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ABSTRACT

The response to increasing NaCl concentration of seedlings of 25

accessions of Ethiopian land races of each of Pennisetum americanum (L.) Leeke

(pearl millet) and Eleusine coracana (L.) Gaertn (finger millet), and 15 accessions

of Eragrostis tef (Zucc.) Trotter (tef), was examined after two week’s growth in

NaCl solution culture. Increasing NaCl concentration significantly reduced

seedling root lengths, and there was considerable variation within, and between

accession means within each species.

Analysis based upon non-linear least square inversion method, using root

length data, revealed significant differences in accessions of P. americanum and E.

tef on the basis of the estimated salinity threshold, Cy the NaCl concentrations at

which root length begins to decrease. C, did not differ significantly between E.

coracana accessions. Estimates of Csg and Cy, minimum concentrations causing a

50% decrease in root length, and zero root growth respectively, revealed differences

between and within accessions for all three species. Overall, finger millet was

more tolerant than tef, which was more tolerant than pearl millet.

The sensitivity of accessions of pearl millet to salinity was assessed in a

sand culture experiment. Sensitivity varied with plant age. Plant height and

percentage live leaves were least sensitive during growth stage 1 (the vegetative

stage) and most sensitive during growth stage 3 (the maturation stage). Adult

plants of pearl millet accession 221726 were shown to be moderately tolerant

based on measurements of plant height, percentage live leaves, and root, stem, leaf

sheath and leaf blade dry weights. Combining seedling and adult plant responses,

this accession would seem to have potential for enhancement of salt tolerance in

pearl millet. In contrast accessions 203659 and 203662 were the most salt-

sensitive accessions, based on overall growth parameter measured.

The genetic basis of salinity tolerance in P. americanum was investigated

following the diallel crossing procedure and analysis. Tolerance at both 75 and 175

mM NaCl was due to both additive and dominance genetic effects with some

indication of overdominance. At both salinity levels dominance effects were

predominant, and towards increased tolerance. The tolerant accessions Kitui Local

and 93611, and the sensitive accessions 203659 and 203662 had respectively the

highest and lowest gca (general combining ability) estimates, whilst at 175 mM

accession 221726 had the highest gca estimate.

Patterns of accumulation of metabolites in tolerant and sensitive accessions

were compared in an attempt to identify a physiological marker associated with

salt tolerance in pearl millet. Amounts of amino acids, proline, polyols, and water

soluble carbohydrates in roots and shoots did not differ between tolerant and

sensitive accesions. Na* content only was significantly greater in shoots of



sensitive accessions grown in NaCl. In NaCl+CaCl, (1:1 by weight) significantly

higher chloride content was found only in roots of a sensitive accession.
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CHAPTER|

GENERAL INTRODUCTION

Oneofthe majorbarriers to the productivity in many environments ofthe world

is the harmfuleffects of salt stress to plant life. Yet natural saline areas, salt marshes of

temperate latitudes, mangrove swampsof subtropicsandtropics, interior salt marshes,

salt deserts, and smaller areas around salt springs, all support some form oflife

(Chapman, 1975). Strikingly there exists a great diversity of plants in these seemingly

unfit environments which are potentially rich for industrial applications (Zaborsky,

1980).

- Arid and semiarid land of the world account for 36% of the available land,

equivalent to 134,600,000 km? (Zaborsky, 1980). These zones are subjectto distinct

climatic features. They are hot and dry, with varyingrainfall, arid areas receiving 100 -

200 mm per annum, and semi-arid areas receiving 250 - 600 mm with evaporation

exceeding precipitation (Kernick, 1986). Kernick added that in these areas rainfall is

extremely variable and fluctuates markedly from year to year; extreme temperatures

occur in summerand winter; evapotranspirationis high. Thusit is almostinevitable that

irrigation is vital for sustainable agricultural production in these areas. However

irrigation water almost invariably contains a low levelof solublesalts originating from

chemical weathering of underlying dissolving rocks (Epstein et al., 1980). With high

rates of evaporation and transpiration and/or because the water table may be near the

surface, soil water is drawnto the surface bycapillarity bringing with it dissolved salts

whichare left behind as the moisture evaporates. Annualprecipitation is insufficient to

leach these salts down to the free water, and such a process can rapidly lead to

excessive salt accumulation at or near the soil surface.

Nearly all aspects of agricultural technology in those large areas of the world

that depend onirrigation seem to work against the maintenance of systems

unencumbered by excesssalt: evaporation of water from canals, reservoirs, andfields

increases salt concentration, soil amendments andfertilisers add to it, and cultural

practices may compactthe soil and impede the downward percolating of water, causing

retention ofsalts in the root zone (Kingsbury and Epstein, 1984).



Salinity is the presence of an excessive concentration of soluble salts that

suppresses plant growth (US Salinity Laboratory Staff, 1954) with a threshold beyond

which growth is retarded. The threshold varies with species and between cultivars

within species (Maas and Hoffman, 1977). Saline soils are dominated by NaCl, but

may contain a variety of othersalts, NaySO4, MgSO,g, CaSO4, MgCl>, KCl and

NayCO3 (Flowers, 1972). Single salt salinity or alkalinity rarely occurs in nature, and

salts, if present as a mixture, interact strongly with each other. Salinity however can

damagethe plant through its osmotic effect, which is equivalent to decrease in water

activity, through specific effects of ions, and by disturbing the uptake of essential

nutrients, altogether causing stunted growth,rolling of leaves, white leaf tips, white

blotches in the laminae, drying of the older leaves, and poor root growth, and

ultimately limiting yield or resulting in total plant death.

Soil salinity may be quantified from assessment of the total amount of

exchangeablecationsthata soil can retain, designated the cation exchange capacity.It is

often convenient to express the relative amounts of various exchangeable cations

presentin a soil as a percentage of the cation exchange capacity. The soluble cations

which give saline soils their characteristics are calcium, magnesium, sodium and

potassium. The predominantanionsare bicarbonate, carbonate, sulphate and chloride.

Depending on whichofthese factorsis/are present, soils can be divided broadly in to

saline and sodic as follows (Fitzpatrick, 1980). Saline: Electrical Conductivity (EC) of

a saturated extract > 4 mmhos cmr!, exchangeable sodium < 15%, and pH < 8.5. Sodic

soils have an EC ofa saturated extract < 4 mmhos cm!, exchangeable sodium > 15%,

and pH > 8.5. Nevertheless, some workers, for example Milijikovic (1965), as

tabulated by Fitzpatrick (1980), have provided a separatescale for salinity and alkalinity

as follows:

a) Degreeofsalinity

Slightly saline EC 2 - 4 mmhos cm!

Moderately saline EC 4 - 8 mmhos cm:!

Strongly saline EC 8 - 15 mmhos cm!



Very strongly saline EC > 15 mmhos cm!

b) Degree ofalkalinity

Slightly alkaline < 20% exchangeable sodium

Moderately alkaline 20 - 50% exchangeable sodium

Strongly alkaline > 50% exchangeable sodium

FAO-UNESCO(1974) mapped soils of the world andthe distribution of saline

lands wasextrapolated accordingly by Ponnamperuma(1984). He however combined

several factors in characterising saline soils. His variables include salt source; nature

and contentofsalts; lateral, vertical, and seasonaldistributionofsalts; soil pH; nature

and content ofclay; relief; temperature andsoil toxicities. Some of these characteristics

are shownin Table 1.1. Estimates of world saline land areas are given in Table 1.2. Of

the total irrigated land about one-third had by 1980 deteriorated because of salinisation

according to Epstein etal. (1980).

Salinity has been one of the most serious environmental constraints associated

with arid-zone agricultural systemssince ancient time (Rains, 1979; Downton, 1984).

One area examined was Mesopotamia,the oncefertile alluvial plain between the Tigris

and Euphrates rivers. Irrigated agriculture was the foundation upon which the

Mesopotamian empire was built and sustained. Major devastating salt accumulation

occurred whencanal irrigation from the river Tigris increased flooding, seepage, and

over-irrigation, all of which raise ground water levels (Downton, 1984). These led to

the breakdownof the Sumeriancivilisation in the basin of the Tigris - Euphrates rivers

of ancient Mesopotamia,fertile soils becoming so laden with salts that crops withered

and died as did the culture which they supported.

Thusthe problem of secondary salinisation is more serious especially in arid

and semi-arid regions. Whensalts from irrigation water build up in soil it eventually

kills crop plants and renders farm land useless. In the Punjab, India, 21% of 51,000

km? agricultural land had beenseriously affected by salinity up to 1960 while some

10% had beenlost from agriculture and land wasgoing out of use at the rate of 400

km? per year (Flowerset al., 1977). Such losses are due primarily to irrigation, the
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Table 1.1. Some characteristic of saline soils (after Ponnamperuma, 1984)

Characteristic Range

Texture Sandy to clayey

pH 2.5 to 11

E.C. (dS m}) 4 to > 30
Salt (%) 0.1 to 5

Organic C (%) <1lto>30

Fertility Very low to moderately high

Clay mineralogy 2:1 types to hydrous oxides

Table 1.2. Distribution of saline lands (FAO/UNESCO, 1974; Ponnamperuma,
1984)

Area (million ha)

Region Moderately

Africa 16.5 37.0 53.5

Australia 16.6 0.79 17.4

Mexico and Central America 0.24 Were 1.96

North America 0 6.2 6.2

South America 10.5 58.9 69.4

North and Central Asia 22.5 69.2 91.7

South Asia 47.2 36.1 83.3

Southeast Asia 0 20.0 20.0

Total 113.5 230.0 343.5



scale of which can be judged from its current consumption of four-fifths of the world’s

total water during the farming season (Flowers et al., 1977). Also there is a great

increasein salinity problemsin other regions of the world under paigacon agriculture

associated,with river systems. The basin regions of the western San Joaquin Valley of

California suffer from salinity as a result of intensive irrigation (Epstein, 1980; Norlyn,

1980). An estimated 186,300 ha are already affected by saline water tables (San

Joaquin Valley Interagency Programme, 1979; Johnston etal., 1982). Poorirrigation

procedures are expected to causeloss of a further 28,350 ha dueto soil salinity by the

year 2010 (California Department of Water Resources, 1984), Yields have already

fallen by 10% or more,a figure that can be put in perspective whenitis realised thata

loss of 1% in California’s irrigated crop production is equivalent to a loss of $80

million annually (Witt, 1985). Similarly, loss of crops in Pakistan attributable to salinity

is equivalent to £300 million every year, where approximately 67% ofall irrigated land

is affected by salinity at least to some degree (Wyn Jones and Gorham, 1986). Similar

problems are documented in places such as in the head-waters of the Mekongriver

system in North-East Thailand, for the Huang andassociated rivers in the North China

Plain, for the Colorado in South-West USA,the Nile in Egypt, and the Murray-Darling

Catchmentin Australia (McWilliam, 1986). Hence the long-term viability of agriculture

and welfare of millions of people in those areas are being seriously threatened.

The success of the Green Revolution largely depended on exploitation of

irrigated lands, but because of the degradation of irrigated lands dueto salt

accumulation, gains are becominglosses, re-imposing a major dangerto the welfare of

millions of people (Wyn Jones and Gorham, 1986). Although in general the deleterious

effect of soil salinity is explicable in terms of loss of crop yield, the extent of loss

differs from farm to farm because of differences in regional aquifer properties and

water managementpractices. The most effective procedure for the long-term mitigation

of the saline soil problem involves managingirrigation and the quality of water to

satisfy crop needs on the one hand, and onthe other, leaching of salts deep in to the

soil profile using large volumes of water (Gates and Grismer, 1989). In addition to

these requirements an appropriate drainage system mustbe provided to removesaline

leaching water to minimise any return ofsalts to the root zone by capillary rise. An

alternative option is the use of chemicals such as gypsum whichhelps to speed up the

5



mobility of salts and water in the soil. These methods, although essential and often

effective, tend to be costly and may be inappropriate where only poor quality brackish

water is available for irrigation. Furthermore, in many areas there is an increasing

shortage of high quality water and a potential conflict between urban and agricultural

demands (Wyn Jones and Gorhman,1986).

Manylarge and costly schemes have been undertakenforirrigating new lands

or for the drainage and reclamation of older but degenerating projects. Although this

physical approach hasproved to be successful in reclaiming small areasof salt deserts,

due to escalating cost of labour and energy the establishment and continued running of

these projects does not appear economically feasible in developing countries (Shannon,

1984). At the same time as increasing amountsof agricultural land go outofuse, the

world population continues to grow and the needsfor food, energy, fuels, chemicals,

fertilisers, structural materials, fibres and medicinal compoundsincrease concurrently.

The possibility of modifying the soil environmentto alleviate the salinity

problem using chemical and physical treatment is extremely limited and quite often

impossible because it is very expensive andis therefore unlikely to be used extensively

in the near future.The genetic modification of crops by exploiting genetic variability

both within and betweencrop species to provide salt-tolerant plants capable of growing

under saline conditions remains the most viable solution to the soil salinity problem

(Epstein et al., 1980; Shannon, 1984). The need for salt-tolerant crops increases each

year as a growing world population seeks to feed itself with dwindling fresh-water

supplies.

In order to be able to produce conventional crop plants that can adapt and give

casonable yields in saline conditions, genetic variability for salinity tolerance that is

potentially useful in breeding must be available. Sources having the greatest potential

for genetic diversity include primitive land races, wild relatives of domesticated crop

species, and wild/weedy species that often contain genes for characters of adaptation to

various adverse conditions. Other sources of genetic diversity include obsolete

cultivars, varieties or cultivars in currentuse, breeding lines, and special genetic stocks.

The available base of genetic variability for salt tolerance in the world germplasm

collections is almost certainly not properly explored. However, buoyed bythe success

of Lyon as early as 1941 who, after working on tomato species, suggested the

6
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possibility of developing salt tolerant conventional crops through selection and

breeding, the stage wasset in the early 1970's for a considerable expansion of the

previously sporadic activities dealing with the introduction of genetics into applied

research onsalinity. Resistance to salinity has becomea desirable attribute for many

cropsthat are raised in warm,arid and semi-arid climates, and has over the years been

the subject of a numberofconventional breeding programmes.

Because of enormous genetic diversity between and within the local land races

of particular crops evolved over long periodsin diverse areas with traditional farming

systems, these populations of land races constitute a most valuable source of genetic

diversity for plant improvement (Frankel, 1977). Too little attention has been given to

the enormousdiversity of gene complexes determining adaptation and productivity,

assembled and incorporated over centuries of cultivation in differing environments

(Frankel and Benett, 1970), and coadapted gene complexes of fundamental importance

in the adaptation of individual populations to their particular environments

(Dobzhansky, 1970). Some of this genetic variability has been incorporated in those

cultivars selected from land races. However there must be much morevariability than

that exploited, some of which confers adaptations to extreme conditions, such assalt

tolerance, which as discussed aboveis a character of great significance in the world.

Moreover as emphasised by Vavilov (1926), the combination of parents adapted to

widely different environments may provide opportunities for major advances

presumably through the combination of different adaptive complexes. Likewise,

Moeljopawiro and Ikehashi (1981) suggested that the success of breeding for salt

tolerance depends on the cumulative tolerance derived from combining of genetic

material from different sources.

In recent years a great deal of information on the evolutionary relations of crops

and their wild and weedyrelatives has been generated from a spectrum of sources,

including archaeology, anthropology and ethnology, plant geography, climatology,

ecology, and cytogenetics, and experimental evolution, although there remain many

gaps in our knowledge of the ancestry of our crops. Improved understanding of the

evolution of crops should heighten the appreciation of wild progenitors and other

related species as potentially valuable sources for the improvement and evenradical

restructuring of crop species (Frankel, 1977). It has been shown that some wild
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progenitors of some cultivated plants constitute large gene pools for salinity tolerance.

For example, in a numberof instances there are indications that salt tolerance is

associated with more efficient Na* or Cl” exclusion, which in Aegilops squarrosa (the

putative source of the D genomeofTriticum aestivum), is a commoncharacter (Wyn

Jones etal., 1984). Similarly the highly salt-tolerant wild rice, Oryza coarctata, can

survive up to 30 to 40 dS m! salinity and this species may be used as a parentfor

developing better andtruly salt-tolerant rice varieties (Bal and Dutt, 1986). Rush and

Epstein (1981) made a successful interspecific cross in tomatoes between the wild

Lycopersicon cheesmanii and the cultivated L. esculentum to transfer salt tolerance

from the wild into the cultivated species. After many generations of back crossing,

selected salt-tolerant lines completed their life cycle when grownin sandysoil irrigated

with 70% sea water.

Selection and breeding for resistance to any environmental stress depends on

two factors; genetic variability with respect to the particular stress involved, and

selection following exposure of genetically variable material to the stress, thereby

allowing identification of individuals approaching or possessing the desired

phenotypes.

A reliable means of quantifying variability within a species for the stress

resistant characters in question is also desirable. Previous studies provide ample

evidence about the occurrence of variation in salt tolerance between a considerable

number of plant species (Epstein and Norlyn, 1977; Norlyn, 1980; Norlyn and

Epstein, 1984; Verma and Yadava, 1986). Variation in salt tolerance has also been

found between different wild populations within the same species where this occurs

naturally in saline and non-saline habitats. For instance, Hannon and Bradshaw (1968)

found significant differences in salt tolerance between different populations of both

Agrostis stolonifera and Festuca rubra.

The amountof evidence about the genetic basis of salinity tolerance is notgreat,

but evidence from four grass species (Ashraf et al., 1986a), lucerne (Noble et al.,

1984; Ashraf etal., 1987; Al-Khatib etal., 1993), and sorghum (Azhar and McNeilly,

1989) suggest that both additive and non-additive genetic effects are involved.For

effective and accelerated improvement through selection and breeding, it has been



suggested that a thorough understanding about the genetic architecture of salinity

tolerance in crop species in which tolerance is to be improved, is imperative.

Information about the genetic base of salt tolerance would assist the breeder in two

ways. Firstly, it helps in the development of appropriate selection protocols for

screeningtolerantplants, andtesting their progenies. Secondly,it provides estimates of

heritability for the character, which maybe used to predict progress throughselection.

Salinity has also been shownto affect plantsatall stages of development, and

the sensitivity of different crops varies from one growth stage to another (Shannon,

1984). Rice, for example,is tolerant during germination, but becomesvery sensitive

during early seedling stage, is tolerant during vegetative growth, again becomes

sensitive during pollination and fertilisation, and then becomes increasingly more

tolerant at maturity. Two wheat varieties were foundtobeless tolerant at germination

than they wereafter the three leaf stage of growth (Francois etal., 1986); two squash

cultivars (Scallop and Zucchini) proved to be more salt-tolerant during germination than

during vegetative, flowering, or fruiting stages of growth (Francois, 1985). It is thus

clear from these examples that plant response and, consequently,its effective salt

tolerance are, influenced by its ontogenic stage at the time of the stress (Shannon,

1985). This suggests that the ability of plants to respond to salt stress depends upon

Benes that are functioningat the particular stage of development during whichthestress

occurs. Thus,for varietal jimprovementin salinity tolerance to be effective, information

“about the effects of salinity onall phases of plant growthis essential and it would be

“equally valuableto identify the life stage most susceptible/sensitive to the effect of

salinity in order to maximise selection efficiency (Azhar and McNeilly, 1989).

Moreover, such information, would be of significant value in devising possible

managementpractices for using brackish water for irrigation during certain growth

phases in areas where shortage of fresh water is acute, an approach which has been

adopted, and recommended by Pasternacketal. (1984, 1985).

Plants respondto salinity stress in different ways. Plants may avoidsalt stress

by maintaining their internal salt concentration unchanged (Levitt, 1978) andthisis

achieved in several ways. Excess salt may be secreted by salt glands in somespecies;

e.g. Spartina townsendii (Skelding and Winterbottom, 1939) and Limonium spp.

(Ziegler and Liittge, 1967). Excess salt is sequestered in special hairs in several

a



Atriplex spp. (Osmond etal., 1969). In Oryza coarctata, the adaxial surface of the leaf

possesses some specialised unicellular salt hairs (trichomes) which function only for

short periods, when the optimum concentration of salt is reached within thesecells (salt

hairs) they burst and eliminate the salts (Bat and Dutt, 1986). In some other species

such as Allevnrolfia, Holoinemum, and Salicornia, excess salt is removed by the

physiological loss of salt saturated organs (Chapman 1968). Some species show

reduced uptakeof salt by their root system; e.g. Atriplex hastata (Black, 1956).

Undersaline conditions, the continued cellular function of plants depends upon

osmotic adjustment by both uptake and accumulation of ions (inorganic solutes) and

synthesis of organic solutes. Osmoregulation mustsatisfy both the growth requirement

for sufficient turgor pressure in mostplant cells, as well as the physiological demands

that the solutes used for osmoregulation do not interfere with the efficient operation of

metabolic reactions (Hellebust, 1985). Accumulation of solutes may lead to increased

solute concentration in plant tissues as part of osmotic adjustment, but this same

accumulation may go beyondthe limits of regulation of cytoplasmic content with

associated impairment of growth (Pitman, 1984). Increased salt concentration in the

rooting medium may cause water potential to decrease to the extent that water supply to

the plant is severely impaired. The resulting differential potential developed between

plant and salinised medium may cause waterto flow from the plantinto its root zone,

andultimately, loss of water results in dehydration, adversely affecting physiological

plant activities (Steponkus, 1980). It has been suggested (Jeschke, 1984) that

compatible solutes or cytosolutes such as glycine and betaine might regulate

intracellular Na* distribution undersalt stress, and could induce increased vacuolar

salts in roots, enabling the plant to maintain soil water balance and thus grow under

saline conditions. In halophytes, the demand for NaCl for osmotic adjustmentin the

leaves matches or perhaps exceeds NaCl supply from the root (Flowers and Yeo,

1986). In some salt-tolerant species, K+ dependent Na+ extrusion has also been

observed (Jeschke, 1984). Similarly, Rush and Epstein (1976, 1981) have reported that

salt tolerance differences between the wild halophytic Lycopersicon cheesmanii and the

salt-sensitive cultivated species Lycopersicon esculentum are due to the former’sability

to accumulate Na+ andselectively absorb Kt. The accumulation of salt reduces the

10



requirementfor increased wall extensibility, leaf thickness, and water permeability that

might otherwise be required to maintain positive growth andturgorat low soil water

potential.

Onthe basis of the mechanism and degree ofsalinity tolerance, plants can be

grouped into two physiological groups. Plants whichare ableto toleraterelatively a low

level of salt are called glycophytes. Plants that live and reproduce in oceans, sea shores,

estuaries, deltas, salt marshes, and saline deserts are generally called halophytes

(Epstein et al., 1980), and/or plants whichtolerate high levels of salt are referred as

halophytic (Wainwright, 1980). Halophytes have beenclassified into different types in

terms of their mechanisms of dealing with the salt problem (Waisel, 1972); this

classification was tabulated by Jafari (1990)andis given in Table 1.3.

The major osmotic components of glycophytes (plants intolerantto high salt

concentrations) are proline, sugar, glycine-betaine (Shannon, 1984; Hellebust, 1985).

Howeverglycophyte toleranceto salinity is commonly correlated with ability to restrict

the entry ofions to shootsorto an ability to exclude entry of excess amountsof specific

ions (Greenway and Munns, 1980). Butstill certain glycophytes with halophilic

tendencies such as the members of Chenopodiaceae accumulate sodium (Nat

accumulators) and they tolerate higher concentrations of NaCl than other plants which

exclude sodium (Nat* excluder).

In halophytes large quantities of ions, particularly sodium and chloride, are

transported to planttissues to maintain shoot water potentials more negative than those

in the external medium, maintaining the movementof water into the plant during

growth (Clipson et al., 1988), and at the same time to prevent inhibition of cell

metabolism by excessive salt concentrations in cytoplasm (Hellebust, 1985). The

cellular basis of salt tolerance in halophytes depends upon the compartmentation of ions

necessary for osmoregulation in vacuoles and upon osmotic adjustment of the

cytoplasm by compatible solutes (Flowers, 1985).

Some information about the mechanism ofsalt tolerance in plants may be

obtained from examination of physiological parameters suggested as beingrelated to

tolerance mechanisms in plant material of the same species shown, from simple
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Table 1.3. Classification of plants of saline habitats

 

Euhalophytes Pseudohalophytes

Salt requiring halophytes Salt resistance halophytes Salt avoiding halophytes

Obligatory Preferential Salt enduring Salt excluding Salt evading
(Salt-tolerant)

A B Cc D E F

A = plants dependent uponsalt for their survival, e.g. Salicornia spp. and various

bacteria and algae

B = plants whose growth developmentis improved in the presenceofsalts

C = plants enduring high protoplasmicsalt content

D = plants accumulatingsalt in special hairs, plants secreting salts from their roots,

plants re-transporting salt from shoot into root

E = plants evadingsalt uptake, plants evadingsalt transport into the leaves

F = Ephermes,Nicheplants
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laboratory screening, to be tolerant and nontolerant of salinity. Selected tolerant and

unselected material from within an accession hasthe potential to provide more useful

data.

It is becoming self evident that the exploitation of unconventional and

unpromising conditions imposed by salinity depends either on the successful

developmentof salt-tolerant varieties of the existing limited range of crop plants or the

domestication of natural halophytes (Epstein et al., 1980; Jones and Gorham, 1986).

The latter, which is being initiated in many laboratories around the world aims to

develop naturally tolerant wild species that have evolved highsalt tolerance in their

native habitats as new crops. This is however generally considered a slow process.

Pearl millet (Pennisetum americanum), is the most importantcrop in the Sahel

zone adjacentto the Saharain tropical Africa namely Senegal, Mali, Upper Volta and

other countries bordering the southern Sahara (Purseglove, 1976). From its area of

origin in West Africa, pearl millet was carried to East Africa, India, and Pakistan where

it is currently cultivated extensively (Poehlman, 1987). The greatest merit of pearl millet

is that it can be grownin low rainfall areas on poor, sandy soils whereit will give

economic (although low) yields on soils too poor and too worn out to support most

other cereals. For example in Northern Ethiopia, because of the droughtsof the past

few decades, land races of the more important cereals such as Triticum spp., Hordeum

spp., Eleusine coracana, Zea mays, Viciafaba, Lens culinaris, Medicago spp., Cicer

arietinum, Linum usitatissimum and Sesamum indicum have been replaced by pearl

. millet (Kebebew and Adhanom, 1986). Finger millet (Eleusine coracana) extends in

Africa from Nigeria eastwards to Ethiopia and southwards to southwest Africa and

Natal and is a potential staple food in parts of eastern and central Africa (Purseglove,

1976). Tef (Eragrostis tef) is the staple cereal grain of Ethiopia, and has been in

cultivation since ancienttimes. Ethiopia still is the only country in the world where the

grain is used as a cereal. According to Vavilov (1951), Ethiopia is considered the centre

of origin for tef. The best kind of‘injera’ a flat, circular and very soft bread is made

from tef flour. Milling tef gives a return in flour of 99% in comparison with 60 to 80%

for wheat (Ebba, 1969). This clearly indicates that tef is an economical crop because so

little of the grain is wasted. Tef grain can also be stored for many years without being

damaged by insectpests. The fine straw is used as a valuable animal feed and building
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material, indicating high utilisation of the byproducts.

Previous studies on salt tolerance in pearl millet have suggested that the

variability observed in root lengths has a genetic basis and based upon realised

heritabilities the character is under polygenic control (Ashraf and McNeilly, 1992).

Similar studies in finger millet and tef are not available yet.

Ethiopiais a land of great physical diversity, with altitudes ranging from 116

meters below sea level in the Dankil Depression, to 4620 m abovesea level at the

summit of Ras Dashen, Africa’s fourth highest peak. In the north, there are

approximately 25 mountains rising over 4000 m. The central Ethiopian highland

plateaux vary in height between 2000 and 3000 m. Desert areas occupy aboutonethird

of the total area, highlands and plateaux another third, and intermediate land the

remainder. A massive gash bisects the surface of the plateaux from the Red Seato the

Kenyan border. This is the Ethiopian Rift Valley, part of the Great Rift Valley system

that extends 6000 kilometres from Syria to Mozambique.Ethiopia lies between 3° to

18° North latitude and 33° to 48° longitude. Proximity to the equator, combined with a

great altitudinal range results in a climate varying from cold continental to temperate

sub-tropical. For example the plateaux have an annual temperature of 16°C, whereas in

the low lands the average is 30°C.It has a total area of 1,222,000 km? and a population

of 50,000,000 which was growing atthe rate of 2.5% per annum (Ethiopian Statistical

Abstract, 1980). About 16% ofthe total area is salt affected, land which supports about

9% of the humanpopulation. Salt affected land mainly occurs in the arid and semi-arid

regions of the country (i.e. altitude < 500 m and mean annual temperature > 27.5°C).

Salt affected soils comprise four groups, namely, solonchaks, moderately saline soils,

moderately sodic soils, and those that are both moderately saline and sodic (Sissay,

1986). More specifically salt areas are found in the Rift Valley, the Dankil Depression

and the South East of the country, on the Eritrean seashore, the southern border, and

the Red Sea coast (Sissay, 1986).

Crop losses due to salinisation of soils are considerable and in some cases

agriculture on salt affected land has been abandoned. High population and livestock

densities, and increased cultivation and intensive use of forest have resulted in a decline
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of the native vegetation over exploited as sources of fuel and fodder, andin accelerated

soil erosion andsalinisation. Overthe last 50 years, forest has been reduced from 34%

to 5% of the total land area; woodland has been reduced from 20% to 8% ofthetotal

land area andbare land andsalt flats have increased from 6% to 16% of the total land

~ area (Ministry of Agriculture of Socialist Ethiopia, 1983). The introduction ofsalt-

tolerant plants in to salt affected agricultural lands of the country hasbeeninitiated by

the Ministry of Agriculture, although no significant success is being achieved (Sissay,

1986).

It is clear that in terms of maintaining agricultural productivity on a world scale

in general and in Ethiopiain particular, the development of new cropsor lines within

existing crops that will grow andyield on saline soils must be a highpriority activity to

meet the demands of an over growing population. Considerable resources of plant

variability are found in gene banksaroundthe world, only a small proportion of which

is assessed for its potential value outside the major cereal crops, wheat, rice, and maize.

The material examined for salinity tolerance variation in this project are mainly

from the Plant Genetic Resources Centre/Ethiopia (PGRC/E). The germplasm

accessions of minor millets and tef maintained by PGRC/E are land races which have

evolved underlocal conditions in the farmers' fields over many generations. Such gene

pools provide reservoirs of variation which may becomethe raw material for cropsalt

tolerance improvement. Of fundamental importance in the managementofthe resources

maintained in gene banksis the determination of the variation they represent. The goal

of the present study is to add basic informationto the knowledgeofsalinity tolerance in

minor millets and tef. This entails the following steps which form the basis of the

project undertakings:

1. Assessing variation in the response of 25 accessionsof pearl millet, 25 finger millet

and 15 tef to NaClin early seedling growth

2. Assessing the genetic basis of that variation

3. Studying the response of accessions to NaCl during ontogeny of the whole plant

4. An examination of physiological mechanisms associated with/involved in salt

tolerance

5. Investigating responses of accessions to mixed salt (NaCl + CaCl) treatments

15



VARIATION IN RESPONSE OF ACCESSIONS OF MINOR MILLETS,
PENNISETUM AMERICANUM(L.) LEEKE (PEARL MILLET) AND
ELEUSINE CORACANA(L.) GAERTN (FINGER MILLET), AND
ERAGROSTIS TEF (ZUCC.) TROTTER (TEF) TO SALINITY

IN EARLY SEEDLING GROWTH

 

CHAPTER TWO [a
Se

/



CHAPTER2

VARIATION IN RESPONSE OF ACCESSIONS OF MINOR MILLETS,
AMERICANUM (L.) LEEKE (PEARL MILLET) AND

CORACANA (L.) GAERTN (FINGER MILLET), AND
ERAGROSTIS TEF (ZUCC.) TROTTER (TEF) TO SALINITY IN

EARLY SEEDLING GROWTH

2.1. Introduction

Crop species growing onsalt affected soils are subjected to toxic effects of

sodium and chloride ions (Flowers, 1985) and the dehydrating impactof salt,

(Steponkus 1980), the combined effects of which adversely affect the physiological

activities of the plant to such an extentthat plant growth becomesseverely restricted, or

impossible. Theresult is at least considerable loss, but frequently a total lossofyield.

Since estimatesputthe area ofsalt affected soils at some 9.5 million square kilometres

ona world scale (Szabolcs, 1989), much ofit due to inadequateirrigation practices in

arid and semi-arid regions,the loss of agricultural production is enormous.

Whilst engineering procedures are capable of ameliorating the problem, they

are very expensive. It has been argued therefore that the most promising means of

solving the problem is to exploit the products of past evolution by attempting the

domestication of wild halophyte species, or alternatively by the exploitation ofvariation

in toleranceto soil salinity which may occur in existing crop speciesor varieties within

crops (Epstein etal., 1980; Shannon, 1984). Such an approach necessitates assessment

of the potential for domestication of wild halophytes, or of the extent of variability in

salinity tolerance in the germplasm of existing crops, and the genetic architecture of

that variability.

Tef (Eragrostis tef) is the staple cereal grain of Ethiopia, the only country in the

world where tef grain is used as a cereal, and where it is believed to have originated

(Vavilov, 1951). Finger millet (E. coracana) is another staple food in Ethiopia and is

grownextensively in the northern region of the country. Pearl millet (P. americanum)

on the other hand,is well adapted to light, sandy, low nutrientsoils and will generally

produce someyield every year in areas where other cereals might periodically fail, and

a numberof cultivars mature more rapidly than the land races of the importantcereals,

so it can be grownwithlessrainfall.
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The unrestricted use of vegetation as source of fuel and fodderis resulting in

extensive land degradation,deterioration of the vegetation, soil erosion, and accelerated

soil salinisation. Someagricultural lands have been abandoned from production due to

salinisation of soils, the scale of which can be judged from the current human and

livestock populations inhabiting these areas. In typical salt affected areas the average

population per km?is 11.2 persons whereasit is 25 for the nation as a whole, while the

standard animal unit per km2 averages 0.26 compared with 30 overall (Sissay, 1986).

Theselosses of agricultural land are accompaniedbylossof those genetic resources of

crop species which were previously grown on them. Howevercollections by PGRC

workers have included manyofthese sites prior to their abandonment.

“Collections of land races of crop species from within the country constitute the

majority of the germplasm accessions maintained by the Plant Genetic Resources »~

Centre, Addis Ababa, Ethiopia. Since the values of any conserved germplasm will be

greatly determined by the information available aboutit, high priority is being given to

systematic characterisation of these accessions. Since loss ofsoils through salinisation

is a growing problem in arid and semi-arid areas of the world, development of crop

varieties of any species that can be grown onthese soils is clearly of value in

maintaining at least some level of productivity from such soils. Assessment of

germplasm from such areas would therefore seem to be a useful beginning in the

developmentoftolerant material.

/ Salt-tolerant plants have been introduced on an experimental basis into arid and

semi-arid parts of the country where saline soils land predominate. However,little

attention is being given to mostofthe salt affected land (Sissay, 1986). Nonetheless ~

with a markedly increasing population andloss ofagricultural land from production,it

is essential that attention is paid to the development of meansfor exploitingthese salt

affected areas. The use of, or developmentof, salinity tolerant crop species/varieties

seemsto provide the least expensive procedureto follow.

Whilst there is a limited amountof information aboutsalinity tolerance in pearl

millet, there is as yet no such information aboutfinger millet andtef.

The work described in this chapter examinespatterns of variability in response

to salinity of two-week-old seedlings of 25 accessions of each of pearl and finger
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millets, and 15 accessionsof tef, all of them originating in Ethiopia, and records of

collectionsites are available from PGRC, Addis Ababa. This preliminary examination

was accomplished by using a solution culture technique which has previously been

shownto provide acceptable estimates of adult plant reaction to salinity (Azhar and

McNeilly, 1988; Ashraf and McNeilly, 1992; Al-Khatib etal., 1993).

2.2. Materials and methods

2.2.1. Plant material

Twenty-five accessions of each of Pennisetum americanum (L.) Leeke (pearl

millet), and Eleusine coracana (L.) Gaertn (finger millet), and fifteen accessions of

Eragrostis tef(Zucc.) Trotter (tef), consisting of land races collected in Ethiopia were

used in this experiment. Material of the former two species were kindly supplied by the

Plant Genetic Resources Centre in Addis Ababa, Ethiopia, whilst material of the latter

species was kindly provided by the United States Departmentof Agriculture (USDA).

2.2.4. Tolerance testing

The responses of two-week-old seedlings to increasing salinity were evaluated

using the solution culture technique described by Ashraf et al. (1986a). Twosets of

NaCl concentrations were used. For pearl and finger millet, six NaCl concentrations,

namely 0 (control), 50, 75, 100, 150, and 200 mM,were used, whilst for tef nine

NaCl concentrations were used, 0 (control), 25, 50, 75, 100, 125, 150, 175, and 200

mM,all prepared in 1/10 strength nutrient solution (see Ashraf et al., opp.cit.).

/ Twenty seeds of each accession were sown on rafts of black alkathene beads,

three layers deep, floating on nutrient solution containing each of the respective NaCl

concentrations in 300 cm?plastic beakers. The experiment wasreplicated three times.

Before planting, seeds were surfacesterilised in 2% sodium hypochlorite solution for

10 minutes. The experiment wasset up as a completely randomised design in a growth

room at 25 +/- 1°C,relative humidity 80%, and day length of 16 hoursatanintensity

of 27 W m~. The pots were enclosed within perspex chambers to reduce solution

evaporation.

After 14 days, ten randomly chosen seedlings from each of the three replicates
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of each accession were measuredfor length of longestroot. Data for root length were

subjected to analysis of variance.

The set of concentrations used for testing tef was designed to provide a wider

range of NaCl concentrations to generate better data sets for data analyses using a

computer programmeavailable for analysis of salt tolerance data (van Genuchten and

Hoffman, 1984), obtained subsequent to completion of the pearl and finger millet

testing, and described in this Chapter.

2.2.3. Data analysis

Rootlength value of 30 seedlings of each accession of finger millet and tef in

each NaCl concentration were subjected to analysis of variance. Since finger millet and

tef are strictly self-pollinated species, between accessions variances comprised both

genetic and environmental components whereaswithin accession variance comprised a

predominantly environmental component. Genotypic and phenotypic variances were

estimated following Prasad et al. (1981) and were used to compute broad sense

heritability (Falconer, 1981) where broad senseheritability (h2p)

Between accessions variance

Between accessions variance + within accession variance

Within accession variability in absolute root length at 100 mM NaCl was

compared between accessions using the method proposed by Lewontin (1966) using

the variance of logarithms(to base 10) of each measurement.

The pattern of variability in the salinity responses of accessions of the three

species was also examined on the basis of the frequency distribution of relative

tolerance of individual seedling within each accession at 100 mM NaCl. Relative

tolerance wascalculated using the formula below:

Individual seedling root length in saline solution
Relative tolerance = x 100

Individual seedling rootlength in control solution

For an obligate self pollinator this would not necessarily seem to be a very

19



useful piece ofdata atfirst glance, butis in fact suggestive ofvariability within the crop

because of its land race origin which could constitute a possibly large-number of

genotypes.

Thesolution culture experiments carried out on P. americanum and E. coracana

were completed before the acquisition of the computer programme,it was not possible

to use a wider range of NaCl concentrations in data analysis for them, nor wasit

possible to repeat the experiments due to shortageofseeds.

A non-linear least square method wasused tofit the observed salinity response

data to the following response models, following van Genuchten & Hoffman (1984).

The two models chosen were NOPT 5 and NOPT 12,used respectively to

establish the salinity response functions ofthe accessionsat the seedling stage.

(i) NOPT 5,the absolute yield curveis given by:

Bs 0<C<C

0 C>Co

where Y = absolute yield;

Ym = absolute yield under non-saline conditions;

s = absolute value of the slope of the response function between C, and

Co;

C = average root zonesalinity during the growing season;

threshold concentration at whichyield starts to decrease;a ll

concentration at which yield equals zero.&

(ii) NOPT 12, a sigmoid-form function given by:
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where Csg = salinity at which yield decreases by 50%;

p = an empirical constantthat specifies the steepness of the curve

The computer programme, ‘SALT’, (van Genuchten, 1983) wasused to carry

out these computations. This programme, applied to the root length of 14-day-old

seedlings, provides estimates for C,, Cg and s (NOPT 5), and C50 and p (NOPT 12),

as well as the fitted response curve.

The C, values generated from the replicates were subjected to analysis of

variance.

2.3. Results

The results of analysis of variance using absolute valuesfor root are presented

in Tables 2.1, 2.10 and 2.12, the latter two ANOVAseparate within and between

variance for the accessions across NaCl concentrations.

The data showed that there were significant differences due to salt

concentrations and accessions within the three species (Table 2.1). The interaction

between accessions and different salt concentrations was also highly significant

(p<0.001)indicating that increased salinity adversely affected root length to a different

degree in different accessions (Table 2.1).

The results of analysis of variance for E. coracana (Table 2.10), and E. tef

(Table 2.12) acrossall salinity levels showed thataccessions differed in their response

to different salinity levels.

Analysis of variance using threshold values (C,) derived from absolute root

length data were carried out separately for the three species. C, estimates differed

significantly for accessions within P americanum and E.tef, but not for accessions

within E. coracana (Table 2.2).

Estimates of C,, Co, derived from NOPT 5, and C5q from NOPT 12 for 25

accessions of each of P. americanum and E. coracana, and 15 accessionsofE. tef are

presented in Tables 2.3 - 5.

In order to simplify data presentation, a subsample of 9 accessions, was chosen

to cover the ranges of response recorded for each species. The absolute root length data

of the remaining sixteen accessionsof each species of the two minor millets at the six
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different NaCl concentrations, and six accessions of tef at the nine different NaCl

concentrations are provided in Appendices 2.2 - 4. Relationships of salt tolerance

functions based uponroot length values for 14-day-old seedlings for nine accessions

in each species and solution salinity are presented in Figures 2.1, 2.2, and 2.3 for E.

coracana, P. americanum and E.tefrespectively.

Examinationof the data presented in Tables 2.3 - 5, and Figures 2.1 - 3 clearly

show considerable differences in accessions responseto salinity. Howevertheir

response to increasing salinity varies with the character used to assess that response.

Thusif the threshold salinity (C p) is taken asan estimate of tolerance (Martinez-Cobet

al., 1987), some P. americanum accessions such as 215637, 219569, and 220222, and

E. coracana accessions 100007, 100010, 100021, 100022, 100024, 100025, and

100030, and E.tef accessions 494188, 494213, 494216, and 524436 showrelatively

enhanced tolerance. However if Cs5¢ estimates are taken as estimates of tolerance, P.

americanum accessions 215637, 215663, 219975, 219979, 220134, 221726, and E.

coracana accessions 100021, 100022, 100024, 100025, 100030, and 100031, and E.

tef accessions 494188, 494213, 524436, and 524445are the mosttolerant. Finally the

predicted salinity level at which growth would be zero (Co) suggests that for P.

americanum accessions 203654, 215663, 219975, 219979, 219984, 220134, and

221726, and for E. coracana accessions 100001, 100012, 100014, 100016, 100017,

100019, 100021 - 24, 100030 - 31, and 33 - 34, and for E. tef accessions 494188,

524436, 524437, and 524445 are superior on the basis ofthese estimates.

To facilitate data interpretation, accessions have been ranked onarbitrary scales

of I to III for tolerance for each of the three estimates of tolerance in Tables 2.3 - 5.

This reveals that in E. coracana accessions 100021, 100022, 100024, and 100030,

and in E. tef accessions 494188, and 524436 consistently rank I for all three

parameters. In P. americanum no accession ranksI across parameters, although four,

215663, 219975, 220134, and 221726 rankI for Co and C50, whilst their C, rankings

are 31.85, 5.27, 2.72, and 29.41 respectively, the middle two values being amongst

the lowest recorded, whilst 215637 ranks I for C, and C5, and II for Co.

Significancesof differences between means C;, Cg, and C59 of 25 accessions

of each of E. coracana and P. americanum, and 15 accessionsof E.tef, based upont-

test are presented in Table 2.6, Whilst difference in mean C, values between P.
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amercanum and E. tef was non significant (p>0.05), all other differences, in mean c

(threshold salinity beyond which root growth starts to decrease), Co (salinity level at

whichroot growth is zero), and C5q (salinity level at which root growth decreases by

50%) estimates between eachpair of the species were highly significant.

The frequencydistributionsofrelative tolerance of root length in 30 seedlings

subsamples at 100 mM NaClfrom 9 accessionsof each speciesin class intervals of 5%

(Figures 2.4 - 86 suggest the presence of variation within the accession studied.

Comparison of variance estimates was made following Lewontin (1966). Thistest of

Lewontin is one whereby onecanstatistically test for significant differences between

accession variances. Thusthe results provided in Tables 2.7 - 9 suggest that the extent

of within accession variances differed significantly in tef (Table 2.9) indicating that the

tef accessions have different intrinsic variation, whilst accessions 100010, 100024,

100030, and 100031 in finger millet (Table 2.7), and accessions 215632, 215633,

219975, 219979, 219984, 219985, 220164, and 221726in pearl millet (Table 2.8) are

significantly different from mostofthe rest.

Broadsenseheritability was estimated from analysis of variance overall salinity

levels. Estimated broad sense heritability values for salt tolerance in E. coracana (Table

2.11), and E. tef (Table 2.13) underdifferent salinity concentrations suggested that a

great proportion of the differences in response to salinity of the accessions are

genetically determined.

23



Table 2.1. Mean squares and significances from the analysis of variance of absolute
root data of 25 accessions of Pennisetum americanum and 25 accessions of
Eleusine coracana grown in six NaCl concentrations, and 15 accessions of
Eragrostis tef seedlings grown in nine NaCl concentrations in solution culture for
14 days

  

P. americanum E. coracana E. tef
Item Df Root Df Root Df Root

Blocks 2 0.218NS 2 6.423* 2 0.12NS

Accessions (Acc) 24 T.OOT*# 24 AT35*** 14 1130+*"

NaCl conc (Sol) 5 657,/5¢* 5 1037.8*** 8 191,30***

Accx Sol 120 6.62** 120 7.03** 112 DOSse*

Residual 298 0.442 298 1.943 268 0.31

 

Table 2.2. Mean squares and significances from the analysis of variance of C, of

25 accessions of Pennisetum americanum and 25 accessions of Eleusine coracana
seedlings grown in six NaCl concentrations, and 15 accessions of Eragrostis tef
seedlings grown in nine NaCl concentrations in solution culture for 14 days

 

Item Df  P.americanum Df E. coracana Df E. tef

Blocks 2 413.67NS 2 232.20NS 2 316.90NS

Accessions 24 434.23** 24 788.05NS 14 986.30*

Residual 48 188.35 48 784.98 28 452.40

*, **, ***, indicate differences significant at P < 0.05, 0.01, 0.001 respectively, whilst
NS denotes differences are not significant. This convention is followed throughoutthis
thesis.
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Table 2.3. Calculated values of Cy and Co (NOPT 5), and Cso (NOPT 12) for 25

accessions of E. coracana with tolerance rankings

 

Accession

100001

100002

100004

100005

100006

100007

100008

100009

100010

100012

100014

100015

100016

100017

100018

100019

100021

100022

100024

100025

100030

100031

100032

100033

100034

Mean

C,

6.59

68.01

30.19

26.65

56.03

71.30

29.26
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35.61

34.93

57.61

34.77

34.01
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50.59

$2.44

Ranking

S
e

S
e

ee
a
e

=
e
o

e
e
e

—

Co

211.30
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179.17

159.74
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213.16

203.54

186.69
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Cs9

111.52

114.61

99.76
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Table 2.4. Calculated values of C, and Co (NOPT 5), and Cs (NOPT 12) for 25

accessions of P. americanum with tolerance rankings

 

Accession C, Ranking Co Ranking Cs Ranking

203654 5.56 I 183.20 I 85.64 0

203656 18.40 I 123.50 Ii 85.64 Il

203657 27.61 il 110.95 Il 65.61 Il

203658 15.69 I 116.21 i 63.71 Ii

203659 059 pitt 118.84 Ii 61.99 I

203661 29.33 I 107.70 Il 65.15 Il

203662 ii2 mi 123.72 bite 60.71 I

215631 10.29 i 1DTAZ I 75.45 0

215632 25.38 st 162.13 I 80.60 I

215633 37.06 I 163.52 I 86.80 I

215634 37.06 | II 160.77 I 87.30 I

215637 39.82 I 162.53 I 90.74 I

215663 31.85 0 169.69 I 101.93 I

219336 30.88 I 1515/2 I 79.69 II

219569 42.67 I 115.60 iil 76.19 I

219975 5.27 Il 190.70 I 90.66 I

219979 9.80 Il 179.62 I 89.15 I

219984 6.98 I LIST I 82.40 I

219985 4.65 Il 160.24 I 77.18 I

220134 ae Ii 201.11 I 90.89 I

220139 35:31 I 113.64 I 71.83 I

220164 17.59 Il 164.79 I 83.55 I

220220 34.56 I 154.22 I 85.62 I

220222 42.27 I 113.46 Il HSAZ Il

221726 29.41 I 173.80 I 95.68 I

Mean 22.03 150.04 80.29
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Table 2.5. Calculated (C,) and Co (NOPT 5), and Cs 9 (NOPT 12) for 15 accessions

of E. tef with tolerance rankings

 

Accession C, Ranking Co Ranking Cso Ranking

!!™~«zSC(<i‘zaO!!)!™~C~«érrSC<CS*S

494188 38.97 I 188.38 I 112.21 I

494197 781 Mm 152,41 ml 82.66 I

494205 0.00 ml 166.22 I 77.83 Mm

494213 42.48 I 163.64 I 101.18 I

494215 17.84 i 162.94 I 91.83 I

494216 50.00 I 133.58 Wl 88.82 I

524433 11.20 ml 158.51 I 66.42 I

524436 48.10 I 177.82 I 112.39 I

524437 10.47 ml 179.65 I 98.62 I

524438 0.00 Wl 152.06 Hi 68.06 Tl

524439 20.05 I 157.81 I 72.04 i

524440 35.83 I 154.01 Ml 91.53 I

524441 25.00 I 134.91 il 72.82 ri

524445 28.91 I 184.20 I 100.82 I

Mean 23.53 158.74 86.66

 

Table 2.6. Differences between means C; and Cg (NOPT 5), and Cs (NOPT 12) of

25 accessions of each of E. coracana (see Table 2.3 for means) and P. americanum
(see Table 2.4 for means), and 15 accessions of E. tef (see Table 2.5 for means),
based upon t-test

Item C Co C59

Between a and b kk 4K 4K

Between a and c eK 0K ok

Between b and c NS ed kK

a = E. coracana b=P.americanum c=E.tef
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Figure 2.1. Response functions between salt solutions (mM) and root length (cm)

of 14-day-old seedlings of E. coracana with slope, s (see NOPT 5 in materials and

methods) and empirical constant, p (see NOPT 12 in materials and methods)
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(Figure 2.1 continued)
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(Figure 2.2 continued)
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(Figure 2.2 continued)
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Figure 2.3. Response functions between salt solution (mM) and root length (cm)

of 14-day-old seedlings of E. tef with slope,s (see NOPT 5 in materials and

methods) and empirical constant, p (see NOPT 12 in materials and methods)
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(Figure 2.3 continued)
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(Figure 2.3 continued)
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Figure 2.4. Frequency distribution of relative tolerance of root length of 30

seedlings of E. coracana grown at 100 mM NaCl [with variance ( 5? )]
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(Figure 2.4 continued)
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Figure 2.5. Frequency distribution of relative tolerance of root length of 30

seedlings of P. americanum grown at 100 mM NaCl[with variance ( s? )]
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(Figure 2.5 continued)
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Figure 2.6. Frequency distribution of relative tolerance of root length of E. tef

grown at 100 mM NaCl [with variance ( s2 )]
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(Figure 2.6 continued)
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2.4. Discussion

Measurements of seedling root lengths in saline solution cultures have been

successfully used to distinguish salt-tolerant and salt sensitive populations of several

grass species (Hannon and Bradshaw 1968; Ashraf etal., 1986a). The technique was

subsequently adapted to assesssalt tolerance in seedlings of several crop species with

the aim of using it to select within them for improved salt tolerance (e.g. sorghum,

Azhar and McNeilly, 1987; maize, Ashraf and McNeilly, 1989; lentil, Ashraf and

Waheed, 1990; pearl millet, Ashraf and McNeilly, 1992; lucerne, Al-Khatib et al.,

1993). Previous experience of selecting for improvedsalinity tolerance in these species

has shownthatselection at seedling stage on the basis of 14-day-old seedling root and

shoot length differencesis effective in producing individuals which are more tolerantat

all subsequent growthstagesthan unselected control individuals (Ashraf and McNeilly,

1992; Al-Khatib et al.,1993).

Roots are more sensitive to salinity than other plant components (Levitt, 1980;

Abdul-Halim eral., 1988), and thus the inhibition of root growth adversely affects the

survival and productivity of plants. Root growth as anindicator for the whole complex

of characteristics determining salt resistance is especially useful in the first steps of

screening programmesforsalt resistance (Kik, 1989). The method provides a quick

and accurate method of screening for enhanced salt tolerance, one of the necessities for

the developmentof a protocol leading to the production of salt-tolerant crop varieties.

The evaluation of that tolerance has been considerably facilitated in the present and

other cases bythe use of the non-linear least square inversion model developed by van

Genuchten and Hoffman (1984). Combining these two techniques has provided useful

preliminary information for the developmentofsalinity tolerant lines from within the

three species examined here. Thus the absolute root lengths of a subsample of 9

accessions from each species plotted as functions of salt concentration in the nutrient

solution, use of this analysis revealed significant differences in growth response curves

for the two minor millets (Figures 2.1 - 2), and tef (Figure 2.3). Differences between

mean values for C; Co, and C50, in the three species are significant, showing that

finger millet (E. coracana)hasa greaterinnatetolerance than tef (E.tef), whichis itself

innately moretolerant than pearl millet (P. americanum). It is also clear that there are

differences between accessions within the three species, allowing the identification of
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those, e.g. 215663, and 221726 in pearl millet, and 100021, 100022, 100024, and

100030in finger millet, and 494188, 494213 and 524436intef, from which selection

for enhancementofsalt tolerance would seem to be worthwhile. In a similar study

examining 24 barley cultivars at the germination stage, Martinez-Cob et al. (1987)

assessed tolerance usingthreshold salinity (C,) as a reference parameter, and identified

some cultivars such as Mari, Viva, and Kim, which proved to be highly tolerant to

salinity. They suggested that C, is the most appropriate parameter for determining

salinity tolerance.

Variability has been found to be higher in non-saline conditions than under

saline stress dueto the fact that decreased stress permits a greater range of phenotypic

expression and increases variance between and within lines (Shannonet al., 1983). The

effectivenessof selection clearly depends on the amountof intra-population variability,

in particular the presence of variability within those accessions at a particular -

preferably high - salt concentration. Differing degrees of variability can be seen in the

data for individual seedling root growths at 100 mM NaClpresented in Figures2.4 - 6.

Statistical comparison of variance data can be undertaken using the method of

Lewontin (1966) for estimation of what he termed‘relative variation’ or ‘intrinsic

variation’ for comparison of variation. This method allows comparison ofthe patterns

of variation between accessions or populations regardless of large differences between

means. From this analysis it has been shownthatin tef, whilst some cultivars have

similar intrinsic variation to others, other accessionshave significantly greater or lesser

amounts of variation within them. This differences may berelated to differences in

history of the accessionsand in particular it may reflect the presenceof rangesoflines

within these land race accessions and/or differences in root growthratesreflecting

differencesin soil fertility in their sites of origin. By contrast however, in finger and

pearl millet most of the accessions have similar intrinsic variation, although somestill

differ significantly in their inherent variability.

For selection to be successful it is of course necessary that the variability

observed in root lengths has a gene icvba si sin,ho americanum this has been shownto

be the case (Ashraf and MeNeili’1992), basedupon estimates of realised heritabilities,

and current evidence from aromcrossing programme(see Chapter 3), has shown
- Me iy

 

that the character is under pol genic control, with a significant dominance component,
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dominance being towards tolerance. Comparable data for finger millet or tef are notyet

available, but it would seem not unreasonable to assumethatthere is at least some

degree of genetic basis to the observed variability.

Previous broad sense heritability estimates for salinity tolerance in other crop

species show, as might be expected, considerable differences. Thus in alfalfa estimated

h2p was 0.5 (Allen et al., 1985), while in seven grass and four forage species

estimates ranged from 0.23 to 0.77, and 0.31 to 0.62 respectively (Ashraf et al.,

1986b, 1987). Based upon these estimates of these heritablities, Ashraf et al. (1986b,

1987) suggested that a significance advanceinsalinity tolerance in these species may be

possible using high artificial selection pressures. Similarly, in the present study the

broad senseheritability estimates for finger millet at six NaCl concentrations (h2p =

0.20 to 0.62) and tef at nine NaCl concentrations (h2p = 0.33 to 0.67) suggest that

prospects of improving the character through selection and breeding are considerable,

provided the genetic system controlling the variation is predominantly affected by genes

with additive effects. Unfortunately no evidenceis available for this at present.

The data are encouraging from a plant breeding point of view since it appears

thatsufficient variation exists both between and within cultivars of the three species to

makeselections for improved salt tolerance feasible, provided a link can be established

betweentolerance of 14-day-old seedling as estimated in this Chapter, and tolerance of

those seedlingsat adult plant stage. In P. americanum,this aspectis being examined in

Chapter 4.
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CHAPTER 3

THE GENETIC BASIS OF VARIATION IN SALT TOLERANCE

3.1. Introduction

Becausesalinity tolerance is complex,its nature is not well understood, andits

expression changes with plant age and possibly with preconditioning, it is not

surprising that good data aboutthe inheritance of toleranceare difficult to obtain (Blum,

1988). A proper genetic evaluation to produce datarelevant to a practical breeding

solution, should perhaps follow the general approach of evaluating different agricultural

crops for adaptation to salinity, i.e., the evaluation of genetically different materials

under a wide range ofsalinities. An understanding of the genetic basis of desirable

attributes and the identification of parentlines superior in those attributes can reveal

both the prospect of possibilities for improving these attributes and particular parent

lines for their use in achieving such improvements.

Salt effects are seen in many aspectsof plantlife and in different tissues of the

plant and a measurable genetic variation has been reported for different salt tolerant

attributes in different plant species. For examplethesalinity resistance of rice in terms

of root growth at 80 mM NaClsolution, was studied in F), Fy, and backcrosses of

two crosses betweentolerant and non tolerant parents (Jones and Stenhouse, 1984).

Additive genetic variance had an important effect whilst dominance variance was more

important in one cross than in the other. Broad senseheritability ranged from 49% to

83%. The slight bimodal distribution of Fy indicated that only a small numberof genes

controlled salinity resistance.

Crosses between soybean varieties differing in Cl” exclusion (Cl~ exclusion

being a feature of tolerantlines) were studied for salt resistance in terms of leaf necrosis

and leaf Cl” concentrations (Abel and Mackenzie, 1964). Their results from segregating

generations confirmed a single dominant gene modelfor the control of Cl” exclusion.

These results are probably the only solid case for a single-gene control of salinity

resistance in plants (Blum, 1988).

Leaf necrosis symptoms were used to evaluate salinity resistance in cucumber

(Jones, 1984). In this case, segregation data from a resistant x susceptible cross
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suggested that resistance was controlled by a single dominant major-gene locus, with

additional effects from many minor genes. Based upon these data, narrow sense

heritability for salinity resistance ranged from 41 to 86%.

Data in Chapter 2 provide evidence for considerable amounts of variation in

salinity tolerance in pearl millet. Moreover the potential for exploiting variation in

salinity tolerance in Pennisetum americanum (L.) Leekehasbeenillustrated by Ashraf

and McNeilly (1992). In order to select genotypes whichare likely to lead to acceptable

advancementin tolerance, the use of certain biometrical techniques is important for

detecting those genotypes possessing combinationof these desirabletraits.

Information about the genetic basis of salinity tolerance and its componentsis

an obvious imperative for the synthesis of genetically superior pearl millet cultivars.

This is necessary since the type of breeding programmefora particular crop will be

determined by the nature and relative magnitudes of genetic/non genetic variation

associated with the plant population and the nature of gene action governing those

characters of importance in selection and breeding. The diallel crossing procedure and

analysis developed by Hayman (1954a,b) and Jinks (1954, 1955, 1956) as applied by

Whitehouseetal. (1958) and Mather and Jinks (1977) provides sucha possibility, and

wasthe system used in the investigations to be described in this Chapter to assess the

mode ofinheritanceof toleranceto salinity in F, generation material of Pennisetum

americanum (L.) Leeke.

3.1.1. Statistical analysis

The data in each progeny were subjected to a standard analysis of variance to

determine significance of difference of mean tolerance, since only where there are

significant genotypic differences between the parents and betweentheir F1 hybrids can

the data be used for further analysis.

3.1.1.1. Genetic analysis

The general requirements of any analysis of variance ofa diallel table arethatit

provides appropriate tests of significance of the principal genetic components, namely

additive, dominance, maternal, and reciprocal effects. The mostsatisfactory analysis

for a complete diallel set of crosses from this point of view is the diallel analysis of
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Hayman (1954a, b) and Jinks (1954, 1955, 1956). This analysis further subdivides the

dominanceeffect (‘b’) into directional dominance (b 1) which tests the mean deviation

of the F,’s from the mid-parental value; effects due to parents contributing varying

numbers of dominant genes (by) whichtests if some parents contain considerably more

dominantalleles than others; and specific gene interaction (b 3) which indicates whether

part of the dominancedeviation is unique to each particular F}.

Theability of an inbred line to transmit desirable performance to the hybrid

progenyis referred to as its combining ability (Poehlman, 1987). Crossing a particular

line to several other lines provides an additional genetic assessmentofthatline,i.e. the

mean performance of the line in all its crosses. This mean performance, when

expressed as a deviation from the mean value ofall crosses, is called the general

combiningability of the line (Falconer, 1989). It is the average value ofall F 1's having

the line as one parent, the value being expressed as a deviation from the overall mean of

crosses. General combining ability effects represent fixable (additive gene action)

genetic component. Anyparticular cross, then, has an expected value which is the sum

of the general combiningabilities of its two parental lines. The cross may, however,

deviate from the expected value to a greater or lesser extent. This deviation is called the

specific combining ability of the two lines in combination (Falconer, 1989). Specific

combining ability effects represent pre-dominance gene action. Falconer also

summarisedthat in statistical terms, the general combiningabilities are main effects

whilst the specific combiningability is an interaction. Estimation of general combining

ability effects and specific combining ability constants were performed for the data in

the experimentdescribed here using Griffings (1956) Method I ModelI.

Further statistics may be obtained for the variance components of each array

(V,), the covariance of the family means within the array with the phenotypesoftheir

respective non-recurrent parents (W,), variance of parental means (VoLo = Vp)

estimation of means of array variances (V4].1), variance of meansof arrays (V,]1).

and meansofarray covariances (Wo]91). These statistics have further use in the

estimation of the relative size of D, an estimate of the additive effects; Hy, variation

due to dominanceeffects of genes; Hp, variation due to dominanceeffects of genes

corrected for gene distribution; F, which provides an estimateof the relative frequency

of dominantto recessive alleles in the parental lines and the variation in dominance over
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loci. Hence F will be positive whenever the dominantalleles are more frequent than the

recessivealleles, irrespective of whetheror not the dominantalleles have increasing or

decreasing effects.

In addition,the diallel provides estimates of essential parameters to provide

estimates of both narrow sense (hy) and broad sense (hp) heritabilities (Kearsey,

1965; Mather and Jinks, 1982; Lawrence, 1984).

Genetic correlation among NaCl treatments was estimated from the additive,

phenotypic, and environmental components of variance in the respective NaCl

concentrations, following Lothrop etal. (1985).

3.1.2. Definitions, assumptions and adequacy of the additive-dominance
model

3.1.2.1. Diallel definitions

A diallel cross is the set of all possible matings between several genotypes

which maybe individuals, clones, homozygouslines,etc., such that if there are n lines

there are n?_ mating combinations, counting reciprocals separately. A diallel table is

therefore an arrangement of n? observations from set of diallel crosses between n

parental lines. Each row and column of the square corresponds to measurements of

offspring with a common parental genotype so that the n parents form the leading

diagonal of the table and each malearray (row) has a common maleparent, just as each

female array (column) which has a commonfemale parent. Thus the n? combinations

can be divided into three groups:

1. the n parental lines themselves,

2. one set of 1/2[n(n-1)] F)’s, and

3. the set of 1/2[n(n-1)] reciprocal F,’s.

Diallel crossing techniques may vary depending upon whether or not the

parental inbreedsor the reciprocal F)’s are included or both. With this in mind Griffing

(1956)classified four possible experimental methods:

1. parents, one set of F}’s and reciprocal Fy’s are included (all n2 combinations),
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2. parents and oneset of F,’s are included but reciprocal F,’s are not (1/2[n(n+1)]

combinations),

3. one set of F,’s and reciprocals are included but not the parents (n(n-1)

combinations), and

4. one set of F,’s but neither parents nor reciprocal F,’s is included (1/2[n(n-1)]

combinations).

Each method necessitates a different form of analysis.

3.1.2.2. Assumptions

The following assumptions are involved in deriving genetical interpretations

from diallel designs (Hayman, 1954b; Crumpackerand Allard, 1962; Kearsey, 1965).

. Homozygousparents

. Regular diploid behaviour at meiosis

. No differences between reciprocal crosses

. Nonon-allelic interaction

. No multiple allelism

n
H

v
n

f
&

W
Y
N
Y

Uncorrelated gene distributions

Failure to meet some of these conditions will cause characteristic disturbances

of the array variance and array covariance regression (Jinks, 1954; Dickinson and

Jinks, 1956) and helps in identifying those assumptions which are notfulfilled.

Nevertheless, regarding the homozygosity of parents, Griffing (1956) and Oakes

(1967) have shownthat the technique may be applied to crosses between heterozygous

individuals as in the caseof diallel crosses in potato using heterozygousclones(Tai,

1976; Kaminski, 1977; Killick, 1977).

3.1.2.3. Adequacy

The adequacy of the additive-dominance model and hence the fulfilment of

assumptions for the model can be determined with the use of two tests. The

consequence of the failure of those assumptions makes the model inadequate as

follows.

Firstly a general test of assumptionsis gained from joint regression analysis of
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W, on V,. The regressioncoefficient of W, on V, should be significantly different from ¢ ©

zero butnot from unity if all the assumptions are met (Matherand Jinks, 1982). Failure

of this test meansthat either genes show non-allelic interactioni.e. are not independent

in their action, or that they show non-random association amongthe parents,i.e. are

non-independentin their distribution.

The second test of adequacy ofthe diallel analysis is the analysis of variance of

W,+V, and W,-V,. The presence of dominance orcertain types of non-allelic interaction

leads to the arrays having different W,+V, values. In the presence of non-allelic

interaction,the difference in the magnitude of W,-V, overarraysis significant,whereas
 

in the presence of dominance, W_-V, will not vary more than would be expected from

error variation (Mather and Jinks, 1977).

Finally from the graphic representation of the regression W, on V, provides an

indication of the type of dominance. Full dominanceatall loci is indicated when the

} C O, es

regression line passes throughthe origin (D = H); partialddominanceiis revealed when¢ y,

the line intercepts the W, axis above the origin (D > H}); overdominanceisindicatedLe+,Co

whenregression line intercepts the W, axis below the origin (D < Hj). Hayman

(1954a), Jinks (1955, 1956) and Whitehouse etal. (1958) demonstrated that an easier

way ofextracting information from diallel crossis to plot the covariance (W,,) of each

array against its variance (V,). The slope andpositionsof the limiting parabola indicate

the degree of dominance andthe presenceor absenceof geneinteraction. The positions

of the array points on the regression line give a measure of the relative frequency of

recessive alleles in any array. Arrays nearestto the point of origin possess most of the

dominantgenes, while the arrays furthest from the origin possess mostrecessive genes

andarrays in an intermediate position possess both dominantandrecessive genes.

3.2. Materials and methods

The F; material used in the present study was obtained from crossing twelve

accessions/lines following a diallel crossing programme. Eight of the parents were

chosen from amongthe accessions used for assessment of variability in salinity

tolerance (Chapter 2) and the other four were from material examined by previous

workers. The parental accessions/lines were Kitui Local, Selection 2, 93611, 93614,

203656, 203658, 203659, 203662, 215634, 219885, 219975 and 221726 (see
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Appendix 1.1 for origins of accessions).

Each of the parental lines was grown in Jonn Innes No 2 compost in 18 cm

diameter plastic pots during summer 1991 under glasshouse conditions, selfed, and

seeds harvested separately for each parent. Selfing was accomplished by removing the

top one or twoleaf blades of the culm and enclosing the head and culm in a glassine

bag before style exsertion. The bag wasstapled closed andleft on the head until it had

been harvested, dried, and prepared for threshing. The harvested seeds with the diallel

experimental design were sent to Ethiopia for subsequent planting andcrossing. In

January 1992, the parental materials were planted in a glasshouse in 18 cm pots using a

natural sandy loam soil in the Plant Genetic Resources Centre (PGRC), Addis Ababa.

Grid planting at an interval of two weeks was exercised to ensure synchrony

of flowering, plants were watered daily, and the temperature of the glasshouse was

maintained between 28° and 32°C. The plants flowered from mid April to early June

and parental lines were control-crossed accordingto a diallel design.

Protogyny (carpels emerge and mature before stamens) is particularly

conspicuousin pearl millet, and provides an excellent means to ensure almost 100%

cross-pollination without emasculation. The crossing was effected as follows. Heads

were enclosed in glassine bags on emergence from the flag leaf sheath, and were

examined daily through the glassine bag for the presence of exserted styles. When

styles were exserted the head was ready to be pollinated (Burton, 1980). In some

genotypes anther exsertion began beforetheflorets at the top and the bottom of the head

were exserted, any florets without stigmas were removed at the timeof pollination, a

procedure which doesnot adversely affect the pollination and seed set of those florets

remaining on the head.

Pollen from the respective male parent was collected by gently shaking the

panicle at anther dehiscence andthe pollen was collected in glassine bags. Pollination

was effected by enclosing the female head in the pollen-collecting glassine bag and

shakingit.

At maturity, seed was harvested separately for each parent. A count of seed

obtained in each cross was madein orderto asses the extent of possible testing under

different salinity levels. In some of the crosses involving parents Selection 2, 93614,

203656, 203658, 215634, 219885 and 219975 seed numberset was insufficient to
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includein the testing programme.Therefore, F ; families and their parents comprising a

5 x 5 diallel were assessed for their response to varying concentrations of NaCl.

3.2.1. Assessment of Fj progenies in NaCl solutions

25 F, families and the selfed parents were assessed in four treatmentsolutions

containing 0 (control), 75, 125 and 175 mM NaClprepared in 1/10 strength Rorison

nutrient solution as used in Chapter 2 (see Appendix 2.1 for composition of Rorison

solution). Each family in each treatment was replicated twice in a completely

randomised design. Seeds were surface sterilised by soaking in a 2% solution of

sodium hypochlorite (v/v) for ten minutes prior to planting. The conditions in the

growth room were similar to those described in Chapter2.

Root lengths of ten randomly chosen seedlings from each replicate in each

treatment were measured after 14 days. F; family meansin each treatment were thus

based upon 20 progeny values. Root lengths were expressed as relative root growth

(Dewy, 1960; Maas, 1985) where root length in each NaClsolution is expressed as a

percentage of control root length. The data on relative root length underthreesalinity

levels were used to investigate the genetic basisofsalt tolerance.

3.2.2. Validity of assumptions

Natural out crossing in Pennisetum americanum (L.) Leeke is not complete

because plants have several culmsthat flower in succession. This allows the head that

reachesanthesisfirst to pollinate other heads on the sameplant that are just exserting

anthers. As a consequence,self-pollination as high as 31% has been observed (Burton,

1974). However,a further generation of controlled selfing was used to achieve a higher

degree of homozygosity in the parental generation, than would be available in the seed

obtained from the gene bank sources involved.

Its diploid chromosome numberof P. americanum is 2n = 2x with x = 7 and

chromosomal segregation is of normal diploid type (Purseglove, 1976).

Hence a prerequisite check of the validity of a set of assumptionsfordiallel

analysis wasfulfilled. Reciprocal differences could bedetected, if any, after Hayman’s

(1954b) analysis of variance of diallel table. The remaining three assumptionsof non-

allelic interaction, multiple allelism, and uncorrelated gene distribution were satisfied
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throughthe analysis of variance of W,+V, and W,-V, entities for the arrays of each

replicated diallel table.

3.3. Results

Analysis of variance indicated significant (p<0.001, Table 3.1) differences in

relative NaCltolerance data for parents and crosses permitting further data analyses.

The magnitude of the components of genetic variation for each of the three NaCl

concentrations summarised in the form of mean squares, are given in Table 3.2.

Differences between duplicate observations on each of the 25 entries were used as the

appropriate error term for each NaCl concentration (Mather and Jinks, 1977).

From the analysis of variance (Table 3.2) there is evidence of significant

additive genetic effects (a) and general dominanceeffects (b) at the three NaCl

concentrations (both at p<0.001).

Amongthe three non-additive components indicated in Table 3.2, the b, item

was significant for the 75 and 175 mM NaCltreatments (p<0.01) indicating

unidirectional dominanceeffects. The bj item was notsignificant however at 125 mM

salinity level. The by item, test of gene asymmetry, washighly significant (p<0.001) at

75 and 125 mM NaCllevels and at 175 mM NaCl(p<0.05). Thus the variation in NaCl

tolerance was due tothe parents containing differing numbers of dominant genes. The

b3 item was significant at 75 and 175 mM (p<0.01) and 125 mM (p<0.001) NaCl

suggesting that only certain crosses showed significant deviation from the mid parent

(i.e. dominance wasspecific to certain crosses). Maternal effects (c), the ‘d’ item and

reciprocal differences in the crosses were shownto be nonsignificantat all salinity

levels.

The adequacy of the additive-dominance model, and validity of three of the

assumptions (no non-allelic interaction, no multiple allelism, and uncorrelated gene

distribution) were assessed using joint regression analysis of variance of W,+V, and

W,-V,. The results of the two tests for each of the three salt concentrations are

presented in Table 3.3.
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Table 3.1. Mean

iee

Replicates

Genotypes (G)

NaClsolutions (S)

GxS

Residual

Mean squares

86.12NS

494.56***

12321.25*9*

99.77#**

24.52

squares from the analysis of variance of 16 F, hybrids and their

parents used in a 5 x 5 diallel cross

Table 3.2. Mean squares of components of variation in 5-parent diallel cross
assessed in three NaCl concentrations

Components of variation

Additive effects

General dominance
effects

Directional domin-

anceeffects

Effects due to un-

equal distribution
of dominance

Effects due to dom-

inance deviation
unique to F)’s

Maternal effects

Non-maternal reci-
procal differences

Error

Df

4

10

24

NaCl concentrations (mM)
75 125 175

1200.3*** Shit 279.Q#**

366.4*** 202.4*** 71.Q***

352.5*** 66.7NS 113.8**

D99.6845 317.6%%* 50.8*

182.6** 137.4*** 80.2**

33.2h° 39.3N5 11.0NS

45.1NS 69.2NS 9,5NS

39.71 21.56 13.50
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At 75 mM theslope of the regression line did not deviate significantly either

from zero or unity (b = 0.545 + 0.395) suggesting intra-allelic interaction. Thedetails

of the two analyses of variance for W,+V, and W,-V, respectively so obtained are given

in Appendix 3.2. The mean squares betweenarrays for W,-V, wasnotsignificant when

tested against that within arrays and indeed was smaller than it. There is thus no

evidence of any non-allelic interaction (epistasis). This also confirms the adequacy of

the additive-dominance model. Turningto the analysis of variance of W,+V,, it can be

seen that the mean square between arrays was greater than that within array, but not

significantly so. On this evidence alone,therefore, it cannot be assumed that dominance

is present. However, there is evidence for non-additive effects from the initial analysis

of variance (Table 3.2) and this must be accounted for in some way. Since there is no

evidenceofinteraction between non-allelic genes, it may be concluded that although not

formally significant byitself, the higher value for the mean square betweenarraysfor

W,+V, (Appendix 3.2), does in fact reflect dominance (Mather and Jinks, 1977). Thus

the model was adequate for analysis of the data obtained at 75 mM NaCl.

At 125 mM NaCl,the slope of the regression line did not deviate significantly

(b = 0.569 + 0.767) both from zero and from unity (Table 3.3). The W,-+V, item

howeverwas nonsignificant (p>0.05) indicating the absence of dominance (Table

3.3). However, as in the case of the data for 75 mM NaClconsidered above, the mean

square between arrays for W,+V, wasgreater than that within arrays (Appendix 3.2)

suggesting the presence of either dominanceor non-allelic interaction. However, the

W,-V, item wassignificant (p<0.01) suggesting the presence of non-allelic interaction

(Table 3.3). As a consequence,analysis of the data using the Hayman-Jinks model was

rejected.

At 175 mM NaClthe slope of the regression line (b = 0.815 + 0.121) deviated

significantly from zero but not from unity (Table 3.3). This confirmed twothings:

firstly, the absence of non-allelic interaction and secondly, independentdistribution of

genes among parents. Separate test of dominance carried out on these data indicated

significant differences (p<0.001) for W,+V, and non-significant differences (p>0.05)

for W,-V, (Appendix 3.2, Table 3.3), the former suggesting the presence of dominance
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and the latter the absence of non-allelic interaction. Therefore, this set of data was

adequate for further analysis using the Hayman-Jinks model.

Variance of the components of each array (V,) and covariance of all the

offspring included in each parental array with nonrecurrent parent (W,), and their

means whichare involved in the analyses are given in Appendix 3.1. Otherstatistics,

variance ofparental means (Vj9 = Vp) and variance of meansof arrays (V,1) are

given in the Figures.

The two analysescarried out above provided no reason to doubt the adequacy

of the modelfor the data analysis at 75 and 175 mM NaCl.

For genetic interpretation of variation in salt tolerance in the accessions

examined,the diallel provides statistics from which estimates of the components of

variation can be obtained. In the present analysis, the genetic components, D, Hy, Ho

and F and the environmental component, E were estimated for the data from both NaCl

concentrations, and are presented in Table 3.4.

3.3.1. Estimation of genetic components

3.3.1.1. 75 mM NaCl

Data for components ofvariation andstatistical ratios are given in Table 3.4.

The additive variance component (D) wassignificant. However, since H, > D,the

effect of genes with dominance properties (H; or H») appeared to be more

pronounced. The average degree of dominance indicated by the (H;/D)°.° was more

than unity, suggesting a degree of over-dominance. Howeverone cannot be confident

about the presence of overdominancesince the regression line (Figure 3.1) intersects

the covariance axis abovethe origin. Testing mean squares between arrays againstthat

within arrays for W,+V, was nonsignificant (Table 3.3 and Appendix 3.2) indicating

additive type of variation. Thus, additive effects with partial dominance was shownfor

NaCltolerance at this NaCl concentration.
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Table 3.4, Estimates of genetic parameters controlling root length measurements
in 75 and 175 mM NaCl concentrations

 

Components 75 mM 175 mM

SOpnaia

D 320.71 + 12.75 51.28 +2.77

Hy 483.34 + 11.63 70.79 + 2.54

Hy 482.31 + 11.64 111.47 + 2.53

F 242.16 + 12.79 11.81 +3.25

h 6.64 + 1.71 3.77 + 0.56

Narrow senseheritability 0.20 0.02

Broad senseheritability 0.80 0.67

(Hy/D)°5 123 1.18

H>/4H1 (uy) 0.25 0.39

1/2F/[D(H14-H)] 0.37 0.003

[(4DH,)+F)/[(4DH)-F] 1.00 1.00

E = environmental componentof variation

D = additive effects of genes

H, = dominanceeffects of genes

Hy = dominanceeffect of genes corrected for gene distribution

F = frequency of dominancealleles

h = overall dominance effects of heterozygousloci
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Figure 3.1. W/V, regression for relative root length of P. ammericanum (L.)

Leeke seedlings in 75 mM NaCl from an 5 x 5 diallel

key to parents

1. Kitui Local - t

2. 93611 -t

3. 203659 -s

4, 203662 -s

5. 221726 -t

 

Figure 3.2. W/ V, regression for relative root length of P. ammericanum (L.)

Leeke seedlings in 175 mM NaCl from an 5 x 5 diallel

  

 

  
  

   

key to parents

. Kitui Local - ti

= . 93611 -t

. 203659 -s

a . 203662 -s

. 221726 -t
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H, and H> did notdiffer indicating equal gene frequencies at all loci (Table

3.4). Proportion of genes, H/4H, = 0.25 which arises when u = v = 0.5 also showed

Symmetry of positive and negative effects at the loci. The estimate of

[(4DH)+F]/[(4DH))-F] = 1, implied equal distribution of dominant and recessive

alleles within the parents.

The positive sign of h (F; mean minusparental means) indicated the trend of

dominance being towards tolerance to NaCl. The relatively low value 0.37 for

1/2F/[D(H1-H)] provided little evidence that the dominance deviation at one locus was

particularly consistent in sign or magnitude. Narrow senseheritability, a reflection of

the additive variation, was estimated 0.20, whilst for broad sense heritability the value

was 0.80.

Whenplotting the regression of W,on V,, the presence of only dominance and

additive effects is shown whenthe points are dispersed alonga line ofunit slope, the

parents having the dominant character located towardsthe origin and the parents with

recessive character located distant from the origin. Absence of dominance is shown

whenthearrays are clustered at random around the mid pointof the regressionline.

Thus from the relative position of the array points along the regression line (Figure

3.1), accessions Kitui Local and 221726 possess the most dominant genes, whereas

accession 203662 contained most recessive genes because ofits distal position from the

origin. Accessions 93611 and 203659 contained both dominantandrecessive genes.

3.3.1.2. 175 mM NaCl

Examination of Table 3.4, shows that both additive and dominancegeneeffects

appear to be involved in controlling tolerance at 175 mM NaCl. H, >D,indicating that

the effects are in the main of dominance type. The ratio 1.18 of H,/D showed

dominanceslightly tending towards overdominance. The regression line however

intersects the covariance axisat the origin suggesting complete dominancetype of gene

action.

Unequal gene frequencies amongthe parents was confirmed by both (H 1-H»)

and the ratio 0.39 of H>/4H, (Table 3.4). Again the positive value of h suggests

dominance towardshigh salt tolerance. The smaller estimate of 0.003 for 1/2F/[D(,-

H)] suggested that the level of dominance across the loci was almost constant. The
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estimate of narrow sense heritability was very low, the value being 0.02, whilst the

broad sense heritability was considerably higherat 0.67.

A comparison of the array distribution in Figure 3.2 showed that accessions

221726 and Kitui Local formed one group which contained most dominant genes for

salt tolerance, whilst accessions 203659 and 203662 had the maximum number of

recessive alleles, accession 93611 being intermediate.

3.3.2. Combining ability

Combiningability analysis provides estimates of combining ability effects and

assists the choice of suitable parents and crosses for further exploitation of genes in a

population. Combining ability was therefore examined for the parental materials

considered here, and the crosses made between them. Data for general combining

ability (gca) effects, and specific combining ability (sca) constants are presented in

Tables 3.5 and 3.6 respectively.

At 75 mM NaCl, Kitui Local and 93611 had significantly greater gca effects

than the rest of the parents, whilst 203659 and 203662 had the lowest gca effects. At

175 mM NaCl, 221726 had the greatest gca effects followed by parents Kitui Local and

93611, whilst 203659 and 203662 showedlowergcaeffects.

It was shownin Table 3.6 that at 75 mM NaClall crosses involving Kitui Local

and the other parents had lower sca estimates. By contrast the crosses, 203662 x

203659, 203662 x 221726 and 203659 x 221726 hadrelatively high sca constants.

At 175 mM NaCl, the cross Kitui Local x 221726 had a low sca constant

whereasthe crosses Kitui Local x 203659 and Kitui Local x 203662 hadrelatively

higher sca constants. Genotype 203659 x 203662 had also relatively higher sca

constant.

3.3.3. Genetic correlation

To estimate genetic correlation between the F; families grown at 75 mM and

175 mM NaCl, components of variances and the covariances were calculated from

them andare presented in Table 3.7. The estimate of ‘r’, correlation coefficient was

0.54.
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Table 3.5. Estimates of general combining ability effects

Parent General combiningability effects
75 mM NaCl 175 mM NaCl

Kitui Local 10.13 1.25

93611 5.74 0.93

203659 -5.61 -3.03

203662 -8.34 -4.28

221726 -1.93 5.08

S.E. Gi - Gi) 1.55 1.03

Table 3.6. Estimates of specific combining ability constants at 75 mM and 175
mM NaCl

Parent NaCl Parent
93611 203659 203662 221726

-3.23
175 mM -0.65 3.50 2.49 -3.36

93611 75 mM 0.14 2.80 -0.89

175 mM 1.34 1.77 -2.96

203659 75 mM 8.66 4.06

175 mM 3.83 -1.25

203662 75 mM 4.65

175 mM -0.80

Standard error 75mM 175mM

S.E. Gij-Six) 4,84 2.30
SE. Gij-SkD 3.63 1.73
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Table 3.7. Genetic (G), phenotypic (P) and environmental (E) variances and their
respective covariances of families tested in 75 and 175 mM NaCl concentrations,
and their genetic correlation

Families Components of variances Components of covariances it

G E P Gy Exy Pyy IG

75 mM 369.88 37.87 407.75 92.83 20.02 112.85 0.54**

175 mM 79.90 13.81 93:71
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3.4. Discussion

Diallel analysis provides meansfor the detection of direction of dominance,

estimationofthe relative frequency of dominant increasing and decreasing genes, the

grouping of parents in terms of the number of dominant genesthey carry ( W,/V,

graph), and a test of the adequacy of the additive-dominance model for data

interpretation. Dickinson and Jinks (1956) have discussed the tests for linkage,

correlated genedistribution, and non-allelic interaction for the heterozygousdiallel. No

other design includes a test for the presence of these effects nor do they detect the

presence of multiple alleles (Kearsey, 1965). The diallel analysis carried out here

provides such information of potential value for breeding programmesin salinity

tolerance in pearl millet.

The additive-dominance model of Hayman (1954a, b), and Jinks (1954) was

shownto be adequate for analysis of the data set at 75 mM and 175 mM NaCl. At 125

mM NaCllevel, however, convergence of variance was observed (Table 3.2). As a

result the data were not appropriate for analysis using the diallel models of Hayman and

Jinks.

In the present study, the data set at 75 mM and 175 mM NaCltreatment were

further analysed and componentsof variation were estimated (Table 3.4). Parameter

estimates indicated both additive and non-additive gene effects in controlling the

expression of salt tolerance. The magnitudes of these genetic components differed at

the twosalinity levels (Table 3.4), estimates being higher at lowersalinity (75 mM)

whilst lower at higher salinity (175 mM). The data obtained suggest some degree of

additive component controlling tolerance. In the main however, genes showing

dominanceeffects appeared to be more importantat both salinity levels. In a similar

study in sorghum (Azhar and McNeilly, 1988), both additive and dominance gene

effects were involved in controlling the expression of salt tolerance, while genes with

dominanceproperties appeared to be more important at both 100 mM and 150 mM

NaCllevels. In rice (Gregoria and Senadhira, 1993), the low level of Na*/K™ ratio

foundin the shoots of seedlings grown in NaCl+CaCl, (16:1 by weight) at EC 12 dS

1m™ was governed by both additive and dominance geneeffects.

An examination of the dominancerelations of the different accessions based
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upon the W,/V, regression would be useful. At 75 mM NaCl, oneofthe salt sensitive

accessions (203662) contained most of the recessive genes whereasthe othersalt

sensitive accession (203659) possessed both dominant tolerant and recessive

susceptible genes, whilst the salt-tolerant accessions (221726 and Kitui Local)

contained most of the dominant genes (Figure 3.1). However, at 175 mM thepattern of

dominance wasstraight forward. The twosalt-tolerant accessions 221726 and Kitui

Local had the maximum numberof dominant genes (Figure 3.2) dominance being

predominantly towards higher tolerance. Likewise the two salt sensitive accessions

(203659 and 203662) contained the maximum numberofrecessive genes (Figure 3.2).

An indicationof the overall direction of the deviation of the F ; means from their

corresponding mid-parents can be obtained by comparing the mean ofall parentallines

with that of all F;’s. Indeed positive heterosis was noted (Appendix 3.3). This may be

due to combinationsof different dominant gene effects within a single genotype, and

there is potential to stabilise these effects in inbred lines with highsalinity tolerance.

In general F; progenies of individual crosses performed better than predicted

from their mid parental values (Appendix 3.3). At both salinity levels the F;, between

Kitui Local x 221726 showeda degree of heterosis. Both parents were considered to

be relatively tolerant. A similar situation was reported by Burton (1958) where in ‘Gahi

1’ pearl millet grown for forage, most of the increased production resulted from hybrid

vigour. By contrast crosses betweenthe relatively sensitive accessions, 203659 x

203662 showed as would be expected poor performance. The better performance of

hybrid progeny was similar at both salinities,all the F ;s having greater tolerance than

their parentals.

The finding that variation in salt tolerance is predominantly due to genes with

dominanceeffects, is confirmed by the estimated narrow sense heritability of 0.20 at 75

mM NaCland 0.02 at 175 mM NaCl. Estimates for heritability in the broad sense of

0.80 at 75 mM NaCland 0.67 at 175 mM NaClfurther confirm the role of dominance

effects in the genetic control of NaCl tolerance. Though estimates of heritability have

notoriously high standard errors (Falconer, 1981; Lawrence, 1984), they may be used

to estimate progress through selection (Hanson, 1963; Liang etal., 1972). In doing so

howeverit must be remembered that, as stated by Falconer (1989), the heritability

value of a given character refers only to a particular population under particular
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conditions, and therefore ambiguity in estimation of heritability is to be expected,i.e.

heritability estimates are not constant. Dominance towardstoleranceis also suggested

from the magnitudes of the non-additive components and confirmed by the positive

value for the potenceratio (Table 3.4).

The main advantageof the diallelmay be that it permits in some circumstances

the estimation of specific combining ability effects, and frequently the breeding value or

general combiningability (Mayo, 1987). Genetic advances amonghybrids are usually

the result of making crosses between selected inbred lines that have been chosen for

their individual characters as well as their combining abilities (Falconer, 1989).

Differences of general combining ability are due to the additive variance and

interactions in the base population; and differences of specific combining ability are

attributable to the non-additive genetic variance. The objective of the present study was,

however, to compare combining abilities of the parents when the parents themselves

are used as testers and to identify the higher yielding combinations. From the

comparison of the parents (Table 3.5), the general combining ability of parent Kitui

Local wasrelatively higher. At the same time the relatively lower specific combining

ability associated with Kitui Local (Table 3.6) indicated that Kitui Local uniformly

transmitted its relatively salt tolerance ability to all of its F,’s and for this reason Kitui

Local is probably superior to others for inclusion in the production of a syntheticsalt-

tolerant variety (Griffings, 1956).

Anestimate of genetic correlation, defined as correlation of breeding values for

families from the same cross tested at 75 mM and 175 mM NaCl showedpositive

correlation (Table 3.7). This may be due to the genes operating at high and lowsalinity

conditions being the same (Shannon,1985).

Thediallel cross method followed here in elucidating the genetic architecture of

salt tolerance in pearl millet has previously been used by breeders in an attempt to

determine the inheritance mechanism of salt tolerance in rice (Moeljopawiro and

Ikehashi, 1981) andsalinity tolerance in sorghum (Azhar and McNeilly, 1988). The

results of these studies indicated that both additive and dominance genetic effects were

important for controlling NaCl tolerance determined from root length growth in the

stress conditions applied. The findings of Ekanayake etal. (1985) showed that drought

tolerancein rice is also controlled by both dominance and additive effects whilst the
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same appears to be true of coppertolerance in the wild Silene vulgaris (Schat and Ten-

Bookum,1992), and other wild metal tolerant species Given that these stress factors

impose very high selected pressures such a genetic architecture might be expected with

respect to the evolution of dominance.

The analysis described here has provided two importantpieces of information

aboutthe genetic basis of salinity tolerance in pearl millet.

1. Thetrait is governed by both additive and dominancegenetic effects at both 75 mM

175 mM NaCllevels with the dominance genetic effects being predominant.

2. Selection at 75 mM NaCl would be of paramount importance towards improvement

of salinity tolerance in pearl millet, whilst exploitation of non-additive variance

through heterosis might be rewarding by testing at both 75 and 175 mM NaCl

levels.
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CHAPTER 4

THE RESPONSE OF TWELVE PEARL MILLET ACCESSIONS TO NaCl
DURING ONTOGENY OF THE WHOLE PLANT

4.1. Introduction

Variability in salinity tolerance within species has been reported with increasing

frequency in recent years; however, the choice of criteria by which tolerance is

measured has not been consistent among investigators (Rush and Epstein, 1976;

Shannon, 1978; Pasternak et al., 1979; Norlyn, 1980; Shesinon etal., 1983). Plant

response to salinity may change with age, and salt stress increases as the plant |

continues to grow andtranspire undersaline conditions due to increased salt load on the

root as time passes (Blum, 1988). A plant’s response, and consequently its effective

salt tolerance, are influenced by its ontogenic stage, and salinity effects may vary

depending upon the growth stage at the time of stress (Ashraf and Waheed, 1990),

suggesting that the plants ability to respondto salt stress depends upon the genesthat

are functioning at the stage of development during which the stress occurs (Shannon,

1985).

The effects of and responses to salt stress may also be modified by changesthat

have occurred due to previousstress, e.g. during rapid vegetative growth the plant

strives to maintain as large a photosynthetic area as possible to maintain a root system

that will support the plant and provide water and nutrients (Shannon, 1985). Salinity

affects this balance, typically reducing vegetative top growth more than root growth

(Maasand Nieman, 1978). Such changes mayaffect the severity of, and response to,

subsequentstresses.

The small amountofavailable information with respectto effect of plant age on

salinity resistance (Blum, 1988) does not allow development of any generalisation.

Therefore, for varietal improvementin salinity toleranceto be effective, availability of

information aboutthe effects of salinity on all phases of plant growth are essential and

equally it would be worthwhile to identify the life stage most susceptibleto the effect of

salinity in order to maximise selection efficiency (Azhar and McNeilly, 1989).

The desired adaptive response would therefore be one in which plants become

more resistant with age, either as a function of age per se or as a function of hardening
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(Blum, 1988). For example, in barley, salinity tolerance has been found to both

increase (Greenway, 1965) and decrease (Lyncheeral., 1982) with plant age; in sugar

beet, salinity tolerance was found to be lowest during germination (Bernstein and

Hayward, 1958); in wheat, reduction in total grain yield in responseto salinity occurred

primarily through inhibition oftillering capacity (Maas and Grieve, 1990); in tomato,

the seedling stage of seven cultivars was more sensitive to salinity stress than their adult

stage (Pasternak et al., 1979); in sorghum, grain yield decreased most whenstress was

imposed during the vegetative and reproductive stage of development(Maas,et al.,

1986).

This Chapter describes an experimental assessmentof the effects of various

levels of salinity applied throughout the whole course of plant development on the

growth and yield of twelve accessions of pearl millet (P. americanum)at different

growth stages.

4.2. Materials and methods

Twelve pearl millet accessions Kitui Local (t), Selection 2 (t), 93611 (t), 93614

(t), 203656 (s), 203658 (s), 203659 (s), 203662 (s), 215631 (s), 215632 (s), 215634

(s) and 221726 (t) were used in this experiment(t = tolerant, s = sensitive).

Seedlings of the twelve accessions were raised in washedriver sand,irrigated

with nutrient solution half-strength (following Rorison in Hewitt, 1966) in 30 x 60 cm

plastic trays. Four one-week-old of similar size seedlings were transplanted into 18 cm

plastic pots containing dry river sand washed for one week, on days 1 - 5 with tap

water and then for two days using nutrientsolution prior to planting and transplanting.

The seedlings were fed with half-strength nutrient solution every two days for five

weeks. Holes in the base of the plastic pots allowed quick drainage of the solutions

through cheesecloth whichlined the base of the pots. To retain leachate, plastic saucers

were placed undereachpot.

Imposition of salinity stress upon the seedlings began five weeks after

transplanting, with addition of NaCl as appropriate to the half-strength Rorison

solutions. Excess solution was added to each pot to avoid NaCl accumulation. The

NaCl concentration was increased in aliquots of 25 mM NaClonalternate days until the

appropriate salt treatment was reached. Thesalinity treatments were of 75 mM (EC =7
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dS m-!), 100 mM (EC = 10 dS m') and 150 mM (EC = 13 dS mr). Controls

consisted of plants grownin the nutrient solution without salt addition (EC = 0.8 dS

nv!). Treatments continued with the addition of the appropriate solution on alternate

days. To monitor levels ofsalinity, the first 50 to 75 ml of solution flowing from the

bases of twenty randomly chosen pots wascollected at each alternate irrigation and

solution electrical conductivity determined. To minimise salt concentration fluctuations,

all pots were flushed with non-saline nutrient solution every two weeks, following

which the pots were immediately flushed with their respective NaCl nutrientsolution

until the electrical conductivity of the effluent solution was equal to thatof the solution

being added.

Daytime glasshouse temperatures ranged from 21° to 40°C (mean = 30°C);

night temperatures, from 14° to 30°C (mean = 20°C). Relative humidity ranged from

40% to 80% with a mean of 60% during the day, and 70% during the night. Sixteen

hours natural daylength wasprovided,natural daylight being supplementedusing 400

Watt mercury vapour lamps.

The experiment was of complete randomised block design consisting of four

treatments (0, 75, 100 and 150 mM NaCl) imposed throughoutplant development. The

physiological developmentof the plants from seedling emergence to maturity wasrated

as below following Jauhar (1981).

(i) Growth stage 1

The vegetative stage, included the periods of leaf growth and

expansion,tillering, and stem elongation.

(ii) Growth stage 2

The reproductive stage, including booting, inflorescence emergence, and

anthesis.

(iii) Growth stage 3

The maturation stage, milk and dough development, andripening.

At each stage of growth, four experimental units representing 0 (control), 75,

100 and 150 mM NaCltreatments at each of the replications were measured for plant

height, numberof leaves, and percentage live leaves. Dry weightsof roots, stems, leaf
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sheathes and leaf blades were measured atstage 3.

Heights of plants were measured from base to the tip of the stem for

measurements taken at stages 1 and 2, while mature plant height at stage 3 was

measured to thetip of the inflorescence. Mean plant height was calculated for each stage

of growth.

Total numberof leaves per plant was counted, and averaged over numberof

plants in eachreplicate in each treatment. Similarly, numberof live leaves (green leaves

without necrosis) per plant was counted at the three different growth stages, and the

percentageoflive leaves calculated.

Atstage 3 all four plants were harvested and bulk samplesofroots, stems, leaf

sheathes andleaf bladesof all four plants were made oven dried at 50°C for ten days,

weighed, and mean shootand root dry weightperplant calculated.

Degree of salt tolerance was estimated as relative values (treatment estimates

expressed as percentage of controls) for each character in each replicate in the three

NaCltreatments (75, 100 and 150 mM).

Data for both absolute and relative values for the twelve accessions for the three

characters measured at the three growth stages, and for the four characters measured

only at growth stage 3 were subjected to analysis of variance.

Thesalt sensitive growth stage for absolute plant height and percentage live

leaves was assessed using a non-linear least squares method of van Genuchten and

Hoffman (1984), option 12, as used in Chapter 2. Similarly absolute dry weights of

root, stem, leaf sheath and leaf blade of the accessionsas a function of the NaClof the

nutrient solution imposed throughout whole plant development were used to further

comparethe responsesof the accessions.

4.3. Results

Salinity response wasassessed both as absolute (Dewey, 1960) andasrelative

salt tolerance values (Maas and Hoffman, 1977; Maas, 1985). To simplify presentation,

only data for six accessions are presented; the data of the remaining six accessions are

given in Appendices4.1 - 2.
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Table 4.1. Mean squares and significances from the analysis of variance of absolute
values of plant height, number of leaves per plant, and live leaves percentage per
plant at three different growth stages

Item

Blocks

Accessions (Acc)

NaClsolutions (Sol)

Growth stages (Gst)

Acc x Sol

Acc x Gst

Sol x Gst

Acc x Sol x Gst

Residual

Df Plant height

3 126.88NS

11 934.94***

3 16726.37***

2 492.18***

33 359.40***

22 82.33NS

6 751.81***

66 77.41NS

286 58.65

Numberof leaves Percentagelive
per plant leaves per plant

7.178** 107.53NS
9.57#** 299.43%#*

45,.94*** 4456.34***
215.63*** 27731.39***

2.46*** 27731.39***

0.76NS 166.51***

7.33*** 755.33***

0.55NS 33.46NS

0.97 36.50

Table 4.2. Mean squares and significances from the analysis of variance of absolute
values of dry weights of root, stem, leaf sheath and leaf blade recorded at growth
stage 3

Item

Blocks

Accessions (Acc)

NaCIsolutions (Sol)

Acc x Sol

Residual

Df Root

2 7.83NS

11 47.64***

3 853.96***

33 12,48***

94 3.998

Stem

2.34*

S-10***

383.92***

ZGSERS

0.565
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Leaf sheath Leaf blade

0.18NS 0.25NS

0.79*** 11.17***

37.04*** 111.46***

0.44*#* 2.49***

0.116 0.428



4.3.1. Absolute salt tolerance

The results obtained from the analysis of variance of absolute values for the

three characters, mean plant height, mean numberof leaves per plant, and mean

percentage live leavesperplant, collected at three different growth stages, and for the

four characters, mean dry weights per plant of roots, stems, leaf sheathes, and leaf

blades takenat growth stage 3 are presented in Tables 4.1 and 4.2 respectively.

4.3.1.1. Mean Plant height

The results of the analysis (Table 4.1) show that accessions differed

significantly (p<0.001) in plant height, increasing NaCl concentrations significantly

(p<0.001) reduced mean plant height and there were significant (p<0.001) difference in

plant height at different growth stages. Accessions heights differed significantly in

different NaCl concentrations (interaction accessions x NaCl concentrationssignificant

at p<0.001), and NaCl concentrations affected plant heights differently at different

growth stages (interaction NaCl concentrations x growth stagessignificant at p<0.001).

Mean plant height of the accessionsat the three growth stages was affected by

NaCl treatments (Figure 4.1). At 100 and 150 mM NaClacrossall growth stages,

plants of accession 221726 werethetallest plants, whilst plants of accession 93611 did

not show substantial reduction in height with increasing salinity at any of the three

growth stages.

The NOPT 12 fitted curve for mean plant height of each ofthe six accessions as

function of NaCl concentrations imposed during each growth stage is presented in

Figure 4.2. Mean height per plant was affected most by salt imposed during maturation

(growth stage 3), less during the reproductive stage (growth stage 2) and least during

the vegetative stage (growth stage 1).

4.3.1.2. Mean number of leaves per plant

Data for mean numberof leaves per plant of six accessions are presented in

Figure 4.3. Mean numberof leaves per plantof the accessions differed significantly

from each other (p<0.001, Table 4.1), increasing salinity caused overall significant
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Figure 4.1. Mean plant height (cm) at three different growth stages
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Figure 4.3. Mean number of leaves per plant at three different growth stages
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reductions in numberofleaves per plant (p<0.001), whilst numberof leavesper plant

was different at different growth stages (p<0.001). However the accessions did not

differ significantly in overall mean numberofleaves per plant at different growth

stages. The interaction, accessions x NaCl solutions was significant (p<0.001)

suggesting that the degree of reduction in leaf numberper plant differs between

accessionsin response to different NaCl concentrations.

4.3.1.3. Mean percentage live leaves per plant

The results of the analysis of variance in Table 4.1 show that accessions

differed significantly (p<0.001) in numberoflive leaves throughout the experiment,

and increasing NaCl concentrations significantly (p<0.001) reduced the numberoflive

leaves. Mean percentagelive leaves per plant wassignificantly (p<0.001) differentat

different growth stages, and the interaction, and accessions differed in mean percentage

live leaves per plant at different growth stages. Accession response in numberoflive

leaves to changing NaCl concentrations wassignificant (interaction accessions x NaCl

concentrations at p<0.001), and the numberof live leaves on different accessions

differed significantly at different growth stages (interaction accessions x growth stages

at p<0.001). Different NaCl concentrations had significantly (p<0.001) different effects

on live numberofleavesat different growth stages.

The negative impact of NaCl on mean numberof live leaves per plant was

greater at growth stages 2 and 3 than at growth stage 1 (Figure 4.4). The salt sensitive

accessions (203659 and 203662) were markedly affected at 150 mM NaClsolution at

growth stage 3, whilst accession 221726 had the smallest number of dead leaves

(Figure 4.4).

The fitted curve for mean percentage live leaves per plant of each of the six

accessions as a function of the NaCl solution imposed during each growth stage

(Figure 4.5) showed that growth stage 3 was the mostsensitive stage for this character.

These data also confirmsthe greater tolerance of accession 221726.
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4.3.1.4. Mean root dry weight per plant

Mean root dry weight per plant of the accessions differed significantly

(p<0.001, Table 4.2) from each other, and was reduced significantly by increasing

NaCl concentrations (p<0.001, Table 4.2). Accessions differed significantly in mean

root dry weightper plant in response to different NaCl concentrations,interaction term,

accessions x NaClsolutions wassignificant (p<0.001, Table 4.2).

Figure 4.6a showsthat the tolerant accession 221726 had greater root dry

weight than the rest of the accessionsacrossall NaCl concentrations, whilst at 150 mM

NaCl, the sensitive accession 203659 had the lowest root dry weight.

The response function curve for mean root dry weights of the six accessions

and NaCl concentrationsis presented in Figure 4.7, and showsthat twoofthe tolerant

accessions (221726 and Kitui Local) had greater root dry weight at 150 mM NaCl,

whilst accession 203659 (susceptible) had the lowest root dry weight.

4.3.1.5. Mean stem dry weight per plant

From the analysis of variance in Table 4.2, the difference between accessionsin

mean stem dry weight per plant was significant (p<0.001). Increasing NaCl

concentrations significantly (p<0.001) reduced stem dry weight, and accession dry

weights differed significantly (p<0.001) in differentsaline solutions.

Data for the six accessions are presented in Figure 4.6b. The effect of NaCl on

stem dry weight was greater in accession 203659 at 100 mM NaCl andin both the

sensitive accessions (203659 and 203662) at 150 mM NaCl. On the other hand,

accession 221726 (tolerant) consistently maintained a greater stem dry weightacross all

NaCl concentrations.

Mean stem dry weight per plant as a function of NaClin the nutrient solution

imposed during each growth stage (Figure 4.8) showed that accession 221726

(tolerant) had greater stem dry weightat the highest salinity (150 mM). In contrast,

accession 203659 (salt sensitive) showed a very sensitive response and had the lowest

stem dry weight.
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Figure 4.6. Mean dry weights (g) of a) root, b) stem, c) leaf sheath, and d) leaf

blade per plant at growth stage 3 [with standard error (S.E.)]
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4.3.1.6. Mean leaf sheath dry weight per plant

Table 4.2 and the data presented in Figure 4.6c show that NaCl treatments

caused a considerable reduction in leaf sheath dry weight of the accessions (p<0.001),

and differences between accessions were significant (p<0.001). The two-factor

interaction (accessions x NaClsolutions) wasalso significant (p<0.001) showingthat

NaCltreatments significantly reduced leaf sheath dry weight by different degrees in

different accessions.

Although accessionsdiffered significantly (p<0.001, Table 4.2) in mean leaf

sheath dry weightperplant, two of the three salt-tolerant accessions (93611 and 93614)

showed similar response at 75, 100 and 150 mM NaCl (Figure 4.6c). However yet

again accession 221726 (tolerant) had greater leaf sheath dry weight at 150 mM NaCl,

whilst accession 203659 (susceptible) had relatively lower leaf sheath dry weight

(Figure 4.6c).

The fitted relationship of mean leaf sheath dry weight per plant and NaCl

concentration imposed during each growth stage (Figure 4.9) showsthe following: a)

accession 93614 wasthe least affected, b) accession 221726 hadrelatively greater leaf

sheath dry weight at 150 mM NaCl, whilst accession 203659 had the smallest leaf

sheath dry weight, and c) accessions 93611 and 93614 were second to accession

221726in their leaf sheath dry weight at 150 mM NaCl.

4.3.1.7. Mean leaf blade dry weight per plant

Leaf blade dry weights of the accessions differed significantly when averaged

acrossall salinity treatments (p<0.001, Table 4.2). Mean leaf blade dry weightofall

accessionswassignificantly reduced (p<0.001, Table 4.2) with increasing salinity. The

interaction term, accessions x NaCl solutions was significant (p<0.001, Table 4.2)

suggesting that the degree of reduction in leaf blade dry weights in response to

increasing NaCl concentration differed significantly between accessions.

Figure 4.6d plots mean leaf blade dry weight perplant in response to increasing

salt concentrations, showingclearly the reduction in weight at 150 mM NaCl. Although

leaf blade dry weight differed significantly between accessions (p<0.001, Table 4.2)

the salt sensitive accessions (203659 and 203662) did not differ from othersatall

across all NaCl concentrations (Figure 4.6d).
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The response function curve (Figure 4.10) shows that the two tolerant

accessions 93611 and 221726 had greater leaf blade dry weights at 150 mM NaCl,

whilst the salt sensitive accession (203659) had the smallest leaf blade dry weightat

150 mM NaCl. At 100 mM NaCl, 221726 had the highest leaf blade weight, 93611 the

intermediate leaf blade weight, and the remaining accessions, tolerant and sensitive, had

similar leaf blade weights.

4.3.2. Relative salt tolerance

To evaluate the salinity tolerance of the data for three different plant characters at

three different growth stages, and for four other different characters at growth stage 3

accessions have been compared onthebasis of yields undersaline conditions expressed

as a fraction of their yields obtained under non saline condition, a criterion for

providing comparable measure of salt tolerance suggested by Maas and Hoffman

(1977) and Maas(1985). Relative salt tolerance of the accessions have been subjected

to analysis of variance, and the results are presented in Tables 4.3 - 4.

4.3.2.1. Relative plant height

The results obtained from the analysis of variance ofrelative salt tolerance data

(Table 4.3) showed that accessions differed significantly in relative plant height.

Increasing NaCl concentrations significantly reduced accessions’relative plant height

values (p<0.001). The interaction, accessions x growth stages wassignificant (p<0.01)

suggesting that accessionsrelative plant heights differed significantly at different

growth stages.

Meanrelative plant height data of six accessions is presented in Figure 4.11.

The effect of NaClon relative plant height was moderate at growth stage 1. As plants

grew,plant height as percentage of control decreased, with greater effect at higher NaCl

concentration. Accession 203659 had the lowestrelative plant height values. One of the

tolerant accessions (93611) was less affected than the others, and its relative plant

height was greater than 80% of controls in each NaCl concentration at each growth

stage.
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Table 4.3. Mean squares and significances from the analysis of variance of relative
values of plant height, number of leaves per plant, and live leaves per plant at
three different growth stages

Item

Blocks

Accessions(Acc)

NaCl solutions (Sol)

Growth stages (Gst)

Acc x Sol

Acc x Gst

Sol x Gst

Acc x Sol x Gst

Residual

11

22

22

214

Relative

Plant height

563.79***

2147.07***

2012.80***

5935.01***

136.24NS

166.51**

16.87NS

17.96NS

86.15

Relative number

of leaves per plant

315.75*

L057274**

4843.33***

T797.015**=

141.40NS

207.46NS

310.00NS

56.60NS

138.21

Relative percentage
live leaves per plant

226.14NS

1193.08**

11287.47***

118530.20***

866.03*

493.92NS

4085.07***

207.82NS

469.24

Table 4.4. Mean squares and significances from the analysis of variance of relative
values of dry weights of root, stem, leaf sheath and leaf blade recorded at growth
stage 3

Item

Blocks

Accessions (Acc)

NaClsolutions (Sol)

Acc x Sol

Residual

11

22

70

Root

158.91NS

485.74***

3026.05***

104.42NS

167.93

Stem Leaf sheath Leaf blade

92.18* 130.20NS 185.31NS

752.56*** 1162.47*** 1705.27***

2490.66*** 938.36*** 1923,50***

79.83*** 76.81NS 75.97NS

23.73 87.18 168.73
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4.3.2.2. Mean relative number of leaves per plant

Accessions differed significantly in relative numberof leaves (p<0.001, Table

4.3). Increasing NaCl concentrations significantly (p<0.001, Table 4.3) reduced mean

relative number of leaves per plant. Overall mean relative number of leaves was

significantly lower at growth stage three (p<0.001, Table 4.3). None ofthe interactions

were significant (p>0.05, Table 4.3). However there was some suggestionthatrelative

leaf numberis reduced to a greater degree at growth stage 3, particularly accession

203662 was affected at 100 mM NaCl (Figure 4.12). On the other hand however,at

growth stage 3 accessions 203659 and 203662 (sensitive) were havingrelative values

of 85% and 67% respectively at 150 mM NaCl which were as good asthe four tolerant

accessions, whilst accession 93614 was unaffected (Figure 4.12).

4.3.2.3. Mean relative percentage live leaves per plant

Differences between accessionsin relative numberoflive leaves wassignificant

(p<0.01, Table 4.3). Different NaCl treatments significantly (p<0.001, Table 4.3)

reduced the relative percentage of live leaves per plant. There wassignificant (p<0.001)

reduction in relative percentage live leaves at different growth stages, and the effect of

increasing NaCl concentrations wassignificantly greater (p<0.001) at growth stage 3

than at growth stages 1 and 2. Accessions responded differently (p<0.05, Table 4.3) to

different NaClsolutions.

The negative impact of NaCl wasgreater at growth stage 3 (Figure 4.13). At

growth stage 3, there was markedandsignificant reduction ofrelative percentage live

leavesperplantin all the accessionsin all NaCl concentrations. This was particularly

the case at the highest concentration of 150 mM NaCl. The twosalt sensitive accessions

(203659 and 203662) were the most affected having no live leaves at growth stage 3 at

150 mM NaCl. Accession 221726 (tolerant) wasleast affected followed by accession

93614 (also tolerant).

4.3.2.4. Mean relative root dry weight per plant

The results of the analysis of variance in Table 4.4 show that accessions
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differed significantly (p<0.001) in relative root dry weight. Increasing NaCl

concentrations significantly (p<0.001) reduced meanrelative root dry weightperplant.

Data for mean relative root dry weight per plant for six accessions are presented

in Figure 4.14a. Although the interaction term accessions x NaCl concentrations was

not significant there appear to be someindication of accession differences in response.

Kitui Local (tolerant) had the lowest value across all NaCl concentrations, the

susceptible accession 203662 had the highestrelative root weight at 150 mM NaCl

concentration. Accession 93614 (also tolerant) had relatively greater mean relative root

dry weight than therest of the accessions at 75 and 100 mM NaCl.

4.3.2.5. Mean relative stem dry weight per plant

Table 4.4 showsthat accessionsdiffered significantly (p<0.001)in relative stem

dry weight, and NaCl concentrationssignificantly (p<0.001) reducedrelative stem dry

weight. The significant (p<0.001) interaction term, accessions x NaCl concentrations

showed that the twelve accessions responded differently in relative stem dry weightin

different NaCl solutions.

The salt sensitive accessions were clearly separated from the salt-tolerant

accessions by this parameter (Figure 4.14b) at all three NaCl concentrations, the two

salt sensitive accessions (203659 and 203662) having markedly lowerrelative stem dry

weight than the four salt-tolerant accessions.

4.3.2.6. Mean relative leaf sheath dry weight per plant

Significant difference (p<0.001)in relative leaf sheath dry weight was observed

between accessions (Table 4.4), and NaCl concentrations significantly reduced mean

relative leaf sheath dry weight per plant (p<0.001).

Data for meanrelative leaf sheath dry weight per plant of six accessions is

presented in Figure 4.14c. The ranking of the six accessions did not change in response

to increasingsalinity, the accession x NaCl solutionsinteraction being nonsignificant.

It is interesting to note howeverthat the tolerant accession 93614 had greater mean

relative leaf sheath dry weight across all NaCl concentrations, whereas the sensitive

accession 203659 had the lowestleaf sheath dry weight at 150 mM NaCl.
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Figure 4.14. Mean relative dry weights (%) of a) root, b) stem (with S.E.), c) leaf
sheath, and d) leaf blade per plant at growth stage 3
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4.3.2.7. Mean relative leaf blade dry weight per plant

Accessions were significantly different from each other (p<0.001, Table 4.4) in

relative leaf blade dry weight, andthe effect of increasing salinity in reducing relative

leaf blade dry weight wasalso significant (p<0.001, Table 4.4). The six accessions did

not respond differently to different NaCl concentrations (Figure 4.14d), interaction,

accessions x NaCl concentrations was non significant. Once again however the data

show that the sensitive accession 203659 hadthe greatest reductionin relative leaf blade

dry weightin response to NaClincrease, whilst the tolerant accessions 93611 and Kitui

Local had the least reduction in relative leaf blade dry weight.

4.3. Discussion

The complexities of salinity effects are formidable constraints on the articulation

of any specific salt tolerance mechanism. Information is needed about the impact of

different levels of salinity at various stages of plant developmentfordifferent crops.

Identifying those growth stages most susceptible and/or not susceptible to salinity will

assist the breeder in determining target characters for improvementthrough selection

and breeding. Whena specific and readily quantifiable physiological mechanism

conferring salt tolerance is not available, assessmentof plant material according to the

amountof salt injury reflected in partial or complete necrosis, or in measurement of

other plant characters of importance, yield of green matter and grain yield, appear to be

practical alternative methods (Noble etal., 1984).

Salinity is knownto affect plant growth during all developmental stages and

crop responsesto salinity vary during ontogeny (Maas and Hoffman, 1977; Shannon,

1985; Maas etal., 1986; Maas and Poss., 1989; Azhar and McNeilly 1989). Because

of these differences in salinity tolerance during the ontogeny, some studies have been

concerned with selecting for tolerance through the complete life cycle of the plant, as

with tomato and barley (Epstein et al., 1980). In the present study the data presented

describe the salinity tolerance of twelve pearl millet accessionsirrigated with nutrient

solution containing 75, 100, and 150 mM NaCl applied from the seedling stage to

maturity, with measurements taken at growth stage 1, growth stage 2, and growth stage

3 for plant height, number of leaves, and percentage live leaves, and with

measurements taken only at growth stage 3 for dry weights of root, stem, leaf sheath,
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and leaf blade. Such a procedure would seem to provide a good evaluation ofpotential

salinity tolerance (Poljakoff-Mayber, 1982).

Salt tolerance data have been expressed by some workers using yield as a

function of the average salt concentration in the root zone, providing data which

generally apply onlyif salinity is fairly uniform from the seedling stage to maturity

(Maas et al., 1986). In the experiment described in this Chapter, salinity was

maintained uniform and consistent from the seedling stage to maturity. Plant height

seemed to be affected little during the growth stage 1 (vegetative stage). Howeversalt

stress during stage 2 reduced stem elongation, buthadless effect on plant height than

during stage 3. At the third growth stage, salinisation caused a markedly stunted

growth, a commonfeature of salt stressed plants (Gale, 1975), significantly reduced

panicle elongation and even panicle differentiation after booting. Thus accession plant

height was mostsensitive during growth stage 3 andleast sensitive during growth stage

1 (Figure 4.2). Howeverit should be noted thatsensitivity at different stages was not

independentof the previous treatment.

Assessmentofrelative tolerance of the accessionsin relation to control plants

yielded nonsignificant effects of various interactions (Tables 4.3 - 4). Thus the relative

yield/salinity relationship does not appear to provide a useful measure of plant

tolerance. Absolute values permit direct estimations of economic returns under specific

salinity conditions independent of control values (Maas, 1985). For this reason

absolute values are often preferred in discussion as the criterion for selection (Ashraf

and McNeilly, 1992). Use of relative data for mean total numberofleaves (live and

dead) per plant again has not provided a good comparison of accessions and growth

stages. Howeverdata for percentage live leaves whether absolute or relative gave good

separation of accessions and growth stages, the separations corresponding with the

tolerant and nontolerantclassification of the accessionsat the seedling stage. Salinity

caused leaf necrosis throughout the whole course of plant development(Figures 4.4

and 4.13), but the greatest leaf senescence and necrosis was recorded at growthstage 3

(Figures 4,13). Salinisation through the whole sequence of plant development had a

muchgreater impact on the numberoflive leaves than on the total number of leaves per

plant. This impact on percentage live leaves increased with plantage,all twelve pearl

millet accessions examined being mostsensitive to NaCl at growth stage 3 whereas at

102



growth stages 1 and 2 only small reductionsin live leaf numbers were recorded with

increasing NaCl concentrations (Figure 4.13). This is in agreementwiththe findings of

Maas etal. (1986) on sorghum.In contrast, however, studies with maize (Maaset al.,

1983), wheat (Maas and Poss, 1989) and sorghum (Azhar and McNeilly, 1989)

showedthat growth stage 1 was the mostsensitive to salinity, whilst Yoshida (1967)

and Akbar etal. (1972) showed that growth stage 2 was the mostcritical in rice. The

present results do not fit in either of the two groups. However,it is partially in

agreementwith the findings of Azhar and McNeilly (1989) where two accessions,

Double TX and Giza 114, which were comparatively tolerant at growth stage 1 were

more sensitive at growth stage 3 suggesting variability in tolerance mechanism within

this species. Paralleling these from the absolute percentage live leaves data presented in

Appendix 4.1c, accession 203656, which showed moderately tolerant response with

respect to this character at growth stages 1 and 2, became moresensitive at growth

stage 3.

Assalt concentrations increase above a threshold level, which will vary with the

species, there is a progressive decrease in growth rate and final plant size (Maas and

Hoffman, 1977). The reduction in dry weights of root, stem, leaf sheath, and leaf blade

was almostlinear in the data presented here, and was a consequenceof reduced total

plant biomass, comparing plant height, numberof leaves, and percentagelive leaves.

Loss of leaf area for photosynthesis, and eventual leaf death in responsetosalinity is

clearly disadvantageousfor assimilate production as the photosynthetic area is reduced

to such an extent that carbohydrate supply becomesa limiting factor in plant growth

(Munnsand Termaat, 1986).

The reduction in plant tissues and dry matter weights due to salinity in the

accessions studied here may be attributable to three phenomena (Poljakoff-Mayber,

1982). Firstly, osmotic effects resulting from soil salinity may cause disturbancesin the

water balance leading to growth inhibition either directly, or through other processes,

such as stomatal closure and reduction in photosynthesis. Secondly, toxic effects

caused by specific ions which affect metabolism. Thirdly, solute accumulation which

may inducean internal imbalance in plant nutrition. Shannon (1984) stated that salinity

causes a combination of osmotic and ionic effects in plants. The osmotic effects

interfere with the plant’s ability to extract water from the soil and maintainan internal
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water balance, whereas the ionic effects may interfere with solute balance in the

cytoplasm, or in some cases, disturb membrane function and cause specific ion

toxicities.

The results of the experiment described here showed that the accessions were

able at least to some degree to respond to external concentration of NaCl in order to

limit its damaging effect. Normally salt accumulation in shoots occurs through the

transpiration process, and therefore tends to be highest in mature leaves as they have

larger leaf areas (Greenway and Munns, 1980). Total death of leaves was observed in

the twosalt sensitive accessions (203659 and 203662) in 150 mM NaClat growth

stage 3. Whensalinity was imposed throughout the whole plant development, Munns

and Termaat (1986) showed thatprolonged transpiration brings large amounts of Nat

and Cl ionsinto the shoot, especially into the old leaves, thus killing them and they

suggested that this process must eventually limit the supply of assimilates to the

growing regions and may be the main factor determining yield .

Variation in whole plant reaction to salinity might provide best means of

selection for salinity tolerance. While based on somewhatlimited experimental data, no

single accession was howeverfoundto be consistently superior across growth stages.

This suggests that salt tolerance may be underseparate genetic control at each of the

developmental stages, as suggested by Jones and Qualset (1984). Most importantly the

responses of the accessions examined in this Chapter appeared to be in great part

consistent with those observed when performance was assessed after two weeks

, growth in solution culture (Chapter 2). It was clear in Chapter 2 that based upon mean

overall values of C, Co and C59 pearl millet accession 221726 wasrelatively tolerant

and therefore a good potential target from which selection for enhancementofsalt

tolerance would seem to be worthwhile. In this sand culture experiment accession

221726 wasagain the most tolerant accession based on six whole plant measurements

namely plant height, percentagelive leaves, and root, stem, leaf sheath and leaf blade

dry weights. Again, based on two-week-old seedlings growth data, accessions 203659

and 203662 were shownto be amongthe mostsalt sensitive accessions ranking III in

C;, Cg, and Cs5¢ (Table 2.4 in Chapter 2). On the basis of plant height, percentagelive

leaves, and dry weights of root, stem, leaf sheath, and leaf blade data these two
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accessions were shownto besalt sensitive. This information would seem to be of value

for future work in improvingsalinity tolerance in pearl millet throughselection, in that

it suggests strongly that selection based upon the growth of two-week-old seedlings in

solution culture is likely to provide a good correlation with performanceofthe adult

plant under saline conditions. Even used as an initial screening procedure much time

and effort in effecting that screening would be saved.
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CHAPTER 5

THE PHYSIOLOGY OF SALT TOLERANCE IN PENNISETUM
AMERICANUM (L.) LEEKE

5.1. Introduction

Two major reasons have been suggested for salt sensitivity in nonhalophytes

(Greenway and Munns, 1980).Firstly, the inability of cells to osmoregulate which may

result from either an insufficient uptake of ions, and secondly, the ability of toxic ions

to interfere with physiological and biochemical processes of the organism.

Aminoacids and amine accumulation may occurnotonly as a result ofsalinity

perse, but also under conditions of waterstress in higher plants and the phenomenonis

also well known in animal cells. Strogonov (1970) took the view that changes in

nitrogen metabolism under saline conditions were indicative of salt injury, and

suggested that necrosis caused by salt poisoning is normally accompanied by an

increased amino acid content. According to Stewart and Lee (1974) proline functions as

a compatible solute in the important role of balancing cytoplasmic and vacuolar water

potentials. Support for this view came from the work of Treichel (1975) who showed

that the amountof proline present in plant tissues was dependent on the degree of

osmotic stress, and was positively correlated with the amount of Na* and Cl° in the

plant sap. Wyn Jones et al. (1976) suggested that in some species where proline

accumulationis not correlated with the external salt concentration, betaine, choline, or

other quaternary ammonium compoundsare accumulated. In wheat grass (Agropyrum

desertorum) proline increased in responseto salinity increase, but no differences were

observed in proline amounts betweensalt-tolerant and salt sensitive lines (Shannon,

1978). In another study Tal et al. (1979) found that salt and droughttolerant species of

Lycopersicon peruvianum accumulated less proline than the cultivated tomato (L.

esculentum) under both salt and water stress. They suggested, therefore, that the

accumulation of proline does not play an importantrole in the stress tolerance of the

wild tomato.

Previous studies in halophytes have demonstrated that sucrose is accumulated

rather than glucosein responseto salinity (Briens and Larher, 1982). It was suggested

that this organic solute maystabilise enzymes against high temperature andsalts (Paleg

106



et al., 1981) and function as a protein stabiliser (Wyn Jones, 1984). Shannon (1978)

found that sugar content of wheat grass did in fact increase at higher salinity but

sensitive and tolerant lines did not differ. By contrast, Rathert (1984) in comparing

sucrose and starch found that under salt treatment, sucrose content increased

considerably in bush beans, slightly in rice, but decreased in soybeans and cotton. The

starch content of leaves increased in sensitive bush bean, increased less in moderately

sensitive rice, increased little in soybean and actually decreased in leaves of the

relatively tolerant cotton.

Polyols and their close derivatives are also considered as important organic

cytosolutes (Wyn Jones, 1984). Nonetheless, whilst the roles of soluble carbohydrates

and aminoacidsare well established as solutes for osmoregulation in halophytic higher

plants (Briens and Larher, 1982), it is still not clear whether the same solutes are

involved in osmoregulation in glycophytes.

The mechanism of tolerance to salinity in nonhalophytes has not been

-extensively reviewed. In nonhalophytestolerance to salinity is commonly correlated

with ability to restrict the entry of ions to shoots or to an ability to exclude entry of

excess amounts of specific ions (Greenway and Munns,1980). This has been observed

by Abel and Mackenzie (1964) in salt sensitive cultivar of soybean which accumulated

more Cl” in its shoot than a tolerant cultivar. Later, Abel (1969) showed that the

capacity for inclusion or exclusion of Cl” in the leaves of these soybean varieties was

inherited and controlled by a single gene pair. Léuchli and Wieneke (1979) in an

investigation with two soybean cultivars confirmed these findings of Abel and

Mackenzie (1964), but also showed that the salt sensitive cultivars accumulated both

Cland Natin the leaf to such a degreethatit caused leaf injury. Similarly, Winter and

Lauchli (1982) reported that in the relatively salt-tolerant Trifolium alexandrinum (L.)

there was less Na* and CI” in the leaves than in the more sensitive T. pratense (L.).

This general principle of avoidance appearsto be essential to glycophytes which as a

group are unable to accumulate concentrations of inorganic ions sufficient for osmotic

adjustment, although there are considerable differences within them as a group. Lessani

and Marschner(1978) found no correlation between the extent of Cl” translocation and
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growth depression caused bysalinity for several different species which differ in salt

tolerance. A similar finding was reported for wheat by Kingsbury etal. (1984) who

found no differences between sensitive andtolerantlines in Cl’ accumulation.

Two requirementsfora plant to survivein a saline habitat are osmotic adaptation

and functional metabolism. In the case of NaClsalinity, this pertains particularly to

uptake of Kt (Jeschke, 1984). Since active Na* efflux is considered a universal

property of plant roots, K*-dependent Na* extrusion should be foundin salt-tolerant

species (Jeschke, 1984). Hordeum distichon, which is considered as one of the most

salt-tolerant crop species, and Triticum aestivum, which is considered as a moderately

salt-tolerant crop species showed a remarkably efficient K*-Na* exchange system

when grown under NaClstress conditions (Maas and Hoffmann, 1977). The Triticale

cultivar, GLT 176, on the other hand, was an efficient salt excluder (Wyn Jones,

1984). Salt excluders possess mechanismsthat ensure that salt reaches the shoot only

in very small amounts, and this might be dueto a very efficient selectivity towards K*

during absorption (Albert and Popp, 1977), and/or anotherpossibility is that Nat is

absorbed in significant amounts butis reabsorbed from the xylem sap in proximal parts

of the root (Jacoby and Ratner, 1973) and is then either stored or retranslocated

(Winter, 1982b). However,the salt-tolerant Atriplex hortensis showed comparatively

low K*-Nat exchange and wassimilar in this respectto the salt-sensitive species onion

(Maas and Hoffmann, 1977).

The objective ofthis section of this study is to examine the effect of salinity on

the content of organic and inorganic metabolites in roots and shoots of 14-day-old

seedlings of pearl millet accessions of different salt sensitivities, and thus to provide

preliminary information about a possible mechanism oftolerance in that species. The

approach was to examine the physiological responsesto salinity in salt-tolerant and salt

sensitive accessions of the same species identified during an earlier study, 93611 and

93614, both tolerant (Ashraf and McNeilly, 1992) and 203662 identified as susceptible

in Chapter 2 of this thesis, in the supposition that the observed differences in the

physiological response to salt are more likely to be related to the salt tolerance
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phenomenonthan are differences betweendifferentspecies.

5.2. Materials and methods

Three accessions of Pennisetum americanum (L.) Leeke were used in the

experiment.

Accessions 93611 and 93614 which were considered as tolerant, and 203662

which wassensitive to NaCl, were used in this experiment. Four NaCl concentrations,

0 (control), 75, 100 and 125 mM,were used. Twenty surfacesterilised seeds of each

accession were sownonrafts of black alkathene beads, three layers deep, floating on

1/10 strength Rorison nutrient solution in 300 cm? plastic beakers as used in Chapter2.

Three replicates per accession in each NaCl treatment were placed in a completely

randomised design, and the experiment was carried out under the same controlled

environmental conditions as used in Chapter 2.

After 14 days, roots and shoots from the seedlings of each replicate were

harvested separately.

5.2.1. Measurement of metabolites

5.2.1.1. Amino acids

Fresh root and shoot material of each replicate was weighed, cut into small

pieces and placed separately in test tubes. 20 cm? of 80% (v/v) ethanol was added to

each test tube containing the material and heated at 60°C for 30 minutes. The extract

was filtered and the volume made up to 25 cm? with 80% (v/v) ethanol.

The colorimetric method of Rosen (1957) was used to measure the total amino

acids. Ninhydrin reagent (Sigma Chem. Co. 20g dm® hydrindantin 75% (v/v)

dimethylsulfoxide, mol dm?lithium acetate at pH 5.2) wasdiluted in theratio 1 part

reagentto 4 parts double distilled water. 0.5 cm? ninhydrin reagent was added to 1 cm3

of aqueous extract, mixed, and incubated in a water bath at 100°C for 15 minutes.

Samples werecooled,diluted with 10 cm? of 50% (v/v) n-propanol, mixed andleft for

15 minutes for colour development. Total amino acids were measured using a Linear
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Readout Grating Spectrophotometer at 570 nm.

Glutamic acid at 0, 0.5, 1.0, 1.5, 2.0 and 2.5 mM was used as standard

solution for calibration.

5.2.1.2. Proline

Samples were extracted as for total amino acids. The method adopted by Troll

and Lindsley (1955) was used to quantify proline content. Acid ninhydrin reagent was

made upby dissolving 1.259 g ninhydrin in 30 cm? ofglacial acetic acid and 20 cm3

6M orthophosphoric acid. 2 cm? acid ninhydrin reagent was added to 2 cm? ofthe

aqueousextract and incubated in a water bath at 95°C for 1 hour. Samples were cooled,

and 2 cm? of toluene was addedto eachreplicate andleft until aqueous and toluene

layers separated. The toluene layer was removedcarefully and the proline concentration

determined at an absorbance of 518 nm.

Proline standard solutions were made up from /-proline (Sigma Chemicals)at

concentrations of 0, 0.01, 0.05, 0.12, 0.30 and 0.40 mM.

5.2.1.3. Polyols

Samples were again extracted as for total amino acids.The colorimetric method

of Bok and Demain (1977) was used for determination of polyol content. The reagents

used were (1) Nash reagent, (2) 0.015M sodium periodate and (3) 0.1% (w/v) L-

thamnose. Nash reagent wasprepared bydissolving 7.5 g of ammonium acetate in 10

cm? glacial acetic acid and 10 cm? acetylacetone. 0.015M sodium periodate was

prepared by dissolving 0.1604 g of sodium periodate in 50 cm? of 0.12M HCl. 0.1%

(w/v) I-thamnose was prepared by dissolving 0.05 g of -rhamnose in 50 cm? of

deionised distilled water.

0.2 cm? of 0.015 M sodium periodate was added to 0.2 cm? of the aqueous

extract, mixed,andleft to stand for 10 minutes at room temperature. 0.4 cm?of 0.1%

(w/v) /-rhamnose was added and mixed; finally 0.8 cm? of Nash reagent was added
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and the samples incubated in a water bath at 53°C for 15 minutes, cooled and

absorbanceread at 412 nm.

Mannitol was used as a standard solution at concentrations of 0, 0.1, 0.2, 0.4,

0.8 and 1.2 mM.

5.2.1.4. Water soluble carbohydrates

These samples were again extracted as for amino acids. Carbohydrates were

quantified using the method of Plummer (1987). Anthrone reagent was prepared by

dissolving 1g anthrone carefully in 500 cm? concentrated sulphuric acid. 0.1 cm? of

aqueous extract was diluted with 0.9 cm? 80% (v/v) ethanol and 4 cm? anthrone

reagent was added drop by drop and the contents mixed. The test tubes and their

contents were incubated with a marble on top in a water bath at 95° - 100°C for 10

minutes. Tubes were cooled and water soluble carbohydrates measured at an

absorbance of 620 nm.

Sucroseat 0, 0.1, 0.3, 0.5, 0.7 and 1.0 mM wasused asa standardsolution.

5.2.1.5. Sodium (Nat), Potassium (Kt) and Chloride (CI°)

Fresh roots and shoots harvested from 0, 75, 100 and 125 mM NaCl were

subjected to a quick rinse in calcium nitrate solution of 10, 50, 70 and 85 mM

concentration respectively in order to wash (out) other ions from the surface of the plant

tissues, and subsequently oven dried at 50°C for 5 days./20 mg sub-samples of the

dried material from each replicate were placed in test tubes and 2 cm?of concentrated

nitric acid was added. After digestion was completed ona hotplate at 70°C, samples

werefiltered, and the volume of each was madeup to 10 cm? with deionised distilled

water. Nat was measured at 589 nm, and K* at 766 nm by flame emission.

For Cl analysis, 10 cm? of double distilled deionised water was added to 20

mg of each dried sample. Digestion wascarried on a hot plate maintained at 70° - 80°C

for 1 hour. The samples were then cooled andfiltered. The volume of each sample was
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made up to 10 cm? with double distilled water. Cl” was determined using CMT

Chloride Titrator (Radiometer).

Data for tissue organic and inorganic cation contents were subjected to analysis

of variance.

5.3. Results

5.3.1. Organic solutes

Analysis of variance of the data for amino acids, proline, polyols and water

soluble carbohydrates in root and shootfractions are given in Table 5.1, and the mean

values for those data are presented in Figures 5.1 - 4.

5.3.1.1. Amino acids

There were no significant differences between the three accessions in the

accumulation of aminoacidsin the shoots (p>0.05, Table 5.1b). However there were

significant differences between accessions in aminoacid contentof the roots (p<0.001,

Table 5.1a). Amino acid concentration increased significantly in both shoots and roots

(p<0.001, Table 5.1a, b) with increasing NaCl concentration in the growth medium

(Figure 5.1a, b). The interaction term, accessions x NaCl concentrations was non-

significant for root data (p>0.05, Table 5.1a), but was significant for shoot data

(p<0.05, Table 5.1b). This indicates concentrations of amino acids in shoots of the

three accessionsincreased significantly with increased salinity, but was greater in the

tolerant accessions 93611 and 93614 at 125 mM NaCl than the sensitive accession

(Figure 5.1b).
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Table 5.1. Mean squares and significances from the analysis of variance of
concentrations of amino acids, proline, polyols and water soluble carbohydrates in

roots and Shoots of 14-day-old seedlings grown at four NaCl levels

a) Root

Ttem Df Amino acids

Blocks 2  —93,5NS

Accessions 2 1169.2***

NaCl(Sol) 3 3117.9***

Acc x Sol 6 162.5NS

Residual 22 118.08

b) Shoot

Item Df Aminoacids

Blocks 2  7.01NS

Accessions 2 145.9NS

NaCl(Sol) 3 4666. 1***

Acc x Sol 6 255.51*

Residual 22 73.33

Proline

172.9NS

456.5**

640.8**

110.4NS

84.31

Proline

415.6NS

458.1NS

1567.7***

16.36NS

168.9
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Polyols

71.6NS

169.2*

1O17-3E**

245.2NS

34.38

Polyols

26.5NS

205.5%

289,23**

10.34NS

41.81

Carbohydrates

120.2NS

1708.8**

5448,5***

355.4NS

233.26

Carbohydrates

1326.3NS8

g90.7NS

14101.0***

308.6NS

495.2



Figure 5.1. Accumulation of amino acid in roots and in shoots (with LSD 5%) of
14-day-old seedlings grown at four NaCl levels
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5.3.1.2. Proline

Accessionsdiffered significantly in the amounts of proline accumulated in their

roots (p<0.01, Table 5.2a), the sensitive accession 203662 accumulating approximately

half the amountofthe tolerant accessions 93611 and 93614. Differences between shoot

proline contents, however, were not significant. Nonetheless proline levels increased

both in the roots and shoots (p<0.01; Table 5.1a, b; Figure 5.2a, b) in all the

accessions with increasing treatmentsalinity. Proline concentrations in both roots and

shoots of the three accessions increased in parallel with increasing NaCl concentrations,

the interaction term being nonsignificant (Table Sa,b).

5.3.1.3. Polyols

Theaccessions weresignificantly different in accumulation of polyols in both

roots and shoots (p<0.05, Tables 5.1a, b), the susceptible accession 203662 having

lower polyol concentrations than in the tolerant accessions 93611 and 93614 (Figure

5.3a, b). The concentration of polyols in the roots of both the tolerant (93611 and

93614) and susceptible (203662) accessions increased significantly with increase in

solution salinity (p<0.001, Table 5.1a, Figure 5.3a). This was also observed in the

shoots (p<0.01, Table 5.1b, Figure 5.3b). None of the interaction factors was

significant (p>0.05, Table 5.1a, b), indicating no significant difference between

accessionsin polyol concentrationsin roots or shoots in the four salt treatments.

5.3.1.4. Water soluble carbohydrates

Accessionsdiffered significantly in the amount of water soluble carbohydrate

accumulated in their roots (p<0.01, Table 5.1a). However differences were not

significant in the shoots (p>0.05, Table 1b). In general, there was a considerable

increase in water soluble carbohydrates in both roots and shoots of the accessions with

increased salinity concentration (p<0.001, Table 5.1a, b; Figure 5.4a, b). A relatively

greater proportion of water soluble carbohydrate wasretained in roots (Figure 5.1a).

However, there were similar patterns of increase in water soluble carbohydrate in the

three accessions at four NaCllevel, (accessions x NaClsolutions was nonsignificant).
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grown at four NaCl levels

Figure 5.2. Accumulation of proline in roots and shoots of 14-day-old seedlings



Figure 5.3. Accumulation of polyols in roots and shoots of 14-day-old seedlings
grown at four NaCl levels
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Figure 5.4. Accumulation of water soluble carbohydrates in roots and shoots of
14-day-old seedlings grown at four NaCl levels
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5.3.2. Inorganic ions

5.3.2.1. Sodium (Nat)

Roottissues of all the three accessions showed a marked increase in Na*levels

with increasing NaCl concentrations (p<0.001, Table 5.2a, Figure 5.5a) although the

accessions were notsignificantly different from each other in Nat accumulation

(p>0.05, Table 5.2a). In shoot tissues a sharp increase in Na* levels occurred with

increasing NaCl concentration for all the three accessions (Figure 5.5b). Accessions

were significantly different from each other in their degree of accumulation of Na*

(p<0.05, Table 5.2b), the susceptible accession (203662) accumulating relatively

higher levels of Nat in shoots (Figure 5.5b) than the two tolerant accessions (93611

and 93614). The two tolerant accessionshadsignificantly higher Nat contentsat the

higher NaCl concentrations in their shoots, whereas in the control, the sensitive

accession 203662 had the lowest Na* content. Differences in root Nat were found

only in response to increasing NaCl concentrationsin the growth media.

5.3.2.2. Potassium (Kt)

Increasing NaCl concentrations caused a progressive reduction in the levels of

K* in both roots and shoots (Figure 5.6a, b) and accessions differed significantly

(p<0.001, Table 5.2a, b). There were marked overall differences between accessionsin

the accumulation of Kt in root tissues in response to increase in treatmentsalinity up

to 100 mM NaCl (p<0.001, Table 5.2a). The same was not however observed for

shoots (p>0.05, Table 5.2a). The amounts of Kt accumulated by the three accessions

differed significantly at different NaCl treatments (Figure 5.6a, b) in both roots

(p<0.001, Table 5.2a) and shoots (P<0.05, Table 5.2b). The K* concentration in both

roots and shoots of the sensitive accession 203662 was lowerthanthat of the tolerant
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Table 5.2. Mean squares and significances from the analysis of variance of

concentrations of Nat, K*, CI’ and Na*:K* ratio in roots and shoots of 14-day-old
seedlings grown at four NaCl levels

a) Root

Item Df Nat cr Kt Na*:Kt

Blocks 2 33546.1NS 3424,6NS 561.14NS 0.8NS

Accessions 2 64840,2NS 7153.6NS 82369.1*** 20.0NS

NaCl (Sol) 3 180439.0*** 96038.8** 527321*** 95.8*

Acc x Sol 6 2198.81NS 689.2NS 63736.1*** 3,4NS

Residual 22 «2328.84 20838.34 4466.30 2.64

b) Shoot

Item Df Nat cr Kt Nat:Kt

Blocks 2 1192.2NS 40320.2NS 118449.3NS 0.34NS

Accessions 2  69133.0* 47095NS 24942,3NS 21.7NS

NaCl (Sol) 3 379395.0*** 169165.8* 1020685.0*** 174,5NS

Acc x Sol 6 40776.6* 6511.3NS 46866.8* 16.9NS

Residual 22 13442.11 38277.22 17591.68 9.58
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Figure 5.5. Accumulation of sodium in roots and shoots of 14-day-old seedlings
grown at four NaCl levels
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Figure 5.6. Accumulation of potassium in roots and shoots of 14-day-old seedlings
grown at four NaCl levels (with LSD 5%)
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accessions 93611 and 93614 at 75 mM NaCl and 93611 at 100 mM NaCl. However

there was no difference between accessions at 125 mM NaClfor either root or shoot

K* contents.

5.3.2.3. Chloride (CI-)

With increasing NaCl concentration, there were considerable increases in the

concentration of Cl’ in both roots (p<0.01, Table 5.2a, Figure 5.7a) and shoots

(p<0.05, Table 5.2b, Figure 5.7b). However the accessions were not significantly

different in the accumulation of Cl” with increasing NaClin the growth media. Thereis

some suggestion that more Cl” was accumulated in shoots of the susceptible accession

(203662) than in the roots and shoots of the tolerant accessions (Figure 5.7) although

difference wasnotsignificant. Cl” content of roots and shoots of the three accessions

responded in similar mannerto increasing NaClin the growth medium.

5.3.2.4. Sodium : Potassium ratio (Nat : Kt)

There was nosignificant differences between accessions with respect to

Na*:Kt ratios both in roots and shoots. Na*+:Kt ratio increased significantly in roots

(p<0.05, Table 5.2a) andsimilarly in all three accessions.
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grown at four NaCl levels

Figure 5.7. Accumulation of chloride in roots and shoots of 14-day-old seedlings



Figure 5.8. Sodium/potassium ratio in roots and shoots of 14-day-old seedlings
grown at four NaCl levels
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5.4. Discussion

Studies on the metabolic responses of plants to salinity stress may provide

evidence about the osmoregulatory role of organic cations and physiological

mechanismsinvolved in uptake,distribution and/or exclusion of inorganic cations.

Both the tolerant accessions 93611 and 93614, and the susceptible 203662

showed significantly increased levels of amino acid concentrationsin roots and shoots

with increasing salinity stress (Tables 5.1a, b; Figures 1a, b). The pattern of increase

was however muchhigherin the tolerant accession 93611 (Figure 5.1a, b). This is in

agreement with the findings of Strogonov (1973), who reported an increase in amino

acid content of pea plants with increasing salinity. Similarly, Wainwright (1980)

reported that accumulation of aminoacidsin salt-tolerant and salt sensitive ecotypes of

Agrostis stolonifera in response to salinity stress differed in degree, and suggested that

it was possible that salt-tolerant plants had utilised a normal response, but were

hypersensitive to the salt stress. In this way the plants were able to accumulate

potentially protective compounds before damage occurred. There is an interesting

parallel here with hypersensitive reactions to pathogens often being involved in the

tolerance mechanism. In the present study also, it was possible that the increase in

amino acid content of the accessions observed may be dueto their ability to decrease

osmotic potential, or improve osmotic adjustment by accumulating organic solutes

(Maasand Nieman, 1978; Aspinall and Paleg, 1981), a process in whichthe tolerant

accession 93611 clearly had a considerable advantage, being able to accumulate greater

amounts of aminoacids.

There have been suggestions abouta possible role of proline in conferring salt

tolerance, and its potential as a physiological marker for tolerance, and it has been

reported that accumulation of proline under stress may act as a protective solute by

maintaining an intracellular equilibrium between cytoplasm and vacuole (Aspinall and

Paleg 1981). In wheat grass, Shannon (1978) reported increased proline production

undersaline stress conditions andheattributed this to osmotic adjustmentbythe plant,

howeverhe found no differences betweensensitive and tolerant lines. More recentlyit

has been shown that its presence in plant tissues is associated with general

environmental stress and notparticularly to salinity, and its amount depends on plant

species (Gorham etal., 1985). In the present work, proline accumulation increased
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significantly in roots and shoots (Tables 5.1a, b, Figure 5.2a, b) in all the three tolerant

and non-tolerant accessions in response to increasing NaCl concentration and

accessionsalso differed significantly in root proline content (Table 5.1a). Howeverin

contrast to the findings of Shannon (1978) both roots and shoots of the tolerant

accessions 93611 and 93614 had higher proline concentrations than the sensitive

203662 (Figure 5.2a, b). This could again be of adaptive significance for the tolerant

accessions, on the assumptionthat a higher proline concentration mayoffer protection

to cells from salt damage. If tolerant accessions consistently accumulate proline levels

that are higher than those in susceptible accessions, this could be a suitable

physiological marker for tolerance. Howeverin Nicotiana sylvestris susceptible callus

cultures accumulated significantly higher levels of proline than selected tolerantcell

lines (Dix and Pearce, 1981) suggesting that proline presence in plant tissues depends

on plant species as has been suggested previously by Gorham etal. (1985). It is also

possible that evidence from callus tissue may not be consistent with events in whole

plant material.

Polyols may also contribute to enhancementof salt tolerance by osmotically

balancing the cytoplasm with the vacuole or with othersites outside the cells such as the

apparentfree space of the cell walls where salt is sequestered (Wyn Jones, 1984). All

three accessions studied here accumulated increased amountof polyols in roots and

shoots as salinity levels increased (Figure 5.3a, b). A similar pattern of polyol

accumulation was observed previously in cell cultures of Coleus blumei (Ibrahim,

1990). The increases in polyol concentrations in roots and shoots were significant and

the two tolerant accessions accumulated markedly greater polyol in their roots and

shoots at each NaCl concentration than the non-tolerant accession (Tables 5.1a, b;

Figures 5.3a, b) which suggests a role for polyols as a physiological indicator

associated with salt tolerance.

Carbohydrate metabolism, the most important energy source for plant growth

and development, is considerably inhibited during salinity stress which causes an

increase in concentrations of carbohydrates in plant tissues (Rathert, 1982). The

relatively salt-tolerant cotton cultivar, Giza 45, was not only characterised byrestricted

Nat and Cl- uptake and translocation throughoutthe plant, but also by high sucrose

content in the roots which is closely associated with carbohydrate metabolism for

127



osmotic adaptation. Evidently, this is an additional mechanism to preventsalt injury

(Rathert, 1982). Likewise in the present study, the tolerant accession 93611 had

relatively lower levels of water soluble carbohydrates in roots and shoots acrossall

levels of NaCl treatments (Figure 5.4a, b), a possible means ofresistance ofcell

metabolism to NaClstress.

A significant increase in Nat was observed in roots and shootsofall three

accessions in responseto increasing NaCl concentrations in the growth medium (Table

5.2a, b, Figure 5.5a, b). Similar results were reported in alfalfa by several workers

(Bernstien and Pearson, 1956; Noble et al., 1984; Ashraf et al., 1987; Al-Khatib,

1991). Na* concentration was howeverlowerin the two tolerant accessions compared

with the susceptible accession 203662 although the difference wassignificant only for

shoot tissues (Figure 5.5a, b, Table 5.2a, b).

Pennisetum americanum (L.) Leeke is moderately tolerantto salinity and there

is considerable variation for salinity tolerance within it (Ashraf and McNeilly, 1987,

1992). This is substantiated in the present work. Whilst the two tolerant accessions

examined here accumulate low concentrations of Na* ions in their tissues in response

to NaClstress, this does not appear to be a general phenomenoninsalt-tolerant species

(Greenway and Rogers, 1963; Yeo and Flowers, 1982). The lower Na* concentrations

in roots and shoots of the tolerant accessions suggested that there was some exclusion

of Nat ionsin these accessions,a situation which seemsto follow the general pattern

of ion exclusion described for glycophytes (Lauchli and Wieneke, 1979; Greenway and

Munns, 1980; Winter and Lauchli, 1982). The mechanism of Na* uptakein salt-

tolerant plants may well be due to differential potentials for ion uptake as shown by

Lessani and Marschner(1978) in variouscrops.In salt sensitive plants, in particular it

has beenobserved that an increase in Na* results when control of uptake fails and this

failure is correlated with reduction in growth (Wainwright, 1980). Wainwright (opp.

cit.) suggested that in glycophytes, unlike the situation in halophytes, Nat is excluded

from the shoot and they do showincrease in growth. Therelatively higher Nat uptake

and its increased accumulation in roots and shoots of the accessions may be the main
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cause for growth depression, either because of osmotic stress due to decreased external

water potential, or the effects of specific ions on metabolic processes, ranging from

absorptionof nutrient to enzymeactivation or inhibition (Kingsbury etal., 1984). The

mineral composition of the seedlings also indicates the extent to which Nat and Cl-

accumulation, and ion imbalance may have been involved in growthretardation of these

accessions.

Although Kt is not involved specifically in photosynthetic metabolism,it is

required in relatively high concentrations for other biophysical and biochemical

processes which affect photosynthesis (Huber, 1985). In this experiment KA

accumulation in roots and shoots decreased with increasing NaCl concentration

(Figures 5.6a, b). This agrees with the results of Umiel et al. (1980) who foundthat

Kt uptake decreased with increasing NaClconcentration in tobaccocallus cultures.

Figures 5.6a, b showed that the two tolerant accessions maintained higher levels of

tissue or root and shoot Kt than the susceptible accession, suggesting that they were

able to preferentially absorb K* underconditions of increasing Na* levels. Binzeletal.

(1987) reported similar differences between salt adapted andsalt sensitive tobaccocell

cultures.

A decrease in K* contentwith increasing salinity stress could on the other hand

be due to leakage of K* from roots caused by NaCl as shown by Nassery (1975,

1979) and Bates (1976). Wyn Jones and Storey (1978) have suggested that barley is

less adapted to salinity than Spartina spp. becauseit is unable to exploit the osmotic

benefits of Nat and Cl, possibly due to Na* induced membrane damage and

subsequent solute leakage. Nassery (1975) showed that Kt leakage from barley and

bean roots was NaClinduced rather than osmotically induced, and NaCltreatment was

subsequently found to induce Kt leakageat concentrations which cause substantial

reduction of root growth (Ahmed, 1978). Wainwright (1980) suggested that LiCl,

whichinhibits root growth, did not induce K* leakage and suggested a significantrole
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for salt induced Kt leakagein salt toxicity. In the present study, however, there was no

evidence of Kt leakage, but maintenance of high Kt maybe theresult of either

selectivity for K* or avoidance of Nat. The patterns of Na*+/K*ratios also confirmed

this view (Tables 5.2a, b; Figures 5.8a, b).

Salinity effects on three cultivars of barley of different salt sensitivities were

examined by Wyn Jones and Storey (1978), California Mariout being the most

resistant, Arimar being intermediate and Chevron the mostsensitive. When the cultivars

were grown in media containing NaCl, California Mariout and Arimar showed

decreased root and shoot Cl” levels when compared with the more sensitive Chevron.

In the present study the major difference was that of significantly increased Cl”

accumulation. Such an increase in Cl” concentrations might have caused growth

depression either because of an osmoticstress orthe effect of specific ions.

In toto the 14-day-old seedlings of both tolerant and susceptible accessions

accumulated more organic solutes (amino acids, proline, polyols and water soluble

carbohydrates) with increasing salinity levels. The same pattern was observed in the

accumulation of Nat and Cl”. By contrast K* concentrations decreased with increasing

levels of treatmentsalinity.

Althoughall the components (except K*) increased with increased salinity the

mostsignificantfindings were the following.

1. The major differences between responses ofthe accessionstosalinity stress were

the varying concentrations of both organic solutes and inorganic ions, the sensitive

accession 203662, the sensitivity of which was found from tolerance testing in

Chapter 2, accumulating more Nat in shoots, but less K*, aminoacids and polyols

both in roots and shoots, and proline and carbohydratesin roots, than the twosalt-

tolerant accessions.

2. Accession 93611, which proved to be moderately tolerant from the genetic study in

Chapter 2, showed both avoidance/selectivity and better osmotic adaptation through

synthesis of organic solutes and modified carbohydrate metabolism.

3. The extent of polyol accumulation in responseto increasing salinity, accessions
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being significantly different from each other in both root and shoot polyol contents

and the twotolerantaccessions consistently maintaining greater polyol levels across

NaCl concentrations, could be a possible physiological marker for enhanced salinity

tolerance.
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CHAPTER6

RESPONSES OF PEARL MILLET ACCESSIONS TO NaCl ALONE
AND WITHCaCl,

6.1. Introduction

Salt is a general term andsalinity problemsin the field may be caused primarily

by onesalt or by a combination of several salts. Saline soils are dominated by NaCl but

may contain Na7SOq, MgSOy4, CaSO4, MgCl, KCl and CaCl» (Flowers, 1972).

Single salt salinity or alkalinity rarely occurs in nature, and salts, if present as a

mixture, interact strongly with each other in their effect on germination (Paleg and

Aspinall, 1981). By and large most selection work has involved NaCl as a common

salt. NaCl solutions are frequently supplemented by CaCl»,at the ratio of about2:1

respectively (Blum, 1988), although the USDA Salinity Laboratory recommendsuse of

a 1:1 by weight combination of salts (Francois, pers comm).

There is evidence from several speciesthatthe salt sensitivity of certain varieties

is due to the absorption of relatively high amounts of Cl~ and/or Na™,i.e. these

varieties suffer from excess of these ions in their expanded leaves. Both varietal and

species comparisons show that sensitivity towards high leaf Cl” and/or Nat

concentrations is much greater for nonhalophytes than for halophytes. This difference

is almost certainly based on inadequate cellular compartmentation of ions in the leaves

of nonhalophytes, or alternatively, metabolism in halophytes maybe very tolerant to

high levels of electrolytes (Greenway and Munns,1980).

Recent data from salt tolerance studies in pearl millet (Ashraf and McNeilly,

1987, 1992) have shown considerably differing responses of some accessions to

NaCl+CaCl5, and they related the tolerance of some of these genotypes to the

concentration of specific ionsin plant tissues. Azhar (1988) investigated the response

of some sorghum accessions to NaCl alone and with CaCly. The data showed that the

accessionsdiffered in their response to EC (Electrical Conductivity) levels due to NaCl

and NaCl+CaCl5, and in general root growth was more profoundly affected than shoot

growth. Information on the responsesof crop accessions/cultivars to salinity due to

different salts which are components ofsaline soils is necessary for development of
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material suitable for conditions resulting from the combinations of different salts in

such soils.

In the study pursued here, a comparison was made of the response and ionic

contents of two-week-old seedlings of twelve pearl millet accessions to NaCl alone and

to a combination of NaCl+CaCl> with a view to determiningreasonsfor differences,if

any.

6.2. Materials and methods

Twelve pearl millet accessions/cultivars, Kitui Local (t), Selection 2 (t), 93611

(t), 93612 (t), 93614 (t), 203658 (s), 203659 (s), 203662 (s), 215634 (s), 219975 (s),

220220 (s) and 221726 (t) were used in this experiment (see Appendix 1.1 for origins

of accessions). Each accession was grown in NaCl alone, and NaCl+CaCl> 1:1 by

weight (NaCl 1g:1g CaClz.6HO following the recommendation of L.E. Francois,

USDASalinity Laboratory, pers comm), in 0.1 strength nutrient solution as described

in previous chapters. There were three salinity levels quantified as electrical

conductivity (EC) of EC 4.0, EC 8.0, and EC 12.0 dS m7. The 0.1 strength nutrient

solution, EC 0.3 dS m7] was used as a non-saline control. The equivalent level in mM

of each ECin eachsalinity is given in Appendix 6.2.

The experimental procedures and conditions were identicalto those used in the

experiments described in Chapter 2 (p. 18), and the experimenthadthree replicates in a

completely randomised design.

After 14 days, seedlings were harvested and again as in previous experiments

(Chapters 2 and 3) shoot length and longest root length were obtained fora total of 30

randomly chosenseedlings (10 per replicate) from each treatment.

Of the twelve accessions assessed, shoots and roots of six, 93611, 93614,

203659, 203662, 219975 and 221726 were analysed for Nat, K* and Cl* contents

after bulk drying separately ofall shoot and root materials of the 10 measured seedlings

of each replicate at 50°C for five days. The methods followed for preparing the

samples, and the procedures to determine the concentrations of the cations and Cl’ were

identical with those described in Chapter 5 (pp. 111-112).
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6.3. Results

6.3.1. Root and shoot lengths data

Results of analysis of variance of data for root and shoot lengths are given in

Table 6.1. Absolute root and shoot lengths of the twelve accessions in the respective

salinities and concentrations are given in Appendix 6.1. The relative root and shoot

length data for the accessions due to increasing solution EC from NaCl alone and

NaCl+CaClare presented in Figures 6.1 (roots) and 6.2 (shoots).

There were overall differences in seedling root and shoot length data in NaCl

and NaCl+CaCl, treatments (p<0.01 roots, p<0.001 shoots). Further, the response of

seedling root lengths and shoot lengths of different accessions differed significantly

between the NaCl alone or NaCl+CaCl, treatments (Acc x T significant at p<0.05 root,

p<0.001 shoots).

Root lengths at EC 4 were greater in the mixed salt treatments than in NaCl

alone. However, in accessions 93611, 203658, 203659, and 220220, they did not

differ. At EC 8 root length of most accessions (other than 93611, 215634, and 221726)

wasgreater in the mixed salt solution than when grown in NaClalone, whilst at EC 12

accessions 93611, 93614, Kitui Local, and Selection 2 had similar root lengths in the

two solutions, the remaining accessions again having longer roots in the mixed salt

treatments. As would be expected from previous evidence accessionsdiffered in their

response to increasing conductivity whether due to NaCl alone or NaCl+CaCl5

solutions.

Whilst overall shoot length for the accessions grown in NaCl alone and

NaCl+CaCly differed significantly, the responses of different accessionsto increasing

EC dueto those twosalinity sources did not differ significantly, reflecting the almost

parallel responses in shoot growth reduction caused by NaCl alone and NaCl+CaCl5.

Some accessions, 93611, 93614, 203658, 215634, and 220220 had overall very

similar relative shoot lengths in the two solutions, whilst others, 221726, Kitui Local,

and Selection 2 had almostidentical relative shoot lengths at certain EC levels. Other

accessions, 93612 and 219975 differed markedly in the impact of NaCl and

NaCl+CaCl> treatments (Figure 6.2). Accessions 93611 and 215634 were the only
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Table 6.1. Mean squares (MS) and significances from the analysis of variance of
the response of twelve pearl millet accessions to increasing EC levels due to NaCl
alone, and NaCl+CaCl,

Source of variation

Blocks

Accessions (Acc)

NaCl vs NaCl+CaCl> (T)

Solution conductivity (Cond)

Acc x T

Acc x Cond

T x Cond

Acc x T x Cond

Residual

22

142

Root MS

21819.89*

30236.58***

88112.97**

99664.37***

11045.22*

11028.36*

45198.99***

1372.53NS

4818.81

135

Shoot MS

8974.67**

7984.86***

36667.72***

23194.89***

4954.33***

1582.84*

142.08NS

409.58NS

1243.65



ones in which shoot length in NaCl wasgreater than in NaCl+CaCly,nostatistical

significance can be attached to these data.

The significant treatments (NaCl vs NaCl+CaCl>) x solution conductivity

interaction (p<0.001) for root suggested that increasing EC level due to NaCl or

NaCl+CaCly reduced rootlength differently. However the same interaction for shoot

was notsignificant (P>0.05).

6.3.1.1. Root length in NaCl and NaCl+CaCl,

a) NaCl (Table 6.2, Figure 6.1)

At EC 4, accessions 93611, 93612, 93614, Kitui Local, Selection 2, 215634,

and 221726 had greater relative root length than accessions 203658, 203659, 203662,

219975, and 220220.

At EC 8,accessions Kitui Local, Selection 2, and 215634 had longerroots than

the rest of the accessions. Accessions 93611, 93612, 93614, and 221726 had

intermediate root lengths, whilst the remaining accessions were markedly affected at

this EC level andtheir relative root length values ranged between 8 - 25%.

Accessions 93611, 93612, 93614, Kitui Local, Selection 2, and 221726still

had higherrelative root length values at EC 12. Based on root length data at EC 12, the

accessions have been ranked forrelative tolerance (Table 6.2), relative root length less

than 20% classified as category III, 20% - 50% as category II, and values in excess of

50% were classified category I.

b) NaCl+CaCl, (Table 6.3, Figure 6.1)

There was marked contrast in the responses of accessions at EC 4. In

accessions 93612, 93614, Kitui Local, and Selection 2, it appears to have stimulated

root lengths, whilst in accessions 203658, 203659, 203662, and 220220,it resulted in

a marked reductionin relative root length.

At EC 8, accessions 93612, 93614, Kitui Local, and Selection 2 had greater

relative root length values than the remaining accessions. Accessions 93611, 215634,

and 221726 showed intermediate relative root lengths, whilst the remaining accessions

had lowerrelative root lengths ranging from 42.5% to 46.26%.
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Table 6.2. Growth parameters, their relative tolerance, and tolerance ranking of

twelve pearl millet accessions after 14 days growth in control (EC 0.03 dS m=)

and salinised (EC 12.0 dS m= 1) solution cultures of NaCl (Relative values are

salinised values expressed as per cent of control)

Accession Mean root Relative root Tolerance Mean shoot Relative shoot Tolerance

number length(cm) length (%) ranking length (cm) length (%) ranking

control 12.0 dS m1 control 12.0 dS m!

Kitui Local 4.68 57.69 I 7.82 57.54 I

Selection 2 7.70 62.47 I 13.26 68.48 I

93611 10.94 57.86 I 12.01 62.03 I

93612 5.59 57.25 I 9.30 53.76 I

93614 6.59 63.43 I 9.37 60.19 I

203658 11.10 8.20 st 11.34 18.87 ml

203659 9.27 12.62 Ii 10.36 2517 I

203662 10.34 12.89 Il 11.78 21.56 I

215634 3.41 25.51 I 7.60 53.42 I

219975 6.62 8.91 sit 9.31 19.87 sit

220220 10.42 20.06 I 11.31 34.75 I

221726 4.43 49.21 I 7.35 70.07 I

Tolerance rank I Relative root length > 50%

II 20% - 50%
Ill < 20%
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Table 6.3. Growth parameters, their relative tolerance, and tolerance ranking of

twelve pearl millet accessions after 14 days growth in control (EC 0.03 dS m*})

and salinised (EC 12.0 dS m™ 1) solution cultures of NaCl+CaCl, (Relative values

are salinised values expressed as per cent of control)

Accession Mean root Relative root ‘Tolerance Mean shoot Relative shoot Tolerance
number length(cm) length (%) ranking length (cm) length (%) ranking

control 12.0 dS m=} control 12.0 dS m1}

Kitui Local 4.68 64.10 I 7.82 71.10 I

Selection 2 7.70 69.33 I 13.26 71.04 I

93611 10.94 60.01 I 12.01 60.00 I

93612 5.59 I5.13 I 9.30 76.56 I

93614 6.59 56.90 I 9.37 54.00 I

203658 11.10 24.86 i 11.34 33.95 ii

203659 927 28.88 i 10.36 43.05 I

203662 10.34 35.01 mi 11.78 40.92 I

216534 3.41 44.28 I 7.60 46.97 I

219975 6.62 33.99 bunt 931 81.74 I

220220 10.42 40.69 I 11.31 S1e37. I

221726 4.43 65.46 I 135 63.27 I

Tolerance rank I Relative root length > 60%

II 40% - 60%
III < 40%

Table 6.4. Correlation coefficient (r) for relative root and shoot lengths of twelve

pearl millet accessions at EC 12 dS m7! due to NaCl alone, and NaCl+CaCl,

Item r (correlation coefficient)

Relative root length 0.94***

Relative shoot length 0.58**
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Figure 6.1. Relative root lengths of twelve pearl millet accessions at increasing

EC due to NaCl alone (—t ), and NaCl+CaCl, (—e—)
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(Figure 6.1 continued)
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Accessions were again ranked for tolerance at EC 12 (Table 6.2). Accessions

93611, 93612, Kitui Local, Selection 2, and 221726 had greater relative root length

than the remaining accessionsand their tolerance ranking wasI. On the other hand

accession 93614 had intermediaterelative root length andits tolerance ranking was II

(Table 6.3). The relative root lengths of the remaining five accessions ranged from

24.86% to 44.28% and their tolerance ranking wasIII (Table 6.3).

6.3.1.2. Shoot length in NaCl and NaCl+CaCl,

a) NaCl (Table 6.2, Figure 6.2)

Shoot growth of accession 215634 appears to have been stimulated by

increased solution EC, and apart from Kitui Local the remaining accessions had

relative values less than 90% at EC 4. Most noticeable was the markedly reduced

relative shoot length of accession 219975 (48.23%)at this EC level.

At EC 8,the relative shoot length of accessions 93611, Selection 2, 215634,

and 221726 were greater than those of the other accessions. Accessions 93612, 93614,

and Kitui Local had intermediate relative shoot lengths, whilst the remaining five

accessionshad relative shoot lengths which ranged from 21.16% to 49.98%.

At EC 12, there was a marked reduction in shoot length of the accessions

203659 and 215634 whereas in others (Kitui Local, 93611, and 219975) there was

virtually no reduction. Relative shoot length of accessions 93611, 93614, Selection 2,

and 221726 were greater than those of the other accessions and their tolerance ranking

was I (Table 6.2). Accessions 93612, Kitui Local, and 215634 with relative shoot

length of 53.76%, 57.54% and 53.42% respectively were ranked II in their tolerance,

whilst the remaining accessions with relative shoot length ranging from 19.87% to

34.75% were ranked in the sensitive response category III (Table 6.2).

b) NaCl + CaCl (Table 6.3, Figure 6.2)

The growth of shoots of accessions 93612, Kitui Local, 215634, 219975 and

221726 remained unaffected or was stimulated at EC 4, having relative tolerance of

greater than 100%. There was not a marked reduction in relative shoot lengths of the
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Figure 6.2. Relative shoot lengths of twelve pear! millet accessions at increasing

EC due to NaCl alone (— ), and NaCl+CaCl, (-—e-)
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(Figure 6.2 continued)
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remaining accessions up to EC 8 either except for accessions 215634 and 221726. At

EC 8, however, the relative shoot lengths of accessions 203658 and 220220 were

markedly reduced.

At EC 12, Accessions 93611, 93612, Kitui Local, Selection 2, 219975, and

221726 had greater relative shoot lengths in excess of 60% and were ranked I in

tolerance ranking (Table 6.3). The relative shoot lengths of the remaining accessions

were markedly reduced and were II in their tolerance ranking, whilst accession 203658

ranked III in tolerance ranking with 33.95% relative shoot length (Table 6.3).

6.4. Nat, K+ and Cl” content of accessions grown in NaCl and
NaCl+CaCl, (Table 6.5, Figure 6.3-5)

Theresults of analysis of variance of ion contents of roots and shoots ofthe six

pearl millet accessions, 93611, 93614, 203659, 203662, 219975, and 221726 grown

at increasing EC due to NaCl alone, and NaCl+CaCly are presented in Table 6.5.

Overall NaCl uptake was greater for both roots and shoots in NaCl pure vs

NaCl+CaCl5, apart from controls (T significant at p<0.001 for shoots and roots).

Shoots and roots accumulated more Nat as EC increased in NaCl alone than with

NaCl+CaCly (T x Cond significant at p<0.001 roots, p<0.05 shoots). Accessions

differed significantly in Nat uptake overall in roots (p<0.001) and shoots (p<0.05).

The analysis of variance showed that the six accessions differed significantly

(p<0.001) from each other in the accumulation of CI ions in both roots and shoots. Cl”

contents were greater for both roots and shoots in NaCl alone, and NaCl+CaCly CE

significant at p<0.001 for roots and shoots). Roots and shoots took up more Cl” as EC

increased in NaCl+CaCl> than with NaCl alone (T x Condsignificant at p<0.001 for

roots and shoots).

Treatment (NaCl vs NaCl+CaCl>) for Kt both in shoots and roots was

significant (p<0.001) suggesting that Kt contents were lesser for both roots and

shoots in NaCl pure vs NaCl+CaCl>,apart from controls. Shoots accumulated lesser
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Kt as ECincreased in NaCl alone than with NaCl+CaCl 7, (p<0.01), whilst roots took

up similar amounts of Kt in both sourcesofsalinity (p>0.05). However accessions

differed significantly in Kt uptake overall in roots and shoots (p<0.001 for roots and

shoots).

The significant three-factor interaction, accessions x treatments (NaCl vs

NaCl+CaCly) x solution conductivity for Cl” in roots (p<0.01), and for Kt in shoots

(p<0.05) suggested that concentrationsof Cl- and K* in roots and shoots respectively,

of the six accessions grownat four increasing levels of each NaCl and NaCl+CaCl>

were different.

Accession-comparison for K* in shoots and Cl in roots have been made based

upon the three-factor interaction in Figures 6.4b and 6.5a respectively. The

concentration of Nat and K*in roots, and Na* and Cl” in shootsof accessions have

been comparedin Figures 6.3 - 5.

6.4.1. Sodium content (Figure 6.3)

a) NaCl salinisation

In both roots and shoots accumulation of Nat increased significantly as the EC

level increased. Howeverthere was nooverall consistency in patterns of uptake. At EC

4, lowest concentration was observed in roots and shoots of the tolerant accession

221726. At EC 8, the increase in the concentration of Nat wasgreater in the roots of

the sensitive 219975 and shoots of the other two sensitive accessions 203662 and

203659. In roots again the tolerant 221726 maintained the smallest Na* level while in

shoots accessions 219975 (s) and 221726 (t) accumulated smaller level of Na*. At EC

12 in roots, concentration of Nat was greater in the sensitive accessions 203659,

219975, and 203662 , and the tolerant 221726, whilst there was markedly increased

Nat accumulation in shoots of accessions 93614 (t), 203659 (s), and 203662 (s). In
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Figure 6.3. Accumulation of Nat in roots and shoots of six accessions grown at

increasing EC levels due to NaCl, and NaCl+CaCl,
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roots the tolerant accessions 93611 and 93614 maintained lowest level of Na‘, whilst

in shoots the two tolerant accessions 221726 and 93611, and the sensitive 219975

accumulated a lower levels of Nat at EC 12. Thus somedegree ofrelationship can be

observed with tolerance at EC 12, sensitives have highest Nat.

b) NaCl+CaCl, salinisation

Figure 6.3 showed that Na* contents in plants grown in NaCl+CaCl> solutions

was greater in roots than in shoots. Again the accessions did not

show a consistentpattern in the increase of Nat as EC increases. At EC 12 in roots

(Figure 6.3), the sensitive 203662 had greater Nat than the other accessions, whilst in

shoots, the tolerant 93611 had greater Nathan the remaining accessionsacross all EC

levels apart from the control. In contrast the other tolerant accession 221726

accumulated the smallest level of Na* both in roots and shoots (with exception at EC 8

in shoots), whilst the sensitive 219975 had a similar low Na”levelin its shoots.

6.4.2. Potassium content (Figure 6.4)

a) NaCl salinisation

Differences were observed amongstaccessions in Kt concentration in roots

and shoots and in general there was a decreasing pattern of K* content with increasing

EC. Howeverthere was no consistentrelationship with tolerance.

Both in control (EC 0.3) and EC 4, the tolerant accessions 93611 and 93614

had higher K*t concentration in roots and shoots than the other four accessions. At EC

8, the roots of the tolerant 93614 accumulated markedly greater K* than the remaining

accessions, whereasthe equally tolerant 93611 had the lowest K* contentin its roots

as did the sensitive 203662. At EC 12, the tolerant 93614 and sensitive 219975 had

greater Kt levelin their roots.
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Figure 6.4. Accumulation of K* in roots and shoots of six accessions grown at

increasing EC levels due to NaCl, and NaCl+CaCl,
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In shoots however accessions 219975 (s) and 221726 (t) had significantly

lower K* concentration than the remaining accessionat all EC levels). However at EC

12 in shoots, the sensitives 203659 and 203662 hadsignificantly higher Kt than both

tolerant 221726 and sensitive 219975, whilst the other two tolerant accessions 93611

and 93614 had intermediate K* level at this EC level.

b) NaCl+CaCl, salinisation

Looking at Figure 6.4 again in general K* concentration in root and shootof

four of the six accessions decreased with increasing EC level whereas in accessions

221726 (t) and 219975 (s) there was no clear change in shoot Kt contents. On the

other handin the roots of accessions 93614 (t) and 219975 (s) increasing EC reduced

concentration up to EC 8, but Kt content doubled at EC 12. Marked decreases of more

than 100% in K* contentofroots occurred between control EC and EC inthetolerant

accessions 93611 and 93614. At EC 12, the tolerant 93614 had highest Kt level in

roots, whilst the equally tolerant 221726 had by far the lowest root Kt concentration.

In shoots, increasing EC levels did not affect the very low K* concentrations in

accessions 219975 (s) and 221726 (t) and both differed significantly from the

remaining accessionsacross all EC levels. The tolerant accessions 93611 and 93614

accumulated a higher K* concentrations in their shoots in control and EC 4, but they

did not differ from the sensitive 203662 at EC 8, whilst at EC 12 the tolerant 93611

had a significant lower Kt shoot content than either 93614 (t) and 203662(s).

6.4.3. Chloride content (Figure 6.5)

a) NaCl salinisation

The Cl~ contentof roots differed between accessions as a consequenceoftheir

being grown in NaClalone, and NaCl+CaCl2, and the EC imposedby those solutions
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(Acc x Condsignificant at p<0.01). Concentration of Cl” in the tissues increased with

increasing EC levels in both roots and shoots. In roots, the sensitive 203659 had

significantly greater Cl than the remaining accessionsup to EC 8,but had a similar Cl~

contentas the sensitive 219975 at EC 12. A similar pattern was observed in the shoots,

accession 203659 (sensitive) also accumulated the highest level of Cl” in shoots up to

EC 8,but had a similar Cl” contentas the sensitive 203662 at EC 12. By contrast the

two tolerant accessions 221726 and 93611 accumulated significantly lower Cl” in roots

at EC 8 and 12 than the remaining accessions, and also had relatively smaller shoot CI’,

as the other sensitive 219775, than the remaining accessionsacrossall EC levels.

b) NaCl+CaCl, salinisation

The overall pattern of accumulation of Cl” in both roots and shoots of

accessions grown in NaCl+CaCly was similar to that in NaCl alone, Cl content

increasing with increasing EC. However the majority of accessions had a greater

overall Cl” content in roots and shoots at EC 8 and 12 than at the same EC in NaCl

solutions (T significant at p<0.001). Accessions mean Cl content was greater in

solutions with NaCl+CaCl5 than in those with NaCl alone, and some accessions such

as 203659 (sensitive) in shoots and at EC 12 accession 93614 (tolerant) in roots. In

contrast the sensitive 203662 had lower Cl” content in its roots and shoots in

NaCl+CaCly than in NaCl alone treatments.

Root Cl” content differed significantly (p<0.01) in different accessions at

different EC levels depending upon whether they were grown in NaCl alone or

NaCl+CaCl, containingsolutions.

151



Figure 6.5. Accumulation of Cl” in roots and shoots of six accessions grown at

increasing EC levels due to NaCl, and NaCl+CaCl,
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6.5. Discussion

Althoughsaline soils are predominantly affected by Na* or CI ions, cations of

othersalts, particularly of Ca2*, are also of frequent occurrence (Shannon, 1984). This

investigation wascarried out to determine whether the responses of twelve pearl millet

accessionsto salinity due to NaClalone, and NaCl+CaCldiffered, and whether ionic

contents differed in these different solutions, with a view to determining reasons for

differences, if any, in response.

Specific ion content and distribution within the plant has been suggested as a

useful measure of salinity tolerance (Shannon, 1984). Previous studies on salt

tolerance (Kawasaki and Moritusigu, 1979) showed that crop plants grownin saline

substrates containing NaCl alone developed blade deformation and necrosis,

characteristic of calcium deficiency, and NaCl salinity is also known to decrease the

uptake of Ca2* ions to the shoots in several plant species (Lynch and Liuchli, 1985).

The elevated concentrations of Nat ions accumulated in the pearl millet accessions

grown in solutions containing NaCl alone (Figure 6.3) compared with the same

accessions grown in NaCl+CaCl> is in agreement with Wieneke and Lauchli (1980)

whoobservedthat increasing Ca2*+ concentrations in the growth medium markedly

decreased Nat uptakeandtranslocation.

Yeo and Flowers (1986) suggested several physiological attributes such as leaf

necrosis, and Nat and Cl- concentrationsin the tops of seedlings, that might correlate

with salinity resistance in rice. They argue that individually these attributes are unlikely

to be selected for in a conventional breeding programme, because each onits own will

have little impact on the phenotype, but that when several such attributes are combined

in a single genotype there will be a substantial effect. In the present study where

accessions performance is examined across a range of characters accession 221726 had

better performance in both NaCl and NaCl+CaCly combined than the remaining

accessions (Tables 6.2 - 3, Figures 6.1 - 5). Differences in salt tolerance between

varieties within species are well documented, and genetically based salt tolerance

clearly must be associated with mechanismsof mineral nutrient uptake (Rathert, 1982).
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Theresults of previous investigations, for example in soybean (Wieneke and Lauchli,

1979; 1980) and in wheat (Ashraf and McNeilly, 1988) suggest that higher salt

tolerance is associated with reduced shoot Na* and Cl concentrations in plants.

Howeverthe latter authers found equivalent tolerance to NaCl in two wheatcultivars

one of which excluded, and the other accumulated Nat, yet both were tolerant. From

the low Nat and Cl contentof the plants of accession 221726, increased salinity

tolerance maybe related to exclusion of both these ions from roots and shoots, a

characteristic of glycophytes (Shannon, 1984). In contrast accessions 203659 and

203662 arelesstolerantparticularly at the highest solution EC, and both had high Nat

(Figure 6.3) and Cl” (Figure 6.5) concentrations in their roots and shoots. Greater

growth depression of seedlings of these two accessions (203659 and 203662) at higher

salt concentration may have occurred due either to osmotic effects of salt stress, ion

imbalance, or excessive accumulation of ions (Kingsbury et al., 1984). The elevated

Cl" concentration in accession 203659 grown in NaCl+CaCl» (Figure 6.5) suggests the

extent to which an inability to control ion accumulation may influence degreeofsalinity

tolerance. This is in agreementwith the findings of Bottacin et al. (1985), who reported

that salt resistant genotypesofpearl millet contained less Nat and Clin their leaves

than susceptible genotypes when grown at 300 mM NaCl.

Variation in salt tolerance also affects the foliar concentrations of Kt, a nutrient

required in relatively high concentrations for photosynthetic metabolism (Huber,

1985). In this study the concentration of Kt in tissues declined with increase in

salinity, a decline which may be due to high concentrations of Na‘ interfering with K*

uptake by roots (Munnsetal., 1983).

As can be observed (Figures 6.1 - 2), on the whole, relative root and shoot

lengths of the plants grown in NaCl+CaCl> were greater than when the same material

was grown in NaClaloneat the same EClevels, whilst Na* concentration in plants

grown in NaCl+CaCl, were lower than the plants grown in NaCl alone. Wieneke and
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Lauchli (1985) suggested that in saline systems Ca2t may become even more

important, based on their observation that Nat uptake in a salt sensitive soybean

variety Jackson wasinhibited by increasing Ca2*+ concentrations in the medium. Matar

etal. (1975) also ascribed symptomsof growth depression of plants undersalt stress in

part to insufficient Ca2* supply.

Toxic effects of both Nat and Cl’,directly or indirectly, are well documented.

Na* and Cl exclusion from tolerant accessions of cotton during salinity stress is

probably associated with metabolic reactions for osmotic adaptation, e.g. carbohydrate

metabolism (Rathert et al., 1981; Rathert, 1982). Nat has been shownto inhibit

enzymeactivity during carbohydrate metabolism in cotton (Hawkeret al., 1974),

whilst restricted plant growth undersalinity stress may in part be due to Cl” affected

invertase activity (Rathert, 1982), and reduced invertase activity was correlated with

inhibited leaf expansion rates in NaCl treated bushbeans and corn (Hawker and Walker,

1978).

Weimburg (1970) did not find any significant differences in the levels of 18

different enzymes from pea seedlings (cultivar Alasca) growtheither in a liquid medium

or in the same medium salinised with NaCl, KCl, NaySO,4 or K7SOq4. On another

occasion, Porath and Poljakoff-Mayber (1964, 1968) using pea roottips of the cultivar

Laxton Progress investigated the effect of a range of salinities, either as NaCl or as

NaSO,4. The changesthat occurred led to an increase of the pentose-phosphate

pathway undersalinities caused by NaCl, whereas Na7SOy,hadlittle effect in this

respect. From comparisons of responses of the twelve accessions to NaCl alone, and

NaCl+CaClo, it is evident that various salts may inhibit plant growth to different

degrees (Figures 6.1 - 2), and also genotypes showing a better response to one salt

may not necessarily do so in another (see Figures). However the response of

accession 221726 (which was shownin this work to be tolerant) was consistent, being

tolerantto salinity due both to NaClalone, and NaCl+CaCl». Also the average measure

of relationship between the relative values of accessions grown in NaCl alone, and

NaCl+CaCl> at EC 12,the correlation coefficient (r), values 0.94 and 0.58 for relative

155



root length andrelative shoot length respectively (Table 6.4), suggested at least group

of accessiuons are equally tolerant to NaCl and the mixture of NaCl : CaCly, 1:1 by

weight.

In conclusion it seems possible that Na* and Cl~ accumulation in roots or

leaves may be used as an indicator for salt tolerance in Pennisetum americanum (L.)

Leeke genotypesatleast at the onset of salinity stress. Secondly the relative root and

shoot lengths of the accessions grown in NaCl alone were markedly smaller than the

relative root and shoot lengths of the accessions grown in NaCl+CaCl», andthirdly

that some accessionsdiffer in response to NaCl alone and NaCl+CaCl> whilst others

do not.
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CHAPTER 7

GENERAL DISCUSSION

Excessive salinity is a major factor limiting plant life, and henceall life

particularly in arid and semi-arid parts of the world andterrestrial environments subject

to irrigation by sea water. Crops grownin these areas are frequently irrigated and

irrigation frequently compoundsdifficulties with soil salinity. Irrigation water may

contain from 100 to 1000 g of salt per cubic meter of water and since the annual

application of water may amountto 10,000 m3/ha, the annual additionofsalt to the soil

may be between 1 and 10 tons/ha (Shainberg, 1975). Of the possible strategies for

coping with it, only that of ameliorating the soil and water has been extensively applied

(Gates and Grismer, 1989). Expensive agricultural engineering and management

techniques seem to be worldwide an impractical objective to cope with a continuously

increasing demand for the burgeoning humanpopulation in arid and semi-arid areas.

The alternative option is genetic manipulation of crops to adapt them to saline

conditions (Epstein et al., 1980), a procedure which would allow the use of brackish

waterforirrigation (Ramage, 1980).

Asstated previously, in Ethiopia, salt land covers 200,000 km? and about 9%

of the total populationlive in this area (Sissay, 1986). Since any technological approach

for manipulating environmental factors to remove the problem ofsalinity (in this case

manipulating both soil and water), is quite impossible financially for Ethiopia, the

alternative option is to developsalt-tolerant plant material to suit saline conditions. An

option which Epstein etal. (1980) term “better crops for the soils we have than better

soils for the crops we have’.

Vavilov in 1951 concluded that the Ethiopian region was an important primary

or secondary centre of domestication for some 38 different crop species. Other

scientists have also reported the existence within many of the cultivated crops in

Ethiopia of considerable genetic diversity, with some of the variations being rare and

possibly unique (Zohary, 1970; Munk, 1972; Frankel, 1973). However, whether or

not this genetic diversity encompasses salt tolerance would be a subject for

investigation.
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The potential for increase in salt tolerance within a species is of course

constrained by the extent of variability for that tolerance within the existing gene pool.

Variation in salt tolerance exists between and within species, especially among species

with halophilic tendencies such as sugar beet and date palm. In some species the

variability in salt tolerance that is available may be inadequate, or their general lack of

tolerance may be too lowtoresult in a successful breeding programme.In such casesit

mightbe possible to find salt tolerance wild relatives which can then be exploited as a

source of germplasm. Often wild relatives of crop plants have greater levels of salt

tolerance, and these are being used in crossesto increase the range of genetic variability

in crop breeding programmes (Downton, 1984). Because crop plants differ quite

markedly in their level ofsalt tolerance, the effect of salinity on yield is a function of the

threshold salinity level above which yield declines and the percentage yield decrease per

unit of salinity increase above the threshold (McWilliams, 1986).

The work described in this thesis was designed to gain initial understanding of

the relative tolerances of the three minor millets, Pennisetum americanum, Eleusine

coracana and Eragrostis tef, and of the extent and nature of genetic variability within

them, assessing material mainly of Ethiopian origin, with a longer term aim to exploit

such variation in the developmentof lines with considerably enhanced salt tolerance.

The water culture technique employed in the series of experiments for assessing

variability ensures that the chemical features of the root environment- concentrations of

individual ions, total salinity and pH-are defined and such experiments are conducted in

controlled environments in a growth room. The entire root system is uniformly exposed

to a saline medium andthe plants can be recovered without injury to the roots or

shoots, for measurement, chemical analysis, or transfer to other medium (Epstein etal. ,

1980). Use of simple measures of root lengths or shoot lengths of two or three week

old seedlings has revealed genetically based variation in response to metals as well as

to salinity in a range of, for example aluminium tolerance in barley and wheatvarieties

(Foy etal., 1965), copper tolerance in Agrostis capillaris (McNeilly and Bradshaw,

1968), salt tolerance in Agrostis stolonifera and Festuca rubra (Hannonand Bradshaw,

1968), in seven grass species (Ashraf et al., 1986a, b), and in Sorghum bicolor (Azhar

and McNeilly, 1987).

From the results of the series of experiments described in Chapters 2 and it is
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clear that there is considerable variability in root and shoot growth in saline solution

cultures in the three species examined. In analysing the response functions of the

accessionsofthe three species, the computer programme, ‘SALT’ (van Genuchten and

Hoffman, 1984) allows estimates of the parameters that quantify accession response to

increasing salinity. In this particular study twostatistical analysis options (NOPT 5 and

NOPT 12) were used to estimate the C, (the threshold concentration defined as the

maximum soil salinity at which there is no yield/growth reduction when compared with

the yield/growth under nonsaline control conditions), and C5q (the salinity at which

the yield/growth is reduced by 50%). Both options (Chapter 2) give similar results

although option 12, a sigmoid - form curve,fits the observed data slightly better than

option 5, which van Genuchten and Hoffman term a piecewise response function. The

results also suggestthat their ranking based on a simple linear response to salt, and C;

values obtained from option 5, and Cs¢ value obtained from option 12 seem to be

reliable parameters for screening minor millets and tef germplasm becausethey clearly

reflect the salt tolerance ranking of the accessionsof the three species. Furthermore the

combination of the two parameters would provide a better evaluation for selection for

salinity tolerance. Cp seemsto beless relevant because of lack of consistency between

the values generated by the two analysis options.

The existence of variability in any character, salinity tolerance in the present

case, which is the subject of a plant breeding programme aiming to improve the

character is of fundamental importance and has been emphasised by all workers

interested in salinity tolerance improvements. The variation found in the seedling

responses of 25 accessions of each of P. americanum and E.coracana, and 15

accessions of E. tef to increasing NaCl concentrations (Chapter 2) is clearly an

indication of their differing abilities to grow undersalinity stress and hence potential

inter-accession variability within these species. From the differences between

accessions found within the three species, accessions 215663 and 221726in pearl

millet, 100021, 100022, 100024, and 100030 in finger millet, and 494188, 494213,

and 524436 in tef are those from which selection for enhancementof salt tolerance

would seem worthwhile (see Chapter 2). These data also indicate that finger millet is

the most inherently tolerant species, and pearl millet the least tolerant, tef being

intermediate.
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For selection to be successful it is of course necessary that the variability

observed in root lengths in responseto salinity has a genetic basis. The diallel crossing

and analysis (Chapter 3) provide preliminary information aboutthe inheritance ofsalt

tolerance in P. americanum. Genetic variation for the character appeared to be

influenced predominantly by genes with dominance effects. The additive variation was

much greater at 75 mM NaCl than at 175 mM NaCl. This clearly relates to the

arguments of Lawrence (1984) that population understrong directional selection(in this

case higher concentration of 175 mM NaCl) would alwaystend to show relatively low

values for the additive component of variation (narrow sense heritability) for the

character underselection.It is also clear that two of the salt-tolerant accessions (221726

and Kitui Local) possessed maximum numberof dominant genes, whilst the two salt-

sensitive accessions (203659 and 203662) maintained the maximum number of

recessive genes. The results thus suggest that selected salt-tolerant phenotypes may

maintain their tolerance through subsequent generations and that this phenomenonis

under polygenic control, with significant dominance being towards tolerance,

confirming the view of Ashraf and McNeilly (1992). Comparable data for finger millet

and tef are not yet available. Nonetheless, estimated broad sense heritability (h2p)

values for salt tolerance in E. coracana and E.tef under different salt concentrations

indicated that variation in root growth in responseto salinity was largely genetically

controlled.

It is clear that salinity affects plant growth during all developmental stages

(Maas and Hoffman, 1977; Shannon, 1985; Maas etal., 1986; Maas and Poss, 1989;

Azhar and McNeilly, 1989). From the sand culture experiment assessing salinity

tolerance of pearl millet accessions throughout the whole plant development,it is of

interest that the tolerant accession 221726,the tolerance of which was suggested from

the findings in Chapter 2, was also the mosttolerant accession based on measurements

in mature adult plants of plant height, percentage live leaves and dry matter weights

(root, stem, leaf sheath and leaf blade). This is in agreement with the work onartificial

selection for increased salt tolerance in seven grass species reported by Ashrafetal.

(1986a, b) which was based uponselecting three-week-old seedlings with longestroot

lengths under salt stress conditions in solution culture. Individuals expressing the

greatest root growth in saline solutions subsequently yielded more dry matter and
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higher tiller numbers at the adult plant stage in saline irrigated sand culture than those of

the unselected lines/individuals. Seedlings from a numberof species selected on this

basis have superior performancein saline conditions as adults, and as adults obtained

from the intercrossing oflines selected originally as seedlings (McNeilly, 1990).

It is well documented thatsalinity induces metabolic changesin plants and these

cause suppression ofgrowth, and mayultimately lead to the death ofthe plant at higher

salinity levels (Shannon, 1978). The cytoplasm ofa tolerant plant can adaptto highsalt

concentrations, or it may exclude toxic salts while accumulating or producing other

osmotica to prevent osmotic water loss (Flowers, et al., 1977; Greenway and Munns,

1980). However, to date the identification of a common mechanism for the

physiological basis of salinity tolerance in cropsis far from being fully understood.

It is widely known howeverthat salt tolerance can involve both avoidance and

tolerance mechanisms. Analysis of plant material for specific ions has been suggested

as a useful measureofsalinity tolerance since differences in the degree of ion exclusion

has been cited as a major differences between salt-sensitive and salt-tolerant crop

cultivars (Shannon, 1984). In the present study (Chapter 5), in general the amount of

Nat and Cl” accumulated in roots and shoots of 14-day-old seedlings of accessions of

P. americanum increased with increasing salinity, and the increase was muchhigherin

the salt-sensitive accessions than in salt-tolerant accessions whichis in agreement with

Shannon (1984). By contrast Kt concentration decreased with increasingsalinity, but

the extent of K* selectivity in the tolerant accessions was also higher than in the

sensitive accessions, which wasalso confirmed by the pattern of Na*/KT™ratios.

Theresults in chapter 6 were also quite interesting. When parameter estimates

of relative root lengths, relative shoot lengths, and Na™ and Cl° contents of both roots

and shoots are combinedto assess tolerance of accessions under two differentsalinity

regimes (NaCl and NaCl+CaCl4) across a range of concentrations, the tolerant

accession 221726 showed better performance in both solutions. When the same

comparison was made,particularly, at the highest salinity level the sensitive accessions

(203659 and 203662) hadless relative root and shoot lengths, but higher Nat and Cl-

concentrations in both roots and shoots. This is in general agreement with a general
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situation described in glycophytes that the exclusion of Nat and Cl- from thetissues,

and an assured supply of K*in the tissues, are amongst the most important features of

salinity tolerant material. A similar observation was reported by Bottacin etal. (1985),

who showed thatsalt-tolerant genotypesof pearl millet maintained less Nat and Cl” in

their leaves than sensitive genotypes when grown at 300 mM NaCl. Anotherfeature

associated with salinity tolerance which is also considered as an important component

of tolerance is the accumulation of organic solutes which function in osmotic

adjustment. Howeverin the present study it was shownthat both tolerant and

susceptible accessions accumulated more organic solutes (amino acids, proline and

polyols) with increasing salinity levels, the pattern of increase being higher in the

tolerant accessionsthan in the sensitive accessions. The extent of polyol accumulation

with respect to increasing salinity would make polyols a possible candidates as

markers. In conclusion it can be assumed that Na* and Cl” accumulation in

combination with increased polyol concentration could be indicators for salt tolerance in

P. americanum. Howeverthis study wascarried out only on two-week-old seedlings,

and any generalisation of this nature should involve information about responsesat the

whole plant level. Clearly further investigation throughout the whole of plant

development would be required to determine the usefulness of such characteristics.

Nevertheless the summary made by McNeilly (1990), based on the knowledge and

experience acquired from previous workers in heavy metal tolerance (Bradshaw and

McNeilly, 1981) and in salinity tolerance (Ashraf et al., 1986a), emphasises the vital

role of simple selection and breeding experiments using root length differences as the

basis of selection to achieve tolerant accessions and/or genotypes with or without

existence of background physiological knowledge. This is indeed undisputable and

might offer a degree of optimism forsensitive tolerance breeding.

Salinity is a perennial problem as long as man continuesto practice conventional

field - based agricultural production. In developing countries the problem is more acute

(McWilliams, 1986). More tolerant crop varieties are required to help improve and

stabilise agricultural production. Adaptationto salt stress will require integration and

co-ordination of many individual responses at the whole plant level, and a similar
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relationship is required between plant breeders, geneticists, plant physiologists and

biochemists in combining within single lines salt tolerance with good agronomic

characteristics and pest/insectresistance.

The workdescribed in this thesis is a systematic application of basic procedure

to improvesalt tolerancein particular in pearl millet, starting with examining variation

between and within accessions. The use of the rooting method andselection at seedling

stage seem to be a valid and worthwhile meansofidentifying tolerant individuals and

ultimately enhancingsalinity tolerance in pearl millet, where accessionsselected at the

seedling stage were shownto betolerantalso at the adult stage, and this characteris

under polygenic control with significant dominance being towardstolerance.

Finally future germplasm exploration and collection expeditions in Ethiopia will

concentrate in collecting germplasm of millet and other species from salt affected

regionsof the country.
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APPENDICES

Appendix 1.1. Lists of accessions, their sources, and origins of the species used in

the series of the experiments

P. americanum E. coracana E. tef
Acc. No. Source Origin Acc. No. Source Origin Ace. No. Source Origin

203654 PGRC/E_ Ethiopia 100001 PGRC/E_ Ethiopia 343932 USA Ethiopia

203656 PGRC/E_ Ethiopia 100002 PGRC/E_ Ethiopia 494188 USA Ethiopia

203657 PGRC/E_ Ethiopia 100004 PGRC/E_ Ethiopia 494197 USA Ethiopia

203658 PGRC/E_ Ethiopia 100005 PGRC/E_ Ethiopia 494205 USA Ethiopia

203659 PGRC/E_ Ethiopia 100006 PGRC/E_ Ethiopia 494213 USA Ethiopia

203661 PGRC/E_ Ethiopia 100007 PGRC/E_ Ethiopia 494215 USA Ethiopia

203662 PGRC/E_ Ethiopia 100008 PGRC/E_ Ethiopia 494216 USA Ethiopia

215631 PGRC/E_ Ethiopia 100009 PGRC/E_ Ethiopia 524433 USA Ethiopia

215632 PGRC/E_ Ethiopia 100010 PGRC/E_ Ethiopia 524436 USA Ethiopia

215633 PGRC/E_ Ethiopia 100012 PGRC/E_ Ethiopia 524437 USA Ethiopia

215634 PGRC/E_ Ethiopia 100014. PGRC/E_ Ethiopia 524438 USA Ethiopia

215637 PGRC/E_ Ethiopia 100015 PGRC/E_ Ethiopia 524439 USA Ethiopia

215663 PGRC/E_ Ethiopia 100016 PGRC/E_ Ethiopia 524440 USA Ethiopia

219336 PGRC/E_ Ethiopia 100018 PGRC/E_ Ethiopia 524445 USA Ethiopia

219569  PGRC/E_ Ethiopia 100017 PGRC/E_ Ethiopia 524441 USA Ethiopia

219975 PGRC/E_ Ethiopia 100019 PGRC/E_ Ethiopia

219979 PGRC/E_ Ethiopia 100021 PGRC/E_ Ethiopia

219984 PGRC/E_ Ethiopia 100022 PGRC/E_ Ethiopia

219985 PGRC/E_ Ethiopia 100024. PGRC/E_ Ethiopia

220134 PGRC/E_ Ethiopia 100025 PGRC/E_ Ethiopia

220139 PGRC/E_ Ethiopia 100030 PGRC/E_ Ethiopia

220164 PGRC/E_ Ethiopia 100031 PGRC/E_ Ethiopia

220220 PGRC/E_ Ethiopia 100032 PGRC/E_ Ethiopia

220222 PGRC/E_ Ethiopia 100033 PGRC/E_ Ethiopia

221726 PGRC/E_ Ethiopia 100034 PGRC/E_ Ethiopia

93611 Bari Libya

93612 Bari Libya

93614 Bari Libya

KituiL. Bari Kenya

Selection 2 Bari Pakistan
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Appendix 2.1. Composition of Rorison solution

Nutrient source Stock solution

gi!

Ca(NO3)5.4H70 472.00

KHPO, 175.00
MgSO4.7H70 123.00

Fe Na EDTA 12.50

Trace elements

MnSO4.4H»,0 2.028

H3BO3 2.863

(NH4)6-MO704 0.184

ZnSO4.7H70 0.44
CuSO4.5H,0 0.390

K>5HPO,can be replaced by KCIto the required strength.

182

Make-up volume Final concentration

(perlitre) ug ml

1 ml N 56.00

1 ml Ca 80.16

2 ml Mg 24.31

S 32.06

1ml Fe 3.00

1 ml

Mn 0.50

S 0.30

B 0.50

MO 0.11

N 0.01

Zn 0.10

Cu 0.10



Appendix 2.2. Absolute root length (cm) of sixteen accessions of P. americanum at

six different NaCl concentrations

Acc. No. Control 50mM 75mM 100mM 150mM 200mM

«=—S—i«S5.06s—(<‘i‘éwa«CLG~<Ci«i«‘i

203655 6.79 4.94 245 1.71 0.27 0.00

203657 5.85 4.57 1.94 1.06 0.35 0.00

203658 11.7 7.68 4.85 1.86 0.22 0.00

203659 10.4 6.66 3.96 1.90 0.25 0.00

203661 6.63 5.16 221 0.93 0.22 0.00

203662 10.2 6.16 4.00 2.00 0.30 0.00

215631 8.77 7.39 4.21 2.47 1.07 0.27

215634 5.03 5.10 2.98 2.04 0.78 0.49

219975 8.00 6.27 5.00 3.50 1.96 0.30

219979 8.00 6.11 5.47 2.93 1.67 0.48

219984 10.3 8.23 5.70 3.92 1.84 0.00

219985 11.7 8.70 6.27 3.92 141 0.64

220134 9.00 7.41 5.67 3.70 2.56 0.26

220139 6.94 5.88 2.94 1.45 0.64 0.49

220164 10.2 8,57 5.96 3.65 31 0.18
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Appendix 2.3. Absolute root length (cm) of sixteen accessions of E. coracana at

six different NaCl concentrations

Acc. No. Control 50mM 75mM 100mM 150mM 200mM

100004 15.0 122 111 7.35 186 0.65
100005 15.7 122 116 7.00 1.54 0.48
100007 10.7 106 102 720 117 0.23
100008 10.4 840 7.50 623 161 041
100009 693 589 550 449 151 0.24
100012 939 7.73 647 606 2.26 0.20
100014 915 814 7.60 605 211 41.07
100015 13.0 11 950 797 2.10 0.59
100016 7140 633 5.64 460 272 0.50
100017 963 870 7.50 590 284 0.32
100018 6.76 600 494 395 157 0.18
100019 451 3.52 2.90 250 1.30 0.29
100031 811 7.0 762 537 459 1.56
100032 919 825 699 4.75 187 0.49
100034 10.0 9.09 9.05 649 2.00 1.89
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Appendix 2.4. Absolute root length (cm) of six accessions of E. tef in nine

different NaCl concentrations

Acc. No.

494197

494205

494215

524433

524437

524438

6.10

7.71

4.61

3.99

6.97

9.23

5.16

6.49

4.17

4.42

6.27

419

Control 25mM 50mM

4.62

5.37

3.76

2.29

5.16

5.66

75mM 100mM 125mM 150mM 175mM 200mM

3.64 iy

4.22 Dot

3.21 1.90

1.94 1.38

4.98 3.40

4.51 2.11

0.79 0.45 0.50 0.24

1.43 0.80 0.62 0.00

0.80 0.63 0.35 0.25

0.86 0.65 0.43 0.35

1.65 0.91 0.60 0.38

1.21 0.18 0.15 0.00

Appendix 2.5. Mean for parameters C;, Cg and Cs5q of P. americanum, Eleusine

coracana and E. tef

Parameter P. americanum

22.04mM

E. coracana E. tef

52.44mMeS

Co

C50

150.07mM

80.29mM

190.97mM

113.78mM
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23.54mM

158.74mM

86.66mM



Appendix 3.1. Variance of the component of each array (V,) and covariance ofall

the offspring included in each parental array with non recurrent parent (W,), and

their means

 

75mM NaCl 125mM NaCl 175mM NaCl
Parents Array Vr Wr Array Vr Wr Array Vr Wr

means means means

Kitui Local 56.95 96.51 -38.71 31.22 39.58 14.27 16.17 12.25 13.69

93611 52.56 111.4 182.6 30.22 106.3 129.6 15.93 25.51 23.40

203659 41.22 149.4 86.45 22.67 65.48 12.89 11.87 66.47 58.91

203662 38.49 57.00 75.86 21.52. 29.10 31.28 10.63 54.67 35.77

221726 44.90 343.7 208.8 26.23 107.0  -0.30 20.00 0.79 -3.43

Mean 46.82 151.6 103.0 26.37 69.50" 37.55 14.92 31.94 25.67

 

Appendix 3.2. Details of analysis of variance of W,+ V, and W,- V;

  

75mM NaCl 125mM NaCl 175mM NaCl
Item Df MS VR MS VR MS VR

W,+ VY,

Between arrays 4  73543.6 1.85NS 151988 1.70NS 4989.3. 44.65***

Within arrays 5 40650.2 8933.1 111.8

W, -V;

Betweenarrays 4  170805.6 3.66NS 5806.0 11.8** 159.7 —1.21NS

Within arrays 5 4669.7 493.9 131.5
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Appendix 3.3. Family means of relative root lengths of 20 F, hybrids of P.

americanum and their parents in a 5 x 5 diallel crosses in three NaCl

concentrations

Genotypes 75mM 125mM 175mM

(<kes~<“<‘é

Kitui Local x 203659 47.7 25.1 16.9

Kitui Local x 203662 49.3 29.8 20.4

Kitui Local x 221726 71.6 30.4 20.6

93611 x 203659 48.7 26.2 17.4

93611 x 203662 45.2 23.7 7.82

93611 x 221726 46.3 23.4 17.6

203659 x 203662 23.3 12.2 1.55

203659 x 221726 52.7 35.0 22.1

203662 x 221726 36.6 27.9 19.0

Parents

Kitui Local 54.1 25.9 10.5

93611 66.5 45.9 19.4

203659 30.0 15.2 3.08

203662 37.3 37.3 5.89

221726 19.7 14.9 22.7
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Appendix 4.1la. Absolute mean height (cm) per plant of six accessions of P.

 

americanum at three different stages of growth in four different NaCl

concentrations (mM)

Accession Growth stage 1 Growth stage 2 Growth stage 3

number 0.0 75 100 150 0.0 75 100 150 0.0 75 100 150

203656 84.3 60.1 60.2 49.7 93.9 60.8 64.9 49.3 110.2 62.1 64.7 49.3

203658 83.2 59.8 62.6 53.6 81.9 59.0 58.8 52.6 92.9 57.8 58.9 53.4

215631 72.6 66.8 61.7 62.2 75.8, 64.5 61.6 62:3 82.3 65.5 60.9 62.2

215632 7129. 663 "62:3 57.1 76.0 66.6 60.3 57.8 82.6 66.8 61.7 61.3

215634 66.6 64.1 61.3 57.5 71.3 64.3 61.8 57.0 74.3 64.5 61.7 57.0

Selection 2 77.7 62.7 62.8 57.9 92.2 62.8 62.9 58.1 112.3 62.5 63.4 58.8

Appendix 4.1b. Absolute mean number of leaves per plant of six accessions of P.

 

americanum at three different stages of growth in four different NaCl

concentrations (mM)

Accession Growth stage 1 Growth stage 2 Growth stage 3

number 0.0 75 100 150 0.0 75 100 150 0.0 75 100 150

203656 9.33 9.33 9.33 8.0 11.0 10.7 10.7 8.33 14.0 11.3 10.7 8.33

203658 8.67 9.33 8.33 8.0 10.3 11.0 10.0 9.67 11.7 11.0 *0.0 9.67

215631 9.0 8.67 8.67 8.67 11.0 10.0 10.3 9.33 13.0 14,7 11.3. 9.33

215632 9.0 10.00 9.0 8.0 10.0 12.0 10.7 10.0 11.0 13.7 11.0 10.0

215634 9.0 9.0 8.33 8.33 10.0 11.3 10.0 10.0 12.0 11.7 10.0 10.0

Selection 2

 

9.0 $8.33 8:0 9.33 10.3 10.7 11.0 11.0
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Appendix 4.1c. Absolute mean percentage live leaves (%) per plant of six

accessions of P. americanum at three different stages of growth in four different

NaCl concentrations (mM)

Accession Growth stage 1 Growth stage 2 Growth stage 3

number 0.0 75 100 150 0.0 75 100 150 0.0 75 100 150

24.4

203658 42.9 37.3 46.5 40.42 36.56 24.8 31.8 29.4 24.2 0.91 12.0 0.00

215631 42.8 42.3 45.6 33.8 32.1 27:7 34.7 23.3 30.8 15.1 14.5 0.00

215632 42.7 34.7 40.4 24.2 37.4 29.8 30.8 24.1 36.0 12.0 13.5 0.00

215634 46.5 35.4 43.7 33.2 33.2 28.2 32.8 25.6 30.0 13.4 10.3 0.00

Selection 2 46.8 46.7 44.6 37.9 38.6 33.3 30.5 24.2 2650°-18.. 21LSe.30

Appendix 4.1d. Absolute mean root dry weight (g) per plant in four NaCl

concentrations at growth stage 3 (maturity)

Accession No. Control 75mM 100mM 150mM

203656 2.62 0.86 0.77 0.65

203658 2.19 0.86 0.42 0.41

215631 4.57 1.40 1.06 0.68

215632 4.73 L.13 0.95 0.83

215634 3.59 1.42 0.68 0.64

Selection 2 1.96 0.92 0.75 0.58
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Appendix 4.le. Absolute mean stem dry weight (g) per plant in four NaCl

concentrations at growth stage 3 (maturity)

Accession No. Control 75mM 100mM 150mM

203656 2.58 0.11 0.09 0.03

203658 1.43 0.11 0.06 0.02

215631 1.70 0.29 0.20 0.03

215632 1.90 0.38 0.08 0.04

215634 1.39 0.29 0.13 0.08

Selection 2 1.61 0.50 0.32 0.11

Appendix 4.1f. Absolute mean leaf sheath dry weight (g) per plant in four NaCl

concentrations at growth stage 3 (maturity)

Accession No. Control 75mM 100mM 150mM

203656 1.06 0.29 0.30 0.19

203658 0.80 0.28 0.26 0.19

215631 0.80 0.46 0.39 0.30

215632 0.79 0.43 0.37 0.31

215634 0.74 0.35 0.34 0.33

Selection 2 0.70 0.32 0.38 0.33

Appendix 4.1g. Absolute mean leaf blade dry weight (g) per plant in four NaCl

concentrations at growth stage 3 (maturity)

Accession No. Control 75mM 100mM 150mM

203656 1.76 1.03 1.03 0.61

203658 1.83 0.99 0.98 0.81

215631 2.51 1.54 1.16 1.23

215632 2.59 1.38 1.15 1.12

215634 2.46 1.41 1.41 1.06

Selection 2 1.34 0.79 1.01 0.86
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Appendix 4.2a. Relative mean height (%) per plant of six accessions of P.

americanum at three different growth stages in three different NaCl

concentrations (mM)

Accession Growth stage 1 Growth stage 2 Growth stage 3

number 5 100 150 75 100 150 75 100 150

CSiSDCSi‘“<«‘i

203658 72.1 75.6 64.6 72.8 eed 64.9 62.4 63.4 57.5

215631 92.3 85.0 85.9 85.3 81.2 82.3 79.9 74.1 75.91

215632 92.2 86.8 79.7 87.6 79.1 76.3 80.9 74,6 74.3

215634 93.6 89.6 84.0 90.3 86.8 80.3 87.2 83.4 717.4

Selection 2 80.6 81.0 74.7 68.1 68.8 63.8 55.8 56.8 3-1

Appendix 4.2b. Relative mean number of leaves (%) per plant of six accessions of

P. americanum at three different growth stages in three different NaCl

concentrations (mM)

 

Accession Growth stage 1 Growth stage 2 Growth stage 3

number 75 100 150 75 100 150 75 100 150

981

203658 107.9 100.5 92.1 103.3 97.0 93.6 94.5 85.9 82.8

215631 96.3 96.3 96.3 100.0 93.6 87.9 91.7 87.9 75.5

215632 82.4 101.2 89.2 116.4 106.7 100.0 124.9 101.1 92.7

215634 103.7 92.6 92.6 110.0 97.0 96.7 104.1 102.3 83.9

Selection 2 93.0 88.4 103.3 103.7 107.4 106.7 108.6 97.2 94.2
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Appendix 4.2c. Relative mean percentage live leaves (%) per plant of six

accessions of P. americanum at three different growth stages in three different

NaCl concentrations (mM)

 

Accession Growth stage 1 Growth stage 2 Growth stage 3

number 75 100 150 75 100 150 75 100 150

«277.9.«279:«9'~=CO7«T—“‘(<‘ésOT#*O#«*Sz‘«CS©~O(669

203658 87.6 109.5 96.6 67.2 92.4 86.3 Dea) 35.1 0.00

215631 99.3 107.0 79.9 90.4 12ALS3.1 48.9 46.6 0.00

215632 83.1 96.4 58.2 82.0 83.8 67.9 45.8 46.6 0.00

215634 81.7 101.8 980.0 85.2 98.7 78.1 45.9 34.9 0.00

Selection 2 87.3 96.0 81.1 86.7 79.3 62.9 83.1 44.1 4.99

Appendix 4.2d. Relative mean root dry weight (g) per plant in three NaCl

concentrations at growth stage 3 (maturity)

 

Accession No. 75mM 100mM 150mM

203656 8.28 6.98 6.19

203658 10.2 5:37 4.73

215631 7.92 5.79 3.98

215632 8.41 4.99 4.58

215634 13.6 4.97 4.75

Selection 2 14.0 11.4 8.39
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Appendix 4.2e. Relative mean stem dry weight (g) per plant in three NaCl

concentrations at growth stage 3 (maturity)

Accession No. 75mM 100mM 150mM

203656 1.07 0.77 0.19

203658 1.93 0.94 0.35

215631 4.08 0.65 0.30

215632 4.81 1.21 0.54

215634 5.32 2.33 1.40

Selection 2 7.86 5.12 1.61

Appendix 4.2f. Relative mean leaf sheath dry weight (g) per plant in three NaCl

concentrations at growth stage 3 (maturity)

Accession No. 75mM 100mM 150mM

203656 6.90 6.93 4.54

203658 8.58 7.98 5.92

215631 14.4 12.0 10.8

215632 13.7 11.6 9.76

215634 14.7 11.6 Pi

Selection 2 11.7 14.0 12.0

Appendix 4.2g. Relative mean leaf blade dry weight (g) per plant in three NaCl

concentrations at growth stage 3 (maturity)

Accession No. 75mM 100mM 150mM

203656 14.7 13.9 8.69

203658 13.8 13.7 11.2

215631 15.6 11.6 12.3

215632 13.4 L117 10.83

215634 14.4 11.8 10.5

Selection 2 20.5 20.6 18.5
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Appendix 6.la. Absolute root length of twelve pearl millet accessions in NaCl,

and NaCl+CaCl, at three different concentrations and the control (EC 0.3 dS m™ 1)

NaClalone (dS mr!) NaCl+CaCly (dS m:!)

Acc. No. Control EC4 EC8 EC12 EC4 EC8  EC12

2.70

Selection 2 7.70 6.91 6.53 4.81" 9.33 9.03 5.33

93611 10.94 9.44 7.42 6.33 10.4 7.50 6.57

93612 5.59 4.59 3.50 3.20 6.59 8.16 8.92

93614 6.59 5.59 4.54 4.18 7.55 6.71 3.75

203658 11.1 6.79 3.09 0.91 7.58 5.35 2.76

203659 9.27 5.63 2D 1.17 3:29 3.94 2.67

203662 10.3 5.59 1.55 1.20 6.89 4.53 3.62

215634 3.41 2.60 2.69 0.87 3.36: 2.55 1.51

219975 6.62 2.13 0.59 0.59 6.01 4.88 2.25

220220 10.4 6.60 2.59 2.09 6.34 4.82 4.24

221726 4.43 2.99 3.32 2.18 3.647. 3,25 2:90

Overall mean 7.59 5.24 3.46 2.52 6.54 5.44 3.96

Mean tolerants 6.66 5.60 4.80 3.90 7.17 6.54 5.08

Mean sensitives8.51 4.89 2.11 1.14 5.91 4.35 2.84
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Appendix 6.1b. Absolute shoot length of twelve pearl millet accessions in NaCl,

and NaCl+CaCl, at three different concentrations and the control (EC 0.3 dS m 1)

NaClalone (dS m-!) NaCl+CaCly (dS m!)

Acc. No. Control EC4 EC8 EC12 EC4 EC8  EC12

450

Selection 2 132 12.2). 10,2 9.08 12.6 12.3 9.42

93611 12.0 10.8 8.62 7.45 8.39 7.50 7.16

93612 9.30 7.00 5.70 5.00 9.54 8.05 7.12

93614 9.37 7.02 6.11 5.64 8.73 6.84 5.06

203658 Ltys 8.44 4.53 2.14 8.59 5.56 3.85

203659 10.4 7.53 4.47 2.40 8.55 6.40 4.46

203662 11.8 7.49 4.10 2.54 9.29 7.08 4.82

215634 7.60 9.12 7.54 4.06 8.48 5.71 3.57

219975 9.31 4.79 1.97 1.85 10.1 8.09 7.61

220220 11.3 8.32 5.54 3.93 8.93 6.14 5.81

221726 7.35 6.51 6.15 5.15 9.08 6.36 4.65

10.06 7.99 5.834.989.18 7.30 5.76

Mean tolerants 9.84 8.37 6.96 6.14 9.38 8.10 6.50

Mean sensitives 10.30 7.62 4.70 2.82 8.99 6.49 5.02
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Appendix 6.2. The level in mM of each EC (Electrical Conductivity) in each

salinity, and Ca”* concentration in NaCl+CaCl,

NaCl alone NaCl+CaCl5

EC (dS m‘!) mM EC (dS m!) mM Ca2+ (mM)

0.30 (Control) 0.00 0.50 (Control) 0.00 -

4.00 35.0 4.00 28.00 9.13

8.00 75.0 8.00 62.00 18.26

12.00 125.0 12.00 100.0 24.78

)-
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