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SUMMARY

Research studies reported in this thesis were performed to investigate the effects of salinity
and sodicity on gas exchange and growth of different wheat varieties having contrasting salt
tolerance. The research was conducted to identify the traits responsible for imparting salt
tolerance or salt sensitivity in wheat. Experiments were conducted under saline and sodic field
conditions and in greenhouse in solution culture with acidic and alkaline reaction.

There was a broad variation in salt tolerance in various wheat varieties used in different
experiments. Salt tolerance mostly depended on the ability of different cultivars to exclude Na”
and CI' and to retain K'. Different wheat varieties responded differently to salt stress. SARC-1
and Kharchia-65 showed better performance than the salt-sensitive variety Punjab-85 in solution
culture as indicated by their ability to maintain higher leaf area, dry weight and relative growth
rate, at 150 mol m™ NaCl stress. At 150 mol m™ NaCl stress, hundred grain weight in Kharchia-65
was lower than SARC-1 and PAK-81 although its leaf area and dry weight was the highest. This
suggested the presence of some inhibitory mechanism which hindered the translocation of
assimilates from the leaves to the seeds at high salinity.

LU268S proved to be the most salt-tolerant variety and gave the highest grain weight per
spike under saline and sodic soil conditions as indicated by its lower Na" uptake, higher K*/Na*
ratio, higher Pn, higher dry weight of shoots and spikes and better grain development (100 grain
weight). High Na" uptake, lower K'/Na" ratio, lower dry weight of main shoots and spikes and
lower 100 grain weight seemed to be the main reasons for salt-sensitivity in Punjab-85.

Punjab-85 which was the most salt-sensitive variety in the glasshouse and saline soil
conditions showed medium tolerance to sodicity possibly due to smaller effects on its yield
components. Kharchia-65 is a salt-tolerant variety but it did not prove tolerant to sodic conditions
indicated by its failure to maintain flag leaf area and dry weight under very dense sodic soil
conditions. Pooled data for grain weight per spike for the ten wheat varieties tested under sodic
soil conditions showed little correlations with Na', K* contents of the flag leaves and K'/Na®
ratios. Greater uptake of Na" and lower uptake of K* was noted in the wheat varieties sown in
sodic soil than those in the saline soil.

NaCl salinity decreased the rate of net photosynthesis by affecting stomatal and non-
stomatal factors. In the salt-sensitive variety, the effect of age seemed to be due to non-stomatal
factors which seem to be influenced by excessive concentrations of Na™ and CI' in the leaves.

Fitting a rectangular hyperbola model for Pr/I response curves gave a good fit but the
calculated values for Pn,_,, were 32-66% higher as compared to actual observed values. Under
salt stress, overall photosynthetic productivity was higher in LU26S than in Punjab-85 as indicated
by its higher Pn_,, , higher a, lower I, and lower observed R , particularly in the older leaves.

The experiment conducted on SARC-1 variety under alkaline pH conditions provided
some evidence that the effects of salinity on Pn, growth and uptake of toxic ions are greater at
high pH of the growth medium (pH 8.5) than at low pH (pH 5.8). Percentage decreases in most
of the growth parameters by salinity, and increases in concentrations of toxic ions (Na" and CI)
were also greater at high pH than at low pH. These effects were not so severe when the same
experiment was repeated with LU26S and Punjab-85 at pH 8.

High salinity caused an increase in Na" and CI', and a decrease in K*, Ca**, Mg**, K*/Na*
ratio, Zn**, Fe?* and Mn**. High pH induced an increase in Na* , K* , CI', K*/Na* and a decrease
in Zn*, Fe*" and Mn?". Generally, weight of grains per plant and 100 grain weight was
comparatively greater in LU26S.
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CHAPTER 1

GENERAL INTRODUCTION

1.1  Nature and Extent of Salinity

Accumulation of excessive salts in the root zone affects plant growth adversely and such
soils are classified as salt affected soils. Salinity is wide spread and is an important factor in world
agriculture especially in the arid and semi-arid regions. Estimates for the extent of salt-affected
land in the world vary a lot and the area has been put variously between 340 and 950 x 10°
hectares (Flowers et al. 1986). The soluble salts that occur in soils consist mostly of different
proportions of the cations sodium, calcium, magnesium, potassium and the anions chlorides,
sulphates with minor amounts of bicarbonates, carbonates and nitrates. Salt affected soils occur
naturally in arid and semi-arid regions of the world (Backlund and Hoppes, 1984). The original
and, to some extent, the direct source of all the salts are the primary minerals found in the soil and
in the exposed rocks of the earth crust. During the process of chemical weathering , which
involves hydrolysis, hydration, solution, oxidation and carbonation, these constituents are
gradually released and made soluble. The ocean may be the source of salts in soils where parent
material consists of marine deposits that were laid down during earlier geological periods and
were uplifted later on. The oceans are also the source of salts in certain low lying areas of the
world along the margins of sea coasts. The salts may also be moved inland through the
transportation of sea spray by winds. More and more land is being brought under irrigation to feed
the ever increasing population of the world. All irrigation waters which are used for irrigation
contain varying amounts of dissolved salts. Significant amounts of salts continue to be added to
the soil with irrigation water which is also a major cause for soil salinity. The twin menace of
water logging and salinity in the Indus basin is one of the major problems related to irrigated
agriculture in Pakistan. These two problems are also found in other parts of the world.

Salt affected soils are classified in different classes according to the nature and severity

of the problem.

1.1.1 Saline soils

Soils containing abundant amounts of soluble salts which can hinder the germination and
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growth of most crop plants, but not containing enough exchangeable sodium to affect the soil
properties are called 'Saline soils'. The electrical conductivity of the saturation extract (EC,) of
saline soils is 4 or more than 4 dS m™, and the exchangeable sodium percentage (ESP) is less than
15. The pH of the saturated paste is less than 8.5. These soils are generally recognized by the
presence of a white salt crust on the surface. These soils have a good structure and are well
flocculated. Their permeability to water is either greater than or equal to that of similar non-saline

soils.

1.1.2 Saline-sodic soils

With increase in soil pH and salt concentration due to evaporation from the bare surface,
there is a tendency for calcium and magnesium in the soil solution to precipitate as carbonates and
sulphates. The precipitation of these soluble salts increases the proportion of sodium in the soil
solution and consequently there is an increase in the amount of exchangeable sodium on the soil
exchange complex. Such soils have an ESP of 15 or more and an EC, of more than 4 dS m™. The
pH is usually greater than 8.5. In the presence of excess soluble salts their appearance is similar
to those of saline soils. Soluble salts tend to flocculate soil particles, while exchangeable sodium
tends to disperse and deflocculate the soil and thus decreases its permeability to air and water.

In these soils, the plants suffer due to osmotic effects as well as toxic effects of sodium.

1.1.3  Sodic soils

Soils containing sufficient exchangeable sodium to affect its physical and chemical
properties, seedling emergence and plant growth adversely but not containing appreciable
quantities of soluble salts are called sodic. The ESP of sodic soils is 15 or more and the EC, is less
than 4 dS m™. The pH is usually greater than 8.5. Since the soils are generally dispersed;
infiltration, drainage and aeration are poor. Because of dispersed soil condition, it becomes
difficult to maintain good tilth for optimum seed germination, seedling emergence and plant
growth. Because of low infiltration it also becomes rather difficult to replenish the water supply

in the root zone by irrigation.

1.1.4 Extent of Salt-affected and Waterlogged soils in Pakistan

There is a lot of controversy about the extent of salt-affected soils reported by various
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agencies in Pakistan (Muhammed, 1981), especially the ones that fall within the culturable canal
command area (Mian and Ali, 1980). According to one estimate (Muhammed, 1993), about 5.7
million hectares of land is affected by salinity in irrigated areas of Pakistan (Table 1.1) which
constitutes about 39% of the total irrigated area (14.3 million hectares) of the country. According
to another estimate by the Water and Power Development Authority (WAPDA), about 30% of
the irrigated area of the Indus basin is affected by different levels of surface soil salinity.

Table 1.1: Extent and categories of salt-affected soils (1000 ha)

Province Saline Saline-sodic Sodic | Total Gypsiferous
Permeable | Impermeable Saline-sodic
Pumab | so4s | 12253 | sses | - | asse2 | 12
% 19.5 47 4 33.1 - 100.0 22
Sind 3423 | em1 | ams | 82 | a2 | 30
% 57.8 29.0 12.0 1.2 100.0 18.9
Nwee | osoe | s2 ) osal - | seo| 62,
% 97.2 1.0 1.8 - 100.0 1.2
Baluchistan | 1750 | 1250 | 44 | - | 3044 | 900
% 575 41.4 1.4 - 100.0 29.6
Pakistan 25233 2028.6 1147.7 282 5727.8 4925
% 44.1_ 354 20.0 0.5 1(10.0 8.6

Source: Compiled from Soil Survey of Pakistan reports (1967-79) by Muhammed (1983).

The performance of crop plants is expected to be different under different types of salt
stresses. Crops need to be evaluated regarding their performance under these conditions for
proper utilization of the vast salt affected areas of the world for food production.

A lot of research work has been done in Pakistan and else where for better crop
production from salt-affected lands. The strategy of selection of salt-tolerant crops is a
comparatively recent approach in this regard.

Different approaches have been made to tackle the problem of salt-affected soils. Efforts
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have been made to reclaim these soils by leaching (saline soils) or by leaching in combination with
appropriate chemicals (saline sodic and sodic soils), provision of proper drainage and adopting
suitable biological approaches (Richards, 1969; Flowers et al. 1977, Oster et al. 1984, Maas,
1984, 1986, Qureshi ef al. 1993). The biological approach is comparatively recent and currently,
a lot of research work is being done to investigate different aspects of responses of plants to
environmental stresses. Wheat is the most important and extensively grown cereal crop in the

world, hence it was selected for the studies reported in this thesis.

1.2 Importance of Wheat in Pakistan

Wheat is the main staple food crop in many parts of the world including Pakistan. The
agricultural economy of Pakistan is dominated by relatively few crops, primary among them being
wheat. In 1987-88, about 7.7 million hectares were under wheat which gave a grain yield of about
14.4 million metric tonnes (Government of Pakistan, 1988). In spite of this yield, domestic needs
are often met through imports from other countries. According to another estimate, wheat
cultivation encompassed roughly 54% of the national area devoted to crop production in 1992/93,
and has no substantial competitor during its winter growing season (Shean, 1993). Total wheat
output in 1993/94 was approximately 15.5 million metric tons. Its importance becomes more
evident when we find that a major portion of rice production which could be consumed as food,
is exported to earn foreign exchange.

Population of Pakistan was 124.4 million in 1994 (Government of Pakistan, 1996).
Current population of the country is estimated to be 140 million people, which is growing at a
very fast and alarming rate of 2.9% and is among the highest in Asia. The projected population
for the year 2020 is 262 million when it will rank as the fifth largest nation in the world. To feed
this ever increasing population, the government is facing a continuous challenge for improving
the basic infrastructure for sustained agricultural production. To cope with the food requirements
of increasing population, output per unit area has to be increased. As good agricultural land and
good quality irrigation water are limited, there is only one option to bring the salt-affected areas

under cultivation, by using irrigation waters of marginal quality.

1.3 General Effects of Salts on Plant Growth
Salinity causes stunting of plants (Bernstein, 1975) and their colour may change to dark




5

green as compared to the plants growing under normal conditions (Marschner, 1986). Leaves are
smaller, though they may be thicker than those of normal plants (Bresler ef al. 1982). There is
often a reduction in the root and shoot growth, leaf area, tillering and biomass production
(Kemal-ur-Rahim, 1988; Igbal, 1992, Ahsan, 1996). The number of effective or productive tillers
(ear bearing tillers) have been reported to be decreased seriously by salt stress (Haqgani ez al.
1984). Responses of cereals to salt stress differ at different growth stages and according to the
time, duration, intensity and type of the stress. Plant growth has been reported to be affected by
type of salinity (dominated by CI" or SO,’) and the duration of exposure to it (Marschner, 1986).
Salinity affects the growth and expansion of individual leaves rather than reduction in the rate of
production of the new leaves (Terry and Waldron, 1984; Igbal, 1992). The number of leaves and
leaf area are decreased indirectly by salinity through decrease in the number of tillers per plant.
A reduction in leaf area limits the yield by limiting the area available for photosynthesis (Wyn
Jones and Gorham, 1989). Photosynthesis in plants growing in saline media, may also be
decreased through increased salt concentration in the leaves which results in accelerated

senescence.

1.4  Effects of Salinity and Sodicity on Wheat Growth

Wheat is classed as a moderately salt tolerant crop (Richards, 1969; Bresler ef al. 1982;
Maas, 1984) and its yield starts to be affected above an EC of 6 dS m™. It is also reported to
exhibit a certain degree of tolerance to sodic conditions (Bresler ez al. 1982) but its growth is
stunted at an ESP of 40-60 which is mostly due to adverse physical conditions of the soil. Salt
tolerance in crops such as wheat and barley is largely determined by their ability to exclude
sodium and CI from their shoots and their ability to maintain high shoot K* concentrations. This
implies the operation of transport processes which discriminate against Na* and for K* (Gorham,
1994). Kirkby and Mengel (1967) reported that changes in pH of the nutrient medium and the
type of nitrogen supplied affected the ion uptake of plants.

The ability of the wheat crop to tolerate moderate levels of salinity at germination and
emergence has been well documented but the physiological mechanisms of salinity tolerance are
not so clear (Kemal-ur-Rahim, 1988). Considerable increase in sodium contents of wheat plants
grown in salt-affected soils or in solution culture containing NaCl, have been reported by many

workers (Gorham et al. 1986; Sharma, 1989, Kingsbury and Epstein, 1986, Azmi and Alam,
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1990, Padole, 1991; Salim, 1991, Gill et al. 1992). Salinity also causes an increase in chloride
content of the wheat leaves (Kingsbury and Epstein, 1984, 1986; Rawson, 1986). Excessive Na*
in the sodic soil may exert important secondary effects on plant growth through adverse structural
modifications of the soil.

Reduced uptake of Zn*", Mn®" and Fe** were reported by salinity and/or sodicity stress
in wheat (Padole, 1991). In a pot study, Srivastava and Srivastava (1993) found that as soil pH
increased from 7.2 to 10.3, levels of water soluble and exchangeable Fe** decreased while levels
of iron oxides increased. Internal concentration of above mentioned micronutrients considered
adequate for most of the crop plants are 20 mg/kg for Zn**, 100 mg/kg for Fe** and 50 mg/kg
for Mn*" in dry weight (Salisbury and Ross, 1991).

1.5  Osmotic Effects on Leaf Growth

There is ample evidence to prove that an increase in osmotic pressure of the soil solution
results in a decrease in water uptake by the plant roots (Richards, 1969). In addition to this, soil
moisture tension increases as the soil becomes drier and this negative effect is apparently additive
to the osmotic pressure. Delane et al. (1982) and Munns ef al. (1982) also proposed that water
deficit caused by salinity stress in the expanding tissues was responsible for a reduction in growth.
Leaf cell turgor has been described as a major factor influencing plant growth (Hsiao, 1973).
During stress, water potential of both leaves and spikelets are reduced in wheat and leaf turgor
may approach zero (Morgan, 1980). Termaat et al. (1985) applied pneumatic pressure to the
roots to raise the turgor of the leaves and concluded that shoot turgor alone was not regulating
the growth of the NaCl affected plants. They further postulated that a message coming from the
roots may be responsible for regulating the growth of the shoot. Munns and Termaat (1986)
reported that leaf growth is more sensitive to salinity than root growth. In salt stressed plants,
growth reduction occurs in two phases (Munns ez al. 1995) . In the first phase, growth is reduced
by osmotic strength of the salt solution outside the roots, and thus affects all genotypes similarly.
The second phase would start only after salt had accumulated to toxic levels which may cause
injury and hence reduce the supply of assimilates to the growing regions. Genotypic differences

in growth are seen during this second phase.



1.6 Specific Ion Effect

The influence of excessive concentrations of salts on plant growth is an extremely complex
subject and involves many fundamental principles of plant nutrition (Richards, 1969; Bresler et
al. 1982). Salinity at non-toxic levels may suppress leaf growth without any apparent injury
(Rawson and Munns, 1984). On the other hand, it has also been reported that sodium and
chlorides when present in relatively small concentrations, may stimulate the productivity of certain
crops (Richards, 1969). The specific effects of salinity on the leaf growth could be due to
excessive transport of Na® or CI" to the shoot, excessive transport of other ions such as
phosphates or inadequate transport of other ions e.g. K*, Ca**, Mg, NO,” or SO,* (Termaat
and Munns, 1986). Munns and Termaat (1986) suggested that nitrogen supply could be lower
after exposure to NaCl, as CI" inhibits NO,™ uptake. They further reported that carbohydrates
accumulate after exposure to salinity but rates of protein synthesis are decreased in NaCl treated
plants. In salt tolerant plants such as barley, roots can regulate the rate of salt transport in the
xylem (Munns, 1985). Aswathappa and Bachelard (1986) also reported that apart from the
general osmotic effects, the prevalence of certain ions such as Na“, CI', SO,*, Mg*, borates and
bicarbonates can be toxic to plants and the high pH often found in salt affected soils can induce
Fe and other micronutrient deficiencies. Of the various solutes found in cell sap of mesophtes, K*
is known to be a major component of the osmotic potential and to play an important role in
osmotic regulation of elongating cells, as well as cells with specialised functions such as stomatal

guard cells and motor cells (Morgan, 1992).

1.7 Salinity Effect on Gas Exchange in Wheat

Biomass production in plants depends on the accumulation of carbon products through
the process of photosynthesis. In wheat under field conditions, net photosynthetic rate varies
between 12-32 umol CO, m*s™ at 680-2200 umol m? s PPFD in various leaves (Rawson, 1986;
Kemal-ur-Rahim, 1988, Igbal, 1992). Respiration is important for synthesis of new material and
maintenance of tissues (King and Evans, 1967) and about half of the carbon assimilated during
growth of a wheat plant is respired.. During vegetative development, photosynthates produced
by early formed leaves, are partitioned predominately to emerging leaves, tillers and roots
(Rawson and Hofstra, 1969), and spike growth both before and after emergence from the boot
is supported mostly by photosynthates from the upper two or three leaves on the wheat plant. As
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growth cannot proceed for long without carbon, changes in patterns of photosynthesis and
respiration should reflect the responses of growth to salinity (Rawson, 1986).

Different physiological processes are involved to account for the reduction in yield due
to salinity in different crop species (Flowers ef al. 1986, Kingsbury and Epstein, 1986; Munns and
Termaat, 1986) and reduction in photosynthesis is usually related to decreased growth caused by
salinity. The effect of salt stress on photosynthesis in wheat is caused mostly due to increases in
stomatal and mesophyll resistance (Kingsbury ef al. 1984; Lawlor, 1976; Rawson, 1986).

Incident light intensity (PPFD) influences both rate and the PPFD at which light saturation
of photosynthesis occurs in wheat and other crops (Singh ez al. 1974). Plants grown at higher
PPFD have higher net photosynthesis rate per unit leaf area (Singh ef al. 1974; Winzeler, 1978;
Marshall and Biscoe (1980b); Kaiser, 1984; Igbal, 1992). Higher light intensities stimulate the
increased synthesis of leaf material, including photosynthetic enzymes (Singh e al. 1974). High
salt concentrations in the cytoplasm on the other hand may damage enzymes and organelles
(Lauchli and Epstein, 1984). Leidi e al. (1991b) reported a decrease in chlorophyll concentration
in the leaves of wheat with increase in pH of the culture medium containing NaCl.

There have been conflicting reports regarding the effects of NaCl salinity and high pH on
the gas exchange in wheat. Some workers have found that photosynthesis expressed on a unit area
basis was not affected by salt concentrations up to 100 mol m? NaCl in wheat (Kemal-ur-Rahim,
1988; Leidi et al. 1991b). Contrary to these findings, there are numerous reports which show that
photosynthesis of wheat is decreased by NaCl stress (Terry and Waldron, 1984; Rawson, 1986;
Zerbi et al. 1991; Bethke and Drew, 1992; Igbal, 1992). Decreases in Pn and E in barley cultivars
due to NaCl stress were also reported by Kalaji and Nalborczyk (1991) but effects of high sodicity
on Pn in two wheat genotypes were non-significant (Khan, 1996) . Yeo et al. (1985) and Yeo et
al. (1991) found a rapid reduction in net photosynthesis in rice leaves due to accumulation of
NaCl in the plants grown under saline conditions. Decreases in Pn by NaCl stress have also been
reported by Downton (1977) in grapevines, Walker et al. (1982) in citrus, Terry and Waldron
(1984) in sugar beet and, Bethke and Drew (1992) in capsicum, Heuer and Feigin (1993) in
tomatoes and He and Cramer (1996) in Brassica species. In certain cases however, Pn even
increased at 100 mol m™ NaCl and a decrease was noted only at 150 - 200 mol m® NaCl stress
(e.g. Khan, 1996).



1.8  Brief Review of Research on Salinity and Sodicity Management

Because of the widespread occurrence of these problem soils in Pakistan and other parts
of the world, these have been the subject of much research by agronomists, soil scientists, plant
physiologists and breeders. These scientists have studied their genesis, physical and chemical
properties (Brinkman and Rafiq, 1971; Rafiq, 1975; Bresler et al. 1982; Rafig, 1993; Muhammed,
1993; Sharma, 1993a), appropriate methods of reclamation (Richards, 1969; Oster et al. 1984;
Ahmad, 1993; Ahmad et al. 1993; Sharma, 1993b; Singh, 1993), use of fertilizers for better crop
production from salt affected soils (Ali er al. 1988; Hussain ef al. 1991; Leidi ez al. 1991;
Cassman ef al. 1992; Bajwa, 1993; Bandyopadhay and Singh, 1993; Hawkins and Lewis, 1993;
Jilani et al. 1993; Zaidi et al. 1994). Concerning crop plants, workers have tried to investigate the
mechanisms of salt tolerance in different halophytes and non-halophytes and have compared the
salt tolerance of different crops (Flowers ef al. 1977; Kingsbury ef al. 1984, Liuchli and Epstein,
1984; Cramer et al. 1985; Gorham ef al. 1985, Neumann ef al. 1988, Austin, 1989,
Krishnamurthy and Bhagwat, 1990, Ashraf ef al. 1991; Pheloung and Siddique, 1991; Salim,
1991; Igbal, 1992, Noble and Rogers, 1992; Mandal, 1993; Qadar, 1993; Qureshi ez al. 1993,
Reggiani ef al. 1995; Salama et al. 1994; Gorham et al. 1994; Gorham, 1994; Munns et al. 1995)
and attempted to breed new varieties with increased salt tolerance (Ashraf and McNeilly, 1991;
Flowers and Yeo, 1995; Ahsan, 1996; Khan, 1996).

1.9  Objectives of the Current Studies

Soil salinity is adversely affecting crop production in arid and irrigated areas of Pakistan
and elsewhere in the world. Wheat accounts for nearly a quarter of world's food requirements
(Igbal, 1992), hence its per unit area production has to be increased to cope with the needs of
increasing population. One of the possibilities for increasing the productivity is from salt affected
soils which are lying un-utilized. Apart from reclamation which is a very expensive option, one
option available to farmers is the use of salt-tolerant crops. There is a wide variation in salt
tolerance in crop plants to salinity and/or sodicity. Salt tolerance in crop plants mostly depends
on their ability to exclude the toxic ions and to retain the beneficial elements. Wheat is a
moderately salt-tolerant crop and lot of research work is in progress to improve its salt resistance
for getting better yields from the salt affected areas.

Saline and sodic soils have a lot of spatial variability (Shannon and Qualset, 1984;



10

Richards, 1992; Igartua, 1995), hence salt tolerance is mostly assessed by growing plants in

salinized nutrient solutions so that their root zone can be kept at a constant salt concentration.

These growing conditions may be suitable for aquatic or marsh plants (Igartua, 1995) but they are

not representative of the conditions under which plants grow under their natural or agricultural

habitats. Hence these may lead to misleading conclusions and the formulation of inappropriate

selection criteria to genetically improve productivity in saline or sodic soils. Considerably less

work has been conducted on the combined effect of salinity and high pH in solution culture and

under field conditions. Keeping the above limitations in view, the research work reported in this

thesis was undertaken to achieve the following objectives.

To evaluate the effects of different levels of salt stress on some wheat cultivars having
varying degrees of salt tolerance with respect to their growth and yield under a uniform
and similar set of saline growing conditions.

To carry out an evaluation of agronomic characters which render a variety tolerant or
sensitive and to examine the relationships between stress, leaf area, dry matter, grain yield
and other yield parameters.

To compare and study the yield potential of different wheat varieties under 'saline' and
'sodic' soil conditions, and different ion concentrations in the flag leaves and to correlate
these with the yield and yield components of the different varieties.

To identify factors responsible for imparting salt tolerance in wheat.

To investigate the responses of wheat to salinity and/or sodicity simultaneously under field
and greenhouse conditions and to see whether the experimental results under greenhouse
conditions can, with a certain degree of confidence, represent the responses under actual
field conditions, which are characterized by spatial variability, high temperatures and
humidity with a lot of variability.

To study the gas exchange response curves of two wheat varieties having variable degrees
of salt tolerance (LU26S as salt tolerant and Punjab-85 as salt sensitive variety); under
stressed and non-stressed conditions on leaves of different age.

To test the hypothesis that accumulation of ions in the leaves with increasing age results
in a decrease in net photosynthesis and that this decrease is greater in a sensitive variety

than in a tolerant variety.
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CHAPTER 2

EFFECTS OF SALINITY ON GROWTH AND YIELD OF WHEAT VARIETIES
DIFFERING IN SALT TOLERANCE

2.1 INTRODUCTION

Wheat cultivars have been reported to differ considerably in their tolerance to salt stress
(Sharma, 1991; Qureshi ez al. 1993). Watanabe ef al. (1992) reported that differences were found
in the changing patterns of relative growth rate (RGR) in different species of crops to NaCl
concentration in culture solution and the changes in RGR were mainly due to those in net
assimilation rate. Kharchia-65 has often been reported to tolerate salt stress better than many
other wheat varieties (Kingsbury and Epstein, 1984; Rawson ef al. 1988; Srivastava ef al. 1988).
Qureshi et al. (1993) conducted a series of experiments in solution culture and saline field
conditions and have classified different wheat cultivars according to their degree of salt tolerance
into tolerant, moderately tolerant, moderately sensitive and sensitive. PAK-81 variety of wheat
has been classified by them as moderately salt-tolerant. SARC-1 has also been categorized as a
wheat cultivar having moderate salt tolerance (Qureshi, 1993; Personal communication). Ashraf
and McNeilly (1991) have reported Punjab-85 as a salt sensitive wheat variety.

It is generally observed that plant Na" and Cl'contents increase and K* contents decrease
with increasing NaCl concentration. Munns and Termaat (1986) argued that when the non-
halophytes grow under saline conditions, ion concentration will eventually build up to toxic levels
in tﬁe older leaves resulting in their death. The concentration at which this occurs will depend
upon the ability of the species to compartment the salts in the vacuoles, and the time it takes to
happen will depend mainly on the salinity level, the ability of the roots to exclude salts, and the
ambient conditions affecting the rate of transpiration. Munns (1992) concluded that in wheat and
barley, chemicals sent from the roots in the transpiration stream could control leaf expansion, and
that the xylem sap from plants in dry or saline soil could contain increased amounts of a growth
inhibitor, or decreased amounts of a growth promoter of some unknown identity.

The purpose of this study was to evaluate the effects of different levels of salt stress on
some wheat cultivars having varying degrees of salt tolerance with respect to their growth and
yield under a uniform and similar set of saline growing conditions. It was also intended to carry

out an evaluation of agronomic characters which render a variety into a tolerant or a sensitive
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variety. Another objective of the experiment was to investigate the effects of salinity on leaf area
and dry matter at different growth stages and on final grain yield and yield parameters; and to

examine the relationships between stress, leaf area and other agronomic characters.

2.2  MATERIALS AND METHODS
2.2.1 Experimental Material and Green House Conditions

The experiment was conducted at Pen y Ffridd field station, University of Wales, Bangor
in an environmentally controlled green house at 20/18°C +2° day/night temperatures and a day
length of 16 hours maintained with supplementary light from 400 watt high pressure sodium
lamps.

Four wheat varieties having variable degree of salt tolerance were selected which are given

below.

VARIETIES REPORTED SALT TOLERANCE
1. Kharchia-65 Salt tolerant

2. SARC-1 Moderately tolerant to tolerant

3. PAK-81 Moderately tolerant

4. Punjab-85 Salt sensitive

The plants were grown in plastic cells ( in plastic trays: P84, Plantpak Ltd. Maldon, Essex,
UK) placed over 25 litre capacity plastic tubs (W6-Mailbox International Ltd. Stalybridge,
Cheshire, UK). Each tub was fitted with an aeration system for continuous aeration of the nutrient
solution. The cells were filled with John Innes No. 1 compost for sowing the seeds. Twenty one
seeds of each variety ( three adjacent rows with seven seeds/row) were sown in each pot, and the

varieties were allocated to each pot randomly.

2.2.2 Sowing of the Seeds
The seeds were sown on July 2, 1993. One seed was sown in each compost-filled notch.
The experiment was laid out according to randomized complete block design with two

replications.
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2.2.3 Nutrient Solution

The plants were grown in solution culture using Phostrogen as a source of macronutrients
and modified Long Ashton nutrient solution as a source of micronutrients. Phostrogen (Corwen,
Clwyd, UK) is a blended 10-10-27 NPK fertilizer in powder form which also contains 3.6% Ca,
1.3% Mg, 0.4% Fe and 0.02% Mn (Appendix - B). It was applied at the rate of 1.0 g/litre for full
strength nutrient solution. Micronutrients were added according to the Long Ashton formula. The
hydroponic medium consisted of tap water only for the first 10 days up until the time when the
seeds had germinated. During the next three weeks of growth, half strength nutrient solution was
used. After that, full strength nutrient solution was used up to the maturity of the crop. The full

composition of this nutrient solution is presented in Appendix - A.

2.2.4 Salt Stress

The stress levels in this experiment and others were created by adding commercial NaCl
to the nutrient solution, as this is the most common salt found in the saline soils (Munns and
Termaat, 1986). There were four salinity levels and two pots at each stress level. The salinity
levels used were:
i. 0 mol m™ NaCl (control)
ii. 50 mol m™ NaCl
i 100 mol m*NaCl
iv. 150 mol m™ NaCl.

Salt stress was introduced at 30 DAS according to the treatment levels and was given in
increments of 25 mol m® NaCl per day, being delayed to achieve a uniform stand in all the

varieties.

2.2.5 Maintenance of the Experiment

Nutrient solutions were changed after every 15 days along with respective stress levels
made with NaCl. Nutrient solution was prepared in bulk in a big portable plastic tank and was
added to each pot at the rate of 25 litres per pot. The required amounts of NaCl were weighed
and dissolved in the respective pots. The pots were topped up with tap water on alternate days
to replace losses through evapotranspiration.

The crop suffered a mild attack of aphids and mildew during its growth. The plants were

sprayed twice during the course of the experiment with Benlate (a wettable powder containing



14

50% W/W benomyl) at the rate of 3.5g per 5 litre of water to control powdery mildew.

Fumigation of the green house was done at weekly intervals.

2.2.6 Growth Measurements
A total of five plants were randomly sampled from the two replicates of each treatment.
The plants were harvested every 15 days from each treatment and variety starting 15 days after

introducing the plants to salinity. The following data were recorded.

a. Total leaf area

Length and width measurements of all the leaves of the harvested plants were recorded
at three intervals of 15 days each i.e. 45, 60 and 75 DAS. The leaf area was calculated by using
the formula used by Robson and Sheehy for swards (1980) i.e.

Leaf area=(0.9 x Length) x (0.5 x Width)
This formula was used due to non-availability of leaf area meter at the time of measurements and
was used for wheat keeping in view of the similarity of leaf shape of swards to wheat (Hollington,
P. A 1993; Personal Communication)
b. Dry weight of plants

After recording the length and width of the leaves, all the shoots and leaves from each
plant were dried to a constant weight by placing them in an oven at 70° C for 72 hours. The
material was then weighed and dry weight recorded.
e Relative growth rate

The relative growth rate over the period 45 to 75 DAS was calculated from dry weights
per plant using the following equation (Coombs et al. 1985).

Relative Growth Rate (R) = {In(W2) - In(W1)}/t2-t1
where W1= Initial dry weight of the plant at t1 (45 DAS)

W2= Final dry weight of the plant at t2 (75 DAS)
Ten plants were sampled randomly from each treatment and variety at the time of final

harvest and the following data were recorded.

d. Height of the main shoot from base of the stem to spike apex and the length of main
spikes.
€. Weight of main shoots and ears

The main shoots and ears from each plant were dried to a constant weight in an oven at
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70° C for 72 hours. The material was then weighed and dry weight recorded.
f Total number of tillers and ears

The number of total tillers and ears were recorded from ten plants from each variety and
stress level at the time of the final harvest.
g. Number and weight of grains in main shoot ears

After recording the length and weight of the main shoot ears, these were threshed
manually. The grains were counted and their dry weights were recorded.

h. 100 grain weight

2.2.7 Visual Observations

Germination occurred earlier in Kharchia-65 than in the other varieties and later in PAK-
81 and Punjab-85. Some seeds in PAK-81 and Punjab-85 did not germinate and resowing was
done. Leaf tip burning was noted in all the varieties on August 10, 1993 in the stressed treatments
at 100 and 150 mol m™ NaCl. There was no such effect in control and 50 mol m” NaCl.

Ear emergence started on August 16, 1993 (45 DAS) in 100 and 150 mol m® NaCl
treatments. Tip burning was also observed at 50 mol m™ NaCl at this time. On August 17, 1993,
it was noted that in certain plants, some central new leaves on the secondary tillers had died in all
the varieties at 100 and 150 mol m™ NaCl. Kharchia-65 produced a lot of foliage and lodging
occurred in the control and at 50 mol m™ NaCl at 50 DAS.

At 150 mol m™ NaCl all the varieties matured early and final yield was recorded on

September 24, 1993 in this treatment. In other treatments yield data was recorded 3 weeks later.

2.2.8 Statistical Analysis

Statistical analyses i.e. analyses of variance, means, standard errors and correlations were
calculated using Minitab statistical package version 10.2 for Windows. Analyses of variance were
computed assuming each individual plant was a replicate. Hence there were 5 (for growth analysis
data) and 10 (for final harvest data) values for each treatment and variety for each observation.
The examples of anova are presented in Appendix 2.1 and 2.2. LSD was calculated by the
following equation.

LSD = ((2*EMS)/n)*)*t4

n = Number of observations to calculate a mean

tas = Tabulated t value at error degrees of freedom



16

2.3  RESULTS
2.3.1 Significance of Main Effects and Interactions

To determine the effects of variety and salinity on growth at different stages, an initial
anova was computed for leaf area and dry matter by combining the data recorded at 45, 60 and
75 DAS.

The effects of age, salinity and variety were highly significant for leaf area (Table - 2.1).
Age x variety and age x stress interactions were also significant. Variety x stress and age x variety
x stress interactions were however found to be non-significant.

For dry matter (Table - 2.2), the effects of age, salinity, variety and age x stress were
highly significant while age x variety, variety x stress and age x variety x stress interactions were
non-significant.

For total number of tillers and ears per plant (Tables - 2.7 & 2.8 respectively), the effects
of stress and variety were highly significant. The stress x variety interaction was also significant
in both these parameters.

In the case of grain yield and yield components (Table - 2.10) recorded at maturity, the
effects of salinity and variety were highly significant for all the measured parameters. The salinity
x variety interactions were significant for number and weight of grains but not for 100 grain
weight.

In the anova, the observation that the variety x salinity interaction was non-significant for
leaf area, dry weight and grain yield indicates that all varieties responded in a similar way to
salinity. However, an examination of the results showed that Kharchia-65 and SARC-1 (the salt-
tolerant varieties) were able to maintain higher leaf area and dry matter than the other two
varieties at 100 and 150 mol m® NaCl. Dry matter of Punjab-85 was however slightly higher than
SARC-1 at 100 mol m™ NaCl. Grain yield per plant was also higher in SARC-1 and Kharchia-65
and lowest in Punjab-85 at 150 mol m™ NaCl.

2.3.2 Leaf Area

Leaf area per plant was recorded in cm® and is presented in Table-2.1. In general, there
was an increase in leaf area at the second harvest in all the varieties and at all the stress levels and
then a decrease at the third harvest. At the time of the first and second harvests, leaf area of
Kharchia-65 was the highest at all the stress levels as compared to the other varieties. This trend

was not evident at the third harvest when leaf area was highest in SARC-1 at all the stress levels
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Table -2.1: Leaf area per plant (cm?®) in different wheat varieties at different salinity levels (mol
m™ NaCl).

Varieties |Harvest Control 50 mol m* 100 mol m*® | 150 mol m*
Means | £ SET Means | = SE |Means | + SE |Means | = SE
45 DAS 245 | 19.0 | 186 | 22.7 | 176 | 100 | 175 94 l
Kharchia-65 |60 DAS 455 | 47.0 | 358 | 41.2 |} 227 | 30.0 108 19.2
75 DAS 200 | 436 | 199 | 556 | 137 | 319 | 116 | 15.1
45 DAS 129 | 151 | 154 | 27.1 | 142 | 241 | 108 | 11.2
SARC-1 60 DAS 331 | 699 | 202 | 39.6 | 127 | 223 87 | 278
75 DAS 234 | 419 | 184 | 276 | 146 | 322 | 132 | 19.6
45 DAS 145 | 263 | 117 | 11.0 | 101 | 182 | 100 | 16.7
PAK-81 60 DAS 282 | 24.1 248 | 356 110 | 225 103 184
75 DAS 181 | 12.7 | 151 | 228 81 7.3 74 14.3
45 DAS 143 23.9 108 13.6 07 14.7 89 6.9
Punjab-85 |60 DAS 296 | 344 | 155 | 215 | 107 | 213 % | 184
75 DAS 135 | 130 | 139 | 128 | 120 | 13.6 53 7.0
Means for sampling dates
45 DAS 138.7+0.78
60 DAS 206.6 = 0.80
75 DAS 1423 +0.78
Means for salinity stress Varietal means
0 mol m™ NaCl 231.4+1.0 Kharchia-65 216.0+1.0
50 mol m™ NaCl 1829+1.1 SARC-1 165.1+ 1.1
100 mol m™ NaCl 1309+1.0 PAK-81 141.1+£1.0
150 mol m™ NaCl 104.7+1.1 Punjab-85 1278+ 1.0

Continued on next page ...........
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0 mol m™ NaCl 50 mol m™ NaCl 100 mol m™ NaCl 150 mol m™ NaCl
45 DAS 165.6 £3.1 141.4 £32 130.1 £3.1 117:6 £3.3
60 DAS 341.1 £3.1 2406 £3.2 1415 £33 103.1 £3.2
75 DAS 1874 3.1 166.9 £33 1212 £3.1 93.1 £32
Means for age x variety
Kharchia-65 SARC-1 PAK-81 Punjab-85
45 DAS 1948 +£3.2 1345 £3.1 1159 £3.1 109.5 £3.2
60 DAS 290.1 £33 186.9 £33 185.7 £3.1 1635 £3.1
75 DAS 163.0 £3.1 1740 £3.2 121.6 +£3.1 1103 £3.1
LSD values at p = 0.05
Parameters |Age Salinity |Vanety |AgexS |AgexV |[SxV AxSxV
Leafarea |19.3 *¥** [22.2 *%* |22 2 *** 386 *** |38.6* NS NS

All values (age x salinity x variety) are means of five observations.
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except 50 mol m®NaCl. There was a significant effect of salinity on leaf area and a considerable
decrease was noted in all the varieties with an increase in salt stress. At 150 mol m stress, leaf
area in Kharchia-65 was 71, 24 and 58% of the control at the first, second and third harvests
respectively. In SARC-1, leaf area was decreased to 83, 25 and 57% of the control at the first,
second and third harvest respectively. In PAK-81, leaf area decreased to 69, 37 and 40% of the
control at the first, second and third harvest respectively. In Punjab-85, this decrease was 62, 32
and 39% of the control at first, second and third harvest respectively. Hence the trends in leaf

area followed the salt resistance of the varieties. At the highest stress level, Kharchia-65, the
resistant variety was able to maintain considerably higher leaf area as compared to the other
varieties. SARC-1 also had higher leaf area than PAK-81 and Punjab-85 at this stress level. The
lowest leaf area was recorded in the case of Punjab-85, the salt sensitive variety at 150 mol m™
salinity level. At the second harvest, Kharchia-65 had the highest absolute leaf area as
compared to the other varieties, while SARC-1 had the highest leaf area relative to the first

harvest in control.

2.3.3 Dry Weight

Dry weight of plants at all the three harvests is presented in Table-2.2. In all the four
varieties dry weight decreased considerably with increasing salinity level. At the first harvest,
highest dry weight was noted in the control and at 50 mol m™ NaCl in all the varieties. Kharchia-
65 produced the highest dry weight as compared to the other varieties, at all the salinity levels at
the first and second harvests. The effect of salt stress was not so severe at 50 mol m™ NaCl,
especially at the first harvest in all the four varieties. In fact there was a slight increase in dry
weight at this stress level. However in the subsequent two harvests, dry weight was considerably
lower at 100 and 150 mol m™ NaCl stress as compared to the control. At the second harvest, dry
weight of control plants of Kharchia-65 and Punjab-85 was found to be greater than that of the
other two varieties. However at the two higher salinity levels, Kharchia-65 had a higher dry
weight as compared to other varieties including Punjab-85. At the third harvest, dry weight of
control plants of Kharchia-65, SARC-1 and Punjab-85 were almost equal and higher than that of
PAK-81. At 50, 100 and 150 mol m™*NaCl salinity levels however, the performance of Kharchia-
65 was found to be superior to all the other tested varieties. There was a significant increase in
dry matter in all the varieties due to age. The percentage increase in the third harvest over that

of the first harvest in the control was the highest in SARC-1 (434 %) and Punjab-85 (427 %). At



20

Table - 2.2: Dry weight (g/plant) at different salinity levels (mol m” NaCl).
Varieties Harvest Control 50 mol m* 100 mol m 150 mol m*
Means | £SE | Means | +=SE | Means | +SE | Means | £SE
45 DAS 1.53 0.22 1.54 0.14 1.24 0.08 1.22 0.19
Kharchia-65 60 DAS 3.64 0.56 3.18 0.34 1.91 0.27 1.66 0.27
75 DAS 4.05 0.36 4.17 0.98 2.52 0.26 2.33 0.41
45 DAS 0.83 0.19 0.86 0.13 0.80 0.14 0.79 0.07
SARC-1 60 DAS 3.04 0.61 1.39 0.34 1.15 0.22 1.05 0.26
75 DAS 4.44 0.35 251 0.61 1.98 0.57 1.96 0.25
45 DAS 0.96 0.10 1.08 0.08 0.73 0.15 0.70 0.12
PAK-81 60 DAS 2.76 0.35 2.85 0.36 1.21 0.20 1.20 0.21
75DAS | 340 | 040 | 299 | 033 | 148 | 027 | 141 | 020
45 DAS 0.85 0.11 1.00 0.24 0.82 0.13 0.79 0.17
Punjab-85 60 DAS 345 0.22 2.16 0.64 1.66 0.31 1.11 0.23
75 DAS 4.48 0.68 2.93 0.46 2.08 0.36 1.29 0.15
Means for sampling dates
45 DAS 0.99 +0.01
60 DAS 2.09 £0.01
75 DAS 276 £0.01
Means for salinity stress Varietal means
0 mol m™ NaCl 279+ 0.01 Kharchia-65 2.42+0.01
50 mol m™ NaCl 2.26+0.01 SARC-1 1.75+0.01
100 mol m™ NaCl 1.46 £ 0.01 PAK-81 1.73 £0.01
150 mol m™ NaCl 1.27+£0.01 Punjab-85 1.89+0.01
Means for age x salinity
0 mol m? NaCl 50 mol m™ NaCl 100 mol m™ NaCl 150 mol m™ NaCl
45 DAS 1.04£0.03 1.12+0.03 0.91+0.03 0.86 £ 0.04
60 DAS 3.22+0.04 244 +£0.04 1.51 £0.04 1.19+ 0,03
75 DAS 4.09+0.04 3.22+0.04 1.97 £ 0.03 1.76 £ 0.03
LSD values at p= 0.05
Parameters Age Salinity Variety Agex S AgexV S*V AxSxV
Dry weight 0.24 **+ (.28 **¥* | (28 *** 0.48 **+* NS NS NS

All values (age x salinity x variety) are means of five observations.
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150 mol m™ NaCl, the percentage increase in dry matter over that of the first harvest was the
highest (243 %) in SARC-1 and was lowest in Punjab-85 (63 %). This shows that in the control
plants the growth increment was greater in SARC-1 and Punjab-85 than in Kharchia-65. It was
also evident that at 150 mol m™NaCl, depression in dry matter yield was minimum in SARC-1
and the highest in Punjab-85.

2.3.4 Length of Main Shoots and Ears

Kharchia-65 was the tallest variety at all the salinity levels tested (Table-2.3). The length
of the main shoots decreased with an increase in salinity level in all the varieties. The decrease in
length at 150 mol m™ salinity compared to the control was 12% in Kharchia-65. The same
decrease was 9, 23 and 18% in SARC-1, PAK-81 and Punjab-85 respectively.

The length of the ears also decreased with an increase in salinity (Table-2.4). Ear length
was higher in Kharchia-65 than in the other varieties in all the treatments. The decrease in ear
length in different varieties varied from 10 to 15% at 150 mol m™ . The decrease was smaller in
Kharchia-65 compared to the other varieties. Ears length was shortest in Punjab-85 at 150 mol

m salt stress.

2.3.5 Weight of Main Shoots and Ears

Weight of main shoots was recorded at the time of final harvest (Table-2.5). Weight of
the main shoots was higher in Kharchia-65 as compared to the other varieties at all the tested
salinity levels except those of PAK-81 at 50 and 100 mol m™ NaCl. There was a considerable
effect of increasing salinity on the weight of main shoots. Increasing salinity significantly
decreased the weight of main shoots of all varieties. The lowest weight of shoots was noted in
Punjab-85 at 150 mol m™ .

Similarly, increasing salinity significantly decreased the weight of ears of all varieties
except PAK-81 at 50 mol m™ NaCl (Table-2.6). The weight of ears was higher in Kharchia-65
compared to the other varieties at all the stress levels except PAK-81 at 50 mol m™ stress. The
decrease in the weight of ears due to salt stress ranged from 34 to 54% at 150 mol m™ as
compared to control. The highest percentage decrease was observed in Kharchia-65, although ear

weight in this variety was more than in the other varieties.
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Table - 2.3: Length (cm) of main shoot in different wheat varieties at different salinity levels (mol
m™ NaCl) at the time of final harvest.

Varieties Control 50 mol m* 100 mol m* 150 mol m* “ Var.
Means | = SE | Means | = SE | Means | + SE | Means | + SE lﬂ

"Kharchia-65 79 .4 1.49 81.0 1.67 74.5 1.49 70.1 1.96 76.3
"SARC—I 67.0 3.88 732 |449 |644 |425 61.0 1.89 | 66.4
"PAK—SI 765 245 |70.0 |328 |627 |245 |585 |239 |669
"Punjab-ss 673 |23 56.6 }2.03 |561 271 ]552 |[162 | 588
"Stress means | 72.5 70.2 64.4 61.2 "
LSD values at p = 0.05

Parameters Salinity Variety Salinity x variety

Length of main shoot | 3.58 *** 358 *9x NS

All values (salinity x variety) are means of ten observations.

% % %

= significant at p<0.001

Table - 2.4: Length (cm) of main ear in different wheat varieties at different salinity levels (mol
m™ NaCl) at the time of final harvest.

Varieties Control 50 mol m* 100 mol m> | 150 mol m* Iﬁfar.
Means | + SE | Means [+ SE ]| Means | + SE | Means | + SE JI means

Kharchia-65 | 103 {021 |94 041 |94 0.4 93 011 [ 9.6
SARC-1 8.5 0.42 1.3 072 176 0.42 7.1 0.10 || 7.7
PAK-81 891 033 |79 026 |76 033 |75 0.26 | 8.0
Punjab-85 8.4 0.6 7.6 067 |75 029 |71 0.16 || 7.6 1'
Stress means | 9.0 8.1 8.0 7.7 ||
LSD values at p= 0.05

Parameters Salinity Variety Salinity x variety
Length of main ear 0.58 *** 058 *e* NS

All values (salinity x variety) are means of ten observations.

% %k

= significant at p<0.001
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Table - 2.5: Weight (g/plant) of main shoot at final harvest in different wheat varieties at different
salinity levels (mol m™ NaCl).

Varieties Control 50 mol m* 100 mol m’ 150 mol m*® || Var.
means

Means |+ SE |Means |+ SE |Means [+ SE |Means |+ SE

it

Kharchia-65 [1.39 |02 142 1014 |J1.09 |[0.11 }0.89 |0.06 |1.20

{SARC-1 097 (015 |1.23 0.15 |0.78 [0.12 }0.75 0.07 [0.93
[[PAK-81 1.19 [0.15 |1.53 ]0.14 |1.10 (023 |0.83 |[0.07 |1.16
uPunjab-SS 093 1028 0952 |[0.03 083 |0.07 }0.73 0.03 |l0.85
"Stress means |1.12 1.28 0.95 0.80 H
LSD values at p= 0.05

Parameters Salinity Variety Salinity x variety

Weight of main shoot | 0.20 * D20 #*¥* 041 *

All values (salinity x variety) are means of ten observations.
*** = significant at p<0.001
* = significant at p<0.05

Table - 2.6: Weight (g/plant) of main ear at final harvest in different wheat varieties at different
salinity levels (mol m™ NaCl).

Varieties Control 50 mol m? 100 mol m> 150 mol m* | Var.
means

Means [+ SE |Means |+ SE |Means |+ SE | Means |+ SE

[[Kharchia-65 |1.70 ]0.18 1.21 0.08 1.10 [0.05 078 |[0.07 |1.20
"SARC—I 1.19 1018 1.16 |0.14 098 ]0.12 ]0.72 |0.10 | 1.01

AK-81 1.02 |0.12 1.37 10.12 099 [0.08 ]0.61 0.09 | 1.00

Punjab-85 1.07 |[0.13 (088 [0.14 079 ]0.11 ]J0.71 |0.10 [ 0.86

|§tress means |1.24 1.16 0.97 0.71

LSD values at p= 0.05
Parameters Salinity Variety Salinity x variety
Weight of ear 0.14 *** 0.14 **# 028 *

All values (salinity x variety) are means of ten observations.
***  =significant at p<0.001
- = significant at p<0.05
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2.3.6 Total Number of Tillers and Ears

Total number of tillers and ears per plant was recorded at the time of final harvest and is
presented in Tables - 2.7 & 2.8 respectively. There was a significant decrease in these parameters
with an increase in the salinity level. However, in SARC-1, there was no decrease in the number
of ears per plant at 50 mol m™ NaCl. Highest total numbers of tillers per plant were recorded in
Kharchia-65 as compared to all the other varieties at all the salinity levels. The number of ears
was also the highest in this variety in the control, at 100 mol m®and 150 mol m™ NaCl while at
50 mol m™ NaCl, number of ears was highest in SARC-1. The lowest number of total tillers were
found in PAK-81 at all the stress levels. The number of ears were the lowest in PAK-81 and
Punjab-85 at control, 50 mol m® and 100 mol m™® NaCl. However, at 150 mol m™ NaCl, number
of ears were almost equal in SARC-1, PAK-81 and the salt-sensitive variety Punjab-85 and were
the highest in the salt-tolerant variety Kharchia-65.

2.3.7 Relative Growth Rate

Relative growth rate (RGR) decreased with an increase in the salinity level in all the
varieties except Kharchia-65 where a slight increase was noted at 50 mol m® NaCl (Table-2.9).
In the control, 50 mol m™ and 100 mol m™ NaCl, the highest growth rates were found in SARC-1
and Punjab-85. At the highest salinity level of 150 mol m® NaCl however, SARC-1 had a
significantly higher relative growth rate as compared to all the other varieties while in Punjab-85,
it was the lowest. Effect of salinity was significant while those of variety and salinity x variety was
found to be non-significant.

2.3.8 Grain Yield per Main Shoot Ear

Number of grains, weight of grains and 100 grain weight of the main shoot ears of
different wheat varieties at different salinity levels are shown in Table-2.10. Number of grains,
total grain weight per plant and 100 grain weight were generally found to decrease significantly
with an increase in salinity levels. In control plants, the highest number and weight of grains was
recorded in Kharchia-65, which decreased with an increase in salinity level. At 150 mol m™ salinity
level, grain weight in this variety was only 0.45g. In SARC-1 and PAK-81 grain weight was
generally maximum at 50 mol m™ and then decreased at higher salinity levels. At 150 mol m?
grain weight was highest in SARC-1 which was slightly higher than that of Kharchia-65. In
control plants 100 grain weight was highest in Kharchia-65 and the lowest in Punjab-85. In all the
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Table - 2.7: Number of total tillers per plant at final harvest in different wheat varieties at different
salinity levels (mol m™ NaCl).

= "]
Varieties Control 50 mol m> 100 mol m* 150 mol m> || Var.
Means |+ SE |Means |+ SE |Means |+ SE | Means |+ SE means

— —
Kharchia-65 | 5.6 0.7 47 0.2 3.2 0.1 25 0.2 4.0
IISARC-1 4.4 1.2 4.4 0.9 2.7 0.5 2.2 03 34
PAK-81 28 03 1.8 03 1.2 0.1 1.2 0.1 1.8
Punjab-85 33 0.7 23 0.2 2.0 0.3 2.0 0.2 24
[[Stress means |} 4.0 33 Z.3 1.98 “

LSD values at p= 0.05

Parameters Salinity Variety Salinity x variety

Total tillers/plant 0.73 **x .73 "% NS

All values (salinity x variety) are means of ten observations.
k*% = significant at p<0.001

Table - 2.8: Number of ears per plant at final harvest in different wheat varieties at different
salinity levels (mol m™ NaCl).

Varieties Control 50 mol m™ 100 mol m* 150 mol m* II Var.
means

Means [+ SE | Means [+ SE | Means |+ SE | Means |+ SE _I

IKharchia-65 | 3.8 0.8 3.0 0.4 1.8 0.3 1.8 0.2 2.6

[SARC-1 2.8 0.8 3.7 0.7 1.6 0.4 1.5 0.1 24

PAK-81 2.1 0.3 1.5 0.2 1.1 0.1 1.1 0.1 1.5
Punjab-85 2.4 0.4 1.2 0.1 1.4 0.2 1.2 0.1 1.6
“Stress means | 2.8 24 1.5 1.4
LSD values at p= 0.05
Parameters Salinity Variety Salinity x variety
Ears/plant 0.60 *** 0.60 *** NS

All values (salinity x variety) are means of ten observations.
*** = significant at p<0.001
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Table - 2.9: Relative growth rate per plant (mg per g per day) of different wheat varieties at

different salinity levels (at 75 DAS over 45 DAS).

Varieties Control 50 mol m 100 mol m* 150 mol m*> || Var.
Means | + SE_|Means [+ SE | Means|{+SE |Means|+SE | ™
[Kharchia-65 |333 (487 |332 |188 |236 [426 |216 |[330 [[279
SARC-1 586 |[697 |357 |437 (302 (530 |303 |4.44 |387
PAK-81 434 1948 |339 (533 |236 (632 |233 (684 |31.1
Punjab-85 546 |509 |357 [962 310 |[6.10 |163 |597 {344
Stress means |47.5 34.6 27.1 22.9
All values (salinity x variety) are means of five observations.
LSD values at p= 0.05
Parameters Salinity Variety Salinity x variety
Relative growth rate | 9.99 *xx NS NS

*** = significant at p<0.001
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Table - 2.10: Effect of salinity (mol m™ NaCl) on grain weight/spike and yield components
of different wheat varieties.

Varieties |Parameters Control 50 mol m® ] 100 mol m* | 150 mol m*
Means |+SE Means [+SE JMeans [+SE [Means |+SE
| No. of grains/ear  |43.50 |3.40 |31.25 |2.71 |29.40 |2.63 |27.80 {2.33
1
Kharchia-65 | Wt. of grains(g)/ear | 1.30 [0.15 | 1.01 |0.06 | 0.66 [0.03 | 0.45 |0.04
100 Gr. wt. (g) 292 10.19 |3.37 (024 {238 |(0.21 |1.60 |0.10
No. of grains/ear  ]24.90 |2.52 }21.10 |2.68 |20.56 |2.10 }20.00 |1.13
SARC-1 Wt. of grains(g)/ear | 0.82 10.12 ] 091 [0.13 | 0.64 [0.07 | 0.49 |0.09
100 Gr. wt. (g) 328 1052 423 |0.15 |3.17 [0.22 }2.54 |0.33
No. of grains/ear  |[28.40 |2.86 |37.30 |3.26 [29.00 {2.83 }22.50 {4.33
PAK-81 Wt. of grains(g)/ear | 0.81 ]0.10 | 1.06 [0.11 | 0.69 [0.05 | 0.38 [0.08
100 Gr. wt. (g) 284 (020 |2.88 |0.26 242 (021 |1.73 |0.24
No. of grains/ear 2930 [2.59 {26.70 |3.84 |24.60 |2.90 }21.70 [2.08
Punjab-85 | Wt. of grains(g)/ear | 0.75 0.08 ] 0.62 [0.10 | 0.56 [0.08 | 0.32 |0.09
100 Gr. wt. (g) 254 10.17 | 235 (028 228 |0.21 |1.52 [0.19
Means for salinity stress
0 mol m™ NaCl |50 mol m® NaCl | 100 mol mNaCl | 150 mol m™ NaCl
No. of grains/ear 31.5 292 25.89 23.0
Wt. of grains/ear 0.93 0.91 0.62 0.40
100 Gr. wt (g) 2.90 3.22 2.56 1.84
Varietal means
Kharchia-65 SARC-1 PAK-81 Punjab-85
No. of grains/ear 33.0 21.5 29.5 25.6
Wt. of grains/ear 0.85 0.72 0.74 0.56
100 Gr. wt (g) 2.57 3.28 2.45 217
LSD values at p= 0.05
Parameters Salinity Variety Salinity x variety
Number of grains/main ear 3.30 330 **# 6.67 *
Weight of grains/ main ear 012, e 012 == (25 *
100 grain weight 0.33 ¥es D33 A% NS

All values (salinity x variety) are means of ten observations.
* = significant at p<0.05

*** = significant at p<0.001,
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varieties except Punjab-85, the highest 100 grain weight was recorded at 50 mol m™ NaCl, the
highest value being recorded in SARC-1. At 150 mol m™ stress, 100 grain weight of SARC-1 and
PAK-81 was higher than in Kharchia-65 and Punjab-85. The lowest number of grains, grain
weight and 100 grain weight was recorded in the salt-sensitive variety Punjab-85.

Variety x salinity interaction was significant for number and weight of grains per main
stem ear which indicated that performance of varieties for these parameters was significantly

different at different salinity levels.

2.4  Correlation of Results

To study the inter-relationships between yield, yield components, and growth
characteristics, linear correlation coefficients were calculated for each variety. As highest leaf
area was recorded at the second harvest, leaf area and dry weight at this stage were correlated
with values of yield and yield components at maturity, to determine if the effects of salinity on
growth at this stage were correlated with the effects at maturity.

As salt stress decreased growth, there was negative correlation of some parameters with
the amount of added NaCl stress (O=control, 50 mol m™NaCl, 100 mol m™ NaCl, 150 mol m?
NaCl) in all the varieties (Table-2.11). In Kharchia-65, there was a highly significant negative
correlation between stress and leaf area, dry weight, weight of grains and total number of tillers.
The values of the linear correlation coefficients between number of grains, 100 grain weight,
number of ears per plant and stress were also quite high (r = 0.88) but were non-significant. The
correlations of leaf area with dry weight, weight of grains per plant and total number of tillers
were also significant and were high (r = 0.85) but with number of grains per plant, 100 grain
weight and number of ears per plant were non-significant. Dry weight at the second harvest was
also significantly correlated with the weight of grains per plant, total number of tillers and ears
per plant. In SARC-1, there was a highly significant negative correlation between stress and leaf
area recorded at the second harvest. Leaf area and dry weight per plant at the second harvest were
also significantly correlated with the number of grains per plant. All the other correlations were
non-significant.

In PAK-81, there were negative but non-significant correlations between stress and other
growth parameters which were quite high in the case of leaf area, dry weight, weight of grains,
100 grain weight, total number of tillers and ears. Significant positive correlation was only noted

in between leaf area an dry weight. All other correlations between leaf area and dry weight with
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Table - 2.11: Values of the linear correlation coefficient between salinity levels (mol m™ NaCl),
leaf area and dry weight at second harvest and total number of tillers, number of ears, number

of grains, weight of grains and 100 grain weight.

Varieties |Parameters [Leaf Area[Dry Wt. NOG  [WOG  [100 Gwt |TTill [Ears
Kharchia-65
Salinity -0.998 **  1-0.967 * |-0.884 NS |-0.995 ** [-0.903 NS [-0.991 ** |-0.949 NS
Leaf area 0.972 * [0.858 NS |0.991** [0.924 NS 0.992 ** [0.945NS
Dry weight 0.837 NS [0.974*  |0.884 NS [0.993 ** 0.984 *
[SARC-1
Salinity -0.971 *  |-0.860NS |-0.887 NS |-0.868 NS [-0.634 NS [-0.936 NS |-0.791 NS
Leaf area 0.953 * [0.966* 0747 NS [0.454 NS [0.871 NS [0.674 NS
Dry weight 0.998 ** |0.511 NS [0.164 NS [0.687 NS [0.426 NS
[PAK-81
Salinity -0.941 NS |[-0.883NS |-0.508 NS |-0.759 NS [-0.929 NS |-0.899 NS |-0.929 NS
Leaf area 0.981 * [0.499 NS [0.767 NS [0.885 NS [0.901 NS ]0.923 NS
Dry weight 0.605 NS |0.833 NS 10.888 NS [0.805 NS ]0.834 NS
Punjab-85
Sa]jnity -0.908 NS |-0.971* [-0.995** [-0.968 * [-0.896 NS |-0.562 NS |-0.764 NS
Leafarea 0.978 * [0.882 NS [0.821 NS [0.680 NS [0.827 NS [0.933 NS
Dry weight 0.959 * 10921 NS [0.817 NS ]0.742 NS |0.893 NS
41l Variet ies(Pooled)
i
Salinity -0.844*%* |- -0.519 % |-0.793%** |-0.642** |-0.607** |-0.67]1**
0.853%**
Leaf area 0.920%** 10.699**  |0.859*** 10.518* 0.815%** |0.80]1***
Dry weight 0.726*** 10.753*** [0.330NS |0.618 ** |0.609**
Degree of freedom for individual varieties = 2, and for pooled data = 14
Ttill = Total number of tillers per plant.
Ears = Total number of ears per plant.
* = Significant at 5% level of significance.
e = Significant at 1% level of significance.
NS = Non-significant at 5 and 1% level of significance.
NOG = Number of grains per main ear. WOG = Weight of grains per main ear.
grams p grans p

100 Gwt = 100 grain weight.
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yield parameters and number of total tillers and ears were non-significant.

In Punjab-85, significant negative correlations were found between stress and dry weight,
number and weight of grains per plant. There was a significant positive correlation between leaf
area and dry weight. Dry weight per plant and number of grains per plant were also significantly
correlated (r = 0.959). All other correlations were quite high but non-significant.

Coefficients of linear correlation were also computed between different parameters on
the pooled data of all the varieties (Table - 2.11). A significant and positive correlation was found
between leaf area and dry weight with the number and weight of grains per ear, number of total
ears per plant and number of ears per plant. Hundred grain weight was however correlated
significantly only with leaf area and not with the dry weight of main shoots. There was a
significant but negative correlation (r = -0.519 to -0.844) of increasing salinity levels with all the

above mentioned yield and growth parameters.

2.5  DISCUSSION

The four wheat varieties included in this study have been shown to differ in their salt
tolerance (Storey and Wyn-Jones, 1978; Qureshi ef al. 1980; Kingsbury and Epstein, 1984;
Rawson ef al. 1988; Ashraf and McNeilly, 1991 and Qureshi ef al. 1993).

The data obtained in this study suggest that SARC-1 and Kharchia-65 had superior salt
tolerance to the other two varieties. SARC-1 gave higher grain weight at 150 mol m™ salinity than
the other salt-tolerant variety Kharchia-65. Although the absolute grain weight of Kharchia-65
was almost equal to that of SARC-1 (Table - 2.10), the percentage decreases in number of grains,
weight of grains per ear and 100 grain weight at 150 mol m™NaCl were greater in Kharchia-65
compared to all the other varieties. There were also significant negative correlations between
salinity and leaf area, dry weight and weight of grains per ear in Kharchia-65 (Table - 2.11), but
in SARC-1, these correlations were significant only for leaf area (r = -0.971). The comparatively
better performance of SARC-1 might be due to its ability to maintain a higher level of leaf area
at the later growth stages, a higher RGR at increased salinity levels and comparatively better grain
development as is evident from its higher 100 grain weight. Both these varieties also had higher
number of ears per plant. As a result of the ability of these varieties i.e. SARC-1 and Kharchia-65,
to maintain higher leaf area and ear size under salt stress, grain weight was comparatively greater
than in the other tested varieties. Srivastava ef al. (1988) also attributed the better performance

of Kharchia-65 to its potential for maintaining higher photosynthetic area and higher
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photosynthetic efficiency under saline conditions.

Number of grains, weight of grains and 100 grain weight were decreased significantly by
salinity stress. At 150 mol m™ , weight of grains and 100 grain weight were the lowest in the salt-
sensitive variety Punjab-85. At the same salinity level, highest weight of grains and 100 grain
weight was noted in SARC-1.

At low salt stress (50 mol m™ NaCl) there was a slight increase in the weight of grains in
SARC-1 and PAK-81. Leidi and Lips (1990) and Salama ef al. (1994) observed the same
phenomenon at 50 mol m™ salinity in wheat and attributed it to enhanced translocation of
assimilates induced by salinity. In this study however, this mechanism was not visible in Kharchia-
65 and Punjab-85.

Decreases in the grain weight due to salinity were greatest in the salt-sensitive varieties
Punjab-85 and PAK-81 and were due mainly to decreases in the leaf area, dry weight and weight
of ears. Ashraf and McNeilly (1991) have also reported that Punjab-85 is sensitive to salt stress.
At 150 mol m? salinity level, Punjab-85 had higher number of grains than SARC-1 but its grain
weight was very low suggesting the presence of some inhibitory mechanism which hindered the
translocation of assimilates to the grains resulting in low grain yield per ear and lowest 100 grain
weight.

There were varietal difference in the changing patterns of relative growth rate (RGR) to
NaCl salinity of the culture medium. In the absence of salinity, RGR was greatest in SARC-1 aqd
Punjab-85 but it decreased with increasing levels of salinity (Table - 2.9). At 150 mol m™ salinity,
RGR in Punjab-85 decreased considerably and was the lowest of all the tested varieties but it was
still the highest in SARC-1. This indicates that Punjab-85 was quite a productive variety in the
absence of salt stress but is not suitable for salt stressed soil conditions due to its salt-sensitive
nature. The results are similar to those of Kuiper ef al. (1990) who reported that after about 14
days, NaCl salinity (65 mol NaCl m™) induced severe decreases in RGR values in wheat and
barley.

Other agronomic characters such as length of main shoot and ears, weight of main shoots
and ears, number of total tillers and ears per plant were also significantly decreased due to
increasing salinity levels especially at 100 and 150 mol m™® NaCl salinity and there were significant
differences in between the varieties in all these parameters. Kharchia-65 was the tallest variety
even at 150 mol m™ salinity, had higher average weight per main shoot and ear and average

number of the total tillers and ears and as a result it produced higher grain weight as compared
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to the salt-sensitive varieties Punjab-85 and PAK-81. Francois ef al. (1994) reported a decrease
in tiller number, number of ears, grain number and weight of grains in wheat as a result of
increased salinity.

A significant decrease was noted at higher salinity levels in all the measured parameters
in all the four varieties. At 50 mol m™ however, there was a slight increase in length and dry
weight of the main tillers and ears in some varieties. Leaf afea was significantly increased at 60
DAS as compared to 45 DAS and then decreased significantly at 75 DAS as compared to 60 DAS
(Table - 2.1). Averaged over the three harvesting dates and stress levels, leaf area was the highest
in Kharchia-65 and SARC-1 as compared to the two other varieties. Similarly, averaged for the
four varieties and stress levels, highest leaf area was noted at 60 DAS during the period of peak
vegetative growth. The decrease in leaf area at 75 DAS was induced by senescence due to salt
accumulation in the leaves and ageing (Munns and Termaat, 1986). Lowest leaf area was noted
in Punjab-85 at 150 mol m™ salinity as compared to other varieties at 75 DAS. Averaged over
sampling dates and varieties, salinity at 100 and 150 mol m™ NaCl caused a significant decrease
in leaf area. Decrease in leaf growth under salinity stress may be due to a decrease in leaf turgor
(Neumann et al. 1988) or due to reduced N, P and K" uptake by the plants due to NaCl stress
(Dale, 1982). Decrease in leaf area and other agronomic characteristics (shoot and root weight)
at increased salinity level was also reported by Mahmood and Quarrie (1993).

There was a considerable reduction in dry matter accumulation in all the varieties with
increasing levels of salt stress (Table - 2.2). This effect was also reported by other researchefs
(Pessarakli ef al. 1991; Kalaji and Nalborczyk, 1991). Maximum effect of salt stress was noted
in case of Punjab-85 in which leaf area was adversely affected which resulted in less grains and
dry matter. Salt sensitivity of Punjab-85 was also reported by Ashraf and McNeilly (1991) while
comparing it with LU26S.

2.6 CONCLUSIONS

Different wheat varieties responded differently to salt stress. SARC-1 and Kharchia-65
showed better performance than the salt-sensitive variety Punjab-85 and PAK-81. Kharchia-65
and SARC-1 were able to maintain higher leaf area, dry weight and RGR than other varieties at
elevated salt stress which might be a reason for their better yield and superior salt tolerance. At
150 mol m™ NaCl stress, hundred grain weight in Kharchia-65 was lower than SARC-1 and PAK-
81 in spite of the fact that its leaf area and dry weight was the highest. This suggests the presence
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of some inhibitory mechanism which hindered the translocation of assimilates from the leaves to
the seeds at high salinity.

Punjab-85 proved to be a suitable variety under non-saline conditions but its yield (WOG)
and 100 grain weight under higher salinity levels was very low which rendered this variety to be

sensitive to salt stress and unsuitable for salt affected soils.
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CHAPTER 3

PERFORMANCE OF WHEAT VARIETIES DIFFERING IN SALT-TOLERANCE
UNDER SALINE FIELD CONDITIONS IN PAKISTAN

3.1 INTRODUCTION

Salt tolerance studies are often carried out in solution culture under controlled
environment or glasshouse conditions because it is possible to maintain uniform salinity levels
in the culture medium. These conditions are usually best suited for optimum crop growth.
Solution culture techniques though good for physiological studies on plants, do not provide
a realistic prediction of how the plants will behave in the field. Plant roots may face more
heterogeneous conditions in fields as compared with solution culture (Rashid, 1990). There
are numerous ways in which soil salinity, soil fertility, water supply and weather conditions in
the field can be substantially different from the conditions maintained in a growth room or
glasshouse in solution culture. There is every likelihood that differences in these growth
conditions might alter the response of crop cultivars to salt stress. In a glasshouse the
seedlings are often pre-germinated in salt free media (e.g. in sand or on capillary matting), to
obtain a uniform stand in the experiment; whereas under field conditions the seeds are sown
directly into the saline/sodic soil and the seedlings have to undergo salt stress immediately after
their germination. It has been reported that most crop plants attain increased salt tolerance at
later growth stages (Maas, 1984). Hence this may also contribute to variable responses
between systems. In the field also, the responses of cultivars may be quite different under
different types of salt stresses. Keeping this in mind, two experiments were performed under
saline and sodic field conditions on different wheat varieties.

A predominant type of salt stress is found in 'saline soils'. These soils contain low
exchangeable sodium but contain excessive concentrations of soluble salts and the electrical
conductivity of the saturation extract (EC,) from these soils is always more than 4 dS m™.
Excessive amounts of soluble salts produce harmful effects by increasing the salt content of the
soil solution. The exchangeable sodium percentage of the soil is always less than 15 and the
pH of the soil is always less than 8.5. The crop plants suffer in these soils mostly due to

osmotic effects (Richards, 1969). Accumulation of excessive Na™ causes premature senescence
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of leaves, and hence the ability of the plants to limit the accumulation of Na* in leaves can
serve as an important mechanism in salt tolerance (Schachtman and Munns, 1992). Kingsbury
and Epstein (1986) found that the salt composition of different isosmotic solutions had little
effect on the growth of a salt tolerant wheat line but a sensitive line was affected significantly.
The sensitive line tended to accumulate more Na“ than the tolerant line under high Na*
concentration of the growth medium. They suggested that superior compartmentation of toxic
ions, principally Na’, may be a mechanism of salt tolerance.

This first experiment was conducted under field conditions on a saline soil to compare
and study the yield potential of different wheat varieties, to study sodium and potassium
concentrations in the flag leaves and to correlate these with the yield and yield components of

the different varieties.

3.2  MATERIALS AND METHODS
3.2.1 Experimental Materials
3.2.1.1 Wheat Seeds

The following six wheat varieties were selected for comparison in this experiment. All
these varieties were also included in the experiment conducted on a dense sodic soil (Chapter
5). The seeds were collected from Soil Science Department (Saline Agriculture Programme),
of the University of Agriculture, Faisalabad, Pakistan.

1. SARC-1 Moderately tolerant to tolerant
2. SARC-2 Moderately tolerant

3. SARC-3 Moderately tolerant

4. SARC-4 Moderately tolerant

5. LU26S Salt tolerant

6. Punjab-85 Salt sensitive

3.2.1.2 The Soil and Soil Preparation

The experiment was conducted at the Soil Salinity Research Institute, Pindi Bhattian,
Pakistan, where the soil was well-drained and the water table remained below 3 metres during
most of the year (Table-3.1). The experiment was carried out at two adjacent sites which were

about 300 metres apart. One site was a 'normal' soil which had been previously reclaimed with
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excessive leaching with good quality water and had been under cropping for the last 7 years
(EC, < 4.0 dS m™; pH < 8.5 and ESP < 15.0). The soil was classed as a non-saline soil
according to the criteria of the United States Department of Agriculture (Richards, 1969). The
other site was a 'saline’ soil (EC, > 4.0 dS m™, pH < 8.5 and ESP < 15.0). The texture of the
soil at both the sites was sandy loam. The crop rotation followed at the farm was wheat-rice-
wheat. Soil analysis was conducted to assess the nature and magnitude of the stress. Soil
salinity was monitored at different growth stages of the wheat. Site preparation began in
October with a heavy irrigation with good quality irrigation water to leach down the excessive
salts. When the soil was in a proper moisture condition a fine seed bed was prepared. Soil
samples were collected from fifteen different locations at random from each site before
fertilizer application and sowing. A composite sample (1 kg) was made out of these for analysis
in the laboratory. The second soil sampling was made at the time of booting and the final
sampling was done at the time of harvest. These samples were analyzed using the analytical
procedures described by Richards (1969). The following parameters were determined.

. Electrical conductivity of the saturation paste extract (EC,) in dS m™. The paste was

prepared in distilled water.

. The pH (saturation paste in distilled water) was measured with a conductivity meter
(Beckman, USA).
. Soluble carbonates (CO,”) and bicarbonates (HCO,") were determined by titration

against standard sulphuric acid. Chlorides (CI') were estimated by titration with AgNO,
solution. Ca**+Mg®* was determined by titration with Ethylenediaminetetraacetate
(Versenate) solution from a specially prepared soil extract. Sodium was estimated by
flame photometer (Beckman, USA) using the saturation paste extract.

. Exchangeable Na* percentage (ESP) was determined directly as well as conversion
from SAR. SAR was calculated using soluble Na* and Ca’>*+Mg”* concentrations.
Conversion of SAR to ESP was done using the following regression equation
(Richards, 1969).

ESP= {100 (-0.126+0.01475 x)}/{1+(-0.01475 x)} where 'x' is equal to SAR.
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After the first soil sampling, fertilizer was applied according to the recommended rates
for wheat in that areai.e. 135 kg N ha™, 110 kg P,0; ha and 60 kg K,O ha™, as urea, single
superphosphate and potassium sulphate respectively. One third of the nitrogen and all the
phosphorus and potassium were applied before sowing. The remaining nitrogen was applied
in two equal splits with the first and third irrigation. This split nitrogen application was done
to minimise any losses through leaching due to the coarse texture of this soil.

The EC, of the normal soil further decreased during the period of wheat growth due
to leaching of the salts to lower horizons (Table 3.1). At the time of harvest, it had dropped
to 0.8 dS m™. There was also a small decrease in pH and larger decreases in chlorides,
Ca**+Mg”, Na”, SAR and ESP of the soil by the time of harvest.

The other soil was a saline soil with medium salinity. The soil had some spatial
variability at this site and the data for soil analysis reported in Table-3.1 is from a soil sample
composited from 15 soil samples collected randomly from different parts of the field. Igartua
(1995) also reported a high spatial variability in salt affected fields. At the start of the
experiment, its EC, was about 6 times higher than the normal soil. A decrease in EC, was
noted at booting but at the time of final harvest, it was even greater than at sowing. pH was
close to 8.5 throughout the duration of the experiment. CI, Ca®*, Mg?*, Na’, SAR and ESP
were all considerably higher than in the normal soil. During the growth period there were
considerable decreases in HCO,* , CI' and Ca*'+Mg?". Soluble Na" was lower at booting than
at sowing but became higher at the time of final harvest. SAR and ESP increased during the
growth period. The data showed that at all the three growth stages, the soil remained a saline
soil (EC, > 4.0, pH < 8.5 and ESP > 15.0) in spite of the increases in soluble sodium.

3.2.1.3 Sowing

The experiment was sown on November 28, 1993 according to a randomized complete
block design. Sowing was done with a single row cotton drill keeping the row to row distance
at 30 cm. There were three replications at each site. Each block was partitioned into 6 plots.

Each plot was assigned to one variety and was 10 m long and consisted of 7 rows.
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Table - 3.1: Physico-chemical soil characteristics (electrical conductivity of saturation paste
extract in dS m™(ECe), pH of saturation paste, soluble carbonates (CO,”), bicarbonates
(HCOy"), chlorides (CI' ), calcium plus magnesium (Ca**+Mg*") sodium (Na®), sodium
adsorption ratio (SAR) and exchangeable sodium percentage (ESP).

Time of ECe | pH |CcO# |HCO, | ¢ |ca*+Mg*| Na* | SAR | Esp* —“
sampling dS m?!
= —

Normal soil |(0-15cm)
Sowing 19 [8a4] - | 57 | 88 G 100 | 57 | 67¢6.1)*
Booting 1.5 8.3 - 2.7 4.7 39 7.8 5.6 6.5(5.9)
Harvest 0.8 8.3 - 3.0 14 44 44 3.0 3.0(3.6)

| Saline soil |(0-15¢m)
Sowing 127 | 86 |Traces| 95 | 977 | 151 1103 | 40.1 | 36.7(14.7)
Booting 9.7 8.5 - 33 77.1 8.2 87.2 43.0 38.4(14.5)
Harvest 15.8 83 - 3.2 45.6 9.1 119.0 558 448 (14.9)

* ESP values within the parentheses are actual values obtained through laboratory assay of
exchangeable Na'. ESP values outside the parentheses were calculated from SAR data.

* Concentration of CO,*, HCO,, CI, Ca** + Mg®* and Na" are in meq. per litre ( me 1™).
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3.2.2 Maintenance of the Experiment

After the germination of the crop, thinning was done and a plant to plant distance of
approximately 2.5 cm was established. Irrigation was applied according to the crop demand
with a 1:1 mixture of good quality canal water and tube well water of marginal quality. At each
irrigation the plots were flooded to a depth of approximately 8 cm. A total of 5 irrigations were
applied up to the maturity of the crop. Manual hoeing was carried out after the first and
second irrigations to eradicate the weeds which were abundantly growing in the non-saline soil

but less so in the saline soil.

3.2.3 Visual Observations

Germination and emergence of all the varieties was patchy in the saline soil and was
more uniform in normal soil. In the normal soil, growth of all the varieties seemed to be equal
while in the saline soil, growth of Punjab-85 was quite stunted as compared to the other
varieties. There was no noticeable insect or disease attack in the normal as well as the saline

soil throughout the growth period.

3.24 Growth Measurements
The following data were recorded.

1. Flag leaf area was determined at the time of anthesis on March 26, 1994 using the
following formula as mentioned in Chapter 2 (section 2.2.6):

Leaf area = (0.9 x Length)*(0.5 x Width) .......... (Robson and Sheehy, 1980).
Five flag leaves were taken at random from each plot to determine the leaf area.

2. Thirty flag leaves (10 from each replication) were collected from each treatment and
variety. These were stored in labelled paper bags and were dried in an oven at 70 °C
for 72 hours and weighed.

The soluble ions from the leaves were extracted in 20 ml pyrex test tubes in 10 ml of

0.1 M acetic acid at 80°C in a water bath for 1.5 hours. The whole leaf was kept submerged

in the acetic acid to ensure full extraction. The open ends of the test tubes were covered tightly

with cling film to avoid any evaporation and changes in concentration of the extracted ions.
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The concentrations of sodium and potassium in this extract were measured by atomic
absorption spectrophotometer (Pye Unicam Model SP-919) at the School of Biological
Sciences, University of Sussex, Brighton.

3. Thirty plants (10 from each replication) were harvested at maturity from each treatment

and variety. The following data were recorded:

i, No. of tillers per plant

ii. No. of ears per plant

iil. Length of main shoots and spikes

v, Total weight of main shoots and spikes

V. Number of grains in spikes from main shoots
vi. Weight of grains per main spike

vil. 100 grain weight

3.2.5 Statistical Analysis

The data for the two sites were combined and analyzed using analysis of variance
according to the procedure for experiments repeated over different sites described by Cochran
& Cox (1957) using Minitab statistical package for Windows v. 10.2. An example of the
anova table is presented in Appendix - 3.1. Where treatment effects were significant,
differences between means were tested by LSD values which were calculated by the equation
described in Chapter 2 (section 2.2.8). Significance levels are presented in the tables by * , **,
*** for 5%, 1% and 0.1 probability levels, respectively. Non-significant effects are shown as
'NS'. AllLSD values among means in the text were calculated at the 0.05 level of probability
unless otherwise stated.

As there were large differences between Na“ contents and K/Na® ratios of flag leaves
of plants grown in the normal (non-saline) and saline soil, separate statistical analysis were

done for each for these two parameters and LSDs were calculated accordingly.

33 RESULTS
3.3.1 Flag Leaf Area

Data for flag leaf area (cm?) at anthesis stage are presented in Table - 3.2. The effects
of salinity were highly significant (P < 0.01) while those of variety and the variety x salinity
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interaction were non-significant. In the saline soil there was a highly significant decrease in flag
leaf area which ranged from 50% in salt-sensitive variety Punjab-85 to 63% in SARC-4.

Decrease in leaf area in salt-tolerant variety LU26S was about 56% .

3.3.2 Length of Main Shoots and Spikes

Length of main shoots and spikes in different varieties is presented in Table-3.3. The
effects of salinity and variety on main shoot length and the variety x salinity interaction were
significant. In this experiment, SARC-2 was the tallest variety in normal soil but its stem length
was not significantly different from that of all other varieties except SARC-1 and Punjab-85
which was the shortest. There was a significant decrease in the length of main shoots in saline
soil which ranged from 24% in the moderately salt tolerant variety SARC-2 to 44% in the salt
sensitive variety Punjab-85. The effects of salinity on length of main shoots were least in the
moderately salt tolerant variety SARC-1 (24%) followed by salt tolerant variety LU26S (26%).

For spike length, the effects of variety and salinity were found to be significant while
their interaction was non-significant. Spike length in normal soil was highest in SARC-3, which
was statistically similar to all other varieties except Punjab-85, which had the shortest spikes.
There was a considerable decrease in spike length of these varieties due to salt stress which
ranged from 8% in SARC-1 to 28% in SARC-3. In the saline soil, spike length was lowest in
the salt sensitive variety Punjab-85. The longest spikes were noted in SARC-2 followed by
LU26S. In LU26S and SARC-2 the lengths of spikes recorded in saline soil were similar to
those found in normal soil.

3.3.3 Weight of Main Shoots and Spikes

A very large reduction in the weight of main shoots was noted in all the varieties under
saline conditions. It ranged from 21% in SARC-2 to 56% in Punjab-85 (Table - 3.4), although
the variety x salinity interaction was not significant. The variety x salinity interaction was non-
significant, which showed that the varieties performed similarly at the two sites. Averaged over
the two sites, main shoot weight was highest in SARC-2 and LU268S but these varieties were
similar to SARC-3 and SARC-4. Lowest main shoot weight was noted in Punjab-85.
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Varieties ) Normal soil Saline soil ||
Means +SE Means +SE J
SARC-1 194 2.00 8.9 1.30
SARC-2 21.0 1.40 104 1.48
SARC-3 20.1 1.49 8.7 0.42
SARC-4 21.8 2.40 8.2 1.50
LU26S 18.8 0.99 83 0.65
_ Punjab-85 19.2 1.03 9.6 1.40
Site means 20.0 9.0

LSD values at p =0.05

Site means = 1.74 (***);

Variety means = (NS);

All values are means of fifteen observations.

Table - 3.3: Length (cm) of main shoots and spikes.

V x S means = (NS)

LSD values at p=0.05

Varieties Normal soil Saline soil Variety means
Main shoots Spikes Main shoots Spikes Shoots | Spikes
Means | & SE | Means | + SE | Means | +SE | Means | ssF
SARC-1 84 2.2 92 02 64 1.4 8.5 0.7 74 8.9
SARC-2 104 2.8 10.4 04 79 1.0 9.6 0.2 92 10.0
SARC-3 101 6.6 10.7 | 0.2 58 7.2 7.7 0.6 80 02
SARC-4 98 2.4 9.6 0.3 69 59 8.5 0.7 84 9.0
LU268S 100 2.4 10.2 0.3 74 0.7 94 0.3 87 08
Punjab-85 92 0.5 90 0.1 51 4.5 72 02 72 8.1
Site means 97 99 66 8.5

Site means for length of main shoots = 4.66 (***), length of spikes = 0.49 (***)

Variety means for length of main shoots = 7.94 (***), length of spikes = 0.84 (**)
V x S means for length of main shoots = 11.23 (*), length of spikes = (NS)
All values are means of thirty observations.
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Weight of main shoot spikes was also decreased considerably in saline soil as compared to the
normal soil. The decrease ranged from 13% in SARC-2 to 52% in SARC-3 (Table -3.4), although
the variety x salinity interaction was not significant. Averaged over the two sites, weight of spikes
was significantly higher in the salt tolerant variety LU26S and lowest in the salt sensitive variety
Punjab-85.

334 Total Number of Tillers and Ears Per Plant

The decrease in the total number of tillers in saline soil ranged from 21% in LU26S to 53%
in SARC-4 (Table - 3.5), but the effect of variety and variety x salinity interaction was non-
significant. The effect of salinity was however highly significant.

Salinity also resulted in a significant decrease in the total number of ears per plant. This
ranged from 25% in the salt tolerant variety LU26S to 57% in the salt sensitive Punjab-85. The
effect of salinity was highly significant while the effects of variety and salinity x variety was non-

significant in number of ears per plant also.

3.3.5 K’, Na' and K'/Na" Ratios in Flag Leaves

There was a very large and significant increase in Na* contents of flag leaves accompanied by
a smaller but significant decrease in K' contents in all the varieties in the saline soil as compared
to the normal soil (Table - 3.6).

Differences between varieties in Na* contents were significant on the normal as well as saline
soil. Under saline conditions, significantly lowest Na" was recorded in the salt tolerant variety
LU26S and highest values were noted in the salt sensitive variety Punjab-85. The decrease in K*
concentration on the saline soil as compared to normal soil was significant in all the varieties
except SARC-2.

K'/Na" ratios were calculated from the K* and Na* data (Table - 3.6) and are presented in
Table - 3.7. K'/Na" ratios in the normal soil were very high. A large decrease in these ratios was
noted under the saline conditions and highest values were noted in SARC-3, SARC-2 and the salt
tolerant variety LU26S. In the saline soil, K'/Na* ratio was statistically similar in all the varieties
except SARC-3 which was similar to LU26S and SARC-2 but greater than the other varieties. In
the normal soil, K'/Na® ratio was highest in SARC-2 and significantly lowest in the salt-tolerant
variety LU268.
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ht (g/shoot) of main shoots and spikes (g/spike) of different wheat varieties.

Varieties Normal soil Saline soil Variety means
Main shoots Spikes Main shoots Spikes Shoots| Spikes
| Means| = SE |
W_A_;_M_ﬁ_m SE

SARC-1 146| 0.09| 2.84| 0.11| 095| 0.03| 2.12| 0.17| 1.21| 248

SARC-2 1.64] 0.18) 3.03| 0.16] 1.29| 0.10| 2.63| 0.09f 147| 2.83

SARC-3 1.77{ 0.19] 3.13| 0.06] 0.81| 0.07| 1.51| 046l 1.29| 232

SARC-4 1.69] 0.16] 3.21( 0.17| 090| 0.12] 2.33| 036f 130| 2.77

LU26S 1.841 0.05| 3.29| 0.13| 1.17]| 0.11| 2.70| o0.11f 1.56] 2.99

Punjab-85 1.37| 0.08] 2.80| 0.12| 0.61| 0.07| 1.51| 037]| 099 2.16

Site means 1.63 3.05 0.94 2.13

LSD values at p=0.05

Site means for weight of main shoots = 0.14 (***), weight of spikes = 0.28 (***)
Variety means for weight of main shoots = 0.24 (**), weight of spikes = 0.47 (**)

V x S means for weight of main shoots = (NS), weight of main spikes = (N S)

All values are means of thirty observations.

Table - 3.5: Total number of tillers and spikes per plant.

Varieties Normal soil Saline soil Variety meanql
Tillers Spikes Tillers Spikes Shoots| Spiked|
Means| =+ SE | Means| +SE| Means| +SE| Meansl <
SARC-1 80| 0351 79| 035 48| 0.75| 45| 062] 6.4 6.3
SARC-2 79| 0591 79| 059 51| 040| 51| 040]| 65 6.5
SARC-3 67| 056 67| 052 42| 062 36| 099 55 5.1
SARC-4 83| 059 83| 059 39| 029| 36| 029 6.1 59
LU26S 76| 044 76| 044 60| 064| 57| 084 638 6.7
Punjab-85 81| 029 81| 029 41| 019]| 34| 037] 6.1 58
Site means 7.8 7.8 4.7 43
LSD values at p = 0.05

Site means for number of tillers

Variety means for number of tillers = (NS), number of spikes = (NS)
V x S means for number of tillers = (NS), number of spikes = (NS)
All values are means of thirty observations.

=0.61 (***), number of spikes = 0.68 (***)
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Table - 3.6: Sodium and potassium contents (u mol/g dry weight) of flag leaves in different

wheat varieties.

Varieties Normal soil Saline soil
Sodium Potassium Sodium Potassium Var. means
Meany +SE| Meany + SE| Meany + SE| Meany + SE| for potassium
SARC-1 5 00| 632 13| 138| 18| 610 29 621
SARC-2 5 0.1 | 804| 16| 140 29| 798| 43 801
SARC-3 6 01| 790| 57| 109] 07| 721| 5.7 755
—{
SARC-4 6 03| 662| 45| 134| 58| 533| 29 598
LU26S 7 03| 598 23 9 | 24| 578| 24 588
Punjab-85 8 071 791 40| 186| 29| 777} 1.0 784
Site means | 6 [ 73 ] 134 669 ]
LSD values at p = 0.05 - - B
Na' :
Between varieties on normal soil = 0.75 (*)
Between varieties on saline soil = 36.6 (***)
K
Between site means = 4.32 (*¥**)
Between variety means = 7.35 (***)
Between variety x site interaction means = 10.39 (***)
Table - 3.7: K*/Na’ ratios in flag leaves of different wheat varieties.
Varieties Normal soil Saline soil
Means + SE Means + SE
= —— —
SARC-1 123 0.5 4 0.1
SARC-2 179 1.9 6 0.1
SARC-3 134 0.4 7 0.1
SARC-4 111 6.3 4 0.2
LU26S 86 3.2 6 0.2
Punjab-85 105 9.8 4 0.1
I Site means i 123 5

LSD between varieties on normal soil = 15.96 (***)
LSD between varieties on saline soil = 2.60 (**)
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33.6 Grain Weight per Spike and Yield Components

Data showing the grain weight per spike on the normal and saline sites is presented in Table -
3.8. The variety x salinity interactions were significant for number of grains/spike and weight of
grains per spike. The same interactions were non-significant for 100 grain weight, indicating that
the differences between varieties were similar on the two sites. There was a significant decrease
in the number and weight of grains per spike in the saline soil as compared to the normal soil. The
decrease in number of grains per spike ranged from 8% in SARC-2 to 53% in SARC-3, followed
by Punjab-85 (45%). The decrease in number of grains due to salt stress was also quite low in the
salt tolerant variety LU26S (17%). The decrease in weight of grains ranged from 13% in SARC-2
to 52% in SARC-3. There was also a comparatively smaller decrease in grain weight in the salt
tolerant variety LU26S (14%). The effects of variety were highly significant for all these three
yield components. Averaged over the two sites grain weight was greatest in LU26S which was
similar to SARC-2 and SARC-4 but significantly higher than SARC-1, SARC-3 and Punjab-85.
Significantly lowest grain weight was noted in the salt-sensitive variety Punjab-85.

Averaged over the two sites, 100 grain weight was significantly greater in the salt-tolerant
variety LU26S than SARC-1, SARC-2 and Punjab-85 and was significantly similar to the other
varieties. Significantly lowest 100 grain weight was noted in Punjab-85 as compared to all the

other varieties.

337 Correlation of Results

Values of the coefficient of linear correlation between weight of grains per spike and different
growth parameters, sodium and potassium contents of flag leaves were calculated separately for
normal and saline soils and are presented in Table - 3.9.

In normal soil weight of grains per spike was significantly and positively correlated to weight
of main shoots, length and weight of spikes and number of grains per spike. Correlations with
other growth parameters and K'/Na” ratios of flag leaves were non-significant.

In saline soil, significant positive correlations were observed between grain weight per spike
and length and weight of main shoots and spikes, number of grains per spike and number of ears

per plant. All other correlations were not significant.
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Table - 3.8: Grain weight per spike and yield components of different wheat varieties at
normal and saline sites.

Varieties Normal soil Saline soil
Number of Weight of 100 grain | Number of Weight of 100 grain
grains grains(g) weight(g) grains grains(g) weight(g)
Meany +SE| Moans| +SE| Moans +SE| Means _*SE Meany  +SE| Means] + SE|
SARC-1 437| 136| 2.16| 0.09| 4.99| 0.09| 340| 220| 168| 0.12| 4.93] 003
SARC-2 | 46.1| 348| 226| 014| 493 o006| 425| 249| 196| 007| 463| 0.15
SARC-3 | 494| 046| 242 006| 493| 009| 233| 241| 116 039| 554] o028
SARC-4 | 468| 420] 248| o.16| 530| 0.14] 363| 198] 185| 028 500 0_13"
LU26S 474| 207 252| oa1| 534] 003]| 395| 171| 217| 0.0s| 555 0.14"
Punjab-85 | 48.1| 105| 2.17| 008] 453| 009| 266| 222 115| 038] 405| 0.
Means for salinity stress
Normal soil Saline soil
No. of grains/ear 46.9 33.7
Wt. of grains/ear 2.33 1.66
100 Gr. wt (g) 5.00 4.96
Varietal means
SARC-1 |SARC-2 |SARC-3 |SARC-4 |LU26S Punjab-85
No. of grains/ear |38.8 443 36.3 415 43.4 37.3 |
Wt. of grains/ear | 1.92 2.11 1.79 2.16 2.35 1.65
100 Gr. wt (g) 4.96 478 3.23 5.19 5.45 429

LSD values at p = 0.05
Site means for no. of grains/spike=4.85 (***), weight of grains/spike= 0.24 (***),
100 grain weight = 0.27 (¥**)
Variety means for no. of grains/ spike= 9.81 (***), weight of grains/spike= 0.41 (***),
100 grain weight = 0.46 (***)
V x S means for no. of grains/ spike =11.69 (**), weight of grains/spike= 0.58 (*),
100 grain weight = (NS)
All values are means of thirty observations.



Table - 3.9: Linear correlation coefficients between combined data for grain weight per

main spike and various yield components of different wheat varieties under normal and

saline soil conditions

Parameters Normal soil | Saline soil
“ Flag leaf area (cm?) 0.039 NS |-0.162 NS
I Length of main shoots (cm) 0382 NS |[0894 **
Length of main shoot spikes (cm) 0615 ** |0824 *>
Weight of main shoots (g) 0483 * 0.606 **
Weight of main shoot spikes (g) 0.980 ** |0.989 **
[ Number of grains per spike 0770 ** 10964 **
[ 100 grain weight (g) 0405 NS |[0.139 NS
Number of total tillers per plant 0.146 NS 0422 NS
[| Number of ears per plant 0.140 NS |0.672 **
Sodium contents of flag leaves (.« mol/g dry weight) | 0.094 NS |-0.346 NS
| Potassium contents of flag leaves (x mol/g dry weight)| -0.251 NS [-0.343 NS
" K'/Na’ ratio in flag leaves -0.221 NS |0.046 NS

Number of means per site for calculation of correlations = 18

NS= Non-significant at 5% level of significance
* = Significant at 5% level of significance
** = Significant at 5% level of significance
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3.4 DISCUSSION

The six wheat varieties included in this study had a large variation in their tolerance to salinity
(Qureshi et al. 1980; Ashraf and McNeilly, 1991; Niazi ef al. 1993). The results obtained in this
experiment showed a highly significant reduction in the grain weight per spike, yield components
and different growth parameters as a result of salt stress.

In normal soil as well as the saline soil, LU26S gave the highest grain weight per spike
comparatively and proved to be the most salt-tolerant variety even at the high soil salinity which
ranged from 9.7 dS m™ at booting stage to 15.8 dS m™ at the time of harvesting. The better
performance of LU26S might be due to its significantly higher dry weight of main shoots, better
grain development and increased seed weight (expressed as the weight of 100 grains), higher spike
length and spike weight as compared to all the other varieties (Francois ef al. 1986, Srivastava
et al. 1988; Qureshi ez al. 1991). Variety Punjab-85 proved to be the most salt-sensitive and its
dry weight of main shoots and spikes were also found to be the lowest. Grain weight of SARC-3
under saline soil conditions was almost similar to the salt-sensitive variety Punjab-85 and its dry
weight of shoots and spikes was also very low and could be classified as salt-sensitive. Low dry
weight of shoots and spikes was also considered a major reason for low yield in some wheat
varieties grown under salt stress by Srivastava ef al. (1988). Another major cause for low grain
weight per spike in this variety was comparatively lower number of seeds per spike. Soil salinity
at the booting/reproductive stage was considerably lower than the other two sampling times,
which might have proved beneficial for all the varieties during the reproductive process (Maas and
Poss, 1989).

Other varieties included in this study were intermediate in their grain weight per spike and
could be classed as having medium salt tolerance.

As compared to the other growth parameters, salinity proved more injurious to the flag leaf
area of all the wheat varieties and a decrease of about more than 50% was noted in saline soil than
the normal soil. Decrease in leaf area by salinity has been reported by Srivastava e al. (1988).
Singh ef al. (1994) also reported that increase in salinity and RSC (sodicity) of the irrigation water
increased pH of the soil but decreased flag leaf area. Flag leaf area was highest in SARC-2 in the
saline soil but it did not give the highest grain weight. The linear correlation observed between
grain weight and the flag leaf area was very poor on the pooled data for all the varieties (Table
3.9) in normal as well as saline soil. SARC-2 had the highest flag leaf area in the saline soil and
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it was also very poorly correlated with the grain weight per spike. Punjab-85 had comparatively
a modest flag leaf area in the saline soil, but this was not reflected towards its grain weight under
the saline soil conditions. Thorne (1982) reported that the flag leaves in wheat contribute about
82% of assimilates to the grains and hence the yield of the varieties having larger flag leaf area
should be higher but the results obtained in this experiment do not support these findings.

SARC-2 was the tallest variety both under normal and saline soil conditions and it also had
the longest spikes under saline soil conditions. Length of main shoots and spikes were both
significantly correlated with the grain weight calculated on pooled data for all the varieties and its
salt tolerance was next to LU26S. Number of spikes and tillers were also quite high in LU268S but
were non-significant. Grieve et al. (1992) and Singh ez al. (1994) found a similar effect of high
salinity on length of tillers and spikes in wheat.

Contents of Na* in the flag leaves drastically and significantly increased in all the tested
varieties but highest Na' contents were noted in the salt-sensitive variety Punjab-85 and the lowest
values were observed in the salt-tolerant variety LU26S. Na® is a toxic ion and its diminished
accumulation in LU26S and increased buildup in Punjab-85 could explain their tolerance and
sensitivity to salinity respectively. In the pooled data for all the varieties, there was a poor
correlation between grain weight per spike and Na* contents of the flag leaves (Table - 3.9).
Schachtman and Munns (1992) reported that salt-tolerant 7riticum species had lower rate of Na*
accumulation than the salt-sensitive ones. The mechanism of Na* uptake was argued to be
regulated by root processes and the processes of ion compartmentation within the leaves which
enhances the ability to tolerate high concentrations of Na' in the leaves. On the basis of their
experiments in greenhouse and field, Qureshi ef al. (1993) concluded that different cultivars may
adopt different mechanisms for tolerating high external salinity. The exclusion of Na* and CI', high
RGR for compensating for high Na" uptake or selective uptake of Na" and K" and their
compartmentation away from the growing tissues can be important mechanisms for salt tolerance
in different wheat genotypes. Excessive Na" and CI” uptake by the plants may disturb the uptake
of K" and other nutrient elements (Munns and Termaat, 1986), especially NO; which in turn may
depress the growth and adversely affect the yield and different yield components.

A significant decrease occurred in all the varieties in K* contents of flag leaves under saline
soil conditions. Storey and Wyn Jones (1978) also reported that NaCl salinity decreases K*

concentration in many species e.g. barley. K* concentration in xylem sap was reported to decline
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when the external NaCl concentrations reached 100 mol m™ (Munns and Termaat, 1986). In spite
of a significant decrease in K* in the saline soil in different varieties, K* concentration was 4-6
times more than the Na" contents. This high selectivity of K" is an important physiological
mechanism for plant survival in saline environments (Wyn Jones et al. 1979). This mechanism was
more evident in salt-tolerant variety LU26S and least in the salt-sensitive variety Punjab-85. This
decrease in K" contents ranged from 1-19% in different varieties, highest decrease being noted
in SARC-4. Sharma ef al. (1994) concluded that greater dry matter accumulation, K* and nitrogen
contents and reduced uptake of Na” and CI" as characters for salt resistance and suggested that
these characters could be used as a criteria for rapid screening programmes for different crops.
In this study, there was a reduced uptake of Na* in the saline soil in LU26S which is a salt-tolerant
variety. K" uptake also decreased under saline conditions but there was not a clear trend in this
case. In the saline soil, there was mostly a high positive linear correlation between the grain weight
per spike and K* contents of the flag leaves in all the varieties.

K"/Na’ ratio was quite high in the salt-tolerant variety LU26S in the saline soil (Table - 3 )
which might also be an other reason for its better salt tolerance. In the salt-sensitive variety
Punjab-85, K'/Na" ratio in saline soil was among the lowest of all the varieties. On the basis of
these results, it may be suggested that this ratio may serve as an other criteria for salt tolerance
in wheat genotypes. However, in this study it was poorly correlated with the grain weight (Table -
3.9) in pooled data for all the varieties. Maliwal and Sutaria (1992) conducted an experiment on
five wheat varieties in pots having salinized soil at 4.05, 8.05, 15.40 dS m™. The results showed
that the K'/Na* ratio was the highest in the salt-tolerant variety Kharchia-69. They found
significant negative correlations between grain yield and the concentration of Na* of cell sap and
suggested that this could be used for judging salt tolerance in wheat.

The results of this study suggest that exclusion of excessive Na* and other toxic ions like CI
(data not presented) in the leaves of salt-tolerant variety LU26S could also be a reason for its
ability to maintain a higher yield in the saline soil, although there were poor and non-significant
correlation of flag leaf Na” concentrations (pooled data for six varieties) and grain weight per
spike. Gorham (1993) concluded that salt tolerance in crops such as wheat and barley is largely
determined by their ability to exclude Na* and CI" from their shoots and their ability to maintain

high shoot K" concentrations.
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3.5 CONCLUSIONS

LU26S proved to be the most salt-tolerant variety and gave the highest grain weight under
saline conditions possibly due to its low Na* uptake, high K*/Na" ratio, higher dry weight of
shoots and spikes and better grain development (100 grain weight). Better exclusion of Na* and
other ions from the leaves of salt-tolerant variety LU26S could also be a reason for its ability to
maintain a higher grain weight in the saline soil. High Na' uptake, lower K'/Na® ratio, lower dry
weight of main shoots and spikes and lower 100 grain weight were the main reasons for salt-
sensitivity in Punjab-85.

Flag leaf area decreased drastically due to salt stress in all the varieties and this could be a
major cause for low yield in the saline soil. There was however, a very low linear correlation
between the flag leaf area and the grain weight in pooled data for all the six wheat varieties.

This experiment was conducted on a saline soil using six wheat varieties. To examine the
effects of sodic soil on wheat varieties under field conditions, another experiment was conducted

and its results are reported in the following chapter.
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CHAPTER 4

GRAIN YIELD, ION UPTAKE AND NET PHOTOSYNTHESIS OF SOME WHEAT
VARIETIES DIFFERING IN SALT-TOLERANCE GROWN UNDER
SODIC FIELD CONDITIONS IN PAKISTAN

41 INTRODUCTION

The experiment reported in chapter 3 was conducted under saline soil conditions. Another
major type of salt stress is encountered in 'sodic soils'. These will have a high exchangeable
sodium percentage but contain lower concentrations of soluble salts. The exchangeable sodium
percentage (ESP) of the soil is always more than 15 and electrical conductivity of the saturation
extract (EC,) from these soils is always less than 4 dS m™. Due to the high sodium hazard, the pH
of the soil is always more than 8.5. Crop plants growing in these soils suffer mostly due to
excessive sodium and poor physical conditions of the soil and less due to an osmotic effect
(Richards, 1969). Management and crop production from this type of soil is a major problem in
central parts of Pakistan and elsewhere in many parts of the world. These soils develop from
saline soils after precipitation of excess Ca** as CaSO, and leaching of excess salts, which results
in an increase in the proportion of Na® in the soil and followed by increased ESP (Richards, 1969).
Sustained use of sodic and saline sodic waters also results in increased pH and ESP of the soil,
thus turning the normal soil into a 'sodic soil' and has a detrimental effect on the crop yields
(Bajwa et al. 1993). Gupta and Sharma (1990) evaluated experimental data for 20 crops for their
tolerance to sodicity and found that Sesbania aculeata, rice and wheat had comparatively greater
tolerance to sodicity and among wheat varieties, Kharchia-65 appeared to be the most tolerant.
Yasin (1991) reported a decrease in grain and straw yields of wheat varieties at 38.5 and 56.4
ESP of the soil with an increase in plant Na" and decrease in K" contents. Sharma (1991) reported
that the cultivars resistant to sodicity maintained higher leaf Na* concentrations and lower Na'/K*
ratios than the sensitive cultivars. Similar results were reported by Schatchtman and Munns
(1992) for wheat genotypes grown under saline conditions. In a greenhouse experiment conducted
on wheat by Padole (1991), it was found that combined effects of salinity and sodicity were
greater than salinity alone and that uptake of N, P, K, Ca*", Mg®’, Zn**, Fe?*, Cu®*" and Mn** were
reduced by salinity and/or sodicity of soil and irrigation water. Srivastava and Srivastava (1993)
studied pH dependent changes in iron availability in rice and wheat plants and reported that with
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the rise in pH from 7.2 to 10.3, water soluble and exchangeable Fe** decreased while levels of
iron oxide increased. Gas exchange in wheat has been reported to be affected by accumulation of
excess Na* and CI in different plant species after exposure to NaCl salinity (Downton, 1977,
Walker ef al. 1982; Kaiser, 1984; Terry and Waldron, 1984; Yeo ef al. 1985; Rawson, 1986;
Kemal-ur-Rahim, 1988; Leidi and Lips, 1990; Kalaji and Nalborczyk, 1991; Bethke and Drew,
1992; Igbal, 1992) but relevant data for wheat on sodic soils under field condition is scanty. In
a pot study on rice and wheat using soils having ESP 18 and 34, Hussain e? al. (1994) found that
with increasing ESP wheat straw yield and productive tillers in both the crops were not affected
but grain yield of both these crops decreased by increasing ESP. Khan (1996) reported that there
was no significant decrease in Pn of wheat with increase in ESP of the soil. In a pot study, Singh
et al. (1990) reported that in brassica plants, Pn, E, g, chlorophyll content and leaf area per
plant were decreased by soil sodicity.

This field experiment was conducted on a dense, sodic soil at the Saline Agriculture
Station of Pakistan Agricultural Research Council, Islamabad, Pakistan. The purpose was to study
the comparative yield potential of different wheat varieties having variable degrees of salt
tolerance and to correlate the yield with carbon assimilation rate and potassium and sodium
contents of flag leaves. The measurements were made on flag leaves because these have been
reported to contribute about 82% of assimilates to the grains (Thorne, 1982). Another aim was
to select two or three suitable varieties for more detailed glass house studies in the UK, according

to their performance in the field.

42  MATERIALS AND METHODS
4.2.1 Experimental Material
4.2.1.1 Wheat seeds

Ten wheat varieties were selected for this experiment including the four previously studied
at the University of Wales, Bangor, UK (see Chapter 2) and the six varieties studied at the saline
site in Pakistan (see Chapter 3). The seeds were collected from Soil Science Department (Saline
Agriculture Programme), University of Agriculture, Faisalabad, Pakistan. The names of these

varieties and their reported salt tolerance are given below.
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SARC-1  Moderately tolerant to tolerant (Qureshi, R. H. 1997, Pers. Communication)
SARC-2  Moderately tolerant (Qureshi, R. H. 1997, Pers. Communication)

SARC-3  Moderately tolerant (Qureshi, R. H. 1997, Pers. Communication)

SARC-4  Moderately tolerant (Qureshi, R. H. 1997, Pers. Communication)

LU26S Salt tolerant (Ashraf and McNeilly, 1991; Qureshi ef al. 1993)

Punjab-85 Salt sensitive (Ashraf and McNeilly, 1991; Qureshi ez al. 1993)

Pato Salt sensitive (Akhtar et al. 1994)

7-Cerros  Moderately tolerant (Hollington et al. 1992)

PAK-81  Moderately tolerant (Qureshi ez al. 1993)

10. Kharchia-65 Salt tolerant (Sharma, 1989)

2O oA Gy & M g e

4.2.1.2 The Soil and Soil Preparation

The experiment was conducted at Saline Agriculture Research Station, Sadhuke, Pakistan
at two adjacent sites which were about 200 metres apart. One site was a 'normal' soil (EC, < 4.0;
pH < 8.5 and ESP < 15.0) which had been previously reclaimed with gypsum. The soil was
classed as a non-saline soil according to the criteria of United States Department of Agriculture
(Richards, 1969). The other site was a dense 'sodic' soil (EC, < 4.0, pH > 8.5 and ESP > 15.0).
The texture of the soil at both the sites was clay loam. Crop rotation followed at the farm was
wheat-rice-wheat. All ten varieties were sown at both sites. Soil samples (0-15 cm) were collected
at sowing, booting and harvest. Twenty, 500g soil samples were collected randomly from each
site using a soil auger and mixed thoroughly. Composite samples weighing about 1 kg were taken
from these bulk samples, dried in air, ground, sieved through a 2mm sieve and put in plastic bags
for analysis. These were analysed to assess the nature and magnitude of the stress using the
analytical procedures described by Richards (1969). The detailed physico-chemical analysis is
presented in Table - 4.1. The soil was irrigated and when in the proper moisture condition, a fine
seed bed was prepared for sowing the seed. The first soil sampling was done at this time and
before fertilizer application to assess the nature and magnitude of the salt stress. Fertilizer was
applied at the rate of 80 kg N ha”, 70 kg P,O; ha™ and 50 kg K,O ha”. Half the amount of
nitrogen and the full rate of phosphorus and potassium was applied at the time of seed bed
preparation. The remaining half of the nitrogen was applied at the time of the second irrigation.

Soil samples were collected again at the time of booting and harvest (Table-4.1).
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Table - 4.1: Physico-chemical soil characteristics (electrical conductivity of saturation paste
extract in dS m™ (EC,), pH of saturation paste, soluble carbonates (CO,”), bicarbonates (HCO;),
chlorides (CI), calcium plus magnesium (Ca**+Mg*"), sodium (Na"), sodium adsorption ratio
(SAR) and exchangeable sodium percentage (ESP).

" Time of EC, pH | cO* | HCO* | cr |ca™+Mg*| Na* | SAR ESP *

sampling ds m’!

Normal soil | (0-15cm)

Sowing 28 86 | Traces | 50 | 154 54 214 | 132 [ 150 (14.7)
Booting 29 8.5 - 1.1 | 44 6.8 233 | 126 | 148 (14.7)
Harvest 13 83 - 7.0 35 6.0 126 | 73 | 87 (92

Sodic soil (0-15 cm)

Sowing 3.4 96 | 30 70 | 98 40 | 280 | 198 | 218 (222)
Booting 40 97 | 50 | 105 | 71 83 315 | 155 | 177 19.3)
Harvest 3.1 87 | Traces | 2.5 8.7 6.0 267 | 154 | 177 a9.1)

*  ESP within the parenthesis are actual values obtained through laboratory assay of
exchangeable Na'. ESP values outside the parenthesis were calculated from SAR data.

*  Concentrations of CO,*, HCO;, CI', Ca®" + Mg”* and Na' are in meq. per litre ( me I).
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The normal soil was a non-saline soil and its EC, further decreased with the passage of
time due to leaching of the salts to lower horizons. At the time of harvest, it had dropped to 1.3
dS m™. Apart from EC,, there were large reductions in pH, chloride and sodium contents and ESP
of the soil towards the end of the experiment. Contrary to these, there was a slight increase in
Ca**+Mg”* contents.

The stressed soil was a sodic soil with marginal salinity but even then its EC_ was higher
than the normal soil. At all the sampling stages, EC, did not go higher than 4.0 dS m™. There was
a decrease in pH with the passage of time but even then, at the time of harvest, it was higher than
8.5. ESP also decreased but at the time of last sampling, it remained higher than 15.0. The data
showed that at all the three growth stages, the soil remained a sodic soil (EC, < 4.0, pH > 8.5 and
ESP > 15.0) in spite of some decreases in pH, sodium and ESP. The soil had some degree of
spatial variability at this site and the data for soil analysis reported in Table-4.1 are from a soil
sample composited from 20 soil samples collected randomly from different parts of the field.
Spatial variability in salt affected fields has been reported to be usually very high by Igartua
(1995).

4.2.1.3 Sowing

At each site, the experiment was laid out according to randomized complete block design
with three replications. The crop was sown on 17 November, 1993 using a single row cotton drill
at a seed rate of 50 kg/ha. Each block was divided into 10 plots. Each plot was assigned to one

variety and was 12 m long and consisted of 5 rows spaced 30 cm apart.

4.2.2 Maintenance of the Experiment

After germination, thinning was done and plant to plant distance was maintained at about
2.5 cm. Plots at both sites were supplied with water. Six irrigations were given with non-saline
tube well water and light rains were received four times during the period of the experiment. The
crop remained free of any insect and disease attack. Hand hoeing was done after the first and

second irrigations to eradicate weeds.



58

4.2.3 Visual Observations

Plant mortality was noted in all the varieties at the sodic site. Due to the dense and sodic
nature of the soil in this block, irrigation water remained standing on the soil surface for 5-6 days
after every irrigation which proved harmful for the crop. As a result, the crop growth in the sodic

site remained stunted and the crop matured about one week earlier than the normal block.

4.2.4 Growth and Gas Exchange Measurements
4.2.4.1 Flag Leaf Area

Five flag leaf samples were taken from each plot at the time of anthesis. Flag leaf area was
calculated using the following formula as described in section 2.2.6 (Chapter - 2).

Leaf area = (0.9 x Length)x(0.5 x maximum width) ........ (Robson and Sheehy, 1980).

4.2.4.2 Gas Exchange Measurements

Gas exchange of flag leaves was recorded during the grain filling stage in four varieties
(SARC-1, PAK-81, LU26S and Kharchia-65) using a portable Infra Red Gas Analyzer (Model
LCA 3, Analytical Development Company, Ltd. Pindar Road, Hoddesdon, Herts, UK). It was
originally intended to make measurements on all varieties but this was not possibly due to a failure
of the stirrer fan motor in the leaf chamber. These measurements were made on 24 and 25 March,
1994 (127 DAS) on 10 flag leaves in each replication from each treatment (normal and sodic site)
and variety. Gas exchange parameters were measured on fully expanded, attached, healthy looking
flag leaves with minimum visible symptoms of senescence to reduce interplant variability and
compare leaves of similar physiological age. These data were recorded under ambient day light
conditions at a mean photosynthetic photon flux density (PPFD) of 1410 =+ 26.4 umol m?s™. The
columns of dry silica gel in the IRGA were changed before starting the measurements on each day
and in between the measurements after its colour changed from blue to green. The IRGA was
kept under the shade of a big umbrella to save the electrical components from malfunctioning due
to high ambient temperature and only the leaf chamber was kept in the sun light during the
measurements.

The telescopic tube for the air supply to the air pump was fixed about 3 metres high above
the crop canopy to ensure an air supply of uniform composition.

About fifteen minutes prior to gas exchange measurements, the air supply unit, IRGA and
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PLC were switched on to purge the system and to bring the IRGA and PLC up to their operating
temperature. A constant volume flow rate of 500 cm® min™ dry air into the cuvette in the IRGA
from the volumetric air supply unit was maintained.

The leaf chamber model (PLCA) with variable leaf area (max. 10cm?) was used for wheat
which is considered suitable for cereals and grasses. The Parkinson leaf chamber (PLC) was
clamped over the central portion of the leaf with the adaxial side of the leaf uppermost and held
in such a way so as to get the maximum light on the leaf surface and so as to avoid shading by any
of the other leaves.

The time required for each measurement from the close of the hand held leaf chamber to
the display of the final results on the LCD of the data logger was about 30 seconds and data was
recorded in the data logger when the values in the data display became constant. Preliminary
investigations (Parkinson leaf chamber manual, ADC; Igbal, 1992) reported that 30 seconds
were adequate to purge the system so that initial steady readings of carbon exchange rate and

other parameters were obtained before the stomata started to close.

4.2.4.3 Transfer and Analysis of Data

A set of records consisting of inputs from the key board, inputs from the LCA and
calculated parameters were stored in the data-logger. The data recorded during two days was
later downloaded on to a floppy disk at the National Agricultural Research Centre, Islamabad,
Pakistan, using a transfer program written in Qbasic language which was later on imported into
a Quattro Pro spreadsheet. The data was then later transferred to the main frame computer at the

University of North Wales, Bangor into Minitab statistical package for statistical manipulations.

4.2.4.4 Potassium and Sodium Estimations
- Thirty flag leaves (10 from each replication) were collected from each treatment and
variety at the same time as the gas exchange measurements were made to determine cation
concentrations. These were stored in labelled paper bags and were dried in an oven at 70° C for
72 hours and weighed.
The leaves were extracted in 20 ml. pyrex test tubes in 10 ml of 0.1 M acetic acid at 80°
C in a water bath for 1.5 hours. The whole leaf was kept submerged in the acetic acid to ensure

proper extraction. The test tubes were covered tightly with cling film to avoid any evaporation
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and changes in the concentration of extracted ions.

The concentrations of sodium and potassium in this extract were measured by atomic
absorption spectrophotometer (Pye Unicam Model SP-919) at the School of Biological Sciences,
University of Sussex, Brighton. These results were used to determine the concentrations per unit

leaf dry weight.

4.2.4.5 Grain Weight per spike and Yield Components

To determine yield and yield components, thirty plants (10 from each replication) were
harvested by cutting at the soil surface from each treatment and variety at maturity on 24 and 25
April, 1994 (157 DAS). The following data were recorded from these plants.

1. No. of'tillers per plant
ii. No. of ears per plant
iii. Length of main shoots and spikes (cm)

iv. Total weight of main shoots and spikes (g)

V. Number of grains in the main shoot spike.

Vi. Weight of grains per main spike (g)

Vii. 100 grain weight (g)

viii.  Grain yield per square metre (g)

To calculate the yield on square metre basis, a metre length of crop was harvested from
three different rows from each plot. The plants were weighed and threshed. The grains were

weighed and the data was converted to grams per square metre.

425 Statistical Analysis

The data for the two sites were combined and analysed using analysis of variance
according to the procedure for experiments repeated over different sites; described by Cochran
& Cox (1957) using Minitab statistical package for Windows v. 10.2. Two examples of the anova
tables are presented in Appendix - 4.1 and 4.2. The least significant differences (LSD) of the
means were worked out by the equation described in Chapter 2 (section 2.2.8).

There were large differences in Na* and K*/Na* of the flag leaves in normal and sodic
soils, hence LSD and anova were calculated separately for both of these soils for these two

parameters (see Chapter 3, section 3.2.5).
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43  RESULTS
4.3.1 Flag Leaf Area

Flag leaf area (FL.A) of the different wheat varieties was recorded at the time of anthesis
and the data are presented in Table - 4.2. There were no significant differences in flag leaf area
between varieties. The effect of site was highly significant. However, the variety x site interaction
was non-significant.

There was a significant decrease in leaf area under sodic conditions in all the varieties
tested. Under normal soil conditions, highest flag leaf area was exhibited by PAK-81 (moderately
salt-tolerant) while the lowest area was noted in SARC-4. However overall differences in FLA
between varieties were not statistically significant. The decrease in leaf area under sodic
conditions, varied between approximately 44% and 62% in different wheat varieties. Depression
in leaf area was least in SARC-2 (44%) followed by 7-Cerros (50%), SARC-1 (52%) and the salt
tolerant variety LU26S (52%). The depression was greatest in the salt tolerant variety Kharchia-
65 (62%). The decrease in flag leaf area in the salt sensitive variety Punjab-85 was also very high

under sodic conditions (59%).

4.3.2 Gas Exchange Rate

Net Photosynthesis (Pn ), transpiration rate (E), stomatal conductance (g,), leaf
temperature and sub-stomatal CO, were recorded in SARC-1, LU26S, PAK-81 and Kharchia-65
at a mean light level of (PPFD) 1410 + 26.4 umol m? second™ at 127 DAS (Tables - 4.3, 4.4 and
4.5). With the exception of leaf temperature, there was a marked decrease in all these
physiological parameters under sodic soil conditions. Under normal soil conditions, Pn was
significantly higher in SARC-1 and PAK-81, both of which are reported to be moderately salt
tolerant, than in LU26S and Kharchia-65. Under sodic conditions, photosynthetic rate was
significantly higher in LU26S (salt tolerant) than in all other varieties. The depression in Pn due
to soil sodicity was significant in all varieties except LU26S. Pn was lowest in Kharchia-65 and
highest in LU26S under sodic soil conditions. Transpiration rates were similar in all the four
varieties under normal soil conditions. Under sodic conditions, highest transpiration rates were
noted in case of PAK-81 and LU268S. Transpiration rate in SARC-1 and Kharchia-65 were similar
under salt stress. Generally stomatal conductance was considerably decreased under sodic

conditions. Stomatal conductance was the highest in PAK-81 under normal as well as sodic
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Table- 4.2: Flag leaf area (cm?) of different wheat varieties.

Varieties Normal soil Sodic soil " Variety

I Means + SE Means + SE J means
SARC-1 17.4 1?10 ;3.4 0.74 12.9
SARC-2 16.4 1.11 9.1 0.53 12.7
SARC-3 18.4 0.77 8.6 0.79 13.5
SARC-4 15.9 0.61 2 0.68 11.6
LU26S 17,7 1.06 8.5 0.69 13.1
Punjab-85 17.6 0.89 7.1 0.38 12.4
Pato 18.2 1.29 8.3 0.66 13:2
7-Cerros 17.1 1.16 8.5 0.68 12.8
PAK-81 19.2 1.16 8.0 0.62 13.6
Kharchia-65 17.6 0.96 6.6 0.53 12.1
Site means 17.5 8.0

LSD values at p=0.05

Site means = 0.89 (***); Variety means = (NS), Variety x site means = (NS)
All values (Variety x site) are means of fifteen observations.
All values for variety and site means are averages of 30 and 150 observations.
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Table - 4.3: Effect of salt stress on net photosynthesis (Pn; wmol m? s™) in four wheat varieties.

Varieties - Normal soil Sodic sc=)il HV ariety means
Means + SE Means +SE J _

SARC-1 15.5 0.4 10.3 0.1 12.9 .
LU26S 12.6 0.6 11.8 0.1 122
PAK-81 15.2 0.1 10.7 0.3 12.9

{i Kharchia-65 12.9 0.4 9.9 0.1 11.4

| Site means ]4.1=m 10.7

LSD values at p= 0.05

Site means for Pn = (.46 (***)

Variety means for Pn = 0.65 (***)
Variety x site means for Pn = 0.93 (**¥)
All variety x site, variety and site values are means of twenty, forty and eighty observations.

Table - 4.4: Effect of salt stress on transpiration (E; mmol m?s™), stomatal conductance (g,;
mol m™ s ) in four wheat varieties.

Varieties Normal soil Sodic soil Variety means

E g E g E g
Means +8E Means +SE Means +SE Means +8SE

ISARC-1 73 0.1 [ 029 |0.007] 46 | 0.1 | 0.12 [0.002)] 59 0.21

1.U26S 7.0 | 05 | 026 [0.006| 5.7 0.1 | 0.16 |0.005 | 6.3 0.21
PAK-81 7.1 02 | 031 |0006| 5.8 0.1 | 0.17 |0.006 6.4 0.24
[Kharchia-65 | 7.1 03 026 0011 47 02 | 0.14 |0.010 3.9 0.20
Site means 7.1 0.28 5.2 0.15 “
LSD at p=0.05 '
Site means for E = 0.37(***), g,=32.14 (***)

Variety means for E = (NS), g, = (NS)
Variety x stress means forE = 0.74 (*), g, = (NS)
All variety x site, variety and site values are means of twenty, forty and eighty observations.



Table - 4.5: Effect of salt stress on sub-stomatal carbon dioxide (Ci; ul1” )and Leaf
temperature ("C) in four wheat varieties.

Varieties Normal soil Sodic soil Variety means
Leaf Ci Leaf temperature Ci Leaf Ci
temperature temp.

Means |+8E  |Means |+SE  |[Means [+SE  |Means |+SE
T

SARC-1 329 | 010 | 194 | 38 | 347|036 | 164 | 56 334 178
" LU26S 342 | 033 | 206 | 65 [ 353|023 | 167 | 4.1 348 186
|| PAK-81 324 | 035 | 203 | 49 [345 018 | 195 | 28 334 199
"Kharchia-65 334 | 010 | 210 | 34 | 334|051 | 177 | 88 338 194
" Site means | 33.2 203 345 176
LSD at p=10.05

Site means for Ci = 13.11 (***), Leaf temperature = 0.87 (**)
Variety means for Ci = (NS), Leaf temperature = (NS)
Variety x site means for Ci = (NS), Leaf temperature = (NS)
All variety x site, variety and site values are means of twenty, forty and eighty observations.
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conditions. Stomatal conductance decreased least in LU26S (37%) and greatest in SARC-1 (60
%). The lowest g, was observed in Kharchia-65 showing a decrease of about 51% as compared
to control. There was a slight increase in leaf temperature in all the varieties under sodic
conditions which varied between 3 and 7%. In Kharchia-65 however, the leaf temperature
remained the same as observed in normal soil. Sub-stomatal CO, (Ci) decreased under sodic
conditions in all the varieties and highest decrease was noted in LU26S (18%) and SARC-1
(18%) while the lowest decrease was noted in PAK-81 (7%).

The effects of sites were significant to highly significant for all the measured gas exchange
parameters. Variety means were only significant for Pn and were non-significant for all other
parameters. Effects of variety x site were non- significant for all parameters except Pn where these

were highly significant (p<0.001).

4.3.3 Length of Main Shoots and Spikes

Data presented in Table-4.6 show that SARC-2, SARC-3, 7-Cerros and Kharchia-65
were tall varieties while SARC-1 and PAK-81 were short ones. The effects of variety, site and
variety x site were highly significant for both length of spikes. In case of length of main shoots,
effects of variety were significant while their interaction was non-significant. There was a
significant decrease in the length of the main shoot in all the varieties under sodic conditions. The
magnitude of this decrease varied between 28% and 38% in different varieties, the greatest
decreases being noted in SARC-2 and SARC-3 and the least in PAK-81. Spike length was
greatest in SARC-2 and SARC-3 in normal soil while in the sodic soil, the spike length was
highest in 7-Cerros followed by SARC-3 and SARC-2. The shortest spikes were found in Pato
in normal soil. Under sodic soil conditions, there was a significant decrease in spike length in all
the varieties. The magnitude of the decrease in the spike length varied between 9 and 30% in
different varieties. The decrease was least in Pato and greatest in PAK-81. Under sodic
conditions, the longest spikes were found in 7-Cerros followed by SARC-3 and SARC-2; while
the shortest spikes were found in salt tolerant Kharchia-65 in which spike length was decreased
by 30%.

4.3.4 Weight of Main Shoots and Spikes
Weight of main shoots and spikes at the time of harvest is presented in Table-4.7. The



Table - 4.6: Mean length (cm) of main shoots and spikes.
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Varieties Normal soil Sodic soil Variety means |
Main shoots Spikes Main shoots Spikes || Shoot | Spikes
Means |+ SE  |Means |+ SE |Memns |+ SE |Memns |+SE
SARC-1 803 |12 |109 |03 [543 |11 98 03 (673 |10.4
SARC-2 106.0 {1.8 [12.1 0.2 |655 1.2 (100 |02 [858 |11.1
SARC-3 107.0 |1.1 125 (0.2 |658 |19 [104 (0.2 [[86.2 [11.4
SARC-4 983 |15 114 |02 |63.1 |12 95 0.2 |§80.7 |10.5
LU268S 983 (09 |119 (03 (632 (1.7 |98 |02 [[80.7 |10.8
Punjab-85 926 |08 103 |02 |563 |18 | 92 |02 m.S 9.7
Pato 944 |14 |97 |02 633 |19 | 89 |02 ||788 |93
7-Cerros 100.0 |1.2 |11.5 0.2 |71.1 |10 (106 |0.2 [I85.7 |11.0
PAK-81 888 |14 (118 |02 (643 (12 | 81 |03 [76.6 |10.0
| Kharchia-65  |102.0 [1.5 |11.5 [03 [653 |1.2 8.0 103 [836 |98
" Site means 96.8 11.4 63.2 94 1| .
LSD at p=0.05

Site means for length of main shoots = 3.11 (***), length of spikes = 0.39 (***)
Variety means for length of main shoots = 6.89 (***), length of spikes = 0.88 (***)
Variety x site means for length of main shoots = (NS), length of spikes = 1.24 (*)
All values are means of thirty observations.
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Table - 4.7: Mean weight (g/shoot) of main shoots and spikes of different wheat varieties.

Varieties Normal s;il Sodic soil Variety means-
Main shoots Spikes Main shoots Spikes Shoots Spikes
Mems |+ SE [Means |+ SE |Means |+ SE |[Means |+SE
SARC-1 1.68 (0.06 [2.50 [0.12 |0.84 ]0.04 |1.74 |0.15}1.26 |2.12
SARC-2 201 0.07 (3.17 |0.10 |0.88 [0.04 |1.85 |0.09[|1.45 |2.51
SARC-3 221 |0.07 [3.42 [0.12 |1.06 ]0.06 |2.03 |0.17[1.63 |2.72
SARC-4 1.89 [0.06 [2.73 |0.11 |0.94 [0.05 [2.06 |0.13 [1.41 |2.40
LU26S 202 [0.07 [3.17 |0.15 |0.96 ]0.05 [2.13 ]0.16 [[1.49 |2.65
Punjab-85 1.87 10.06 |3.04 [0.12 [0.86 [0.04 {2.03 [0.14 137 |2.52
Pato 1.50 ]0.05 (2.37 [0.09 |0.90 |0.05 |1.74 |0.11§1.20 |2.06
7-Cerros 228 ]0.07 {3.73 ]0.11 |1.43 0.05 |294 |0.09}1.85 |3.34
PAK-81 232 0.07 (447 ]0.14 1096 [0.06 |1.86 (0.12]1.64 |3.17
Kharchia-65 |[1.68 [0.08 [2.52 _0.15 0.77 |0.05 {148 10.11 | 1.22 12.00
Site means 1.15 3.11 ] 0.96 ]1.98 "
LSD at p=0.05

Site means for weight of main shoots = 0.09 (***), weight of spikes = 0.23 (***)

Variety means for weight of main shoots = 0.20 (***), weight of spikes = 0.51 (***)
Variety x site means for weight of main shoots = 0.28 (*), weight of main spikes = 0.73 *)
All values are means of thirty observations.
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effects of variety, site and the variety x site interaction were highly significant for weight of main
shoots and spikes. Main shoot weight was highest in PAK-81 and 7-Cerros and lowest in Pato
and SARC-1 under normal soil conditions. A significant decrease in weight of main shoots was
noted under sodic soil conditions in all the varieties. Spike weight in normal soil was also greatest
in PAK-81 and 7-Cerros. There was a marked and significant decrease in spike-weight under
sodic conditions in all the varieties. Spike weight was lowest in Kharchia-65 and highest in 7-

Cerros and LU26S (salt tolerant variety) in sodic soil.

435 Total Number of Tillers and Spikes Per Plant

For total number of tillers per plant, the effects of variety and site were significant. In number
of spikes, the effect of site was significant while that of variety was non-significant. Variety x site
interactions were non-significant for both number of tillers and number of spikes. Total number
of tillers and spikes decreased significantly under sodic soil conditions (Table-4.8). The highest
numbers of tillers and spikes were found in SARC-1 and 7-Cerros. The decrease in total number
of tillers per plant varied between 25% and 48% and for spikes between 34 and 53%. The largest
decrease in total number of tillers was found in SARC-1 while the smallest decrease was noted
in 7-Cerros. Number of spikes per plant were decreased least in SARC-2, SARC-4 and most in
PAK-81, Kharchia-65 (salt tolerant variety) and Punjab-85 (salt sensitive variety) under the sodic

soil conditions.

436 Sodium (Na"), Potassium (K*) and K*/Na* Ratios in the Flag Leaf

Data regarding sodium and potassium in the flag leaf of different wheat varieties is presented
in Table-4.9. There was a very large and significant increase in sodium and a smaller but
significant decrease in potassium contents in the flag leaves of all the varieties in sodic soil as
compared to normal soil. There were large differences in sodium and K*/Na* ratios in the sodic
soil as compared to the normal soil. The site, variety and variety x site interactions were
significant for K*. Varieties differed significantly in their Na* and K*/Na* ratios separately under
normal as well as sodic soil.

Differences in Na* concentrations between varieties were significant in normal as well as
sodic soil. Na” concentrations in SARC-1, SARC-2, Punjab-85, and Pato were significantly higher
than in SARC-3, 7-Cerros, PAK-81 and Kharchia-65 in the sodic soil. In normal soil, highest



Table - 4.8: Total number of tillers and spikes per plant
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Varieties Normal soil g(_):iLiC soil =IF_Variety means
Tillers Spikes Tillers Spikes | Tillers Spike]
Means + SE Means + SE Means + SE Means +=SE
SARC-1 5.07 |(0.34 (427 |031 |2.63 |0.16 |2.37 [0.16 |4.03 [3.50
{f SARC-2 4.17 (025 [3.60 (032 [2.70 |(0.22 [2.37 (024 |{3.43 [2.98
SARC-3 443 (029 [420 [0.25 [3.03 (023 |2.33 |0.233.73 |[3.27
SARC-4 4.07 027 |3.67 |[0.26 |2.87 |0.26 |2.43 |0.24 |{3.47 |3.05
LU26S 4.63 (026 |4.27 [0.29 {2.57 10.20 [2.13 |0.18 [|3.60 |[3.20
Punjab-85 417 10.24 |3.77 ]0.25 {2.67 |0.22 [2.10 |0.20 ||3.42 |[2.93
Pato 463 1022 [3.93 ]0.26 {330 ]0.23 |2.57 |0.27||3.97 |3.25
7-Cerros 5.00 |(0.28 |4.47 031 (3.73 [0.21 |2777 |0.24 437 |3.62
PAK-81 443 |0.31 (420 |0.32 |2.80 ]0.15 |1.97 |(0.11 }3.62 |3.08
Kharchia-65 |4.17 032 [3.40 ]0.26 [2.50 [0.13 |1.93 |0.14 ||3.33 |2.67
Site means  |4.5] I 4.01 | 2.88 I 2.30 | |
LSD at p=0.05

Site means for number of tillers = 0.27 (***), number of spikes = 0.27(***)

Variety means for number of tillers = 0.60 (*), number of spikes = (NS)

Variety x site means for number of tillers = (NS), number of spikes = (NS)

All values are means of thirty observations.
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Table - 4.9: Sodium (Na") and potassium (K*) contents (« mol/g dry weight) of flag leaves in

different wheat varieties.

Varieties Normal soil Sodic soil Variety means
Na® K" Na* K* K*
Means| + SE |[Means| + SE |Means| = SE [Means| + SE
SARC-1 5 0.16 | 436 | 18.1 | 419 7.9 1 341 | 233 338
SARC-2 10 | 057 | 534 | 17.8 | 431 | 485 | 458 | 74.0 496
SARC-3 6 033 | 532 | 154 | 320 96 | 504 | 14.1 518
SARC-4 9 0.63 | 435 | 169 | 340 | 12.7 | 361 8.5 398
LU26S 7 047 ) 486 | 29.1 | 342 | 314 | 384 5.7 435
Punjab-85 8 031 581 | 150 | 435 | 174 | 443 | 433 512
Pato 9 091 716 | 21.5| 400 | 80.5| 432 | 29.0 574
7-Cerros 5 021 605 | 143 | 267 | 564 | 385 | 14.6 495
PAK-81 3 028 | 617 | 104 | 272 | 332 | 518 | 33.6 568
Kharchia-65 7 | 088 623 | 371 285 | 449 | 474 | 8.0 549
Site means 7 556 351 430
LSD atp=0.05
Na* :

Between varieties on normal soil = 2,17 (***)
Between varieties on sodic soil = 71.5 (**)

K :

Between site means = 24.02 (***)

Between variety means = 53.22 (¥*¥)

Between variety X site interaction means = 75.26 (**)
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sodium contents were noted in SARC-2 and lowest in PAK-81. In the sodic soil, highest sodium
concentrations in flag leaves were noted in Punjab-85 (salt sensitive variety) and lowest in 7-
Cerros and PAK-81 (moderately salt tolerant varieties). The sodium contents of the two salt
tolerant varieties (LU26S and Kharchia-65) was also considerably lower than those of the salt
sensitive varieties.

For K, there were significant differences between varieties under both normal and sodic soil
conditions. Under normal soil conditions, potassium contents of flag leaves were highest in Pato
and lowest in SARC4. In sodic soil, a decrease ranging from 5% (SARC-3) to 39% (Pato) was
noted in different varieties. The decrease in potassium content of the salt tolerant varieties LU26S
and Kharchia-65 (21% and 24% respectively) was similar to that of the salt sensitive Punjab-85
(24%).

K'/Na'" ratios were calculated from the sodium and potassium data shown in Table-4.9 and
are presented in Table-4.10. High K'/Na' ratios were found in the flag leaves of different varieties
under normal soil conditions which ranged from 54.5 in SARC-2 to 241.3 in PAK-81. Highest
K'/Na" ratios were noted in PAK-81 and 7-Cerros both being moderately salt tolerant varieties.
These ratios were also quite high in the salt tolerant variety Kharchia-65.

Under sodic conditions there was a marked decrease in K'/Na" ratios in all the varieties.
K"/Na" ratios were comparatively higher in the salt tolerant varieties LU26S and Kharchia-65
compared to the salt sensitive variety Punjab-85. A higher ratio was noted in Kharchia-65 than
in LU268 although both of these have been reported as salt tolerant.

437 Grain Weight per spike and Yield Components

Number and weight of grains per main spike and 100 grain weight were significantly
decreased under sodic conditions as compared to normal soil (Table - 4.11). In the analysis of
variance, the effects of variety and site were highly significant for number of grains, weight of
grains and 100 grain weight. Variety x site interaction was significant for number of grains and
weight of grains per spike but non-significant for 100 grain weight.

Grain weight of all varieties was decreased under sodic conditions. The decrease was
significant in all the varieties except Pato. Number of grains were also decreased as a result of
sodic conditions. The decrease was found to be significant in SARC-2, SARC-3, Punjab-85, 7-
Cerros, PAK-81 and Kharchia-65. Similarly, 100 grain weight also decreased under sodic soil



Table - 4.10: K"/Na" ratios in flag leaves of different wheat varieties

12

Varieties Normal soil Sodic soil

Means + SE Means = SE
SARC-1 80.8 5.80 0.82 0.07
SARC-2 54.5 1.76 1.16 0.31
SARC-3 84.0 5.69 1.58 0.11
SARC-4 50.1 2.39 1.07 0.06
LU26S 68.5 6.34 1.14 0.12
Punjab-85 75.5 4.88 1.03 915
Pato 80.9 10.30 1.22 0.36
7-Cerros 118.8 2.18 1.63 0.44
PAK-81 2413 256 2.00 0.38
Kharchia-65 85.9 10.3 1.74 0.25
Site means 94.0 1.30

LSD between varieties on normal soil = 13.8 (*)
LSD between varieties on sodic soil = 0.92 (*)



73

Table - 4.11: Grain weight per spike and yield components of main shoots of different wheat
varieties

Varieties Normal soil Sodic soil

Number of Weight of 100 grain Number of Weight of | 100 grain weight
grains/spike | grains (g) weight (g) | grains/spike | grains (g) ®

i Means | + SE | Means | + SE | Means | + SE |Means | + SE | Means | =+ SE |Means| + SE

SARC-1 38.112.15(1.90(0.09]5.05|0.09(29.1]2.02]|1.16(0.12(3.73| 0.22

SARC-2 51.411.73(2.470.0814.83]0.09(358|1.71|1.31]0.08|3.63| 0.10

SARC-3 5391201263 (009|491]0.08|383|265[145|0.14|3.56| 0.19

SARC-4 40.811.7712.13|0.09(5.23|0.07|36.5|1.60(1.54|0.11 |4.11| 0.18

[[LU26S 448 (2.45(23710.121532]0.05(36.6(1.97|1.57]0.13|4.12| 0.20

Punjab-85 |55.312.17[2.39(0.09 |4.34|0.05(42.7|2.15(1.50(0.11|3.40| 0.14

Pato 51.111.80(1.74(0.06|3.4210.08 (41.012231.25|0.09|3.01| 0.12

7-Cerros 71.6 {2.01 (2.860.0913.99|0.04 [59.4(1.37]2.11]0.07|3.54| 0.06

PAK-81 73.2122913.51(0.12|482|0.10|350(1.87|1.37]0.11(3.88| 0.22

[Kharchia-65 |43.0(2.43(1.91/0.12|442(008|27.0/186|1.05]|0.08|3.88| 0.06
Site means | 52.3 2.4 4.6 38.1 1.4 3.7 “

Varietal means
SARC-1 | SARC-2 | SARC-3 | SARC-4 | LU26S |Punjab-85] Pato | 7-Cerros | PAK-81 | Kharchia

No. of grains/ear | 336 43.6 459 386 40.7 49.0 46.1 65.5 54.1 35.0
Wi of grains/ear | 153 1.89 2.04 1.83 1.97 1.95 1.50 249 244 1.48
100 Gr. wt (g) 4.39 4.23 4.29 4.67 4.72 3.87 3.21 3.77 4.35 4.15

LSD at p= 0.05

Site means for no. of grains/spike=3.47 (***), weight of grains/spike= 0.19 (***),
100 grain weight = 0.26 (***)

Variety means for no. of grains/ spike=7.70 (***), weight of grains/spike= 0.42 (***),
100 grain weight = 0.57 (***)

Variety x site means for no. of grains/ spike =10.89 (**), weight of grains/spike= 0.59 (*),
100 grain weight = (NS)

All values are means of thirty observations.
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conditions and the decrease was significant in all the varieties except Pato, 7-Cerros and Kharchia-
65. Under sodic conditions, 7-Cerros had significantly higher mean grain weight per main spike
while in the normal soil, PAK-81 produced the significantly highest weight of grains.

Grain and straw yield per square metre (Table-4.12) was too, significantly decreased as a
result of stress in all the varieties. The salt tolerant varieties LU26S and 7-Cerros had higher yield
than all the other varieties under normal soil conditions, but were statistically similar to SARC-2,
SARC-4 and Punjab-85. Under sodic conditions, 7-Cerros gave the greatest yield as compared
to other varieties but was significantly similar to all the other varieties except SARC-2. Straw
yield (g/m?) was also high in 7-Cerros in the normal soil and was significantly similar to all the
other varieties except SARC-1 and SARC-3. In the sodic soil, straw yield was greatest in PAK-81
but was significantly similar to all the other varieties. In the analysis of variance, the effects of
variety, site and the variety x site interaction were highly significant for grain yield (g/m?). Straw
yield was significantly different between sites while varietal differences and the variety x site

interaction were non-significant.

438 Correlation of Results

A main objective of this experiment was to study associations between traits, and in particular
to identify traits that might be associated with increased stress tolerance. Values of the coefficient
of linear correlation between weight of grains per main spike and all measured traits were
calculated separately for normal and sodic soils collectively for all the varieties and are presented
in Table 4.13.

In normal soil weight of grains per spike was significantly and positively correlated with
length and weight of main spikes, weight of main shoots, number of grains per spike, and K'/Na*
ratio. A significant negative correlation was observed between sodium content of flag leaves and
grain weight per spike.

In sodic soil significant positive correlations were observed between grain weight per spike
and length and weight of main shoots and spikes, number of grains per spike, 100 grain weight,
number of total tillers and ears per plant. Correlations between ion contents and grain weight per
spike were non-significant. The correlations between grain weight and flag leaf area was not
significant under normal as well as sodic soil conditions.

Coefficients of correlations were also calculated for normal and sodic soils separately



Table - 4.12: Grain and straw yield (g/m®) of different wheat varieties

Normal soil Sodic soil Variety means

Varieties Grain Straw Grain Straw Grains | Straw
Means | £SE | Means | =+ SE | Means | £+ SE | Means | +SE IL 1
SARC-1 403 63 389 82 160 25 137 9 282 | 263
SARC-2 573 49 547 55 113 16 145 30 344 | 346
SARC-3 507 | 82 | 478 | 45 | 125 | 50 | 122 | 13 | 316 | 300
SARC-4 570 5 580 | 20 | 185 | 12 | 168 | 51 | 377 | 374
LU26S 645 | 54 | 618 | 50 | 223 | 26 | 207 | 19 | 434 | 412
Punjab-85 332 41 527 57 149 9 148 22 340 | 337
Pato 432 60 589 99 125 20 113 19 278 | 351
7-Cerros 628 | 63 | 633 | 94 | 235 | 37 | 218 | 53 | 432 | 425
PAK-81 345 12 | 547 | 72 | 213 7 257 | 24 | 279 | 401
Kharchia-65 387 22 545 53 195 12 248 10 291 | 397
Site means | 502 545 172 176
LSD at p=0.05

Site means for grains/m* = 36.2 (***), Straw weight/m* = 47.1 (***)
Variety means for grains/m® = 80.2 (***), Straw weight /m*> = (NS)
Variety x site means for weight of grains/m* = 113.5 (**), Straw weight/m’> = (NS)

All values are means of three replications.
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Table - 4.13: Linear correlation coefficients between grain yield per main spike and different
yield components of different wheat varieties under normal and sodic soil conditions

Parameters Normal soil Sodic soil "
Flag leaf area (cm?) 0.213 NS 0.039 NS
Length of main shoots (cm) 0.108 NS 0.721 **
Length of main shoot spikes (cm) 0.548 ** 0.637 **
Weight of main shoots (g) 0.885 ** 0.886 **
Weight of main shoot spikes (g) 0.993 ** 0.991 **
Number of grains per spike 0.885 ** 0.872 **
100 grain weight (g) 0.135 NS 0.605 **
Number of total tillers per plant 0.108 NS 0.601 **
Number of ears per plant 0.309 NS 0.522 "
Na" contents of flag leaves (i mol/g dry weight) 0575 ** 0.052 NS
K" contents of flag leaves (x« mol/g dry weight) 0.082 NS -0.325 NS
K'/Na" ratio in flag leaves 0.674 ** -0.167 NS

=]

o

NS= Non-significant at 5% level of significance
* = Significant at 5% level of significance
** = Significant at 1% level of significance
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between grain weight per main spike, different gas exchange parameters and sodium and
potassium contents of the flag leaves (Table - 4.14) using the data for the four varieties (SARC-1,
LU26S, PAK-81 and Kharchia-65) used for determination of gas exchange parameters.

In normal soil weight of grains per main spike was not significantly related to all the gas
exchange parameters. A significant positive correlation however was noted between Pn and
sodium contents of flag leaves ; and Pn vs. E and g,. There was a significant negative correlation
between Pn and leaf temperature. A high significant positive correlation was also observed
between g, and E. The correlation between Pn and Ci was non-significant. There were no
significant correlations between potassium contents, K'/Na" ratio of the flag leaves and Pn .

In sodic soil, significant positive correlations were observed between Pn  vs. g and E vs. g,
All other correlations were non-significant.

Non-significant negative correlations existed between potassium contents, K*/Na* ratios of
flag leaves, sub-stomatal carbon dioxide (Ci) and grain weight per spike. Correlations between

Pn and sodium, potassium and K'/Na" ratios of flag leaves were non-significant.

4.4 DISCUSSION
Experimental site (sodic) in this experiment was a dense non-saline sodic with extremely low
porosity and hydraulic conductivity and due to these properties, it is considered to be an

unfavourable soil for growing most crops including wheat.

Growth and yield:

Growth and yield are affected by salt stress to varying degrees in different crop plants (Maas
and Hoffman, 1977). All the growth parameters were adversely affected under sodic conditions
as compared to the normal soil in this study. However, the magnitude of this adverse effect was
different in different varieties and parameters.

Percent reduction in the grain yield over control is usually considered as a criterion for salinity
or sodicity tolerance (Qadar, 1993). According to this criterion, varieties 7-Cerros, LU26S and
SARC-4 suffered least reduction in grain yield (weight of grains per spike) in the sodic soil and
proved to be tolerant to sodicity while the varieties Kharchia-65, SARC-1 and Pato were
adversely affected and gave the lowest relative yield and proved sensitive to sodicity. Pato has

been reported to be a salt sensitive variety by Akhtar ef al. (1994). A close examination of
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Table - 4.14: Linear correlation coefficients between grain yield per main spike and different
gas exchange parameters in four wheat varieties under normal and sodic soil conditions

ILPara.meters . Normal soil Sodic soil
Pn of flag leaves vs. grain yield per main spike 0.344 NS 0.316 NS
g, of flag leaves vs. grain yield per main spike 0378 NS 0.080 NS
Evapotranspiration (E) vs. grain yield per main spike | -0.006 NS 0274 NS
Ci vs. grain yield per main spike 0.098 NS -0.128 NS
Leaf temperature vs. grain yield per main spike -0.314 NS 0.517 NS
l Pn vs. E 0.593 * D758 =
Pn vs. g, 0.690 * 0.527 NS |
Pn vs. Ci -0.094 NS -0.026 NS
Pn vs. leaf temperature -0.655 * 0.404 NS
g, vs. E 0.819 ** 0.907 ** |
Pn vs. Na* contents of flag leaves 0.709 ** 0.047 NS
Pn vs. K" contents of flag leaves -0.164 NS |-0.174 NS
Pn vs. K’/Na" in flag leaves 0467 NS |-0.156 NS
|

° NS= Non-significant at 5% level of significance
° * = Significant at 5% level of significance
© ** = Significant at 1% level of significance
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the growth and yield parameters noted here revealed that all the attributes may not be equally
tolerant or sensitive to salinity/sodicity. For example under sodic soil conditions, 100 grain weight
was greatest in LU26S and lowest in Pato but weight of grains per spike was greatest in 7-Cerros
and lowest in Kharchia-65. It was also noted that a variety which gave high yield under normal
soil conditions, did not necessarily gave high yield under sodic soil conditions e.g. variety PAK-81
gave the highest grain yield per spike under normal soil conditions but its yield under sodic
conditions was lower than 7-Cerros, LU26S, SARC4 etc. It was also noted that Punjab-85 which
was the most salt-sensitive variety in the greenhouse and saline soil conditions (see Chapters 2 and
3) proved relatively more tolerant to sodicity as compared to the salt-tolerant variety Kharchia-65.
Grain yield (g/m’) in the sodic soil was also higher in 7-Cerros and LU26S varieties which
showed that these are tolerant to sodic conditions while Pato, SARC-1 and Kharchia-65 gave the
lowest yield and proved to be sensitive to sodicity. Straw yield was the greatest in PAK-81 and
Kharchia-65 under sodic conditions. High straw yield and low grain yield in Kharchia-65 in the
sodic soil suggests the presence of some inhibitory mechanism for the process of gas exchange
or transport of assimilates to the grains. This can not be explained on the basis of higher salt build
up in the plants due to higher transpiration rates (Munns and Termaat, 1986), as the gas exchange
measurements were made during the later part of the reproductive phase. By that time sufficient
damage might had already occurred in respect of salt accumulation in the leaves which was
responsible for nutrient imbalances, early senescence, retarded production or transport of
carbohydrates (Munns and Termaat, 1986) to the grains which decreased its yield. Downton,
(1977) also reported that the plants exposed to NaCl stress for long periods are likely to have a
low carbohydrate status. Munns (1992) reported that chemicals sent from roots in the
transpiration stream could control leaf expansion, and that xylem sap from plants in dry or saline
soil could contain increased amounts of a growth inhibitor, or decreased amounts of a growth
promoter with unknown identity. The effect of this growth inhibitor might have affected Kharchia-
65 more than other varieties under dry and dense sodic soil conditions with poor porosity.
Higher yield of 7-Cerros and LU268S seemed to be due to their better flag leaf area, dry weight
of main shoots and spikes, comparatively lower sodium accumulation in the leaves and better
photosynthetic efficiency under sodic conditions. Better performance of LU26S has been reported
under salt stress by other workers (Ashraf and McNeilly, 1991; Qureshi e al. 1993) and the

results of this study showed that it is comparatively better tolerant to sodic conditions also.
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Hollington et al. (1992) reported that 7-Cerros gave the highest grain yield under saline
conditions as compared to some other varieties. Performance of 7-Cerros under sodic conditions
was even better than LU26S and needs attention of the breeders for using this variety in the
breeding programmes for evolving varieties for saline-sodic or sodic soils.

There was about 50% decrease in the flag leaf area in all the varieties as a result of stress
caused by sodic soil. Leaf area of SARC-2, SARC-1, LU26S and 7-Cerros was comparatively less
affected while that of Kharchia-65 was affected the most. This can be contrasted with the findings
of greenhouse experiment conducted at the University of Wales, Bangor (see chapter 2, section
2.3.2) where Kharchia-65 was at the top in total leaf area and also the findings of Srivastava et
al. (1988). This could be the major reason for low yield of Kharchia-65 at this site. Poor
performance of Kharchia-65 at this site could be due to highly sodic soil coupled with nearly
water stress caused by dense soil conditions with a very low porosity associated with low aeration
in the soil. Gill ef al. (1993) reported that Kharchia-65 though tolerant to sodicity was less
tolerant to the combined effect of sodicity and waterlogging.

There seemed to be no effect of tiller length on the grain yield in the normal soil but it was
significantly correlated in the sodic soil. Weight of the main shoots, number and weight of main
shoot spikes were significantly correlated with the grain yield per spike indicating thereby that
wheat varieties which are capable of maintaining spike length and weight under sodicity stress
may be expected to exhibit tolerance to sodicity. Gill ef al. (1992) conducted a field experiment
on sodic soil and observed that grain weight and to a lesser extent 100 grain weight was

decreased with rise in pH of the soil.

Na', K" and K'/Na* ratio:

There was a very high and significant increase in Na* contents and comparatively less but
significant decrease in K' contents in the flag leaves of all the varieties. This antagonism of Na"
with K" has also been reported by Epstein (1972) and Gorham (1994). Gorham (1992) reported
that salt-tolerant wheat varieties have lower leaf Na™ concentrations than the salt-sensitive
genotypes when grown in solutions containing high concentrations of NaCl. Qadar (1993)
reported significant increase in Na™ and decrease in K* contents in the shoots of rice under sodic
conditions. The highest yielding variety 7-Cerros accumulated the lowest amount of Na* and had
quite high K*/Na" ratio in the sodic soil. A high K'/Na" ratio in shoot and better salt tolerance
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was also reported for wheat and tall wheat grass by Shannon (1978) and Qadar (1993) . However,
this did not fully explain the varietal tolerance to sodicity as the second highest yielding variety
LU26S accumulated quite high amount of Na*. Interestingly Na* contents in Kharchia-65 were
very low and in spite of this, it produced the lowest grains per spike. Distinct varietal differences
were also noted for K* contents of the flag leaves. PAK-81 had the highest K* contents. SARC-1
which was one of the adversely affected varieties had comparatively low K" but contrary to this,
Kharchia-65 which was also adversely affected had quite high K* contents. Genotypic differences
in Na" uptake rate as well as its cellular tolerance in wheat may cause different patterns of Na*
accumulation through time (Schachtman and Munns, 1992). The linear correlation coefficients
(r) between the weight of grains per spike and Na*, K* and K'/Na" ratios were also found to be
non-significant in the sodic soils (see Table 4.13), which showed that these values can not be used
with confidence as an indicator for tolerance against sodicity. Yasin (1991) reported an increase
in leaf Na" and a decrease in K" contents with increasing Na* and ESP of the soil. Grain and straw
yields were also reported to decrease at an ESP of 38.5 and 56.4 (3.6 and 4.45 dS m™ salinity
respectively). Sharma (1991) compared Kharchia-65 (resistant) and HD 4502 (sensitive) wheat
varieties in pots at different ESP levels and found that plant Na* concentration was greater in the
sensitive than in the tolerant variety. At pH 9.4 and 9.6, Na* concentration in the leaves of salt-
sensitive HD4502 was >2% while in Kharchia-65 (resistant), all leaves had <2% Na".

Generally, the varieties with high K" contents under normal conditions had also high K*
contents under sodic conditions, but this was not always true. Pato had the highest K* contents
in the normal soil but in the sodic soil it was not so high. Similar results were also reported by
Qadar (1988) in case of rice.

Gas exchange:

Plant biomass production depends on the ability of the plants to accumulate carbon products
during the process of photosynthesis which is a product of rate of photosynthesis per leaf area and
the leaf surface available for this purpose. Rates of photosynthesis are usually lower in NaCl
treated plants and may decrease with time of exposure to a given NaCl level (Yeo ef al. 1985;
Munns and Termaat, 1986). Prolonged transpiration will cause salts to build up in the leaves. In
this experiment, the data showed that sodicity stress had a very detrimental effect on

photosynthesis rate as compared to normal soil in all the four varieties. Decrease in Pn was
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associated with a similar decrease in g, and a decrease in Ci also. This trend suggests that decrease
in Pn was due to partial closing of the stomata rather than non-stomatal factors. There seems to
be no relation of Na" contents of the flag leaves with the gas exchange rate as the differences in
Pn were not similar to the differences in Na™ contents in different varieties. e.g. In SARC-1 and
LU26S, there was a 76 times and 47 times increase in Na" contents at the sodic site respectively
while corresponding decreases in Pn were 33% and 6%. Similarly, in PAK-81 and Kharchia-65,
increases in Na™ contents at the sodic site were 103 times and 37 times respectively while
corresponding decreases in Pn were 30% and 23% only. Slightly low Pn at the normal site
suggests the effect of age on Pn because the measurements were taken at advanced grain filling
stage and Pn is said to decrease with increasing age and onset of senescence. LU26S was least
affected comparatively which may be one of the reasons for its better yield and sodicity tolerance
in spite of the fact that its flag leaf area was lower than some varieties. Stomatal conductance
(g,and transpiration rate (E) were also significantly decreased. The effect of sodicity was found
to be minimum in the salt tolerant variety LU26S. Ci was similar in the salt tolerant variety
Kharchia-65 and LU26S. These findings are in agreement with those reported by Kalaji and
Nalborczyk (1991) in case of barley. Leidi et al. (1991), however reported that at a salinity stress
of 25-100 mol m™® NaCl under greenhouse conditions, there was no effect on photosynthesis and
transpiration but stomatal conductance was decreased. Although Pn and yield in the salt-tolerant
variety LU26S suffered less depression due to sodicity, the coefficients of linear correlations (r)
calculated for pooled data of four varieties did not show any significant relationship between the
grain yield and Pn (see Table - 4.14). In a greenhouse experiment conducted on wheat, Khan
(1996) did not report any significant decrease Pn as a result of increasing ESP of the soil.

4.5 CONCLUSIONS

Punjab-85 which was the most salt-sensitive variety in the greenhouse and saline soil
conditions proved relatively more tolerant to sodicity and seemed to possess medium tolerance
to sodicity which was reflected in comparatively smaller effects on its spike weight and yield
components.

7-Cerros and LU26S proved to be tolerant to sodicity due to their ability to maintain higher
flag leaf area and dry weight under sodic conditions. Higher rate of gas exchange under sodic

conditions might also be a possible reason for its better performance.



83

Kharchia-65 is a salt-tolerant variety but it did not prove tolerant to sodic conditions due to
its failure to maintain proper flag leaf area and dry weight under very dense sodic soil conditions.
The correlations of Na“, K* contents of the flag leaves and K'/Na" ratios with the grain yield
were found to be non-significant in the sodic soils, which showed that these values can not be

used in isolation as an indicator for screening of wheat varieties for tolerance against sodicity.



CHAPTER 35

EFFECT OF DIFFERENT PHOTOSYNTHETIC PHOTON
FLUX DENSITIES ON GAS EXCHANGE OF TWO
WHEAT VARIETIES HAVING CONTRASTING
SALT-TOLERANCE UNDER SALT STRESS
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CHAPTER 5

EFFECT OF DIFFERENT PHOTOSYNTHETIC PHOTON FLUX DENSITIES ON GAS
EXCHANGE OF TWO WHEAT VARIETIES HAVING CONTRASTING
SALT-TOLERANCE UNDER SALT STRESS

5.1 INTRODUCTION
Plant response to different photosynthetic photon flux densities (PPFD) has been the focus

of many research workers and has been studied quite extensively (Gauhl, 1976; Patterson et al.
1978; Ball and Critchley, 1982; Holt, 1995; Jones et al. 1995). Biomass production and yield of
crops depends on the capacity of plants to photosynthesize under different environmental
conditions. Photosynthesis has been described as a function of as many as 13 different parameters,
but PPFD is the most important single major factor which determines its rate (Marshall and
Biscoe, 1980a). Light intensities received by different crops on sunny days usually range from
1700-2000 pmol m™s™ (Sharma and Singh, 1989); and may fall to less than 200 zmol m2s™ on
cloudy days. The rate of photosynthesis may also vary as a result of different stresses and age of
the leaf or plants.

Different environmental conditions e.g. low moisture supply to the roots, nitrogen
shortage, high temperature and salinity hasten senescence and decrease leaf area duration
(Simmons, 1987). The salt stress in wheat increases stomatal and mesophyll resistance which in
turn decreases photosynthesis (Kingsbury ef al. 1984; Rawson, 1986). In contrast to this, Kemal-
ur-Rahim (1988) reported that salinity had little effect on photosynthesis in wheat. Igbal (1992)
fitted an exponential model to his gas exchange data to derive Pn,,, , a (photosynthetic
efficiency) and I, (photon flux compensation point) and reported that Pn . was significantly
decreased by salinity on all sampling dates. He also observed that generally salinity had no
significant effect on o but I was found to be significantly higher at 100 and 200 mol m™ NaCl
than at 0 mol m® NaCl. Rawson (1986) reported that salinity increased leaf chloride contents and
reduced peak photosynthesis (Pn ) , the initial slope () of the light response curves and dark
respiration of young leaves at ligule emergence and also that dark respiration of slightly older
leaves was increased by salinity. Reduction in photosynthetic capacity is usually associated with
decrease in leaf expansion and growth caused by salinity (Flowers et al. 1986; Munns and
Termaat, 1986). The excessive accumulation of Na’ in the leaves causes their premature

senescence (Schachtman and Munns, 1992). Yeo ef al. (1985, 1991) reported that accumulation
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of NaCl in the leaves caused a rapid reduction in net photosynthesis and growth of rice. Terry and
Waldron (1984) reported that salinity decreases stomatal conductance which causes reduction in
transpiration and an increase in leaf temperature.

The drop in net photosynthesis is not merely due to an excessive accumulation of Na™ in
the leaves but also due to senescence of the leaves associated with Na* build-up with increasing
age. The leaves which remain exposed to salinity for longer periods, are bound to accumulate
more salts through the transpiration stream and with an increase in transpiration, there is an
increase in net transport of Na* to the shoot (Yeo and Flowers, 1986). For any given leaf, net
photosynthesis reaches its peak soon after the leaf attains its maximum area (Austin ef al. 1982;
Rawson et al. 1983; Kemal-ur-Rahim, 1988). In the flag leaf, the rate of photosynthesis increases
to a maximum 2-4 weeks after emergence (Austin e al. 1982). Then, there is a plateau which is
then followed by a linear decline as the leaf ages (Dantuma, 1973) and this depends largely on the
rate of leaf senescence. In unstressed leaves, photosynthesis remains at its maximum for about 5-
12 days (Rawson ef al. 1983) but in flag leaves this period of maximum photosynthesis may be
for several weeks (Dantuma, 1973; Austin and Edrich, 1975). There is much information on
changes in net photosynthesis with increase in leaf age but little is known regarding changes in
rate of gas exchange due to leaf age under sait stress (NaCl) in wheat cultivars having contrasting
tolerance of salinity stress.

The current experiment was planned to test the following hypothesis.

a. that gas exchange response curves of wheat varieties having variable degrees of salt
tolerance will be different under stressed and non-stressed conditions.

b. that accumulation of ions in the leaves with increasing age results in a decrease in net
photosynthesis and that this decrease is greater in a salt-sensitive variety than in a salt-

tolerant variety.

3.2 MATERIALS AND METHODS
5.2.1 Plant Materials

Two wheat varieties were selected for this experiment i.e. LU26S (salt tolerant) and
Punjab-85 (salt sensitive). These were selected in view of their performance under field

conditions in Pakistan (Chapters 3 & 4).
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5.2.2 Growth Room Conditions

The experiment was conducted at University College of North Wales, College Farm, Aber,
Gwynedd, UK in a walk-in growth room. Day/night photoperiod was maintained at 16/8 hours
with the help of fluorescent tubes and incandescent bulbs giving a total PPFD of about 250 umol
m?s?. Day/night temperature of the growth room was maintained at 25/20°C. The relative
humidity ranged from 40 - 60%.

5.2.3 Sowing of Seeds and Experimental Design

Seeds of LU26S and Punjab-85 varieties of wheat were germinated on capillary matting
placed over a plastic pot full of tap water. The seeds were placed for germination in the walk-in
growth room on December 14, 1994. Seeds were covered with a sheet of paper to reduce
evaporation. The paper sheets were removed after three days when the seeds started germination.
Seedlings were transplanted on December 22, 1994 and fixed in the polystyrene lid with the help
of small pieces of foam. Pots were filled with tap water before transplantation of the seedlings.
Nutrient solution was given 3 days after transplanting. The experiment was laid out in a

completely randomised design with three replications.

5.2.4 Nutrient Solution

The experiment was conducted hydroponically in plastic pots of 10 litre capacity which
had expanded polystyrene tops. The pots as well as the lids were painted black on the outside to
discourage any fungal growth. Sixteen holes were bored in the polystyrene lids to hold the
seedlings. Each pot contained 16 plants of a single variety at a spacing of 4 cm x 4 cm. In total
there were 6 pots of each variety i.e. three replicates at two salinity levels.

The hydroponic medium consisted of tap water only during germination and up to three
days after transplanting. Afterwards, the tap water was replaced by the nutrient solution.
Phostrogen was used as a source of macronutrients and modified Long Ashton nutrient solution
(Hewitt, 1966) as a source of micronutrients. The full composition of the nutrient solution is
given in Appendix - A. Phostrogen (Corwen, Clwyd, UK) is a blended 10-10-27 NPK fertilizer
in powder form (Appendix - B). It was applied at the rate of 5.0 g per 10 litre.
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5.2.5 Salt Stress

There were two salinity levels i.e. control (0 mol m™ NaCl added) and 100 mol m™ NaCl.
These levels were produced by adding calculated amounts of commercial NaCl to the nutrient
solution. Salinity was introduced starting 7 days after transplanting at the rate of 25 mol m™® NaCl

per day and was raised up to a level of 100 mol m® NaCl.

5.2.6 Maintenance of the Experiment

The first change of hydroponic culture solution was made 15 days after transplanting.
Subsequently, the nutrient solutions and salt stress were renewed every week up to the final
harvest of the experiment. The upper surfaces of the polystyrene tops were washed with tap water
at the time of solution change to get rid of accumulated salts. The pots were filled daily with tap
water to compensate for the loss of water due to evapotranspiration.

The crop growth was excellent in the growth room and there was no attack of any disease

or insects.

5.2.7 Gas Exchange Measurements
5.2.7.1 Gas Exchange Measurement Chamber

Gas exchange measurements were made in a small chamber specially built for this purpose
and set up in another walk-in growth room. This chamber was 150 cm high, 90 cm wide and 90
cm deep. It had walls on three sides and one side was kept open to place the plants for making
the measurements. The chamber walls were made of polystyrene sheets which were lined
internally with aluminium foil to avoid any light dispersion. The roof was a transparent perspex
tray. The light source (1000 W mercury vapour light bulb) had a stainless steel cylindrical housing
around it to minimise light dispersion and was suspended over the chamber roof. The perspex tray
had 4 cm high walls with a water inlet and outlet. Tap water was kept flowing in the tray
throughout the duration of the measurements. This was done to avoid rise in the internal

temperature of chamber due to heat produced by the light source.

5.2.7.2 Infra Red Gas Analyzer (IRGA)
In the present and following studies, gas exchange of wheat was determined with an open

system infrared gas analyzer (IRGA, model LCA-2; The Analytical Development Co. Ltd.;
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Hoddesdon, England).

The equipment consisted of an analysing unit, an air pump, a data logger and a leaf
chamber (Parkinson leaf chamber (PLC)). The IRGA records the difference between incoming
and outgoing CO, concentration in the atmospheric air which is continuously being pumped
through the leaf chamber at a constant flow rate. The air supply is obtained from well above the
crop canopy or from out side the room where measurements are being taken. It is dried by passing
it through a column of silica gel before it is allowed to enter into the leaf chamber. With the help
of the light and H,O sensors contained in the leaf chamber and an attached data logger, it is used
for non-destructive measurement of gas exchange parameters i.e. leaf temperature (T1), rate of

net photosynthesis (Pn), stomatal conductance (g,), transpiration rate (E) and internal CO, (Ci).

5.2.7.3 Set-up of IRGA

The IRGA was set-up adjacent to the measurement chamber. The leaf chamber was fixed
inside the chamber in a retort stand and air 'in' and 'out' connections were made with rubber
tubing. The incoming air supply was taken from the open air, outside and above the roof of the
growth room. A constant volume flow rate of 400 cm® min™ dry air into the cuvette from the
volumetric air supply unit was maintained. The IRGA was turned on about half an hour before
recording the data for purging the system and stabilization of electrical components. Before
recording the readings, atmospheric pressure was noted from an aneroid barometer and this input
was fed in the data logger along with other inputs i.e. boundary layer resistance (rb = 0.30),
response of IRGA to infinite water concentrations (E,,x = 2.30) and air flow rate.

After each reading on a leaf, a set of records consisting of inputs from the key board,
inputs from the LCA and calculated variables were stored in the data-logger using an RCA 1802
microprocessor which has eight kilobytes of memory, and which was capable of storing 240 sets
of records. The data accumulated during a day's work were later transferred onto 3.5" floppy disk
at the University Farm where measurements were taken, using a transfer program written in
Qbasic and Quatro Pro. The data were then later transferred to the main frame computer at the

University for further analysis.
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5.2.7.4 Light Intensities (PPFD)

Gas exchange measurements were made at six photosynthetic photon flux densities
(PPFD) starting at approximately 2000 and then at 1500, 1000, 500, 250 and 0 zmol m™s™.
Different PPFD were obtained by using neutral light filters. The actual PPFD + SE at the three

gas exchange measuring times are given below.

|ﬁ’PFD desired |Recorded PPFD at 30 DAS |Recorded PPFD at 40 DAS |Recorded PPFD at 50 DAS !I
|EOOO 2017+ 7.1 2015+ 11.3 201173
1500 1514+3.6 1508 £5.6 1510+5.1
1000 1041 £ 7.6 1014 +4.9 1003 £6.5
500 517+44 5134 3.3 513+4.2
250 253+1.8 232 1.2 253+1.9
0 0 0 0

The plants were allowed to acclimatise under the artificial light for half an hour before
starting the readings from each pot. The measurements were made on leaves from four randomly

selected plants in each pot.

5.2.7.5 Gas Exchange Measurements
The gas exchange measurements were made on fully expanded, attached and healthy fifth
leaves, to reduce interplant variability and compare leaves of similar physiological age. The
Parkinson leaf chamber (PLC) suitable for cereals/grasses (leaf chamber model - PLCA) with
variable leaf area (max. 10 cm®) was used in these studies. The leaf area was calculated (leaf
width from the centre x length of the chamber) and was fed in to the data logger before starting
readings on each leaf. The central portion of the leaf was inserted in the leaf chamber with the
adaxial side of the leaf uppermost and held horizontally so as to avoid shading by any of the other
leaves and to enable the light to fall on the leaves perpendicularly. Measurements were made at:
i. young age ( 30 days after sowing - 30 DAS); ii. middle age (40 DAS) and iii. old age
(50 DAS) to study the effects of leaf age.
On each sampling date the measurements were made in all the pots in one replicatiqn by

shifting them one after the other to the measuring room from the growth room.
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The time required for each measurement after change of PPFD and from the close of the
hand held leaf chamber to the display of the final stabilized results on the LCD of the data logger

was about 3-4 minutes. After stabilization of the reading, it was recorded in the data logger.

5.2.7.6 Fitting of Curve Using Rectangular Hyperbola Model

To study the effects of PPFD on photosynthetic rate, a rectangular hyperbola model was
fitted to the data. This model is the most commonly used model of the response of leaf
photosynthesis to photon flux density (Landsberg, 1977, Kemal-ur-Rahim, 1988). It is based on
a curvilinear progression consisting of two phases i.e. an initial linear phase of increasing
photosynthetic rate with PPFD (I) through the photon flux compensation point (I,) which is then
followed by a progressive decrease in the slope of the curve with increase in PPFD to a plateau,
the photon flux saturated assimilation rate P. In its simplest form the rectangular hyperbola can

be written as:

abl
P= (1)
a+bl

Where P is gross photosynthesis, a and b are constants and I is photon flux density. As this
equation passes through the origin, it assumes that photosynthesis (P) is equal to gross
photosynthesis (Pg). To fit this model to the data collected in this study it was necessary to first
convert the values of Pn for each individual leaf recorded by the IRGA to values of Pg by adding
the corresponding absolute values of R, i.e. Pg =Pn + R

It was necessary to add the absolute values of R; as the latter is usually expressed as a
negative quantity. This model was used by Monteith (1965) and Austin (1982). Acock ef al.
(1976) also reported that this model gives a good fit to observed experimental data. The linear

form of equation (1) can be written as follows.

= r (2



91

This is the same as a linear regression equation i.e.

Y=A+BX 3)
1 1
where A= , B= ,
a b
1 1
Y: X:
Pg I

The values of A and B determined by linear regression were then used to calculate a and b, from
which Pn ., , I, and & were calculated. The model was fitted to each separate response curve

i.e. to all the data points (4 leaves from each treatment) at 30, 40 and 50 DAS.

2 = Pg g, hence Py, = Pg ppy + Ry @)

(assuming that R is expressed as a negative quantity)
'b' = & = photosynthetic efficiency or the initial slope of the Pn-I curve.

The value of I, (photon flux compensation point) is equal to the value of I at Pn = 0, or the value
of I at Pg=Ry. To calculate this the observed value of R, was substituted for Pg in the following

equation.

(a) (Pg)
L= (%)
(ab) - (Pg b)

This equation can also be written as follows.

(a) (Pg)
L= (6)
b (a - Pg)

The calculated values of Pn max, a , I, and original values of R, were analysed by anova
to test the significance of the effects of the variety, salinity and leaf age on these parameters.
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5.2.7 Sampling of the Leaves for Ion Analysis and Sap Extraction

After measuring gas exchange, the leaves were harvested and placed in 1.5 cm?
polypropylene microcentrifuge tubes, labelled and stored in a freezer at -10°C for ion analysis.
To extract cell sap the polypropylene tubes containing leaves were frozen in liquid nitrogen for
about 20-30 seconds. After freezing, these were then taken out of the liquid nitrogen, thawed and
crushed with a blunt ended metal rod. A small hole was made at the base of this tube which was
then placed in a second similar tube of the same capacity and centrifuged at 8000 rpm for 5

minutes. The sap collected in the second tube was frozen and was used for ion analysis.

5.2.8 Chemical Analysis

The frozen sap was allowed to thaw and necessary dilutions were made with distilled
water. Sodium, potassium, calcium and magnesium contents were determined by atomic
absorption spectrophotometer (Pye Unicam Model SP-90) while chlorides were determined with
an ion selective electrode (Orion Research Microprocessor Analyzer Model-901).

Sodium and potassium were determined at 589 nm and 766 nm wavelengths respectively.
The measurements were made in emission mode. The machine was standardized against known
standard solutions prepared from analytical reagent grade NaCl for sodium and KCl for potassium
before reading the diluted sap samples.

Calcium and magnesium were determined at 422.7 and 285.2 nm wavelengths respectively
using the absorbance mode. A calcium and magnesium combined hollow cathode lamp was used

for this purpose.

5.2.9 Statistical Analysis

The gas exchange data obtained from the IRGA and ion data were analysed statistically
by analysis of variance and means and standard errors of means (SE) were calculated using
Minitab statistical programme (version 10.2). Examples of the anova tables are presented at
Appendix 5.1 and 5.2.

Significance levels are indicated in the tables by *, ** and *** for 5%, 1% and 0.1%
probability levels, respectively. Non-significant effects are indicated by NS. All 'differences' among
means reported to be significant are at 5% level of probability.

Tests were made at the 5% probability level when a significant ' F ' value was obtained
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for treatment effects and significantly different means were compared by calculating a least
significance difference by using the following equation:
LSD = ((2*EMS)/n)*)*t,

n = Number of observations to calculate a mean

i = Tabulated t value at error degrees of freedom

53 RESULTS

5.3.1 Gas Exchange Parameters

In the analysis of variance, the effects of light were significant for almost all gas exchange
parameters at all three sampling dates except g, which was non-significant at all the three leaf
ages. There were very few significant interactions also for variety x PPFD and salinity x PPFD.
The effects of salinity were generally significant at 30 and 40 DAS but not at 50 DAS. Effects of
variety were generally significant at all sampling dates. Variety x salinity interaction was also
found to be significant for most of the parameters at different sampling dates. Table 5.1

summarises the significance levels of the main effects and their interactions

5.3.2.1 Changes in Gas Exchange Parameters with Light Intensity

Figures 5.1 to 5.4 show the changes in different gas exchange parameters at different
PPFD. As PPFD decreased, there was a progressive decrease in Pn , g, and leaf temperature while
a progressive increase in Ci was noted. In the cases of Pn and Ci differences between treatments
were greatest at the highest light intensity. In the cases of g, and Tl differences were broadly
similar at all light intensities.

5.3.2.2 Effect of Salt Stress and Varietal Differences in Gas Exchange Parameters

Salt stress decreased Pn significantly at 30 and 40 DAS (Fig 5.1a, b). At 50 DAS
however, the effect of salinity was non-significant (Fig 5.1c). There was no significant difference
in between the two varieties at 30 DAS but Pn was significantly higher in LU26S at 40 DAS and
50 DAS.
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Table - 5.1: Significance levels calculated by analysis of variance for net photosynthesis (Pn, umol
CO, m?s™), stomatal conductance (g, mol m?s?), sub-stomatal CO, (Ci, ul 1) and leaf
temperature (°C) at three leaf ages (30, 40 and 50 DAS) in fifth leaves in LU26S and Punjab-85
wheat cultivars at different photosynthetic photon flux densities

IParameters Variety |Salinity 1 _IVx S |vxI SxI VxSxI
30 DAS
Pn NS L et e NS NS NS
tgs *k *hk NS *kx NS NS NS
I UL P R R N
I Ci Y NS N NS b NS NS
Leaf temperature |*** s i NS NS NS NS
40 DAS
Pn ” i *Ax NS NS NS NS
8, NS *E* NS * NS NS NS
E NS *Ex o * NS NS NS
Ci i NS L NS NS Liity NS
Leaf temperature |*** Laas L o NS NS NS
50 DAS
*hx NS *kk *hx *k NS NS
8 * NS NS NS NS NS
E * NS b ok NS NS NS
Ci i NS s NS * NS NS
Leaf temperature |NS NS e = NS NS NS
S .

. I = Photosynthetic photon flux density
. S= Salinity, V= Variety

* = Significant at 5% probability level
T = Significant at 1% probability level
¥ = Significant at 0.1% probability level
NS = Non-significant
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g, was significantly reduced by 100 mol m™ NaCl stress at all sampling dates (Fig 5.2a,

b,c). The effects of salinity on E (data not presented) were similar to effects on g, except at 50

DAS where it was not significantly affected. Significantly higher g, and E were observed in

LU26S at 30 and 40 DAS but at 50 DAS the difference between varieties was non-significant.

Ci was higher at 100 mol m® NaCl stress at all the leaf ages but this effect was not

significant (Fig 5.3a, b, c). Ci was significantly higher in Punjab-85 as compared to LU26S at
30, 40 and 50 DAS.

Leaf temperature (T1) increased significantly as a result of 100 mol m™ NaCl stress (Fig

5.4a, b) at 30 and 40 DAS but the effect was non-significant at 50 DAS (Fig 5.4c). In Punjab-85

the leaf temperature was significantly higher than in LU26S at 30 and 40 DAS but at 50 DAS the

differences were non-significant.

5.3.2.3 Effect of Leaf Age on Gas Exchange Parameters

Taking the gas exchange parameters recorded at the three growth stages together (30, 40
and 50 DAS), it was found that Pn was slightly higher at 40 DAS than at 30 DAS. At 50 DAS,
Pn decreased to lower values. The effects of leaf age on Ci and leaf temperature were smaller and
the reverse of that observed in Pn i.e. they were lowest at 40 DAS. Highest g, was recorded at
30 DAS and with age, it decreased. The differences between treatments decreased overtime for

g, and Ci.

5.3.2.4 Effect of Salt Stress and Variety on Observed Values of Pn, g, Tl and Ci at the Highest

Light Intensity

A separate analysis of variance was conducted for gas exchange data recorded at the
highest PPFD. Table 5.2 shows the effects of variety and salt stress on different gas exchange
parameters at the highest PPFD (umol m? s™) at 30 DAS (2017+7.1), 40 DAS (2015+11.3) and
50 DAS (2011+7.3) and the levels of significance of the effects of variety, salinity and variety x
salinity interaction. Values for the highest PPFD have been presented separately because these
were the first values after enclosing the leaf in the leaf chamber before any possible adverse effects
on the physiology of the leaf due to the enclosure process. Another reason for using this was that
the differences in observed Pn values between the treatments were greatest at the highest light



96

Table - 5.2: Effect of salinity and variety on net photosynthesis (Pn, umol CO, m?s™), stomatal
conductance (g, mol m’s™), sub-stomatal CO, (Ci, u1 I') and leaf temperature (°C) at three leaf
ages (30, 40 and 50 DAS) in fifth leaves in LU26S and Punjab-85 wheat cultivars at a PPFD
umol m? s) of 201747.1 (30 DAS), 2015411.3 (40 DAS) and 2011£7.3 (50 DAS).

Leaf age LU26S Punjab-85 [ Varietal
(Days after 0 mol m™ 100 mol m 0 mol m?® | 100 mol m3 " mems i
owing) Means i+ SE |Means Ed:_SE Means i+ SE |Means i+ SE |B:U2'55 lplmi-”
Pn B )
30 DAS 180  i1.74 (156 1253 (182 i2.06 [12.4 i0.81 [168 [153
40 DAS 197 1193 [16.9 1091 |19.4 i2.55 |12.8 1326 "18.3 16.1
50 DAS 153 i1.13 |143 1118 {98 1156 [9.0 (134 [148 [94
g
||3ODAS 136  i0.14 |0.60 10.11 [0.67 i0.12 |0.36 (0.04 [0.98 [0.52
40 DAS 0.60  i0.10 {0.42 10.06 [0.79 i0.19 |0.30 i0.07 E.Sl 0.54
50 DAS 048  i0.06 |0.40 0.08 0.37 (006 [0.30 10.03 [0.44 [0.34
Ci
30 DAS 263 14.98 |255 1529 (235 1701 [232 1218 [pso  |234
[40DAs 217 11.78 216 7.85 [236 1181 [224 16.22 [p16 [230
50 DAS 232 i4.84 |230 4.61 [252 8.8 [252 1544 [p31 (252
Leaf temperature
30 DAS 241  i0.82 |26.0 1080 [26.6 1034 [279 (047 [251 [273
40DAS (258  :0.70 [25.7 10.80 |23.5 i0.48 {25.5 fl.O#ES_S 24.5
S50DAS  [260  i0.28 [26.7 055 269 1040 [25.8 10.48 [263 [264
[Salinity means
Pn g, Ci Tl

Salinity — |0 100 |0 100 o 100 |0 100
30 DAS 181 140 [1.01 048 [250 243|253 27.0 I
40DAS  [196 149 [069 036 [226 220 246 25.6 I
50 DAS 126 117 [042 036 [242 241|265 26.2
Level of significance in anova and LSD at p = 0.05 _
Leaf age Pn ' & Ci _ Tl :

V.S Vs | V:is vs] VisiVs] Visives
30 DAS NS  i4.12* NS 0.26%*:0.26%*: NS 11.3%%* :NS :NS 1.41%*:1.41* NS
[40DAS |NS NS iNS [NS  :025* INS [11.2* NS (NS |NS NS iNS
ILsopAS [320+*iNg iNS INS NS NS [135%* NS iNS INS NS NS ||
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intensities (Fig 5.1a, b, ¢). Pn was decreased by salinity at all the leaf ages but the effect was
significant only at 30 DAS. LU26S had significantly higher Pn than Punjab-85 at 50 DAS. The
variety x salinity interaction was not significant for any parameter at any sampling date.

g, decreased as a result of salinity at all the leaf ages in both the varieties but the effect was
significant only at 30 and 40 DAS. g, also decreased with increase in leaf age in LU26S at 0 and
100 mol m™ NaCl, but this decrease was comparatively smaller in Punjab-85. In Punjab-85 g_ was
higher at 40 DAS than at 30 or 50 DAS at 0 mol m™ NaCl stress but at 100 mol m™ NaCl stress,
g, was similar at all leaf ages showing that this was affected even before 30 DAS. LU26S showed
significantly higher g than Punjab-85 at 30 DAS. Data for transpiration rate are not presented but
its trends were nearly the same as were observed for g.

Salinity had little effect on Ci at all the leaf ages. Ci was significantly higher in LU268S than
in Punjab-85 at 30 DAS but significantly lower at 40 DAS and 50 DAS. Tl was significantly
increased by 100 mol m™ NaCl stress at 30 DAS only. LU26S had significantly lower TI than
Punjab-85 at 30 DAS. At other leaf ages, the effects of variety and salinity were non-significant.

5.3.2.5 Effect of Salt Stress and Variety on Calculated Pn ,, & , I, and Observed R,

The values calculated by the rectangular hyperbola model for Pn ., «, I, (section
5.2.7.7) and observed R, values are presented in Table 5.3. In the ANOVA for these parameters
the variety x salinity interaction was non-significant at all the sampling dates.

The linear regression equation (equations 2 & 3) provided a significant fit to the data.
Values of 'r”' varied between 90% and 99.8% at 30 DAS, between 90% and 99.9% at 40 DAS
and between 90% and 100% at 50 DAS and in all cases these were significant at p = 0.05.

Po

Pn .. was highest at 40 DAS and was lowest at 50 DAS as compared to other sampling
dates, which can be due to senescence of the leaves due to their age. In the absence of salt stress,
Pn ... was higher in Punjab-85 than in LU26S at 30 DAS but it was higher in LU26S at 40 and
50 DAS. At 100 mol m™ NaCl stress, LU26S had higher Pn . at all the three leaf ages but the
differences were significant only at 30 and 40 DAS.

The values of Pn ., calculated by the rectangular hyperbola model were considerably
higher than the actual Pn values observed at the highest light intensity at all the dates at which gas
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exchange data was recorded (Table 5.2). The differences between fitted and actual values ranged
from 4.1 and 11.4 at 30 DAS, from 5.6 and 13.3 at 40 DAS and from 3.2 and 9.5 at 50 DAS

(Table 5.4). The trends in treatment effects however, remained nearly the same.

Photosynthetic Efficiency («)

o was decreased by salt stress at 30 and 40 DAS but the differences were non-significant,
but significantly increased by salinity at 50 DAS as compared to control. At both the salinity
levels, a was lower at 50 DAS than that at 30 and 40 DAS. Also a was lower in Punjab-85 than
in LU26S at all the sampling dates but the differences were significant only at 30 DAS.
Comparing figures 5.1a, b and ¢ with the tabulated values (Table - 5.3) showed that the

observed values of « were close to the calculated values.

Photon Flux Compensation Point (1)

I, was significantly greater in Punjab-85 than in LU26S at 40 DAS and 50 DAS. At 30
DAS the differences were non-significant. There was no significant effect of salt stress on I .
Observed values of I, (figures 5.1a, b and c) were found to be very close to the tabulated values
of I, (Table - 5.3).

Dark Respiration (Ry)

R, was significantly greater in LU26S than in Punjab-85 at 30 DAS but was significantly
higher in Punjab-85 than in LU26S at 40 DAS and 50 DAS. A decrease in R, due to 100 mol m*
NaCl stress was observed at 30 and 40 DAS but the effect was significant only at 30 DAS. At 50
DAS, R, was significantly increased by 100 mol m™ NaCl as compared to 0 mol m™ NaCl.

This analysis shows that under salt stress, overall photosynthetic productivity was higher
in LU26S than in Punjab-85 due to higher Pn ., higher a, lower I, and lower observed R, ,
particularly at 40 and 50 DAS.

5.3.3 Ion Uptake
Ton analysis was conducted on the cell sap obtained from the same leaf (5th leaf) on which

Pn measurements were made. Data for different parameters and leaf ages is presented in Table
55-517.
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Table - 5.3: Effect of salinity and variety on calculated maximum photosynthesis (Pn .. in zmol
m™s™"), photosynthetic efficiency (a in mol CO, fixed m™s™ per mol m?s* PPFD), photon flux
compensation point (I; in umol m?s™) and observed dark respiration rate (R; in umol m?s™) at
three leaf ages (30, 40 and 50 DAS) in fifth leaves in LU26S and Punjab-85 wheat cultivars.

Leaf age LU26S Punjab-85 Varietal

((}I\);}:lsg;ﬁer 0 mol m* 100 mol m® | 0 mol m? 100molm® || "o
Means '+ SE |Means i SE [Means |+ SE [Means i+ SE [[-U26S | Puni-85 |

I ’

|30DAS  |263 56 [223 144 [296 40 165 (12 |p43 |230

40DAS 330 55 (225 (13 (208 (49 [210 43 |[p78 [254 |

SODAS  [248 36 [203 23 [13.0 33 [124 (26 [p26 [127

’_B%DAS 0.053 1008 |0.047 003 |0.039 001 [0.030 1.003 [0.050 [0.035

| 490DAs  Jo.041 1003 [0.042 1001 [0.046 .007 |0.035 o001 0.042 [0.040

| soDAs  [0.028 (004 [0.041 (003 [0.029 (.003 [0.034 1004 0.034 [0.032

IG

| 30DAs 1091 133]1120 1129928 133 [1065 69 |1105 997

" 40DAS  [851 51 [81.0 21 [1000 (109 1102 63 [83.1 [105.0

S0DAS 1169 113|935 (44 [1473 (184 [1527 (13.2 [105.2 [150.1

30DAS  [-457 10.09 [-4.16 :0.12 |-3.28 [0.09 [-2.70 (0.19 |- 4.37[-2.99

40DAS  |-3.12 1005 [-3.05 (0.12 [-3.84 (027 |-325 (024 [ 3.09[-355

SODAS  [-2.77 :0.09 |-3.26 (021 |-3.25 [0.18 [-3.82 i0.16 [-3.02[-3.53

Salinity means

|| P1 max o L R

[ satinity — [o 100 [0 100 Jo 100 |0 100

[30DAS 280 194 [0.046 0038 [1009 1092 |-392 -3.43

l40DAS  [314 218 [0043 0039 [926 955 |-348 -3.15

50 DAS 18.9 164 10.028 0037 |132.1 123.1[-3.01 -354

Level of significance in anova and LSD at p = 0.05 _

W@ Pn ey o 5 Ry

I Vi8S iv*§| Vv i 8§ iy v S ives] VvV i § iv*§

f[30DAS [NS iNS NS [0.01** INS iNS |NS (NS NS |0.28%** 0.28** iNS

" 40 DAS [NS . 59.43“' NS NS NS - NS 14.9:: NS NS 0.42: NS - NS
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Table - 5.4: Effect of salt stress and variety on differences between calculated Pn ,, and recorded
net photosynthesis (umol m™ s™) in LU26S and Punjab-85 wheat varieties (+ = increase, -
decrease) at a PPFD (umol m? ) of 2017+7.1 (30 DAS), 2015211.3 (40 DAS) and 2011+7.3

(50 DAS)
Leaf age LU26S Punjab-85
0 mol E NaCl | 100 mol m” NaCl | 0 mol v “NaCl | 100 mol m™ NaCl II
30 DAS +—;3 +6.7 1 +11.4
40 DAS +13.3 + 5.6 +10.4 +ig2
50 DAS + 9.5 +6.0 + 3.2 +3.2 |
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5.3.3.1 Effect of Age of Leaves and Salinity on Ion contents
Potassium:

At all the three leaf ages (30, 40 and 50 DAS), K" was slightly higher in Punjab-85 than
in LU268S at both the stress levels (Table 5.5). Differences were significant at 30 DAS and 50
DAS. At 30 DAS salinity resulted in a significant increase in K* content in Punjab-85 but not in
LU26S. At 40 and 50 DAS, K" contents were higher at 100 than at 0 mol m™ NaCl in both
varieties. The variety x salinity interaction was only significant at 30 DAS.

Sodium:

Na“ contents of leaves were significantly higher at 100 than at 0 mol m™ NaCl in both
varieties at all the three leaf ages (Table 5.5). At 0 mol m™ NaCl, Na" in leaf sap did not change
with leaf age. At 100 mol m™ NaCl it increased, the increase being greater in Punjab-85 than in
LU26S.

Differences between varieties were non-significant at 30 and 40 DAS but highly significant
at 50 DAS. The effect of salt stress was highly significant at all leaf ages. The variety x salinity
interaction was significant at 30 and 50 DAS only.

Calcium:

At 0 mol m™ NaCl stress, Ca** contents were higher in the salt tolerant variety LU26S
than in the salt sensitive variety Punjab-85 at 40 and 50 DAS (Table 5.6). Ca>* contents were
higher at 40 and 50 DAS than at 30 DAS in both the varieties at 0 mol m™ NaCl.

Salinity decreased Ca>* contents in the leaf sap in both varieties. The decrease was

significant in both varieties at 40 DAS, and in LU26S only at 50 DAS.

Magnesium:

In general, at 0 mol m® NaCl, Mg?* increased with leaf age in both varieties (Table 5.6)
but at 100 mol m™ NaCl it decreased. Salinity significantly decreased Mg?* at all the sampling
dates. Mg* was significantly higher in LU26S than in Punjab-85 at all the three leaf ages. The
variety x salinity interaction was significant at 30 DAS and 50 DAS.
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Table - 5.5: Effect of salinity (100 mol m™ NaCl) and variety on K* and Na* contents of 5th leaf
in LU26S and Punjab-85 wheat cultivars.

Leaf age LU26S Punjab-85 Varietal
S(()Ii:iisgz;ﬁer 0 mol m” 100 mol m? 0 mol m? 100molm® || oo
[ Means i+ SE [Means i+ SE [Means |+ SE [Means i+ SE [[LU26S|Punj-84]
o
30DAS  [228 184 |23 99 [238 59 [316 230 | 226 | 278
40DAS  |285 156 (369 99 [296 156 [410 273 | 327 | 353 |
50DAS  [265 1156|348 1155|280 104 |410  19.7 || 306 | 345
Na’ | | | |
30DAS  [152 109 [273 26 [120 06 |29 20 [215] 210
9DAS |15 20 [350 17 (12 26 [357 17 [233 | 224
SODAS 132 128 |45 51 [158 26 [189 78 [279 | 474
Salinity means

K* Na*
Salinity — | Omolm® : 100molm?® | 0 mol m® 100 mol m?
30DAS 2336 2699 13.9 301
40DAS  |200.7 13893 113 344
50DAS __|2725 3789 145 607 |
LSD at p=0.05
Leaf age K* Na*

Variety | Salinity | V*S Variety  : Salinity | V*S
30DAS  [31.35 ** 13135 * 4181 * |NS L 328 w437 * |
40DAS | NS L4211 NS NS L 477 *+ | NS |
SODAS  [36.14 * | 3614 *** | NS 11,57 ** | 1157 *** | 1544 **
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Table - 5.6: Effect of salinity and variety on Ca®** and Mg”* contents of 5th leaf in LU26S and
Punjab-85 wheat cultivars.

Leaf age LU26S Punjab-85 Varietal
g));zrsgajﬁer 0 mollm':" 100 mql m> 0 mol m?* 100 mc?l m> means
_| Means :+ SE| Means : + SE | Means : + SE | Means : + SE [ LU26S | Puj85
C32+
30DAS | 18 j01| 14 01| 19 03] 18 02|16 | 19
| 4opas | 37 fos| 11 01| 31 06| 16 jo02|24 |23
| sopas | 39 io2| 10 o1 21 fo3| 15 fo1]24 |20
[
| sopas | 63 01| 41 io2| a7 02| 34 o152 |4l
40DAS | 63 03| 38 01| 56 04| 31 0250 |43
soDAS | 88 03| 28 03| 61 06| 31 02|58 |46
Salinity means
Ca* Mg**
Salinity —| Omolm® | 100molm® | 0mol m® 100 mol m™ l
30 DAS 19 16 55 38
40 DAS 34 1 14 59 35
L sopas 30 14 74 29
LSD at p=0.05
l Leat age Ca** Mg** |
Variety | Salinity | V*S Variety | Salinity | V*S
30DAS | NS NS NS 043 *** | 043 *xx (57 *
40DAS | NS 104 ** NS 069 * 069 *** NS
SODAS | 047 * 1047 *** (063 *** |001 * 001 ** | ]2) **
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Chlorides:

CI' contents of leaves were significantly greater at 100 than at 0 mol m™ NaCl in both
varieties at all the three leaf ages (Table 5.7). At 0 mol m™ NaCl, CI' decreased with leaf age but
at 100 mol m™ NaCl there was an increase. Differences in CI' contents between varieties were not
significant at 30 and 40 DAS. At 50 DAS, CI" was significantly higher in Punjab-85 than LU26S.
At 30 DAS, difference was significant in Punjab-85 but not in LU26S. The variety x salinity
interaction was significant at 30 DAS and 50 DAS.

K*/Na*:

K*/Na" ratio (Table 5.7) was significantly decreased as a result of salinity in both the
varieties at all the three leaf ages. K'/Na" ratio was significantly higher in Punjab-85 than in
LU268S at 30 DAS. The differences were non-significant at 40 and 50 DAS. The variety x salinity

interaction was non-significant.

54  DISCUSSION

Photosynthesis and gas exchange of leaves are affected by many stresses including
drought, flooding, salinity, chilling, high temperature, soil compaction and inadequate nutrition.
Stomatal conductance and the rate of assimilation of CO, per unit leaf area often decreases when
stress occurs (Farquhar ef al. 1989). There are three most important factors which affect the rate
of assimilation in crops i.e. CO, , light and temperature out of which light is the most important
cause (Marshall and Biscoe, 1980a). Effects of different light intensities (PPFD) on different gas

exchange parameters are discussed in the following paragraphs.

Gas Exchange in response to Different PPFD:

There was a progressive increase in Pn, E, Tl and a decrease in Ci with an increase in
PPFD from 0 to 2000 umol m™ s?. Higher Pn values were recorded at 30 and 40 DAS than 50
DAS possibly due to a decrease in g; in the older leaves. Differences in Pn were small at low
PPFD values and became greater with increase in PPFD which seemed to be due to similar
changes in g, . LU26S had higher Pn under NaCl stress than Punjab-85. g, was highest at 30 DAS
when there were large differences in between the varieties which decreased with leaf age. TI (leaf
temperature) increased with increase in PPFD. This was due to the direct heating effect of
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Table - 5.7: Effect of salinity and variety on CI” contents and K*/Na" ratio of 5th leaf in LU26S
and Punjab-85 wheat cultivars.

Leaf age LU26S Punjab-85 Varietal
g?;ﬁ;ﬂer 0 mol_m'3 100 mo.l m? 0 mol-rn‘3 100 mo‘l m? | T

Means i+ SE [Means i+ SE [Means :+ SE |Means :+ SE [[LU26S |Punj-85
cr ||
30DAS  [60.5 99 |83.1 79 [s68 129 [1410 220718 [989 |
40DAS  |547 51 |1667 63 |s56 39 [2088 1277 [1108 [1422
SODAS  [378 49 |1615 195 [286 20 |2605 (218 [99.6 |1445
K*/Na* | | L |
30DAS 148 14 [83 04 [200 13 [106 07 [115 [153
40DAS 270 144 [106 107 [207 51 [123 11 [188 [210
SODAS  [220 34 |85 09 |195 37 [s54 06 [153 [124
Salinity means
Salinity — cr K'/Na'

0 mol m? 100 mol m?® | 0 mol m* 100 mol m™
30DAS 587 112.1 17.4 94
40DAS 552 197.8 28.4 115
SODAS  [332 2110 |08 69 _ .
LSD at p=0.05
Leaf age Cr K'/Na*

Variety | Salinity | V*S Variety  : Salinity | V*S
30DAS | NS 2052 ** 13938 % [234 *+ 234 *e NS
40DAS |NS 3350 **++ | NS NS 1705 **+ NS
SODAS  |3436 * 3436 *** 4583 ** | NS 503 *xx | NS
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the lamp which affected the leaf chamber in spite of the fact that cool water was kept flowing
below the lamp to dissipate its heat. Differences between the varieties were greater at 30 DAS
than at 40 and 50 DAS.

Gas Exchange at the highest PPFD:

In this study, 100 mol m™ NaCl salinity caused a decrease in Pn in both the varieties but
the decrease was more in the salt-sensitive variety Punjab-85. This decrease was mainly due to
a decrease in g,, which was also decreased more in Punjab-85. The effects of salinity on Pn were
greatest at 40 DAS when highest values were observed. At 40 DAS, salinity decreased Pn of
LU268S by 14% and of Punjab-85 by 34% at the highest light intensity. Farquhar e al. (1989) and
Igbal (1992) reported a decrease in Pn and g, when stress was experienced by the plant and
decreases in Pn were reported to be due to decreases in g, . Contrasting results were reported by
Leidi ef al. (1991b) who found that there were no effects of NaCl salinity up to 100 mol m™ on
the rate of Pn or E. They however reported a decrease in g, with an increase in the levels of added
NaCl in the growth medium. Kemal-ur-Rahim (1988) also reported that salinity had no effect on
Pn at 120 mol m® NaCl. Another reason for lower Pn in Punjab-85 at 100 mol m™ NaCl could be
its higher Na" and CI" contents. Photosynthetic ability was inversely related to the concentration
of either Na* or CI in the leaves. CI was reported to be more closely associated (r> = 0.926) with
the inhibition of photosynthetic ability (Bethke and Drew, 1992). In this study also it was felt that
the decrease in Pn due to NaCl stress was caused by osmotic effects on internal and mesophyll
resistance (Kingsbury e al. 1984, Rawson, 1986) and also due to higher contents of Na* and CI’
of the leaves especially in salt-sensitive variety Punjab-85.

Pn was higher at 40 DAS than at 30 or 50 DAS in both the varieties and at both the
salinity levels and the lowest values were found at 50 DAS. This trend can not be explained
however, simply on the basis of changes in g in LU26S because the pattern of decrease in Pn due
to leaf age was different than that in g, At 30 DAS, g, was higher than at 40 DAS. Marshall and
Biscoe (1980b) also reported a decrease in Pn with the age of the leaves due to decrease in g,.
Decrease in g, with an increase in leaf age was also noted at both the salinity levels and varieties.
Changes in stomatal conductance have been mentioned as a reason for changes in Pn due to leaf
age (Constable and Rawson, 1980). The reduction in Pn has also been associated with a decrease
in g, by Rawson and Woodward (1976).
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Ci was not affected by salinity at any of the sampling dates but g, was decreased. This
indicates that the decrease in Pn due to salinity was also due to non-stomatal factors and that there
was an adverse effect of 100 mol m™ salinity on internal processes due to an increase in stomatal
and mesophyll resistance (Kingsbury er al. 1984; Rawson, 1986). Excessive salts in the cytoplasm
may also harm enzymes and organelles responsible for photosynthesis (Lauchli and Epstein, 1984)
which may cause a decrease in Pn. Also at 40 and 50 DAS, Ci was higher in the salt-sensitive
variety Punjab-85. Ci was generally higher at 50 than at 30 and 40 DAS in Punjab-85 possibly due
to the decline in Pn associated with increased leaf age. In LU26S however, the effect of leaf age
on Ci was not consistent. In contrast to the results noted in this study, Ci was reported to remain
constant with leaf age by Davis and McCree (1978) suggesting that stomatal conductance was
not affected by increasing CO, caused by a decrease in the internal conductance. A reduction in
g is expected to cause a decrease in Pn by reducing the rate of CO, entry in the leaves and hence
causing a decrease in Ci (Kemal-ur-Rahim, 1988).

There was a significant increase in Tl at 30 DAS due to 100 mol m™ salinity in both the
varieties and at 40 DAS in Punjab-85 only. The effect was more visible in the salt-sensitive variety
Punjab-85. Presumably this is due to a lower cooling effect caused by lower g, and E. The effect
however was not consistent at 50 DAS. Igbal (1992) reported an increase in Tl as a result of

increasing time of exposure to NaCl salinity in the growth medium.

Gas Exchange Values calculated by Rectangular Hyperbola Model:

Net photosynthesis responds hyperbolically to PPFD as light becomes of decreasing
importance as a limiting factor for photosynthesis. Individual leaves of many C; plants are unable
to use additional light above 500-1000 umol m™ s or roughly 25-50% of full sun light. The light
saturated assimilation rate may be considered as a measure of the photosynthetic capacity of a leaf
(Hall et al. 1993).

Pn . values calculated by the rectangular hyperbola model were about 32 - 66% higher
than the actual values of net photosynthesis (see Table - 5.4) but the trends followed were nearly
the same. Kemal-ur-Rahim (1988) also reported a 57% over estimation of Pn . by the
rectangular hyperbola model in LU26S wheat variety at 120 mol m™ NaCl stress. Pn ., was
decreased by NaCl salinity especially at 40 DAS, in both varieties. In the salt-sensitive variety
Punjab-85, I_ increased considerably at 30 and 40 DAS which was accompanied with a decrease
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in a. Although salt treated plants had a lower rate of respiration, they had higher light
compensation point. In LU26S, « and I, were comparatively unaffected which means that at low
PPFD, salinity had a small effect and the effects of salinity were only apparent at high PPFD (see
Fig 5.1). Decrease in Pn . by salinity in wheat has also been reported by different research
workers (Rawson, 1986, Kemal-ur-Rahim, 1988; Igbal, 1992). A decrease in Pn ,, with leaf age
was also reported by Marshall and Biscoe (1980b). Igbal (1992) reported a non-significant trend
in & due to salinity but observed a decrease in « at the final measurement. In this study, the effect
of 100 mol m™ NaCl salinity on « was significant on the last sampling date only where it was
about 24% higher in the leaves of the stressed plants than the non-stressed plants. However,
Kemal-ur-Rahim (1988) reported that salinity had no affect on o in flag leaves nor on other
leaves. Kemal-ur-Rahim (1988) reported an increase in I, at 120 mol m™ NaCl salinity in flag
leaves as well as lower leaves in four wheat varieties. It is difficult to link changes in g, with
changes in R, . Salinity consistently decreased g at 30, 40 and 50 DAS in both the varieties but
R, was decreased only at 30 and 40 DAS. An increase in R, at 50 DAS could be due to high build
up of ions (Na’, K" and CI') accompanied by senescence. The hjgﬁer R, in the salt-sensitive
variety Punjab-85 seems to be partly due to lower g caused by high salinity stress and partly due
to decrease in the internal conductance (Davis and McCree, 1978). However, increase in R, due
to salinity may not be explained simply on the basis of a decrease in g, because then less O,
diffuses in for respiration. Similar to the above findings, Rawson (1986) also reported a reduction
in the younger leaves and an increase in the older leaves in R, as a result of salinity stress in the
leaves of barley.

Pn .. values were very high as compared to the measured Pn values in spite of the fact
that r* was very high. There could be two possible reasons for this discrepancy i.e.
1. Calculation of linear correlation does not take the intercept into account.
2. The assumption that Pn = Pg - R, is erroneous at high PPFD values because photorespiration
becomes an important component.

From the preceding discussion, it could be summed up that under salt stress, overall
photosynthetic productivity was higher in LU26S than in Punjab-85 due to higher Pn, higher «,
lower I, and lower observed R, particularly at 40 and 50 DAS. It is also concluded that
rectangular hyperbola model is not suitable for calculating Pn ., and hence other Pn-I models

like exponential model (Igbal, 1992) may be used in future studies.
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Effect of Salinity and Leaf Age on lon Accumulation:

Na" contents of leaves in the two varieties did not differ significantly up to 40 DAS but
at 50 DAS, the salt-sensitive variety Punjab-85 accumulated much higher amounts of Na" than
the salt-tolerant variety LU26S . Schachtman and Munns (1992) and others (Salim, 1989, Salim,
1991, Sharma, 1991, Watanabe, 1992; Gorham ef al. 1994; Khan, 1996) also reported that all the
salt-tolerant accessions/cultivars in their experiments had lower rates of Na* accumulation.
Comparatively lower contents of Na* at 30 and 40 DAS may be the result of higher rate of leaf
growth (Schachtman and Munns, 1992). It has also been reported that there are at least two
mechanisms that determine tolerance to NaCl i.e. low Na" uptake rates and the ability to tolerate
high concentrations (Schachtman and Munns, 1992; Munns, 1993). Both of these mechanisms
seem to play their role to impart better salt tolerance in LU26S.

Very high K™ contents were noted in both the varieties but significantly higher amounts
were accumulated in the salt-sensitive variety Punjab-85. It was found that at 100 mol m™ NaCl
salinity, K" contents increased over time in both the varieties. Although decreases in K
concentrations in the leaves in response to soil salinity in barley and also in wheat have been
reported by many workers (Wyn Jones and Storey, 1978; Gorham ez al. 1990, Igbal, 1992; Khan,
1996); increases in salt affected plants of wheat have also been reported by a number of workers
(Kemal-ur-Rahim, 1988; Igbal, 1992; Gorham, 1994, Khan, 1996).

The mechanism of discrimination against Na* and for K* (Gorham, 1992, 1993, 1994) was
noted in this study in both varieties. Gorham et al. (1990) reported that at low external salinities
(< 100 mol m™ NaCl), the enhanced K*/Na" discrimination character results in low leaf Na*
concentrations and maintenance of K" concentrations similar to those found in plants grown
without stress. Munns (1993) and Munns e al. (1995) suggested that growth response to salinity
occurs in two distinct phases which arise in sequence. During the first phase of osmotic effects,
the growth reduction is similar but after many weeks there is a second phase when the salt-
sensitive genotypes were reported to show greater reduction in growth due to salt specific effects.
Higher K" contents in the leaf cell sap at higher salinity of 150 mol m™ NaCl were also reported
by Salam (1993) in some wheat cultivars.

It is possible that the optimum growing conditions in the growth room coupled with the
loss of'ion selectivity of the roots, as a result of increased Na*/Ca*" ratio (Greenway and Munns,

1980), resulted in high uptake K* and other ions. This might have increased the permeability of
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the root membranes to K™ along with Na" and Cl" which was responsible for increase of these ions
in the cell sap. Higher uptake of K* at low external Na™ concentration and lower uptake of K* at
higher external Na™ concentrations has also been reported in wheat (Khan, 1996).

K"/Na" ratio was significantly lower at 100 mol m™ NaCl in both the varieties than at 0
mol m® NaCl stress (Table - 5.7). The percent decreases at 30, 40 and 50 DAS were 47, 59 and
72 in salt-sensitive variety Punjab-85. In LU26S (salt-tolerant), the corresponding decreases were
44, 61 and 62%. There was lesser effect of age on the ratio up to 50 DAS in LU26S but at the
same sampling date, a decrease of about 56% was noted in Punjab-85 than 40 DAS. Gorham
(1994) also reported lower K'/Na" ratios at 200 mol m™ NaCl than at 50 mol m™ NaCl in the
growth medium. At 100 mol m™ stress, the ratio was higher in the salt-sensitive variety Punjab-85
at 30 and 40 DAS, but at 50 DAS, K*/Na" ratio in this variety was much lower than in LU26S
which may be a reason for better salt-tolerance of the latter. The low K/Na* ratio in Punjab-85
at 50 DAS was mostly due to an increase in Na* contents and not due to a decrease in K*
contents. This also indicates that mechanism of discrimination against Na™ and for K* (Gorham,
1992, 1993, 1994) decreased with an increase in exposure of plants to salinity. A high K*/Na*
ratio in shoot has been also associated with better salt tolerance in wheat and tall wheat grass by
Shannon (1978), Sharma (1991) and Qadar (1993).

Generally Ca®* and Mg™ contents were lower at 100 mol m™ NaCl salinity than at 0 mol
m™ NaCl in both varieties while LU26S tended to maintain higher concentration of these ions.
The trend for chloride was similar to the one noted for Na* but reverse of that noted in case of
Mg Over all, high K*, Na*, CI"and low Ca*" and Mg?" contents were observed at 100 mol m™
NaCl stress in both the varieties and the contents of toxic ions (Na” and CI') were higher in
Punjab-85 as compared to LU26S. Padole (1991) reported increased uptake of Na* and decreased
uptake of K*, Ca** and Mg®" by salinity and/or sodicity of soil. LU26S had significantly higher
Mg’ at both the stress levels. Better capability to maintain higher amounts of Mg?* in the cells
has been associated with salt tolerance in wheat (Salama e7 al. 1994). In contrast to the results
obtained in this study, Maas and Poss (1989) reported an increase in Ca*" in plants grown in saline

nutrient solution which may be due to an addition of extra CaCl, added to the nutrient solution.

Effect of Leaf Ion Contents on Photosynthesis:

With increase in salinity from 0 mol m™ to 100 mol m® NaCl, Pn and g, decreased at all
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the sampling dates while concentration of Na*, CI' and K* increased (Table 5.8). Percentage
increases in K™ did not change much with leaf age and also were similar in both the varieties
hence its role in changes of Pn is not clear (Table 5.9). Percentage increases in Na* and CI
contents due to NaCl stress on the other hand were very high and were still higher in the salt-
sensitive variety Punjab-85. It seems as if accumulation of excessive amounts of Na* and CI ions
in the leaves were responsible for a decrease in g, and then Pn. This interpretation however does
not give a sufficient proof for the toxic effects of Na" and CI ions on gas exchange because the
percentage decreases in Pn were lesser than those in case of g, and much smaller than the increase
inNa’and CI contents of the leaves. There was also, a slight effect of salinity on Ci (Table 5.2)
which means that there were also increases in internal resistance at chloroplast level which were
responsible for a decrease in Pn. A different trend was noted in Punjab-85 in the older leaves at
50 DAS where a considerable drop in Pn was noted even in the absence of NaCl stress which
seemed to be due to more advanced senescence. It has been reported by different workers that
rates of photosynthesis are usually lower in the plants grown in saline culture medium and it
depends on the duration of exposure to NaCl (Walker et al. 1982; Yeo et al. 1985). As salt
concentration in leaves increases with time of exposure, the reduction in Pn may be interpreted
in terms of increasing salt toxicity (Yeo ef al. 1985).

The above discussion indicates that in this study, the decrease in Pn was less due to
reduced g; and seemed to be non-stomatal in origin as has been reported by Bethke and Drew
(1992). In the older leaves, the decrease in Pn especially in Punjab-85, seemed more due to
senescence than NaCl stress alone. The reduction in Pn under salt stress is reported to be mostly
due to an increase in stomatal and mesophyll resistance (Kingsbury et al. 1984; Rawson, 1986).
CI' has also been reported to be closely associated (r* = 0.926) with the inhibition of
photosynthetic ability (Bethke and Drew, 1992). Yeo et al. (1985) showed that Na* accumulation
in the leaves of rice affected stomatal aperture and CO, fixation simultaneously. The reduced
water potential generated by NaCl in the external medium can also affect stomata. Downton
(1977) attributed decreases in Pn in the salt stressed grapevines to increased levels of CI' in the
leaves which was responsible for increase in mesophyll resistance to CO, fixation.

Terry and Waldron (1984) reported that Pn was decreased by NaCl stress. Similar effect
of NaCl stress have also been reported by Yeo et al. (1985), Rawson (1986), Yeo et al. (1991),
Zerbi et al. (1991), Bethke and Drew (1992) and Igbal (1992). Pn ,, has also been reported to
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Table - 5.8: Net photosynthesis (Pn) and g, at the highest PPFD (umol m? s™') of 2017+7.1 (30
DAS), 2015+11.3 (40 DAS), 2011+7.3 (50 DAS) and ion concentration in cell sap of 5th leaves
in LU268S and Punjab-85

Leaf age | NaCl stress LU26S Punjab-85

Pn |g |Na" |CI' |K* [Pn |g, |Na° |CI' |K"
30 DAS Omolm® |18.0 [1.36 [15.2 |60.5 |228 |18.2 [0.67 [12.0 | 56.8 |238

100 mol m®|15.6 |0.60 |27.3 |83.1 (223 |12.4 |0.36 |29.9 [141.0(316

40 DAS 0mol m®(19.7 |0.60 |11.5 [54.7 [285 |19.4 |0.79 |11.2 | 55.6 {296

100 mol m?|16.9 |0.42 |35.1 [166.7|369 [12.8 [0.30 |35.7 [228.8{410

50 DAS Omolm®(15.3 |0.48 (132 |37.8 265 [9.8 [0.37 [15.8 |28.6 |280

100 mol m*|14.3 [0.40 |42.5 [161.5(348 [9.0 [0.30 |78.9 [260.5|410

Table - 5.9: Percentage decreases (-) in net photosynthesis and g, at the highest PPFD and
increases () in ion concentration in cell sap of 5th. leaves in LU26S and Punjab-85 at 100 mol
m NaCl.

Leaf age | NaCl stress LU26S Punjab-85

Pn |g [Na" |CI' |[K" [Pn |g [Na* |CI [K*

30DAS |100molm?®|-13 |-56 |+80 |+37 |-2 |-32 |-46 |+149|+148|+33

40 DAS [100 mol m™ |- 14 |-30 |+205[+205|+29 |-34 |-62 |+219|+312|+39

50DAS |[100mol m?®|- 7 |- 2 [+222|+327|+31 |- 8 [-19 |+399|+811|+46

l|
|
|
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decrease with an increase in CI' contents (Rawson, 1986). There are conflicting reports also
which show that photosynthesis is not affected by salt concentrations up to 100 mol m? NaCl
(Kemal-ur-Rahim, 1988; Leidi ez al. 1991b).

Leidi ef al. (1991b) reported a decrease in g, with an increase in NaCl concentration in
the growth medium. Decreases in net photosynthesis due to NaCl stress have also been reported
in barley and wheat cultivars by Munns and Termaat (1986), Rawson (1986), Kalaji and
Nalborczyk (1991), Zerbi ef al. (1991) and Igbal (1992).

Munns and Termaat (1986) argued that there is no evidence of a casual relationship
between ion concentration and Pn; because when NaCl is removed from the growth medium, Pn
recovers much more quickly than leaf salt concentration. They further argued that Pn may also
be inhibited by reasons other than salt concentration in the leaves e.g. interaction of salts with
ageing pattern of the leaves because NaCl hastens leaf senescence, the typical decline in Pn due
to age and negative feedback on Pn by reduced sink activity. Nitrogen deficiency might occur in
NaCl treated plants as CI' interferes with NO;™ fluxes in roots causing a decreased NO,

concentration in leaves which might affect the Pn under salt stress.

5.5 CONCLUSIONS

The results obtained in this experiment confirmed the results of previous studies that NaCl
salinity decreases the rate of net photosynthesis by affecting stomatal and non-stomatal factors.
In the salt-sensitive variety, effect of leaf age was mainly due to non-stomatal factors which seem
to be influenced by excessive concentrations of Na* and CI' in the leaves.

Fitting the rectangular hyperbola model for Pn/light response curves in wheat gave a good
fit to the data (r* = 90 - 100%). It gave nearly a similar trend as found in case of Pn i.e. highest
Pn was observed at 40 DAS, Pn decreased with salt stress and was greater in LU26S than Punjab-
85 at 100 mol m™® NaCl stress. However, it calculated 32-66% higher values for Pn ___as
compared to actual observed values.

Photosynthetic efficiency (a) decreased with increase in leaf age while photon flux
compensation point ( I ) increased with leaf age but the results were not conclusive. There was
a decrease in the observed dark respiration (Ry) with increase in leaf age in the salt-tolerant
variety LU26S. Ageing of the leaves had no effect on Ry in the salt-sensitive variety Punjab-85

in the absence of salt stress, while it increased with increase in leaf age at 100 mol m™ NaCl.
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Under salt stress, overall photosynthetic productivity was higher in the salt-tolerant variety
LU26S than in the salt-sensitive variety Punjab-85 due to higher Pn, higher a, lower I, and lower
observed Ry , particularly in the older leaves.

K"/Na’ ratios in the salt-sensitive variety Punjab-85 were significantly higher than LU26S
at 30 DAS but differences were non-significant at 40 and 50 DAS which indicates that K*/Na*
ratio may not be used as an indicator for salt tolerance in the younger plants especially under
optimum growing conditions of the growth room or greenhouse. Increased uptake of Na*, CI,

K" and decreased uptake of Ca** and Mg** was observed under salt stress.
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CHAPTER 6

EFFECTS OF SALINITY AND pH OF THE CULTURE MEDIUM ON ION UPTAKE,
GAS EXCHANGE AND GROWTH OF WHEAT UNDER
HYDROPONIC CONDITIONS

6.1 INTRODUCTION
The increasing demand for cereals and other food crops has necessitated the utilization

of marginal lands with high salinity and having pH mostly in the alkaline range. In many instances,
the demands to irrigate the increased cropped area has necessitated the use of brackish water with
a high salt content and alkaline pH. Salt tolerance of wheat has been the focus of many workers
for quite some time and has been studied quite extensively. Many scientists, however, have
ignored the effect of high pH on crop growth in association with salt stress. In many arid regions
of the world, including Pakistan, soils are mostly saline sodic and have a pH of 8.5 or more along
with salt stress (Muhammad, 1993). These conditions cause nutrient imbalances in such soils, due
to which the deleterious effects of salinity become more hazardous (Bajwa, 1993;
Bandyopadhyay and Singh, 1993).

The effects of high salinity of the solution culture on different growth and gas exchange
parameters have been described else where (see Chapter 1 and 2).

Alam (1981) studied the effects of different pH levels in solution culture ranging from 3.5
to 8.5 on rice growth and reported that growth was affected adversely at high pH and optimal dry
matter accumulation was noted at pH levels between 5.5 and 6.5 . It was also reported that
maximum reduction in growth occurred at both pH 3.5 and 8.5. Regarding internal nutrient
balances, it was reported that Fe** concentration in the plants decreased with increasing solution
pH while the concentration of other elements increased progressively.

Leidi et al. (1991a, b) studied the effect of high pH and salinity on wheat under NO;™ and
NH," nutrition. A decrease in wheat growth was reported with an increase in pH of the nutrient
solution. Shoot dry weight declined with increasing NaCl concentration for nutrient solutions
containing either form of nitrogen. Plant growth also decreased with an increase in pH, the effect
being more pronounced in ammonium-fed plants. K™ concentration in the shoots was reduced by
increasing concentration of NaCl in the solution. A considerable decrease in K* was also noted
at pH 9.0 and 100 mol m™ NaCl salinity. High NaCl concentration and high pH in the nutrient
solution resulted in an increase in Na* and CI" uptake. Findenegg et al. (1989) have reported an
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increase in free ammonium in sugar beet leaves at increased pH of the nutrient solution and
suggested that ammonium accumulation could have been responsible for the growth depression
obtained at high pH. The length of root hairs of wheat growing in Long Ashton nutrient solution
was affected by pH and the concentration of Ca®* . The length of root hair was decreased by high
pH (>7.0) and by low Ca** concentration (Ewens and Leigh, 1985).

The majority of efficient nutrient solutions which are routinely used in solution culture
studies, mostly have pH values between 5 and 6 and these limits are associated with healthy
growth of many plants (Arnon and Hoagland, 1940), but do not represent the saline-sodic soil
conditions (alkaline pH) encountered in the field. The pH limits at which injury occurs appears
fairly well defined at somewhere about 3.0 - 3.5 for severe injury and 3.5 - 4.0 for marked
depression in growth at the lower end of the scale, and at about 9.0 and 8.5 respectively at the
upper end for wheat and barley in water culture (Hewitt, 1966). It was also reported that the
effects of nitrates and ammonium nitrogen on pH changes of the nutrient solution are important
for several reasons and depend on the percentages of ammonium and/or nitrate nitrogen in the
nutrient solution. Minimum pH change in the nutrient solution occurred when the solution pH was
at 6.0 which was attained when ammonium and nitrate nitrogen in the nutrient solution were
supplied according to a ratio of 95:5 respectively. It has been documented that if all the nitrogen
in the nutrient solution is in NO, form there is a tendency of a rapid rise in solution pH as NO;
are absorbed (and other anions) at a fast rate accompanied by a similar absorption of H' ions or
release of OH' ions to maintain charge balances (Salisbury and Ross, 1991). In 24 hours, pH rose
from 5.7 to 7.3 when all the nitrogen was supplied as NO; to sunflower plants growing in nutrient
culture. The pH problem can be minimized by supplying part of nitrogen as NH," salt because
absorption of NH," and other cations occurs simultaneously with absorption, of OH ions or
transfer of H' from the root to the surrounding solution. A drop in pH from 5.5 to 4.5 was noted
in 24 hours when nitrogen was supplied as a mixture of % NO, and % NH," to the sunflower
plants growing in solution culture (Salisbury and Ross, 1991).

At high pH values precipitation of iron compounds is likely and availability of calcium,
phosphorus and in some cases manganese may also decrease (Guest and Chapman, 1944;
Salisbury and Ross, 1991).
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The purpose of this preliminary experiment was to study the effects of salinity at high
(alkaline) and low (acidic) pH on wheat, to find out if the pH of the hydroponic culture medium

influences responses to salt stress.

6.2 MATERIALS AND METHODS
6.2.1 Experimental Material

Plastic pots of 10 litre capacity with expanded polystyrene tops, were used for growing
the plants. The pots as well as the lids were painted black to discourage any fungal growth.
Twelve holes were bored in the polystyrene lids to hold the seedlings. The variety SARC-1 was
chosen as its performance under salt stress was comparatively superior to other tested varieties

in a previous experiment conducted in a glasshouse (see sections 2.3.3, 2.3.7 and 2.3.8).

6.2.2 Glass house Conditions

This experiment was conducted in a glasshouse at University College of North Wales,
College Farm, Aber, Gwynedd, UK from March 27, 1995 to May 11, 1995. The average
maximum and minimum daily temperatures in the glasshouse during the course of this study were
30.1£1.1 and 8.1+0.5°C respectively. During the same period, average sunshine hours at the farm

were 6.4+0.6 hours.

6.2.3 Sowing of the Seeds

Seeds of SARC-1 variety of wheat were germinated on capillary matting placed over a
plastic pot which was filled to the top with tap water according to the procedures described in
Chapter 5. The seeds were placed for germination in a walk-in growth room on March 27, 1995.
After germination, 12 healthy seedlings were transplanted into each polystyrene lid and held in

place with pieces of foam.

6.2.4 Nutrient Solution

Nutrient solution was introduced 3 days after transplanting. The nutrient solution
contained 5.0 g of Phostrogen per 10 litre water to which trace elements were added according
to modified Long Ashton formula (Hewitt, 1966). Fe was added as Fe-EDDHA from a stock
solution (instead of Fe-EDTA) @ 4.0 mg I to the nutrient solution in the pots to improve the
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iron availability to the plants under alkaline pH conditions (Leidi e7 al. 1991a). Iron is more easily
available to plants from Fe-EDDHA than other Fe-chelates (Nabhan et al. 1977, Chaney, 1988).
In this experiment, pH level of the fresh culture solution in the pots was close to 5.8 and it

dropped to about 5.0 in seven days at which time the solutions were changed.

6.2.5 Salt and pH stress

Two salt stress levels i.e. 0 mol m™ NaCl (control) and 100 mol m? NaCl were tested. At
each stress level, two pH levels i.e. pH 5.8 (pH of freshly prepared nutrient solution) and 8.5 were
imposed. Salt stress levels were produced by adding calculated amounts of commercial NaCl to
the nutrient solution. pH levels were adjusted to 8.5 by adding 1.0 M KOH. Salt was added
starting 7 days after transplanting at the rate of 25 mol m™ NaCl per day and was raised up to 100
mol m™, The two pH levels were imposed at the time when the salt stressed plants were at 100

mol m™ NaCl. The treatments thus produced were as follows.

1. 0 mol m”® NaCl at pH 5.8 (control)
2 0 mol m® NaCl at pH 8.5

3. 100 mol m™ NaCl stress at pH 5.8

4 100 mol m™ NaCl stress at pH 8.5

To raise the solution pH, KOH was used instead of NaOH to avoid excessive build up of
Na" in the solution keeping in mind its toxicity (Richards, 1969).

For bringing the pH to 8.5, about 19 to 20 ml. of 1.0 M KOH had to be added to each pot
on the first day after changing the solutions. The KOH was added in 5 ml. portions and when it
was close to 8.5, in 1 ml. portions in each pot and pH was noted with a portable pH metre each
time. The exact amount of KOH to be added was slightly different for each pot due to slightly
different rates of aeration and different mass of roots in different pots. Once the pH was adjusted
to 8.5, it dropped considerably to around 7.0 within 24 hours. This was thought to be due to
continuous aeration of the nutrient solution and root activity. On the subsequent days, lesser
amount of KOH was needed to raise the pH to 8.5 which ranged from 3 to 4 ml. daily. Slight
precipitation was noted in the nutrient solution even in pots at low pH but it was quite high in pots

kept at pH 8.5 and 100 mol m™ NaCl salinity due to higher concentration of salts and high pH.
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To avoid excessive build up in K* in the pots at high pH and for proper nutrient balance in the
growth medium, nutrient solutions were changed after every week. Leidi ef al. (1991a) also
changed nutrients solutions after every week while Alam (1981) changed the solutions after every
three days.

To study the effect of aeration and root growth on change of pH of solution culture, a
small scale study was conducted which showed that there was no pH change in the nutrient
solutions in the absence of aeration and living plant roots. The pH decreased from 5.8 to 5.3 in
a seven day period in the pots kept under continuous aeration without any growing plants.
Maximum drop in solution pH from 5.8 to 5.0 during the same period was noted in the pots
containing growing plants and kept under continuous aeration. The greater reduction in pH in
the pots containing the living plants might be due to the root exudates (H*) released in the

solution by the plant roots as they took up cations from the culture solution.

6.2.6 Maintenance of the Experiment

Nutrient solutions were kept under constant aeration and were changed after every week
as described under Chapter 5. pH 8.5 was maintained daily with 1.0 M KOH while the lower pH
level was left undisturbed. The pots were topped daily with tap water to make up the loss due to

evapotranspiration.

6.2.7 Visual Observations

Crop growth appeared normal in all the treatments during the first 3 - 4 weeks. Visual
observations showed that crop growth (height of plants, biomass and tillering) were greatest at
pH 8.5 in the absence of NaCl stress as compared to other treatments. After that symptoms of
iron deficiency (pale green colour and interveinal chlorosis) were observed in the plants growing
at pH 8.5. These symptoms were quite severe at pH 8.5 in association with 100 mol m™ NaCl
stress and at the time of harvest, senescence was much advanced in this treatment as compared
to other treatments. Root growth was affected adversely at pH 8.5 both at 0 mol m™ and 100 mol

m” NaCl stress. The roots were short, discoloured and had fewer root hairs at high pH.
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6.2.8 Infra Red Gas Analyser (IRGA)

Gas exchange measurements were made using a portable Infra-red gas analyser (IRGA-
Model LCA-2), on the sixth, fully expanded leaf on the main stem, 45 days after sowing. The
IRGA was set up according to the procedures described in Chapter 5, and the same leaf chamber
was used for these measurements. Gas exchange measurements were made at a PPFD of 1000
+ 30 wmol m™ 5™ by shifting the plants to a growth room. The pots were allowed to equilibrate
under artificial light for about half an hour before recording the readings. These measurements
were made on four plants in each treatment from each replication according to the procedures
described in Chapter 5.

After measuring gas exchange, the remaining plants were harvested to record agronomic
data i.e. number of tillers, leaf area, shoot dry weight and root dry weight. The samples of shoot

and root were dried in an oven at 80°C for 72 hours and dry weights were then recorded.

6.2.9 Ion Analysis

Sap was extracted for ion analysis from the same leaves on which gas exchange
measurements were made. After recording the gas exchange measurements, these leaves were
washed in distilled water, blotted to remove the excess water and then placed in polypropylene
microcentrifuge tubes and stored in a freezer at -10 °C for ion analysis.

The procedures followed for cell sap extraction and the determination of Na*, K*, Ca®",

Mg** and CI" are described in Chapter 5.

6.2.10 Statistical Analysis

The experiment was laid out in a completely randomised design with five replications. All
the data were analysed by analysis of variance, and means and standard errors of means (SE)
were calculated by Minitab statistical programme (version 10.2). An example of the anova table
is presented in Appendix 6.1. LSD values were calculated according to the formula given in
Chapter 5. LSD values for Na® and K'/Na™ ratios were calculated according to Chapter 3 (see
section 3.2.5).

6.3 RESULTS
6.3.1 Gas Exchange Parameters
Both salinity and high pH resulted in significant decreases in Pn and g,. The salinity x pH
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interaction was not significant. For both Pn and g, the effects of salinity were greater than
the effects of high pH.

At 0 mol m™ NaCl Pn decreased by 26% as a result of increase in pH from 5.8 to 8.5
(Table 6.1). At 100 mol m™ stress, the decrease in Pn was 42%. The lowest rate of net
photosynthesis was observed at 100 mol m™ NaCl in association with pH 8.5.

Stomatal conductance (g,), was affected in a similar way. Compared to the control g, was
decreased by 26%, 53% and 70% at pH 8.5, 100 mol m™® NaCl stress and 100 mol m stress +
pH 8.5 respectively (Table 6.1).

Data regarding transpiration (E) are presented in Table - 6.2. The decreases in E were
smaller than the decreases in Pn and g, but again the effects of salinity were greater than the
effects of high pH. Compared to the control, E was decreased by 14%, 28% and 48% at pH 8.5,
100 mol m™ NaCl stress and 100 mol m™ stress + pH 8.5 respectively. The effects of salinity and
pH were highly significant but their interaction was non-significant.

The recorded sub-stomatal CO, (Ci) is presented in Table 6.2. Ci was significantly higher
at pH 8.5 than at pH 5.8. The effect of salinity and salinity x pH interaction were non-significant.
Salinity resulted in a slight but significant increase in leaf temperature (Table 6.2). The effects of

pH and salinity x pH interaction were non-significant.

6.3.2 Agronomic Data

The effects of salt stress and pH on the number of tillers per plant at 45 DAS, are
presented in Table - 6.3. At pH 8.5, there was a 22% increase in the number of tillers per plant
compared to the control. At 100 mol m™ NaCl, there was a 49% decrease in the number of tillers,
while at 100 mol m™ NaCl + pH 8.5 the effect was most severe and the decrease was 56%
compared to the control. The effects of salinity, pH and the salinity x pH interaction were
significant.

Leaf area per plant (Table 6.3) showed a similar trend. An increase of 22% was noted at
pH 8.5, compared to a decrease of 62% at 100 mol m™ NaCl. At 100 mol m™ stress + pH 8.5,
the leaf area was affected more adversely and a decrease of 74% was noted in this case. The
effects of salinity and salinity x pH were highly significant but the effects of pH were non-
significant.



Table - 6.1: Effect of salinity and pH on net photosynthesis (Pn; xmol CO, m? s™) and
stomatal conductance (g, mol m?s™ ) in SARC-1 wheat at 45 DAS.

Treatments Pn g
NaCl stress H Means : + SE Means : + SE
0 mol m’® 5.8 155 0.26 0.48 | 0.04
0 mol m’® 8.5 11.4 0.39 0.36 0.02
100 molm® |58 9.0 0.29 023 : 0.01
100 mol m™ 8.5 5.8 0.24 0.15 0.01
Salinity means
0 mol m® 13.5 0.41 0.42 | 0.02
100 mol m 7.4 0.32 0.19 : 0.01
pH Means
pH 5.8 12.2 0.56 036 0.03
pH 8.5 8.6 0.50 025 i 0.02
LSD values at p= 0.05
Parameters NaCl salinity pH salinity x pH
Pn 0.61 *** 061 **» NS
g, 0.04 **x 0.04 **x NS
. The salinity x pH values are means of twenty observations.
. The salinity and pH values are means of forty observations.

*** = significant at p<0.001
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Table - 6.2: Effect of salinity and pH on transpiration (E; mmol m? s™), sub-stomatal
carbon dioxide (Ci; w1 1) and leaf temperature (°C) in SARC-1 wheat.

Treatments E Ci Leaf temperature
NaCl stress pH | Means i + SE Means : + SE Means | + SE
0 mol m* 5.8 749 ¢ 024 | 231 | 38 243 i 025
I :
0 mol m™ 8.5 647 : 019 | 241 2.5 24.6 0.23
100 mol m?® | 5.8 5421 021 | 232 35 | 253 0.27
100 mol m® | 8.5 386 ¢ 015 | 241 2.8 25.4 0.26
" Salinity means
0 mol m 6.98 i 017 | 236 238 | 245 0.17
100 mol m™ 4.64 0.18 | 236 2.30 254 0.18
|| pH means
pH 5.8 645 1 023 | 231 254 | 248 0.19
pH 8.5 516 ¢ 024 | 241 187 | 25.0 0.18
LSD values at p= 0.05
Parameters NaCl salinity pH salinity x pH
E 040 3% 0.40 *** NS
Ci 6.45 NS 6.45 ** NS
Leaf temperature 0.50 ** NS NS
. The salinity x pH values are means of twenty observations.
. The salinity and pH values are means of forty observations.
*¥*  =significant at p<0.001
%k %

= significant at p<0.01
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Table - 6.3: Effect of salinity and pH on the number of tillers and leaf area (cm?) per
plant in SARC-1 wheat at 45 DAS.

Treatments Number of tillers Leaf area
NaCl stress pH Means | + SE Means | + SE
0 mol m 5.8 64 | 0.28 379 21.9
0 mol m™ 8.5 7.8 0.25 460 27.7
100 mol m? 58 33 0.14 143 15.0
100 mol m? 8.5 2.8 0.15 98 10.8
Salinity means
0 mol m? 7.1 0.20 419 18.8
100 mol m* 3.1 0.10 121 9.9
pH means
pH 5.8 43 0.22 261 248
pH 8.5 5.3 0.29 279 35.7
LSD values at p= 0.05
Parameters NaCl salinity pH salinity x pH
Number of tillers 0.42 ¥** 042 * D59 ¥%%
Leaf area 40.61 *** NS 563 **
. The salinity x pH values are means of fifty observations for number of tillers and

sixteen observations for leaf area.
. The salinity and pH values are means of 100 observations for number of tillers
and 32 observations for leaf area.

* %k

= significant at p<0.001

** = significant at p<0.01
¥ = significant at p<0.05
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Dry weight of shoots per plant at 45 DAS is presented in Table - 6.4. Dry weight of
shoots was decreased by 6% due to an increase of pH alone but by 55% due to 100 mol m™ NaCl.
The decrease was highest (77%) at pH 8.5+100 mol m™ NaCl stress. The effects of salinity and
pH were highly significant while those of salinity x pH were non-significant.

In the case of dry weight of roots per plant the effects of pH were small compared to the
effects of salinity (Table - 6.4). Averaged over the two pH levels, salinity decreased root dry
weight by 56%. The lowest dry weight of roots was noted at 100 mol m> NaCl + pH 8.5 and in
this case the decrease in dry weight was 63% as compared to control. The effects of salinity were
highly significant while those of pH and salinity x pH interaction were non-significant.

Effect of salinity and pH on shoot:root ratio is presented in Table 6.5. Increased salinity
and pH of the solution culture caused significant decreases in shoot:root ratio of 20% and 17%
respectively. The effect of salinity x pH was however, found to be non-significant.

Specific leaf area (Table - 6.5) was significantly decreased by NaCl salinity and
significantly increased at high pH but the effects of salinity x pH were not significant. There was
an increase in specific leaf area at high pH at both the salinity levels. The increase noted at high
pH at both the salinity levels was about 16% as compared to low pH.

6.3.3 lons in Leaf Sap

Sodium content was markedly greater at 100 mol m™ NaCl than at 0 mol m™® NaCl
(Table - 6.6). At both the pH levels, Na™ content was the same in the absence of salt stress while
at 100 mol m™ salt stress, it was 12% higher at pH 8.5 than at pH 5.8. However, these differences
were non-significant.

Salinity resulted in a significant decrease in K* content at both pH levels (Table - 6.6).
Increased pH also resulted in a significant decrease in the K” contents. The decrease at increased
salinity level (100 mol m® NaCl) was 38% as compared to 0 mol m” NaCl. The decrease in K*
content due to higher pH level was 14%. The salinity x pH interaction was non-significant which
shows that effect of salinity was similar at both the pH levels.



Table - 6.4: Effect of salinity and pH on the dry weight (g) of shoots and roots per plant

in SARC-1 wheat at 45 DAS.

Treatments Dry weight shoots Dry weight roots "
NaCl stress pH Means | + SE Means i + SE H
0 mol m 5.8 249 0.20 0.65 | 0.08
0 mol m™® 8.5 234 | 0.16 0.67 : 0.06
100 molm® | 5.8 1.11 0.13 035 ; 0.08
100 mol m® | 8.5 0.58 : 0.05 0.24 0.04
Salinity means
0 mol m? 242 | 0.13 0.66 : 0.05
100 mol m™ 0.85 i 0.08 0.29 | 0.04
pH means
pH 5.8 1.80 0.17 0.50 0.08
" pH 8.5 1.46 0.18 0.46 : 0.09
LSD values at p= 0.05
Parameters NaCl salinity pH salinity x pH
Dry weight shoots 0.30 *** 0.30 * NS
Dry weight roots 006 **% NS NS
. The salinity x pH values are means of 16 observations for dry weight shoots and
four observations for dry weight roots.
» The salinity and pH values are means 32 observations for dry weight shoots and 8

observations for dry weight roots.

s*kokook

= significant at p<0.001

"‘ = significant at p<0.05
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Table - 6.5: Effect of salinity and pH stress on shoot:root and specific leaf area (cm? g™)
in SARC-1 wheat at 45 DAS.

Treatmen-ts Shoot:;;)ot Speci-I-:':c leaf area
NaCl stress pH Means = SE Means +SE
0 mol m? 58 381 | 0.25 7| 511
0 mol m 8.5 349 | 0.21 316 7.13
100mol m® |58 337 | 0.26 207 0 1312
100 molm® |85 244 0.17 240 8.13

Salinity means

0 mol m™ 3.65 i 0.16 293 6.33

100 mol m* 291 0.17 223 8.14
pH means

pH 5.8 350 i 0.18 239 7.32

pH 8.5 2,97 | 0.16 278 | 9.18

LSD values at p= 0.05

Parameters NaCl salinity pH salinity x pH
Shoot:root 0.45 ** 0.45 ** NS
Specific leaf area 17.74 %% 17.74 *** NS
. The salinity x pH values are means of twenty observations for shoot:root ratio
and 16 values for specific leaf area.
. The salinity and pH values are means of forty observations for shoot:root ratio

and 32 values for specific leaf area..
*** = significant at p<0.001
** = significant at p<0.01
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Table - 6.6: Effect of salinity and pH on Na”, K* (mol m™®)and K'/Na" ratios in cell sap
at 45 DAS in SARC-1 wheat at 45 DAS.

Treatments Na* K* K'/Na" ratio
NaClstress |pH |Means | +SE  |Means | +SE | Means | +SE
omolm® |58 | 4 | o1 |21 | s4 | 6717 i 15

lomoim® 85| 4 = 02 251 | 59 | e07 47

l1omoim® [ss |23 | 125 [21 186 11 | ol

liomotm® |85 [238 @ 132 |11 | 77 06 | 01

Salinity means | |

0 mol m? 4 o1 |2n 0 os1 | e 25

100 mol m 25 |+ 92 |11 | 18 1 o1
pH means | |

pH 5.8 100 | 178 |251 . 115 | 34 | 54

pH 85 121 0 198 [191 107 | 31 53

LSD values at p= 0.05

Parameters LSD

Na* (0 mol m™ NaCl) NS

Na" (100 mol m™ NaCl) NS

K*/Na’(0 mol m™ NaCl) NS

K*/Na*(100 mol m™ NaCl) 026 *

Parameters NaCl salinity pH Salinity x pH

K’ 21.8 xe= Z1.8 “*¥ NS
. The salinity x pH values for K* are means of twenty observations.
E The salinity and pH values are means of forty observations.

***  =gignificant at p<0.001
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Increased pH caused a considerable decrease in K'/Na* (Table 6.6). The ratio was
significantly higher (45%) at pH 5.8 than pH 8.5, at 100 mol m™ NaCl salinity. At 0 mol m™
NaCl, there was a decrease of about 10% at pH 8.5 as compared to pH 5.8, but the differences
were found to be non-significant.

Ca® content was decreased significantly at 100 mol m® NaCl (Table 6.7) but the effects
of pH and salinity x pH interaction were found to be non-significant.

Mg®" content was decreased significantly by salinity and significantly increased at high pH
level (Table 6.7).

CI content was significantly increased by both salinity and high pH level (Table 6.7). The
increase due to salinity was very high (about five times of control i.e. 0 mol m® NaCl salinity +
pH 5.8) while the increase in CI' content due to higher pH alone was comparatively low. The
increase in CI contents caused by high pH in the absence of salinity was 35% while this increase

was 13% in the presence of 100 mol m™ NaCl salinity.

6.4  DISCUSSION

Wheat and barley are reported to suffer a reduction in growth at pH 8.5 and 9.0
respectively (Hewitt, 1966). In spite of the fact that Fe-EDDHA was used as source for Fe?*
which has a better availability under alkaline conditions (Nabhan ez al. 1977; Chaney, 1988), the
plants kept at pH 8.5 showed some chlorosis. This paleness and slight chlorosis of leaves could
be due to a decrease in chlorophyll concentration in the leaves of wheat with increase in pH of the
culture medium as reported by Leidi ez al. (1991a). Pale colour of the leaves could also be due
to disturbance in nitrogen nutrition at high pH (Leidi ef al. 1991b). Ratio of ammonical and
nitrate nitrogen in Phostrogen which was used for nutrient supply, is 80:20 which is near to the
recommended ratio of 95:5 (Hewitt, 1966).

Many factors influence photosynthesis in the plants i.e. H,0, CO,, light, nutrients and
temperature, as well as plant age and genotype (Salisbury and Ross, 1991). In this study,
different NaCl concentrations and pH of the nutrient solutions affected various gas exchange
parameters, agronomic characters and ion contents of the cell sap to variable degrees and these

are discussed in the following paragraphs.



Table - 6.7: Effect of salinity and pH on Ca*", Mg** and Cl1~ (mol m?) in cell sap at 45
DAS in SARC-1 wheat.

—_— — S %
Treatments Ca** Mg CIF
[NaCl stress pH |Means | +SE Means __ & SE Means | +SE
0 mol m 58 | 49 02 | 165 ¢ 10 | 243 | 15
0 mol m™ 8.5 48 0.3 26.4 1.0 329 1.9
100 mol m*® | 5.8 1.6 0.1 7.8 05 | 1089 6.9
100 mol m™ 8.5 1.8 0.1 12.8 1.1 123.3 5.6
Salinity means
| omolm? 48 02 | 215 10 | 286 1.4
100 mol m™ 1.7 0.1 10.3 0.7 116.1 45
pH Means
pH 5.8 NS 2.2 0.9 66.6 7.6
pH 85 NS 19.6 1.3 78.1 7.8
LSD values at p= 0.05
Parameters NaCl salinity pH salinity x pH
Ca* 0.39 **x NS NS
Mg 1,73 **x 173 #*xx 241 **
Cr 0.31 *** 931 * NS
. The salinity x pH values are means of twenty observations.
. The salinity and pH values are means of forty observations.
*** = significant at p<0.001
s = significant at p<0.01

" = significant at p<0.05
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Gas Exchange Parameters:

At 100 mol m™ NaCl salinity, a significant reduction in Pn was observed which was
accompanied by a parallel decrease in g, and E. Salinity increased the T1 but Ci stayed unaffected.
A decrease in g, with no changes in Ci indicated that decreases in Pn were mostly due to an
increase in stomatal and mesophyll resistance (Kingsbury ef al. 1984, Rawson, 1986). Reduced
transpiration due to impaired g, at 100 mol m™ NaCl may be responsible for elevation of leaf
temperature (Terry and Waldron, 1984). High pH of the nutrient solution also caused a decrease
in Pn, g and E while Tl remained unaffected. High pH was responsible for a significant increase
in Ci which may be due to inhibition in CO, fixation at chloroplast level (Lauchli and Epstein,
1984). The decreases in these parameters caused by salinity were greater than those caused by
high pH. The effects of salinity were greater at high pH than at low pH and caused greater
decreases in Pn, g, and E although the salinity x pH interaction was non-significant. In contrast
to this, Leidi ez al. (1991b) found that in NH," fed plants, E decreased at high NaCl concentration
and increased with an increase in pH of the nutrient solution. On the other hand, g, was decreased
with increasing levels of NaCl concentration and this decrease was further enhanced at high pH.
In this experiment, there was no effect of NaCl salinity on the Ci while a significant increase was
caused by high pH. This indicates that high pH may be responsible for slowing down the
photosynthetic process which caused an increase in Ci. The inhibition in Pn seemed to be due to
the presence of some internal resistance (Bethke and Drew, 1992), in the plants grown at high
NaCl concentration and high pH. Similar decrease in g, due to NaCl stress was reported by Leidi
et al. (1991b) which was further decreased by high pH.

Leidi et al. (1991b) reported a decrease in chlorophyll concentration in the leaves of
wheat with increase in pH of the culture medium containing NaCl. Decrease in chlorophyll
contents of the leaves (Salama ef al. 1994) might have been responsible for a decrease in Pn at
high pH in this study. Khan (1996) reported non-significant decreases in Pn at high ESP of the
soil which was reported to have a pH greater than 8.5 (Richards, 1969).

Agronomic Parameters:

Salinity generally reduces growth of crop plants through its effect on the shoot and root
growth, decrease in leaf area, number and length of tillers and dry matter accumulation (Munns
and Termaat, 1986; Salim, 1989; Lauchli and Epstein, 1990; Shalhevet et al. 1995). Soil pH has
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been reported to be an important factor influencing the growth of most field crops and pastures
(Christenson et al. 1971). The effect of soil pH is associated with changes in the solubility and
availability of plant nutrients.

At pH 5.8, salinity decreased number of tillers and leaf area by 48% and 62% respectively
compared to control (S, pHs ). However at pH 8.5, the corresponding decreases were 64% and
79%. Hence the effects of salinity on these parameters were considerably greater at high pH than
at low pH, and also substantially greater on leaf area than on the number of tillers. It is clear from
this, that decrease in total leaf area per plant was due to a decrease in the number of tillers as well
as a decrease in the area of individual leaves. Number of tillers and leaf area per plant increased
at pH 8.5 in the absence of NaCl stress. This might be due to higher K* level in this treatment and
comparatively better nutrition because KOH solution was added to raise the pH of the nutrient
solution. However, this is unlikely as K" in leaf sap was lower at pH 8.5 than at pH 5.8. In
contrast to the above, Leidi ef al. (1991a) did not observe this trend in their experiment on wheat.
Salinity is responsible for reduction in leaf growth which mainly occurs at low salinities and in this
way it affects yield adversely (Wyn Jones and Gorham, 1989; Igbal, 1992). The effects of salinity
are mediated largely by changes in the plant's water status particularly that of the leaf. An increase
in root zone salinity would aggravate this effect by lowering the overall water status of the plants.
It has also been reported that water deficit in the expanding tissues of barley as a result of salinity
stress was responsible for decreased plant growth (Delane et al. 1982; Munns ef al. 1982). .

With increase in age and build up of the salt concentration other symptoms of salt injury
may appear. The specific effects of salinity on leaf and other growth parameters under saline
conditions could be due to excessive transport of Na* and CI” and decreased uptake of K, Ca*",
Mg*", NO; or SO,” ions (Termaat and Munns, 1986). The adverse effects of salinity may be
further aggravated at high pH of the growth medium (Srivastava, 1988, Leidi ef al. 1991a). A
growth inhibition was observed by Findenegg e al. (1989) in sugar beet both at high pH and at
increased CI concentration.

Percent decreases in shoot weight and root weight due to salinity were greater at high pH
than at low pH. Dry weight of shoots decreased by salinity by about 55% at pH 5.8 and about
75% at pH 8.5. Dry weight of roots was also affected considerably by salinity and the decreases
were about 46% at low pH and 64% at high pH. Here also, the effect of salinity were greater at
high pH than at low pH. The effects of salinity and high pH were greater on shoots than on roots.
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The effect of pH on dry weight of roots however was non-significant. The combined effects of
salinity and high pH were greater than salinity alone on both of these parameters.

The effect of the treatments on shoot:root ratio was similar to that noted in case of dry
weight of shoots. The decrease in shoot:root ratio suggests that the effects of salinity and high
pH were greater on shoots than on roots. Leidi ef al. (1991a) reported that ratio of shoot to root
dry weight of wheat was not affected up to 100 mol m® NaCl salinity. Tang and Robson (1993)
reported a reduction in the growth of roots and shoots in Lupinus species with increasing pH of
hydroponic culture medium above 6.0, which resulted in decreased uptake of Fe* and
phosphorus. A substantial decrease in growth of rice tops and roots at pH 8.5 was also reported
by Alam (1981). Devitt et al. (1984) also reported a decrease in wheat root weight in response
to an increase in osmotic potential of the nutrient solution.

Specific leaf area was decreased by 100 mol m™ NaCl salinity. There was a non-significant
increase at higher pH at 0 mol m™ and 100 mol m™® NaCl which shows that leaves were

comparatively thinner at high pH.

Ion Concentrations in Cell Sap:

Salt tolerance in crops such as wheat and barley is generally determined by their
capabilities to exclude Na* and CI" from their shoots and their ability to maintain high shoot K*
concentrations. This indicates the presence and operation of certain mechanisms in the plants
which affect the transport processes which discriminate against Na* and favour the uptake of K*
(Gorham, 1994). An increase in the uptake of CI" at high pH level of the nutrient solution was
reported by Findenegg ef al. (1989) in sugar beet. Wheat cultivars resistant to salinity and/or
sodicity of soil were reported to maintain a lower concentration of Na* and higher concentration
of K* and K'/Na" ratio than the sensitive cultivars (Sharma, 1991). Uptake of N, P, K*, Ca®",
Mg?, Zn*, M, Cu™" and Fe** were reduced by salinity and/or sodicity in wheat (Padole, 1991).
Srivastava and Srivastava (1993) conducted a pot study and found that as soil pH increased from
7.2 to 10.3 levels of water soluble and exchangeable Fe*" decreased while levels of iron oxides
increased.

In this study, Na" and CI' concentrations in the leaves were significantly increased at 100
mol m™ NaCl salinity. Na'content was not affected at high pH in the absence of NaCl salinity.
However, at 100 mol m* NaCl salinity, pH 8.5 caused about 12% increase in Na* contents. High
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pH also resulted in enhanced uptake of CI at both the salinity levels. However in both cases,
salinity x pH interaction was non-significant. The increase in the Na‘/Ca®" ratio in the solution by
added NaCl may have resulted in increased permeability of the root membranes to Na* and CI due
to a loss in root selectivity (Greenway and Munns, 1980). Increase in Na* content in the leaf sap
with high NaCl concentration of the growth medium has been reported by many workers (Gorham
et al. 1986; Munns and Termaat, 1986; Sharma, 1989; Azmi and Alam, 1990; Padole, 1991;
Salim, 1991; Igbal, 1992; Watanabe ef al. 1992; Schachtman and Munns, 1992; Akhtar et al.
1994). Leidi ef al. (1991a) reported an increase in Na* and CI' contents at high NaCl
concentration and high pH of the nutrient solution. In an experiment conducted in pots by Sharma
(1991) to compare Kharchia-65 (resistant) and HD 4502 (sensitive) wheat varieties at different
ESP levels, it was found that plant Na* concentration was greater in the sensitive than in the
tolerant variety. At pH 9.4 and 9.6, Na™ concentration in the leaves of salt-sensitive HD4502 was
>2% while in Kharchia-65 (resistant), all leaves had <2% Na". Yasin (1991) reported an increase
in leaf Na" and a decrease in K* contents with increasing Na* and ESP of the soil in PAK-81 and
Rawal-87 wheat varieties.

K" concentration of the leaves was reduced by high salinity as well as high pH. {At pH
5.8, salinity caused a 27% decrease in K* while corresponding decrease at high pH was 48%.
This shows that the combined effect of high salinity and high pH caused a major decrease in K*
contents of the leaves. Reduced K* uptake has been often reported in wheat plants growing in
solution culture containing NaCl (Munns and Termaat, 1986; Iqbal, 1992; Watanabe ef al. 1992;
Gorham, 1994). Similar results of high NaCl concentration and high pH on K uptake were also
reported by Leidi ez al. (1991a) in wheat and Alam (1981) in rice. The effect of high pH in
decreasing K" concentration is surprising in this study, as pH of the nutrient solution was raised
by adding KOH.

K'/Na’ ratio was drastically decreased by 100 mol m™ NaCl salinity. A slight decrease was
also caused by high pH at 0 mol m? NaCl (about 10%) and at 100 mol m* NaCl (about 45%) i.e.
percent decrease in K'/Na" ratio was quite high due to combined effect of high pH and NaCl
salinity. Khan (1996) observed similar decrease in K'/Na" in the leaf cell sap of wheat genotypes
grown in culture medium containing NaCl.

Ca’" and Mg™ of the cell sap was decreased by NaCl salinity. There was no effect of high
pH on Ca® contents while Mg®* contents were increased significantly by high pH at both the
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salinity levels. Na" is known to displace Ca*" at root membranes (Cramer ef al. 1985) which might
be a cause for decreased Ca®* in the leaf cell sap of the NaCl treated plants. Results in this study
for Ca** uptake are in contrast to those of Leidi ef al. (1991a) who reported that concentration
of Ca® in the shoots of wheat decreased with increasing pH of the growth medium containing
nitrate as a source of nitrogen. An increase in Ca®* and Mg”" uptake with increasing pH in tops
and roots of rice plants has also been reported by Alam (1981). Sufficient membrane damage may
occur in roots at high pH to allow the loss of previously absorbed nutrients by the plants (Alam,
1981). Kirkby and Mengel (1967) also found that changes in pH of the nutrient medium and the
type of nitrogen supplied affected the ion uptake of plants.

6.5 CONCLUSIONS

The data obtained in this study provide some (but inconclusive) evidence that the effects
of salinity on Pn, growth and uptake of toxic ions are greater at high pH than at low pH.
Percentage decreases in root and shoot weight, leaf area due to salinity were greater at high pH
than at low pH. Increases in concentrations of toxic ions were also greater at high pH than at low
pH. A salt-tolerant variety SARC-1 was used in this experiment. The following experiment
reported in Chapter - 7, is a repeat of this experiment using both salt-sensitive and salt-tolerant
wheat varieties. pH 8.5 in combination with 100 mol m™ NaCl proved very harmful for the plants
in this experiment. Hence in the following experiment, pH 8.0 was used to enable the crop to

grow up to maturity.
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CHAPTER 7

EFFECTS OF SALINITY AND pH OF THE CULTURE MEDIUM ON GROWTH, GAS
EXCHANGE AND ION UPTAKE IN TWO WHEAT VARIETIES HAVING
CONTRASTING CHARACTER OF SALT-TOLERANCE
IN SOLUTION CULTURE

7.1  INTRODUCTION

The preliminary experiment reported in Chapter 6 was conducted to study the effect of
salinity at high and low pH of the nutrient solution and to identify the problems encountered
when growing plants at high pH in the culture medium. The results of that experiment provided
some evidence that the adverse effects of salinity were greater at high pH than at low pH.

During the course of that study it was observed that at pH 8.5 in the presence of 100 mol
m™~ NaCl stress, there was some precipitation in the nutrient solution compared to other
treatments. Symptoms of nutrient deficiency (pale colour and chlorosis of leaves and in some
younger leaves interveinal chlorosis was also observed), possibly due to deficiency of iron,
manganese or zinc were also evident in this treatment towards the later stages of the experiment.

Hence in this experiment, it was planned to use pH 8.0 instead of 8.5 . It was aimed to
study the effect of these treatments on gas exchange parameters, ion uptake and agronomic
parameters including grain yield on the two wheat varieties having contrasting characteristics of
salt tolerance i.e. LU26S (salt tolerant) and Punjab-85 (salt sensitive) and were used in earlier
experiments reported in this thesis. Measurements were made for uptake of toxic ions (Na* and
Cl') and K*, Ca*", Mg**, Zn*, Fe** and Mn*" to evaluate the effects of salinity and high pH on

these parameters.

72  MATERIALS AND METHODS
7.2.1 Growth Conditions

The experiment was conducted in a glasshouse at University College of North Wales,
College Farm, Aber, Gwynedd, UK from June 12, 1995 to September 1, 1995. Ten litre plastic
pots were used in this experiment. Pots were painted black to discourage algal growth. Lids of
these pots were made of expanded polystyrene. In each lid, 16 holes were bored with the help of
hot cork borer. The lids were then also painted black. Capillary matting was pasted on the lower
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surface of the polystyrene tops using Copydex glue. These lids were used for planting the seeds.
The temperature in the glasshouse during the study period ranged from a minimum of 9.0°C to
a maximum of 46.0 °C. Average maximum and minimum temperatures during the course of this
study were 35.8 °C and 14.2 °C respectively. Sunshine hours recorded at the farm observatory
during the course of this study ranged from 0.0 hours per day to 16.0 hours per day with an

average value of 7.6 hours per day.

7.2.2 Experimental Material and Sowing

Two wheat varieties having contrasting tolerance to salinity i.e. LU26S (salt tolerant) and
Punjab-85 (salt sensitive) were selected for this study (see Chapter 5).

The seeds were soaked for 24 hours in water in a flask starting on June 12, 1995 and
were kept under constant aeration during this period. Next day i.e. June 13, 1995 the imbibed
seeds were sown in the holes of the polystyrene lids. The holes were filled with vermiculite up to
about 0.5 em depth. The seeds were then placed in the hole over it and were covered to the top
with vermiculite. This method of sowing was used to avoid transplanting shock to the seedlings.
Pots were then filled with tap water up to top to keep the seeds and vermiculite moist. The tops
were covered with paper to avoid excessive evaporation due to high temperature to facilitate
germination. The treatments were replicated five times. Two replications were used for gas
exchange measurements and growth analysis while the remaining three replications were grown

up to maturity. Final harvesting was completed on September 1, 1995.

7.2.3 Salt and pH stress

Two stress levels i.e. 0 mol m™ NaCl (control) and 100 mol m™ NaCl were tested as was
done in the previous experiment (Chapter 6). The two pH levels tested were pH 6.0 and 8.0. The
amount of 1.0 M KOH needed to raise the pH of the nutrient solution to 8.0 was about 17.0 -18.0
ml. on the first day and 3-5 ml. daily on the subsequent days. Other procedures were the same

as described in Chapter 6. The following treatments were thus produced.

Treatments
Varieties NaCl str pH
1. LU26S 0 mol m™ 6.0  (SypHg) ... (control for LU26S)

2. LU26S 0 mol m* 8.0  (SepHgy)
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3. LU26S 100 mol m™ 6.0  (Sy99PHq )

4. LU26S 100 mol m™® 8.0  (S100pHg0)

5. Punjab-85 0 mol m™ 6.0  (SgpHg,) ... (control for Punjab-85)
6. Punjab-85 0 mol m* 8.0 (SopHg,)

7. Punjab-85 100 mol m* 6.0 (S;00PHgo)

8. Punjab-85 100 mol m™ 8.0  (SygpHsgy)

7.2.4 Nutrient Solution

Nutrition solution was prepared and used as in Chapter 6. Nutrient solutions in all the
respective pots were raised to pH 8.0 with the help of 1 M KOH. pH was monitored daily with
a portable pH metre and adjusted using KOH. The pH of the treatments at pH 6.0 was not
maintained and it decreased slightly during the 7 days before the next change of solutions.

Nutrient solutions were changed after every 7 days.

7.2.5 Maintenance of the experiment

Growth of LU26S was faster than that of Punjab-85 initially and due to its luxuriant
growth, this variety suffered an early attack of mildew and aphids. This attack was mild on
Punjab-85 initially but later on it was also affected by mildew and aphids. These problems were

controlled by use of appropriate agrochemicals applied at the recommended rates.

7.2.6 Visual Observations

Very good plants were obtained under the new method of planting and the plants escaped
the transplantation shock also, which was noted in the previous experiments. The treatments at
high pH without salinity had more tillers and the main shoots were longer than the controls
(SepHg o) and NaCl-stressed treatments. However, the plants were less green than control plants
(SopHs o) 1n both varieties. The treatments having 100 mol m™ NaCl along with pH 8.0
(S,00pHg o) were affected the most and the growth was also very stunted. Chlorosis developed at
high pH but the symptoms developed later as compared to the experiment described in Chapter
6. At 60 DAS, senescence was much more advanced in the S,,,pH; , and S,,,pHy , and more so
in Punjab-85. The root development was affected adversely at high pH and 100 mol m™ NaCl
stress. Root growth was affected at pH 8.0 both at 0 mol m™ and 100 mol m™ NaCl stress. The
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roots were short, discoloured and had fewer root hairs at high pH while at pH 6.0, the roots
appeared healthy. In both the varieties growth was best in S;pH, , and worst at S,,pHg .

7.2.7 Gas Exchange Measurements

Gas exchange data were recorded at 37 DAS on fully expanded 6th leaves using plants
from two replicates. Six plants were used from each pot (12 plants from each treatment) for this
purpose. Measurements were taken according to the procedures described under Chapter 6.
PPFD for recording these data were 1080 = 25 umol m? s™. After completing the gas exchange
measurements, 6th leaves were removed from the plants, washed in distilled water, blotted dry
to remove excess water and were then placed in polypropylene microcentrifuge tubes and stored
in a freezer at -10 °C for extraction of sap and ion measurements. The same plants (excluding
roots) were harvested, washed in distilled water, blotted to remove excess water, placed in paper
bags, then dried in an air oven and dry weights recorded as described under Chapter 6. These

samples were later on used for ion analysis on dry weight basis.

7.2.8 Growth Analysis

From the same replicates where gas exchange data was recorded , another six plants were
harvested at 38 DAS from each pot (12 plants from each treatment) for recording growth
analysis data i.e. number of tillers per plant, leaf area, fresh and dry weight per plant, dry weight
of roots and specific leaf area.

Leaf laminae were detached from the main stem, weighed, and leaf area was measured
by automatic leaf area meter (Model AAM7, Hayashi Denkoh Co. Ltd., Tokyo, Japan). After
measuring leaf area, the leaves were placed inside labelled paper bags and placed in an oven along
with the stems at 80°C for 72 hours and dry weights were then recorded.

Qualitative green leaf area was assessed at 60 DAS, two weeks before the final harvest,
to estimate the effect of treatments on this important parameter. Grading was done according to
the percentage of total green leaf area in the plants and green flag leaf area in the plants in all the

three replications using four plants from each pot as given below.

Grade 1 0 - 20% green leaf area
Grade 2 21 - 40% green leaf area
Grade 3 41 - 60% green leaf area
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Grade 4 61 - 80% green leaf area
Grade 5 81 -100% green leaf area
These grades were also statistically analysed along with the other data.

7.2.9 Sampling of the Leaves and Sap Extraction For Ion Analysis
The 6th leaves sampled from plants after gas exchange measurements (see section 7.2.6)

were used for sap extraction according to the procedures described in Chapter 6.

7.2.10 Ion Analysis from Cell Sap

Na®, K', Ca*", Mg* and CI in extracted leaf sap were determined according to the
procedures described in Chapter 6 (Section 6.2.9).

7.2.11 Ion Analysis From Dried Plant Material
Preparation of Samples:

The dried plants (see section 7.2.7) were ground in a mill and 0.5 g samples of the ground
plant material were weighed into crucibles and ashed in a furnace at 400 °C for four hours.
Acid Digestion of Samples:

After cooling of the furnace the crucibles were taken out of the furnace and were placed
in a desiccator. The ash was dissolved in 10 ml. (2 x 5 ml. portions) of 4 M HNO, and transferred
in a 20 ml. volumetric flask. Crucibles were then washed twice with distilled water and the
washings transferred to the volumetric flask and the volume made up. After making the
appropriate dilutions Na“, K*, Ca*", Mg®* and Cl'were determined according to the procedures
described in Chapter 6 (Section 6.2.9). The trace elements Fe**, Zn?* and Mn** were determined
by atomic absorption spectrophotometer at 249, 213.9 and 279 nm wave length respectively

using Pye Unicam SP9 model of atomic absorption spectrophotometer.

7.2.12 Yield and Yield Components

Three replicates were allowed to mature. Eighteen plants were harvested from each
treatment (six plants from each pot) by cutting at the base of the plants (excluding roots). Data
regarding number of tillers per plant, number of ears per plant, length of main shoots from base
of stem to tip of ears, weight of plants, fertile and sterile spikelets per plant, number and weight

of grains per plant and 100 grain weight were recorded.
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7.2.13 Statistical analysis

The experiment was laid out in a completely randomised design with five replications. All
the data were analyzed by analysis of variance, and means and standard errors of means (SE)
were calculated by Minitab statistical programme (version 10.2). Examples of the anova tables
are presented in Appendix 7.1 - 7.3. LSD values were calculated according to the formula given
in Chapter 5 except Na" and K'/Na". LSD values for Na” and K'/Na" ratios were calculated
according to the procedure described in Chapter 3 (section 3.2.5).

7.3  RESULTS

The analysis of variance showed that generally the effects of 100 mol m™ NaCl salinity
were significant for the majority of the parameters. Significant differences were found in both the
varieties in case of Pn, ion contents and qualitative green leaf area at 60 DAS. The effect of pH
was found significant only for Ci, Na", K", Cl -, root dry weight, shoot:root ratio, qualitative green
leaf area, Na*, K*, Ca*", Zn*" and Mn”" in the dried plant material. Interactions between the factors
were mostly non-significant except variety x salinity interactions which were significant for some
ions and agronomic parameters. The salinity x pH interaction was rarely significant indicating that
the effects of salinity were the same at high and low pH. The variety x salinity x pH interaction
was also rarely significant, indicating that the effects of salinity and pH were generally the same

on both the salt-sensitive and salt-tolerant variety.

7.3.1 Gas Exchange Parameters
Pnandg, :

Data for Pn and g, is presented in Table 7.1. LU26S had a significantly higher rate of
photosynthesis than Punjab-85. Salinity decreased Pn significantly (p<0.001), while there was no
significant effect of high pH on Pn. The lowest rate of net photosynthesis was observed at 100
mol m™ NaCl in association with pH 8.0 (S;0pHg,) in LU26S and at 100 mol m™ NaCl
(S,00pHg o) in Punjab-85 variety. All the interactions between different factors were non-
significant. g, was not affected by any factor and the effects of variety, stress, pH and all the

interactions were found to be non-significant.
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Table - 7.1: Effect of salinity and pH of the culture solution on net photosynthesis (Pn; umol CO,
m?s')and stomatal conductance (g,; mol m™s™) in LU26S and Punjab-85 wheat varieties at 37
DAS.

Pn o

Treatments LU26S Punjab-85 LU26S Punjab-85

NaCl stress  |pH Means i+ SE |Means i+ SE  |Means i+ SE  |Means '+ SE ‘Lﬂ

I : : : '
0 mol m™ 6.0 15.85E 0.76 14.7:5 0.91 0.52§ 0.04 048: 0.05

Omolm® 80 | 150 | 106|134 = 09| 054 005| 042] 004

100molm® |60 | 121 i 082| 94 | 065| 036: 004| 037 006

HllOOmolma 80 | 114 | 117|108 : 066| 052 004| 043! 006

Variety means :
LU26S 136 | 054
Punjab-85 121 | 049
NaCl means :

0 mol m? 147 | 046

100 mol m™ 10.9 0.44

LSD values at p = 0.05

Parameters |V S pH V*S V*pH S*pH V*S*pH
Pn 1.25 * 1.25 *** NS NS NS NS NS
g, NS NS NS NS NS NS NS

. All values (V*S*pH) are means of twelve observations.

. All values for variety, NaCl stress and pH means are averages of 48 observations.

*** = significant at p<0.001
* = significant at p<0.05



143

Rate of transpiration (E) and sub-stomatal CO, (Ci) :

Data regarding the effects of salinity, pH and varieties on the rate of transpiration and sub-
stomatal CO, is presented in Table 7.2. Rate of transpiration was similar in both the varieties and
at both the levels of salinity and pH. All the interactions were also non-significant except salinity
x pH which was significant at p<0.05. This showed that higher pH had non-significant effect at
Sy but increased E significantly at S,,,. This trend was visible in both the varieties.

High salinity and high pH significantly increased Ci (concentration of sub-stomatal CO,).
There was however no effect on varietal means. All the interactions were non-significant except
variety X pH. This showed that Ci was similar in Punjab-85 in SopH, , and S;pHj , treatments and
was high at S,,0pHg o and S,40pHg o In LU268S, Ci was significantly similar in S)pHg ;, SopHg o
and S,,,pHg, but was significantly higher in S,,,pHs , than the other treatments.

Leaf temperature (T)):

The effects of variety, salinity, pH on TL, and all the interactions except variety x pH were
found to be non-significant (Table 7.3). Significant interaction of variety x pH showed that
varieties responded differently to the levels of pH. In LU26S, Tl was significantly lower at SypHg ,
but there was a significant increase in the salt sensitive variety Punjab-85. Effects of higher pH

at Sy, were however, non-significant in both the varieties.

7.3.2 Growth Analysis at 38 DAS
Number of tillers and leaf area :

The data presented in Table 7.4 highlight the effect of salinity and pH on number of tillers
and leaf area per plant. Variety Punjab-85 had significantly higher number of tillers than LU26S
while 100 mol m™ NaCl salinity significantly decreased number of tillers per plant. Although the
effect of pH level was non-significant, the effects of variety x salinity and variety x pH were found
to be significant while other interactions were non-significant. The number of tillers in LU26S
were not significantly decreased by salinity but in Punjab-85, a significant decrease was noted
where number of tillers decreased by about 48% at 100 mol m™ NaCl salinity. A different and
opposite effect was noted in case of variety x pH interaction, where number of tillers decreased
at higher pH level (non-significant effect) in LU26S but there was a significant increase (16%) in

the salt-sensitive variety Punjab-85.
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Table - 7.2: Effect of salinity and pH of the culture solution on transpiration (E; mmol m*s™) and
sub-stomatal CO, (Ci; ul I'") in LU26S and Punjab-85 wheat varieties at 37 DAS.

E Ci
Treatments LU26S Punjab-85 LU26S Punjab-85

[INaCl stress pH |Means '+ SE  |Means i+ SE |Means i+ SE |Means i+ SE

Omolm® | 60 | 896 i 035 | 889 i 047 | 222 i 394 | 228 | 335

Omolm® | 80 | 822 | 051 [ 855 | 038 | 229 | 516 | 226 | 4.20

100molm® | 60 | 712 | 040 | 812 i 087 | 226 i 380 | 240 | 787

100molm® | 80 | 849 | 027 | 900 i 0.76 | 250 i 607 | 245 i 5.06

NaCl means 4 E :
0 mol m? 226
100 mol m™ 240
pH means : i :
pH 6.0 229 :
pH 8.0 238
Spomea&sl pH 6 %pHS
0 mol m* 89 : 84
100 mol m™ 76 i 88
V x pH means pH 6 pH 8
LU26S 225 : 228
Punjab-85 233 247
LSD values at p= 0.05
Parameters |V S pH V*§ V*pH S*pH V*S*pH
E NS NS NS NS NS 1.11 * |NS
Ci NS 7.28 *¥** 1728 * NS 10.55* NS NS
. All values (V*S*pH) are means of twelve observations.
. All values for variety, NaCl stress and pH means are averages of 48 observations.

*** = gsignificant at p<0.001
. = significant at p<0.05
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Table - 7.3: Effect of salinity and pH of the culture solution on leaf temperature (TI; °C)
in LU268S and Punjab-85 wheat varieties at 37 DAS.

Leaf temperature (T1)
Treatments LU26S Punjab-85
NaCl stress pH Means + SE Means + SE
0 mol m® 6.0 278 | 033 269 . 035
0 mol m* 8.0 262 030 279 1 053
100 mol m 6.0 271 1 050 272 1 o032
100molm?® | 8.0 265 i 033 271 037
V xpH pH 6 pH 8
LU26S 27.5 26.3
Punjab-85 27.1 27.5
LSD values at p= 0.05
Parameters |V S pH V™S V*pH S*pH V*S*pH
Tl NS NS NS NS 0.80 ** NS NS
. All values (V*S*pH) are means of twelve observations.
. All values for variety, NaCl stress and pH means are averages of 48 observations.

*x = significant at p<0.01
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Table - 7.4: Effect of salinity and pH of the culture solution on number of tillers and leaf area
(em®) per plant in LU26S and Punjab-85 wheat varieties at 38 DAS.

—]
Number of tillers Leaf area
Treatments LU26S Punjab-85 LU26S Punjab-85
NaClstress |[pH _ [Means i+ SE Means '+ SE_|Means d + SE __ |Means i+ SE |
Omolm® | 60 | 46 | 040| 73 ; 062334 | 150 [374 276
Omolm® | 80 | 42 © 024 88 | 049(327 202 (38 324
100molm® | 60 | 37 i 022| 43 | 038155 | 101 |[116 | 90
100molm® | 80 | 36 i 019| 47 i 028153 | 79 |124 6.8
Variety means :
LU26S 40
Punjab-85 6.3 :
NaCl means 5
0 mol m” 62 | 355
100 mol m™ 41 137
VxS 0 mol m® NaCl 100 mol m® NaCl | 0 mol m* NaCl 100 mol m™ NaCl
LU26S 4.4 3.6 330 154
Punjab-85 8.1 4.5 379 120
VxpH pH6 pH3
LU26S 4.1 3.9
Punjab-85 5.8 6.7
LSD values at p= 0.05
Parameters |V S pH V*S V*pH S*pH V*S*pH
Tillers 0.54 *** [0.54 *** INS 0.78 *** 10.78 * NS NS
Leafarea [NS 26,3 ¥+ INS 38.1 ** NS NS NS
° All values (V*S*pH) are means of twelve observations.
. All values for variety, NaCl stress and pH means are averages of 48 observations.
*** = significant at p<0.001
*x = significant at p<0.01

* = significant at p<0.05
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Leaf area was significantly decreased by 100 mol m™ NaCl while the effect of variety and
pH was non-significant. Variety x salinity interaction was also significant in leaf area while all the
other interactions were non-significant. This showed that leaf area was significantly higher in the
salt-sensitive variety Punjab-85 than LU26S at low salinity (0 mol m™ NaCl) but was higher in the
salt-tolerant variety LU26S at 100 mol m™ NaCl salinity.

For both leaf area and tiller number averaged over the two pH levels, the percentage
decreases at high salinity were greater in Punjab-85 (69% and 44% respectively) than in LU26S
(54% and 17% respectively).

Fresh weight and dry weight per plant :

Both fresh weight and dry weight per plant were decreased significantly (p<0.001) at 100
mol m™ NaCl salinity (Table 7.5). Effects of variety and pH were non-significant in both of these
parameters but variety x salinity interaction was significant for fresh weight as well as dry weight
per plant. All the other interactions were non-significant. Averaged over the two pH levels,
percentage decreases in fresh weight and dry weight, caused by 100 mol m™ NaCl salinity were
greater in Punjab-85 (69% and 58% respectively) than in LU26S (53% and 41% respectively).
Differences between varieties were non-significant at 0 mol m™ salinity but were significant at 100

mol m™ NaCl salinity.

Dry weight of roots per plant :

Dry weight of roots per plant (Table 7.6) was decreased significantly as a result of higher
level of NaCl salinity and pH. Dry weight of roots was also significantly higher in the salt-tolerant
variety LU26S than the salt-sensitive variety Punjab-85. Effects of variety x salinity and salinity
x pH were highly significant (p<0.001) while other interactions were non-significant. Differences
between varieties were not significant at 0 mol m™ salinity but were significant at 100 mol m™
NaCl salinity and decreases were greater in Punjab-85 than LU26S. Similarly, there was a
significant decrease in root dry weight at 0 mol m™ salinity at higher pH but at 100 mol m?

salinity, there was a non-significant increase at pH 8.0.
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Table - 7.5: Effect of salinity and pH of the culture solution on fresh weight and dry weight per
plant (g) in LU26S and Punjab-85 wheat varieties at 38 DAS.

Fresh weight Dry weight

Treatments LU26S Punjab-85 LU26S Punjab-85
[NaClstress |pH | Means | + SE [Means! +SE |Means! +SE |Means| = SE
Omolm® [60 |1395 083 [1383 127 | 193 | 012 | 198 021
Omolm® [80 |1329 090 [1506 | 1.10 | 183 | 016 | 218 | 0.14
100molm® |60 | 630 | 046 | 442 | 040 | 107 | 009 | 084 | 009

100molm® (80 | 647 045 | 461 | 030 | 1.14 { 0.09 | 0.90 | 0.06

[NaCl means : .
0 mol m” 14.03 | 198 |
100 mol m® 5.45 | 099
11— Omol m*NaCl | 100 molm?*NaCl | 0molm®NaCl | 100 mol m*NaCl
LU26S 13.62 639 188 L11
Punjab-85 14.45 451 208 087

LSD values at p= 0.05

Parameters |V S pH V*S V*pH S*pH V*S*pH
F. weight |NS 1,12 #%% NS 1.63 * NS NS NS

Dry weight |NS 0.18 *** NS 0.27 * NS NS NS

. All values (V*S*pH) are means of twelve observations.

. All values for variety, NaCl stress and pH means are averages of 48 observations.

*** = gignificant at p<0.001
* = significant at p<0.05
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Table - 7.6: Effect of salinity and pH of the culture solution on dry weight root per plant (g) and
specific leaf area (cm*/g dry weight) in LU26S and Punjab-85 wheat varieties at 38 DAS.

Dry weight root Specific leaf area
Treatments LU26S Punjab-85 LU26S Punjab-85
NaClstress |pH  [Means; +SE |Means! +SE Meansé_ + SE | Means: +SE
Omolm® (60 | 042 001 | 043 i 000 | 201 | 75 | 329 i 49
Omolm® (80 | 034 i 000 | 035 000 | 312 | 90 | 331 | 212
100molm® |60 | 032 001 | 027 { 001 | 312 | 58 | 294 { 70
100molm® 80 [ 033 | 001 | 030 { 0.00 | 290 | 7.7 | 294 | 64
[Variety means 5
LU26S 0.36 |
Punjab-85 0.34 i
NaCl means :
0 mol m* 0.39 316
100 mol m™ 0.31 208
pH means g 4
pH 6.0 0.36 | ’
pH 8.0 0.33
'V x S means Omolm™® NaCl | 100 molm®NaCl | 0 molm®NaCl 100 mol m>NaCl
[LU26S 0.38 0.32 330 154
[Puniab-85 0.39 0.28 379 120
IS x pH means pH 6.0 pH 8.0
0 mol m> NaCl 0.43 0.35
100 mol m*NaCl 0.30 0.32
LSD values at p = 0.05
Parameters [V S pH V*S V*pH S*pH V*S*pH
Dowt. root 1001 ** 1001 *** 0.01 *** 10,02 *** |NS 0.02 *** INS
S. L. area |NS 1416 * [NS 20.53 * INS NS NS
. All values (V*S*pH) are means of twelve observations.
e All values for variety, NaCl stress and pH means are averages of 48 observations.
*** = significant at p<0.001, ™ = significant at p<0.01

" = significant at p<0.05
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Specific leaf area :

Specific leaf area was decreased significantly (p<0.001) by 100 mol m™ NaCl salinity
while the effects of variety and pH were non-significant (Table 7.6). Variety x salinity interaction
was significant i.e. the varieties responded differently to salinity levels. Specific leaf area was
significantly greater in Punjab-85 than in LU26S at 0 mol m™ NaCl salinity but was similar at 100
mol m™ salinity. At 100 mol m® NaCl salinity the decrease in specific leaf area in the salt-tolerant
variety LU26S was non-significant while a significant decrease was noted in the salt-sensitive

variety Punjab-85. All the other interactions were found to be non-significant.

Fresh weight : dry weight ratio :

Fresh weight : dry weight ratio (Table 7.7) was significantly decreased by 100 mol m?
NaCl salinity but the effect of pH was non-significant. This ratio was significantly higher in
LU26S than Punjab-85. This shows that LU26S was able to maintain significantly higher

succulence at both the salinity levels. All the interactions were non-significant.

Shoot : root ratio :

Shoot : root ratio significantly decreased at 100 mol m™® NaCl salinity but increased at pH
8.0 (Table 7.7) but the varietal differences were non-significant. Salinity x pH interaction was also
significant at p<0.05. This shows that response to changes in pH was different at different salinity
levels. Shoot : root ratio was significantly higher in SopHg, than S,pHg, but was similar in
S100PHg o and S,40pHg o. The ratio was also significantly lower in S,pHg, and S,,pH;, as
compared to the non-stressed treatments (S,pHj ; and S;pH ). All the other interactions were

non-significant.

Qualitative grading of green leaf area at 60 DAS :

Towards the maturity of the crop, it was noted that senescence was much more advanced
in Punjab-85 than in LU26S especially at elevated NaCl salinity both at low and high pH level.
Hence qualitative grading for green leaf area was made for all the leaves and flag leaves of the
plants and the results are presented in Table 7.8. Total green leaf area and green flag leaf area was
significantly decreased as a result of 100 mol m™ salinity and increased at higher pH. At 60 DAS,
salt-tolerant variety LU26S had significantly higher total green leaf area as well as green flag leaf
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Table - 7.7: Effect of salinity and pH of the culture solution on ratios of fresh weight:dry weight
and shoot:root in LU26S and Punjab-85 wheat varieties at 38 DAS.

Fresh weight:dry weight

" Shoot:root
Treatments LU26S Punjab-85 LU26S Punjab-85
NaClstress |pH  |Means i+ SE  [Means i+ SE _ |Means i+ SE |Means i+ SE
Omolm® | 60 | 726. 015| 708 017| 463 037| 462 050
Omolm® | 80 | 740i 022| 7.03: 058| 528 042| 624 040
100molm® | 60 | 592: 009]| 533i 011| 342 034| 310 027
100molm® | 80 | 572; 008] 510! 004| 342 023| 301! 017
Variety means :
LU26S 6.58 i
Punjab-85 6.13 :
NaCl means : i
0 mol m? 7.19 5.20
100 mol m™ 5.52 3.24 ;
pH means :
pH 6.0 3.94 i
pH 8.0 4.49 |
S x pH means "pH6 pH 8
0 mol m* NaCl 4.63 5.76
100 mol m™ NaCl 3.26 3.21
= == é =
LSD values at p= 0.05
Parameters V S pH V*S V*pH S*pH |V*S*pH
FwtDwt. |0.34* 0.34 *** INS NS NS NS NS
Shoot:root NS 0.50 *** 10.50 * NS NS 0.72* NS
. All values (V*S*pH) are means of twelve observations.
. All values for variety, NaCl stress and pH means are averages of 48 observations.
**¥*  =significant at p<0.001

% = significant at p<0.05
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Table - 7.8: Effect of salinity and pH of the culture solution on estimated proportions of green leaf
area and green flag leaf area (qualitative grading) in LU26S and Punjab-85 wheat varieties at 60
DAS.

- Green leaf area Green flag leaf area
Treatments LU26S Punjab-85 LU26S Punjab-85
NaCl stress _[pH Means |+ SE Means :+ SE Means :+ SE Means :+ SE
0 mol m* 60 | 46 i 019 5.0 L 000| 44 i 023 48 | 017
0 mol m™ 80 | 46 i 019| 50 i 000| 50 i 000| 49 i 008
100 mol m™ 6.0 1.8 0.11 1.0 0.00 34 0.43 13 0.18
100 mol m? 8.0 23 022 1.3 0.14 4.1 0.37 1.4 0.19
Variety means
LU26S 33 43
Punjab-85 3.1 3.1
NaCl means
0 mol m™ 48 48
100 mol m™ 1.6 2.6 I
-1
Il pH means
pH 6.0 3.1 3.5
pH 8.0 33 3.9
'V x S means 0 mol m?NaCl | 100 mol m*NaCl Omol m®NaCl | 100 mol m™NaCl
LU26S 4.6 2.1 47 38
Punjab-85 5.0 1.2 4.9 1.3
S x pH means pH6.0 pH 8.0
0 mol m* NaCl 48 | 48
100 mol m™>NaCl 14 1.8
LSD values at p = 0.05
Parameters Vv S pH V*S V*pH S*pH [V*S*pH
Green leaf area  |0.20 * 0.20 ***  [0.20 * 0.29 ***  |NS 0.29 * NS
Gflagleafarea |0.35*** [035**%* [(35%* 0.50 *** INS NS NS

Grading criteria: Grade 1= 0 - 20% green leaf area, Grade 2= 21 - 40% green leaf area
Grade 3= 41 - 60% green leaf area, Grade 4= 61 - 80% green leaf area
Grade 5= 81 -100% green leaf area

. All values (V*S*pH) are means of twelve observations.
. All values for variety, NaCl stress and pH means are averages of 48 observations.
% ek

= significant at p<0.001, *

= significant at p<0.05
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area as compared to salt-sensitive variety Punjab-85. The grading showed that green flag leaf area
was comparatively less affected by the salinity than the over all green leaf area.

Variety x salinity interaction were highly significant for both types of leaf area i.e. the
decrease in both types of green leaf area at high salinity was greater in Punjab-85 than in LU?26S.
Salinity x pH interaction was also found to be significant for total green leaf area showing that
high pH had no effect on this parameter at 0 mol m™ NaCl stress but a significant increase was

noted at 100 mol m™ NaCl salinity.

7.3.3 Ion Composition of Cell Sap at 37 DAS
Na" and K* contents :

Na" and K" contents in the cell sap obtained from the 6th leaves are presented in Table -
7.9. There were very large increases in Na” and comparatively smaller decreases in K* contents
as a result of 100 mol m™ NaCl salinity. '

Na’" content was increased significantly by pH 8 at 100 mol m™ NaCl salinity but there
was no effect at 0 mol m™ NaCl. Punjab-85 (salt sensitive variety) accumulated more Na* than
LU26S. Variety x pH interactions were non-significant at both the salinity stresses. This shows
that both the varieties behaved similarly at different pH levels. This effect was similar at both the
stress levels.

K" decreased significantly as a result of 100 mol m® NaCl salinity but increased
significantly at higher pH level. All the interactions were found to be significant except sahmty X
pH. This shows that high salinity caused a smaller uptake of K* in both the varieties as compared
to 0 mol m™ NaCl and significantly greater amounts of K* was recorded in cell sap of Punjab-85
than LU26S. Variety x pH interactions were also significant which indicates that high pH resulted
in a significantly greater K" content in the cell sap of LU26S while there was no effect in Punjab-
85. The Variety x salinity x pH interaction was also significant at p<0.05. This showed that
Punjab-85 accumulated greater amounts of K* at higher salinity level but lower amounts of K* at
0 mol m™ NaCl salinity as compared to the salt tolerant variety LU26S, however the differences
were significant only at S;,,pHy, . The differences between the varieties in K* contents were

significant only at S,,,pHy , and not at other salinity and pH levels.
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Table - 7.9: Effect of salinity and pH of the culture solution on Na* and K* contents (mol m™) in
cell sap of 6th leaves of LU268 and Punjab-85 wheat varieties at 37 DAS.

Na” K* |
Treatments LU26S Punjab-85 LU26S Punjab-85
Omolm® | 6.0 3 i 017 3 1 015] 210 i 481 | 197 § 765
0 mol m” 8.0 3 {019 4 i 021 231 | 4.36 214 | 758
100molm™® | 6.0 | 238 i 3.60 [ 250 : 10.90 | 121 i 870 | 197 i 11.04
100 mol m? 8.0 258 : 6.30 273 {1090 | 161 | 6.35 181 | 5.79
Variety means g i
LU26S 181
Punjab-85 197
NaCl means 5 :
0 mol 213
100 mol 165
pH means 100 mol :
pH 6.0 244 181
pH 8.0 i 266 197
V x S means 0 mol m? NaCl | 100 mol m™ NaCl
LU26S 220 141
Punjab-85 205 189
V x pH means pH 6.0 pH 8.0
LU26S 166 196
Punjab-85 197 198
S x pH means pH 6.0 pH 8.0
0 mol m~NaCl 3 3
100mol m 244 266 | i
LSD values at p= 0.05
Parameters Variety pH Variety x pH
Na" (0 mol m™ NaCl) NS NS NS
Na“ (100 mol m™ NaCl) NS 16.87 * NS
Parameters |V S pH V*S V*pH S*pH V*S*pH
K’ 10.5 ** 10.5 ***  1]10.5 *+ 152 %%  |]1573 %= NS 22 8 *
. All values (V*S*pH) are means of twelve observations.
. All values for variety, NaCl stress and pH means are averages of 48 observations.

*** = significant at p<0.001; ** = significant at p<0.01; * = significant at p<0.05
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Ca’ and Mg’" contents :

Contents of Mg** in the 6th leaves were higher than Ca** contents (Table 7.10). There was
a significant decrease in Ca** contents of the leaves as a result of 100 mol m™ NaCl salinity. Effect
of variety was highly significant and Ca*" contents were greater in the salt tolerant variety
LU26S. A decrease in Ca** contents was also observed at higher pH level although the effect was
non-significant. Variety x salinity and salinity x pH interactions were found to be significant while
other interactions were non-significant. Decreases in Ca®* contents at higher salinity were greater
in Punjab-85 than LU26S. Also, high pH resulted in a decrease in Ca®' contents at 0 mol m™
NaCl salinity while there was an increase at 100 mol m™ NaCl salinity.

Mg® contents were also decreased significantly as a result of 100 mol m™ NaCl salinity
(Table 7.10). The leaves of salt tolerant variety LU26S had a significantly higher Mg** content
than leaves of salt sensitive variety Punjab-85. The effects of pH and all the interactions were non-

significant.

Clcontents :

There was a large and significant increase in Cl'contents as a result of 100 mol m™ NaCl
salinity in both the varieties (Table 7.11). A significant increase was also observed due to a higher
pH level. The salt sensitive variety Punjab-85, contained slightly higher amounts of CI" as
compared to the salt tolerant variety LU26S , the differences however were non-significant. All

the interactions were found to be non-significant.

K'/Na" ratio :

The K*/Na" ratios were markedly lower at 100 mol m™ NaCl salinity (Table 7.11) than
0 mol m™ NaCl salinity. These ratios were significantly greater in the salt-tolerant variety LU26S
as compared to the salt-sensitive variety Punjab-85 at both the stress levels. The effects of pH
were non-significant at both the salinity levels. Variety x pH interaction was significant at 100 mol
m NaCl which showed that K/Na" ratio was decreased by pH 8 in Punjab-85 but was increased

in LU26S. The same interaction was found to be non-significant at 0 mol m™ NaCl stress.
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Table - 7.10; Effect of salinity and pH of the culture solution on Ca** and Mg** (mol m?) in cell
sap of 6th leaves of LU26S and Punjab-85 wheat varieties at 37 DAS.

Ca** Mg*
Treatments LU26S Punjab-85 LU26S Punjab-85

NaCl stress  |pH  |Means dLQE Means i+ SE  |Means ii_];: Means : + SE
Omolm® | 60 | 510 026| 396 014|204 | 156|180 | 094

Omolm® | 80 | 456: 026 381: 014|212 | 174|161 | 136

100molm® | 60 | 1.18{ 008| 085: 004|114 i 095| 7.6 | 089

100molm® | 80 | 140: 010| 089i 006|118 | 076| 7.6 | 077

[Variety means : ;
LU26S 3.06 16.2

Punjab-85 2.38 | 12.3
[NaCl means 5 : 3
0 mol m™ 436 189
100 mol m™ 1.08 : 9.6
'V x S means 0 mol m? NaCl 100 mol m™ NaCl
LU26S 4.83 1.29
Punjab-85 3.89 0.87
S x pH means pH 6 pH 8
0 mol m* NaCl 4.53 4.19
100 mol m>NaCl 1.02 1.46

LSD values at p = 0.05

Parameters [V S pH ™S V*pH S*pH V*S*pH
Ca™ 022 =% 1023 w8 INS 032 * NS Bi2Y NS
Mg* L6 *** |1.67 *** NS NS NS NS NS

» All values (V*S*pH) are means of twelve observations.

. All values for variety, NaCl stress and pH means are averages of 48 observations.

***  =significant at p<0.001
* = significant at p<0.05
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Table - 7.11: Effect of salinity and pH of the culture solution on chlorides (mol m™) and K*/Na*
ratio of cell sap in leaves of LU26S and Punjab-85 wheat varieties at 37 DAS.

Ccr K'/Na®
Treatments LU26S Punjab-85 LU26S Punjab-85
NaCl stress [pH | Means [ +SE | Means | +SE |Means SE [ Means | +SE
Omolm® | 60 | 31 | 15 | 38 : 195|666 : 429 | 613 | 333
Omolm® | 80 | 35 | 12 | 44 249 | 775 | 628 | 613 | 418
100molm® | 60 | 253 ¢ 7.1 | 271 | 152 | 05 | 0.04 | 08 i 0.09
100molm® | 80 | 283 | 42 | 292 { 122 | 06 | 002 | 07 | 004
Variety means 0 mol 100 mol
LU268 3.2 248
Punjab-85 3.5 | 262
NaCl means
0 mol m” 37
100 mol m? 275
H means
pH 6.0 148
pH 8.0 164
'V x pH means pH 6 pH 8
LU26S 0,52 0.63
Punjab-85 0.82 0.68
LSD values at p= 0.05
Parameters |V S pH V*S V*pH S*pH V*S*pH
Cr NS 10,8 *** 1108 ** [NS NS NS NS
Parameters Variety pH Variety x pH
K/Na”__ (0 mol m? NaCl) 9.20 * NS NS
K*/Na" (100 mol m® NaCl) Q1 *& NS 0.15 *
. All values (V*S*pH) are means of twelve observations.
. All values for variety, NaCl stress and pH means are averages of 48 observations.

*** = significant at p<0.001, ** = significant at p<0.01, * = significant at p<0.05
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7.3.4 Ion Contents in Dry Plant Material at 38 DAS
Na" and K* contents :

Na" contents in the dry matter at 38 DAS are presented in Table 7.12. There was a
considerable increase in Na" at 100 mol m™ NaCl salinity. An increase was also noted at higher
pH level. Salt-sensitive variety Pm1jal§-85 contained significantly greater amounts of Na* than the
salt-tolerant variety LU26S at both the salinity levels. There was no significant effect of high pH
at S, but at S,,, the effect was significant and about 11% higher Na” was noted.

K" contents in the dry matter at 38 DAS are presented in Table 7.12. There was a
significant decrease in K* contents caused by 100 mol m™ NaCl salinity. A notable increase was
noted in K* contents at higher pH level and 100 mol m™ NaCl in both the varieties. Differences
in between the varieties for K contents were non-significant. All the interactions were non-

significant in this case.

Ca** and Mg’* contents :

Ca** and Mg™ contents in the dry plant material are presented in Table 7.13. Ca?* content
was significantly decreased by 100 mol m™ NaCl salinity and higher pH. LU268S had significantly
higher Ca*" than the salt sensitive variety Punjab-85. All the interactions were non-significant
except variety x salinity and variety x salinity x pH. A significant variety x salinity interaction
showed that the decrease in Ca*" at 100 mol m™ NaCl was smaller in the salt-sensitive variety
Punjab-85 than the salt-tolerant variety LU26S. Also, at low salinity LU26S had significantly
higher Ca** contents while at 100 mol m™ NaCl, the differences were non-significant.

A significant variety x salinity x pH interaction indicated that Ca’" was decreased
significantly in LU26S as a result of higher salinity and higher pH level. In Punjab-85 also, Ca**
decreased in S,pHg, as compared to SopH, and also in S,ypH;, than S,qpH,, but the
differences were non-significant. The differences between the varieties were significant only at
SopHs o ; where significantly higher Ca®* contents were noted in the salt-tolerant variety LU26S
than the salt-sensitive variety Punjab-85.

Mg was also significantly decreased at 100 mol m™ salinity in the nutrient solution but
there was no effect of higher pH. LU26S had significantly higher contents of Mg*. Variety x pH
was significant while all the other interactions were non-significant. A significant variety x pH
interaction showed that there was a non-significant decrease in Mg®* contents at high pH in

LU268S but conversely, there was a significant increase in Punjab-85.
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Table - 7.12: Effect of salinity and pH of the culture solution on Na” and K* contents (mg g™ dry
weight) in dry matter of LU26S and Punjab-85 wheat varieties at 38 DAS.

" Na' K"
" Treatments LU26S Punjab-85 LU268S Punjab-85
I NaCl stress |pH  |Means '+ SE  |Means i+ SE |Means i+ SE [Means i+ SE
Omolm® | 60 |20 014 |25 023 [569 084 [566 :1.19
Omolm® | 80 |21 (018 |28 (046 [57.9 (058 (589 (112
100molm® | 60 [265 (080 [281 095 [37.1 (063 [363 062
| 100molm® | 80 [28.0 125 [329 {192 [403 (249 [406 132
Variety means 0 mol 100 mol i
LU26S 20 i 273 48.0
Punjab-85 26 | 304 48.1
NaCl means : 5
L 0molm?® LE ;
100 mol m 38.6 =
pH means 100 mol i3
pH 6.0 23 46.8
pH 8.0 30.4 49.4
S x pH means pH 6.0 pH 8.0
0 mol m™ NaCl 2.3 2.4
100 mol m™* NaCl 273 304
LSD values at p= 0.05
Parameter Variety pH Variety x pH
Na* (0 mol m” NaCl) 0.56 * NS NS
Na" (100 mol m™ NaCl) 258 * 258 * NS
Parameter |V S pH V*S V*pH S*pH V*S*pH
K" NS 137 **% |1 73% NS NS NS NS
. All values (V*S*pH) are means of twelve observations.
° All values for variety, NaCl stress and pH means are averages of 48 observations.
*¥**  =significant at p<0.001
*® = significant at p<0.01

* = significant at p<0.05
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Table - 7.13: Effect of salinity and pH of the culture solution on Ca*" and Mg?* contents (mg g™
dry weight) in dry matter of LU26S and Punjab-85 wheat varieties at 38 DAS.

Ca* Mg**
Treatments LU268S Punjab-85 LU26S Punjab-85
NaClstress |pH |Means: +SE |Means! +SE |Means: +SE |Means: +SE
Omolm® | 60 | 062 i 002 | 052 i 001 | 217 | 0.05 | 180 | 0.07
Omolm® |80 | 050 i 001 | 048 | 001 | 204 | 052 | 1.97 | 0.8
100 molm?® | 60 | 030 : 0.01 | 032 i 0.03 | 169 | 007 | 149 | 0.09
100mol m® | 80 | 028 ; 0.01 | 027 | 001 | 1.54 | 0.09 | 1.64 | 0.05
Variety means ; : :
LU26S 0.42 1.86
Punjab-85 0.40 : 1.73 i
NaCl means 5 : :
0 mol m? 0.53 : 1.99 ¢
100 mol m* 0.29 1.59 i
pH means : + %
pH 6.0 0.44 1.79
pH 8.0 0.38 : 1.79
V x S means 0 mol m*NaCl 100 mol m*NaCl | 0 mol m*NaCl 100 mol m>NaCl
LU26S 0.56 0.29 - -
Punjab-85 0.49 0.29 - -
V x pH means pH 6 pH 8 pH 6 pH 8
LU26S - - 1.93 1.79
Punjab-85 _ - - 1.65 1.80
LSD values at p= 0.05
Parameters |V S pH V*8 V*pH S*pH V*S*pH
Ca* 0.02 * 0.02 *** 10.02 *** 10.03 ** |NS NS 0.05™
Mg** 0.10 * 0.10 *** NS NS 0.15** INS NS
. All values (V*S*pH) are means of twelve observations.
. All values for variety, NaCl stress and pH means are averages of 48 observations.
*** = significant at p<0.001, ¥ = gignificant at p<0.01

* = significant at p<0.05
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Clcontents :

Cl~ contents of the dry matter are presented in Table 7.14. There was a highly significant
increase in the CI contents as a result of 100 mol m™ NaCl salinity as compared to 0 mol m™ NaCl
salinity but there was no effect of high pH or the variety. All the interactions were found to be

non-significant.

K'/Na" ratio :

K'/Na’" ratio was significantly greater in the salt-tolerant variety LU26S than in the salt-
sensitive variety Punjab-85 at 0 mol m™ salinity level but at 100 mol m™ salinity, the differences
between the varieties were non-significant (Table 7.14). There was a considerable decrease in
K"/Na’ ratio brought about by 100 mol m™ NaCl salinity in both the varieties. Effect of high pH

on K'/Na' ratio was not clear.

Zinc (Z'*) contents :

Zn™ contents in the dry matter were significantly decreased at 100 mol m™ NaCl salinity
and higher pH level (Table 7.15). However the varieties did not differ in their zinc contents. All
the interactions were non-significant except variety x salinity x pH interaction. This showed that
Zn®" contents decreased significantly in both the varieties at higher salinity level and higher pH
level. In both the varieties, Zn** contents were significantly similar in SopHj , but in SopHy , Zn**
contents in LU26S were significantly higher than Punjab-85. Differences in between the varieties
in S,40pHg o and S,,,pHg , Were non-significant.

Iron (Fe’*) contents :

Table 7.15 shows the effect of different salinity and pH levels on the Fe?* contents of the
dry matter. Iron contents were significantly decreased at 100 mol m™ NaCl salinity and the salt
sensitive variety Punjab-85 had significantly higher iron contents. Decrease in iron contents due
to higher pH was about 8% but was non-significant. The variety x salinity interaction was
significant while all the other interactions were non-significant. A significant variety x salinity

interaction showed that decrease in Fe** contents at high salinity was greater in LU26S than in
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Table - 7.14: Effect of salinity and pH of the culture solution on chloride contents (mg g™ dry
weight) and K'/Na" ratio in dry matter of LU26S and Punjab-85 wheat varieties at 38 DAS.

Ir = — —

Cr K*/Na”
Treatments LU26S Punjab-85 LU26S Punjab-85

NaCl stress pH Means? + SE |Means: +SE Means§ + SE Meansi. + SE

omolm® | 60 | 25 i 011 | 27 | 009 [ 317 514 | 239 | 141
| omolm® |80 | 21 011 | 26 i 006 | 304 261 | 241 | 200
" 100molm® | 60 | 139 | 049 | 153 | 056 | 14 | 003 | 13 | 004
100molm® | 80 | 146 | 037 | 143 | 060 | 15 i 012 | 13 | 009

[Variety means 0 mol m™NaCl
LU26S 31.1
Punjab-85 24.0
NaCl means
0 mol m* 2.5 275
100 mol m? 14.5 1.4

LSD values at p= 0.05

Parameter \% S pH V*S V*pH S*pH |V*S*pH
Cr NS 0.52 *** INS NS NS NS NS
Parameters Variety pH Variety x pH
K*/Na" ratio ( 0 mol m™ NaCl) 6.20 * NS NS
K*/Na* ratio ( 100 mol m> NaCl) NS NS NS
. All values (V*S*pH) are means of twelve observations.
. All values for variety, NaCl stress and pH means are averages of 48 observations.

*** = significant at p<0.001
¥ = significant at p<0.05
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Table - 7.15: Effect of salinity and pH of the culture solution on zinc and iron contents (ug g™ dry
weight) in dry matter of LU26S and Punjab-85 wheat varieties at 38 DAS.

Zinc Iron
Treatments LU26S Punjab-85 LU26S Punjab-85
NaClsstress | pH |Means: = SE Me_ans? + SE J_Meansé + SE | Means +SE

==

Omolm® | 60 | 648 | 191 | 648 | 380 | 156 | 575 | 144 | 10.90

Omolm® | 80 | 511 : 185 | 428 | 112 | 139 | 1040 | 142 | 727

100molm® | 60 | 559 i 235 | 515« 3.03 | 126 | 920 | 151 . 851

100molm® | 80 [ 372 | 097 | 398 | 221 | 107 | 444 | 142 : 7386

Variety means 3
LU26S 52.3 i 132

Punjab-85 497 145
NaCl means i :
0 mol m* 55.8 145
100 mol m? 46.1 i 132
pH means g i
pH 6.0 59.2 144
pH 8.0 42.7 133
V x S means 0 mol m> NaCl 100 mol m>NaCl | Omolm™®NaCl | 100 mol m™NaCl
LU26S - - 148 117
Punjab-85 - - 143 146
LSD values at p= 0.05
Parameters \% S pH V*§ V*pH S*pH |V*S*pH
Zinc NS 3.29 #%% [3.20 e NS NS NS T 15%
Iron 11.8* 11.8* NS 16.6 ** |NS NS NS
. All values (V*S*pH) are means of twelve observations.
. All values for variety, NaCl stress and pH means are averages of 48 observations.
***  =significant at p<0.001
*x = significant at p<0.01

. = significant at p<0.05
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Punjab-85 where a slight non-significant increase was noted. At low salinity level, there were no

significant differences in Fe** contents of the varieties.
gni

Manganese (Mn’*) contents :

LU26S had significantly higher manganese (Mn?*) contents in the dry matter than the salt
sensitive variety Punjab-85 (Table 7.16). There were highly significant effects of salinity and pH
on Mn** contents which decreased considerably at higher levels of NaCl salinity and pH. All the
interactions were found to be non-significant except salinity x pH interaction which was highly
significant (p<0.001). This indicated that high pH resulted in a significant decrease in Mn?*
contents at 0 mol m™® NaCl but at 100 mol m™ NaCl salinity, a non-significant increase was noted

at higher pH.

7.3.5 Final Yield Data
Number of tillers and ears per plant :

Data for number of tillers (including the main stem) and number of ears per plant recorded
at the time of final harvest is presented in Table 7.17. Number of tillers was significantly higher
in salt-sensitive variety Punjab-85 and there was significant decrease in the number of tillers at 100
mol m™ NaCl stress. Effect of pH was not significant. Variety x salinity interaction was highly
significant while all the other interactions were non-significant. Although at 0 mol m™ salinity,
Punjab-85 had more total number of tillers per plant but the decrease due to 100 mol m™ NaCl
salinity in LU26S was smaller (about 50%) as compared to the salt-sensitive variety Punjab-85
(62%), so that at 100 mol m™ NaCl, they had similar numbers of tillers.

Number of ears per plant was decreased significantly by 100 mol m™ NaCl salinity while
the effects of varieties, pH and all the interactions were non-significant. Number of ears per plant
was also higher in Punjab-85 than LU26S and also was higher at pH 8.0 but the differences were
not significant.

Total number of spikelets and fertile spikelets/ear :
Total number of spikelets per ear (Table 7.18) was significantly decreased by the higher
level of salinity and differences between the varieties were also highly significant. Effect of pH
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Table - 7.16: Effect of salinity and pH of the culture solution on manganese (Mn®*) contents (ug
g dry weight) in dry matter of LU26S and Punjab-85 wheat varieties at 38 DAS.

Manganese
Treatments LU26S Punjab-85
NaCl stress pH Means : + SE 1 Means : + SE
0 mol m’ 6.0 143 3.76 133 6.72
0 mol m* 8.0 119 2.37 104 2.96
100 molm® | 6.0 87 1.89 68 3.58
100 molm® | 8.0 97 4.56 73 2.73
Variety means
LU26S 112
Punjab-85 94
NaCl means
0 mol m™ 125
100 mol m™ 81
pH means
pH 6.0 108
pH 8.0 98
S x pH means pH 6 pH 8
0 mol m™ NaCl 138 112
100 mol m™ NaCl 78 85
LSD values at p= 0.05
Parameters A% S pH VS V*pH S*pH |V*S*pH
Mn 5.47 *** |547 *¥** |5 47 *** NS NS 7.92 ¥** INS
. All values (V*S*pH) are means of twelve observations.
. All values for variety, NaCl stress and pH means are averages of 48 observations.

* ok

= significant at p<0.001
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Table - 7.17: Effect of salinity and pH of the culture solution on number of tillers (including main
stem) and number of ears per plant in LU26S and Punjab-85 wheat varieties at final harvest.

Number of tillers/plant_ Number of ears/plant
Treatments LU26S Punjab-85 LU26S Punjab-85
L_rljaCI stress | pH |Means + SE | Means = SE | Means + SE | Means £ SE |
Omolm® | 60 | 60 : 034 | 88 | 076 | 60 L 034 | 74 | 068
omolm® | 80 | 74 | 059 | 86 062 | 73 | 059 | 73 | 056
100 mol m* 6.0 34 0.16 3.6 . 0.12 32 0.12 3.0 0.08
100 mol m* 8.0 33 5 0.11 3.1 0.15 32 0.10 2.7 0.14 ||
[Variety means
LU26S 5.0 49
Punjab-85 6.0 3.1
NaCl means
0 mol m* 7.3 7.0
100 mol m™ 33 3.0
V x S means 0 mol m?*NaCl | 100 mol m*NaCl
LU26S 6.7 34
Punjab-85 8.7 3.3
LSD values at p = 0.05
Parameters A% S pH V*S V*pH | S*pH |V*S*pH
Number of tillers [0.61 ** [0.61 *** |NS 0.87 *** INS NS NS
Number of ears |NS 0:57 **¥* INS NS NS NS NS
. All values (V*S*pH) are means of eighteen observations.
. All values for variety, NaCl stress and pH means are averages of 72 observations.
***  =sgignificant at p<0.001
*k

= significant at p<0.01
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Table - 7.18: Effect of salinity and pH of the culture solution on total number of spikelets and
fertile spikelets per ear in LU26S and Punjab-85 wheat varieties at final harvest.

Total number of spikelets/ear Fertile spikelets/ear
Treatments LU26S Punjab-85 LU26S Punjab-85
[NaClstress | pH |Means _'____i SE [ Means + SE | Means + SE | Means :I: SE
omolm® | 60 | 155 | 035 | 166 | 030 | 106 041 | 120 | 049
omolm® | 80 | 154 | 020 | 162 i 025 | 108 031 | 121 | 033
100molm® | 60 | 149 : 023 | 157 022 | 61 | 024 | 80 | 026
100 mol m™ 8.0 14.8 0.18 15,7 0.26 6.5 0.25 7.2 027
I
'Variety means : 4
LU26S 152 85 |
Punjab-85 16.1 10.4
NaCl means : :
0 mol m™ 15.9 11.6
100 mol m™ 15.3 6.9 |
'V x pH means pH6 pH 8
LU26S 8.3 8.6
Punjab-85 10.4 9.6
LSD values at p= = 0.05 —
Parameters v S pH V*S V*pH | S*pH [V*S*pH
Total spikelets/ear  |0.37 *** [0.37 *** |NS NS NS NS NS
Fertile spikelets/ear  [0.46 *** |0.65 *** NS NS 0.65 * |NS NS
. All values (V*S*pH) are means of eighteen observations.
. All values for variety, NaCl stress and pH means are averages of 72 observations.
¥**  =gignificant at p<0.001
e = significant at p<0.01

* = significant at p<0.05
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levels and all the interactions were non-significant.

Number of fertile spikelets per ear was decreased significantly by 100 mol m™ NaCl stress
and was significantly higher in Punjab-85 than LU26S (Table 7.18). The fertile spikelets per ear
were also slightly higher at lower pH level but the effect was non-significant. Variety x pH
interaction was significant while other interactions were not significant. This showed that at higher
pH level, LU268S had slightly higher number of fertile spikelets per ear while a decrease occurred
in Punjab-85.

Infertile (sterile) spikelets per ear and fertile : infertile ratio :

Number of infertile/sterile spikelets per ear (Table 7.19) was significantly higher in LU26S
and was significantly greater at 100 mol m> NaCl salinity level as compared to 0 mol m? salinity.
All the interactions were non-significant except variety x pH. This indicated that at pH 6.0 the
sterile spikelets were more in LU26S but there were no significant differences between the
varieties at pH 8.0.

Fertile:infertile spikelet ratio (Table 7.19) was significantly higher in salt sensitive variety
Punjab-85 and was significantly decreased by 100 mol m™ NaCl salinity. Higher pH had a non-
significant effect. Effect of variety x salinity and variety x pH was also significant. This showed
that the ratio was higher in Punjab-85 than LU26S at lower level of salinity and pH but the
differences at higher level of salinity and pH were non-significant.

Length of main stems:

Length of main stems at final harvest (Table 7.20) was significantly higher in the salt
tolerant variety LU26S and was significantly decreased by 100 mol m™ NaCl salinity but the effect
of pH was not significant. Except variety x salinity x pH interaction, all the interactions were
found to be significant. Decrease in the length of main stems as a result of 100 mol m? NaCl
salinity was greater in the salt-sensitive variety Punjab-85 than the salt-tolerant variety LU26S .
At higher pH, length of main stems was increased in LU26S but was decreased in Punjab-85.
Higher pH caused an increase in the length of the main stems at 0 mol m™ salinity but a significant

decrease was noted at 100 mol m™ NaCl.
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Table - 7.19: Effect of salinity and pH of the culture solution on infertile (sterile) spikelets per ear
and fertile spikelet : infertile spikelet ratio in LU26S and Punjab-85 wheat varieties at final

harvest.
" Infertile spikelets/ear Fertile:infertile spikelets
" Treatments LU26S Punjab-85 LU26S Punjab-85
|NaCi stress pH Means | +SE [Means: + SE |Means: +SE |Means: +SE |
Omolm® | 60 | 496 | 043 | 3.72 | 036 | 244 | 023 | 434 | 062
Omolm® | 80 | 455 | 042 | 406 = 031 | 270 | 023 | 335 | 032
100mol m® | 6.0 | 880 | 025 | 7.60 = 025 | 0.71 | 0.04 | 1.07 | 0.06
" 100molm® | 80 | 838 | 027 | 856 | 032 | 0.80 ; 0.06 | 0.87 | 0.05
Variety means i :
LU268 6.67 166
Punjab-85 6.01 i 241 |
NaCl means E 5
0 mol m™ 432 321 ¢
100 mol m™ 8.36 0.86 :
V x S means Omolm>NaCl | 100 molm*NaCl | Omolm?>NaCl | 100 mol m>NaCl
LU26S - - 2.57 0.76
Punjab-85 - - 3.85 0.97
x pH means pH 6 pH 8 pH 6 pH 8
LU26S 29.3 30.6 1.57 1.75
Punjab-85 25.4 26.1 2.70 2.11
|
LSD values at p= 0.05
Parameters A% S pH | V*S V*pH | S*pH |V*S*pH
Infertile spikelets/ear  [0.47 *** [0.47 *** NS |NS 0.66 * |NS NS
Fertile:infertile spikelet [0.38 *** |0.38 *** NS [0.54 ** |0.54 * |NS NS
. All values (V*S*pH) are means of eighteen observations.
. All values for variety, NaCl stress and pH means are averages of 72 observations.
*** = significant at p<0.001, e = significant at p<0.01

¥ = significant at p<0.05
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Table - 7.20: Effect of salinity and pH of the culture solution on length of main stem (cm) and dry
weight/plant (g) in LU26S and Punjab-85 wheat varieties at final harvest.

Length of main stem Dry weight/plant
Treatments LU26S Punjab-85 LU26S Punjab-85
NaCl stress pH |Means: +SE Means i +SE Means . +SE |Means: +SE
Omolm® | 60 | 8151 1.19 | 73.5 | 124 | 981 | 074 | 12.08 | 0.90
Omolm® | 80 | 850 : 080 | 73.6 | 0.87 | 11.80 . 075 | 1123 | 074
100molm® | 60 | 63.9 | 087 | 528 | 101 | 294 | 014 | 231 | 0.13
100molm® | 80 | 63.7 | 137 | 465 | 0.62 | 316 | 017 | 1.73 | 007
Variety means i §
LU268S 733 | 6.93
Punjab-85 61.6 6.84 |
NaCl means i :
0 mol m™ 784 112
100 mol m™ 56.7 2.54 i
1l
V x S means 0 mol m* NaCl 100 mol m>NaCl | 0 mol m?NaCl 100 mol m* NaCl
LU26S 83 64 11.81 3.05
Punjab-85 74 50 11.66 2.03
V x pH means pH 6 pH 8 pH 6 pHS8
LU26S 73 74 6.38 7.48
Punjab-85 63 60 7.19 6.49
S x pH means pH6 pH 8
0 mol m?NaCl 78 79
100 mol m™NaCl 58 55
I
LSD values at p= 0.05
| Parameters v S pH V*S§ V*pH S*pH [V*S*pH
Length of m. stem |1.44 *** |1 44 *** NS 2.08 ** 1208 ** 1208 ** NS
|Weight (g)/plant NS 0.79 *** INS 115 ** 11.15* INS NS
. All values (V*S*pH) are means of eighteen observations.
. All values for variety, NaCl stress and pH means are averages of 72 observations.
dok ok

= significant at p<0.001; **

= significant at p<0.01; *

= significant at p<0.05
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Dry weight per plant (grain + straw) :

The effect of NaCl salinity on dry weight per plant was highly significant while it was non-
significant for variety and pH at final harvest (Table 7.20). All the interactions were non-
significant except variety x salinity and variety x pH interactions. A significant variety x salinity
interaction showed that decrease in dry weight was higher in the salt-sensitive variety Punjab-85
(91%) than the salt-tolerant variety LU26S (72%). At higher pH level, dry weight increased in
LU268S but decreased in the salt-sensitive variety Punjab-85.

Number of grains and weight of grains per plant :

The data for number of grains and weight of grains per plant are presented in Table 7.21.
Number of grains per plant was significantly lower in LU26S and at 100 mol m™ NaCl salinity.
The effects of pH and all the interactions were non-significant except variety x salinity. This
shows that at 0 mol m™ salinity, number of grains was significantly higher in Punjab-85 while at
100 mol m™ NaCl salinity, the differences were non-significant. Percentage decrease in the number
of grains per plant due to higher salinity was greater in the salt-sensitive variety Punjab-85 (81%)
than LU26S (74%).

The effect of variety and pH on the weight of grains per plant was non-significant while
the effect of salinity was highly significant (Table 7.21). Variety x salinity interaction was
significant (p<0.01) which indicated that varieties behaved differently at the two salinity levels.
At 0 mol m™ salinity, weight of grains was significantly higher in the salt-sensitive variety Punjab-
85 while at 100 mol m™ salinity, grain weight was higher in the salt-tolerant variety LU26S. The
decrease due to higher salinity was greater in Punjab-85 (90%) than the salt-tolerant variety
LU268 (79%). All the other interactions were non-significant.

The significant varietal differences for number of grains per plant but non-significant
varietal differences for weight of grains showed that the grains in salt sensitive variety Punjab-85

were of much smaller size.

Hundred grain weight :
Hundred grain weight was significantly different in both the varieties and at both the
salinity levels, the effect of pH being non-significant (Table 7.22). Variety x salinity interaction

was significant showing that decreases in 100 grain weight were greater in the salt-sensitive
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Table - 7.21: Effect of salinity and pH of the culture solution on total number of grains and weight
of grains per plant (g) in LU26S and Punjab-85 wheat varieties at final harvest.

I Total number grains/plant Weight of grains/plant
Treatments LU26S Punjab-85 LU26S Punjab-85
NaCl stress pH Meanéé + SE Meansg + SE Meansi + SE | Means + SE
omolm® | 60 | 112 | 106 | 185 i 172 | 385 | 037 | 525 | 037
omolm® | 80 | 141 | 113 | 172 | 141 | 450 | 037 | 485 | 035
100molm® | 60 | 32 | 116 | 38 | 225 | 084 | 006 | 058 | 005
( 100 mol m™ 8.0 33 ' 1.68 29 1.54 | 091 0.09 | 0.38 0.01
||Var|ety means ‘ :
LU26S 793 | .
Punjab-85 106.0 )
NaCl means :
0 mol m™ 153 461
100 mol m™ 329 0.68
V x S means Omolm>NaCl | 100 molm*NaCl | Omolm?*NaCl | 100 mol m?NaCl
LU26S 126 32 4.17 0.88
Punjab-85 179 33 5.05 0.48
L
LSD values at p= 0.05
Parameters A% S pH V*S V*pH | S*pH |V*S*pH
No. of grains 13.6 ¥** 113.6 *** INS 19.6 *** INS NS NS
Weight of grains(g) (NS 0.37 *** INS 0.53 ** NS NS NS
E All values (V*S*pH) are means of eighteen observations.
. All values for variety, NaCl stress and pH means are averages of 72 observations.
*** = significant at p<0.001
* %

= significant at p<0.01
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Table - 7.22: Effect of salinity and pH of the culture solution on 100 grain weight (g) and harvest
index (%) in LU26S and Punjab-85 wheat varieties at final harvest.

100 grain weight Harvest index
Treatments LU26S Punjab-85 LU26S Punjab-85
NaCl stress | pH | Means : +SE |Means| +SE |Means : +SE |Means: = SE J

Omolm® | 60 | 344 | 012 | 292 | 007 | 383 | 155 | 43.8 | 094
Omolm® | 80 | 325 012 | 287 | 008 | 381 | 164 | 432 | 091
100 mol m® | 60 | 265 | 016 | 154 010 | 282 | 115 | 249 | 114
100molm® | 80 | 273 017 | 138 008 | 286 174 | 222 | 080

Variety means

LU268 3.02 | 333 |

Punjab-85 218 | 335 |
NaCl means . . :
0 mol m™ 3.12 40.8
100 mol m™ 2.07 26.0
V x S'means 0Omol m*NaCl | 100 molm?*NaCl | 0molm?*NaCl | 100 mol m®NaCl
lLu26s 3.34 2.69 38.2 28.4
Punjab-85 2.90 1.46 43.5 23.6
i
LSD values at p= 0.05
Parameters \Y% S pH V*8 V*pH | S*pH |V*S*pH
100 grain weight [0.16 *** |0.16 *** |NS 0.24 *** INS NS NS
Harvest index (%) |NS 1.79 *** INS 2:53 *#¥* INS NS NS
. All values (V*S*pH) are means of eighteen observations.
- All values for variety, NaCl stress and pH means are averages of 72 observations.

*** = significant at p<0.001
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variety Punjab-85 (50%) than the salt-tolerant variety LU26S (20%). It was also evident that 100
grain weight at 0 mol m salinity level was significantly lower in Punjab-85 than LU26S. All the
other interactions were non-significant.

Significantly lower 100 grain weight in the salt sensitive variety Punjab-85, showed that
at higher salinity level, there was comparatively more hinderance for assimilate transfer to the

grains in this variety.

Harvest Index :

Harvest Index ((grain weight/grain+straw weight) x 100) is presented in Table 7.22. Effect
of salinity was highly significant while that of varieties and pH was non-significant. All the
interactions were non-significant except variety x salinity interaction. At 0 mol m™ salinity,
Punjab-85 (salt-sensitive variety) had higher harvest index, while at 100 mol m™ NaCl salinity, it
had significantly lower harvest index as compared to salt-tolerant variety LU26S. The decrease
in the harvest index caused by 100 mol m™ NaCl salinity over 0 mol m™ salinity was greater in
Punjab-85 (47%) than LU26S (26%).

74  DISCUSSION

Precipitation of salts in the nutrient solution was negligible in this study. pH of the nutrient
solutions kept at high pH were to be maintained daily due to drop in pH as described in Chapter
6 (section 6.1). To avoid excessive build up of K™ due to use of KOH for raising pH, and any
deficiency of nutrients (Guest and Chapman, 1944; Salisbury and Ross, 1991), nutrient solution
were changed after every week as was done by Leidi ef a/. (1991a) and in Chapter 6. In spite of
this, interveinal chlorosis on some younger leaves was noted in the plants kept at pH 8.0 which
is an early symptom of iron deficiency (Salisbury and Ross, 1991). Although manganese
deficiency is not common, its symptoms also resemble to those reported above for iron. Wheat
and barley are reported to suffer a reduction in growth at pH 8.5 and 9.0 respectively (Hewitt,
1966). In spite of the fact that Fe-EDDHA was used as source for Fe?* which has a better
availability under alkaline conditions (Nabhan e al. 1977, Chaney, 1988), and the higher pH level
was kept at 8.0, the plants in this treatment showed some chlorosis. This paleness and slight
chlorosis of leaves could be due to a decrease in chlorophyll concentration in the leaves of wheat
with increase in pH of the culture medium as reported by Leidi ez al. (1991a). Pale colour of the
leaves could also be due to disturbance in nitrogen nutrition at high pH (Leidi ef al. 1991b).
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High NaCl salinity and high pH of the nutrient solution affected various gas exchange
parameters, agronomic characters and ion contents of the cell sap as well as dry matter to variable

extent. These are discussed separately in the following paragraphs.

Gas Exchange Parameters:

High salinity decreased Pn in both the varieties (Table - 7.1). The decrease in the salt-
tolerant variety LU26S was 23% while 36% decrease was noted in salt sensitive variety Punjab-
85. Effect of high pH was not consistent. Generally, neither salinity nor pH affected g , E and
Tl. However, Ci was significantly increased at high salinity and high pH. This indicates that the
decrease in Pn was less due to reduced g, and seemed to be non-stomatal in origin (Bethke and
Drew, 1992). The inhibition in Pn seemed to be due to the presence of some internal resistance
in the plants grown at high NaCl concentration. The sodic soils which have exchangeable sodium
percentage (ESP) greater than 15, normally have an alkaline pH which is more than 8.5
(Richards, 1969). Khan (1996) reported a non-significant decrease in Pn in plants grown in soils
with high ESP.

Leidi et al. (1991b) found that in NH, fed plants, E increased with an increase in
pH of the nutrient solution and decreased with NaCl concentration. This effect of high pH was
not visible in this study.

Leidi et al. (1991b) reported a decrease in chlorophyll concentration in the leaves of
wheat with increase in pH of the culture medium containing NaCl. Decrease in chlorophyll
contents of the leaves (Salama ef al. 1994) might have been responsible for a slight and non-
significant decrease in Pn at high pH in this study. In the experiment reported in Chapter 6,
however a significant decrease in Pn was noted at pH 8.5.

Decrease in Pn due to NaCl salinity was lesser in magnitude as compared to that reported
in Chapter 6 in SARC-1. The effect of high pH was also not observed in this study. This could
have been due to a lower pH level used in this case (pH 8.0) as against 8.5 in the previous
experiment. Another reason could be the differences in the duration of stress at the date of Pn
measurements, which was about three weeks in this study as against four weeks in the previous
experiment.

The effect of salinity on Pn was significantly greater in Punjab-85 than LU26S which could

be a reason for its better salt tolerance.
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Growth Analysis:

Leaf area and number of tillers were decreased significantly by 100 mol m™ salinity in both
the varieties while high pH had no significant effect (Table - 7.4). The percentage decrease in leaf
area and number of tillers due to high salinity was comparatively greater in Punjab-85 than in
LU26S. There was a similar decrease in fresh and dry weight per plant at 100 mol m™ salinity
while there was no effect of high pH. Dry weight of root was decreased due to high salinity and
high pH and the decrease was greater in the salt-sensitive variety Punjab-85. Devitt et al. (1984)
reported a decrease in wheat root weight in response to an increase in osmotic potential of the
nutrient solution. Tang and Robson (1993) reported a reduction in the growth of roots and shoots
in Lupinus species with increasing pH of hydroponic culture medium above 6.0, which resulted
in decreased uptake of Fe’" and phosphorus. A substantial decrease in growth of rice tops and
roots at pH 8.5 was also reported by Alam (1981).

Specific leaf area was decreased by salinity but not by high pH (Table 7.6). Ratio of fresh
weight/dry weight and shoot/root were significantly decreased by salinity stress (Table -7.7).
Effect of pH was noted on shoot/root ratio only. It could be judged that basically small specific
leaf area and secondly lower Na" contents of the leaf blades was related to the salt tolerance of
wheat. In comparison to effects of salinity and high pH on Pn, variety x salinity interaction was
significant for most of the growth analysis data and the injurious effect of salinity was greater in
salt-sensitive variety Punjab-85. Comparatively high Na” and CI" contents and lower K*/Na" ratio
at high salinity levels, seem to be responsible for decreased leaf area, number of tillers and in some
other growth parameters in the salt-sensitive variety Punjab-85 than LU26S. Super imposed high
pH caused a negative influence on Na* and Cl" which was more evident in Punjab-85. Decrease
in K™ was greater in LU26S than in Punjab-86.

As reported by other workers (Wyn Jones and Gorham, 1989; Lauchli and Epstein, 1990,
Shalhevet et al. 1995), salinity reduced growth of the wheat plants through its effect on the
shoot and root growth, decrease in leaf area, number and length of tillers and dry matter
accumulation. The effects of salinity are influenced by changes in the plant's water status
particularly that of the leaf. An increase in root zone salinity would intensify this effect by
lowering the overall plant water status. It has also been reported that water deficit in the
expanding tissues was responsible for decreased plant growth (Delane ef al. 1982; Munns ef al.
1982). With increase in age and build up of the salt concentration, other symptoms of salt injury
may appear. The specific effects of salinity on leaf and other growth parameters under saline
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conditions could be due to excessive transport of Na* and CI" and decreased uptake of K*, Ca?",
Mg*, NO; or SO, ions. Termaat and Munns (1986) also reported similar results. However, the
lesser effect of salinity on cell sap K* in Punjab-85 and greater effect on growth, do not agree with
the above findings. The adverse effects of salinity may be further aggravated at high pH of the
growth medium (Srivastava, 1988; Leidi ef al. 1991a, b). In this study however, the injurious
effect of high salinity in combination with high pH was not observed on the majority of the yield

determining components.

Ion Composition of Cell Sap:

High pH had little effect on Na" and CI contents of the cell sap in either of the varieties
but 100 mol m™ NaCl salinity caused a very high increase (Table - 7.9). Na” and CI contents of
the salt-sensitive variety Punjab-85 were significantly greater than the salt-tolerant variety LU26S.
Enhanced Na“ accumulation was noted under the combined effect of high salinity and high pH.
Wheat cultivars resistant to salinity and/or sodicity of soil were reported to maintain a lower
concentration of Na" and higher concentration of K* and K*/Na* ratio than the sensitive cultivars
(Sharma, 1991). An increase in the uptake of CI" at high pH level of the nutrient solution has been
reported by many workers (e.g. Findenegg ef al. 1989). Padole (1991) reported a reduction in
uptake of N, P, K', Ca*', Mg*, Zn*", Mn*, Cu** and Fe*' by salinity and/or sodicity in wheat.

About 42% and 30% decrease in K contents was recorded in LU26S at pH 6.0 and pH
8.0 respectively. At both the salinity levels, an increase in K* was noted at high pH in LU26S.
This effect was also visible in Punjab-85 at pH 6.0. Higher K* contents at high pH, might be due
to high K" contents of the nutrient solution at high pH due to the addition of KOH used to raise
the pH of the nutrient solution. In Punjab-85, there was no effect of 100 mol m® NaCl on K*
contents at pH 6.0 but about 15% decrease was noted at pH 8.0. The salt-sensitive variety was
unable to maintain its K* level. This is opposite to the results reported in Chapter 6 (section 6.3.3)
where K" contents were lower at high pH at both the levels of NaCl salinity. The trend in Punjab-
85 was similar to that in LU26S at low salinity (S,) and pH, but at high salinity and high pH, K*
contents decreased significantly in Punjab-85 but not in LU26S.

Reduced K" uptake has been often reported in wheat plants growing in solution culture
containing NaCl (Munns and Termaat, 1986; Igbal, 1992; Watanabe et al. 1992; Gorham, 1994).
Similar results of high NaCl concentration and high pH on K* uptake were also reported by Leidi
et al. (1991a) in wheat and Alam (1981) in rice.
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K'/Na" ratio was decreased by NaCl salinity in both the varieties but high pH did not affect
it significantly (Table - 7.11). Decrease in K*/Na™ ratio in the leaf cell sap of wheat genotypes
grown in culture medium containing NaCl was reported also by Khan (1996). Salt-tolerant variety
LU26S had higher K'/Na" ratio than the salt-sensitive variety Punjab-85 in the absence of NaCl
salinity while the differences were negligible at 100 mol m™ NaCl salinity. Higher K*/Na* ratio in
the salt-tolerant variety than the salt-sensitive variety was also reported by Sharma (1991). Better
tolerance to 100 mol m® NaCl salinity in leaves of LU26S, may be a result of better
compartmentation of Na’, CI" and K" between different tissues or between different compartments
within cells (Gorham et al. 1990).

The increase in the Na'/Ca*" ratio in the solution by added NaCl may have increased the
permeability of the root membranes to Na* and CI" due to a loss in root selectivity (Greenway and
Munns, 1980) which might have raised these ions in the cell sap. An increase in Na" and CI
contents at high NaCl concentration and high pH of the nutrient solution was also reported by
Leidi ef al. (1991a). Yasin (1991) reported an increase in leaf Na* and a decrease in K contents
with increasing Na™ and ESP of the soil. Sharma (1991) compared different wheat varieties at
different ESP levels and found that plant Na® concentration was greater in the sensitive variety
HD4502 than in the tolerant variety Kharchia-65. At pH 9.4 and 9.6, Na* concentration in the
leaves of salt-sensitive variety HD4502 was greater than 2% while in Kharchia-65, all leaves had
less than 2% Na".

Ca® and Mg® were greatly decreased in both the varieties at high salinity which caused
a decrease of about 77% and 69% in LU26S at low and high pH respectively (Table - 7.10). In
Punjab-85 corresponding decreases were 78% and 77% respectively. Thus the percentage
decreases in Ca*" were almost similar in both the varieties. Decreases in Mg** due to salinity in
LU26S were about 44% at both the pH levels while the corresponding decreases in Punjab-85
were 58% and 53% at low and high pH respectively. There was a tendency for maintaining higher
levels of Ca* and Mg®* in LU26S than the salt-sensitive variety Punjab-85 at both stress levels.

In the pooled data for cell sap ions, there were significant negative correlations between
Na" and Ca* (r=-0.914), Na'and Mg?* (r = -0.728), Ca** and CI' (r =-0.908), Na* and K*'
(r = - 0.583) and significant positive correlation between Na* and CI' (r = 0.983). All these
correlations were significant at 1% level of significance. However this data must be treated with
caution as it includes only two salinity levels. Further experiments testing salinity levels over the
range 0 - 200 mol m™ NaCl are required to substantiate these findings. Within each salinity levels,

the r values were low and non-significant.
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It has been reported that Na" displaces Ca*" at root membranes (Cramer et al. 1985) which
might be a cause for decreased Ca*" in the leaf cell sap of the NaCl treated plants. The trend for
Ca® contents in this study at high pH in the absence of NaCl salinity are in agreement to those
of Leidi ez al. (1991a) who reported that concentration of Ca®" in the shoots of wheat decreased
with increasing pH of the growth medium containing nitrate as a source of nitrogen.
Contradictory results were reported by Alam ( 1991) who reported an increase in Ca** and Mg**

uptake with increasing pH in tops and roots of rice plants.

lon Contents in Dry Plant Material:

Generally, the trends in Na” and K" contents in the dry matter were nearly the same as
found in cell sap. Trend for K* contents were nearly the same in LU26S, but quite different in
Punjab-85 (Table-7.12) in which decreases caused by salinity were greater than those found in
cell sap. This could be due to a different pattern of K™ accumulation in different plant parts in this
variety. Ca® and Mg*" contents were reduced by NaCl salinity in both the varieties. High pH also
significantly decreased Ca** contents in both the varieties, while in cell sap, Mg>* contents
increased at high pH in LU26S, but decreased in Punjab-85 at 0 mol m™ NaCl. CI contents
significantly increased by NaCl salinity in both the varieties but there was little effect of high pH.

High salinity caused a significant decrease in Zn**, Fe** and Mn®" contents. Zn** contents
were significantly decreased at high pH in both the varieties (Tables 7.15 & 7.16). At pH 6.0,
salinity caused a 14% and 21 % decrease in Zn** in LU26S and Punjab-85 respectively while
corresponding decreases at pH 8.0 were 27% and 7% respectively. Fe?* decreased in LU26S at
high salinity and high pH and the percentage decreases at pH 6.0 and pH 8.0 due to salinity were
19% and 23% respectively. In Punjab-85, the trend was not consistent. Salinity x pH interaction
was significant. At low salinity, pH 8.0 caused a decrease in Mn*" while at high salinity the trend
was reversed. At pH 6.0, salinity caused a 39% and 49 % decrease in Mn?>* in LU26S and
Punjab-85 respectively while corresponding decreases at pH 8.0 were 18% and 30% respectively.
Hence percentage decrease was greater in the salt-sensitive variety Punjab-85 and were greater
at low pH in both the varieties. Soil pH has been reported to be an important factor influencing
the growth of most field crops and pastures (Christenson ef al. 1971). The effect of soil pH is
associated with changes in the solubility and availability of plant nutrients.

In spite of the fact that Zn*", Mn** and Fe* were above the adequate limits reported by
Salisbury and Ross (1991), even then the pale green colour of the leaves of plants growing at pH
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8.0 gave an indication of some Fe’* deficiency as has also been reported by Padole (1991) and
Srivastava and Srivastava (1993). The pale green colour of the leaves could also be due to
possible nitrogen deficiency caused by high pH of the growing medium as proposed by Tang and
Robson (1993).

Final Yield Data:

Salinity resulted in a significant decrease in grain weight per plant in both the varieties but
the decrease was larger in the salt-sensitive variety Punjab-85 than the salt-tolerant variety LU26S
(Table - 7.21). In the absence of NaCl salinity, grain weight per plant was greater in Punjab-85
while at 100 mol m?, LU26S gave larger grain weight. There was no effect of pH on grain
weight. Salinity x pH and variety x pH interactions were non-significant i.e. the effects of salinity
and pH were the same for salt-tolerant and salt-sensitive varieties. Salinity decreased the grain
yield in both the varieties due to its effects on ears, number of grains and size of grains. Smaller
and fewer ears, fewer grains per ear and smaller grains at 100 mol m™ than at 0 mol m™ NaCl
were responsible for decreased yield. LU26S had fewer grains per plant due to fewer fertile
spikelets per ear as compared to Punjab-85 (Table - 7.18), but had larger grains as shown by
greater 100 grain weight (Table - 7.22). In spite of lower number of grains in LU26S at high
salinity (Table - 7.21), its grain weight per plant was higher than Punjab-85 possibly due to salinity
induced enhanced translocation of assimilates from the flag leaves to developing grains (Leidi and
Lips, 1990). Decrease in the number of grains in wheat genotypes at high NaCl salinity was also
reported by Khan (1996). In a pot experiment, Padole (1991) irrigated wheat with highly saline
sodic waters and noted a significant decrease in yield. It was also reported that combined effect
of salinity and sodicity were greater than salinity alone. Grain and straw yields were also
decreased at an ESP of 38.5 (3.6 dS m™ salinity) and an ESP of 56.4 (4.45 dS m™ salinity).

Harvest index was significantly decreased at 100 mol m™ NaCl salinity and the effect was
more in the salt-sensitive variety Punjab-85 (Table - 7.22). Harmful effect of 100 mol m* salinity
in combination with high pH was significantly more injurious in Punjab-85. Effect of high pH was
not visible in the salt-tolerant variety LU26S. Khan (1996) found a greater harvest index in salt-
tolerant genotype of wheat and reported a significant decrease at high ESP of soil.
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7.5  CONCLUSIONS

NaCl salinity caused a decrease in Pn but there was little effect of high pH in the absence
of NaCl stress. Pn was greater in LU26S which might be a reason for its better salt tolerance.
During the vegetative phase, salinity at 100 mol m® NaCl caused a significant decrease in most
of the growth parameters while there was no effect of high pH.

At maturity, high salinity reduced all the growth and yield parameters. High pH had little
effect on other parameters and yield components. At high salinity, LU26S was able to maintain
a higher leaf area per plant during vegetative phase, total green leaf area at 60 DAS, total fresh
and dry weight/plant which could be a reason for its better salt tolerance.

High salinity caused an increase in Na” and CI', and a decrease in K", Ca®*, Mg®>*, K'/Na"
ratio, Zn®>", Fe*" and Mn** . High pH induced an increase in Na" , K, CI', K'/Na* and a decrease
in Zn**, Fe*" and Mn*". LU26S was found high in Ca®*, Mg®*, K"/Na" ratio in cell sap as well as
dry matter; and Zn**, Mn**. Lower K*/Na" and high accumulation of Na" and CI in Punjab-85
could be the reason for its salt sensitivity which caused greater sterility and reduced its per plant
yield. Generally, weight of grains per plant and 100 grain weight was greater in LU26S. Better
grain yield of LU268S at 100 mol m™ NaCl salinity was due to higher 100 grain weight and not

due to higher number of grains per plant.
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CHAPTER 8

GENERAL DISCUSSION

It is difficult to conduct replicated field experiments in salt affected soils under
standardized conditions due to soil heterogeneity. Hence most of the research work is being
conducted using hydroponic culture methods in glass house or growth rooms. NaCl alone or a
mixture of salts are generally used for creating salt stress in these studies. Considerably less
research has been conducted on the combined problems of salinity and sodicity in the field as well
as green house. Hence the research reported in this thesis, broadly addressed these two areas i.e.
1. Comparison of responses of wheat to saline and sodic soil conditions.

2 Comparison of growth and performance of wheat under field conditions (saline and sodic

soil) and solution culture conditions (acidic and alkaline pH).

Experiments at Pindi Bhattian (saline soil conditions) and Sadhuke (sodic soil conditions)
in Pakistan and glasshouse and growth room experiments in the University of Wales, Bangor, UK
did not include all the same varieties. All the wheat varieties sown in the sodic soil (section
4.2.1.1, pages 54-55) could not be sown under the saline conditions (section 3.2.1.1, page 35) due
to problems regarding seed availability. Similarly all the varieties included in Experiment 1
(section 2.2.1, page 12) could not be included in other experiments in solution culture (Chapter
5, 6 and 7) due to other limitations. The wheat varieties included in different experiments along
with their respective growth media are presented in Table - 8.1.

Experiment 1 (Chapter 2) showed that different growth parameters and yield components
decreased with an increase in salt stress. Decreases in these parameters by salt stress have been
reported by other research workers (Dale, 1982; Munns and Termaat, 1986; Neumann ef al.
1988; Ashraf and McNeilly, 1991; Pessarakli ef al. 1991; Kalaji and Nalborczyk, 1991; Mahmood
and Quarrie, 1993; Francois ef al. 1994). Decreases in leaf area and dry weight were consistently
associated with a decrease in grain weight as is evident from values of linear correlation for
pooled data of all varieties (Table - 2.11). Decrease in weight of grains per spike by salinity was
also related with a decrease in RGR. SARC-1 variety having highest RGR at 150 mol m™ NaCl
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Table 8.1: List of wheat varieties included in different experiments reported in the thesis and the
respective medium of growth

—
No. of experiments —> 1 2 3 4 5 6
No. of chapters — 2 3 4 5 6 7
Growth medium — Solution | Saline Sodic Solution | Solution | Solution
culture | soil soil culture | culture | culture
(UK) Pakistan | Pakistan | (UK) (UK) (UK)
SARC-1 v v v - v -
SARC-2 - v v - - -
SARC-3 - v v - - -
SARC-4 - v v - - -
LU26S - v v v - v
Punjab-85 v v v v - v
Pato = = 7 4 - - =
7-Cerros - - 4 - - -
PAK-81 v - v - - -
Kharchia-65 v = v " - -

Note : The varieties having a tick (v') were included in the respective experiments while those
with a (-) sign were not included.
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gave the highest grain weight per spike and Punjab-85 had the lowest grain weight which was
associated with the lowest RGR (Table 2.9, page 26). Comparatively better yield and salt
tolerance of Kharchia-65 and SARC-1 seemed to be due to their ability to maintain higher leaf
area and dry weight under salt stress. Punjab-85 seemed to be an excellent variety for non-saline
conditions. The causes of'its salt sensitivity appeared to be due to harmful effects of salts on leaf
area (Table 2.1, pages 17-18), dry weight (Table 2.2, page 20) and RGR (Table 2.9, page 26).
Salt tolerance of Kharchia-65 has been attributed to maintenance of higher leaf area under saline
or alkaline conditions (Srivastava ef al. 1988; Gupta and Srivastava, 1989). In this study, high
grain weight per spike (Table 2.10, page 27) was not consistently associated with either greater
number of grains per spike or heavier grains. Deleterious effects of NaCl stress could be due to
an excessive accumulation of toxic ions i.e. Na* and CI' in cell sap or the plant tissues (Gorham
et al. 1990, Omielan ef al. 1991) or due to decrease in water potential (Richards, 1969).
Availability of water to plants is a big problem in saline soil conditions. Plants are not able to use
a large portion of soil moisture in the saline soil that is normally available under non-saline soil
conditions. This implies that the responses to salt stress might be different in solution culture
studies as compared to saline field conditions (Richards, 1992). Hence experiments were planned
in Pakistan under actual saline and sodic field conditions to compare the results obtained under

greenhouse conditions and to study the uptake of toxic ions by different wheat varieties.

Comparison between saline soil and solution culture conditions:

Experiment 2 (Chapter 3) on a saline soil characterized by a medium to high salinity during
the growth period had soluble salts ranging from 97 mol m® (9.7 dS m™) to 127 mol m™ (12.7
dS m"), according to the conversion proposed by Richards (1969), which almost corresponded
to 100 mol m™® and 150 mol m™ in the solution culture experiments (Chapters 2, 5, 6 & 7). The
dominant salt was NaCl. Highest grain weight per spike was found in the salt-tolerant variety
LU26S and the lowest in the salt-sensitive variety Punjab-85. There were non-significant
differences in leaf area between the varieties at both the sites (normal and saline) hence
contribution of leaf area towards better performance of LU26S or poor performance of Punjab-85
is not clear. There was however a very close relationship of Na" contents and K*/Na® ratios in flag
leaves with the grain yield in LU26S. This salt-tolerant variety had the lowest Na* contents and
the highest K'/Na" ratio as opposed to the salt-sensitive variety which had the highest Na*
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contents and lowest K'/Na' ratio. However, when the data for all varieties were included, the
correlations were non-significant. Maintenance of low internal Na* and high K* and K*/Na" ratio
has been quoted as a mechanism of salt tolerance in wheat by different authors (Shannon, 1978;
Sharma, 1991; Qadar, 1993). There was a close relationship of dry weight of main shoots with
the grain weight per spike.

There was a close relationship of total leaf area with the grain weight in the solution
culture and saline soil experiments. However, in Experiment 1, total leaf area per plant was
recorded (Table - 2.1, page 17) while in saline soil, only flag leaf area was recorded (Table - 3.2,
page 42). Percentage decreases in different yield parameters were calculated for two wheat
varieties (SARC-1 and Punjab-85) grown under the two systems i.e. saline solution culture and
saline soil (Table - 8.2, page 187). The effects of salinity under saline soil conditions were less
severe than under greenhouse conditions for most of the growth parameters especially in SARC-1
e.g. leaf area, number of tillers, weight of grains per ear and 100 grain weight. However, all the
parameters were not affected in the same way and the responses of salt-sensitive variety Punjab-
85 were different from those observed for salt-tolerant variety SARC-1. This might be due to
fluctuating salinity as a result of irrigations with good quality water in this light textured soil, and
some rainfall, and hence subsequent leaching of excessive salts beyond the root zone. Fluctuating
salinity has been reported to be less injurious to wheat as compared to the continuous salinity
under solution culture (Igbal, 1992; Francois ef al. 1994). 1t is difficult to compare soil and -
solution culture by this methodology because the soil had large amounts of Ca>*, while in the
solution culture experiment no additional Ca®* was added except that present in Phostrogen. Ca**
is known to decrease the damaging effect of Na* in plants (Ehret ef al. 1990). There were also
major environmental differences between the saline site in Pakistan and the greenhouse in
Bangor, UK which might be responsible for this differential response. However, in this respect
one might have expected comparatively greater effects of salinity in Pakistan, as a result of hotter,
drier conditions favouring rapid transpiration and greater salt uptake. Ahsan (1996) also recorded
lower grain weight per plant in wheat under saline solution culture conditions than under saline
soil conditions and attributed this to increase in temperature of the greenhouse during grain filling
stage.

At 150 mol m™ salinity in solution culture, decrease in grain weight per spike (Table 2.10,
page 27) ranged between 40% and 65% in different varieties while in saline soil (97 to 127 mol
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m? salinity stress), the decrease in grain weight per main spike ranged between 13% and 52%
(Table 3.8, page 47). Due to problems of seed availability, Kharchia-65 and PAK-81 which were
sown in solution culture (Experiment 1), could not be sown in saline soil in Pakistan. Hence
LU26S (local salt-tolerant variety) along with some other varieties were sown in the saline soil.
The decrease in grain weight in the most salt tolerant variety Kharchia-65 in solution culture was
65% while in saline soil the salt-tolerant variety LU268S suffered 14% decrease in grain weight.
The decreases in grain weight in SARC-1 and Punjab-85 in saline solution culture were 40% and
57% respectively while in saline soil the corresponding decreases were 22% and 47%
respectively. This differential response in these two varieties shows that decreases in grain weight
in both the experiments were less severe in the saline soil but the percentage decreases followed
the same trend in both of these studies. This suggests that the results obtained in solution culture
experiments might be helpful for predicting their behaviour in saline field conditions but the
relative performance may be different due to environmental conditions. Although absolute grain
weight of salt-tolerant variety Kharchia-65 was greater than PAK-81 and Punjab-85, the
percentage decreases in grain weight per spike, number of grains per spike and 100 grain weight
were greater in this variety than in all the other varieties.

In the solution culture experiment, 150 mol m™ NaCl caused decreases in dry weight of
main shoots in SARC-1 and Punjab-85 of 65% and 68% (at 60 DAS) respectively. Decreases
in grain weight (Table - 8.2) were comparatively less severe (40% and 57% respectively). In
saline soil also, effects of salt stress on SARC-1 and Punjab-85 were more severe on dry weight
of shoots (35% and 55% respectively) than its effects on grain weight (22% and 47%
respectively). This suggests that the effects of salinity on vegetative growth were greater than
effects on reproductive growth.

In saline solution culture and saline soil, SARC-1 gave better grain weight than Punjab-
85. At 150 mol m™ NaCl stress in solution culture, SARC-1 gave 35% more grain weight than
Punjab-85 while in the saline soil the corresponding increase in SARC-1 was 32%.

High K*/Na" ratios are usually associated with better salt tolerance in wheat (Kemal-ur-
Rahim, 1988; Omielan ef al. 1991; Sharma, 1991, Igbal, 1992; Maliwal and Sutaria, 1992; Ahsan,
1996; Khan, 1996). In Experiment 1, K" and Na" were not measured but in other experiments
conducted in solution culture (Experiments 4 and 6), high K'/Na" ratios were not associated

with better salt tolerance except in older leaves in Experiment 4. This might be due to the fact
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Table - 8.2: Percentage decreases relative to control in different growth parameters by salinity
stress in solution culture (Experiment 1, Chapter 2), and saline soil (Experiment 2, Chapter 3)

Parameters Solution culture Saline soil
SARC-1 Punjab-85 SARC-1 Punjab-85

Leaf area 74 68 54 50
Weight of main shoots 65 68 35 55
Weight of ears 39 34 29 46
Number of tillers/plant 50 39 40 49
Number of ears/plant 46 50 43 58
Weight of grains/ear 40 57 22 47
100 grain weight 23 40 1 11

Note-1: In solution culture, decreases were calculated at 150 mol m™ NaCl over control (0 mol
m™ NaCl) at 60 DAS.

Note-2: In saline solution culture, total leaf area/plant at 60 was used for these calculations, while
in saline soil, flag leaf area was used.
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that in solution culture experiments (4 & 6), salt stress levels were lower than in the saline soil in
the field. Another possible reason could be the duration of exposure to salinity which was

considerably greater in saline soil than in saline solution culture.

Comparison between sodic field conditions with alkaline solution culture conditions:

The sodic soil was characterized by a low salinity and high pH and high ESP. The soil was
dispersed due to high ESP. Porosity and hydraulic conductivity were not measured but were likely
to be very low. The concentration of soluble salts at the sodic site was about 31 to 40 mol m™
during the tenure of the experiment, the dominant salt being NaCl. ESP of the soil was higher than
15, pH was more than 8.5 and it was classed as 'sodic' (Richards, 1969).

Although it is difficult and perhaps rather inappropriate to make comparisons for different
parameters in between these two systems, due to differences in EC, and pH, apart from
differences in growing medium, the effects of the growing conditions on percentage decreases or
increases for different parameters are presented in Table - 8.3 (page 189). These comparisons
have been made only for two varieties i.e. LU26S (salt-tolerant) and Punjab-85 (salt-sensitive).
There were very large decreases in different parameters in the sodic soil; accompanied with a large
increase in Na" contents which was comparatively greater in Punjab-85. Compared with the
'SppHy' 1n solution culture (e.g. Tables 7.1, page 142 & 7.4, page 146), the deleterious effects of
salt stress were very severe in the sodic soil. However, the effects were more severe in solution
culture at 'S;,,pHy'. Severe effects under sodic soil conditions might be due to poor growing
conditions caused by poor soil structure, owing to high ESP (Richards, 1969). Although wheat
has been classified as tolerant to ESP of the sodic soil in the range of 40 - 60 (Bresler ef al. 1982),
large decreases in different growth parameters were noted in this experiment (e.g. Tables 4.2,
page 62 & 4.3, page 63) at about 20 ESP due to very poor physical conditions of the soil. Greater
decreases in different parameters at 'Sy, pHy' were possibly due to combined effect of high
salinity and alkaline conditions (Padole, 1991; Sharma, 1991). The adverse effect of high ESP on
the yield and other parameters have also been reported by different workers (Singh ef al. 1990;
Yasin, 1991; Khan, 1996).

Apart from high ESP, there was about 31 to 112% more soluble Na* in sodic soil than the
normal site while the associated decreases in grain weight were 34% and 37% in LU26S and

Punjab-85 respectively. The flag leaves of LU26S had considerably lower Na* content (about
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Table - 8.3: Comparison of percentage increases (+) or decreases (-) in different parameters due
to sodicity (high pH) at sodic soil in field and alkaline solution culture in the glasshouse.

" Parameters Sodic soil Alkaline solution culture
" LU26S |Punjab-85 LU26S Punjab-86
SopHy | S0 pHy SopHy | Sig0 pHg

Leaf area -52 - 60 -2 - 54 +3 - 67
Pn -6 * -5 - 28 -9 -27

| Main shoot weight -52 -54 +20 - 68 -7 - 85
Total tiller number -44 - 36 -9 -22 +21 - 36
Total spike number -50 - 44 +322 - 47 -1 - 64
Na’ dry matter +4650 |+ 5549 +:5 + 1300 +35 +1216
K" dry matter -21 - 24 42 -29 +4 - 28

| K'/Na" dry matter - 98 -99 -4 -95 +1 -95
Number of grains -18 -23 + 26 -71 +F - 84
Weight of grains - 34 -37 +17 -76 -8 - 93
100 grain weight -23 -22 -6 -21 -2 - 53

Note 1: In sodic soil, flag leaf area while in solution culture total leaf area was used for
calculating percentages.

Note 2: Na', K" and K'/Na" ratio are from dry flag leaves from experiment in sodic soil; and dry
matter at 38 DAS from experiment in alkaline solution culture.

Note 3: In the experiment conducted in solution culture, percentage decreases or increases were
calculated in treatment 'S, o, pHy' as compared to the treatment ' S, pH,'.

* : Data not recorded.
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27%) than Punjab-85 and gave about 10% more grain weight per spike which indicates its better
tolerance to sodicity than Punjab-85. Decrease in K'/Na" ratio in flag leaves of both LU26S and
Punjab-85 was about 98% as compared to the normal soil, but LU26S gave about 10% more
grain weight than Punjab-85 as reported above.

In Experiment 6, the increases in Na” and decrease in K* contents (in both cell sap and
dry matter) were associated with decrease in grain weight in both the varieties. About
8500% increase in Na” was noted in 'S;y, pHj' treatment in cell sap (1300% in dry matter) as
compared to 'SjpHy' in LU26S which caused about 76% decrease in grain weight. The
corresponding decrease in salt-sensitive variety Punjab-85 was about 93% which was caused by
about 9000% increase in Na in cell sap as compared to 'S;pH,' . Greater decrease in grain weight
in this experiment than sodic soil was due to combined effect of high salinity, high pH and high

Na" contents in the plants.

Comparison between saline and sodic field conditions:

The saline soil was characterized by the presence of high concentrations of soluble salts
(Table 3.1, page 38). The EC, of the saline soil was 12.7 dS m™ at the time of sowing and 15.8
dS m™ at the time of harvest. It was comparatively lower at booting. ESP and pH were less than
15 and 8.5 respectively. The soil was sandy loam, flocculated with no permeability problem. The
sodic soil on the other hand had an EC, ranging from 3.1 - 4.0 dS m™ while the ESP and pH
ranged from 19.1 - 22.2 and 8.7 - 9.7 respectively (Table - 4.1, page 56). Due to high amounts
of exchangeable Na" these soils are dispersed and lose their flocculation, with little permeability
to water and air (Richards, 1969). The plants responded differently to these different physical and
chemical characteristics of the soil. The main differences observed in wheat plants on these two
types of soils are as follows:

K*/Na™ ratio was lower under sodic conditions than under saline soil conditions. The
leaves had greater Na" and lower K™ contents under sodic soil conditions than under saline soil
conditions. Increasing ESP of the soil results in decreased accumulation of Ca*, Mg®", and K*
in plants (Richards, 1969). Contribution of flag leaves to daily production rates is about 50-60%
(de Vos, 1979; Thorne, 1982) and a large variation of about 25% in Pn rates in flag leaves of
different wheat varieties has been reported by different researchers (e.g. Dantuma, 1973). In

Punjab-85, flag leaf area was decreased more in sodic soil (60%) than in saline soil (50%), while
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the difference was not so significant in LU26S. Total number of tillers and spikes decreased more
in sodic than saline soil. Excessive Na" in the soil might have exerted important secondary effects
on plant growth through adverse structural modifications of the soil (Richards, 1969). Punjab-85
had heavier spikes and greater grain weight in the sodic soil than in the saline soil. In LU26S, the
trend was reverse of Punjab-85. This shows that the better tolerance of Punjab-85 to sodicity
rather than salinity was mainly due to maintaining higher number of grains per spike. Number of
tillers were also significantly lower in the sodic soil as compared to the saline soil, possibly due
to the dense nature of the soil which might have inhibited tillering. Singh and Rana (1985) studied
genetic variability in different wheat varieties on a sodic soil using specially designed concrete
blocks and reported that grain yield was positively and significantly correlated with K* contents
in the leaves while there was a significantly negative association with the Na* contents. They
further argued that Na" and K" contents in the leaves at the tillering growth phase may be used
as a reliable criteria for predicting the grain yield of wheat grown in sodic soils.

The varieties which performed better under saline soil conditions did not necessarily do
so under sodic soil conditions. In saline soil, LU26S, SARC-2 and SARC-4 gave higher grain
weight than the other varieties while SARC-3 and Punjab-85 gave the lowest grain weight (Table
3.8, page 47). In contrast to this, LU26S, SARC-4 and Punjab-85 gave the highest grain weight
per spike in sodic soil while SARC-1 gave the lowest grain weight and proved sensitive to sodicity
(Table 4.11, page 73). From this, it can be concluded that the varieties bred and selected for saline

environments will not necessarily do well in predominantly sodic environments and vice versa.

Comparison between high and low pH in solution culture:

pH of the nutrient solution altered the effects of salinity especially in Experiment 5
(Chapter 6). The results from Experiment 5 (Chapter 6) furnish some indication that the effects
of 100 mol m™ NaCl salinity on gas exchange, growth and uptake of toxic ions were greater at
high pH (pH 8.5) than at low pH (pH 5.8). Percentage decreases in root and shoot weight, leaf
area due to salinity were greater at high pH than at low pH. Increases in concentrations of toxic
ions were also greater at high pH than at low pH. The harmful effects of high pH in combination
with high salinity might be due to effects on gas exchange or due to decrease in nitrogen
concentration as suggested by Tang and Robson (1993). A salt-tolerant variety SARC-1 was used
in this experiment. These results need to be verified on the basis of further research.

Generally the combined effect of high salinity and high pH was more harmful and severe
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than high salinity or high pH alone in Experiment 5. These adverse effects were conspicuous on
different gas exchange parameters (Pn, g, and E), growth parameters (number of tillers, leaf area,
dry weight), ion uptake (Na’, K" and CI'). These effects were comparatively less severe and non-
significant on gas exchange parameters, number of tillers per plant, total leaf area and dry weight
per plant at pH 8.0 in Experiment 6 (Chapter 7). The reasons for these differences in response
between Experiments 5 and 6, are unclear, and are discussed in the next section. The contents of
Na" and CI' in the leaves were significantly increased while Zn** and Mn®* were decreased. There
was no significant decrease in Fe*" uptake at high pH (Table 7.15, page 163) which is contrary
to the results obtained by Leidi ez al. (1991a), and interveinal chlorosis noted in the wheat plants
in Experiment 6. ~

The results of the field experiments on saline and sodic soils indicated that plants took up
more Na” and comparatively less K” in the sodic soil (pH > 8.5) than those in the saline soil (pH
<8.5). Although soil pH was in the alkaline range in both these experiments, the adverse effects
were more severe in the sodic soil which had a higher pH. However, these severe effects might
also be partly due to high ESP in this sodic soil having degraded soil structure (Richards, 1969,
Muhammed, 1993).

On the basis of the preceding experimental results and ensuing discussion, it is evident that
the varieties performing better under saline environments may not do so under sodic conditions.
Hence it can be suggested that for selecting and breeding varieties for sodic soils, the testing
needs preferably to be done under alkaline solution culture medium, although much care will be
needed to avoid possible nutrient deficiencies.

It is also concluded that evaluation of different varieties of cereals under alkaline solution
culture conditions does not give a better indication of their potential performance under saline
or sodic soil conditions than evaluation under acid solution culture conditions. This may be mainly
due to the fluctuating pattern of soil salinity during growth and effects associated with soil

structure under sodic field conditions.

Comparison between alkaline solution culture experiments at pH 8.0 and pH 8.5 :
Comparisons of the data collected in Experiments 5 and 6 indicated the following main
differences.
The injurious effects of 'S;pH; ' and 'S,,;pHy s' on Pn (Table - 6.1, page 122) were
more severe than 'S, pHy' and 'S, pHy' (Table - 7.1; page 142) respectively. These effects were
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associated with similar effects on g, . Ci was found to be greater at 'pHj ;' than at 'pHy' but the
trends were not consistent in both the varieties, which suggest that Ci might be a limiting factor
at high pH under these experimental conditions. This indicated that both stomatal and non-
stomatal factors were affected at high pH and the effects were more severe at 'pHj <' than those
at 'pHyg' (Kingsbury et al. 1984; Rawson, 1986). Khan (1996) however did not notice any
significant effect of increasing ESP (which is associated with high pH) levels on Pn in wheat.

Percentage decreases or increases in Pn and g, due to high salinity and high pH over their
respective controls (Table - 8.4, page 194) were always greater at 'S, pHy ¢' and/or 'S, o, pHp s
than 'Sy pHy' and/or 'S, pHy'. It is also clear from this table that Pn decreased more in the salt-
sensitive variety Punjab-85 than the salt-tolerant variety LU26S. Leidi et al. (1991b) noted a
decrease in Pn and g, with increase in pH of the nutrient solution. According to Devitt ef al.
(1984), the functioning of stomata may be affected adversely in leaves having low Ca®* and high
Na' concentrations even in the presence of adequate concentrations of K*.

Combined effect of high salinity and high pH on leaf area, dry weight of roots and shoots
was more severe at pHy 5 than at pHy .

K" uptake was decreased by about 14% in SARC-1 (Table - 6.6, page 128) by 'pHg ¢' in
spite of the fact that K" concentration in the nutrient solution was higher than at low pH as KOH
was added to increase pH. This phenomenon was not evident at pHg , in LU26S or Punjab-85
(Table 7.9, page 154). K'/Na" ratio was lowered by about 10% at pHj 5 (Table 6.6, page 128)
due to decreased uptake of K* while it was increased at pHg , (Table 7.11, page 157) due to an
increase in K" uptake. Hence a small increase in pH from 8.0 to 8.5 had a large effect on K*
contents of leaf cell sap. However, the effect in this experiment could also be due to possible
higher sensitivity of SARC-1 than LU26S and Punjab-85 as can be judged from its lowest K*

contents under sodic soil conditions (Table 4.9, page 70).

Effects of Na* and CI on net photosynthesis :

Biomass production in plants depends on the accumulation of carbon products assimilated
during photosynthesis (Terry and Waldron, 1984; Lawlor, 1987). This in turn depends on two
factors i.e. the rate of photosynthesis per unit area and the surface area available for

photosynthesis. The results of this study and those of other workers (Kingsbury et al. 1984;
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Table - 8.4: Comparison of percentage decreases (-) or increases (+) in Pn and g, at high salinity
and high pH in Experiment No. 5 (Chapter 6) and Experiment No. 6 (Chapter 7)

Treatments “SARC-1 | Treatments | LU26S | Pumab85 |
Pn g Pn g Pn g

SopH; g - - SopHy i - - -

SopHg 5 -26 -25 SopHg -5 +4 -9 -13

S100PHs g -42 -52 S100PHg -23 - 31 -36 -23

S100PHj s - 63 - 69 S,00PHg -28 -0 -27 -10

Note: Percentage decreases or increases were calculated in the treatments over their respective
controls i.e. "SopHj ¢' in SARC-1 and 'SppH,' in LU26S and Punjab-85.



195

Rawson, 1986; Bethke and Drew, 1992; Kemal-ur-Rahim, 1988; Igbal, 1992) show that both of
these parameters are affected by salt stress. Rate of photosynthesis is usually lower in NaCl
treated plants and may decrease with time of exposure to a given NaCl concentration (Munns and
Termaat, 1986).

In the experiments reported in Chapters 4, 5, 6 and 7, decrease in Pn at high salt stress
was always associated with high contents of Na” and CI' in the cell sap and/or dry matter. In these
studies, g was also decreased in plants kept at high salt stress. Effect of sodicity stress in the field
(Chapter 4) was most severe for decreasing Pn and g, in wheat varieties possibly due to the effect
of greater Na™ uptake along with falling water status and consequent loss of leaf turgor (Gollan
et al. 1986) which might have intensified the stomatal closure and thus had greater adverse effect
on Pn. Low availability of water to plants is a big problem in saline soils conditions.

High Na" concentration in the flag leaves of different wheat varieties could also be thought
a cause of decrease in Pn at the sodic site but this might not be the sole cause because PAK-81
had very low Na" at the sodic site but its Pn was lower than LU26S which had about 26% more
Na'. Decreases in Pn and g, were associated with a decrease in Ci which indicated that decreased
Pn was mainly due to stomatal limitations. CI" contents in the plants growing on saline nutrient
solutions were also very high. Excessive CI' contents of the leaves is also reported to be a cause
for decreased Pn (Rawson, 1986; Heuer and Feigin, 1993).

In Experiment 4, Pn was decreased significantly only in the young leaves in LU26S and
Punjab-85 which was accompanied by a similar decrease in g, but there was little effect on Ci
which indicated that both stomatal and non-stomatal factors were influenced by excessive uptake
of salts and thus affected internal and mesophyll resistance (Kingsbury ef al. 1984; Rawson,
1986; Igbal, 1992) whereas in Experiments 5 and 6, decreases in Pn in both the varieties due to
NaCl stress and high pH also seemed to be due to both stomatal and non-stomatal factors.

High salt concentrations in the cells may damage enzymes and organelles (chloroplasts)
in which photosynthesis takes place (Lauchli and Epstein, 1984). Inhibition of photosynthetic
ability by excessive CI" has been reported by Bethke and Drew (1992). Decrease in Pn due to
NaCl stress is usually caused by osmotic effects caused by excessive uptake of salts on internal
and mesophyll resistance (Kingsbury et al. 1984, Rawson, 1986) and also due to higher contents
of Na" and CI" of the leaves. This effect was more evident in the salt-sensitive variety Punjab-85

than LU26S. Omielan et al. (1991) reported that increase in salt tolerance in salt-tolerant wheat



196

lines was associated with the exclusion of Na"and CI and inclusion of K . They further observed
that salt tolerance was correlated negatively with Na™ and positively with the K in the flag leaves
and also with K'/Na" ratios. The relation was suggested to be strong enough for exploitation as
selection criteria in breeding for salt-tolerance in wheat.

Both rate of net photosynthesis and leaf area were reduced in SARC-1 by 100 mol m™
stress as well as high pH (pH 8.5) in Experiment 5 which resulted in large reductions in total dry
matter accumulation. Pn was decreased by 26%, 42% and 63% at S;pHg s, S,o0pHsg and
S100PHg 5 respectively as compared to SypHs 3. Decreases in per plant leaf area were 62% and
74% at S,5pHs ¢ and S,,,pHj 5 respectively as compared to S;pH ¢ . This indicated that combined
effect of salinity and high pH was more severe on both Pn and leaf area. In Experiment 6, the
effects of pH on both Pn and leaf area were non-significant. However, salinity did cause
significant decreases in leaf area and Pn in both salt-tolerant variety LU26S and salt-susceptible
variety Punjab-85. Hence the effect of these stresses on biomass accumulation and yield reduction
is enhanced by the combined influence of decreased Pn rate and decreased leaf area. Krieg (1983)
argued that stress reduces the efficiency of existing leaf area through reduction in rate of net
photosynthesis. One of the factors identified for better salt tolerance of LU26S was its capability
to maintain comparatively higher green leaf area at 60 DAS. Hence long green leaf area duration
might serve as a suitable selection criteria for salinity and/or sodicity tolerance in wheat in the

presence of the appropriate stress.

Effect of leaf age on net photosynthesis :

The results obtained in Experiment 4 showed that Pn increased with leaf age up to 40
DAS and then decreased (Table - 5.2, page 96). This trend was observed in both the varieties
(salt-tolerant and salt-sensitive), in the absence as well as presence of 100 mol m™ NaCl salinity.
The differences in age had only a small effect on Pn at low PPFD values, and became more and
more clear with an increase in PPFD. Osman and Milthorpe (1971) reported that rate of
photosynthesis in wheat reached a maximum soon after leaf emergence and then declined and this
was attributed to differences in carboxylation reactions involved in the conversion of CO, to
carbohyderates. Later on, similar effects of leaf age on Pn were also reported by other workers
(Austin e al. 1982; Rawson et al. 1983, Kemal-ur-Rahim, 1988). Dantuma (1973) reported that
the effects of leaf age on rate of photosynthesis were largely due the rate of leaf senescence.

The results of Experiment Nos. 1, 2 and 3; where many varieties were used, show that
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different plant traits were affected differently in different varieties. It seems advisable that in such
studies, use of fewer varieties with contrasting characteristics of salt tolerance (a salt-tolerant and
a salt-susceptible) may be more helpful to precisely identify the traits responsible for imparting
salt tolerance because in a large number of varieties, the trends become less clear and explicit.

Preceding discussion in this and other chaptérs suggests that variable responses of
different varieties to salt tress were mainly due to the ability of the individual varieties to exclude
salts from their system through selective absorption. The salt-tolerant variety LU26S was able to
exclude Na" more effectively and generally was able to maintain greater K* and K*/Na* ratios in
its cells than the sensitive variety Punjab-85. It can be concluded also that due to spatial variability
in the saline and sodic fields, quite variable responses can be expected compared to those under
growth room or greenhouse conditions due to the additional deleterious effects of a degraded soil
structure which may be associated with poor aeration, poor hydraulic conductivity resulting in
drought like conditions and disturbed nutrition. The decrease in Pn and g, at high salinity and/or
high pH seemed to be due to both stomatal resistance and increase in internal resistance whereby
chloroplasts were not able to fix CO, due to the presence of excessive/toxic amounts of Na* and
CI ions. Accumulation of high amounts of toxic ions as a function of time of exposure to salinity
or sodicity was responsible for an early senescence and decrease in photosynthetically active
surface area which was responsible for differential responses to salt-stress in these varieties of
contrasting salt-tolerance. One of the characters the breeders need to look at for breeding salt-
tolerant varieties should be the varietal character for maintaining sufficient green leaf area in plants
exposed to external salinity during the grain filling stage. This character may also be used as a
selection criterion for screening wheat varieties for salinity and sodicity tolerance. Attention of
the breeders is also drawn towards the superior performance of 7-Cerros under sodicity stress,
which may be exploited for wheat breeding for saline and sodic soils.

For future research, further work on the effects of alkaline pH (>pH 8.0) at high NaCl
salinity, on gas exchange and growth in wheat is needed to confirm the results obtained in this
study and to investigate whether these responses are due to effects on enzymes, decreased
nitrogen contents at high pH, excess of toxic ions in the leaves or due to effects on nutrient
availability. Further research work is also recommended to determine the reasons for failure of
salt-tolerant variety Kharchia-65 to maintain high yield under sodic conditions.

LU26S which is known for its salinity tolerance can also be recommended for cultivation
on sodic soils while 7-Cerros may be preferred as the best variety for cultivation on non-saline

sodic soils or the sodic soils having low salinity.
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APPENDICES

Appendix - A: Composition of the nutrient solutions used in solution culture experiments

Nutrients materials

Ir —

Quantity (ml) of stock solution per litre

(a) Phostrogen in Experiment No. 1

1.0 gram per litre

Phostrogen in Experiment No. 4, 5 & 6

0.5 gram per litre

(b) Modified Long Ashton nutrient solution

NaFeEDTA  (37.3 g per litre stock solution) 0.5
H,BO, (31.0 g per litre stock solution) 0.1
NaMo0O,.H20 (1.2 g per litre stock solution) 0.1
MnSO,.4H,0 (22.3 g per litre stock solution) 0.1
CuS0O,.5H,0 (2.5 g per litre stock solution) 0.1
ZnS0,.TH,0 (2.9 g per litre stock solution) 0.1

Note: In Experiment No. 1 & 4, Fe was added as Fe-EDTA. In Experiment No. 5 & 6, Fe was
added as Fe-EDDHA from a stock solution @ 4.0 mg I” to the nutrient solution in the pots
to improve the iron availability to the plants under alkaline pH conditions




Appendix - B: Composition of Phostrogen Plant Food Material
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Nutrients elements

Percentage I

Total Nitrogen (N) 10.0

Nitric Nitrogen (N) 8.0
Ammonical Nitrogen (N) 2.0
Phosphorus Pentoxide (P,0;) soluble in Neutral Ammonium Citrate 10.0 (P4.4%)
and Water

Phosphorus Pentoxide (P,0;) soluble in Water 10.0 (P4.4%)
Potassium Oxide (K,0) soluble in Water 27.0(K22.4%)

Total Magnesium Oxide (MgO)

2.2 (Mg 1.3%)

Magnesium Oxide (MgO) soluble in Water

2.2 (Mg 1.3%)

Total Sulphur Trioxide (SO,) 12.0(S 4.8%)
Sulphur Trioxide (SO,;) soluble in Water 12.0(S 4.8%)
Total Iron (Fe) 0.40
Iron (Fe) soluble in water 0.35
Total Manganese (Mn) 0.02
Manganese (Mn) soluble in Water 0.02

Calcium Oxide (CaO) soluble in Water

5.0 (Ca 3.6%)

Note: Phostrogen is produced in Great Britain by Phostrogen Ltd. Corwen, Clwyd,

LL21 OEE
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Appendix - 2.1: Analysis of variance for flag leaf area per plant in 4 wheat varieties at different
salinity levels.

Source g | SS MS F— P
Plant age 2 220421 110210 28.83 0.000
Salinity 3 530676 176892 46.27 0.000
Variety 3 255245 85082 22.25 0.000
Age x salinity 6 247284 41214 10.78 0.000
Age x variety 6 64690 10782 2.82 0.012
Salinity x variety 9 26723 2969 0.78 0.638
Age x salinity x variety | 18 67252 3736 0.98 0.488
Error 181 692034 3823

Total 228

Appendix - 2.2: Analysis of variance for length of main tillers in 4 wheat varieties at different
salinity levels.

Source DF__| sS MS F P=“
Salinity 3 2495.14 831.71 1275 | 0.000
Variety 3 535273 | 1784.24 2735 | 0.000
Salinity x variety 9 1050.50 116.72 179 | 0077
Error 122 | 795844 65.23

Total 137 | 16630.19




Appendix - 3.1: Analysis of variance for flag leaf area in 6 wheat varieties at Pindi Bhattian
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Source DF sS MS ! F ! P “
Variety 5 16.26 325 0.53 0.754

Site 1 1090.65  |1090.65 |17664 | 0.000
Variety*Site | 5 15.07 301 0.49 0.782
Error 24 148.18 6.17

Total 35 127016 | B N

Appendix - 4.1: Analysis of variance for flag leaf area in 10 wheat varieties at Sadhuke

Source DF SS MS F P

Variety 9 22.029 2.448 0.86 0.570 T
Site 1 1358.124 1358.240 475.79 0.000
Variety*Site 9 19.819 2.202 0.77 0.643
Error 40 114.179 2.854

Total 59 1514.150 _ _|

Appendix - 4.2: Analysis of variance for Pn in flag leaves in 4 wheat varieties

Source DF sS MS F P |
Variety 3 9.636 3212 11.19 0.000

Site 1 68.614 68614 | 239.02 0.000
Variety*Site | 3 16.496 5499 | 19.16 0.000
Error 16 4.593 0.287

Total 2 99.340 _




Appendix - 5.1: Analysis of variance for Pn in 5th leaves in the two wheat varieties
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Source DF S8S MS F P
Variety 1 0.03 0.03 0.0 0.956
Stress 1 113.77 113.77 11.43 0.001
Lights 5 5221.97 1044 .39 104.94 0.000
Variety* Stress 1 101.58 101.58 10.21 0.002
Variety*Lights 5 85.98 17.20 1.73 0.139
Stress*Lights 5 141.23 28.25 2.84 0.021
Variety*Stress*Lights 5 25.07 5.01 0.50 0.772
Error 72 716.56 8.95
L Total 95 6406.20

Appendix - 5.2: Analysis of variance for sodium in 5th leaves in the two wheat varieties

Source DF SS MS F P
Variety 1 16.86 16.86 1.27 0.281
Stress 1 1041.04 1041.04 78.57 0.000
Variety*Stress 1 12.39 12.39 0.94 0.353
Error 12 158.99 13.25

Total 15 1229.29




Appendix - 6.1: Analysis of variance for Pn in the 6th leaves in SARC-1 wheat variety

Source DF SS MS F P
Stress 1 738.11 738.11 407.31 0.000
pH 1 269.38 269.38 148.65 0.000
Stress*pH 1 4.80 4.80 2.65 0.108
Error 76 137,72 1.81

Total 79 1150.02

Appendix - 7.1: Analysis of variance for Pn in the 6th leaves in LU26S and Punjab-85

wheat varieties.
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Source DF SS MS F P
Variety 1 55.207 55.207 5.89 0.017
Stress 1 344.057 | 344.057 36.72 0.000
pH 1 2.516 2.516 0.27 0.606
Variety*stress 1 0.435 0.435 0.05 0.830
Variety*pH 1 3.147 3.147 0.34 0.564
Stress*pH 1 11.929 11.929 1.27 0.262
Variety*stress*pH 1 9.400 9.400 1.00 0.319
Error 88 824.542 9.370

Total 95 1251.230
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Appendix - 7.2: Analysis of variance for number of tillers per plant in the 6th leaves in LU26S

and Punjab-85 wheat varieties at final harvest.

Swce | DF | ss | ws | F | P |
Variety 1 33.06 33.06 9.74 0.002
Stress 1 680.34 680.34 200.49 0.000
pH 1 0.84 0.84 0.25 0.620
Variety*stress 1 37.01 37.01 10.91 0.001
Variety*pH 1 9.51 9.51 2.80 | 0.096
Stress*pH 1 6.67 6.67 1.97 0.163
Variety*stress*pH 1 3.06 3.06 0.90 0.344 |
Error 136 461.50 3.39

Total 143 1231.99

Appendix - 7.3: Analysis of variance for Na* in the 6th leaves in LU26S and Punjab-85 wheat

varieties.
Source DF SS MS F P I‘
Variety 1 87.5 87.5 8.17 0.005
Stress 1 16889.0 16889.0 1576.65 0.000
pH 1 64.2 64.2 6.00 0.016
Variety*stress 1 40.0 40.0 3.73 0.057
Variety*pH 1 19.0 19.0 1.77 0.187
Stress*pH 1 51.7 5.7 4.83 0.031
Variety*stress*pH 1 13.1 13.1 1.23 0.271
Error 88 942.6 10.7
Total 95 18107.2






