 54 *17 55 *18
120 89 %35 75 124 55 +19 54 $19
MNH-93 24 9 #4 -- -- --
48 43 *14 -- - -
72 64 *27 50 £17 48 *16 42 *15
96 90 35 63 #21 §2 #19 44 #17
120 108 #37 69 *22 58 +17 53 15
Rehmani 24 5 *4 - - -
48 35 *14 - - -
72 59 422 49 *17 45 #£13 36 *14
96 105 *29 56 *19 46 *18 37 t14
120 105 %30 67 +25 52 %19 41 *15

Each value is the mean length (mm) *sd from 150-200 geedlings.
Controls: Seeds germinated at 25°C without waterlogging treatment.
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70% of control growth had been lost at 120 hours in all the cultivars.
In this case, the increases in length between 48 and 120 hours were
reduced by 79, 76, 80 and 73%, respectively, in S-12, Rehmani, MNH-93
and Qalandari compared with their controls. The 24 hour waterlogging
treatment had an even greater effect so that root growth was almost
stopped in all cultivars. The best growth (19% of control) in this
situation was found in S-12. The greatest inhibition was observed in

Qalandari which showed a growth of only 3% compared with its control.

6.3.3 Effects of waterlogging on fresh and dry weights
The results for this experiment are presented in Table 6.3 and

in Figure 6.3. They show that the pattern for fresh weight gains in

the controls at 25°C were similar for all the cultivars. The fresh

weights of roots in all the cultivars increased with increasing

germination time between 48 and 120 hours and there were only small
quantitative differences between the cultivars. At 120 hour, MNH-93
showed the highest fresh weight gain and the lowest fresh weight gain
was observed in S-12. Waterlogging for 6 hour showed variable effects
After 6 hour waterlogging, the fresh

in the different cultivars.

weight gain (between 48 and 120 hours) was reduced by only 13X in

S-12 compared with its control. The other cultivars showed greater

reductions; their fresh weight gains were reduced by 34, 39 and 43%,
respectively, in the cultivars Qalandari, Rehmani and MNH-93 compared
with their controls. Waterlogging for 12 hours had a greater effect.
In this case, the fresh weight gains between 48 and 120 hours were
reduced by 55-60% depending on the cultivar. As expected, the 24 hour

waterlogging treatment had an even greater effect. After this

treatment, the gain in fresh weight was actually negative in some

cases (see Figure 6.3 B and D).
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Table 6.3 Effect of waterlogging on root fresh weight gain of various
cotton cultivars

Cultivar Total Period of waterlogging (h)
gera. Control

period (h) 6 12 24

Qalandari 48 82 _— - .

72 130 115 93 92

96 193 135 125 81

120 235 183 150 93

5-~12 48 84 -- -~ --

72 118 90 108 93

96 201 170 123 101

120 228 209 145 109

MNH-93 48 78 - - -

72 116 101 86 64

96 147 149 109 61

120 240 170 145 86

Rehmani 48 71 - - -—

72 107 92 94 74

96 218 131 99 61

120 232 170 133 75

Each value is the mean weight (mg (root)q) from 150-200 seedlings.
Controls: Seeds germinated at 25°C without waterlogging treatment.
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The dry weight results are presented in Table 6.4 and in Figure
6.4, The dry weight patterns for the roots of waterlogged seedlings in
all cultivars are qualitatively very similar to the fresh weight
patterns. Some significant quantitative differences were observed
however. The dry weight of S-12 was not greatly affected by the 6
hour waterlogging treatment, while other cultivars showed significant
reductions. Their gains in dry weight between 48 and 120 hours were
reduced by 42, 54 and 30%, respectively, in Qalandari, MNH-93 and
Rehmani. After a 12 hour waterlogging treatment, the gain in fresh

weight between 48 and 120 hours was reduced by 63, 59, 72 and 69%,

respectively, in S-12, Rehmani, MNH-93 and Qalandari compared with

the 24 hour waterlogging treatment, the

their controls. After
accumulation of dry weight was severely affected. This treatment
actually caused reductions in dry weight in all the cultivars (Figure

6.4). Qalandari, S-12 and MNH-93 actually showed some recovery towards

the end of the recovery period.

6.3.4 Effect of aerated waterlogging on root growth

Table 6.5 and Figure 6.5 contain the results of this experiment.
In this case, only two cultivars, S-12 and Qalandari, were studied.
They were the cultivars that suffered the least and the greatest
damage, respectively, under the non-aerated waterlogging treatment.
Seedlings subjected to 6 hour waterlogging treatment showed reductions

in their root growth. Thus, the increase in root length between 48 and

120 hours was reduced by 12 and 17%, respectively, in S-12 and

Qalandari compared with their controls. The 12 hour waterlogging

treatment caused significant inhibition, so that the increase in

length between 48 and 120 hours was reduced by 42 and 33%,

respectively, in S-12 and Qalandari compared with their controls.,
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Table 6.4 Effect of waterlogging on root dry weight gain of various
cotton cultivars

Cultivar Total Period of waterlogging (h)
gern. Control
period (h) 6 12 24
Qalandari 48 5.6 - - -
72 8.1 6.3 5.0 4.3
96 11.7 7.4 6.9 3.8
120 12.7 9.7 7.8 4.7
5~-12 48 5.3 - -~ --
72 6.9 5.0 §.5 4,2
96 11.1 9.6 6.6 4,7
120 12.3 12.3 7.9 5.3
MNH-93 48 5.7 - - -
72 7.7 5.9 5.2 3.1
96 8.3 7.9 6.2 3.0
120 13.7 9.4 7.9 4.4
Rehmani 48 4.4 - - --
72 6.8 5.1 4.8 3.5
96 11.5 7.2 5.7 3.2
120 11.8 9.6 7.4 3.5

Each value is the mean weight (mg (root)™) from 150-200 seedlings.
Controls: Seeds germinated at 25°C without waterlogging treatment.
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Table 6.5 Effect of aerated waterlogging on root growth of various
cotton cultivars

Cultivar Total Period of waterlogging (h)

gera, Control
period (h) 6 12 24
Qalandari 48 47 #15 - - _—
72 75 22 61 *17 55 t16 70 %25
96 94 %30 82 27 76 #23 74 *26
120 111 %35 100 £33 90 29 77 +27
S-12 48 46 15 -- -- --
72 58 #19 61 *18 50 17 58 20
96 89 #29 79 +26 69 22 66 22
120 89 +35 84 126 71 #23 70 *23

Each value is the mean length (mm) %sd from 150-200 seedlings.
Controls: Seeds germinated at 25°C without waterlogging treatment.
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Seedlings waterlogged for 24 hour showed an even greater effect so
that the increase in root length between 48 and 120 hours was reduced

by 44 and 53%, respectively, in S-12 and Qalandari.

6.3.5 Effects of aerated waterlogging on fresh and dry weights
The results for fresh weight are presented in Table 6.6 and in

Figure 6.6. These results imply that the 6 hour waterlogging treatment

caused only small reductions in fresh weight gains. After this

treatment, the fresh weight gain at 120 hours was not significantly
affected in Qalandari, which showed only 5% reduction compared to its
control. There was a greater reduction of 17% in the case of S§-12.

Waterlogging for 12 hour also caused reductions in fresh weight gain.

These reductions were greater than in the 6 hour waterlogging

treatment. The 24 hour waterlogging treatment had an even greater

effect so that the gain in fresh weight up to 120 hours was reduced

by 55 and 45X, respectively, in S-12 and Qalandari compared with their

controls.

The dry weight results are presented in Table 6.7 and in Figure
6.7. The dry weight patterns for the roots of waterlogged seedlings in

both cultivars were gqualitatively very similar to the fresh weight

patterns. Dry weight in the cultivar Qalandari was not affected

following a 6 hour waterlogging treatment, while 85-12 showed a

significant reduction of 20X%. In the 24 hour waterlogging treatment,
however, dry weight was greatly affected. In this case, the gain in
dry weight between 48 and 120 hours was reduced by 70 and 56X,

respectively, in S-12 and Qalandari compared with their controls.
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Table 6.6 Effect of aerated waterlogging on root fresh weight gain of
various cotton cultivars

Cultivar Total Period of waterlogging (h)
gern. Control

period (h) 6 12 24

Qalandari 48 82 - - -

72 130 121 118 139

96 193 172 149 164

120 235 228 218 166

s-12 48 84 -- - -

72 118 124 100 118

96 201 168 146 133

120 228 204 169 149

Each value is the mean weight (mg (root)4) from 150-200 seedlings.
Controls: Seeds germinated at 25°C without waterlogging treatment.

Table 6.7 Effect of aerated waterlogging on root dry weight gain of
various cotton cultivars

Cultivar Total Period of waterlogging (h)

germ. Control
period (h) 6 12 24
Qalandari 48 5.6 - - --
72 8.1 6.5 6.2 7.1
96 11.7 9.7 8.7 8.2
120 12.7 12.7 12.1 8.7
S-12 48 5.3 - -- --
72 6.9 6.8 5.3 5.7
96 11.1 9.7 7.9 6.9
120 12.3 10.9 8.6 7.4

Each value is the mean weight (mg (root)4) from 150-200 seedlings.
Controls: Seeds germinated at 25°C without waterlogging treatment.
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6.4 Discussion

Under normal germination conditions, root length increases with
increasing germination time. In the case of cotton seeds germinated at
25°C, the root length progressively increased during the first 96
hours of germination. After this time, MNH-93 and the Qalandari
achieved further growth while the other two cultivars (Rehmani and
§-12) showed no further increase., Similar results have been reported
for root growth patterns in wheat, maize and soybean (Mengal and

Barber, 1974; Sivakumar et al., 1977; Gregory, 1978). Interestingly,

roots of Qalandari had the fastest root growth during the early stages
up to 48 hours, whereas the slowest root growth was observed in
Rehmani. After 120 hours germination, Qalandari again showed the
greatest root growth while the slowest growth was observed in 5-12,
Dalians (1982) reported that the rapidity with which the cotton seed
radicle emerges can provide a measure of the vigour of the seed and
may predict seedling performance. Kreig and Carrol (1978) also stated
that growth rate in cotton seedlings is closely associated to the
quantity of storage material and the density of the seed. This implies
that the particular seed lot of Qalandari used in this experiment
shows greater vigour than the other cultivars. A slightly different
situation was found in the heat-shock studies reported in chapter 3.
There, MNH-93 had the fastest growth rate, at least during the first
48 hours of germination. Different seed lots had been used for that
study.

The results reported in this section suggest that waterlogging

has a profound effect on root growth in the different cotton

cultivars. It was generally noticed that during waterlogging

treatments, the growth of roots is strongly suppressed. This was

presumably due to the decline in oxygen concentration. It has been
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reported by others that poor aeration limits plant growth, and
especially root growth, if the oxygen supply to the root system is
inadequate for respiration. Letey et al. (1962); Huck (1970) and Meek
et al. (1980) reported that even short periods of anaerobic conditions
in the soil can irreparably damage the root system of many plants

including cotton.

Seedlings that had been waterlogged for 6 hour were

significantly affected, although the effect was quantitatively

different for the different cultivars; 8-12 showed the greatest

tolerance while Qalandari showed the least tolerance. The 12 hour

waterlogging treatment caused significant reductions in root growth
and generally the root tips became dark yellow and they were obviously
damaged. Nevertheless, a small amount of growth was observed during
recovery, Morriset (1978) reported that, under poor aeratjon, root tip
may be damaged, so that when aeration is restored, growth can only be
continued from the tip regions proximal to the rest of the stenm.
Qalandari unexpectedly showed slightly greater tolerance to this

waterlogging treatment than the other cultivars but this difference

was very small. The 24 hour waterlogging treatment stopped root

growth and this was followed by a breakdown of root tissue. This

treatment caused great damage to almost all the seedlings (Plate 6.1

to 6.4). The damage was more clearly visible on the seedlings of

MNH~93 and Rehmani. Their distal halves were more brownish than the

seedlings of S-12 and Qalandari. There were also shrivelling of the

distal halves of the roots, especially the tips; this was severe in

all the cultivars. These results are in agreement with other

investigators who have reported that waterlogging significantly

damages roots (Meyer et al., 1987; Salam and Scott, 1987).

In the cases of the fresh and dry weights, the results showed
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Plate 6.1 Effects of waterlogging on the roots of MNH-93. A, 48 hour control; -
B, 6 hour waterlogging followed by 66 hour recovery; C, 12 hour
waterlogging followed by 60 hour recovery; D, 24 hour waterlogging
followed by 48 hour recovery; E, 120 hour control.

Plate 6.2 Effects of waterlogging on the roots of Rehmani. A, 48 hour control;
B, 6 hour waterlogging followed by 66 hour recovery; C, 12 hour
waterlogging followed by 60 hour recovery; D, 24 hour waterlogging
followed by 48 hour recovery; E, 120 hour control.




Plate 6.3 Effects of waterlogging on the roots of S-12. B, 6 hour waterlogging
followed by 66 hour recovery; C, 12 hour waterlogging followed by
60 hour recovery; D, 24 hour waterlogging followed by 48 hour
recovery; E, 120 hour control.

B “

B C D E

Plate 6.4 Effects of waterlogging on the roots of Qalandari. B, 6 hour
waterlogging followed by 66 hour recovery; C, 12 hour waterlogging
followed by 60 hour recovery; D, 24 hour waterlogging followed by
48 hour recovery; E, 120 hour control.




a slightly different pattern compared with that seen for the root
length data. Seedlings waterlogged for 6 and 12 hours showed less
inhibition of fresh and dry weight gains compared with the effect on
root length. This suggests that despite the reduction in root growth,
these roots could still accumulate water and tissue dry mass.
Following 6 hour waterlogging, the cultivar S-12 showed greatest
tolerance, while MNH-93 showed the least tolerance. The 12 hour
waterlogging treatment showed no apparent difference between the
cultivars. In the seedlings waterlogged for 24 hours, however, the

fresh weight changes were actually negative in some cases. There was,

therefore, a loss of water and/or tissue material compared with the

controls. Sena-Gomes and Kozlowski (1980a) reported that flooding

completely stopped root growth in Pinus halepensis seedlings. They
further reported that, after 40 days of flooding, the dry weight of
the root system was lower than before flooding was initiated. This was
presumably due to severe damage and even the death of cells leading to
loss of turgor and shrivelling of the tissues. There are also several
other reports which support our findings that longer periods of
waterlogging reduce dry weight accumulation (Trought and Drew, 1980 a

and c; Krishnamorthy et al., 1987; Meyer et al., 1987; Del-Rosario and

Fajardo, 1991). In the present work, it was found that S-12 was

relatively more tolerant of waterlogging than Qalandari under all the

treatments employed.

Seedlings waterlogged in aerated water also suffered reductions
in root growth in both cultivars studied. These reductions were lower

than those seen in the waterlogging treatment without aeration. It was

noted that, during aerated waterlogging treatment, root growth

continued at a significant rate. In this experiment, it was also

observed that, during recovery following each waterlogging treatment,
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the roots appeared to be quite healthy and no apparent damage was
seen. The upper half of the roots become pale yellow and the junction
point between hypocotyl and the roots was swollen however. The
reduction in the root growth seen in these experiments might be due to
the presence of a layer of relatively unaerated water around the roots
(vater which does not mix with the bulk water). Karim et al. (1986)
reported that root growth was curtailed in the presence of excess
water, possibly due to imbalance in the seedling’'s metabolism. This in
turn might have produced compounds that are inhibitors of root growth,

It was also noted from these results that there is no
correlation between vigour and waterlogging. Qalandari showed the
faster root growth under non-waterlogging conditions, but it was the
most severely affected by waterlogging.

It may be concluded from these experiments that anaerobic
waterlogging for longer than 6 hour irreparably damages the seedlings

of all the cultivars. In the 6 hour waterlogging treatment, S-12 was

found to be relatively more tolerant and Qalandari was the most

susceptible among the cultivars studied. In the experiment in which

seedlings were waterlogged in an aerated water, the best root growth

was observed in S-12 while the fresh and dry weights accumulation was

highest in Qalandari.
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CHAPTER SEVEN



Chapter Seven

Effects of waterlogging on respiration rate

7.1 Introduction

Respiration is the process of gaseous exchange (02 taken up and
CO, given out) associéted with the oxidative catabolism of organic
substrates. This produces carbon skeletons for biosynthetic purposes
and energy for ion transport and assimilation, growth and cellular
maintenance processes. Rumpho and Kennedy (1981) stated that higher

plants have an absolute requirement for oxygen for the maintenance of

metabolism and growth.

Under normal conditions in well-drained soils, the aerobic

respiration of plant roots and soil microorganisms requires typically
5 and 24g oxygen for each square metre of land surface per day during
the growing season (Russel, 1973). During flooding, the soil pore
Space is totally water filled and gaseous exchange between soil and
atmosphere is virtually eliminated. Due to the low diffusivity in
water, the oxygenated zone at the soil surface may extend to a depth
of only a few millimeters. Depending upon the soil temperature and
tissue respiration rates, therefore, the dissolved oxygen in the soil
water will be exhausted in only hours or days and the soil will become
anaerobic.

Waterlogging creates an anaerobic environment and this in turn
brings changes in metabolisa from aerobic to anaerobic pathways. This
results in reduced energy yield, accumulation of toxic compounds and
rapid depletion of organic substrates (Ueda and Tsuji, 1971; Gupta,
1977b). The adverse effects of root anaerobiosis in mesophyte plants
carﬁ%rinari}y attributed to the deficiency of molecular oxygen which

prevents normal aerobic metabolism. Lee and Lee (1991) and Del-Rosario



and Fajardo (1991) reported that waterlogging reduces the respiration
rate of apple, soybean, mungbean, tomatoes, cotton, pumpkins and rice
seedling roots. Mohanty et al. (1993) also suggested that rates of

respiration (02 uptake and CO, production) and fermentation (co,

production alone) all declined with time in anoxia. It has been

reported that waterlogging increases the activity of alcohol

dehydrogenase in tomato roots (Wignarajah and Greenway 1976;

Del-Rosario and Fajardo, 1991), while Vantoi et al. (1987) reported
that waterlogging increases the activities of four enzymes, nanmely
alcohol dehydrogenase, lactate dehydrogenase, pyruvate decarboxylase

and malic enzymes, in maize seeds. Crawford (1969) showed that oxygen
deficiency induced the synthesis of the glycolytic enzymes as well as

ethanol accumulation only in the roots of flood intolerant species.

Glycolysis and the pentose phosphate pathway play important

roles in the germination process (Botha and Small, 1985). In contrast,

it was found that gluconeogenesis before radicle protrusion is slight

but rapidly increased following the initiation of radicle growth

(Becker et al., 1978; Botha and Small, 1985). It is known that

anaerobic stress inhibits gluconeogenesis and lipid breakdown in seeds

(Slack et al., 1977; Knowles and Kennedy, 1984). In general, it

appears that lipid rich seeds are less capable of maintaining ATP

levels under anoxia than starchy seeds {Raymond et al., 1985) and the

oily seeds are more sensitive to inhibition of germination under

restricted oxygen supply than starchy seeds (Al-Ani et al., 1985).
Some of the available literature on anerobiosis is quite
complex and puzzling. Oliveira (1977) and Vartapetian et al. (1977 and
1978¢c) reported that, when the roots of non-wetland species were
conditions under laboratory

excised and subjected to anaerobic

conditions, their mitochondria show abnormal ultrastructure (irregular
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shape and dilated cristae) after several hours followed by generalized
degeneration within 24-48 hours. No such type of changes were observed
in well-aerated roots. Oliveira (1977) further reported that when
anaerobic roots were returned to air before the cristae degenerated,
the initial structure is restored and respiratory activity partially

regained. Morisset (1973) revealed that, under anaerobic conditions,

mitochondria of lateral-root meristems show less structural

degeneration than the mitochondria of apical meristems.

Biochemical studies on rice coleoptiles grown under anaerobic
conditions have shown that their mitochondria contain the entire
respiratory chain, but the amount of cytochromes present is 2 to 3
times less than in the mitochondria of coleoptiles grown in air
(Vartapetian et al., 1975). Furthermore, the anaerobic mitochondria
oxidize substrates of the Krebs cycle and NADH 3 to 7 times more
slowly than aerobic mitochondria do. They are, however, able to carry
out some oxidative phosphorylation.

Electron microscope studies by Vartapetian et al. (1971) showed
that the cells of rice coleoptiles grown under anaerobic conditions
contain all the organelles typical for aerobic coleoptiles including
mitochondria. Such mitochondria are larger in size (1.5 to 2.0 pm in
diameter) than the mitochondria of the aerobic coleoptile cells (0.5

to 0.6 pm)., They were irregularly shaped and the matrix was

clarified. These mitochondria have a low number of cristae and the

intracristal space was dilated.

Ultra~structural studies on intact root cells of 8-10 day and
24-30 day cotton plants (Vartapetian et al., 1978c) showed that 48 and
72 hours of root anaerobiosis at 25°C causes no pathological changes
in the mitochondria or in other cell organelles. However, a majority

of the mitochondria in the meristem cells and the extension zone have
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& parallel arrangement of cristae, which could be indicative of the
cells suffering from deficiency of molecular oxygen and adapting to
the oxygen deficiency.

Because of the effects reported above, it was decided to measure
the respiration rate and quantify the effect of waterlogging in
seedling root tips. In our earlier experiment (Chapter 6) it was found
that Qalandari was most sensitive and S-12 was the least sensitive
cultivar with respect to waterlogging. It was therefore decided to use

these two cultivars.

7.2 Methods

In this study, the seeds of two cultivars, Qalandari and 5-12,

were used from the 1991-92 harvest. The detailed procedures employed

are described in the Material and Methods Chapter. Briefly, cotton

seedlings that had been germinated for 48 hours at 25°C were
waterlogged for 3, 6, 12 or 24 hours (Section 2.8). After the

waterlogging treatment, they were drained and returned to the
incubator at 25°C for recovery. The recovery period was adjusted so
that the total experimental period was 72, 96 or 120 hours for each

waterlogging treatment. Controls consisted of seeds germinated for up

to 120 hours at 25°C in the same incubator, At the end of the

experimental treatments, seedlings were harvested and sorted into

quartiles according to their root length (Section 2.6). The seedlings
of the first and the third quartiles were taken for analyses in these
experiments. From each quartile, the five best seedlings were selected
and their 5mm root tips were isolated using a scalpel. The tips were
immediately transferred to the sample compartment of the oxygen
electrode for determination of respiration rate (Section 2.9). Tissue

fresh weight was determined, after measurement of the respiration
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rate. For this, the root tips were taken out of the oxygen electrode,
damp dried and weighed on a five-place analytical balance. In cases
where root tips were damaged by waterlogging, their fresh weights were
determined in separate experiments. Finally, the root tips were dried
for 48 hours in an oven at 70°C and re-weighed to determine their dry
weights,

The resulting data were analysed statistically as described in
the Section 2.18. All graphs were plotted using a personal computer

with Systat/Sygraph (Smooth=short) software programme.

7.3 Results

The results for the two cultivars are reported separately.
7.3.1 Effects of waterlogging on fresh weight, dry weight and
respiration rate in the cultivar Qalandari

The results are shown in Tables 7.1 to 7.3 and in Figures 7.1
and 7.2. In seeds germinated at 25°C (control), root tip fresh weight
and dry weight decreased with increasing germination time. In each

case, the curves followed a similar pattern. The respiratory

activities of the tips also followed a similar decreasing course,
Moreover, the general patterns were qualitatively and quantitatively
very similar for both quartiles. For example, in the first quartile,
the root tip fresh weight decreased from 24.6 mg (5 tips)q at 24 hour
to 8.7 mg (5 tips)~l at 120 hours, while in the third quartile the
fresh weight decreased from 25.6 to 9.1 mg (5 tix:oss)'1 over a similar
period. The changes were highly significant statistically (P<0.03).
The rate of respiration in the first quartile also significantly
decreased from 17.6 nmoles min’! (5 t.ips)'1 at 24 hours to 4.0 nmoles
minl (5 tips)! at 120 hours (P<0.01), while in the third quartile the

rate decreased from 16.8 to 3.6 nmoles min’l (5 t‘.ip.ﬂ.)'l (P<0.01).
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Seedlings that had been waterlogged for 3 to 24 hours showed no

significant changes in fresh weight in both quartiles during the

waterlogging treatments (P>0.22) (Figures 7.1A and 7.2A). During

recovery following 6 hour waterlogging treatment, the fresh weight was
also not affected and even showed small but insignificant increases in
both quartiles at 120 hour compared with the 120 hour controls
(P>0.28). At the end of the recovery period following 12 hour
treatment, the fresh weight was reduced from 8.7 to 6.9 mg (5 1:ips)'l
in the first quartile and from 9.1 to 6.1 mg (5 t;ips)'I in the third
quartile. These reductions were statistically insignificant however

(P>0.22). During recovery following 24 hour waterlogging there were

similar decreases. In this case, the fresh weight at 120 hour was

reduced significantly in the third quartile compared with its 120 hour
control (P=0.04).

The dry weight patterns following waterlogging were very similar
to those seen for fresh weights (Figures 7.1B and 7.2B). In this case,
seedlings waterlogged for 6 hours also showed small increases during

the recovery period. Waterlogging for 12 hours had no significant

effect on both quartiles (P>0.21). At the end of the recovery

following 24 hour waterlogging treatment, the dry weight was
significantly decreased from 0.60 to 0.37 mg (5 t;ips)'l in the first
quartile and from 0.77 to 0.40 mg (5 tips)'1 in the third quartile
(P<0.04).

Waterlogging for 3 hours sharply reduced the respiration rates

in both quartiles. The rate at the end of the waterlogging treatment

was reduced from 11.6 to 5.6 nmoles min’ (5 t:ips)'I in the first

quartile and from 11.4 to 5.6 nmoles min” (5 tips)! in the third
quartile. The 6 hour waterlogging treatment caused similar reductions;

in this case, they were reduced to 5.0 nmoles lnin'1 (5 tips)'l in the
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Table 7.1 Effect of waterlogging on fresh weight in the cotton
cultivar Qalandari.

Treatment Total First quartile Third quartile

germ.

period(h) mean sd se mean sd se

Control 24 24.6 3.6 2.0 25.6 0.5 0.3
36 16.0 0.3 0.2 20.2 0.2 0.1

48 12.7 1.6 0.8 13.7 1.5 0.8

51 12.7 1.1 0.7 14.0 0.5 0.3

54 11.9 0.6 0.4 13.5 1.3 0.6

60 11.9 0.5 0.3 11.9 0.6 0.4

72 10.6 0.4 0.2 10.6 0.1 0.1

96 10.1 1.2 0.6 10.2 0.2 0.1

120 8.7 1.8 0.9 9.1 0.8 0.4

3h 51 12.5 0.7 0.4 13.3 0.9 0.5
6h 54 12,1 0.8 0.4 12.5 1.0 0.5
72 12.7 0.8 0.5 12.1 0.9 0.5

96 9.9 1.8 0.9 11.1 0.2 0.1

120 11.0 0.5 0.3 10.3 1.2 0.7

12h 60 11.2 0.7 0.4 12.3 1,2 0.7
72 12.0 0.2 0.1 13.3 0.8 0.5

96 6.3 1.4 0.8 7.5 0.9 0.5

120 6.9 1.9 1.0 6.1 1.6 0.9

24h 72 9.4 1.1 0.6 10.8 1.3 0.8
96 9.2 1.0 0.6 9.4 0.2 0.1

120 6.1 0.8 0.5 3.9 0.7 0.4

All values are mean weight (mg (5 tips)d) *sd and tse from 3 to 5
experiments,



Table 7.2 Effect of waterlogging on dry weight in the cotton cultivar
Qalandari.

Treataent Total First quartile Third quartile

(h) gern.
period(h) mean sd se mean sd se
Control 24 3.80 1.00 0.60 4,20 0.20 0.10
36 1.73 0.05 0.03 2.00 0.08 0.05
48 1.40 0.09 0.05 1.40 0.08 0.04
51 1.35 0.08 0.04 1.50 0.07 0.04
54 1.32 0.09 0.04 1.36 0.15 0.06
60 1.20 0.08 0.04 1.20 0.08 0.04
72 0.98 0.12 0.06 1.05 0.05 0.03
96 0.88 0.08 0.04 0.90 0.18 0.09
120 0.60 0.08 0.05 0.77 0.16 0.09
3h 51 1.56 0.10 0.04 1.60 0.06 0.03
6h 54 1.26 0.05 0.02 1.30 0.10 0.04
72 1.32 0.08 0.04 1.28 0.08 0.04
96 0.87 0.16 0.09 1.00 0.00 0,00
120 1.00 0.08 0.04 0.97 0.05 0.03
12h 60 0.95 0.09 0.05 1.00 0.12 0.06
72 1.10 0.00 0.00 1.13 0.08 0.04
96 0.63 0.05 0.03 0.60 0.00 0.00
120 0.63 0.12 0.07 0.73 0.09 0.05
24h 72 0.83 0.05 0.03 0.87 0.05 0.03
96 0.70 0.16 0.09 0.77 0.17 0.09
120 0.37 0.05 0.03 0.40 0.08 0.05

All values are mean weight (mg (5 tips)J) ted and tse from 3 to 5
experiments.
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first quartile and to 4.8 nmoles min-! (5 t:ips)'I in the third quartile.

All of these reductions were highly significant (P<0.001). During

recovery following the 6 hour waterlogging, the root tips rapidly

recovered their respiratory activities. At 120 hours, they showed

similar respiration rates in both quartiles compared with their

controls (P>0.7) (see Figures 7.1C and 7.2C).
Seedlings waterlogged for 12 hours also showed large reductions

in root tips respiration rates in both quartiles. These reductions

were greater than for the 6 hour treatment, down to 1.6 nmoles

min’! (5 tips)* in the first quartile and 1.4 nmoles min’! (5 tips)'l
in the third quartile. During recovery, the tips rapidly recovered
their respiratory activities within 12 hours. At 120 hour, the rates

for both quartiles were up to the control levels and there were no

significant differences between them (P>0.22).
caused even greater

The 24 hour waterlogging treatment
{

reductions in the respiration. It decreased to 1.0 nmoles min

(5 tips)! in the first quartile and to 0.8 nmoles min’! (5 tips)'l in
the third quartile. During the first 24 hours of recovery, respiration
recovered to 3.6 and 3.4 nmoles min' (5 tips)J, respectively, in the
first and third quartiles. The respiration rate then fell off again,
however. At 120 hours, it was reduced by 45 and 39%, respectively, in
the first and third quartiles compared with the controls (P=0.04).
7.3.2 Effects of waterlogging on fresh weight, dry weight and
respiration rate in the cultivar 8-12

These results are described in Tables 7.4 to 7.6 and in Figures
7.3 and 7.4.

In seeds germinated at 25°C (control), root tip fresh weight and

dry weight decreased with increasing germination time. In each case,
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the curves followed a similar pattern. The respiratory activities of
the tips also followed a similar decreasing course (Figures 7.3 and
7.4). Moreover, the general patterns were qualitatively and
quantitatively very similar for both quartiles. For example, in the
first quartile, the root tip fresh weight decreased significantly from

23.7 mg (5 tips)” at 24 hour to 8.7 mg (5 tips)” at 120 hours, while

in the third quartile the fresh weight decreased from 15.8 mg

(5 tips)! at 36 hour to 8.3 mg (5 tips)'l at 120 hours. The dry weight

patterns were qualitatively very similar to those seen for fresh

weight in both quartiles. The rate of respiration in the first

quartile also decreased from 21.4 nmoles min’! (5 tips)'I at 24 hours

to 4.0 nmoles min! (5 tips)! at 120 hours, while in the third

quartile the rate decreased from 12.8 nmoles min’! (5 t:ips)'l at 36

hours to 4.0 nmoles min’! (5 tips)*. All of these changes were highly

significant statistically (P=0.01 or less).
Seedlings waterlogged for 3 to 24 hours showed no significant

changes in their fresh weight in either quartiles during the

waterlogging (Figures 7.1A and 7.24). During recovery following 6 hour

waterlogging treatment, the fresh weight was also not affected and

even showed small apparent increases in both quartiles at 120 hour
(P>0.18). At the end of the recovery period following 12 hour
treatment, the fresh weight was significantly reduced from 8.7 to 4.3

mg (5 tips)”! in the first quartile (P=0.03) and from 8.3 to 4.0 mg

(5 tips) in the third quartile (P=0.04) compared with their 120 hour

controls. During recovery following 24 hour waterlogging, there were

similar decreases in fresh weights. These reductions were also

statistically significant (P<0.01).

The dry weight patterns following waterlogging were very similar

to those seen for fresh weights (Figures 7.3B and 7.4B). In this case,
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Table 7.5 Effect of waterlogging on dry weight in the cotton
cultivar 8-12.

Treatment Total First quartile Third quartile
(h) gern.
period(h) mean sd se mean sd se
Control 24 3.90 0.30 0.20 - - -
36 1.50 0.10 0.05 1.90 0.20 0.10
48 1.50 0.05 0.03 1.60 0.05 0.03
51 1.20 0.04 0.02 1.40 0.04 0.02
54 1.10 0.08 0.04 1.20 0.05 0.03
60 0.90 0.10 0.05 1.20 0.05 0.03
72 1.00 0.00 0.00 1.10 0.04 0.02
96 0.90 0.10 0.05 0.95 0.09 0.05
120 0.63 0.05 0.03 0.63 0.05 0.03
3h 51 1.20 0.10 0.05 1.30 0.08 0.04
6h 54 0.98 0.04 0.02 1.08 0.08 0.04
72 0.90 0.08 0.04 0.93 0.09 0.05
96 0.76 0.06 0.03 0.80 0.00 0.00
120 0.93 0.12 0.08 0.87 0.09 0.06
12h 60 0.88 0.10 0.05 1.10 0.20 0.10
72 0.84 0.10 0.04 0.92 0.04 0.02
96 0.53 0.09 0.05 0.70 0.08 0.05
120 0.47 0.16 0.09 0.43 0.12 0.07
24h 72 0.80 0.00 0.00 0.85 0.05 0.03
96 0.66 0.05 0.03 0.83 0.05 0.03
120 0.47 0.16 0.07 0.37 0.09 0.06

All values are mean weight (mg (5 tips)d) +sd and #se from 3 to §
experiments.



Third quartile
sd se mean sd se

First quartile

nean

period(h)

cultivar S-12.
gern.
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seedlings waterlogged for 6 hour showed significant increases at the
end of the recovery period compared with the 120 hour control
(P<0.04). Waterlogging for 12 hours caused apparent reductions during
the recovery period and were reduced by 25 and 32X, respectively, in
the first and the third quartiles. These reductions were statistically
not significant, however (P>0.10). During recovery following 24 hour
waterlogging treatment, the dry weight was decreased from 0.63 to 0.47
ng (5 tips)'l in the first quartile and from 0.63 to 0.37 mg (5 tips)’!
in the third quartile. Due to large standard deviation in the first

quartile values, the significance of the reduction could not be proved
(P=0.10). However, in the third quartile, the dry weight showed a
significant reduction (P=0.02).

Waterlogging for 3 hours sharply reduced the respiration rates
1

in both quartiles. The rate was reduced from 10.6 to 5.8 nmoles min’
(5 tips)'1 in the first quartile and from 12.6 to 8.6 nmoles lnin-1
(5 t:ips)'l in the third quartile. The 6 hour waterlogging treatment

they were reduced to 5.8
1

caused similar reductions; in this case,

nmoles min’’ (5 t:i;:os)’1 in the first quartile and to 6.6 nmoles min

(5 t:ips)'I in the third quartile. All of these reductions were

statistically significant (P<0.01). During recovery following the 6

hour waterlogging, the root tips recovered their respiratory

activities. The recovery was much slower than in Qalandari treated for
a similar period. At 120 hours, they showed similar respiration rates
in both quartiles compared with their controls (see Figures 7.3C and
7.4C).

Seedlings waterlogged for 12 hours also showed large reductions
in respiration rates in both quartiles. These reductions were greater
than for the 6 hour treatment, down to 2.0 nmoles min’! (5 tips)! in

the first quartile and 2.6 nmoles min! (5 tips)! in the third
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quartile. During recovery, the root tips rapidly recovered their
respiratory activities within 36 hours up to the 96 hour controls. At
120 hours, the respiratory activities of the root tips declined again

in both quartiles. At this time, the respiration rate of root tips was

reduced by 20 and 15%, respectively, in the first and the third

quartiles compared with the 120 hour controls. In the first quartile,

the reduction was significant (P=0.01), while the third quartile

showed an insignificant reduction due to large standard deviation

values (P=0.40).

The 24 hour waterlogging treatment caused even greater

reductions in the root tips respiration. It decreased to 2.0 nmoles

ainl (5 tips)! in the first quartile and to 1.8 nmoles min’! (5 tips).1

in the third quartile. During the first 24 hours of recovery, the

respiration recovered to 3.0 and 3.2 nmoles min'l (5 tips)q,

respectively, in the first and third quartiles. The respiration rate
then fell off again, however. At 120 hours, it was reduced by 40 and

50X, respectively, in the first and third quartiles compared with

controls (P<0.01).

7.4 Discussion

The results presented in this chapter show that the fresh and

dry weights of the root tips decrease with increasing germination time

at 25°C. The decreases in fresh and dry weights were mainly a

consequence of the growth of the roots; as roots grow longer they

become thinner. The fresh and dry weights of Qalandari remained higher

than in S-12. This suggests that root tips of Qalandari were thicker

and healthier than those of S-12. Alternatively, they may have been

thicker because they were shorter, that is less developed.

Immediately following waterlogging treatments, the root tips
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showed no apparent changes in fresh or dry weights, This suggests
that waterlogging does not cause extensive physical damage to the
tips. During recovery following 6 hour waterlogging, the fresh and dry
weights were also not affected. Waterlogging treatments of 12 hour or
more caused damage, however. These treatments even caused weight
reductions during the recovery periods in both cultivars. That is,
there was actually a loss of tissue material. Meek and Stolzy (1978)
reported that the root tip is more sensitive than the other parts of
the root to low oxygen levels. Anaya (1972) found that root elongation

in wheat was 25, 32 and 36 centimetres for oxygen levels of 2, 6 and

10X, respectively, after 21 days. Guyot and Prioul (1985); Orchard et

al. (1985) working on sorghum, sunflower and wheat reported that

waterlogging reduces the dry weight accumulation. Sena-Gomes and
Kozlowski (1980a) reported that after 40 days of flooding of Pinus
halepensis in the field, the dry weight of the root system was lower
than before flooding was initiated. This was mainly due to damage to
root tips and even cell death leading to a loss of turgor and
shrivelling of the tissue. In the present study, the fresh and dry
weights suggest that short term flooding did not affect the Presh and

dry weights while 12 hours and more significantly damage the apical

regions of roots. Only a small difference was found between two

cultivars., Meek and Stolzy (1978) reported that roots grown in poor

aeration are shorter and thicker than those grown with sufficient

aeration.

In the case of respiration rate, the present results show that
the rate of respiration decreases with increasing germination time and
the pattern was very similar in the first and the third quartile. This
presumably reflects the reducing tissue mass in the tip section. The

respiration rate was significantly higher in the root tips of S-12
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than in Qalandari at least at 24 hour germination. This was presumably
related to the slower growth in S-12 compared with Qalandari.

An attempt was made to present the results for respiration per
gram fresh weight or dry weight. When this was done, however, very
scattered results were obtained which were difficult to interpret.
This was mainly due to the effect of waterlogging on all three
barameters of fresh weight, dry weight and respiration. Nevertheless,
when the control data were calculated on either a per gram fresh
weight or per gram dry weight basis, the results indicated that the
rate of respiration increased with increasing germination time up to
54 hour in Qalandari and up to 72 hours in the cultivar S-12 then
declined slowly. The greater per gram respiration rate in S-12 may be
due to slower root growth than in Qalandari (see Chapter 6). Hanson
et al. (1959) have reported that, during germination of corn seeds

(Zea mays), the respiratory activity of the scutellum increases for

3-4 days, then declines. Opik (1965) also stated that oxygen uptake by
the intact cotyledons of Phaselous vulgaris rises to a peak between
the third and fifth days of germination. A vegetative tissue such as
root might have been expected to continue respiration at a high level.

Waterlogging caused great reductions in the respiration rates in
both cultivars. This was presumably due to the reduction in oxygen
concentration during the waterlogging treatments. This in turn might
have converted aerobic into anaerobic respiration. Crawford (1978) and
Gupta (1977b) have pointed out that waterlogging causes a deficiency
of oxygen that shifts respiratory metabolism from aerobic to anaerobic
pathways. Crawford (1978) found that, in flood intolerant species, a
reduction in soil aeration causes a rapid increase in glycolysis as
well as a dramatic induction of alcohol dehydrogenase activity.

The reduction in respiration was greater in Qalandari than in
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8-12 in both quartiles following 3, 6, 12 or 24 hours waterlogging. On
the other hand, during recovery following 6 or 12 hours waterlogging
Qalandari recovered better than S-12. This was probably due to greater
damage to the seedlings of S-12 than Qalandari. Following 24 hour
waterlogging, both cultivars showed a similar degree of damage in
terms of respiration rate presumably due to severe damage to the root
tips. It has been reported that rice coleoptiles, grown under
anaerobic conditions for 6 days and then transferred into an ordinary

atmosphere, quickly begin to absorb oxygen from the environment

(Tsuji, 1972; Tsuji, 1973; Vartapetian et al., 1973). Vartapetian

et al. (1975) found that the neo-formation of respiratory enzymes

begins only after transferring the anaerobic coleoptiles to aerobic

conditions. Vartapetian et al. (1978c) reported that anaerobic

mitochondria restore their ultrastructure within 1 to 3 hours after

transfer of the anaerobic seedlings in to an ordinary atmosphere. In

addition to that, they further explained that the activity of

cytochrome oxidase reaches the level of aerobically grown coleoptiles

within 18 hours.

It was also noted in the present experiment that, although
waterlogging treatment for 12 hour or more caused visual damage to the
root tips (they became brown), they could still respire. This suggests

that mitochondria of cotton roots show great tolerance to

waterlogging. Interestingly, Vartapetian et al. (1978c) reported that
the mitochondria of cotton roots (relatively intolerant to flooding)

maintained their ultrastructure longer under anoxia than those of rice

(very tolerant to flooding).
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Chapter Eight

Effects of Waterlogging on Fatty Acid Composition

8.1 Introduction
It has been pointed out in Chapter 5 that fatty acids are

present in the structures of both storage lipids and membrane lipids.

These fatty acids play an important role in the fluidity of the

membranes (Section 5.1). Membrane lipids contain high levels of

unsaturated fatty acids that create the proper environment for the
proteins of the membrane (Lem et al., 1980). In most plants, the five
major fatty acids are palmitic acid (C16:0), stearic acid (C18:0),
oleic acid (C18:1), linoleic acid (C18:2) and linolenic acid (C18:3).
It is a well established fact that the membrane lipids and the
storage lipids of higher plants are altered by environmental factors,
such as temperature, water stress, nutritional deprivation and salt
stress (Harwood, 1984). In the case of water stress, the presence of
excess water around seedlings creates an anaerobic atmosphere for the

roots, which in turn will alter biochemical processes within the

seedlings. The metabolism of lipids, like other components are

adversely and strongly affected when rice coleoptiles are grown under
anaerobic conditions (Brown and Beevers, 1987). Hiatt and Lowe (1967)
reported that molecular oxygen is essential for maintaining membrane
integrity. Biosynthesis of unsaturated fatty acids requires molecular
oxygen and is therefore essential for membranes to maintain their
structure and functions (Quinn and Chapman, 1980). Hetherington et al.
(1982) and Brown and Beevers (1987) reported that the synthesis of
unsaturated fatty acids is inhibited in rice coleoptiles when grown
under anaerobic conditions. In contrast, Vartapetian et al. (1978a)

found that rice coleoptiles grown under anaerobic conditions had
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higher amounts of fatty acid. They further added that anaerobiosis
induced higher proportions of oleic and linoleic acids than in
coleoptiles grown in the air. Kuiper (1984) reported that the changes
in membrane lipid composition may be attributed to stress-induced
degradation processes. Enzymes such as lipoxygenase, and phospholipase
may be involved in these processes.

Little or no work has been done on the effects of waterlogging

on fatty acid composition. More work has been done on the effects of

drought on fatty acid composition. Liljenberg and Kates (1982),

working on oat seedling roots, reported that water stress caused a

reduction in membrane acyl lipids, as measured by the total fatty acid
content. Similar results have also been reported by Pham-Thi et al.
(1982 and 1987) who found alterations in the leaf membrane lipids of
water-stressed cotton. In particular, a decrease of total fatty acids
caused mainly by a decrease in linolenic acid was noted.

In our earlier experiments (see Chapter 6) it was observed that

waterlogging caused significant reductions in root growth. The

experiments described in this chapter were therefore carried out to

observe the effect of waterlogging treatments on the fatty acid

composition of cotton seedlings.

8.2 Methods
8.2.1 Determination of fatty acid composition
In these experiments, seeds of two cultivars, MNH-93 and S-12,

were used from the 1992-93 harvests., Details of the procedures

employed are described in the Material and Methods chapter. Briefly,

cotton seedlings that had been germinated for 48 hours at 25°C were

waterlogged for 6 hours (Section 2.8). After the waterlogging

treatment, they were drained and returned to the incubator at 25°C for
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recovery up to 72 hours. Controls consisted of seeds germinated for 48
or 72 hours at 25°C. At the end of the experimental treatments, the
seedlings of the first quartile (Section 2.6) were harvested and their
roots were isolated. The root lipids were then extracted using hot
water-saturated butanol (Section 2.11). After extraction, the crude
lipid was purified by chromatography on columns of Sephadex G-25
(Section 2.12). Free fatty acid and esterified fatty acid fractions
were prepared from the purified lipid fraction (Section 2.13) and the
esterified fatty acids were further separated into neutral lipid,
glycolipid and phospholipid fractions (Section 2.14). Finally, fatty
acid methyl esters were prepared from the various fractions and
analysed by gas-liquid chromatography (Section 2,17).

Each experiment was duplicated and each fatty acid analysis
within each experiment was also duplicated. The values presented in
these experiments are the means #sd from the four values.

The resulting data were analysed statistically as described in

the Section 2.18. All the graphs were plotted using a personal

computer with Quattro Pro 3 (Borland International Inc.).

8.3 Results

In control (non-waterlogged) roots, the major fatty acids

present in all the lipid fractions were palmitic (C16:0), stearic

(C18:0), oleic (C18:1), linoleic (C18:2) and linolenic (C18:3) acids.

The two most abundant fatty acids were palmitic and linoleic acids,
together comprising over 60% of the total fatty acids in each lipid

fraction except in the glycolipid fraction at some stages of

germination. In the control seeds germinated for 72 hours, for

example, linolenic acid was the major fatty acid in this fraction.

In addition to the major fatty acid methyl esters, a few low
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molecular weight peaks were found in the chromatograms from some
tissues, especially in the neutral lipid and glycolipid fractions.
They ran ahead of palmitic acid methyl ester in the chromatograms (see
Figure 2.2). The appearance of some of these peaks was spasmodic,
however, and they are therefore not included in our results. On the
other hand, some of the peaks appeared frequently. They are therefore
included in the results and mentioned as unknowns. When the logarithms
of retention times of these unknowns, together with the corresponding

values for the methyl esters of three authentic fatty acids, palmitic

(C16:0), margaric (C17:0) and stearic acid (C18:0), were plotted

against the number of carbon atoms, two of the unknowns fell onto the

straight line and they appeared to correspond to lauric acid (C12:0)

and myristic acid (C14:0). They were tentatively identified as these

fatty acids.
In addition to the low molecular-weight unknowns, a high

molecular weight compound was observed as a large peak in

chromatograms from waterlogged root tissues. Its appearance was
regular and it occurred approximately 60 wminutes later than the
linolenic acid methyl ester peak. The peak disappeared again during

recovery. Unfortunately, time did not permit us to identify this

compound. Also, because it was difficult to quantify (the peak was

very broad), data are not included in our results.

8.3.1 Effect of waterlogging on fatty acid composition in the cultivar

8-12

The total levels of all fatty acids (esterified fatty acids plus
free fatty acids) in the various fractions are presented in Table 8.1
The total amount of fatty acids at 48 hours

and in Figure 8.1.

germination was 1970 pg (25 roots)’ which increased slightly
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Table 8.1 Effects of waterlogging on the esterified and free fatty
acids in the cultivar 8-12

Lipid fraction Total germ. Fatty acid contﬁnt
time (h) pg (25 roots)”
' 48h control 348 +82
Neutral lipids 72h control 439 $29
After waterlogging 875 £259
After recovery 570 +36
o 48h control 75 *16
Glycolipids 72h control 107 44
After waterlogging 359 *48
After recovery 82 4
48h control 1520 *104
Phospholipids 72h control 1500 *198
After waterlogging 1610 %170
After recovery 1740 #85
48h control 27 16
Free fatty 72h control 62 *2
acids After waterlogging 23 ¥4
After recovery 23 13
48h control 1940 260
2050 $150

Combined acyl- 72h control
After waterlogging 2840 *160

Lipids
After recovery 2390 #90
48h control 1970 #60
2110 %150

Total lipids 72h control
After waterlogging 2870 *170
2420 90

After recovery

Each value is the mean content *sd from four determinations.



s ¢ S "Spidr] [e103 1, ‘sproe Aue
0 :&E. Spidr| [Aoe pourquoo “Tyo) ‘pidrjoydsoyd “1d ‘PidrooA[3 “10 ‘pidi rennou “IN "AI19A000I 1oe ‘N ..wq_wwoﬂbqh.i.w:u s Em
‘100Uod Y7, ‘W ‘[oNU0d Ygy ‘[ "71-S JANNO UT Suonoely PIdY SNOLIEA UT SPIoe Ayey 1e10) uo Furd3opIvlem Jo sRPF °g AMIL]

uonoey pidry

-00S

-0001

-00S 1

(s1004 G2/6n) spioe Aned




(insignificantly) in the 72 hour control to 2110 pg (25 roots)'l
(P=0.10). In the seedlings waterlogged for 6 hours there was a marked
and significant (P<0.001) increase of 46X to 2870 pg (25 roots)q.
During recovery, the level fell again but it remained significantly
above the 72 hours control (P=0.012).

A marked increase in neutral lipid fatty acids was found during
germination from 48 to 72 hours. The increase was from 348 to 439 pg
(25 roots)q- Because the values had large standard deviation, however,
the significance of the change could not be proved (P=0.12). Seedlings
waterlogged for 6 hours showed a significant increase (P<0.001) in

this value to 875 pg (25 roots)*. At the end of the recovery period

following waterlogging, the level had declined again to 570 pg

(25 roots)’!. However, due to large standard deviations the decrease
was not significant (P= 0.09).

During germination between 48 and 72 hours, the glycolipid fatty
acids increased from 75 to 107 ng (25 roots)q. The increase was not
significant (P=0.28). Seedlings waterlogged for 6 hours showed a
significant increase in this fraction (P<0.001). The increase was from
75 to 359 upg (25 roots)!. At the end of the recovery following
waterlogging, the glycolipid fatty acids had decreased markedly again

to 82 nug (25 roots)q, a value not significant different from the 72

hour control (P=0.12).

The amount of phospholipid fatty acids remained unchanged

between 48 and 72 hours germination at a value of about 1500 pg

(25 roots)q. Seedlings waterlogged for 6 hours showed a small increase

in the value to 1610 pg (25 roots)'L At the end of the recovery period,
-1

the value had further increased (by about 16%) to 1740 ng (25 roots) .

All of these changes were statistically insignificant (P>0.10).

Table 8.1 and Figure 8.1 also contain data for the total acyl
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lipids (neutral lipid + glycolipid + phospholipid). The combined fatty
acids in these fractions changed under the various treatments, The
value for the 48 hour control was 1940 pg (25 roots)’I and that for the
72 hour control was 2050 pg (25 roots)q. The difference between these
two control values was not significant (P=0.22). The level following
waterlogging increased significantly to 2840 pg (25 roots)q (P<0.001),
however, and following the recovery period it was reduced again to
2390 pg (25 roots)J. Waterlogging thus apparently caused a marked

increase (46%) in the total acyl lipids which decreased again during

the subsequent recovery period.

In the free fatty acid fraction, the level significantly
increased during germination from 27 pg (25 roots)q at 48 hours to 62
ng (25 roots)'l at 72 hours (P<0.001). Waterlogging for 6 hours did not
have any significant effect on the level compared with the 48 hour
control (P=0.38), but it prevented any increase in the level during
the recovery period.

The ratios of the individual fatty acids in the neutral lipid

fraction are shown in Table 8.2 and Figure 8.2. In roots germinated

for 48 hours, the fatty acid composition of this fraction was 24.4%

palmitic acid, 8.8% stearic acid, 15.8% oleic acid, 37.7% linoleic

acid, 10.3% linolenic acid and 2.9% unknowns. During the next 24 hours
of germination there were only limited changes in these proportions.

In particular, the proportion of linolenic acid increased to 12.2% at

the expense of linoleic acid. The change in linoleic acid was

significant (P=0.04). In seedlings waterlogged for 6 hours there was
a large increase in the set of unknown low molecular weight compounds
(including lauric and myristic acids) from 2.9 to 25.0% (P<0.001) and
similar decreases in the proportions of the known fatty acids. Thus,

waterlogging caused significant changes in stearic, oleic and linoleic
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acids (P<0.02). At the end of the recovery period following
waterlogging, the proportion of these compounds had decreased again
from 25.0 to 9.2X. The proportions of palmitic, oleic, linoleic and
linolenic acids had increased to the levels of the 72 hour controls.
The results for the glycolipid fraction are also shown in Table
8.2 and in Figure 8.3. In the roots of seeds germinated for 48 hours,

the proportions of the fatty acids were 24.9% palmitic acid, 7.9%

stearic acid, 15.1% oleic acid, 23.1% linoleic acid, 27.7% linolenic

acid and 1.3% unknowns. During the next 24 hours germination,

considerable changes in these proportions were observed. The largest

increase was observed in the proportion of linolenic acid from 27.7 to

37.0% at the expenses of stearic and oleic acids. The increase in the

proportion of linolenic acid was not significant, however, due to

large standard deviation in the latter value. The relative amounts of

palmitic and linoleic acids remained constant. Seedlings waterlogged

for 6 hours showed a very large increase in the unknowns from 1.3 to

63.6% and marked decreases in all of the other fatty acids (P<0.001).

The greatest decrease was in the proportion of linolenic acid from

27.7 to 6.4%. At this stage a small amount (2.0%) of palmitoleic acid
(C16:1) was also found (tentatively identified and data not shown). At
the end of the recovery period, increases in the proportions of all
the known fatty acids occurred. The largest increases were in those of
palmitic acid from 12.9 to 32.0% and linolenic acid from 6.4 to 35.1%,

which occurred at the expense of the unknown low molecular weight

compounds; the latter declined from 63.6 to 1.2%.

The proportions of fatty acids in the phospholipid fraction

(Table 8.2 and Figure 8.4) did not show any significant changes
between 48 and 72 hours. In seedlings waterlogged for 6 hours, there

was a large and significant increase (P<0.001) in the set of unknowns
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at the expense of all the known fatty acids. This increase was from
0.6 to 7.3%, At the end of the recovery period, the amount of
palmitic, oleic, linoleic and linolenic acids increased again at the
expense of the unknowns. The percentage of the latter felt back to
about 0.6%.

In the roots of seeds germinated for 48 hours, the proportions
of the free fatty acids were 36.7% palmitic acid, 13.1% stearic acid,
11.5% oleic acid, 25.2% linoleic acid, 10.7% linolenic acid and 2.8%
unknowns. During the next 24 hours germination, the most significant
increases were in the proportions of linoleic acid, which rose from
25.2 to 33.0%, and linolenic acid, which rose from 10.7 to 17.8%.

These increases were mainly at the expenses of palmitic and stearic

acids. These changes were significant statistically (P<0.03).

Seedlings waterlogged for 6 hours showed sharp increases in the
percentages of the unsaturated fatty acids and decreases in palmitic
and stearic acids. All of these changes were insignificant however
(P>0.12). At the end of the recovery period, an insignificant increase
was observed in the percentage of oleic acid (P=0.17) and there was a

further increase in linoleic acid (P=0.30) at the expenses of palmitic

and linolenic acids (P>0.08).

8.3.2 Effect of waterlogging on fatty acid composition in the cultivar
MNH-93

The total levels of fatty acids all in the various fractions are
presented in Table 8.3 and in Figure 8.6. The amount at 48 hour
germination was 2270 pg (25 roots)'I which increased significantly in
the 72 hour control to 3330 pg (25 root.s)'1 (P<0.001). In the seedlings
waterlogged for 6 hours there was a small but insignificant increase

(12%) in the value to 2690 pg (25 t'oot.s;)'1 (P=0.10), but after recovery
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Table 8.3 Effects of waterlogging on the esterified and free fatty
acids in the cultivar MNH-93

Lipid fraction Total germ. Fatty acid contﬁnt
time (h) pg (25 roots)”
48h control 537 *218
Neutral lipids 72h control 718 *144
After waterlogging 809 #257
After recovery 677 96
L 48h control 52 +34
Glycolipids 72h control 123 +16
After waterlogging 195 %80
After recovery 144 *12
48h control 1655 320
Phospholipids 72h control 2453 *212
After waterlogging 1648 *80
After recovery 1776 %116
48h control 25 8
Free fatty 72h control 32 18
acids After waterlogging 35 7
After recovery 78 23
48h control 2240 *290
Combined acyl- 72h control 3200 *180
Lipids After waterlogging 2650 $290
After recovery 2600 *260
2270 #290

48h control
3330 %180

Total lipids 72h control
After waterlogging 2690 #300
2680 %280

After recovery

Each value is the mean content *sd from four determinations.
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the level was not changed further at 2680 pg (25 roots)l. The latter
value was significantly reduced when compared with 72 hour control
value however (P=0.004).

The increase in the total fatty acids during germination from 48
to 72 hours was reflected in all of the acyl lipid fractions, but not

in the free fatty acid fraction. Thus, an apparent increase in neutral

lipid fatty acids was found. This increase was from 537 to 718 pg

(25 roots)d. Seedlings waterlogged for 6 hours also showed a marked

increase to 809 pg (25 roots)q. At the end of the recovery period

following waterlogging, this level had declined again to 677 ug

(25 roots)’l. Because of the large standard deviation values, however,
none of these changes were significant (P>0.14).

The glycolipid fatty acids increased significantly from 52 to
123 pg (25 roots)” during germination between 48 and 72 hours
(P=0.01). Seedlings waterlogged for 6 hours also showed a significant

increase from 52 to 195 pg (25 roots)”! (P=0.04). At the end of the

recovery period, this level had declined again from 195 to 144 ng

(25 roots)q.
A relatively large increase in the amount of phospholipid fatty

acids from 1655 to 2453 png (25 roots)'l was found during germination
from 48 to 72 hours (P<0.001). Seedlings waterlogged for 6 hours did
not show any change at 1648 ug (25 roots)'L At the end of the recovery
period, the value had increased to 1776 pg (25 roots)q, which was 28%
and significantly short of the 72 hours control value (P<0.001).
Table 8.3 and Figure 8.6 also show the data for the combined
acyl lipids (neutral lipid + glycolipid + phospholipid). Because these
combined fractions made up 99% of the total lipid fatty acids, they
naturally underwent changes which were the same as those described

above for the total lipid.
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In the free fatty acid fraction, the level also increased
slightly (but insignificantly) during germination from 25 pg

(25 roots;)'1 at 48 hours to 32 ug (25 t'oots)'l at 72 hours (P=0.39).

Seedlings waterlogged for 6 hours also showed a small but

insignificant increase to 35 ng (25 r'oot:s)'I {P=0.20), At the end of
the recovery, the level showed a further and significant increase to
78 pg (25 roots)’! (P=0.001).

The ratios of the individual fatty acids in the neutral lipid
fraction are shown in Table 8.4 and Figure 8.7. In roots germinated

for 48 hours, the fatty acid composition of this fraction was 27.5%
palmitic acid, 6.2% stearic acid, 20.3% oleic acid, 40.4% linoleic
acid, 3.9% linolenic acid and 2.3% unknowns. During the next 24 hours

of germination, there were only limited changes in these proportions.

In particular, the significant proportion of linolenic acid increased
to 9.1% at the expense of palmitic acid (P<0.02). In seedlings
waterlogged for 6 hours, the largest change was in the set of unknown
low molecular weight compounds which increased from 2.3 to 15.9%

(P<0.001). This was at the expense of decreases of oleic and linoleic

acids (P<0.01). A small proportion of palmitoleic acid was also

observed (data no reported). At the end of the recovery period

following waterlogging, increases were observed in the proportions of

all the unsaturated fatty acids at the expense of the unknown low

molecular weight compounds. These changes were also significant

statistically (P<0.02). The level of stearic acid remained unchanged.

Results for the glycolipid fraction showed larger changes than
those seen in the neutral lipids. In the roots of seeds germinated for
48 hours, the proportions of the fatty acids were 36.8% palmitic acid,
3.9% stearic acid, 18.2% oleic acid, 25.3% linoleic acid and 15.7%

linolenic acid. During the next 24 hours germination, marked increases
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took place in the proportions of stearic acid from 3.9 to 6.7% and
linolenic acid from 15.7 to 35.0% at the expense of decreases in

palmitic and oleic acids. All of these changes were statistically

significant (P<0.05), except that of stearic acid which had large

standard deviation values. The proportion of linoleic acid also

decreased. Seedlings waterlogged for 6 hours showed a very large

increase in the set of unknowns from zero before waterlogging to
45.5%. There were corresponding decreases in the proportions of all

the known fatty acids except stearic. The greatest decrease was in the

proportion of palmitic acid from 36.8 to 19.2X (P<0.001). A small

proportion of palmitoleic acid was again observed. At the end of the

recovery period, recoveries in the proportions of all the

characterised fatty acids were correlated with a decrease in the set
of unknowns. The proportion of linoleic acid by this time was actually

above the 72 hours control value, while the level of linolenic acid

was below its 72 hours control. These values were effectively the

small as their 72 hour control values (P>0.12).

The phospholipid fraction was less affected by the various

experimental treatments (Table 8.4 and in Figure 8.9). In the roots

germinated for 48 hours, the proportions of the fatty acids were 34.1%

palmitic acid, 3.0% stearic acid, 5.8% oleic acid, 40.1% linoleic

The values underwent

acid, 16.6% linolenic acid and 0.5% unknowns.

only small changes between 48 and 72 hours. The largest changes were

in the proportion of linolenic acid, which increased from 16.6 to

20.8% at the expense mainly of palmitic acid. Both of these changes
were significant (P<0.04). The seedlings waterlogged for 6 hours did
not show any significant changes except in oleic acid, which decreased

from 5.8 to 4.3% (P=0.003). Any changes during recovery were also very

small.
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The results for the free fatty acid fraction showed larger
changes. In the roots of seeds germinated for 48 hours, the proportion
of the fatty acids in this fraction were 48.7% palmitic acid, 5.3%
stearic acid, 14.5% oleic acid, 24.8% linoleic acid, 5.9% linolenic
acid and 1.8% unknowns. During the next 24 hours of germination, the
proportions of the unsaturated fatty acids (linoleic and linolenic
acids) increased (P<0.001). The largest increase was noted in the
proportion of the linoleic acid, which went from 24,8 to 43.8%. There
was a similar but still significant decrease in the proportion of
palmitic acid (P=0.03). A small but insignificant decrease in the
proportion of oleic acid was also observed (P=0.28). At this stage,
the low levels of the unknown low molecular weight compounds present

at 48 hours had disappeared. Seedlings waterlogged for 6 hours showed

significant increases in linoleic and linolenic acids (P<0,01),

especially in linoleic acid which changed from 24.8 to 36.8%.

Corresponding decreases occurred in the proportions of palmitic and

oleic acids. The proportion of palmitic acid decreased significantly

(P=0.05). The amounts of the set of unknown compounds remained low at

this time, but at the end of the recovery period they increased

dramatically from 2.4 to 31.4%. Corresponding significant decreases

occurred in the percentages of palmitic, linoleic and linolenic acids

(P<0.01). The greatest decrease was noted in the proportion of

linoleic acid. A small proportion of palmitoleic acid was found at

this time.

8.4 Discussion
As we discussed in Chapter 5, some of the changes following heat

shock were found to be statistically insignificant. Despite the

statistics, however, several of the changes were considered to be real
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because they were so large. The statistics problem arose due to large
standard deviations obtained with some of the analyses. In the present
chapter, this problem was not so serious. Most of the observed changes
were found to be statistically significant in the student T-test.

Fatty acids levels in cotton roots during germination and

following waterlogging show changes in the compositions of both the

free and esterified fatty acid fractions. The present results

indicate that the total amount of esterified plus free fatty acids
increased with increasing germination time. This increase was much
greater in MNH-93 than in S-12. The increases were presumably due, in
part at least, to the synthesis of lipids for new membrane formation.
The fatty acid levels in individual fractions also increased during
germination in both cultivars, with the exception of the phospholipids
in the cultivar S-12. The greater increase in fatty acids in the

phospholipid fraction in MNH-93 was presumably due to the formation of

more new membrane in this cultivar. The fresh weight values for the

roots used in the experiment confirms this; the fresh weight of the
MNH-93 roots increased from 1.8g at 48 hours to 3.3g at 72 hours,

while in cultivar S-12 the fresh weight increased only from 2.0g to

2.5g.

Seedlings waterlogged for 6 hours showed a marked increase in

the amount of total esterified fatty acids in both cultivars. This
increase was greater in the cultivar S-12 than in MNH-93. Vartapetian
et al. (1978a) reported similar results for rice coleoptiles during
anaerobic growth. They found that the rate of increase in total lipids
under anaerobiosis was almost twice that in aerobiosis. They further
added that this increase was due to increased coleoptile growth. The

fresh weight of the roots used in the present experiment showed no

further increase in growth during waterlogging however. This indicates
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that the increase in total esterified lipids due to waterlogging must
be due to the synthesis of lipids not associated with extra growth.
Misra et al. (1986), working on mangrove Avicennia officinalis and

Acanthus illicifolius, similarly reported that total lipids were

higher in the submerged plants.

Waterlogging also caused increases in the levels of neutral
lipids and glycolipids in both cultivars. These increases were again
greater in the cultivar S-12 than in MNH-93. The increases in the
levels of these lipids is probably due to increased synthesis of these

than reduced breakdown, because the fatty acid

(1986)

lipids rather
composition of these fraction also changed. Misra et al.

reported a higher proportion of triacylglycerols in the submerged

mangrove plants. Vartapetian et al. (1978a) similarly found higher

amounts in the rice coleoptiles growing under anaerobic conditions.
The amounts of phospholipids remained unchanged during this period in
both cultivars.

During recovery from waterlogging, the levels of fatty acids in
the neutral lipid and glycolipid fractions decreased, while the levels
of phospholipid increased slightly. These increases in phospholipids

were very small, however, and they were not significant statistically.

A significant increase in free fatty acids was observed in

MNH-93 but not in S-12. Increased levels of free fatty acids might

cause the disruption of membrane structures and decrease the stability
of membranes. Weiss (1980) has reported that the formation of free
fatty acids by endogenous lipases decreases the stability of membrane
structures within plant cells. In the context of the present results,

this would suggest that S-12 should be more tolerant to waterlogging

than MNH-93.

During germination between 48 and 72 hours at 25°C, significant
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changes were observed in the proportions of fatty acids in the neutral
lipid, glycolipid and free fatty acid fractions. Only small changes
were found in the phospholipid fraction. In the phospholipid fraction,
greater changes were found in MNH-93 than in S-12. El-Nockrashy et al.
(1974) and John and Christiansen (1976) have reported that the fatty
acid composition of polar lipids in cotton seeds changed markedly

during germination. Increasing germination time was associated with

increased accumulation of unsaturated fatty acids, especially

linolenic acid, and decreased accumulation of palmitic acid. This is
similar to the present observations. It is noteworthy that the changes
in the fatty acid compositions of the various lipid fractions and the
gross changes in the amounts of these lipids are two processes
occurring in parallel.

The results for neutral lipids and glycolipids suggest that
waterlogging inhibits the synthesis of almost all the characterised
fatty acids and greatly enhanced the synthesis of a set of low
molecular weight compounds in both cultivars. The largest amount of
these compounds was found in the glycolipid fraction. The results for
the phospholipid fraction showed no significant changes in the

relative proportions of saturated and unsaturated fatty acids in the

cultivar MNH~93 and no formation of the low-molecular-weight

compounds. In S-12, however, waterlogging stimulated the formation of
these low molecular weight compounds in the phospholipid fraction and
reduced the proportions of almost all the characterised fatty acids

accordingly. Vartapetian et al. (1978b) reported a greater proportion

of short chain fatty acids (C12:0 and C14:0) in the lipids of

coleoptiles from seedlings grown in a media deprived of oxygen. Misra
et al. (1986) observed that submerged mangrove plants synthesize

proportionately more short carbon chain hydrocarbons and n-alcohols.
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They further suggested that this is probably necessary for the leaves
to maintain proper flexibility under water. It may therefore be a
general response of plant tissues to waterlogging and anaerobic
conditions. It should be noted that the hydrocarbons and alcohols

reported by Misra et al. (1986) are likely to be located in the cell

wall and not in cellular membranes. It is not known whether the

appearance of the low molecular weight compounds in the present study
is due to their de novo synthesis, but it is hard to imagine how such

large accumulations could occur by other means. Young and Anderson

(1974) reported short-chain fatty acyl-CoA synthetase activity,

present in dry, ungerminated seeds of Pinus radiata, remained at
approximately the same level for 11 days after imbibition. We can

expect a similar activity to be present in cotton seeds and be
stimulated under waterlogging conditions.

In addition to the synthesis of the low molecular weight
compounds (fatty acids ?), waterlogging also caused the accumulation
of a relatively large amount of a high molecular weight compound in
the neutral lipid, glycolipid and phospholipid fractions (data not
The greatest amount was again found in the glycolipid

presented).

fraction. In this context, our earlier results (Chapter 6) suggested

that long-term waterlogging (12 hour or more) damaged the cotton

roots. It might be that this high molecular weight compound(s),

together with the unknown low molecular weight compounds, play a role
in membrane disruption and finally tissue damage. Alternatively, they

may have a protective role. The present experiments are unable to

choose between these two possibilities.

It is obvious from the present results that, at the end of the

recovery period following waterlogging, the amount of combined acyl

lipids in the cultivar MNH~93 remained significantly below the 72
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hour control value, while the level in cultivar S-12 was significantly
higher than its 72 hour control. The patterns for neutral lipids and
phospholipids were similar, but unfortunately the statistical
significance of these patterns could not be demonstrated.

Nevertheless, from these results, we might anticipate that S-12 is a

relatively waterlogging-tolerant cultivar compared with MNH-93,

because it can maintain higher membrane lipid levels under stress
conditions. Similar results were obtained from the root growth data

(see Section 6.3) where S-12 was a relatively better cultivar under

short-term waterlogging conditions.
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CHAPTER NINE



Chapter Nine

Summary and General Discussion

The experiments described in this thesis were undertaken to

study changes in the physiological and biochemical properties of

cotton seedling roots with respect to high temperature and

waterlogging treatments. In the case of seedling roots subjected to
high temperature stress, these properties were root growth, fresh
weight, dry weight, total phospholipid levels, (Me—“C) choline uptake
and incorporation into phospholipid and fatty acid composition. In the
case of seedlings subjected to waterlogging, root growth, respiratory

activity and fatty acid composition were studied. It is clear from

these studies that both high temperature and waterlogging

significantly damage cotton seedling roots and affect their
physiological and biochemical activities.

It is quite obvious that both of the cultivars studied (MNH-93
and Qalandari) behaved similarly with respect to their root growth at
normal germinating conditions (25°C). Following a 2 hour heat shock,
given after 48 hours germination at 25°C, both cultivars showed an
increase in root growth for stresses up to 30°C but they responded

differently when stressed above this temperature. Cultivar MNH-93

performed well up to about 38°C, whilst Qalandari showed an inhibition

at temperatures of 35°C and above. Both cultivars failed to grow

following post-germination stress at 40°C and above. A stress

temperature of 45°C was lethal to both cultivars. Thus, MNH-93
appeared to be more heat tolerant than Qalandari. Careful statistical
analysis of the data indicated, however, that the difference was small

and very difficult to prove. Fresh weight and dry weight values were

only determined for MNH-93, but they confirmed the findings of the
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root growth measurements for that cultivar.
Investigations reported in Chapter 4 in which total phospholipid

levels were determined in the cultivar MNH-93 showed that, as

germination proceeds, there is a continuous increase in total

phospholipid levels. A 2 hour heat-shock to seedlings, after

germination for 48 hours at 25°C, caused a reduction in total

phospholipids levels. Stress at up to 40°C resulted in an

insignificant reduction, but stress temperatures above 40°C caused a
loss of phospholipids possibly due to its severe effects on membrane
integrity. Although these results suggested that longer roots are less
affected than the shorter roots, the differences were very saall and

statistically insignificant. Similar effects of temperature were found

with respect to fresh and dry weights. In fact, a high degree of

correlation was observed between changes in root length, fresh weight,

dry weight and total phospholipid levels. Between any pair of

variables, the coefficient of correlation (r) was greater than 0.95.
In other words, all were affected in the same way by temperature. It
seems obvious that all the parameters are different aspects of a

general effect of temperature on seedling development.

Each of four cultivars showed different rates of (Me-“C) choline
incorporation into PC under normal germinating conditions at 25°C. The

cultivars MNH-93 and Qalandari had higher rates than the other two

cultivars Rehmani and S-12. In MNH-93 at least, longer roots

incorporated more (Me—“C) choline than shorter roots. At stress

temperatures up to 35°C, there were still differences between

cultivars. Above this temperature, the rate of synthesis of PC

(choline incorporation) decreased with increasing teamperature. At

50°C, more than 80% of the activity was lost in all the four cultivars

studied. In general, despite the above differences between the
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cultivars, no significant differences were found between the four
cultivars with respect to the temperature effects above 35°C.
Esterified fatty acid levels in both MNH-93 and S-12 increased

with increasing germination time at 25°C reflecting increases in the

levels of neutral and polar lipids. Increasing germination also

resulted in increases in the proportion of unsaturated fatty acids and

decreases in saturated fatty acids. Heat shock for 2 hours caused

increases in neutral lipid and glycolipid levels and a small decrease

in phospholipid content compared with untreated tissue. The situation

for both cultivars were similar. High temperature also enhanced the

synthesis of saturated fatty acids and suppressed the synthesis of

unsaturated fatty acids. A great increase of free fatty acids was

found in MNH-93 but not in $S-12 at the end of the recovery following
heat shock. In this respect, cultivar S-12 appeared to be relatively
better cultivar than MNH-93, in light of the belief that free fatty

acids are damaging to cellular structures especially membranes.

It is clear from all the data obtained that, there were some

differences between cultivars following post-germination high

temperature stress. In some experiments (for example root growth

MNH~93 appeared to be a better cultivar, while in

measurements),
another experiment (fatty acid analysis) S-12 appeared to be the

relatively ©better cultivar. All of these differences were very

and near to the limits of significance. We must

small, however,

conclude that there were no real differences between the cultivars

studied.
Waterlogging had a profound effect on root growth in the all the

four cultivars. A 6-hour waterlogging treatment caused variable

effects, while waterlogging for 12 hours or more greatly damaged the

root system. Waterlogging for 24 hours stopped further root growth
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completely, followed by a breakdown of root tissues. This treatment
caused great damage to almost all the seedlings. In terms of both root
growth and visible damage, S-12 was clearly a more tolerant cultivar

than MNH-93, Rehmani or Qalandari. Aerated waterlogging also caused

reductions in root growth in two cultivars studied (Qalandari and

S-12). These reductions were much lower than those seen in the

waterlogging without aeration. In this treatment, no visible damage

to the roots was seen.

Waterlogging caused large reductions in respiration rates., The
reduction was much greater in Qalandari than in S-12. During recovery

following waterlogging treatments, Qalandari recovered its respiratory

activity much faster than the cultivar S-12, however. In this

respect, Qalandari appeared to be a slightly better cultivar than

8-12. The pattern was very similar for long and short roots in both

cultivars.
Fatty acid analysis following waterlogging showed changes in

both their levels and their relative composition. Thus, seedlings

waterlogged for 6 hours showed a marked increase in the amounts of
esterified fatty acids; the increase was greater in the cultivar S-12
than in MNH-93. The results also showed that waterlogging enhanced the

synthesis of a set of low molecular weight compounds and suppressed

the synthesis of all the "normal" fatty acids. Cultivar §-12

synthesized a higher proportion of these low molecular weight

compounds than MNH-93 did. During recovery following waterlogging, a

reduction in the level of phospholipid fatty acids was observed in the

cultivar MNH-93, whilst a small increase was found in 8-12. A

significant increase in free fatty acids was observed in MNH-93 but
not in 8-12. These results suggest that S-12 is a relatively better

cultivar than the MNH-93, because it can synthesise meabrane
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phospholipids better after imposition of stress conditions and because
it does not accumulate free fatty acids.
It is clear from the data obtained following post-germination

waterlogging stress that there were some differences between

cultivars. In some experiments (for example root growth measurements
and in fatty acid analysis), S-12 appeared to be a relatively better

cultivar, while in another (respiratory activities) Qalandari showed

better tolerance to waterlogging. Since root growth, fresh weight

gain and dry weight gain are measuring the overall response of the

roots to stress, they must carry the greatest meaning. They suggest

that S-12 is more tolerant than the other three cultivars to

waterlogging.

The large variability in root length and root growth rate within
single seed lots of all the cultivars studied has been noted. This was
quite clear from the standard deviation values for the roots in a
seedling lot, which lay between 30 to 50% of the mean root length
values. Obviously, there was a large heterogeneity in seedling vigour
in the seed lots studied. Such variability is a common property of
cotton. Genetic causes are less likely to be involved. Several other
factors may be responsible for causing this, including biotic and
abiotic effects. This variability should be of great concern to the
cotton industry. The establishment of a population of vigorously
growing seedling is one of the first pre-requisite of crop production

(Christiansen and Rowland, 1981). A farmer may fail to achieve his

prime goal of harvesting a good crop, due to non-uniform seedling

emergence and even the inability of some seedlings to emerge under

unfavoursble environmental conditions. Heydecker (1972) stated that

those seeds which produce seedlings with faster growth rates are

better ones, because they can sustain their growth in unfavourable
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growing conditions and ultimately produce higher yields. These general

relationships between vigour, tolerance to stress and ultimate crop

vield have been demonstrated for several species. It is therefore

surprising that the present study revealed little or no differences
between cotton seedling quartiles with respect to their heat tolerance
or their tolerance to waterlogging. This suggests that, in the case of

cotton, germination vigour on the one hand and heat tolerance or

waterlogging tolerance on the other hand are not directly related to

each other.
The amount of storage materials present in a seed and the

efficiency with which they are mobilised are all important aspects of

seedling growth and development. Seedling establishment is

significantly influenced by the quality of the seeds that are planted

(Kreig and Bartee, 1975; Leffler, 1981). Several factors, including

preharvest deterioration in the field, premature harvesting of seeds
and post-harvest deterioration due to poor storage conditions, may
adversely affect the physiology and biochemistry of the seed and hence

its quality. Gipson (1970) reported that cottonseed produced under low

night temperatures (10-15°C) are small, light in weight and of poor

quality. Several other workers reported that storage under poor
conditions such as high temperature and high relative humidity
severely reduces the physiological quality of cotton seed and reduce

viability. Rajana (1972) reported that heat injury to cotton seed can

occur during any of the several stages and operations from harvest

through to final packaging of the processed treated seeds. It is most

likely to occur, however, between harvest and ginning when the cotton

seeds are stored in trailers or field houses and during the bulk

storage of cotton seed after ginning.

In cotton, the cotyledons supply important nutrients to the
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growing seedlings. Plants contain about 13 mineral elements, which

play essential roles in metabolism, growth and development and

ultimately successful reproduction (Epstein, 1972; Rains, 1976;

Marschner, 1986). These elements form either an integral part of the
cellular structure or they are essential for providing conditions

required for metabolism. For example, nitrogen is a essential

constituent of proteins and potassium is essential for ionic and
osmotic regulation in the cell (Leigh and Storey, 1991). In addition
to supplies from the cotyledons, the rapidly growing radicle must also
obtain adequate amounts of calcium from the surrounding environment in

order to prevent leakage of other solutes and maintain nutrient

transport generally. The presence of calcium is essential, for

example, for the uptake of potassium by cells (Lauchi and Epstein,

1970). The observations of Yoshiyoki et a&l. (1990) indicated that

calcium prevents the leakage of intercellular potassium and thereby

supports the elongation of roots. Mineral ion exchange thus greatly

affects the further development of seedlings via several metabolic

processes.

At the cellular level, vigour and viability depend on the

integrity of cellular processes such as DNA replication and

transcription, protein synthesis and the functions of subcellular

organelles and membranes (Bradbeer, 1988). It is likely that seeds

stored for long periods or under adverse conditions are more likely to
suffer peroxidative damage (Simon, 1974) leading to disturbance of the
basic biochemical processes. Seeds of soybean and pea stored at high
temperature and high relative humidity have reduced total phospholipid
contents, in particular reduced phosphatidyl choline and phosphatidyl

ethanolamine (Priestly and Leopold, 1979; Powell and Metthews, 1981).

In pea seeds (Herman and Mattick, 1976) soybean (Steward and Bewley,
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1980) and peanut (Pearce and Abdel Samad, 1980) the unsaturated fatty
acids decrease during ageing. As seeds age, they germinate more
slowly, they respire more slowly and they are more susceptible to

diseases. These authors suggest that the above changes indicate

membrane destruction, which reduces the viability and eventually leads

to the death of the seed. Extending these observations to cotton

seedlings, there is the expectation that the more vigorous roots

(first quartile) might contain more phospholipid than the less

vigorous ones (second and third quartiles). In fact, there was such a

difference on a per root basis. When phospholipid levels were

calculated on a per gram fresh weight basis, however, there were no

significant differences between the quartiles. Therefore, tissue

phospholipid levels in the cotton roots do not reflect seedling

vigour.

Since seed quality plays such an important role in seedling
development and subsequent plant growth, the world-wide demand for
high quality cotton seed is increasing. Techniques to differentiate
between seeds with poor and good vigour should therefore be developed.
A study should be undertaken to select seeds according to their size,

harvesting conditions, storage conditions etc., and to correlate these
functions with germination vigour. The present study provides an

excellent basis for the development of sunitable seed testing

procedures.

As mentioned in the earlier part of this chapter, there is a
high correlation between root length, fresh weight, dry weight and
total phospholipid levels. In future, many more cultivars could be
screened to select the best ones on the basis of their seed quality by
measuring especially root length, fresh weight and dry weights. The

measurement of electrolyte efflux would also provide valuable
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information about seed quality. Sethar (1993), working on cotton

roots, reported that the electrolyte efflux from low vigour seeds was

considerably greater than that from high vigour seeds. The

determination of total phospholipid levels and (Me—“C) choline

incorporation could provide excellent information about seed quality,

but these techniques are quite expensive and relatively time

consuming.

Although temperature change in sub-tropic regions, such as

Pakistan can be rapid, plants in the field are not normally exposed to

a temperature shock as such, but to a relatively gradual increase in

temperature during the diurnal cycle (Howarth, 1991). During the

present study, sudden temperature stress were given to the seedling
roots. In the future, a study involving gradual increase and decreases
in temperature should be performed to determine changes resulting from
"real" diurnal rhythas.

Although the present study of the cotton plant has been mainly
carried out on seedling roots, an extension of the study is desirable
in order to evaluate heat shock tolerance (and also waterlogging
tolerance) at the later stages of developament. This is particularly
important since pollen development and seed set are believed to be
particularly sensitive to heat stress.

The present finding that cotton seedlings grow well up to 30°C

but are adversely affected by higher temperatures agree with reports

from other researchers. Pearson et al. (1970) reported an optimum

daily temperature range from 25 to 30°C for maximum seedling growth in

cotton. Observations reported by several workers (Tharp, 1960; Gerard,

1971; Wanjura and Buxton, 1972; Sethar, 1993) also confirm our

findings that cotton radicle elongation is inhibited above 38°C. The

mortality of the majority of the roots following temperature stress at
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45°C in our studies was without doubt associated with the death of
root cells due to extensive physiological damage including cell
membrane damage leading to tissue dehydration. Murtazi and Portnova

(1971); Kharlamov and Moesienko (1992), working on wheat seedlings,

reported that mitotic cell division is inhibited at temperature

between 36 and 48°C. Peacocke and Walker (1962) reported that nucleic
acids like proteins can also be denatured by heat. Levitt (1980)
explained that, with few exceptions, the guanine and cytosine contents

of rRNA tend to increase and the adenine and uracil contents decrease

with increasing temperature. This suggests that disturbance of nucleic

acid metabolism occurs.
Prolonged growth at non-optimal temperatures alters the
plastochrone and often changes in the morphology of the plant (Thonmas,
1983). Changes in temperature to either lower or higher temperatures
can have profound effects by slowing or hastening the cell cycle
(Francis and Barlow, 1988). This in turn affects the duration of the
cell cycle and ultimately the growth of the plant. The work of Francis
and Barlow further suggests that the rate of cell division alters with
changes of temperature in a tissue and species-specific manner. The

temperature at which the mitotic cycle has a minimum duration (the

optimum temperature) is, for example, 28°C in Vicia faba and 32°C in
Allium cepa (Grif, 1981). The cycle is prolonged at above or below
these optima. Thus, at extreme temperatures the high coupling which
exists between nuclear division and cell growth may be dissociated
(Francis and Barlow, 1988). This may have been a major reason causing
reduced elongation and finally a general mortality of cotton roots at
high temperatures. Similar studies can also be conducted in future to

see the effect of temperature on the cell cycle in cotton roots.

Differences in the total phospholipid levels between longer and
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shorter roots was apparent at every stage of germination. The levels
rose in all the roots during germination reflecting the requirement
for extensive synthesis of phospholipids associated with cell
elongation and the production of new cells by cell division.
Phospholipid forms the bulk lipid in wmembrane systems, such as
endoplasmic reticulum, mitochondria and plasma membranes (Hitchcock
and Nichols, 1971). The lower lipid levels in the shorter roots may be
due to a slower rate or delayed onset of cell division. Roots increase
in length mainly by cell enlargements rather than by cell division,
however (McDonnell, 1981). The rate of root elongation is greater in
longer roots than in shorter roots (Zainon, 1993). Longer roots have

a smaller number of cells but they are larger in size than those in

the shorter roots (Chachar, personal communication)., This suggests

that the higher phospholipid content of long roots arises because

larger cells have more membranes than the smaller cells.

In the present study, two hour heat shock caused a loss of

phospholipid possibly due to effects on membrane integrity. Evidence
from many sources suggest that loss of membrane integrity is a primary
response to high temperature stress in plants. This can be expected to
result in a loss of electrolytes and water from the cell, leading to
a loss of homeostasis and eventually death of the cell (Salisbury and
Ross, 1991). In this context, heat injury may also involve changes in
membrane proteins as well as in lipids. The reduction of lipid content
due to high temperature may cause extra carbon to be channelled into
protein accumulation. At low temperatures, Quinn (1988) reported that
growth usually results in an increase in the proportion of lipid to
proteins. Perhaps the opposite occurs at high temperatures. There is
also evidence that temperature-induced phase changes occur in the

lipid of membranes. The main consequences of such a phase transition
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are to increase membrane contraction and even cause cracking at low
temperatures, as suggested by Lyons (1973), or membrane expansion at
high temperatures. Tischner et al. (1978) found that swelling and
partial damage to the Golgi apparatus, endoplasmic reticulum and
especially mitochondria occur after heat-shock treatment. Niki et al.
(1978) described the importance of the endoplasmic reticulum and

Golgi apparatus in supplying lipid precursors for membrane assembly

and they state that an alteration in the normal function of the

endoplasmic reticulum, either in a reversible or irreversible manner,
may result in a serious change in the membrane metabolism of the cell
as a whole. They further added that an abrupt cessation of a
continuous supply of membrane building materials and/or the energy
which is necessary to maintain the integrity of the membranes may

cause decay of membranes such as the tonoplast and plasma membrane.

Several pieces of evidence suggest that high temperatures causes

denaturation of membrane-bound enzymes. Hydrogen bonding between

molecules of the membrane is important in maintaining membrane

integrity (Hale and Orcutt, 1987). High temperature is assumed to

weaken this hydrogen bonding (Hochachka and Somero, 1973) and it is
considered to be responsible for alterations in protein stability at
supraoptimal temperatures (Langridge, 1963). The subsequent loss of
enzyme regulation and build-up of metabolites to toxic levels may have
a damaging effect on cells exposed to high temperatures. Benzioni and
Itai (1973) reported that such damage to membranes will affect the
activities of membrane-bound enzymes as well as cospartmentation of
metabolites in the tissue. The latter effect might also cause a build-
up of metabolites to toxic levels.

High temperature results in the release of degradative enzymes.

Increased phospholipid breakdown due to high temperature may lead to
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still further lipid breakdown and one possible mechanism for this was
proposed by Galliard (1971) who reported that free fatty acids
released during 1lipid breakdown of homogenised cucumber fruits
stimulated further deacylation of PC and PE by lipolytic acyl
hydrolases. The free fatty acids and peroxides, which are the products
of lipid breakdown, have extremely deleterious effects particularly on
membranes when coupled with a loss of membrane components such as
proteins. The concentration of lipolytic enzymes is thought to be high
in the vacuoles and therefore any damage to the tonoplast will cause
further lipid breakdown in other membranes. In future work on cotton,
a study should be conducted to study the turnover of phospholipids
following temperature stress in order to understand breakdown rates.

The degree of fluidity of the cell membrane greatly affects the
ability of cells to survive and function. In the present study, it has
been shown that high temperature affects the fatty acid composition
and causes an increase in the proportion of saturated fatty acids and
decreased proportions of unsaturated fatty acids in polar lipids. The
greater fatty acid saturation may lead to decreased membrane fluidity,

as suggested by Thompson (1979), and affect the activity of the fatty

acyl desaturase enzyme (Brenner, 1984). Harris and James (1969 &

and b) suggested that temperature could also influence the rate of
fatty acid desaturation through an effect on oxygen solubility. Thus,
the changes in fatty acid composition in cotton following heat shock
may be due to changes in relative activities of enzymes including the
fatty acyl desaturase.

Waterlogging creates an anaerobic environment for roots. This
results in the disruption of root metabolism which may lead to induced
water and nutrient stresses. Many other effects such as reduction in

hormonal supply may result (Reid and Crozier, 1971; Leyshon and
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Sheard, 1974; Drew, 1983). Marschner (1991) reported that cessation of
mineral nutrient uptake is an immediate response to waterlogging.
Other changes in mineral ion movement may be directly damaging. In
waterlogged soil, Clarkson and Sanderson (1969) have shown that
primary cell walls in the root tip have & very low resistance to Al”
movement, apparently owing to the low exchange capacity, so that

aluminum ions rapidly penetrate to the meristematic cells and inhibit

DNA synthesis. Jons can also play positive role in enzyme functions,

as a structural component of the enzyme molecule (eg. Fe in

cytochrome) or simply as an activator (eg. K in pyruvate kinase).

Ionic imbalances, therefore, are peculiarly capable of disrupting

cellular activities.

Energy metabolism is, of course, central to all cellular

functions. A continuous supply of energy is required for all synthetic
and maintenance processes. Anaerobic respiration produces insufficient
ATP for growth and maintenance (Fitter and Hay, 1987). For exaample, it

produces insufficient energy for the initiation of S-phase (DNA-

synthesis phase) of mitosis in the root meristem {Amoore, 1962a and
b). Root extension rates depend on rates of cell division and
elongation. Lopez-Saez et al. (1969), working on roots of Allium cepa,
reported that the root extension rate is reduced from 21.3 to 8.8 mm
per day over of range of oxygen concentration from 0.2 to 0.02
atmospheres. They further reported that the retarded growth at the
lower oxygen concentrations is due to a slower production of new
cells. Elimination of oxygen may be the primary reason for reduction
in respiration rate during waterlogging. The cytochrome chain in the
root cells ceases to function in the absence of molecular oxygen, and
this in turn leads to the accumulation of NADH and the suppression of

Kreb’s cycle activity. The resulting build-up of acetaldehyde induces
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the synthesis of alcohol dehydrogenase activity which catalyses the
transformation of the acetaldehyde to ethanol. Jackson et al. (1982)
showed, however, that a low concentration of ethanol displayed little
toxicity to pea roots or even to cell protoplasts.

Changes in membrane lipid composition due to waterlogging can be
expected to modify meabrane lipid fluidity and alter permeability and

membrane transport processes. These effects are presumably similar to

those caused by heat shock. In mitochondria extracted from yeast

cells, degeneration under anoxia is closely associated with

interference in the synthesis of unsaturated fatty acids. This in turn
increases permeability of the inner mitochondrial membrane and causes
uncoupling of ADP phosphorylation from respiration (Quinn and Chapeaan,
1980). These may be reasons causing the reduced elongation,
respiration and consequently a general mortality of cotton roots under
waterlogging conditions.

The present study highlights the need to produce new cotton

varieties suited to the extreme growing conditions experienced in

Pakistan. During the cotton growing season in Pakistan, the

temperature often reaches 40-50°C. Under these conditions, crops such
as cotton will suffer and will have great problems in maintaining
physiological and biochemical integrity. Therefore, there is a great
need to identify or to breed plants with high temperature tolerance.
Unfortunately, the results obtained during the present study show that
there is little difference between the Pakistan cotton cultivars in
this respect. In summers in Pakistan, soil waterlogging after planting
is not uncommon as a result of over-flowing of river-banks, heavy
rainfall and sometimes over-irrigation. Under these conditions, summer

crops including cotton suffer from anaerobiosis and will have

difficulty in maintaining growth. Maintenance of growth under these
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conditions requires that plants should possess roots with properties
which can allow tolerance to anaerobic conditions for a limited time.
Several forms of roots generation occur in flooded plants. The most
common type of regeneration is the development of roots on the stem
above the s80il usually within the flood zone. They are called
adventitious water roots. This type of root has been observed on many
species such as tomato, sunflower and maize which tolerate flooding or
recover from flooding damage quickly and completely. Sena-Gomes and
Kozlowski (1980b) found that Fraxinus pennsylvanica seedlings with
adventitious water roots have higher water-absorbing efficiency than
those seedling without adventitious water roots. They further reported
that there was a correlation between adventitious water roots and
stomatal reopening. In some species, flooding induces the formation of
aerenchyma in developing roots. A rapid rate of oxygen diffusion is

possible by the presence of large, continuous air spaces in the root

cortex, which in some cases are permanent features of the roots (eg.

rice, John, 1977). In addition, the development of aerenchyma may

improve root aeration by reducing the volume of respiring tissue (i.e.
root demand for oxygen). Most of these properties of root aerenchyma
development and regeneration after flooding unfortunately are not well

developed in cotton (Reicosky et al., 1985), which is a semi-arid zone

plant., It would, however, be of great advantage if modern genetic

techniques could be used to incorporate some of these properties.

It seems that genetic variation for stress tolerance within a

single species is often limited particularly in the cultivated

G. hirsutum cotton. Greater variation may exist in diploid species
(old-world cotton) and their wild relatives, however. Tissue culture
and molecular biology are two important and interesting components of

plant biotechnology, which may be used to transfer genes between
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species. The successful development of these new techniques have made
it possible to generate improved plants resistant to environmental
stresses (Mirza and Shaikh, 1983). The development of recombinant DNA
technology and its application to plants has provided opportunities
for the investigation and understanding of the molecular basis of

plant development and for the identification and cloning of the

desirable plant genes. The successful routine use of Ti plasmid of

Agrobacterium tumefaciens to introduce foreign genes stably into plant
cells has created unparalleled opportunities for the molecular genetic

manipulation of dicotyledonous plants. In the case of cotton

(G. hirsutum), several workers, for example, Firoozababy et al.

(1987), have reported that cotyledon tissues can be efficiently
transformed and plants regenerated that express the newly incorporated
genes., With the help of these techniques, improved properties (stress
resistant) can be transferred from wild species and from diploid

species of cotton to the cultivated species (G. hirsutum L.).
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