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PREFACE

Pearl millet. [Pennisetum glaucum (L.) R. Br.]. the sixth most important cereal crop with
2n=2x=14, is grown predominantly in Africa and Asia. as a staple food grain and source
of feed, fodder. fuel and construction material in the hottest, driest, semi arid and arid
regions. In recent times. there is a renewed interest globally in growing pear! millet
because of its drought tolerance and high quality grain. Despite its importance, pearl
millet can be considered an "orphan” crop because of its vast untapped potential, less
sequenced genome and limited markers for genetic studies. Additionally. pearl millet
productivity is hampered to a great extent by soil salinity. Thus, research for increasing
the salt tolerance of pearl millet will not only increase the productivity of this important
crop, but also allow the more effective use of poor quality irrigation water in salt

affected areas.

“A study on the mechanisms of salinity tolerance and development of molecular markers
in pearl millet [Pennisetum glaucum (L.) R. Br.]" is aimed mainly to assess opportunities
for using existing pearl millet populations (Hash and Witcombe, 1994; Hash et al.,
2001) and other pearl millet genetic stocks available at ICRISAT-Patancheru to generate
molecular markers for genomic regions contributing to salinity stress tolerance during
germination and early seedling growth. Salinity tolerance during these early growth
stages is critical to crop establishment in saline soil conditions and soil free in vitro
screens can be used as a way of reducing the complexity of genotype x environment
interactions to assess this on the large numbers of entries required for phenotyping a

mapping population progeny set.

This thesis is broadly divided into 9 chapters. Chapters 1 and 2 contain the
introduction and review of literature, respectively; chapter 3 deals with materials and
. methods used; chapter 4 represents the experimental results. Chapter 5 contains the
discussion of the results. The overall summary and conclusions are presented in
chapter 6, and the cited literature in the chapter 7. Chapter 8 contains the list of
publications and presentation of papers in symposia and conferences in due course of
research work. The details of the composition of buffers and reagents and score-sheets

of marker data analysis are included in chapter 9.
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CHAPTER 1
INTRODUCTION

Salinity stress: one of the major environmental constraints to crop
productivity globally

Saline soils arc a problem for agriculture in many parts of the world, especially
in arid and semi-arid regions where low precipitation, irrigation with brackish
water and poor drainage interact to bring about soil salinity. Excess amounts of
salt in the soil adversely affects plant growth and development leading to
diminished economic yields (Bernstein, 197§) and poor quality of produce;
limiting the productivity of crop plants (Ashraf, 1999) Approximately 20% of
the world’'s cultivated area and nearly half of the world’s irrigated lands are
affected by salinity (Zhu, 2001a). Over 800 million hectares of land throughout
the world are salt-affected, either by salinity (397 million ha) or the associated
condition of sodicity (434 million ha) as reported by FAO (2005). In fact no
continent on our planet is free from salt-affected soils. India for instance, has
about 7 million ha of saline lands, of which 2 million ha occur in deltas in a
strip ranging from a few kilometers to 50 km from the coast. The immense
potential of salt-affected soils for much needed production of food, fiber, fuel,
and forage crops is now morc relevant than cver; production demands are
increasing due to the growing population, and there is scant possibility of
bringing new land under cultivation. This emphasizes the urgent need to
increase productivity of salt-affected soils and help innumerable low-income

small farmers to improve their lot.

The technology of combating salinity is extremely cost-extensive requiring large
expenditures of energy to reclaim land and maintain soil balances. Also the
ability of the crop to tolerate a given level of salinity becomes paramount in
managing water and soil resources. An alternative to expensive large-scale
irrigation and drainage schemes is the development of salt-tolerant crop species
and for this reason there has been an upsurge of interest towards tailoring crop

plants to suit more saline environments.



The majority of crop species are extremely susceptible to salt and most are
unable to tolerate concentrations higher than 100 mol m* NaCl. Salt stress
results in reduced water potential, ion imbalance and toxicity. which in turn
lead to changes in development, growth aad productivity and severe stress, may
even threaten survival (Hasegawa et al.. 2000b). High concentrations of salts
cause ionic. osmotic and associated secondary stresses to plants. Plant
responses to these primary and secondary stresses are complex and can be
grouped into three generai categories: homocostasis, detoxification and growth
control (Zhu. 2001a). Homoeostatic responses include activities that help
restore both ionic and osmotic balances in plant cells. Induction of metabolites
and stress proteins that alleviate oxidative damage, and up-regulation of
proteins that help to renature or remove denatured proteins that increase
under stress are examples of detoxification. Growth control refers to the

coordination of stress adaptation and the rate of cell division and expansion.

Salt effects are a combined result of the complex interactions among different
morphological, physiological and biochemical processes. Morphological
symptoms are indications of the injurious effects ol salt stress. The extent of
inhibitory or adverse effects can be known only by making critical comparisons
with plants growing under comparable conditions in normal soils. Salinity may
directly or indirectly inhibit cell division and enlargement in the plant’s growing
points. Reduced shoot growth caused by salinity originates in growing tissues
and not in mature photosynthetic tissues (Munns et al, 1982). As a result,
leaves and stems of the affected plants appcar stunted. Chloride induces
elongation of the palisade cells, due to which the leaves become succulent. Salt
stress hastens phenological development, ie. induces early flowering in wheat
(Francois et al., 1986). It also reduces dry matter content, increases the root :
shoot ratio, and diminishes leaf size in crop plants; as a result of which, grain
yield is reduced. This grain yield reduction is attributed to reduced numbers of
seeds, spikelets, and tillers, as well as low grain weight. Excess salt in the soil
solution may adversely affect plant growth either through osmotic inhibition of
water uptake by roots or by specific ion effects. The presence of high Na* and
Cl- concentrations and an altered water status in the soil brings about changes

in plant metabolism, membrane disorganization, generation of reactive oxygen



species (ROS), metabolic toxicity, inhibition of photosynthesis and altered
nutrient acquisition (Hasegawa et al., 2000b). Specific ion effects may cause
direct toxicity or, alternatively, the insolubility or competitive absorption of ions
may affect the plant’s nutritional balanc~. These effects may be associated with
enzyme activity, hormonal imbalance, or morphological modifications. It should
be noted that the relative roles of osmotic and specific ion phenomena in
explaining the observed effects is disputed. Even at low salinity levels, external
salt concentration is much greater than that of nutrient ions, so that a
considerable concentration of ions may reach the xylem. Being the actively
transpiring parts of the plant, the leaves accumulate salt to excessive levels,
exceeding the ability of the cells to compartmentalize these ions in the vacuole
(Munns and Termat, 1986). lons then build up rapidly in the cytoplasm and
inhibit enzyme activity or they build up in the cell walls and dehydrate the cell,
which leads to their premature death (Flowers and Yeo, 1986; Munns and

Passioura, 1984).

There are various mechanisms by which plants can protect themselves from
abiotic stresses by accumulation of osmoprotectants, exclusion of ions,
compartmentation of ions, transporter and symporter systems, water channels,
chaperones, reactive oxygen species scavenging machinery and signaling
molecules. Osmoregulation by accumulation of organic or inorganic solutes
ensures that adequate turgor is maintained in the cell. The compounds that
accumulate most commonly are proline and glycinebetaine, although other
molecules can also accumulate to high concentrations in certain species
(Hasegawa et al., 2000b). Organic compounds that accumulate in the cytoplasm
may function as osmotica and thereby protect the conformation of
macromolecules in the changing ionic environment (Wyn Jones and Pollard,
1983). When plants are subjected to salt stress, the balance between the
production of reaciive oxygen species and the quenching activity of the
antioxidants gets upset, often resulting in oxidative damage (Gosset et al.,
1994a). Plants possess a number of antioxidant enzymes that protect them
from these potential cytotoxic effects due to the excessive generation of active
oxygen species such as superoxide radicals (O»), hydrogen peroxide (H,0,) and
hydroxyl radicals (Dionisio-Sese and Tobita, 1998; McCord, 2000; Hernandez et




al., 2001; Lee et al., 2001). Superoxide dismutase (SOD) is a major scavenger of
0., and its enzymatic action results in the formation of H,0,. Catalase and a
variety of peroxidases (Chang et al., 1984; Chen and Asada. 1989Y) catalyze the
breakdown of H,O.. Thus, understanding the molecular basis and mechanisms
of gene regulation. signal transduction, ion transport, osmoregulation and
mineral nutrition will be helpful in developing selection strategies for improving

salinity tolerance in crop plants.

Screening and selecting for salt tolerance

Screening large numbers of genotypes for salinity tolerance in the field is
difficult, due to spatial heterogencity of soil chemical and physical properties,
and to seasonal fluctuations in rainfall. A field study in Syra using ICARDA's
advanced durum breeding lines indicated that significant genetic variation for
salt tolerance might exist. but the confounding presence of drought stress made:
it difficult to identify genotypes with salt tolerance (Srivastava and Jana, 1984).
They concluded that ‘the lack of reliable large-scale ficld screening techniques
still seems to be the biggest problem in genetic improvement of salt and drought
tolerance of crop plants’. Screening techniques that can be carried out under
controlled environments have therefore often been used, especially for
evaluating germination and survival of young seedlings at high salinity (200-

300mM Na(l) (Munns and James, 2003).

The physiological effects of salinity on plant growth are not fully known,
measuring salinity tolerance is difficult, and little is known about genes
involved in salinity tolerance. Because of this complex nature of salinity
tolerance, trait-based selection criteria are recommended for screening
techniques (Noble and Rogers, 1992; Yeo and Flowers, 1986; Yeo et al., 1990).
.Salinity tolerance is usually assessed as the percent biomass production in.
saline versus contry conditions over a period of time (Munns, 2002). Salt
tolerance can also be assessed in terms of survival, which is quite appropriate
for most of the perennial and annual crop species. Physiological traits used for
screening germplasm for salinity tolerance have included proline accumulation,
Na' exclusion (Garcia et al., 1995), K*/Na* discrimination (Asch et al., 2000) and

Cl- exclusion (Rogers and Noble, 1992). Relative reductions in yield and growth



have also been used as measures of plant salinity stress response. Since

salinity imposes an environmental restraint on plant growth, quantitative
parameters of these growth and yield reductions can be measured using the
principles of biometrics and quantitative genetics. Given that the physiological
approach for identifving traits that confer stress resistance so far has not been
very successful (i.e. there is no single physiological trait that is strongly
associated with salt tolerance). studying the pattern of protein svnthesis under
salt stress may help to identifv a protein(s) associated with stress. Under saline
conditions there is a change in the pattern of gene cxpression, and both

qualitative and quantitative changes in protein synthesis.

Pearl millet and salinity

Pearl millet (Pennisetum glaucum [L.] R. Br.), an important cereal of traditional
farming systems in tropical and subtropical Asia and sub-Saharan Africa, is the
sixth most important cercal crop after wheat, rice, maize, barley and sorghum,
in terms of annual global production (FAQ, 1992). It is the staple food grain and
a source of feed, fodder, fuel and construction material grown on 29 million ha
(FAO, 2005) supporting millions of poor rural families in the drought prone
semi-arid regions of Africa and the Indian sub-continent, where rainfed
agriculture is practiced. Taxonomically, pearl millet belongs to the family
Poaceae, subfamily Punicoideae, genus Pennisetum. This genus is comprised of
over 140 species, with chromosome numbers in multiples of x = 5, 7, 8 and 9
and ploidy ranging from diploid to octaploid levels (Brunken, 1977). Sexual and
apomictic, as well as annual and perennial species are included in this genus.
Pearl millet is a diploid possessing 2n = 2x =14 chromosomes. It is a cross
pollinated annual Cs crop species with a protogynous flowering habit, and can
be intercrossed with a large group of wild relatives having 2n = 14
chromosomes (Jauhar. 1981; Liu et al, 1994b). Ptarl millet was domesticatéd
along the Southern margins of the Saharan central highlands at the onset of
the present dry phase some 4000-5000 vears ago (Anand Kumar, 1989).
According to the earliest archeological records, pearl millet originated in Africa
and was introduced to India about 2000 B.C. It is the fourth most important

cereal crop in India, after rice, wheat and sorghum, and is most widely grown in




the states of Rajasthan, Maharashtra, Gujarat and Haryana. In India, the
average annual area sown to pearl millet amounts to 9.5 M ha with an average
annual grain production of 8.3 M tons and average grain vield of 880 kg/ha
(FAO, 2005). The cultivated crop and its wild progenitor are diploid with seven
pairs of large chromosomes and a haploid DNA content of 2.5 pg (Bennett,
1976). The genome size of pearl millet is around 2300 million base pairs of
DNA. which is about § times larger than that of rice (430 M bp) and almost
equal to that of maize (2400 M bp). The genome size of pearl millet is also larger

than that of sorghum (750 M bp) (Arumuganathan and Earle, 1991).

Pearl millet tolerates drought, low soil fertility, and low soil pH, yvet responds
well to favorable water and soil conditions. Indeed, in seme of the hottest and
driest regions of India and Africa, where other crops do not grow well, pearl
millet is the only cereal that can be grown reliably and so plays a critical role in
food security. Generally, pearl millet is considered more efficient in utilization of
soil moisture and has a higher level of heat tolerance than sorghum or maize.
These facts make pearl millet an important food staple in rainfed regions of
sub-Saharan Africa and the Indian sub-continent, especially in the semi-arid
arcas, where other crops tend to fail because of inadequate rainfall and poor
soil conditions (FAQO and ICRISAT, 1996). In recent times, there is a renewed
interest globally in growing pearl millet because of its drought tolerance and

high quality grain.

Although pearl millet is one of the most drought tolerant of all domesticated
cercals (Bidinger and Hash, 2004), its grain yields are limited by the poor
inherent fertility and water-holding capacity of the marginal soils on which the
crop is largely grown, and traditional management practices (including little use
of fertilizers and below optimum levels ‘of tillage) in these stress-prone
agricultural production areas. Further limitations are imposed both by salinity
and drought stresses. The crop suffers from water deficits at critical growth
phases, especially during crop establishment and reproductive growth. Soil
salinity hampers pearl millet productivity to a great extent by delaying seed
germination and reducing germination percentage, and severely affecting

subsequent growth throughout the plant life cycle (Ashraf and Idrees, 1992).



Thus, research for increasing the salt tolerance of pearl millet will not only
increase the productivity, but also allow more effective use of poor quality
irrigation water in salt-affected areas. Additionally, the ability to grow high
return crops such as pearl millet on salt-affected land will boost farm incomes
and support changed farm management practices to address salinization in the
semi-arid tropics.

Until recently, little breeding for salinity tolerance was undertaken in pcarl
millet because of lack of understanding of the tolerance mechanisms and plant
responses to this stress, and of the genetic variability available for improving
these. Conventional breeding for quantitative traits such as salinity tolerance is
often an extremely slow and laborious process and because of genotype x
environment interactions, the application of results from such breeding efforts
tends to be location specific. However, recent advances in the application of
DNA markers and plant genome mapping technology offers a new opportunity
for understanding the genetics of salt-resistance genes and their contribution to
plant performance under salinity stress. Molecular genetic maps have been
developed for major crop plants, which make it possible for scientists to tag
desirable traits using known DNA landmarks. Molecular markers allow
breeders to track genetic loci controlling salt stress tolerance without having to
measure the phenotype, thus, reducing the need for extensive field-testing over
time and space. Moreover, gene pyramiding or introgression can be done more
precisely using molecular tags. Together, molecular markers offer a new
strategy known as marker-assisted selection (MAS), which may provide a
powerful tool to improve salinity tolerance. Therefore, by identifying genomic
regions that contribute most to control of salinity stress tolerance and providing
molecular selection criteria can help efficiently move these genomic regions
from poorly adapted trait donors into the best available improved varieties via.a
conventional crossing program. However, pearl millet has less sequenced
genomes and a shortage of markers and there is every need to develop

molecular markers for salinity tolerance in this important crop.



Taking cognizance of this background information, the present work has been
taken up with the following objectives:

* To screen a set of genetically diverse pearl millet inbred lines for their
salinity tolerance levels,

* To assess possible mechanisms of salinity tolerance in pearl millet.

* To measure the antioxidant enzyme activity responses to salinity
stress in salt-tolerant and -sensitive lines of pearl millet.

* To develop TRAP (Target Region Amplified Polymorphism) markers for
salinity tolerance in pearl millet.

* To check the validity of molecular markers identified in the course of
the study.

* To identify QTLs for salinity tolerance in mapping populations of pearl
millet.

The aim of this study is to assess opportunities for using existing pearl millet
mapping populations (Hash and Witcombe, 1994; Hash et al.,, 2001) and other
pearl millet genetic stocks available at ICRISAT to map TRAP (Target Region
Amplified Polymorphism) markers for genomic regions contributing to salinity
stress tolerance, The TRAP markers thus developed and mapped may find use
in genome characterization, tagging desirable genes, and high-throughput

mapping of pearl millet populations.
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CHAPTER 2

REVIEW OF LITERATURE

2.1 Salinity - a major problem hampering crop productivity

Salinity of arable land is an increasing problem of many irrigated, arid and
semi-arid areas of the world where rainfall is insufficient to leach salts from the
root zone, and salinity is a significant factor in reducing crop productwity
(Francois and Maas, 1994). Soil salinity is a major constraint to food production
because it limits crop yields and restricts use of land previously cultivated. The
United Nations Environment Program (UNEP) estimates that approximately 20%
of agricultural land and S0% of cropland in the world is salt-affected (Flowers
and Yeo, 1995). Much of the world’s land is not cultivated, but a significant
proportion of cultivated land is salt-affected. The term salt-affected refers to
soils that are saline, and according to the FAO Land and Plant Nutrition
Management Service, these cover over 400 million ha, which is over 6% of the
world land area (Table 2.1) (FAO, 2005) Areas affected by soil salinity are not
well defined, since detailed maps are available for only a few. Consequently,
global estimates vary widely (Flowers et al., 1986). Of the current 230 million ha
of irrigated land world-wide, 45 million ha are salt-affected (19.5 %) and of the
1,500 million ha under dryland agriculture, 32 million are salt-affected to
varying degrees (2.1 %). Together, these salinity-affected lands (which includes
about one-third of the land area world-wide) (Figure 2.1) constitute a major

constraint to food production (Singh and Chatrath, 2001).

2.2 Types and Causes of Salinity
2.2.1 Natural or primary salinity

Primary salinity results from the accumulation of salts over long periods of
time, through natural processes, in the soil or groundwater. It is caused by two
natural processes. The first is the weathering of parent materials containing

soluble salts. Weathering processes break down rocks and release soluble salts

of various types, mainly chlorides of sodium, calcium and magnesium, and to a




Table 2.1 Regional distribution of salt-affected agricultural soils,

in million hectares

Regions Total land area Saline soils

. Mha Mha %

IAfrica 1,899 39 2.0
“Asia, the Pacific and Australia 3,107 195 63
Eope 2,011 7 0.3
Tatin America 2,039 61 3.0
Near East 1,802 9% 5.1
‘North America 1,924 5 0.2
Total 12,781 397 3.1%

[Source: FAO Land and Plant Nutrition Management Service, FAO 2005]

Figure 2.1. Global distribution of salt-affected soils (shown in red)
|Source : Singh and Chatrath, 2001]




lesser extent, sulphates and carbonates. Sodium chloride is the most soluble
salt. Another type of salinity occurs in coastal areas subject to tides and the
main cause is intrusion of saline water into rivers (Cyrus et al., 1997) or
acquifers (Howard and Mullings, 1996). Coastal rice crops in Asia, for instance,
are frequently affected by exposure to seawater brought in by cyclones (Sultana
et al., 2001).

2.2.2 Secondary salinization or human-induced salinity

Secondary salinization results from human activities, mainly as a consequence
of improper methods of irrigation. The most common causes are (i) land clearing
and replacement of perennial vegetation with annual crops, and (i) irrigation
schemes using salt-rich irrigation water or having insufficient drainage.
Szabolcs (1992) estimated that 50% of all irrigated schemes are salt-affected.
Too few attempts have been made recently to assess the degree of human-
induced secondary salinization and according to Flowers and Yeo (1995) this
makes it difficult to evaluate the importance of salinity to future agricultural
productivity. Prior to human activities, in arid or semi-arid climates, the water
used by natural vegetation was in balance with the rainfall, with the deep roots
of native vegetation ensuring that the water tables were well below the surface.
Clearing and irrigation changed this balance, so that rainfall on one hand, and
irrigation water on the other, provided more water than the crops could use.
The excess water raises the water table and mobilizes salts previously stored in
the subsoil, bringing them up to the root zone. Plants use the water and leave
the salt behind until the soil water becomes too salty for further water uptake
by roots. The water table continues to rise, and when it comes close to the
surface, water evaporates leaving salts behind on the surface, thus forming a
‘salt scald’. The mobilized salt can also move laterally to water courses and

increase their sdlinity.

2.3 The Effect of Salinity on Plants

Salts in the soil water may inhibit plant growth for two reasons. First, the
presence of salt in the soil solution reduces the ability of the plant to take up

water, and this leads to reduction in the giowth rate (Romero-Aranda et al,
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2001; Ghoulam et al., 2002). This is referred to as the osmotic or water-deficit

effect of salinity. Second, if excessive amounts of salt enter the plant in the
transpiration stream there will be injury to cells in the transpiring leaves and
this may cause further reductions in growth. This is called the salt-specific or
jon-excess effect of salinity (Greenway and Munns, 1980). The initial and
primary effects of salinity, especially at low to moderate concentrations, are due
to its osmotic effects (Munns and Termaat, 1986; Jacoby, 1994). Osmotic
effects of salts on plants are a result of lowering of the soil water potential due
to increasing solute concentration in the root zone. At very low soil water
potentials, this condition interferes with the plant’s ability to extract water from
the soil and maintain turgor. At high salinity, some specific symptoms of plant
damage may be recognized, such as necrosis and leaf tip burn due to Na* or Cl
ions (Wahome et al., 2001). Sodium and chloride, usually the most prevalent
ions in saline soils or water, account for most of the deleterious effects that can
be related to specific ion toxicities (Levitt, 1980). The degree to which growth is
reduced by salinity differs greatly with species and to lesser extent with
varieties (Bolarin et al.,, 1991; Ghoulam et al., 2002).

2.4 Salt Tolerance

Flowers et al. (1977), Levitt (1980) and Shannon et al. (1994) classified plants
into halophytes and glycophytes, depending on their sensitivity to salinity.
Halophytes are plants that can grow in the presence of high concentrations of
salts, even higher than that of seawater (~500 mM) and have a competitive
advantage over non-halophytes in highly saline environments. Glycophytes on
the other hand, are plants that are sensitive to relatively low salt
concentrations. Almost all major crop species as well as most wild plant species
are glycophytes Although individual responses to high salinity levels may differ,
several lmes of evidence suggest that all plants use the same general salt
tolerance regulatory mechanisms, and that the differences between halophytic
and glycophytic species are of a quantitative rather than qualitative nature
(Greenway and Munns, 1980; Zhu, 2001a). Plant sensitivity to salt levels in the

soil is also highly dependent on environmental factors (Shannon et al., 1994),
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plant species, and cultivars within a species (Greenway and Munns, 1980,
Ashraf, 2002), as well as the stage of plant development (Vicente et al , 2004)

2.4.1 Influence of growth stage on salinity tolerance

The response of plants to salimty vanes with growth stage at which salinization
1s mmtiated However, information about the salt tolerance of crops at different
stages of growth 1s limited Plant sensitivity to soil salimity continually changes
during the growing stages (Vicente et al, 2004) The available data generally
agree that the early seedling stage of plant growth 1s the most sensitive for most
crops (Maas and Poss, 1989, Vicente et al, 2004) It 1s during this stage of
growth of cereal crops that leaf and spikelet primordial are mitiated and tiller
buds are formed (Maas and Grieve, 1990} Consequently, high soil salinity
during this crop growth stage can severely affect final economic yield
Significant and non significant associations between salimity tolerance at the
germination stage and adult plant growth and development were 1dentified
(Lovato et al, 1994, Bayuelo-Jimenez et al, 2002) Most crops are tolerant
during germunation, but the young developing seedlings are susceptible to
injury during emergence from the soil anu during early juvenile development
Once established, plants generally become increasingly tolerant during later
stages of vegetative growth, although reproductive growth may again be
sensitive to salinity stress (Khatun and Flowers, 1995, Khatun et al, 1995)

One of the primary effects of salt stress is that 1t delays germination and
seedling emergence Seed germination is usually the most critical stage in crop
establishment, determining the success or failure of crop production
(Almansoun et al, 2001) Earler vegetative growth stages are more sensitive to
salinity than subsequent ones (Lal, 1985) The fact 1s that subsequent growth
and final yield of crop plants decrease when the moisture supply is hmited
Germination and seedling growth are reduced in saline sois with varying
responses for species and cultivars (Bliss et al, 1986, Hampson and Simpson,
1990) Salimty affects the germination of seeds by creating an external osmotic
potential that prevents water uptake or via the toxic effects of Na* and Cl 1ons
on the germinating seed (Redmann, 1974, Murrillo-Amador et al, 2002,
Khajeh- Hossein1 et al, 2003) Although different stages of plant growth were
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seen to respond differentially to salinity stress (Vicente et al., 2004), in certain
reports the performance of seedlings under saline conditions has been
considered highly predictive of the response of adult plants to salinity (Azhar
and McNeilly, 1987). Ashraf et al. (1986) evaluated seedlings of barley, wheat
and seven forage grass species, and demonstrated considerable tolerance of
sahnity at the adult growth stage of these plants. Similarly, in studies
conducted by Bayuelo-Jimenez et al. (2002), five accessions of Phasoelus
filiformis previously identified as the most tolerant at germination and early
seedling growth, were also tolerant during the vegetative growth stage when
exposed to 180 mM NaCl. Hence, salinity tolerance observed at germination,

early seedling and vegetative growth stages is of great importance.

2.5 Mechanisms of salt stress tolerance

Plants have adapted a variety of mechanisms to alleviate the negative impacts of
salinity (Gorham, 1995a,b). Such mechanisms range from cellular level to whole
plant reactions and are often an integrated response at multiple levels. Salt
tolerance can be achieved by the ability of growing cells of a plant to avoid high
ion concentrations (avoidance) or the ability of cells to cope with high ion
concentrations (tolerance) (Greenway and Munns, 1980; Levitt, 1980).
Examples of salt avoidance mechanisms include delayed germination or
maturity until favorable conditions prevail; the exclusion of salt at the root zone
or preferential root growth into non-saline areas; compartmentalization of salt
into and secretion from specialized organelles such as salt glands and salt
hairs; or storage in older leaves. According to Munns (2002), the salt tolerance
mechanisms in plants fall into two main categories: those involved in
minimizing salt entry into the plant and those involved in minimizing salt
concentration in the cytoplasm. Thus, research into crop salt tolerance has

been conducted at different levels of organization from molecular to crop level,
2.5.1 Selective accumulation or exclusion of ions

Under saline conditions, both glycophytes and halophytes either restrict the

excess salts in the vacuole or compartmentalize the ions in different tissues to
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minimize their disruption of metabolic functions (Zhu, 2003). Salt can be
prevented from entering the plant through its root system, or within the plant
salt can be restricted from reaching sensitive organs (Larcher, 1980). Internal
exclusion mechanisms can involve processes such as sequestering salt ions in
specialized tissues after removing them from the transport stream (Hagemeyer,
1987). Some plants rid their systems of salt by excreting it back into the
environment through their roots, shoots and leaves (Larcher, 1980). Some
halophytic species have evolved specialized structures in the epidermis for
exclusion such as ‘bladder hairs’ or ‘salt glands’ (Hagemeyer, 1987). Bladder
hairs are structures on leaf surfaces that consist of several ‘stalk cells’ and a
‘bladder cell’. The stalk cells transport jons into the vacuole of the bladder cell,
which eventually dies and falls off the plant. Salt glands are specialized
structures that transport ions directly out of the plant through both roots and

leaves.

In general, exclusion mechanisms are effective at low to moderate levels of
salinity, whereas ion accumulation is the primary mechanism used by
halophytes at high levels, presumably in conjunction with the capacity to
compartmentalize ions in the vacuole (Jeschke, 1984). Glycophytes limit
sodium uptake, or partition sodium in older tissues, such as leaves, that serve
as storage compartments, which are eventually abscised (Cheeseman, 1988).
Apse et al., (1999) reported that removal of sodium from the cytoplasm or
compartmentalization of it in vacuoles is done by a salt-inducible enzyme
Na*/H* antiporter. Some varieties that accumulate more salt ions in their leaves
under salinity stress have been categorized as ‘includers’ (Yeo, 1983), and
reports are found in sorghum (Colmer et al., 1996), rice (Lutts et al., 1996a) and
sugarbeet (Ghoulam et al., 2002). This accumulation of salt ions could play an
important role in osmotic adjustment in stressed plants-if the ions were
efficiently compartmentalized. The ability to regulate salt concentration in the
cytoplasm through compartmentalization of ions is an important aspect of salt

tolerance.
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2.,5.2 Synthesis of compatible solutes

Salinity stress often results in the accumulation of low-molecular weight
compounds in the cytosol and organelles to counterbalance the osmotic
gradient created by accumulation of salts in the vacuole, or excessive salt levels
in the external medium (Rhodes and Hanson, 1993:Hasegawa et al., 2000a).
These low molecular weight compounds are termed ‘compatible solutes’ as they
do not interfere with normal physiological and biochemical processes in plant
cells (Bohnert and Jensen. 1996). Typically, compatible solutes are hydrophilic,
giving rise to the view that they could substitute for water at the surface of
proteins, protein complexes, or membranes. Hence, they may act as
osmoprotectants (Shinozaki and Yamaguchi-Schinozaki, 1997). Some
compatible osmolytes are essential elemental jons, such as K', but the majority
of them are organic solutes. Compatible solute accumulation as a response to
osmotic stress is a ubiquitous process in organisms as diverse as bacteria and
plants and animals. However, the solutes that accumulate vary with the
organism and even between plant species. Compatible solutes have the capacity
to preserve the activity of enzymes that are in saline solutions. These
compounds have minimal effects on pH or charge balance of the cytosol or
luminal compartments of organelles. The synthesis of compatible osmolytes is
often achieved by diversion of basic intermediary metabolites into unique
biochemical reactions. Furthermore, many of the osmoprotectants enhance
stress tolerance of plants when expressed as transgene products (Bohnert and
Jensen, 1996; Zhu, 2001a). Adaptive biochemical functions of osmoprotectants
include scavenging of reactive oxygen species that are by-products of
hyperosmotic and ionic stresses, and serving as chemical chaperones that
directly stabilize membranes and/or proteins (Bohnert and Jensen, 1996; Lee et
al., 1997; Hare et al, 1998; Bohnert and Shen, 1999). Major categories of
organic osmotic solufes consist of simple sugaré (mainly fructose and gluc'ose),
sugar alcohols (glycerol and methylated inositols such as mannitol, sorbitol,
pinitol), and complex sugars (trehalose, raffinose and fructans) (Bohnert and
Jensen, 1996; Parida et al., 2002). Others include quaternary amino acids and
their derivatives (proline, glycine betaine, proline betaine) (Kavi Kishor et al.,

2005), and tertiary amines (1,4,5,6-tetrahydro-2-methyl-4-carboxyl pyrimidine),
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and sulfonium compounds (choline sulfate, dimethyl sulfonium propironate)
(Nuccio et al., 1999; Mansour, 2000; Sangam et al., 2005). Over-expression of
compatible solutes in transgenic plants can result in improved stress tolerance
(Sangam et al., 2005).

Proline accumulation is one of the most frequently reported modifications
induced by water and salt stresses in plants and is often considered to be
involved in stress tolerance mechanisms, although 1its precise role still remains
a controversial subject. Cytoplasmic accumulation of this amino acid is thought
to be involved in osmotic adjustment of stressed tissues (Delauney and Verma
1993, Kavi Kishor et al. 1995). It was reported that under saline conditions
proline levels increase significantly in leaves of rice (Lutts et al., 1996b) and in
sugar beet (Ghoulam et al., 2002). The proposed functions of proline under salt
stress conditions include osmotic adjustment, protection of enzymes and
membranes, and acting as a reservoir of energy and nitrogen for utilization
during exposure to salinity (Bandurska, 1993; Perez-Alfocea et al., 1993; Kavi
Kishor et al., 2005). Studying the effects of stress on enzyme activities involved
in proline metabolism could provide valuable information on the physiological
significance of its accumulation. In plants, proline is synthesized from
glutamate and ornithine. Proline biosynthesis from glutamate is a function of
two genes encoding A!l-pyrroline-5-carboxylate reductase and A!-pyrroline-5-
carboxylate synthetase (Delauney and Verma 1993). In plants, prolinc is
synthesized from glutamate via A!-pyrroline-5-carboxylate (PSC) by two
successive reductions, which are catalyzed by P5C synthetase (PS5CS; EC
2.7.2.11/1.2.1.41) and P5C reductase (PSCR; EC 1.5.1.2). Genes encoding
these two enzymes have been identified in several plant species and all have
been reported to be up-regulated in response to salinization (Hare and Cress,
1997; Hare et al., 1998, 1999). Hence, these two enzymes form ,an important

part of salt stress response in plants.

2.5.3 lon homoeostasis or control of ion uptake

Homoeostasis can be defined as the tendency of a cell or an organism to
maintain an internal steady state in response to any environmental

perturbation or stimulus tending to disturb normality. Typically, ions
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constantly move in and out of cells in a controlled fashion with net flux
adjusted to accommodate cellular requirements, thus creating ionic
homoeostasis. High salt concentration in the external solution of plant cells
causes an ionic imbalance (Niu et al,, 1995; Zhu et al., 1997). The intracellular
concentration of Na* and Cl- ions increases and disturbs the homoeostasis of
these ions along with other ions like K' and Ca2 (Serrano et al, 1999:
Hasegawa et al., 2000a,b). As a result, plant survival and growth will depend on
adaptations that re-establish ionic homoeostasis, thereby reducing the duration
of cellular exposure to ionic imbalance. Plant cells respond to salt stress by
increasing Na* efflux at the plasma membrane and Na‘ accumulation in the
vacuole. Compartmentation of Na* and Cl- in the vacuole is considered to be
important in ameliorating the effects of salt on plants, and increasing Na*
transport into the vacuole has been shown to increase salt tolerance (Apse et
al., 1999). The uptake of K* by plant cell is also affected by high external Na*
concentration, due to chemical similarities betwcen these two ions. Na®
competes with K for uptake through common transport systems and does this
effectively since the external Na* concentration, [Na'|.y in saline environments
is usually considerably greater than the external K' concentration. Thus, plants
respond to elevated external Na* concentrations to maintain low cytosolic Na*

concentrations and a high cytosolic K*/Na* ratio.

2.5.4 Induction of antioxidative enzymes by salinity

When plants are subjected to stresses, such as salt stress, high concentrations
of reactive oxygen species (ROS) are formed (Gossctt et al., 1994a; Hernandez et
al.,, 1995). Plants possess numerous defense mechanisms, both enzymatic and
non-enzymatic, and these mechanisms contribute to protect cells from oxidative
injury (Scandalios 1997; Shalata and Tal, 1998; Dionisio-Sese and Tobita,
1998; Gomez et al., 1999). The main non-enzymatic dntioxidants are reduced
glutathione (GSH), cysteine, hydroquinones, mannitol, vitamins C and E,
flavonoids, some alkaloids and B-carotene. The en:ymatic antioxidant defenses
include superoxide dismutase (SOD), catalase (CAT) and peroxidase. In
addition, the whole array of enzymes in ascorbate-glutathione cycle [ascorbate

peroxidase (APX), dehydroascorbate reductase (DHAR) and glutathione
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reductase (GR)] are needed for the regeneration of the active forms of the
antioxidants.

Superoxide dismutase (SOD) is a major scavenger of O2- and its enzymatic
activity results in the formation of H.0, (Beauchamp and Fridovich 1971). CAT,
APX and a variety of general peroxidases then catalyze the breakdown of H,O..
In the ascorbate-glutathione cycle, the enzymatic action of APX produces mono-
dehydro-ascorbate (MDA) that can be reduced spontaneously or enzymatically
to dehydro-ascorbate (DHA) by NADPH-dependent mono-dehydro-ascorbate
reductase (MDHAR). DHA is reduced back to ascorbate non-enzymatically by
reduced glutathione (GSH) or enzymatically in a reaction mediated by DHAR.
The resulting oxidized glutathione (GSSG) is then converted back to the reduced
from by NADPH-dependent GR. CAT and SOD are the most efficient
antioxidative enzymes (Scandalios, 1993). Their combined action converts the
potentially dangerous O# and H,O. to water and molecular oxygen, thus
averting cellular damage. Within a cell, SOD constitutes the first line of defense
against ROS. While all compartments of the cell are possible sites for 02
formation, chloroplasts, mitochondria, and peroxisomes are thought to be the
most important generators of ROS (Fridovich, 1986). Therefore, SODs are
present in all these subcellular locations. Based on the metal co-factor used by
the enzyme, SODs are classified into three groups: 1) iron SOD (Fe SOD), 2)
manganese SOD (Mn SOD), and 3) copper-zinc SOD (Cu-Zn SOD). Fe SODs are
located in the chloroplasts, Mn SODs are located in the mitochondria and the
peroxisomes, and Cu-Zn SODs are found in the chloroplasts, the cytosol, and
possibly in the extracellular space (Grene, 2002). All three groups of SOD
enzymes are encoded in the nucleus, and SOD genes have been shown to be
tensitive to environmental stresses, presumably as a consequence of increased
POS formation,(Parida et al., 2004a,b).

Upon the imposition of oxidative stress, the existing pool of reduced glutathione
(GSH) is converted to oxidized glutathione (GSSG) and glutathione biosynthesis
is stimulated (May and Leaver, 1993; Madamanchi et al, 1994). Glutathione
reductase (GR) activities increase as the glutathione pool increases through a

multi-level control mechanism, which includes cocrdinated activation of genes
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encoding glutathione biosynthetic enzymes and GR (Xiang and Oliver, 1998).
Glutathione is a potent cellular reductant with a broad redox potential. It acts
as a scavenger of peroxides and serves as a storage and transport form of
reduced sulphur (May et al,, 1998). Due to the redox active thiol group GSH
may be involved in the regulation of the cell cycle and can act as a defence
compound against oxidative stress. GSH has been shown to participate in the
regeneration of the reduced form of ascorbate through non-enzymatic reduction
of DHA at an alkaline pH (Noctor et al, 1998). Glutathione has also been
reported to regulate the induction of antioxidant defenses, as exemplified by the
induction of Cu-Zn SOD (Herouart et al., 1993). Glutathione S-transferases
(GSTs) are another set of well-characterized enzymes involved in stress
tolerance (Marrs, 1996). These enzymes catalyze the conjugation of glutathione
to a wide variety of electrophiles including cytotoxic substrates (Mannervik and
Danielson, 1988; Pickett and Lu, 1989).

2.5.5 Influence of plant hormones and Ca?* on salinity

Several phytohormones can reduce the salt-induced inhibition of plants and
alleviate the deleterious effects of salinity. Of these, gibberellins have been the
main focus of published studies (Chakrabarti and Mukherji, 2002; Angrish et
al, 2001; Basalah and Mohammad, 1999; Kozlowski, 1997; Munjal and
Goswarmi, 1995). For instance, treatment with gibberellic acid (GAs) has been
reported to be helpful in enhancing wheat growth under saline conditions
(Parasher and Varma, 1988; Ashraf et al., 2002).

Salinity also interacts with plant nutrients and decreases plant Ca?* levels (Al-
Harbi, 1995). Franco et al. (1999) suggested that Ca?' could have a protective
effect in root tips, which is of fundamental importance for the maintenance of
root elongation in NaCl-stressed seedlings. Calcium protects plants from the
adverse effects of NaCl salinity and improves the growth of plants under saline
conditions (Cramer et al., 1990). There are a number of reports that show that
increasing the Ca?' concentration in growth media, increases germination of
seeds of different crops in NaCl solutions, including wheat (Chaudhuri and

Wiebe, 1968), maize (Alberico and Cramer, 1993) and rice (Lin and Kao, 1995).
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6 Pearl millet: current status and future potential

Of all the world's cereals, pearl millet (Pennisetum glaucum (L.) R. Br.) is the
sixth most important. Descended from a wild West African grass, it was
domesticated more than 4,000 years ago, along the Southern margins of the
Saharan central highlands at the onset of the present dry phase (Anand Kumar,
198Y). Long ago, it spread from its homeland to East Africa and then to India.
Both places adopted it eagerly and it became a staple food crop. Pearl millet is
grown principally for grain in the tropical and sub-tropical areas of Africa and
the Indian subcontinent. It is planted on ~15 million ha in Africa and ~11
million ha in South Asia (mostly in India), yielding annually ~10 million tons of
grain (Anand Kumar, 1989). Pear] millet is member of a genus with over 140
species, with chromosome numbers in multiples of X = 5, 7, 8 and 9, and ploidy
levels ranging from diploid to octaploid (Brunken, 1977). Both sexual and
apomictic species, as well as annual and perennial species, are included in this
genus. The cultivated crop and its wild progenitor are diploid with seven pairs

of large chromosomes and a haploid DNA content of 2.5pg (Bennett, 1976).

India is a major pearl millet producing count.y with 43.4 per cent of the world
area and 42 per cent of world pearl millet grain production. Five states,
Rajasthan, Maharashtra, Gujarat, Uttar Pradesh and Haryana account for
nearly 90 percent of the total cultivated area under pear] millet (9.5 million ha)
in India (FAO, 2005). Generally, pearl millet is considered the best-adapted
rainy season cereal crop for arid and semi-arid conditions because of its more
efficient utilization of soil moisture and higher level of heat tolerance than

sorghum and maize (Harinarayana et al., 1999).

2.6.1 Uses of pearl millet

In its traditional growing areas, pearl millét grain is the basic staple for
households in the poorest countries and among the poorest people. The stalks
are also used for hay, pasture, silage, building material, and fuel (Baker, 2003).
The grain can be consumed like rice in sweet or savoury dishes, or can be
ground into a powder and used as flour for making bread, porridge, etc

(Facciola, 1990). The sweet tasting nutritious grains are eaten raw by children
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and the grain is often fermented to make various foods and alcoholic beverages
(Facciola, 1990). In the Sahel and elsewhere in Northern Africa, pearl millet is
an important ingredient of couscous. Pearl millet stalks are a valued building
material, fuel and livestock feed. The plant is medicinally useful as an appetiser
and tonic, and also in the treatment of heart diseases (Chopra et al., 1986). In
non-traditional growing areas in the USA, Brazil, Australia, and Europe, pearl
millet is grown as both a forage and grain crop. The forage is used by cattle and
other livestock. The grain is used to feed cattle and poultry birds and
domesticated pets. Pearl millet grain is showing promise as a feedstock for

ethanol production also.

2.6.2 Nutritive value of pearl millet grain
2.6.2.1 Food Value

As a cereal for human food, pearl millet grain is considered to be highly
palatable and is among the most nutritional of grain crops. The protein content
is not only high but it is also of good quality. The protein content of pearl millet
varies from 8 to 23 per cent, lysine from 0.9 to 3.8 per cent, oil 2.8 to 8.0 per
cent, and carbohydrates 59.7 to 74.5 per cent (Jambunathan, 1980) and
provides about 360 Kcal 100g! energy. The amino acid profile of pearl millet
grain is better than that of sorghum and maize and is comparable to that of
wheat, barley and rice (Ejeta et al, 1987) with a less disparate
leucine/isoleucine ratio (Hoseney et al., 1987; Rooney and McDonough, 1987).
As reported by ICAR (2006), pearl millet has protein (11.3-19.6%), starch
(35.7%), total sugars (2.0-2.7%), fat (3.0-4.6%) and also has good amounts of
phosphorous and iron. The special nutritional quality of its grain particularly
for micronutrients such as iron and zinc content facilitates its use in health
food formulations and fits well in value addition (Sagar and Kumar, 2005, pers.

commun.).

2.6.2.2 Feed Value

Pearl millet grain has a good potential to be used as a high quality feed grain
like corn and sorghum in rations of chickens, cattle and swine (Hoseney et al.,
1987; Smith et al, 1989; Serna-Saldivar et al, 1990; Hancock et al, 1990;

21



Hanna et al, 1991) The energy density of pearl millet grain 1s relatively high,
arising from 1ts higher o1l content relative to maize, wheat or sorghum (Hill and
Hanna, 1990) Feeding tests on cattle, swine, and particularly chickens have
shown pearl millet gramn 1s at least equivalent to maize and often superior to
sorghum 1n feed rations, generally because of its high energy and grain protein
levels (Rooney and McDonough, 1987, Sullivan et al, 1990, Bramel Cox et al
1992) Pearl millet does not contain any condensed polyphenols, such as the
tannins 1n sorghum, which can interfere with digestibihty (Andrews et al,
1993)

2.6.3 Importance of pearl millet for research

Pearl millet 1s well adapted to production systems charactenzed by low rainfall,
low soil fertility, and high temperature, and thus can be grown in areas where
sther cereal crops, such as rice, wheat or maize, would not survive Its
.ombination of rapid growth rate when conditions are favorable, high
temperature tolerance, and ability to extract mineral nutntion and water from
zven the poorest soils make 1t impossible to beat in the worlds harshest
agricultural production environments Information on the genetics of different
raits of any crop 1s important for the systematic breeding and long term
mprovement With 1ts low chromosome number, availability of an impressive
-ange of vanation for several morphological characters, ease of selfing and
leliberate crossing, production of both selfed and crossed seed in good
juantities, relatively short life cycle and more importantly adaptation to adverse
zlimatic conditions, pearl millet 1s amenable to genetic studies (Vinchon, 1949,
Surton and Powell, 1968) Despite 1ts importance, however, pearl millet can be
considered a lost crop because 1ts untapped potential 1s stll vast Currently,
this grain 1s an orphan among the cereals In fact, few people outside of India
and parts of Africa have ever heard of it As a result, 1t lags behind sorghum
and far behind the other major grans 1n 1ts genetic development Further, grain
yelds of pear] millet are hmited by the poor inherent fertility and water-holding
>apacity of the soils on which 1t 1s grown and traditional management practices,

ncluding little use of fertiizers and below-optimum levels of tillage Limitations

are also imposed by salt and drought stresses In environments where pearl




mullet 1s cultivated recurrent droughts, soil salinity, insect pests, diseases, and
the root parasite Striga, are common Another major production constraint 1s

the low grain y1eld potential of traditional land race vaneties

2.6.3.1 Breeding

The floral morphology, breeding behawvior and the structure of gram yield make
pear] millet one of the most flexible and responsive crop species to breed A very
wide range of genetic variability 1s available in the primary germplasm pool for
improvement of this species where genetic manipulation 1s facihitated by its
tillening protogynous habit and high seed number per panicle With the correct
selection of parent lines in regard to phenotype and relative matunty, hybrids
can also be made 1n pearl millet by utiizing the natural period of protogyny
This method allows quicker hybrnid development, greatly increases the range of
possible parent combinations, and avoids diseases that are associated,

particularly in Africa, with the use of cytoplasmic male-sterile seed parents

2.6.3.2 Molecular mapping in pearl millet

Molecular mapping has proved a vital and pronusing tool in the on-going battle
to improve pearl millet In 1994, the first RFLP-based genetic map of the pearl
mullet genome was produced (Liu et al, 1994b) and within a year scientists were
able to map genes that conferred resistance to downy mildew, which 15 the most
mmportant disease of this crop Since that time, more than 600 molecular
markers were developed and mapped, and using marker-assisted selection,
additional disease resistance and drought tolerance genes have been
incorporated 1nto elite hybrid parental lines to strengthen the crops natural
resistance to diseases and tolerance to abiotic stresses The first product of
such marker-assisted selection “HHB 67 Improved” was released for cultivation
1n 2005 (Gazette of India, 2005, Hash et al, 2004) :

2.6.4 Pearl millet and salinity tolerance

Pearl mullet 1s one of the two most widely cultivated drought-tolerant Cq cereals
that are grown under rainfed and dryland conditions 1n drought-prone regions

of the tropics and subtropics It 1s especially important as a staple food gran,
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and source of feed and fodder for livestock, in the marginal agricultural
production environments of Africa and South Asia that are home to hundreds of
millions of the world’s poorest crop-livestock producers (ICRISAT and FAO,
1996). Salinity stress is an important abiotic constraint to production of this
crop, and is a major contributor to the instability of its grain and fodder yields
(as shown in Figure 2.2). The growth of pearl millet in saline medium is severely
affected at different stages of the plant life cycle (Ashraf and McNeilly, 1987;
Ashraf and Idrees, 1992). Ashraf and Idrees (1992) noted that salinity stress
caused reduction in the germination percentage and delayed germination of
sceds of pearl millet. Until recently, little breeding for drought and salt
tolerances was undertaken because of lack of understanding of the tolerance
mechanisms and plant responses to these stresses. Since, pearl millet is a
cereal crop with less sequenced genome and a dearth of markers, there is every
need to develop molecular markers for salt and drought tolerances in this

important crop.

Tools and knowledge already developed within other cereal crops can also
greatly benefit pearl millet. Establishing the genctic similarities between grass
species allows transfer of information from one crop to another. Genes found to
control drought tolerance in rice, for example, may predict those genes that play
an mmportant role in pearl millet. Comparative mapping of rice, foxtail millet and
pear!l millet demonstrated the genomic relationship between these crops and,
importantly, pearl millet is seen as a 'bridge’ between various cereals (Devos et
al , 2000).

2.7 Molecular marker analysis

The development of molecular markers for physiological traits has made
significarit headway in recent years'with the advancement of riew technologies.
Consequently, the use of molecular markers in breeding programs is increasing
rapidly as they have been shown to greatly improve the efficiency of breeding
programs for traits for which conventional phenotypic selection is difficult,
expensive and/or time-consuming. Molecular markers are rapidly being

adopted by crop improvement researchers globally as an effective and
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Figure 2.2. Effect of salinc soil on establishment and growth of a pearl
millet hybrid in Rajasthaa, India (2004)

[Note: Only a handful of plants were able to survive in this salt-affected
field corner.]

[Photograph courtesy Dr C T Hash, ICRISAT, Patancheru, India |




appropriate tool for basic and applied studies addressing biological components
in agricultural production systems (Jones et al, 1997; Mohan et al.,, 1997;
Prioul et al, 1997). The ability to score genotypes at the molecular level
provides a huge increase in the available markers for any analysis. The

technology is capable of handling large numbers of samples.

PCR-based molecular markers have the potential to reduce the time, effort and
expensc often associated with phenotypic screening. The first molecular
markers used were isozymes, which are protein variants detected by differences
in migration on starch gels in an electric field (Stuber and Goodman, 1983). The
limitation with protein markers lies with insufficient protein variation for high-
resolution mapping (Burrow and Blake, 1998). However, as methods for
svaluating variation directly at the DNA level became widely available during
the mid-1980s, DNA-based markers replaced isozymes in mapping studies. A
significant breakthrough in genetic analysis came when the first genetic map
using restriction fragment length polymorphisms (RFLPs) (Botstein et al., 1980)
was constructed. Since then molecular biology has ushered in a new era with
techniques that directly assay DNA and overcome many of the problems that

have previously limited the applied use of biochemical markers.

2.7.1 DNA markers

DNA markers are alleles of loci at which there is sequence variation or
polymorphism in DNA. Such variation is often, but not always, neutral in terms
of phenotype (Jones et al., 1997). These markers have the advantage in that
they are not influenced by the environment, are expressed in all tissues and
can be scored at all stages of plant growth. Because of this, DNA markers have
proved valuable in crop breeding; especially in studies on genetic diversity
within plant species and mapping of regions of the genome that contribute to
variation in traits of economic importance. DNA markers may be broadly
divided into three classes based on the method of their detection: (1)
hybridization-based; (2) polymerase chain reaction (PCR)-based and (3) DNA
sequence-based (Winter and Kahl, 1995; Jones et al, 1997; Gupta et al., 1999;
Joshi et al, 1999). DNA markers reveal genetic differences that can be

visualized by using a combination of gel electrophoresis and staining with
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chemicals (ethidium bromide or silver) or detection with radioactive or
colorimetric probes. Recently, Mohan et al. (1997), Kumar (1999) and Gupta
and Varshney (2000) extensively reviewed the details for theseé markers
systems. The references for these different marker systems are given in Table
2.2. A whole array of DNA-based markers is now available including RFLPs
(restriction fragment length polymorphisms), RAPDs (randomly amplified
polymorphic DNAs) and AFLPs (amplified fragment length polymorphisms) and
more recently simple sequence repeats (SSRs) or microsatellites (Staub et al.,
1996; Gupta and Varshney, 2000). These polymorphic markers provide the
framework maps around which QTLs (Quantitative Trait Loci) can be located.
The advantages and disadvantages of the most commonly used markers are
presented in Table 2.3 (Collard et al.,, 2005).

Of the rapid PCR-based marker techniques, RAPD is a simple method to
fingerprint genomic DNA, but poor consistency and low multiplexing output
limit its use. AFLPs are now widely used for a variety of applications due to
their high multiplexing ratio, reproducibility and ease of use (Vos et al., 1995).
The main disadvantage of this method is however, its complexity, being
necessary to perform multiple steps including DNA digestion, ligation and
amplification, which make it difficult to optimize the conditions for each step.
Simple sequence repeats (SSRs) [also known as variable number tandem
repeats (VNTRs), simple tandem repeats (STRs), sequence tagged microsatellite
sites (STMS) or microsatellites] are generally among the most reliable and highly
reproducible of molecular markers, forming the foundation for many framework
linkage maps. Although SSRs have the advantage of providing mostly co-
dominant markers, the technique can require considerable investment to
generate the necessary primer sequences, since this requires sequence
information, from more conserved flanking regions. which is expensive and time-
consuming to generate. The large start-up costs for this technique should be
justifiable for crops where large-scale mapping and MAS are a practical
necessity (Hash and Bramel-Cox, 2000). In short, the major limitations of the
available methods are low reproducibility of RAPD markers; high cost and
complexity of generating AFLP markers; and the expense and time-consuming

protocols, and limited number of loci detected per PCR reaction for SSR
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Table 2.2 Molecular marker techniques
(Source: Mohan et al., 1997; Gupta and Varshney, 2000)

Acronym

Techniques

References

AFLP
ALP
AP-PCR
AS-PCR
CAPS
DAF

IMP

ISA
MP-PCR

RFLP
SAP
SCAR

SRAP
SNP
SSCP
SSLP
ssR

STMS
STS

Amplified Fragment Length Polymorphism
Amplicon Length Polymorphism
Arbitrarily Primed PCR

Allele-Specific PCR

Cleaved Amplified Polymorphic Sequence

DNA Amplification Fingerprinting

Inter-MITE (Miniature Inverted-repeat
Transposable Elements) Polymorphism

Inter-SSR Amplification
Microsatellite-Primed PCR
Randomly Amplified MicroSatellite
Random Amplified Polymorphic DNA

Retrotransposon-Microsatellite Amplified
Polymorphism

Restriction Fragment Length Polymorphism
Specific Amplicon Polymorphism

Sequence Characterized Amplified Region

Sequence Related Amplification
Polymorphism

Single Nucleotide Polymorphism
Single-Strand Conformation Polymorphism
Simple Sequence Length Polymorphism
Simple Sequence Rep;eats

Sequence Tagged Microsatellite Sites

Sequence Tagged Sites

Vos et al. (1995)

Ghareyazie et al. (1995)

Welsh and McClelland
(1990)

Sarkar et al. (1990)
Lyamichev et al. (1993)

Caetano-Anolles et al. (1991)
Chang et al. (2001)

Ziekiewicz et al. (1994)
Meyer et al. (1993)
Ender et al. (1996)
Williams et al. (1990)

Kalendar et al. (1999)

Botstein et al. (1980)
Williams et al. (1991)

Williams et al. (1991)
Li and Quiros (2001)

Nikiforov et al. (1994)

Orita et al. (1989)

Saghai et al. (1994); Jarman
and Wells (1989)

Hearne et al. (1992)
Beckmann and Soller (1990)

Fukuoka et al. (1994)




Table 2.3 Advantages and disadvantages of the most commonly used DNA markers for QTL analysis
{Source: Collard et al., 2005)

Molecular | Codominant (C)
marker or Dominant (D) Advantages Disadvantages References
¢ Time-consuming,
* Robust laborious and expensive Beckmann & Soller
RFLP c * Rehable e Large amounts of DNA (1986), Kochert (1994),
e Transferable across re:ql.flred Tanksley et al. (1989)
populations ¢ Limited polymorphism
(especially in related lines)
¢ Quick and simple
e Inexpensive
X e Problems with
° Multlple .lOCl from a reproducibility (usually Penner (1996, Welsh &
RAPD D single primer low) - McClelland (1990),
possible e Generally not transferable Williams et al. (1990)
e Small amounts of
DNA required
* Large amounts of time
e Technically simple and labour required for
e Robust and rehable production of primers McCouch et al. (1997),
8SR C e Transferable e Usually require PAGE Powell et al. (1996),
between populations | e Limited in number for Taramino & Tingey (1996}
o Allele-specific high density map
construction
: x.uffle 11061 £ e Large amounts of DNA
AFLP D 180 levels required Vos et al. {1995)

polymorphism
generated

e Complicated methodology




markers. However, high-throughput marker technologies are needed for more
rapid and reliable mapping of plant genomes to identify genomic regions
harbouring genes governing desirable traits like salt and drought tolerance, and
then exploit these in applied marker-assisted selection programmes. Recently,
i and Quiros (2001) reported a simple molecular marker technique called
Sequence Related Amplification Polymorphism (SRAP), which aims for the
amplification of open reading frames (ORFs). The SRAP technique uses pairs of
primer with AT- or GC- rich cores to amplify intragenic fragments for
polymorphism detection. The common feature of this technique with AFLP and
RAPD is that multiple fragments can be generated in a single PCR reaction,
making them more efficient than SSR markers. However, these earlier
techniques do not use prior sequence information, and the markers generated
are randomly distributed across the genome. They can be used jointly with
bulked segregant analysis (BSA) (Michelmore et al., 1991) to screen for markers

linked to desirable agronomic traits.

Access to increasing numbers of EST sequences obtained from diverse cDNA
libraries coupled with freely available bioinformatic tools allows us to explore
new opportunities in crop molecular research for providing markers to targeted
regions of the genome. The recently developed rapid and efficient PCR-based
technique known as TRAP (target region amplification polymorphism) possibly
opens up new avenues to overcome the limitations of the previously described
marker techniques. While random DNA markers are derived from polymorphic
sites genome wide, gene-targeted markers are derived from polymorphisms
within genes and thus reflect functional polymorphism (Andersen and
Lubberstedt, 2003). Hence, gene-targeted markers like TRAPs (Hu and Vick,
2003), may be more meaningful than random DNA markers as they could

directly contribute to variation of the concerned trait under study.

2.7.1.1 Target Region Amplification Polymorphism (TRAP)

The Target Region Amplification Polymorphism (TRAP) technique employs an
‘arbitrary’ 18-mer primer in combination with a fixed’ 18-mer primer designed
based on known expressed sequence tag (EST) sequences to amplify genomic

fragments around targeted candidate genes (Hu and Vick, 2003). The arbitrary
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primer of about 18 nucleotides is designed with either an AT- or GC-rich motif
to anneal with an intron or exon, respectively (Hu and Vick, 2003; Li and
Quiros, 2001). The fixed primer, also about 18 nucleotides long, is designed
from EST sequences of genes of interest obtained from the freely accessible
online databases. PCR amplification is run for the first 5 cycles with an
annealing temperature of 35°C, followed by 35 cycles with an annealing
temperature of 50°C. Each PCR reaction can generate as many as 50 scorable
fragments with sizes ranging from 50-900 bp when separated on a 6.5%
polyacrylamide sequencing gel. Reproducibility has been a concern for easily
generated markers, such as RAPDs (Jones et al, 1997; Virk et al, 2000).
Because TRAPs use longer primers than RAPDs, they have better
reproducibility, an advantage over RAPDs (Hu and Vick, 2003). Further, an
advantage claimed for both RAPDs and AFLPs over allele-specific PCR markers
is that prior sequence information is not needed to generate markers. However,
the TRAP technique now takes the advantage of the availability of sequence
information, using the known partial sequence of a candidate gene as the fixed
primer and an arbitfary primer to amplify regions associated with the putative
candidate gene and similar genes throughout the genome. Also, TRAP detects a
large number of loci in a single PCR reaction without extensive pre-PCR
processing of samples, which is an advantage over the time-consuming and
expensive SSRs that detect only a few loci in a single reaction (Liu et al., 2005)
and over AFLPs that require considerable pre-PCR processing. These
advantages of TRAP markers suggest that they should offer many advantages
for plant genomics research involved in marker-trait association, high density
map construction, detecting quantitative trait loci and genotyping for genetic

diversity studies.

Since it was first reperted by Hu and Vick (2003), the TRAP marker technique
has been applied to germplasm characterization, genetic variability assessment
among cultivars, and genome mapping of various crop species like wheat (Xu et
al.,, 2003; Liu et al, 2005), bean (Miklas et al., 2004, 2006), lettuce (Hu et al.,
2005), sunflower (Hu et al, 2004,; Rojas-Barros et al., 2005) and sugarcane
(Arro, 2005; Alwala et al, 2003, 2006). Xu et al. (2003) used TRAPs to

characterize genetic stocks of tetraploid wheat and found that a large number of
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chromosome-specific markers could be generated with this technique. TRAPs
were found useful for tagging and mapping disease resistance traits in common
bean (Miklas et al, 2006). Use of the TRAP protocol to develop markers
associated with sunflower downy mildew resistance showed that it was possible
to detect the presence of downy mildew fungus and to genotype host plants in
the same PCR reaction (Hu et al., 2004). Liu et al. (2005) used SSRs and TRAPs
to generate over 700 markers for the construction of a genetic linkage map in a
hard red spring wheat intervarietal recombinant inbred population, indicating
that TRAPs are highly efficient for genetic mapping in wheat. The applicability of
the TRAP marker technique to lettuce genotyping was also demonstrated very
recently (Hu et al., 2005).

2.7.2 Linkage mapping

A linkage map may be thought of as a road map’ of the chromosomes derived
from two different parents (Paterson, 1996). Linkage maps indicate the position
and relative genetic distances between markers along chromosomes, which are
analogous to signs or landmarks along highways. The most important use of
linkage maps is to identify chromosomal locations containing genes and QTLs
associated with traits of interest; such maps may then be referred to as ‘QTL’
(or ‘genetic’) maps. Construction of a linkage map is the most fundamental step
required for a detailed genetic study and application of the marker-assisted
breeding approach in any crop (Tanksley et al., 1989). Comprehensive mapping
of QTLs requires informative markers for all regions of the nuclear genome
(Paterson et al., 1988; Lander and Botstein, 1989). Likewise, a high-density
map facilitates marker-assisted selection, especially between progeny of closely
related parents (Chittenden et al., 1994), as it provides information on many
potentially polymorphic markers in all genomic regions. Genetic maps show the
order of loci on a chromosome and the relative distance between them. Such
maps are essential for localization of genes affecting both simple and complex
traits. Construction of linkage maps is based on the discovery that Mendelian
factors or genes controlling inheritance are organized in a linear order on
chromosomes. Sturtevert developed the first chromosome map using

segregation data from studies on Drosophila (Crow and Dove, 1988). Later
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chromosome maps in several organisms were developed. The markers on these
maps were either genes controlling simply-inherited morphological variants or
morphological features of the chromosomes themselves. Until recently,
construction of chromosome maps proceeded slowly because of limited
polymorphism in morphological markers, and the large amounts of time and
labour consumed in construction of marker stocks and in genetic mapping by
indirect observation of recombinant chromosomal segments (Kochert, 1994).
The principle of construction of molecular maps is same as in classical genetic
mapping. However, the new consideration in molecular mapping is that a
potentially unlimited number of DNA markers can be analyzed in a single
mapping population (Young, 2001). Parents selected for mapping experiments
should show sufficient polymorphism for both phenotypic characters and
molecular markers. This cannot be over-emphasized, for in the absence of DNA
polymorphism, segregation analysis and linkage mapping would be impossible
(Young, 2001). TRAP markers tend to exhibit high levels of polymorphism,
providing the possibility of constructing maps in crosses between even closely

related plants.

Since the resolution of a linkage map and the ability to correctly determine
marker order is largely dependent on population size, the decision on
population size to be used for mapping is critical. Whenever it is possible, a
larger population is better (Young, 2001). Based on Monte Carlo simulations,
Beavis (1994) concluded that populations smaller than 200 individuals would
rarely be successful to find most QTLs and in many cases populations larger
than 500 are required. More over, if the goal is high resolution mapping in
specific genomic regions or mapping QTLs with minor effect, a much larger

population is required (Young, 2001).

For mapping proj.ects the most widely us'ed genetic mapping software is
MAPMAKER (Lander et al., 1987). MAPMAKER is based on the concept of the
LOD score, “the log of odds ratio” (Morton, 1955). The computer program
JOINMAP is especially suited to relate one’s map to those derived from other

mapping populations (Stam, 1993).
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2.7.2.1 Linkage maps in pearl millet

Detailed gepetic linkage maps in plants are very useful tools for studying
genome structure and evolution, idefltifying introgression between genomes,
and localizing genes of interest. RFLP markers have simple genetic segregation
patterns and are potentially unlimited in number. Detailed RFLP linkage maps
were constructed for several crops such as maize, tomato, lettuce, potato and
rice. In pearl millet, the development of molecular marker system and molecular
marker-based genetic maps was initiated early, in 1990, within a Department
for International Development (DFID)-funded program involving several UK
laboratories and breeders at the ICRISAT, Patancheru. The first RFLP-based
genetic linkage map of pearl millet was reported by Liu et al. (1994b). Initial
work to develop a molecular marker-based genetic linkage map of pearl millet
was reported by Liu et al. (1992, 1994a,b). This began with a focus on the use
of RFLP markers detected using homologous pearl millet probes, with 32P-
mediated autoradiography to visualize banding differences. A few heterologous
probes from rice, wheat and barley were also included in this base map. The
map contained 181 Restriction Fragment Length Polymorphism (RFLP) marker
loci that covered a genetic distance of 303 cM (Kosambi units) containing all the
seven linkage groups. This map probably corresponds to the centromeric
regions of the seven pearl millet chromosome pairs. It was used to map QTLs
for resistance to pearl millet downy mildew by Jones et al. (1994, 1995). This
initial map was transferred to several additional crosses (Busso et al., 1995; Liu
et al, 1996) for studies of sex-specific recombination rates in cultivated-
cultivated and cultivated-wild crosses, and a pearl millet world reference
mapping population was developed based on the cross of 81B and ICMP 451
(Hash and Witcombe, 1994). This map has since been used for saturation
genotyping using SSR markers (Breese et al., 2002; Qi et al, 2004), and RFLPs
based on additional hornologous.probes from pearl millet ‘and heterologous
probes from other grasses. The latter group of markers has improvied our
understanding of the complex relationships between pearl millet genome and
those of other cultivated graminaceous species (Devos and Gale, 1997; Devos et
al., 2000). This work has extended the total pearl millet genetic linkage map
length to approximately 600 cM (Hash and Bramel-Cox, 2000).
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Recently, genetic linkage maps of four different pearl millet crosses were
integrated to develop a consensus map of about 353 RFLP (220 homologous
and 133 heterologous RFLP markers) and 65 SSR markers (Qi et al., 2004). An
interesting feature of the genetic maps of pearl millet is the extreme localization
of recombination towards the chromosome ends. The concentration of mapped
markers in centromeric regions, reflecting an unequal distribution of
recombination, was first observed in the early molecular maps of wheat (Chao
et al., 1989) and has since been seen in several species (Devos et al., 1992; Qi et
al., 1996; Tanksley et al., 1992), but this appears to be extreme in pearl millet.
Physical mapping of one such region on linkage group 1 revealed a physical
mapping to genetic distance ratio of <12 kb/cM (Padi and Devos, unpublished).
This unequal distribution of recombination appears to be largely cross-
independent, and will have consequences for the transfer of traits from
agronomically inferior donors to elite pear]l millet germplasm. The integration of
markers previously mapped in other grass species has provided the anchor
points to align the pearl millet linkage groups to other cereal genetic maps,
including the cereal model, rice. Although the pearl millet genome appears to be
relatively highly rearranged relative to rice, regions of colinearity between the
two species can be clearly identified (Devos et al., 2000). These now form a
framework for exploitation of the rice genomic sequence as a source of new
markers and candidate genes underlying traits in pearl millet. A pearl millet
mapping population derived from a cross between ICMB 841 and 863B was
studied for DNA polymorphism to construct a genetic linkage map, and to map
genomic regions associated with grain and stover yield, and aspects of drought
tolerance (Hash et al., 2003; Yadav et al., 2004). The genetic map length and the
distribution of markers for this population were comparable to the consensus
map of pearl millet (Devos et al., 2000) and to other maps published for this
speciés (Jones et al, 1995; Yadav et al, 2002). The microsatellite loci were
added subsequently to the RFLP markers being mapped due to their utility in
subsequent marker-assisted selection. These also displayed a clustering of loci
in the centromeric regions with very few loci mapping to the distal regions of the
chromosomes. Compared to the better-studied cereals such as rice, wheat,

maize and barley, there has been relatively little research on the development
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and application of molecular genetic maps of pearl millet (Hash et al., 2003). In
spite of the huge global pearl millet germplasm collections, only a few of them
were analyzed for the genetic diversity due to non-availability of less tedious
marker system for this crop. A subset comprising of 504 landrace accessions
from the global pearl millet germplasm collections was recently assessed
phenotypically for genetic diversity by Bhattacharjee et al. (2002) and a subset
of 10 accessions were then characterized for RFLP allelic diversity by examining
51 loci in 25 plants per accession. Genetic relationships among the 10
accessions were similar, whether based on morphological characters or RFLP
allelic constitution. Genotype identification and assessment of genetic
relationships in pearl millet were carried out using microsatellites and RAPDs
by Chowdari et al. (1998). Pearl millet belongs to the class of less sequenced
genomes and it still has dearth of PCR-compatible molecular markers for the
construction of a high density map. Some attempts were made to develop SSR
markers for this crop (Qi et al, 2001, 2004; Allouis et al., 2001; Budak et al.,
2003; Senthilvel et al., 2004). Recently, Bertin et al. (2005) developed a new type
of markers namely; single stranded conformational polymorphism - single
nucleotide polymorphism (SSCP-SNP) markers, for this crop. However, all these
new markers are still not sufficient to construct a high-density map for pearl
millet. Genetic linkage maps have been developed for various pearl millet
crosses and used to detect and map QTLs contributing to various traits.
Information on the position of QTLs relative to marker loci provides a basis for

marker-assisted selection (MAS) for quantitative traits.

2.7.3 Marker-trait associations

Quantitative characters have been a major area of genetic study for over a
century because they are a common feature of natural variation in populations
of all eukaryotes (Keatsey and Farquhar, 1998). First attempts at studying them
stemmed from the work of Galton (1889) on man before the rediscovery of
Mendellian inheritance of quantitative characters through the pioneering work
of Fischer (1918), Wright (1934), Mather (1949) and Falconer (1989) to the new
era. Despite these studies, the number of genes and their interactive effects

controlling the expression of quantitative traits are poorly understood. In plants
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the first attempts to use markers to perform genome-wide analysis of
quantitative variation used allozymes (Tanksley et al., 1982; Edwards et al.,
1987). Later RFLPs were used as DNA markers (Beckmann and Soller, 1983;
Lander and Botstein, 1989), but these were followed by PCR markers such as
RAPDs, microsatellites and AFLPs that were cheaper, safer and provided more
marker data per unit of DNA (Westman and Kresovich, 1997). These
polymorphic markers provided the framework maps around which the
polygenes/QTLs could be located (Kearsey and Farquhar, 1998). It is well
understood that G X E interactions exist for many quantitative traits,
suggesting that general conclusions about QTLs, particularly those with small
effects detected on the basis of single environments and single populations
could lead to erroneous decisions. The use of QTL identification by breeders
also will be influenced by the consistency of QTL regions across the germplasm
(Bubeck et al., 1993). One challenge of plant breeding is to take advantage of
favourable direct effects of QTLs, while maximizing favourable environmental

interactions and minimizing unfavorable ones (Bubeck et al., 1993).

2.8 QTL mapping

QTL analysis is predicated on looking for associations between the quantitative
trait and the marker alleles segregating in the population. It has two essential
stages: the mapping of the markers and association of the trait with the
markers. Both of these require accurate data and statistical software (Kearsey
and Farquhar, 1998). The theory of QTL mapping was first described in 1923 by
Sax, where he noted that seed size (a complex trait) in common bean was
associated with seed coat color (a simple, monogenic trait). This concept was
further elaborated by Thoday (1961), who suggested that if the segregation of
simply inherited monogenes could be used to detect linked QTLs, then it should
eventually'be possible to map and characterize all the QTLs invo‘lved in complex
traits. Modern QTL mapping is essentially the fulfillment of this idea, with the
key innovation being that defined sequences of DNA act as the linked
monogenic markers. With the development of comprehensive DNA marker maps
(Phillips et al., 1994), it is now possible to search for QTLs throughout the

genomes of the most economically important crop species. This has had the
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profound effect of moving the focus in studies of polygenic traits to questions
about the chromosomal locations, gene actions, and biological roles of specific
loci involved in complex phenotypes. In simple terms, QTL analysis is based on
the principle of detecting an association between phenotype and the genotype of
markers. QTL mapping involves testing DNA markers throughout a genome for
the likelihood they are associated with a QTL. Individuals in a suitable mapping
population [F,, backcross (BC), recombinant inbred lines (RILs)] are analyzed in
terms of DNA marker genotypes and the phenotype of interest. For each DNA
marker, the individuals are split into classes according to marker genotype.
Markers are used to partition the mapping population into different genotypic
groups based on the presence or absence of a particular marker allele and to
determine whether significant differences exist between groups with respect to
the trait being measured (Tanksley, 1993; Young, 1996). Mean and variance
parameters are calculated and compared among the classes. A significant
difference between classes (phenotypic means of the groups) suggests that there
is a relationship between the DNA marker and the trait of interest, i.e. the DNA
marker is probably linked to a QTL (Munns et al., 2002).

While the concept of QTL mapping seems clear and simple, there are still many
limitations in practice. Many DNA marker maps are not sufficiently dense to
achieve the potential of QTL mapping, since sparse marker maps severely limit
the power of QTL mapping (Lander and Botstein, 1989). Even under optimal
experimental conditions, multiple QTLs on a single linkage group are difficult or
impossible to resolve. Populations must be relatively large in order to uncover
minor loci, and the biological relevance of loci uncovered depends on the cut-off
chosen for statistical significance (Lander and Botstein, 1989). Since the traits
of interest are, by nature, genetically complex, environmental factors and
.genetic background potentially have an enormous impact on results. Of course,.
this is one of the most powerful applications of QTL mapping (i.e. analyzing
gene x gene and gene x environment interactions), but it also means that many
large, time-consuming experiments need to be carried out to analyze a system
thoroughly. An alternative approach using multiple regressions was developed
by Haley and Knott (1992). It often produces very similar results to LOD
mapping both in terms of accuracy and precision, but has the advantages of
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speed of calculations and simplicity of programming. Tests of significance and
confidence intervals can be obtained. In studies of complex traits such as
salinity tolerance, factors all the way from use of a suitable screening technique
to difficulties in quantitative assessment of salt tolerance make QTL mapping
more challenging. Fortunately, powerful computer software programs are now
available to analyze QTL mapping results (Lander and Botstein, 1989; Lincoln
et al., 1993; Basten et al.,, 1994, 2001; Utz and Melchinger, 1996, 2000, 2003),
to handle hundreds of markers simultaneously (Young, 2001) and better DNA
marker systems are being developed to simplify the technique and increase
marker density (Zabeau, 1993).

2.8.1 Methods to detect QTLs

Three widely used methods for detecting QTLs are single-marker analysis,
simple interval mapping and composite interval mapping (Liu, 1998; Tanksley,
1993). Single-marker analysis (also referred to as single-point analysis) is the
simplest method for detecting QTLs associated with single markers. The
statistical methods used for single-marker analysis include t-tests, analysis of
variance (ANOVA) and linear regression. Linear regression is commonly used
because the coefficient of determination (R?) for the marker is equivalent to the
portion of phenotypic variation arising from the QTL linked to the marker
(provided that there is very tight linkage between the marker and the QTL). This
method does not require a complete linkage map and can be performed with
basic statistical software programs. However, the major disadvantage with this
method is that the further a QTL is from a marker, the less likely it will be
detected because of increased likelihood of the occurrence of recombination
between the marker and the QTL. This causes the magnitude of the effect of a
QTL to be under-estimated (Tanksley, 1993). The simple interval mapping (SIM)
method makes’ use of linkage maps and’analyses intervals betweeh adjacent
pairs of linked markers along chromosomes simultaneously, instead of
analyzing single markers (Lander and Botstein, 1989). The use of linked
markers for analysis compensates for recombination between the markers and
the QTL, and is considered statistically more powerful compared to single-point
analysis (Lander and Botstein, 1989; Liu, 1998). Many researchers used
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MapMaker/QTL (Lincoln et al, 1993) and QGene (Nelson, 1997) to conduct
SIM. Recently, composite interval mapping (CIM) has become popular for
mapping QTLs. This method combines interval mapping with linear regression
and includes additional genetic markers in the statistical model in addition to
an adjacent pair of linked markers for interval mapping (Jansen, 1993; Jansen
and Stam, 1994; Zeng, 1993, 1994). The advantage of CIM is that it is more
precise and effective at mapping QTLs compared to single-point analysis and
interval mapping, especially when linked QTLs are involved. For use of linkage
information in marker-assisted breeding, a program like Map Manager (Manly
and Cudmore, 1998) helps to keep track of marker data in the population of
interest. Hypergene (Young and Tanksley, 1989) or Graphical Genotyper (GGT)
can help to display graphical genotypes. The program qGENE seeks to bring all
of these important DNA marker tools together into single package (Nelson,
1997). Many workers use QTL Cartographer (Basten et al, 1994, 2001),
MapManager QTX (Manly et al., 2001) and PLABQTL (Utz and Melchinger, 1996,
2000, 2003) to perform CIM.

2.8.2 QTL mapping in pearl millet

QTL mapping and DNA markers have provided insights into facets of
quantitative inheritance patterns in pearl millet. QTLs for host-plant resistance
to downy mildew were identified from parental line IP 18293 for six Indian and
two African downy mildew pathogen populations of pearl millet (Azhaguvel,
2001). A downy mildew resistance QTL on pearl millet LG4 was found linked to
the d2 dwarfing gene generated from a cross between PT 732B containing the
major d2 dwarfing gene and P1449-2, the donor of the resistance QTL (Padi et
al., 2001). Mapping of QTLs involved in the domestication syndrome traits for
this crop was realized using two F. populations derived from crosses of
domesticated (Pehrisetum glaucum ssp. glaucum) x wild (Pennisetum ‘glaucum
$sp. monodii pearl millet (Poncet et al, 2002). In another study to identify
specific genomic regions associated with the enhanced tolerance of pearl millet
to drought stress during the flowering and grain-filling stages, several QTLs
associated with traits determining grain and stover yield were mapped (Yadav et

al., 2002). QTLs were mapped for foliar disease resistance (Morgan et al., 1998),
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downy mildew resistance (Jones et al, 1994, 1995, 2002; Kolesnikova-Allen,
2001; Breese et al.,, 2002; Azhaguvel et al,, 2003; Hash and Witcombe, 2002;
Gulia, 2004), drought tolerance (Yadav et al, 2002, 2004), and genotype x
environment interactions of flowering time, and grain and stover yield under
favorable conditions (Yadav et al,, 2003), for stover yield and quality parameters
(Hash et al, 2003) and for characters involved in domestication of this crop
(Poncet et al., 2000, 2002). Marker-assisted backcross programs to transfer the
target QTLs associated with downy mildew resistance, terminal drought
tolerance, and stover yield and quality parameters into parental lines of popular
pearl millet hybrids are well underway in ICRISAT. However, progress is slow,
mainly because of non-availability of simple-to-use PCR compatible markers to
cover the entire pearl millet genome. Nonetheless, the first non-transgenic
product of marker-assisted selection (MAS) to be released for cultivation in
India was pearl millet hybrid “HHB 67 Improved”, which has as its male parent
a product of marker-assisted backcrossing with improved downy mildew
resistance in the background of H77/833-2, the male parent of the original
HHB 67 (Gazette of India, 2005).

2.8.3 QTL mapping for salinity tolerance

Quantitative traits for stress tolerance, which are likely to be expressed under
stress and which show large environmental effects, need a screening procedure
designed to cope with the expected degree of variation. Like other quantitative
traits, salinity tolerance in cereals is polygenic. Phenotypic selection for such
traits is difficult. Selection based on markers could theoretically ease the
manipulation of such traits without affecting other agronomic traits. At the
genetic level, salinity tolerance is considered to be a quantitative trait (Foolad
and Jones, 1993) and has generally proven recalcitrant to attempts to improve
it by tonventional plant breedig. Understanding the physiology of salinity
tolerance is critical to the identification of QTLs and thereby flanking molecular
markersthat could be used for MAS. Study of salt tolerance of sorghum based
on assessment of tolerance to NaCl as relative root length in salt treated as
compared with control plants, showed that there were both additive and
dominance effects of NaCl (Azhar and McNeilly, 1989). Several authors tried to
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estimate the number of loci associated with salt tolerance of barley at
germination and at the seedling stage by using a composite cross population
(Jana et al., 1980), isogenic lines (Mano and Takeda, 1995; Mano and Takeda,
1996) or doubled haploid lines (Mano and Takeda, 1996). However, the loci
controlling salt tolerance could not be determined, probably because of
insufficient marker information for locating genes. Subsequently, QTLs
controlling salt tolerance at germination and early seedling growth stages in
barley were identified by interval mapping analysis using marker information
from two doubled haploid populations (Mano and Takeda, 1997b). The map
positions were different for the QTLs controlling salt tolerance at germination
and at early seedling growth stages, indicating that salt tolerance during
germination and subsequent seedling growth were controlled by different loci.
QTLs for salt tolerance at germination in barley were reported by Dadshani et
al., (2004). Earlier, the K'/Na* discrimination locus Knal was mapped in wheat
(Dubcovsky et al., 1996). QTLs independently governing Na* and K* uptake and
Na*:K* selectivity associated with component physiological traits determining
salt tolerance were reported in rice (Koyama et al., 2001). In the absence of
adequate candidate genes for salt tolerance, a QTL/MAS approach using
putative AFLP markers for ion transport and selectivity identified QTLs for ion
uptake in rice (Flowers et al., 2000). Selection for Na' exclusion in wheat
revealed favorable QTL alleles predominantly from the low-Na' uptake parent
(Munns et al., 2002). Thus, QTLs for salt tolerance have been described in
several cereal species, including barley (Ellis et al, 1997; Mano and
Takeda,1997b), wheat (Semikhodskii et al., 1997; Munns et al.,, 2002; Lindsay
et al., 2004) and rice (Flowers et al, 2000; Prasad et al, 2000; Koyamo et
al.,2001; Yao et al., 2005). However, these studies did not yield robust markers
that can be used across a range of germplasm, significant associations between
the trait and the markers reported being confined to the populations in which

they were derived.

There are numerous other reports in literature on QTLs identified in several
crops controlling various traits related to salinity tolerance (Koornneef and
Stam, 2001). For example, for Na‘'/K* ratios in tissues of rice subjected to

salinity stress (Gregorio, 1997); locus for sodium exciusion (Nax 1) in wheat
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(Lindsay et al, 2004); salt-tolerance in tomato (Foolad and Jones, 1993;
Fooland and Chen, 1999; Fooland et al, 1999, 2001; Fooland, 2004); salt
tolerance at germination and the seedling stage in barley (Mano and Takeda,
1997b); effects of salinity on vegetative growth of Arabidopsis (Quesada et al.,
2002), etc. Some success has been reported in breeding methods employing
marker-assisted selection. For example, Stuber (1995) reported the production
of enhanced hybrids of maize some of which out-yielded check hybrids by more
than 15% through the use of DNA-based markers. Cho et al. (1994) used
molecular markers to select for the semi-dwarf characteristics in rice. In
tomato, Frary et al. (2000) used molecular markers to identify QTL alleles that
increased fruit size and successfully introgressed one QTL into large fruited
cultivars. However, reports on such successful applications of QTL mapping or
marker-assisted selection for salinity stress tolerance in pearl millet are lacking.
Therefore, the development of high-density DNA maps that incorporate large
numbers of molecular markers and use of advanced marker-assisted selection
techniques to facilitate pyramiding traits of interest is essential to attain

substantial improvement in salt tolerance of pearl millet.
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CHAPTER 3

MATERIALS AND METHODS

3.1 Seed Materials

Twenty-eight inbred pear] millet genotypes (ICMP 85410-P7, LGD 1-B-10,
Tift 23D,B,-P1-PS, WSIL-P8, 81B-P6, ICMP 451-P8, ICMP 451-P6, H 77/833-2-
P5(NT), H77/833-2, PRLT 2/89-33, W 504-1-P1, P310-17-Bk, PT 732B-P2,
P1449-2-P1, ICMB 841(=841B)-P3, 863B-P2, 1P 18293-P152, Tift 238D;-P158,
Tift 186, Tift 383, ICMB 89111, ICMB 90111, ICMB 92666, ICMB 95333, 843B,
ICMB 98004, ICMB 99022, and ICML 22,) obtained from the International
Crops Research Institute for the Semi-Arid Tropics (ICRISAT), Hyderabad, India
were tested for salt stress tolerance during germination and early seedling
growth over salt concentrations ranging from OmM to 200mM NaCl. The first 18
of these 28 inbred lines are parental pairs of nine ICRISAT pearl millet mapping
population progeny sets; Tift 186 and Tift 383 are forage hybrid pollinators from
Tifton, Georgia, USA used as control lines; and the following four inbreds are
maintainer lines of male-sterile lines used as testers in line x tester trials
assessing the opportunities to use the ICRISAT pearl millet mapping
populations to map various secondary target traits (Hash et al, 2001, 2003).
The final four lines in this set are ICML 22 (Singh et al., 1994), derived from an
oasis landrace accession (IP 2696) from Chad that was expected to exhibit some
degree of salt tolerance; 843B (Stegmeier et al., 1998), and two lines near-
isogenic to 843B (ICMB 98004 and ICMB 99022) derived by backcrossing ICML
22 (as the donor of oligogenic downy mildew resistance) to recurrent parent
843B (CT Hash, unpublished) [Ref. Table 3.1].

3.2 Screening of Pearl Millet Inbred Lines for Salt Stress Tolerance

The 28 inbred lines were screened for salt stress tolerance in a soil-free in vitro

environment to reduce the complexity of genotype x environment interactions.




Table 3.1 Salient features of twenty-eight inbred lines of pearl millet
tested for salt stress tolerance

Patancheru from germplasm line
IP 6329 from Mali

Name Pedigree/Origin Comments References
Hash and Witcombe
1S 140M-1] ¢ | 1994; Liu et al. 1994a,b;
g {(SC 14(M}-1] x [SD2 xEB 2 . Jones et al. 1995;
(ICMP 85410)-P7 (D1088)l-11-64 da dwarf, late flowering Talukdar et al, 1998
Bidinger et al. 1999;
Devos et al. 2000
Partial backcross d2 dwarf, e, early Burton 1981; Hash and
(donor = Tift 756) derivative of a . . Witcombe 1994; Liu et
(LGD 1)-B-10 bold-seeded Iniadi landrace sample ﬁ]‘;‘:ﬁrf’vs Lgl;olgperlqd- al. 1994a,b; Jones et al.
from Togo; bred at Tifton, GA, USA; i ¥ llowering 1995; Bidinger et al.
reselected at ICRISAT-Patancheru 1999; Devos et al. 2000
Partial backeross d, dwarf derivative Burton 1969; Liu et al
(Tift 23D2B1)-P1-PS | of forage seed parent maintainer line | d; dwarfmany tillers 1:‘; 4°"b P etal
Tift 23B,; bred at Tifton, GA, USA &
i Appa Rao et al.
Genetic stock (ws, da, y, gl) with &Z?O:H;Zhlg’;g_ Liv ef
(IP 18292, WSIL)-P8 | complex pedigree developed at d; dwarf, long panicle com e
ICRISAT-Patancheru al. 1994a.b; Appa Rao et
al. 1996; Singh et al.
1997
Downy mildew resistant outcross Anand Kumar et al.
81B)-P6 derivative of Tift 23D2B, selected d, dwarf, short panicle 1984; Hash and
{ from a mutation breeding program at | bristles Witcombe 1994; Devos
ICRISAT-Patancheru et al. 2000
Downy mildew resistant selection l:;;g a::axtg:;: o
(ICMP 451)-P8 from restorer ICMP 451 (LCSN 72-1- | Tall, long panicle bristles l. 1995; Devos et al.
2-1-1)
2000
Downy mildew resistant selection :{;‘98: a::am'xmfr o
(ICMP 451)-P6 from restorer ICMP 451 (LCSN 72-1- | Tall, long panicle bristles al. 1995; Breese et al.
2-1-1)
2002
Short, many tillers, Kapoor et al. 1989; Hash
H 77/833-2)-P5(NT) | Off-type segregant from H 77/833-2 | photoperiod-sensitive early | and Witcombe 1994;
flowering Breese et al. 2002
Elite pollinator line from Haryana Short, many tilers, Kapoor et al. 1989; Hash
ep PR photoperiod-sensitive early o "
H77/833-2 Agricultural University, Hisar, - . and Witcombe 1994;
Haryana, India Nowering, seedling heat Yadav et al. 2002, 2003
' stress tolerant '
Inbred line bred at ICRISAT-
Patancheru from the Bold Seeded Medium tall, early flowering; Hash and Witcombe
Early Composite (largely based on seedling heat stress ) ’
P - . . i 3 \
RLT 2/89-33 Iniadi landrace germplasm and sensitive; terminal drought ;gg; Yadav et al. 2002
derived breeding materials), with the | stress tolerant
L pedigree BSEC 8501-13-2-2-3-2
4 Breeding line from Indian  + .
(W 504)-1.P1 Agricultural Research Institute, New | Tall, medium-late flowering | Kolesnikova-Allen 2001
L__ Delhi, India
Stable source of downy mildew
resistance selected at ICRISAT- : Singh et al. 1997,
(P310-17)-B Tall, late flowering Kolesnikova-Allen 2001




Table 3.1 contd.

ICRISAT-Patancheru from
germplasm line IP 5853 from Senegal

late flowering

Name Pedigree/Origin Comments References
“Spontaneous” dwarf mutant in elite
7328}-P2 breeding line from Tamil Nadu d; dwarf, photoperiod- Appadurai et al. 1982;
(PT Agricultural University, Coimbatore, | sensitive late flowering Nepolean 2003
India
—
1P 21168; stable source of downy
(P1449-2)-P1 mildew resistance selected at Tall, photoperiod-sensitive Singh et al. 1997,

Nepolean 2003

(ICMB 841)-P3

Downy mildew resistant outcross of
MS 5141B; developed at ICRISAT-
Patancheru by pure line selection for
disease resistance in a contaminated
seed lot of MS 5141B

Medium tall, medium-early
flowering

Singh et al. 1990; Yadav
et al. 2004

(863B)-P2

Maintainer line developed at
ICRISAT-Patancheru by selfing in a
bold-seeded Iniadi landrace sample
from Togo

Medium tall, medium-carly
flowering, drought tolerant

Yadav et al. 2004

(IP 18293)-P152

d: dwarf, P purple foliage genetic
stock with complex pedigree
developed at ICRISAT-Patancheru

dz dwarf, late flowering, poor
pollen producer

Appa Rao et al. 1996,
Singh et al. 1997;
Azhaguvel 2001;
Azhaguvel et al. 2003

(Tift 238D1)-P158

d, dwarf restorer of the A,
cytoplasmic male-sterility system
bred at Tifton, GA, USA

Late flowering

Burton 1966; Appa Rao
et al. 1986; Azhaguvel
2001; Azhaguvel et al.
2003

Forage pollinator bred at Tifton, GA,

—_

landrace accession from Chad

Al cytoplasm restorer

Tift 186 USA by selfing in a forage germplasm | Tall, late flowering Burton 1977
accession from South Africa
dz dwarf forage pollinator bred at
Tift 383 Tifton, GA, USA from Tift 186 d. dwarf, late flowering Burton 1980
(Tift 239D,B; x Tift 186)
[843B x (GNS x §5-48-40-4)-1-9-8]- | d. dwarf, many tillers; Al .
ICMB 89111 30-B-B-1 cytoplasm maintainer Rai and Rao 1998
. Tall; EGP-261 cytoplasm .
ICMB 90111 ICMP 423 selection maintainer Rai et al. 1994
ICMB 92666 [llé.‘MPEQS 34 x (843B x ICMPES 34)}- ;ag;n;\ali;‘ﬁoplusm Rai et al. 1998
{(B 282 x S10B-38)-35 x Togo-29+}- . ‘
ICMB 95333 53+ % (843A % (843B * (B 282 x % | & d“'la“' large "l:x':‘]:f A% | KN Rai, pers. comm.
EB)-11+]j}-60-29-1 cytoplasm main
8438 Selection from KSU line BKM 2068 g;“im‘:’sf;fn’z Towertng: AL | Stegmeier et al. 1998
Backcross derivative of 843B with ing: A
ICMB 98004 one additional major gene for downy g&gmf:;zgﬁm::ng‘ 1 Hash, unpublished
mildew resistance from ICML 22 !
Backcross derivative of 843B with e AL
two or three additional major genes da dwarf, early flowering; h blish
1CMB 99022 for downy mildew r from cytopl intai Hash, unpublished
ICML 22
Downy mildew resistant pure-line P . )
IcML 22 selection from IP 2696, an oasis Short, extra carly flowering; | qipop, of g1, 1994




3.2.1 Materials

Test tubes made of Borosil glass (150 mm x 25 mm) plugged with non-
absorb‘ent cotton and autoclavable plastic caps were used fér germination and
seedling growth. Most of the inorganic salts and chemicals were obtained from
Hi Media, Merck and Qualigens. Plant growth regulators were of high purity
and purchased from the Sigma Inc., St. Louis, MO, USA. All other chemicals
were purchased from the Fermentas Inc., Hanover, MD, USA and from Qiagen
Inc., CA, USA. All the media stock solutions were prepared according to the
composition of the nutrient medium using glass-distilled water. The stock
solutions were stored in the refrigerator until use. Whenever hydrates of salts
were used, appropriate corrections were made. The constituents of the media
were added in the order shown in Appendix II. Media pH was adjusted to 6.7
with 0.1 N sodium hydroxide or 0.1 N hydrochloric acid (as found necessary)
before autoclaving. Sterilization of media, test tubes and bottles was performed
by autoclaving the contents at 121 °C under 15 psi (1.05 kg cm?) pressure for
15-20 minutes. Heat labile compounds were subjected to filter sterilization

using Millipore filters (0.22um) under pressure.

All operations including inoculations and transfers were conducted in a sterile
ultraviolet light treated laminar airflow transfer hood. The surface of the hood
was rubbed down first with 5% soap solution, rinsed with water, dried and
finally sterilized with 70% alcohol prior to each use. The interior of the chamber
was saturated with an aerosol of 2% thymol and 2% glycerine in 90% ethyl
alcohol. All the surgical instruments were sterilized by autoclaving before use.
Spatula, inoculating loop, anatomical scissors, needles and scalpels were
further sterilized by flaming with absolute alcohol inside the laminar flow
cabinet. To maintain maximum sterility inside the laminar flow hood, it was
swabbed with 70% ethanol ‘and the UV lights were §witched on for 10-15
minutes before every operation. All the test tube cultures were incubated under
continuous white fluorescent light (30 pEm-2s-!) at an ambient temperature of

24 x2°C.
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3.2.2 Surface sterilization and germination of seeds to early seedling stage

Seeds of pearl millet inbred lines were soaked in 0.1% Bavistin solution for 30
seconds, washed with éterile distilled water and surface-sterilized with 70%
ethanol for 1-2 min. Surface sterilized seeds were washed three times with
sterile distilled water and germinated on filter-paper boats in balanced nutrient
solutions (Hoagland and Arnon, 1938) of pH 6.7 at 20°C, containing four
different concentrations of NaCl (0 mM, 75 mM, 100 mM, and 150 mM) in
triplicates for each experiment. About 15 seeds were put for germination in
each test tube. The experiments were repeated 4 times for each line and the
data means of each experiment were taken for the studies and the statistical
analysis. Seedlings from germinating seeds were allowed to grow for 10 days, at
25°C under continuous fluorescent light (30 pEm ?s-1). At harvest, shoots and
roots of healthy seedlings were immediately separated and washed quickly with

distilled water to remove any possible salt surface contamination.

3.2.3 Morphological parameters

Observations on germination efficiency (%), length (cm) of shoots and roots,
root/shoot ratio, and fresh and dry weight (mg) of shoots and roots were
recorded for each entry for all four screening environments (three levels of

salinity and the non-stressed control treatment).

3.2.3.1 Germination efficiency (%)

Germination efficiency (%) was recorded for each entry after 10 days of seedling
growth as follows:

Germination efficiency (%) = 100 x (Number of seeds germinated / Total
number of seeds inoculated)

Seeds were considered germinated when the emergent radicle reached 2 mm in

length.

3.2.3.2 Length of shoot and root (cm)

The shoot and root of each seedling were detached. Shoot length (cm) was
measured from the base of the plant to the tip of the top-most completely

opened leaf on ten randomly selected plants from each treatment using a
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standard ruler/scale in centimeters. Similarly, the root length (cm) was
measured from the base of the plant to the tip of the root. The mean shoot and
root length for each treatment was calculated as follows:

Mean shoot/root length (cm) for each treatment = (Sum of all the ten
shoots/root lengths recorded from each test tube) / 10.

The relative shoot/root lengths were also calculated as follows:

Relative shoot/ Root length = [(Shoot/Root length in saline solution) /
(Shoot/Root length in control solution)] x 100

The relative lengths of shoots and roots were subjected to analysis of variance
(Sigma Plot, 2001).

3.2.3.3 Root/shoot ratio

The ratio of root length (cm) to shoot length (cm) for each treatment was
calculated.

3.2.3.4 Fresh and dry weight (mg) of shoots and roots

The fresh and dry weights (mg) were recorded on a Mettler balance for each of
ten randomly selected shoots and roots per treatment. On the 10th day, fresh
weights of radicles and hypocotyls were measured. Subsequently the radicles
and hypocotyls were dried at 80°C for 24 h, and weighed. Cotyledons were not
included in fresh and dry weight comparisons, since they reflect imbibition
rather than growth.

The relative shoot/root lengths were also calculated as follows:

Relative shoot/root dry Wt. = [(Shoot/Root dry wt. in saline solution) /
(Shoot/Root dry wt. in control solution)} x 100

The relative dry weight of shoots and roots were subjected to analysis of

variance (Sigma Plot, 2001).

3.3 Biochemical Parameters
3.3.1 Estimation of proline

Proline was determined by modification of the method outlined by Bates et al.
(1973). Approximately 0.1 g of dry weight of tissue was homogenized in 1ml of

3% aqueous sulfosalicylic acid in a chilled mortar and pestle. Neutral glass
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powder was used for homogeneous grinding. Two ml of 3% sulphosalycylic acid
was added followed by centrifugation at 2000 rpm, 4°C for 10 min. One ml of
the supernatant was reacted with 1 ml of glacial acetic acid and 1 ml of acid-
ninhydrin (2.5 g ninhydrin was dissolved in 50 ml of solvent prepared by mixing
glacial acetic acid and 6M phosphoric acid) for 30 min at 100°C in a boiling
water bath. The reaction mixture was terminated in an ice bath after 30 min.
Four ml of toluene was added to the reaction mixture and then vigorously
mixed using a cyclomixer for 15-20 seconds. The two phases were then allowed
to separate and brought back to room temperature. The reactant chromophore
containing toluene (upper phase) was aspirated and absorbance was read at
520 nm using toluene as a blank. Proline concentrations in the samples were
determined from the standard curve calibrated with different concentrations of
the standard proline. Proline content was expressed in terms of ug/mg dry

weight of tissue.

3.3.2 Measurement of Na* and K* ions

Na* and K* were determined by flame photometry using 60 mg of dry weight of

seedlings made to ash at 800°C.

Steps in Sample Preparation for flame photometry:

¢ For 60mg of the sample Sml of HCl and 2 to 3 drops of perchloric acid were
added. The samples were mixed and kept at 60-70°C for total evaporation.

¢ To the above treated sample, 2ml of HCl and 2 ml of HNO; were added and
the samples were kept at 60-70°C for total evaporation.

¢ To the above treated sample 1 ml of HCl was added and the samples were
kept at 60~70°C for total evaporation.

¢ Finally, the samples were dissolved in 2ml of double-distilled water. The
samples must be transparent at this stage and it can be subjected to flame

photometry for ion quantification.

For measuring ions such as Na*, K+, Ca?* and Cl- in shert term salt treatments;
50 mg of dry weight of seedlings was used. Ions were extracted by boiling the
dried seedlings in distilled water and incubated in a boiling water bath for an

hour. lon contents were estimated by using a Metrohm lon Analyzer (Model No.
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AGCH - 9101). Specific electrodes were used for estimations by following the
instructions from the manual provided by the company. Standard solutions of

Na*, K*, Ca2* and CI- supplied by the company were used for calibration.

3.3.3 Salt stress induced antioxidant responses

Antioxidant responses under salt stress in five inbred lines of pearl millet, viz.
ICMB 90111, WSIL-P8, 863B-P2, Tift 23D.B,-P1-P5 and 841B-P3 (sensitive,
sensitive, moderately tolerant, highly tolerant and highly tolerant respectively to
salt stress) were studied by subjecting them to OmM and 150mM NaCl stress
for short durations of time (0, 24, 48, 72, 96, 120 and 144 h). A subset of three
pearl millet lines, viz. ICMB 90111, 863B-P2 and 841B-P3 (sensitive,
moderately tolerant and highly tolerant respectively to salt stress) were
subjected to OmM, 75mM, 100mM and 150mM NaCl for 7 days.

3.3.3.1 Preparation of enzyme extracts

Seedlings of pearl millet were homogenized in liquid nitrogen and dissolved in
100 mM sodium phosphate buffer (pH 7.4) containing 0.1mM EDTA, 1% (w/v)
PVP and 0.5% (v/v) Triton-X 100. The homogenate was centrifuged at 15000
rpm for 20 min at 4°C. The supernatant was collected for measurement of
specific activities of antioxidant enzymes and glutathione content, and stored at
-20°C for further analysis. Soluble protein content in the enzyme extract was
measured according to the method of Bradford (1976).

3.3.3.2 Estimation of glutathione

Reduced glutathione (GSH) was determined by Ellman’s method (1959). The
assay mixture consisted of 0.2 M phosphate buffer (pH 8.0), 5% (w/v)
trichloroacetic acid (TCA), Ellman’s reagent [prepared by dissolving 19.8 mg of
5-5-dithio-Bis (2-nitrobenzoic acid) i 100 ml of 0.1% sodium citrate] and
appropriate tissue extract. The yellow colour developed after the addition of
Ellman’s reagent was read at 412 nm. The amount of GSH present in the tissue
extract was calculated by using standards with reduced glutathione and the

glutathijone content was expressed in moles of GSH/g fresh wt.
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3.3.3.3 Enzyme assays

The activity of superoxide dismutase (SOD) was measured based on the ability
of the enzyme to inhibit the auto oxidation of pyrogallol. The measurement was
based on the modified method of Marklund and Marklund (1974). The reaction
mixture consisted of 0.252 M pyrogallol and an appropriate volume of the
enzyme extract. The reaction was initiated by light illumination and the rate of
oxidation was rﬁeasured spectrophotometrically at 420 nm. Specific activity of
SOD was expressed as units of SOD/mg protein. The unit is defined as the
amount of the enzyme, which causes 50% inhibition of pyrogallol oxidation. The
activity of catalase (CAT) was assayed from the rate of hydrogen peroxide (H.,O,)
decomposition as measured by the decrease of absorbance at 240 nm, following
the modified procedure of Claiborne (1985). The reaction mixture consisted of
distilled water, 0.059 M H,O. and an appropriate volume of tissue extract in a
final volume of 3 ml. Catalase activity was expressed as pl of H,0,
consumed/min/mg protein. Glutathione reductase (GR) activity was assayed
following the method of Schaedle and Bassham (1977). The reaction mixture
consisted of 0.1 M phosphate buffer (pH 7.4), 10 mM EDTA, 20 mM oxidized
glutathione, 10 mM NADPH and an adequate quantity of tissue extract in a
total volume of 2.0 ml. The enzyme activity was quantified at 25°C by
measuring the disappearance of NADPH at 340 nm. Specific activity of the
enzyme was expressed in n.moles of NADPH oxidized/min/mg protein.
Glutathione S-transferase (GST) activity was determined by the method of Petit
et al. (1996), using 1-chloro-2-dinitrobenzene (CDNB) as a substrate (Habig et
al., 1974). The assay mixture consisted of 0.2 M phosphate buffer (pH 7.4), 0.2
mM GSH and 0.2 mM CDNB in a total volume of 2 ml. The reaction was
initiated by the addition of appropriate aliquot of the tissue extract. The
increase in absorbance at 25°C was recorded at 340 nm and the enzyme

dctivity is expressed in n.moles of CDNB conjugated/min/mg protein.

3.3.3.4 Lipid peroxidation

Lipid peroxidation was determined following the method of Utley et al. (1967)
with minor modifications. Preliminarily, incubation mixture (20 pM FeSO4, 400
UM ascorbate, 0.25 M KCl and 0.04 M Tris-Cl) was added to distilled water and
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an appropriate volume of enzyme extract. The contents were then incubated at
37°C for 30 min. To the incubated assay mixture, 20% chilled trichloroacetic
acid and 0.67% thiobarbituric acid were added. After a thorough mixing of all
the contents, the samples were boiled at 100°C for 10 min and the solution was
centrifuged at 5000 rpm for 5 min. The supernatant was separated after
centrifugation and the absorbance read at 540 nm for the end product
malondialdehyde (MDA) (a thiobarbituric acid reactive substance (TBARS),
which is an index of lipid peroxidation). The content of MDA was expressed in

n.moles/mg protein.

3.3.3.5 Isoenzyme studies
3.3.3.5.1 Isoenzyme activity of superoxide dismutase (SOD)

Electrophoresis was carried out at 4°C according to a modified procedure of
Gabriel (1971) with a 10% polyacrylamide mini-slab gel in standard tris-glycine
buffer (pH 8.3). Samples were loaded into each well and then electrophoresed at
100 V through the stacking gel for 15 min and 120 V through the separating gel
for 60 min. After electrophoresis, a modified photochemical method of
Beauchamp and Fridovich (1971) was used to locate SOD activities on gels. The
gel was first soaked in 25 ml of 1.23 mM nitroblue tetrazolium (NBT) for 15
min, briefly washed, then soaked in the dark in 30 ml of 100 mM potassium
phosphate buffer (pH 7.0) containing 28 mM TEMED and 0.02 mM riboflavin
for another 15 min. The gel was briefly washed again, and then illuminated for
15 min to initiate the photochemical reaction. All the procedures were carried

out at room temperature, and the two soaking steps were shaken at 75 rpm.

3.3.3.5.2 Isoenzyme pattern of catalase

E]ectrophoresm was carried out at 4°C with a 10% polyacryla.rmde mini-slab gel
in standard tris-glycine buffer (pH 8.3). Catalase activity following native-PAGE

was determined as described by Vitoria et al. (2001). Protein (50 pg) was loaded
in each gel lane and then electrophoresed at 100 V through the stacking gel for
15 min and 120 V through the separating gel for 60 min. Gels were incubated
in 0.003% H,0, for 10 min and then developed in a 1% (w/v) FeCls and 1%




(w/v) KsFe(CN)e solution for 10 min. All the procedures were carried out at room

temperature, and the two soaking steps were shaken at 75 rpm.
3.3.3.5.3 Isoenzyme activity of ascorbate peroxidase

Native-PAGE was performed using a stacking gel containing 4.3% acrylamide
and a separating gel containing 7.5% acrylamide with a running buffer
composed of 4 mM Tris-HCl, pH 8.3, and 38 mM glycine. In each lane, 300 ug of
total proteins was loaded in each lane. After non-denaturing electrophoresis,
the gels were incubated for 15 min at room temperature with agitation in 0.1 M
sodium-phosphate buffer, pH 6.2, containing 4 mM ascorbic acid and 4 mM
H,0.. The gels were then washed with distilled water and stained with a
solution of 0.125 M HCI containing 0.1% (w/v) potassium ferricyanide and 0.1%
(w/v) ferric chloride. Ascorbate peroxidase was located as an achromatic band
on a Prussian blue background, as a result of the reaction between ferric
chloride and potassium ferrocyanide, the latter having been produced by the

reduction of potassium ferricyanide with unreacted ascorbic acid.

3.3.4 Protein profiles

Short term responses to salt stress in salt tolerant and susceptible seedlings
were also studied using the standard electrophoretic technique for proteins;
SDS-PAGE.

3.3.4.1 Protein extraction

Plant tissue weighing about 200 mg was homogenized in Iml of extraction
buffer (50 mM Tris-HCl, pH7.4; 1 mM EDTA; 2 mM MgCly; 2 mM DTT; 2.5 mM
PMSF, 0.1% Triton-X 100) in a pre-cooled mortar and pestle and centrifuged at
12,000 rpm for 10 min at 4°C. The supernatant was collected and centrifuged
again at 12,000 rpm for 10 min at 4°C. The clear supernatant was collected and

used for protein quantification.

3.3.4.2 Protein estimation

Protein content was quantified by following Bradford’s method for protein
estimation (Bradford, 1976) using BSA (1mg/ml) as standard. The total protein
content was expressed in mg/g dry wt.
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3.3.4.3 SDS-PAGE

Discontinuous SDS-PAQE was performed with an electrophoresis unit (Bio-Rad)
using 5% stacking gel and 12% resolving gel. An équal amount of total protein
(50 pg) was mixed with 1XSDS gel-loading buffer and heated at 100 °C for 3
min to denature the protein. After electrophoresis, the gels were stained with
Coomassie Brilliant Blue G-250 (Maniatis et al., 1982).

3.3.5 Effect of GA; and CaCl.

The effect of GA; and CaCl, on salinity stress was studied in two lines of pearl
millet, ICMB 90111 and 841B-P3 (sensitive and highly tolerant, respectively, to
NaCl stress) by germinating the seeds in presence of GAs CaCl, and a
combination of both in Hoagland solution for the NaCl concentrations 0 mM, 75
mM, 100 mM and 150 mM. Calcium chloride (CaCl.) and gibberellic acid (GAs)
at a concentration of 100 mg/l and 10 mg/l, respectively were added
individually and in combination to Hoagland solution with NaCl concentrations
75mM, 100mM and 150mM, and the controls were maintained without any
NaCl in Hoagland solution. The seedlings were allowed to grow for 15 days,
harvested and washed with 0.5mM CaCl, They were scored for various
parameters like germination efficiency, length of shoot/root, and proline
content (Bates et al., 1973). Fresh weights of shoot and root were measured for

ten seedlings for each treatment and their mean was recorded.

3.4 Statistics

Experimental data were processed statistically using the GenStat software
package (GenStat, 1995) and the levels of significance were ascertained for each
source of variation in the ANOVA. A genotype * environment analysis was
performed for the data sets using the same software to assess the significance
of interactions between the 28 inbred lines and the 4 salinity treatments for
each of the observed traits, across a set of 27 germinating entries for the 0 and
75 mM NaCl treatments (purple foliage and pericarp genotype IP18293-P152
did not germinate evenly due to dormancy, and so was not included in the
statistical analyses), and subsets of 20 and 5 germinating entries for the 0, 75,
and 100 mM NaCl, and 0, 75, 100, and 150 mM NaCl treatments, respectively.
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3.5 Development of Molecular Markers for Salt Stress Tolerance

The novel marker technique for plant genotyping known as Target Region
Amplification Polymorphism (TRAP), which uses two primers of 18 nucleotides
to generate markers (Hu and Vick, 2003), was used for generating markers for
salt stress in pearl millet. The work was carried out at M.S. Swaminathan

Applied Genomics Laboratory (AGL), ICRISAT, Patancheru, India.

3.5.1 Plant material

Two inbred lines out of the 28 inbred lines screened earlier, viz., Tift 23D,B;-P1-
P5 (salt tolerant) and WSIL-P8 (salt sensitive) were parents of a previously
developed F,-derived Fs mapping population of 97 progenies available at
ICRISAT- Patancheru.

3.5.2 Data mining for the DNA sequences of target genes

Three genes related to salinity stress were taken into consideration for
developing molecular markers, viz. superoxide dismutase (SOD) gene,
glutathione reductase (GR) gene and Al-pyrroline S5-carboxylate synthetase
(PSCS) gene.

s The EST sequences of the SOD, GR and P5CS genes were retrieved from the
National Centre for Biotechnology Information (NCBI) database
(www.ncbi.nlm.nih.gov) by giving the key words or the accession numbers of
the sequences available in the literature. The EST sequences for all the three

genes were obtained in FASTA format.

¢« A GRAMENE BLAST (www.gramene.org/multi/blastview) search was
performed using the maize EST sequences of the concerned target genes (8
for SOD, 1 for P5CS, and 17 for GR) as ‘query’ against each of the cereal
crops (barley, pearl millet, sorghum and rice) as ‘subject’. One sequence
from each set was selected based on the E value (preferred >10-5), score
(highest), % identity (<80%) and alignment length (highest). The ‘maize-
HSPs’ (High-scoring Segment Pairs) obtained during BLAST searches for

each crop for the concerned EST sequences were aligned (sequence
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alignment) to identify the unique conserved sequences using CLUSTAL W (a
multiple alignment program: http://www.ebi.ac.uk/clustalw).

e The identical portions of the aligned consensus sequences were selected as
the most conserved regions across the species and these portions were
picked from maize-HSPs also present in pearl millet to get the trimmed
target sequence, which was used for the fixed primer design. The trimmed
target sequence was pasted in the input window of the web-based ‘ORF
finder’ of NCBI database (www.ncbi.nlm.nih.gov/gorf/gorf.html) and the
open reading frame (ORF) was found. The ORF helped to check if the
primers designed fell in the interphase of two exons or not and the primers

that fell in this interphase were rejected.

3.5.3 Primer design
3.5.3.1 Fixed / EST primers

Fixed primers are the primers targeting the gene of interest and are designed
from the conserved portions of EST sequences of the targeted gene across
species as trimmed earlier. These fixed primers were designed in the following
way (Hu and Vick, 2003):

a) The identified trimmed target sequences were inserted into the input window
of the web-based PCR primer-designing program
(http:/ /www.genome.wi.mit.edu /cgi-bin/primer/primer3.cgi) (Rozen and
Skaletsky, 2000).

b) The primer optimum size, maximum size, and minimum size were set to 18
nucleotides.

c) The primer optimum melting temperature (Tm), maximum Tm, and
minimum Tm were set to 53°C, 55°C, and 50°C, respectively.

d) One of the primer sequences picked by the program was used.

The list of fixed primers designed is given in Table 3.2. Both forward and
reverse primers designed from the target EST sequence were used as fixed

primers.
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Table 3.2 List of fixed primers designed in this study

S.No Primer Gene/Target Primer sequence Tm Size
Name (°C)  (mt)
1 GR6F Glutathione Reductase CCATTCCACCACTATCTG 54.04 18
2 GR6R Glutathione Reductase ~ GTGGCTCCACATTTAACC 54.04 18
3 GRSF Glutathione Reductase =~ TGGTGGGCACTATGACTA 54.04 18
4 GR8R Glutathione Reductase TGATGCACCATACACGAG 54.04 18
5 GRI13F Glutathione Reductase ~ ACTTCTGATGAGGCCTTG 54.04 18
6 GRI13R Glutathione Reductase GAGATTTGTCCCTGGATG 54.04 18
7 SOD2F Superoxide Dismutase GTATCTCTGGCCTCAAGC 56.32 18
8 SOD2R Superoxide Dismutase GGTCCAGCAAGAGGTATC 56.32 18
9 SOD3F Superoxide Dismutase GCCAGATCCCACTGA 50.67 15
10 SOD3R Superoxide Dismutase TCCGATGATCCCACA 47.94 15
11 SODSMF Superoxide Dismutase GAAATGTGACAGCTGGAG 54.04 18
12 SODSMR Superoxide Dismutase CAAGATCATCGGGATCAG 54.04 18
13 SODSSF Superoxide Dismutase TGTCAACTGGACCACACT 54.04 18
14 SODSSR Superoxide Dismutase CGTGAACAACAACAGCTC 54.04 18
15 SOD6MF Superoxide Dismutase GCAGAGCTGTTGTTGTTC 54.04 18
16 SOD6MR Superoxide Dismutase GAATGTTCAGGCTCGTCT 54.04 18
17 SOD7F Superoxide Dismutase TGCCGATTTTGTTCG 45.21 15
18  SOD7R Superoxide Dismutase GCAAACATCGGAAGC 47.94 15
19 PSCSF o ;ﬁmﬁiﬁ; thetase  CTGTGGCAAGTTCTCTGT  54.04 18
20  PSCSR 41-pyrroline 5~ CACTGAATCTGGTGCTTG ~ 54.04 18

carboxylate synthetase




3.5.3.2 Arbitrary primers

The arbitrary primers are primers having arbitrary sequence with either an AT-
or GC-rich core to anneal with an intron 6r exon, respectively. Three principles
were followed in the construction of each random primer as suggested by Li and
Quiros (2001) and Hu and Vick (2003):

a) the selective nucleotides, 3-4 at the 3’ end;
b) the core, 4-6 nucleotides with AT- or GC-rich regions; and

c) the filler sequences make the 5’ end.

The general principles of PCR primer design were followed such as, avoidance of
self-complementarity, maintenance of GC content (40% to 60%) for proper
melting temperature of primers and retention of their correct internal stability.

The list of arbitrary primers designed is given in Table 3.3.

3.5.4 Genomic DNA extraction
3.5.4.1 DNA extraction and purification

Around 25-30 seeds of each of the 97 Fa.4 self-bulk progenies of the mapping
population and its two parents were sown in pots in the glasshouse. Bulk DNA
was obtained from each of the 99 entries using a modified CTAB method (Mace
et al., 2003). DNA was further purified by Rnase digestion followed by extraction
with phenol/chloroform/iso-amylalcohol (25:24:1) and ethanol precipitation as
described by Mace et al. (2003). A few of the steps have been illustrated in Fig.
3.1.

Detailed description of the 96 well plate mini DNA extraction

A. Preparation

1. Steel balls (4 mm in size and 2 number per extraction tube), pre-chilled at ~
20°C for about 30 minutes, were added to the 12 X 8-well strip extraction
tubes with strip caps (Marsh Biomarket, USA), which were kept on ice.

2. 3% CTAB buffer (3% w/v CTAB, 1.4 M NaCl, 20mM EDTA, 100mM Tris-HCl,
pH 8.0, 0.17% B-mercaptoethonol) was pre-heated at 65°C in a water bath
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Table 3.3 List of arbitrary primers designed in this study

S.No. Primer Name  Primer sequence Tm Size
(°C) (nt)

—

TRAP_ArQ1 TGAGTCCAAACCGGATGC 56.32 18

2 TRAP_Ar02 TGAGTCCAAACCGGAGCT 56.32 18
3 TRAP_Ar03 TGAGTCCAAACCGGTCAG 56.32 18
4 TRAP_Ar04 GACTGCGTACGAATTTGAC 54.93 19
5 TRAP_Ar05 GACTGCGTACGAATTGACT 54.93 19
6 TRAP_Ar06 GGAACCAAACACATGCTGA  54.93 19
7 TRAP_Ar07 TTCTTCTTCCCTGGACCATG  57.78 20
8 TRAP_Ar08 CTATCTCTCGGGACCGTCA 59.25 19
9 TRAP_Ar09 TTCTTCTTCCCTGGACCGTA  57.78 20
10 TRAP_Arl0 GGAACCAAACACATGGCTT 54.93 19
11 TRAP_Arll CTATCTCTCGGGACCCGAA  59.25 19
12 TRAP_Arl12 GGAACCAAACACATGAAGA  52.77 19
13 TRAP_Ar13 TCATCTCAAACCATATACAC  51.63 20
14 TRAP_Ar14 TTCTTCTTCCCTGGACACTT  55.73 20
15 TRAP_Arl1S CTATCTCTCGGGACCAAAC 57.09 19




(Precision Scientific, model: Shaking water bath 50) before the start of the
sample collection.

. Leaf strips 15 cm long were collected from 20 randomly selected one-week-
old seedlings (final weight approximately 30mg) for each genotype and cut in
to small pieces (I mm in length). These pieces were transferred to the

extraction tubes, which were fitted in a box.

. Grinding and extraction

. 450 pl of pre-heated 3% CTAB buffer was added to each extraction tube
containing leaf samples.

. Grinding was carried out using a Sigma Geno/Grinder (Spex CertiPrep,
USA) at 500 strokes/min for 5 min.

. Grinding was repeated until the color of the solution became pale green and
leaf strips were sufficiently macerated. After the first round of grinding, the
tube boxes were taken out from the Geno/Grinder to be checked for leakage
and were shaken to ensure proper mixing of leaf tissues with the extraction
buffer.

. After grinding, the box with the tubes was fixed in a locking device and
incubated at 65°C in a water bath for 10 min with occasional manual
shaking.

. Solvent extraction

. 450 ul of a chloroform : iso-amyl alcohol (24:1) mixture was added to each
tube, mixed by inverting the tubes carefully and the samples were
centrifuged at 6200 rpm for 10 min (Sigma laboratory centrifuge model
4K15C with QIAGEN rotor model NR0O9100: 2 X 1120 g SW).

. After centrifugation the aqueous layer (approximately 300ul) was transferred

to a fresh tube (Marsh Biomarket).

. Initial DNA precipitation
. To each tube containing aqueous layer, 0.7 volume (approximately 210ul) of
cold (kept at —20°C) isopropanol was added, the solution was carefully mixed

and the tubes were kept at —20°C for 10 min.
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The samples were centrifuged (Sigma laboratory centrifuge model 4K15C
with QIAGEN rotor model NR0O9100: 2 X 1120 g SW) at 6200rpm for 15 min.
The supernatant was decanted under a fume-hood and pellets were allowed

to air dry (approximately 30 min.).

. Rnase treatment

. In order to remove co-isolated RNA, pellets were dissolved into 200pul of low

salt TE buffer and 30ug of Rnase (stock 10 mg/ml).
The solution was mixed properly and incubated at 37°C for 30 min or

overnight at room temperature.

Solvent extraction

. After incubation, 200 ul of phenol:chloroform:isoamylalcohol (25:24:1) was

carefully added to each tube, mixed and centrifuged (Sigma laboratory
centrifuge model 4K15C with QIAGEN rotor model NR0O9100: 2 X 1120 g
SW) at 5000 rpm for 10 min.

. The aqueous layer in each tube was transferred to a fresh tube (Marsh

Biomarket) and 200 pl of chloroform:isoamylalcohol (24:1) was added to
each tube, mixed and centrifuged at 5000 rpm for 10 min (Sigma laboratory
centrifuge model 4K15C with QIAGEN rotor model NR0O9100: 2 X 1120 g

SW). The aqueous layer was transferred to a fresh tube (Marsh Biomarket).

. DNA precipitation
. 15ul (approximately 1/10% volume) 3 M sodium acetate (pH 5.2) and 300 pl

(2 volumes) 100% ethanol (kept at -20°C) was added to each of the tubes

and the mixture was subsequently incubated in a freezer (-20°C) for 5 min.

. Following incubation at -20°C, the tubes were centrifuged (Sigma laboratory

centrifuge model 4K15C with QIAGEN rotor model NR0O9100: 2 x 1120 g
SW) at 6200 rpm for 15 min.

. Ethanol wash
. After centrifugation the supernatant was carefully decanted in order to

ensure that the pellet remains inside the tube. To the tubes, 200 ul of 70%
ethanol was added followed by centrifugation (Sigma laboratory centrifuge
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model 4K15C with QIAGEN rotor model NR09100: 2 x 1120 g SW) at 5000

rpm for 5 min.

I. Final re-suspension

The supernatant was carefully decanted and the pellet was allowed to air dry
for one hour.

Completely dried pellets were re-suspended in 100 pl of T\oE; buffer and
kept overnight at room temperature to dissolve completely.

3. DNA samples were stored in 4°C.

3.5.4.2 Determination of quantity and quality of isolated DNA

The DNA quality was checked using 0.5% agarose gels stained with ethidium
bromide (1mg/ml). One ul of DNA solution was mixed with 1l of loading buffer
for non-denaturing PAGE (5X) and 8l of distilled water and loaded into a well
in a 0.5% agarose gel. Standard DNA of 5 ng, 10 ng, 15 ng and 20 ng were also
loaded in each well-row as a reference. The gel was run for 10 min after which
the quality was checked under UV illumination. A smear of DNA indicated poor
quality whereas a clear band indicateu good quality. Samples of poor quality
were re—extracted. The DNA quantity was assessed using a DNA plate reader
(Spectrafluor Plus, Tecan, Switzerland). The DNA concentrations were

normalized at 5 ng/ul using robotics [TECAN, Genesis Workstation 200] (Fig.

3.2) for PCR reactions.

The optimal fixed and arbitrary primer concentrations were predetermined
following a 3-grid optimization protocol. PCR reactions were conducted in 96-
well plates in a GeneAmp PCR system 9700® (PE-Applied Biosystems). The
reactions were performed in volumes of 10ul with final concentrations of 5 ng
template DNA, 0.6 p.m/ul fixed primer, 0.2 p.m/ul arbitrary primer, 2mM
MgCl,, 0.12mM dNTFs; 1X buffer and 0.2 U Taq polymerase (Bioline). The PCR
was performed by initially denaturing the template DNA at 94°C for 5 min,
followed by five cycles at 94°C for 45 s, 35°C for 45 s, and 72°C for 1 min, then
by 35 cycles at 94°C for 45 s, 50°C for 45 s and 72°C for 1 min, and a final
extension step of 72°C for 7 min (Hu and Vick, 2003).
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Figure 3.1. 96-well plate high throughput DNA extraction. Steps as per
order : (a) Leaf sample collection - (b} Grinding in Sigma Geno/Grinder -
(c) Solvent extraction - (d) Separation of aqueous phase - (e} DNA
precipitation. (Photograph Source: ICRISAT, Patancheru)
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Figure 3.2 Robotics for 96-well DNA dilutions [TECAN, Genesis Workstation 200].
(Photograph Source: ICRISAT, Patancheru)



3.5.6 Testing parental polymorphism using TRAP markers

To identify TRAP markers detecting _polymorphism between the mapping
population parents, initial screening of the parental lines (Tift 23D,B;-P1-P5
and WSIL-P8) was carried out before actual genotyping of all 97 progenies in
the F,-derived Fi mapping populations. For parental polymorphism screening,
PCR with parental DNA was performed using combinations of each fixed primer
with all of the 15 arbitrary primers. The primer combinations producing
polymorphic fragments were repeated a second time to test the reproducibility.
Out of 180 fixed-arbitrary primer combinations tested, 11 werc selected based
on the highest number of clear polymorphic bands among the parents, to allow
reliable genotyping of the mapping population progenies using PAGE. These 11
primer combinations were used to generate TRAP markers across the
(Tift 23D.B1-P1-P5 x WSIL-P8)-based pearl millet mapping population progeny

set.
3.5.7 Poly-Acrylamide Gel Electrophoresis (PAGE)

3.5.7.1 Material

Sequencing gel apparatus (glass plates, spacers, casting apparatus), Combs

(68-well) and D.C. power unit (Bio-Rad).

3.5.7.2 PAGE gel preparation

1. For a 7.7% gel (plate size 38 x 30 cm}, 75 ml of gel solution was prepared as

follows:
. 52.5 ml double distilled water

. 7.5 ml 10X TBE buffer

15.0 ml acrylamide solution {40% of acrylamide and 2% bis-acrylamide

.

in ratio of 29:1 v/v)
. The solution was mixed in a 200 ml Erlenmeyer flask, and 450 pl 10% (w/v)
APS was added, followed by 100ul TEMED. The solution was mixed, then
poured using a syringe (100 ml), that feeds between the glass plates, and the

N
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comb inserted (upside down, in order to form wells in the gel). The
acrylamide solution was then allowed to polymerize for 30-45 min.

Note 1: Gels can be stored overnight as long as the plate ends are wrapped in
pre-wetted tissue paper (1X TBE) and covered with plastic film.

Note 2: Polymerization of the acrylamide/bisacrylamide 1s catalyzed by the

addition of APS, so one has to be quick while pouring the solution between the

plates. A way to check the polymerization of the solution is to leave a little

acrylamide solution in the flask and check after some time whether the solution

has solidified.

3.

After polymerization, the gel was set up with the unit for electrophoresis. The
lower tank, the back-plate and upper reservoir were filled with 0.5X TBE
(approximately 250-300 ml, 200 ml and 400 ml respectively). The wells were
cleaned by aspirating and dispensing TBE buffer in each well using a
Pasteur pipette to remove small fragments of gel and tiny bubbles on top of
the well and the comb was inserted on top of the well so that the comb tips

just rest on the well (<1 mm deep).

. The gel was pre-run for at least 10 min at 5 V/cm (600 V, 9 W),

. To each PCR product, 1 pl of orange loading dye (10 ml 0.5M EDTA, 1 ml SM

NaCl, 50 ml glycerol, 39 ml distilled water and orange dye powder) was
added for every 5 pl of product. From this mixture, 4 pl was loaded into a
well of the PAGE gel (7.7%).

. Along with the samples, 2ul of 100bp ladder (5Ong/ul, Qiagen) was also

loaded in the first and last lane of the gel to ensure proper sizing of

amplified PCR fragments.

. The gel was run at 600-650 V in 0.5X TBE butffer for 3 to 3.5 hours using a

Bio-Rad sequencing gel apparatus.

. After the run, the plates were carefully pulled apart, so that the gel remained

attached to the front plate. PCR product banding patterns on the PAGE gels

were visualized using silver staining.

S8




3.5.7.3 Silver staining

After running the PAGE gel. DNA fragments separated were visualized usmg a
modified Tegele.trom (1992) silver staining procedure.

In this silver staining procedure, the PAGE gel was kept in the following
solutions with continuous shaking:

. 1.5 L of water for 5 min.

. 0.1% CTAB solution for 20 min (1.5 g in 1.5 L of water).

. 0.3% ammonia solution for 15 min (19.5ml of 25% ammonia in 1.5 L of
water).
. 0.1% silver nitrate solution for 15 min (1.5g of silver nitrate + 6ml of 1M

NaOH in 1.5 L of distilled water and neutralized with ammonia solution

till the solution became colorless).

. 1.5 L of water for 15 s.

D Developer solution (22.5 g of sodium carbonate + 400 pl of formaldehyde
in 1.5 L of single distilled water) till clear products were visible.

D 1.5 L of water for 30 s to 1 min.

. Fixer (22.5 ml glycerol in 1.5 L of water) for a few min.

3.5.8 Marker Data analysis

After silver staining of the PAGE gels, gels were put on a benchviewer. The size
(in base pairs) of the parental alleles for each TRAP marker was estimated based
on their migration relative to the 100bp DNA ladder (fragments ranging from
100bp to 1000bp) and presence or absence of only strong and unambiguous
polymorphic bands in each parent as well as across the mapping population
was manually scored. The F.. 4 progenies were scored as A and C or B and D for
each polymorphic fragments based on presence or absence of bands of the
parent lines, where,

B = WSIL-P8 homozygote (i.c., band of Tift 23D,B1-P1-P5 parent not present);

A = Tift 23D,B,-P1-P5 homozygote (i.e., band of WSIL-P8 parent not present);

C = Heterozygote or WSIL-P8 homozygote (band of WSIL-P8 parent present) i.e.

not A; and

59



D = Heterozygote or Tift 23D2B1-P1-P5 homozygote (band of Tift 23D,B,-P1-P5
parent present), i.e. not B

- = Missing data for the individual at that locus.

After scoring each of the individual progenies, a dataset was assembled a

Microsoft Excel spreadsheet in a format suitable for linkage analysis by

Mapmaker /Exp. (ie. rows = genotype score at a given locus; columns =

individuals of mapping population).

3.5.9 Construction of genetic linkage map

The linkage map was constructed with Mapmaker/Exp 3.0 (Lander et al, 1987;
Lincoln et al., 1992a) on a personal computer. The segregation data for the
TRAP markers were subjected to multi-point linkage analysis along with data
for RFLP markers, which were generated previously for the Tift 23D,B-P1-P5 x
WSIL-P8 based pearl millet mapping population (Liu et al., 1994a,b). The LOD
threshold value was kept at 3.0. Linkage distances in centimorgan (cM) units

were calculated using the Kosambi mapping function (Kosambi 1944).

The ‘sequence all’ command was used for ‘two-point’ (or pair wise) linkage
analysis of the data set, while the ‘group’ command was used to divide the
markers into linkage groups. The ‘compare’ command was used to compute the
maximum likelihood map for each specified order of markers, and obtain the
orders sorted by likelihoods of their map. Mapmaker reports only the 20 most
likely orders. The order having a log-likelihood of 0.0 was selected as the best
order. The build’ command was used to place new markers from the genotyping
dataset at the most appropriate positions within the identified linkage group.
The RFLP marker data used in this study have previously been mapped in this
(Tift 23D,B,-P1-P5 x WSIL-P8)-based pear]l millet mapping population (Liu et
al., 1994a,b). The RFLP-based skeleton linkage map available for this mapping
population was used as a reference for the map constructed in the current
study for comparison with respect to linkage distances, linkage position and
marker order of the RFLP markers. The TRAP markers used for the present
study were thereby assigned to linkage groups based on their order with respect
to the RFLP markers previously mapped in this (Tift 23D>B,~P1-P5 x WSIL~-P8)-

based mapping population.
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3.6 QTL analysis
3.6.1 Phenotypic data

Seeds of the parents and individuals of the F,, mapping populations were
surface sterilized and germinated at 20°C on filter paper boats in balanced
nutrient solutions (Hoagland and Arnon, 1938) of pH 6.7, containing two
different concentrations of NaCl (OmM and 150mM) in duplicates for each
experiment and the seedlings were allowed to grow for 10 days at 25°C under
continuous light. Salinity stress-related traits like germination efficiency (%)
and length (cm) of shoot and root after 10 days of seedling growth were
recorded for each experiment. Relative values as compared to the controls and
deviations from the means were also calculated for germination cfficiency, and

for shoot and root lengths for each treatment.

3.6.2 Analysis of variance (ANOVA)

The analyses of variance for phenotypic data sets were performed using the
residual maximum likelihood algorithm (ReML), which provided the best linear
unbiased predictions (BLUPs) of the performance of the progenies (Patterson
and Thompson, 1971). ReML estimates the components of variance by
maximizing the likelihood of all contrasts with zero expectation. For each trait
and for each entry, the predicted means were calculated with entries as fixed
effects for both individual environment (salinity level) analyses and the across-
environment (salinity levels) analyses; replications, error and entry x replication
interactions as random effects in individual screening environment analyses;
and replication, error, entry x replication, and entry x environment interactions
as random effects in the across-salinity screening environment analysis.

Experimental data were analyzed statistically (Genstat 1995) to ascertain the
levels of significance for each source of variation (replicates, genotypes, salinity

levels and error in the experiment).

3.6.3 QTL mapping
A total of 122 (54 RFLP and 68 TRAP) markers were used to detect QTLs
associated with germination and length of shoot and root under control and salt

stressed conditions in pearl millet. Simple Interval Mapping (SIM) was
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performed using MapMaker/QTL version 1.1b (Lincoln et al., 1992b). The LOD
threshold value was kept at 3.0. Composite Interval Mapping (CIM) was
performed using PlabQTL version 1.2 (Utz and Melchinger, 2003), which
employs interval mapping using a regression approach (Haley and Knott, 1992)
with selected markers as cofactors. The point at which the LOD score had the
maximum value in the interval was taken as the estimate of the QTL position.
The proportion of phenotypic variance explained by a single QTL was estimated
as the square of the partial correlation coefficient. Estimates of the additive
effect of each detected QTL, the total LOD score, and the total proportion of
phenotypic variance explained jointly by all detected QTL were obtained by
fitting a multiple linear regression model that simultaneously included all

detected QTL for the trait in question.

The percentage of phenotypic variance explained by a putative QTL (R*%) was
calculated, which is based on the partial correlation of the putative QTL with
the observed variable, adjusted for cofactors (Kendall and Stuart, 1961). In the
simultaneous fit, the cofactors are ignored and only the putative QTLs initially
detected and their estimated positions were used in multiple regressions to
obtain the final estimate of the additive effects and percentage of phenotypic
variation for a particular trait that could be explained by the QTL(s). The
adjusted R*% (adjR2%), the portion of the phenotypic variance explained by the
final full model, was estimated according to Hospital et al. (1997). The additive
effect was calculated as half the differences between genotypic values of the two
homozygotes (Falconer, 1989):

Additive effect = (Parent P2 - Parent P1)/2.

After the QTL analysis with PlabQTL, the QTLs identified for components of
salinity stress were assigned to the linkage groups based on linkage positions of

markers on the skeleton-linkage map developed earlier.
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CHAPTER 4
RESULTS

4.1 Screening and selection of pearl millet germplasm for salinity

tolerance

The objective of this part of the investigation was to assess the exploitable
genetic variability in pearl millet for salinity tolerance and to detect the salt-
sensitive and salt-tolerant pearl millet lines from the germplasm screened.
Twenty-eight genetically diverse inbred pearl millet genotypes (ICMP 85410-P7,
LGD 1-B-10, Tift 23D,B,-P1-P5, WSIL-P8, 81B-P6, ICMP 451-P8, ICMP 451-P6,
H 77/833-2-P5(NT), H 77/833-2, PRLT2/89-33, W 504-1-P1, P310-17-Bk,
PT 732B-P2, P1449-2-P1, ICMB 841(=841B)-P3, 863B-P2, IP 18293-P152,
Tift 238D,-P158, Tift 186, Tift 383, ICMB 89111, ICMB 90111, ICMB 92666,
ICMB 95333, 843B, ICMB 98004, ICMB 99022, and ICML 22,) obtained from
the International Crops Research Institute for the Semi-Arid Tropics (ICRISAT),
Hyderabad, India were used in this study.

4.1.1 Morphological parameters

Morphological symptoms are indications of the injurious effects of salt stress.
The extent of inhibitory or adverse effects of salt stress can be known only by
making critical comparisons with plants grown under comparable conditions.
Compared to non-saline conditions, germination was significantly reduced at
75mM, 100mM and 150mM NaCl concentrations (Fig. 4.1). However, there were
significant differences among the 28 genotypes in this respect. In most of the
pearl millet inbred lines tested (except for IP 18293-P152, which showed a high
level of seed dormancy), germmanon at 75mM NaCl was above 70% of their
respecnve non-saline controls, mdlcatmg that the germmatlon process in pearl
millet was fairly tolerant to this level of salinity. However, at 100mM NaCl,
seven of the 28 lines failed to germinate, and at 150mM NaCl the number of
successfully germinated lines dropped to only five. There was considerable
variation among genotypes in their germination percentage and survival at the

two highest salinity levels. At 150mM NaCl, the survival percentages of only five
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Figure 4.1. Changes in germination percentage of seeds of 28 pearl millet
inbred lines across four salinity levels: [(1) OmM NaCl (control), (2) 75mM
NaCl, (3) 100mM NaCl, and (4) 150mM NaCl]

Germination percentage

Salinity level (1=0mM,2=75mM, 3=100mM, and 4 = 150 mM NaCl)

- ICMP 85410-P7
.-+ 81B-P6
- P1449-2-P1
- Tift 238D1-P152
- ICMP 451-P6
-~ H77/833-2
-~ W504-1-P1
-~ 863B-P2
.- Tift186
—&—ICMB 89111 (tester)
'~.k--B843B
[— ¥~ — ICMB 99022 (843B-like)
——P310-17-Bk
—A— ICMB 95333 (tester)

¢

»

*

1
oéiii{*

--m-- WSIL-P8
+-+e--+ PRLT 2/89-33
—@— ICMB 90111 (tester)
. .- |P 18293-P158 (dormant, purple)
- ICMP 451-P8
- =H 77/833-2-P5(NT)
-=PT 732B-P2
-—-LGD 1-B-10
—-m-—Tift 383
—A— ICMB 92666 (tester)
- .%¢- - ICMB 98004 (843B-like) !
e Tift 23D2B1-P1-PS ‘
—g—|CMB 841-P3 i
wnnffi= [CML 22 (0asis germplasm selectlon)'

| .
XN



accessions were good and there was over 80% mortality in most of the
accessions at this salinity level. Salt burning symptoms, i.e. leaf yellowing and
necrosis etc. started appearing from 15 days after germination. Herice all other
morphological parameters were recorded after 10 days of seedling growth,

before the seedlings were visibly injured by salt stress.

ANOVA (Table 4.1) clearly demonstrates the statistically significant
contributions of the 28 inbred genotypes, the salinity level treatments (2 to 4),
and the interactions between these (indicating the existence of genetic
differences in salinity tolerance), to all ten pearl millet seedling traits observed
in this study. Tabulated Residual Maximum Likelihood (ReML)-adjusted means
for the germination percentages, root:shoot ratios of lengths, fresh and dry
weights (Table 4.2, Table 4.3, Table 4.4 and Table 4.5) in all inbred x salinity
level treatment combinations show that these statistically significant differences
are in fact large enough to have biological meaning and potential economic
importance. At the highest salt concentration, the maximum germination was
recorded in Tift 23D,B:-P1-PS with 78.25% (Table 4.2). At salinity levels of
75mM and 100mM, the highest germination percentages were attained from the
lines ICMP 85410-P7 and ICMB 95333, respectively. Among the five lines that
grew till 150mM NaCl, Tift 23D,B;-P1-P5 was affected the least by salinity
because it gave the lowest percentage reduction for shoot length across the
treatments (Figure 4.2). In general, shoot length diminished with increasing
salinity levels in almost all cultivars. In many cases, pearl millet seedling root
lengths were observed to increase with increased salt concentration [Figure
4.3]. Root length is one of the most important characters for salt stress because
roots are in contact with soil and absorb water from soil. For this reason, root

length provides an important clue to the response of plants to salt stress.

Similarly, -when the fresh and dry we'ights [Figures 4.4, 4.5, 4.6 and 4.7] of salt
treated shoots and roots were recorded and compared to those of controls, it
was found that in many cases shoot and root fresh and dry weights remained
unchanged or increased with increased salinity levels, at least for the first
increment from O to 75 mM NaCl. Shoot length and dry matter production
significantly decreased with increasing salinity (Figures 4.2 and 4.6). However,
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Table 4.2 ReML-adjusted entry means for 28 pearl millet inbreds screened
in vitro in Hoagland's solution for germination in three treatments varying
in NaCl concentration and in a non-saline control treatment

En OmM  75mM 100mM 150 mM
Ro. Eatry Name NaCl NaCl Nl weot
1 ICMP 85410-P7 100.00 99.25 0.00 0.00
2 WSIL-P8 95.25 92.50 0.00 0.00
3 81B-P6 100.00 92.00 1.25 0.00
4 PRLT 2/89-33 73.75 36.75 4.25 0.50
5 P1449.2.P1 95.75 75.25 0.00 0.00
6 ICMB 90111 100.00 33.00 0.00 0.00
7 Tift 238D;-P158 90.25 87.50 0.00 0.00
8 IP 18293-P152 23.25 0.00 0.00 0.00
9 ICMP 451-P6 99.75 81.25 75.25 0.00
10 ICMP451.p8 92.50 89.00 87.50 0.00
11 H77/833-2 100.00 92.00 68.25 075
12 H77/833.2-PS(NT) 99.00 94.75 87.50 1.25
13 WS504-1.P1 86.25 75.25 68.00 0.00
14 PT732B-P2 87.00 72.25 75.75 12.25
15  863B-P2 93.75 93.00 82.00 0.00
16  LGD 1-B-10 96.75 88.25 75.25 0.00
17 Tift 186 97.50 70.00 73.00 0.00
18 Tift 383 49,50 94.75 91.75 10.00
19  ICMB 89111 52.50 43.25 19.00 0.00
20  ICMB 92666 97.25 79.50 88.25 0.00
21  843B 93.75 92.25 89.00 0.00
22 ICMB 98004 80.00 73.50 56.00 0.00
23 ICMB 99022 89.50 81.75 47.00 0.00
24 Tift 23D;B1-P1-P5 91.75 89.25 90.25 78.25
25  P310-17-Bk 96.00 96.00 90.00 72.75
26 841B-P3 100.00 97.00 91.00 76.50
27 ICMB 95333 99.25 98.75 98.00 53.00
28 ICML 22 85.00 79.75 74.50 63.50
Salinity treatment
grand mean 89.83 78.49 54.74 13.17
SE (+/-) 1.69 471 1.30 1.19
CV (%) .3.77 11.99 474 18.11
F-ratio 95.84 2471  867.08  508.19
B3t 0.96 0.86 1.00 0.99
33 0.99 0.96 1.00 1.00

h3.1 = operational heritability calculated on the basis of entry mean values
h3.3 = gperational heritability calculated on the basis of plot values




Table 4.3 ReML-adjusted entry means for 28 pearl millet inbreds screened
in vitro in Hoagland's solution for root/shoot ratio (based on lengths) in

three treatments varying in NaCl concentration and in a non-saline
control treatment

Root/Shoot Ratio (Length Basis)

En
No.try Entry Name OmM 75mM 100mM 150 mM
NaCl  NaCl  NaCl  NaCl
1 ICMP 85410-P7 077 06l . .
2 WSIL-P8 065 068 . .
3 81B-P6 049 083 082 .
4  PRLT 2/89-33 0.51 052 050  0.30
5  P1449.2-P1 0.84 1.09 . .
6  ICMB 90111 0.91 0.86 . -
7 Tift 238D:-P158 059 060 . .
8  IP 18293-P152 0.22 . . .
9  ICMP 451-P6 120 231 1.32 .
10 ICMP451.P8 0.53 1.09 1.59 .
11 H77/8332 1.09 134 214 1.99
12 H77/833-2-P5(NT) 1.06 1.22 1.01 1.73
13 W504-1-P1 1.05 1.08 1.15 .
14 PT 732B-P2 102 092 106 177
15  863B-P2 - 084 061 1.15 .
16  LGD 1-B-10 070 074 045 .
17 Tift 186 1.04 1.14 1.02 .
18 Tift 383 0.84 1.17 137 113
19  ICMB 89111 1.09 1.20 1.05
20 ICMB 92666 087 099 152 )
21  843B 0.53 1.19 1.14 .
22 ICMB 98004 085 077 1.56 .
23 ICMB 99022 077 078 1.46 .
24 Tift 23D;B1-P1-P§ 1.05 1.49 119 088
25  P310-17-Bk 1.08 1.0 107 119
26  841B-P3 0.63 106 086  0.78
27 ICMB 95333 0.47 096 142 100
28 ICML 22 082 081 112 0091
Salinity treatment grand
mean 0.81 1.00 118 117
SE (+/-) 002 003 005 017
CV (%) 518 601 818  20.12
F-ratio 143.50 14046 5878  9.36
a1 097 0987 094 068
h3.2 0.99 0.99 0.98 0.89

h2.1 = operational heritability calculated on the basis of entry mean values
h3.3 = gperational heritability calculated on the basis of plot values




Table 4.4 ReML-adjusted entry means for 28 pearl millet inbreds screened
in vitro in Hoagland's solution for root/shoot ratios (based on fresh

weights) in three treatments varying in NaCl concentration and in a non-
saline control treatment

Root/Shoot Ratio (Fresh Weight Basis)

B:try Entry Name

No. OmM 75mM 100mM 150 mM
NaCl NaCl NaCl NaCl

1 ICMP 85410-P7 0.30 0.43 - -
2 WSIL-P8 0.35 0.33 - -
3 81B-P6 0.36 0.38 0.17 -
4 PRLT 2/89-33 0.38 0.48 0.22 0.24
5 P1449-2-P1 0.50 0.48 - -
5 ICMB 90111 0.30 0.24 - -
7 Tift 238D:-P158 0.57 0.79 - -
3 IP 18293-P152 0.19 - - -
9 ICMP 451-P6 0.27 0.29 0.35 -
10 ICMP 451-P8 0.41 0.43 0.55 -
11 H 77/833-2 0.22 0.21 0.19 0.21
12 H 77/833-2-P5(NT) 0.26 0.23 0.23 0.29
13 W 504-1-P1 0.19 0.22 0.28 -
14 PT 732B-P2 0.17 0.19 0.29 0.28
15 863B-P2 0.24 0.28 0.33 -
16 LGD 1-B-10 0.21 0.23 0.29 -
17 Tift 186 0.23 0.25 0.29 -
18 Tift 383 0.31 0.32 0.36 0.25
19 ICMB 89111 0.32 0.36 0.48 -
20 ICMB 92666 0.14 0.19 0.23 -
21 843B 0.15 0.16 0.16 -
22 ICMB 98004 0.33 0.36 0.32 -
23 ICMB 99022 0.15 0.17 0.24 -
24 Tift 23D3B1-P1-PS 0.24 0.25 0.30 0.28
25 P310-17-Bk 0.24 0.24 0.23 0.27
26 841B-P3 0.39 0.31 0.30 0.25
27 ICMB 95333 0.16 0.17 0.18 0.18
28 ICML 22 0.28 0.47 0.23 0.25

nt d

i:l::ty frestment gran , 0.28 0.31 0.28 0.25

SE (+/-) 0.00 0.00 0.01 0.00

CV (%) 2.69 2.94 4.47 3.24
F-ratio 777.34 909.35 223.83 80.58

h3.1 0.99 1.00 0.98 0.95

h3,2 1.00 1.00 1.00 0.99

12.1 = operational heritability calculated on the basis of entry mean values
13,2 = gperational heritability calculated on the basis of plot values




Table 4.5 ReML-adjusted entry means for 28 pearl millet inbreds screened
in vitro in Hoagland's solution for shoot and root dry weights and
root/shoot ratios (based on dry weights) in three treatments varying in
NaCl concentrations and in a non-saline control treatment
Root/Shoot Ratio (Dry Weight Basis)
Entry Entry Name
o. OmM 75mM 100mM 150 mM
NaCl NaCl NaCl NaCl
1 ICMP 85410-P7 0.14 0.24 - -
2 WSIL-P8 0.32 0.35 . -
3 81B-P6 0.26 0.21 0.00 -
4 PRLT 2/89-33 0.24 0.22 0.20 0.14
5 P1449-2-P1 0.32 0.18 - -
6 ICMB 90111 0.52 0.24 - -
7 Tift 238D:-P158 0.32 0.54 - -
8 IP 18293-P152 0.52 - - -
9 ICMP 451-P6 0.73 0.74 0.90 -
10 ICMP 451-P8 0.24 0.32 0.34 -
11 H 77/833-2 0.35 0.35 0.29 0.42
12 H 77/833-2-P5(NT) 0.42 0.30 0.33 0.23
13 W 504-1-P1 0.40 0.36 0.23 -
14 PT 732B-P2 0.19 0.19 0.22 0.22
15 863B-P2 - 0.18 0.21 0.19 -
16 LGD 1-B-10 0.08 0.08 0.06 -
17 Tift 186 0.12 0.12 0.09 -
18 Tift 383 0.40 0.36 0.32 0.20
19 ICMB 89111 0.27 0.30 0.42 -
20 ICMB 92666 0.22 0.35 0.58 -
21 843B 0.07 0.07 0.08 -
22 ICMB 98004 0.30 0.25 0.20 -
23 ICMB 99022 0.19 0.20 0.19 -
24 Tift 23D3B1-P1-PS 0.13 0.14 0.16 0.12
25 P310-17-Bk 0.05 0.05 0.05 0.03
26 841B-P3 0.17 0.16 0.15 0.12
27 ICMB 95333 0.18 0.23 0.31 0.23
28 ICML 22 0.17 0.19 0.22 0.14
Salinity treatment grand mean 0.27 0.26 0.25 0.18
SE (+/-) ' 0.01 0.01 0.01 0.01
CV (%) 11.09 7.53 7.74 13.97
F-ratio 108.07 224.61 373.65 71.98
h2.1 0.96 0.98 0.99 0.95
h2.3 0.99 1.00 1.00 0.99
h2.1 = operational heritablity calculated on the basis of entry mean values
h2.2 = operational heritablity calculated on the basis of plot values




Figure 4.2. Changes in shoot lengths of 28 pearl millet inbred lines
germinated and grown at four salinity levels
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P152, (9) ICMP 451-P6, (10) ICMP 451-P8, (11) H 77/833-2, (12) H 77/833-
2-P5 (NT), (13) W 504-1-P1, (14) PT 732B-P2, (15) 863B-P2, (16) LGD 1-B-
10, (17) Tift 186, (18) Tift 383, (19) ICMB 89111, (20) ICMB 92666, (21)
843B, (22) ICMB 98004, (23) ICMB 99022, (24) Tift 23D;B;-P1-P5, (25)
P310-17-Bk, (26) ICMB 841-P3, (27) ICMB 95333, (28) ICML 22]




Figure 4.3. Changes in root lengths of 28 pearl millet inbred lines
germinated and grown at four salinity levels
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Figure 4.4. Changes in shoot fresh weights of 28 pearl millet inbred lines
germinated and grown at four salinity levels
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Figure 4.5. Changes in root fresh weights of 28 pearl millet inbred lines
germinated and grown at four salinity levels
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Figure 4.6. Changes in shoot dry weights of 28 pearl illet i
germinated and grown at four salinity levels ? illet inbred fines
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Figure 4.7. Changes in root dry weights of 28 pearl
geminnted and grown at four salinity levels pearl millet inbred lines
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the relative reduction of shoot length and shoot dry matter (shoot dry weight
mg/seedling) at various salinity levels was less in the most tolerant lines
compared to the least tolerant lines (Tables 4.6 and 4.7). There was large
variation in salinity tolerance assessed as relative root dry weight. With an
increase of NaCl concentrations in the growth solution, ICMB 95333 showed an
exceptional increasc in root dry weight with salinity, while the other four
accessions germinating till 150mM NaCl showed a gradual reduction in dry
weight of roots with increasing salinity levels. At 7SmM NaCl, the differences
between the most and the least tolerant lines were not clear, but at 100mM and
150mM NaCl, the differences in germination, shoot length and shoot dry weight
between the most and least tolerant lines were significant. A sub-sample of six
pearl millet accessions representing tolerant (Tift 23D,B,-P1-PS and 841B-P3),
moderately tolerant (863B-P2 and 843B) and sensitive (WSIL-P8 and ICMB
90111) accessions were germinated and tested against five NaCl concentrations,
and their responses for absolutc root lengths are presented in Figure 4.8,
Clearly, significant differences in the responses of these three representative

classes of accessions to NaCl were observed.

Based on growth performance (survival/germination %, shoot/root lengths, and
shoot/root dry matter production) the pearl millet accessions were grouped into

three categories:

1. The first category includes accessions where the seeds germinated in the
salt medium only up to 75mM NaCl concentration without any defect. Their
germination in 100mM and 150mM NaCl media was only 0-5% and 0-0.6%
of their respective controls (Table 4.7). Shoot dry matter production of these
lines in 75mM NaCl ranged from 89.1% in Tift 238D,-P158 to 227.9% in
ICMP 85410-P7 relative to their respective non-saline controls. The lines in
this group were catégorized as ‘sensitive’ to sdlt stress during germinatibn
and early seedling growth.

2. The second category includes accessions where seeds germinated without
any defective symptoms in the salt media up to 100mM NaCl concentration.
Their shoot dry weights in 75mM NaCl were in the range of 79.9% in 843B
to 114.8% in H 77/833-2-P5 (NT) of their respective non-saline controls
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Table 4.6 Relative shoot and root length (%) of 10-day old seedlings of 27
pear] millet accessions germinated and grown at four NaCl concentrations.

Relative Shoot Length (%) Relative Root Length (%)

Accession
75mM _ 100mM  150mM 75mM 100mM 150mM

ICMP 85410-P7 135.23 - - 108.96 . .
WSIL-P8 103.74 - - 110.14 R -
81B-P6 102.06 6.19* - 174.47  12.77* -
PRLT 2/89-33 161.63  26.74*  4.65* 169.77  34.88*  -4.65*
P1449-2-P1 83.82 - - 108.77 - R
ICMB 90111 79.59 - - 75.28 - -
Tift 238D1-P158 92.86 - - 95.92 - -
ICMP 451-P6 44.00 - - 79.69 - -
ICMP 451-P8 73.79 73.10 - 150.65 219.48 -
H 77/833-2 74.14 75.86 - 90.48 149.21 17.46*
H 77/833-2-P5(NT) 73.50 78.63  23.93* 85.37 76.42  26.02*
W 504-1-P1 100.00 93.18 - 103.23 101.08 -
PT 732B-P2 88.24 79.41 41.18* 79.05 80.95 -
863B-P2 95.19 73.08 - 70.11  100.00 -
LGD 1-B-10 93.41 60.44 - 98.44 39.06 -
Tift 186 106.02 113.25 - 116.28 110.47 -
Tift 383 82.52 89.32  24.27* 113.79 144.82  21.84*
ICMB 89111 97.65 92.94 - 107.61 90.22
ICMB 92666 93.20 64.08 - 106.74 113.48 -
843B 70.87 79.61 - 161.11  174.07 -
ICMB 98004 106.56 71.31 - 96.15 130.77 -
ICMB 99022 84.35 57.39 - 85.23 107.95 -
Tift 23D2B1-P1-P5 78.22 88.12 94.06 111.21 100.00 78.50
P310-17-Bk 73.40 91.49 75.53 70.59 90.20 83.33
841B-P3 75.21 69.42 62.81 126.32 96.05 77.63
ICMB 95333 89.91 70.64 77.98 184.31 213.73 166.67
ICML 22 93.42 84.21 65.79 91.94 114.52 74.19
Mean 90.83 73.75 47.88 110.06 108.49 60.86
Std. Deviation 21.83 22.60. 31.50 31.97 50.67 48.79

_Std. Error 4.20 4.82 9.96 6.15 10.80 15.43

* Values not considered for salt tolerance comparisons as germination levels were
negligible at that salt level.




Table 4.7 Relative shoot and root dry weight (%) of 10-day old seedlings of

27 pearl millet accessions germinated and grown at four NaCl
concentrations.

Dry Shoot Weight (mg) Dry Root Weight (mg)

Accession

7SmM 100mM 150mM 75mM 100mM 150mM
ICMP 85410-P7 227.94 - - 380.00 -
WSIL-P8 109.98 - - 11957 .
81B-P6 125.60 0.30* - 100.00 0.00* :
PRLT 2/89-33 145.36 241.43* 302.14* 132.84 200.00* 177.61*
P1449-2-P1 114.54 - - 64.83 .
ICMB 90111 139.90 - - 65.33 -
Tift 238D1-P158 89.14 - - 150.50 -
ICMP 451-P6 90.50 74.86 - 91.60 92.37
ICMP 451-P8 97.70 101.46 - 129.06 141.88 -
H 77/833-2 106.97 130.35 50.75* 107.14 107.14 61.43*
H 77/833-2-P5(NT) 114.81 117.78 64.44* 81.42 93.81 35.40*
W 504-1-P1 104.82 154.82 - 94.51 87.91 -
PT 732B-P2 98.81 72.55 - 100.00 83.75 -
863B-P2 79.93 60.04 - 93.00 63.00 -
LGD 1-B-10 107.67 145.64 - 109.09 104.55 -
Tift 186 104.15 125.35 - 103.85 92.31 -
Tift 383 101.01 108.56 17.11* 89.96 86.19 8.37*
ICMB 89111 91.46 72.47 - 103.57 114.29 -
ICMB 92666 85.05 72.09 - 134.33 188.06 -
843B 79.90 70 65 - 81.56 73.76 -
ICMB 98004 101.35 111.49 - 84.12 76.56
ICMB 99022 83.81 77.62 - 87.34 79.75 -
Tift 23D3B;1-P1-P5 84.17 67.66 79.24 91.89 85.59 72.07
P310-17-Bk 97.58 94.06 88.80 97.03 80.20 50.50
841B-P3 92.63 89.02 75.50 82.80 75.27 53.49
ICMB 95333 81.02 62.22 91.38 101.57 107.87 115.22
ICML 22 92.41 83.00 95.51 103.50 107.50 76.00
Mean 105.49, 96.97 91.19 110.38 97.35 70.51
Std. Deviation 29.64 46.66 77.96 57.46 40.67 46.68
Std. Error 5.71 9.95 21.65 11.06 8.67 14.76

* Values not considered for salt tolerance comparisons as germination levels were
negligible at that salt concentration.




Figure 4.8. Plots of responses between NaCl concentrations and root length
{cm) of pearl millet seedlings from three groups of representative accessions
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(Table 4.7). There were 15 accessions in this category. The relative survival
% with respect to the controls in this group varied from 36.1% in ICMB
89111 to 94.9% in 843B. There were no leaf damage symptoms on any of
the seedlings. These lines were categorized as ‘moderately tolerant’ to

salinity stress.

3. The third category was comprised of pearl millet lines where seeds
germinated without any symptoms of salt injury or morphological defects in
the salt media up to 150mM NaCl concentration. The shoot dry matter
production of these lines in 75mM NaCl ranged from 97.6% in P310-17-Bk
and 81% in ICMB 95333, relative to their respective controls (Table 4.7).
There were five accessions in this category among which, Tift 23D,B,-P1-P5
was found as the most promising salt-tolerant line as it germinated up to
85.3% of its non-saline control value in 150mM NaCl. These were the ‘highly
tolerant’ lines identified for salt stress tolerance during germination and

early seedling growth in pear] millet.

The categorization of pearl millet inbred lines as sensitive, moderately tolerant
and highly tolerant was based on their germination levels (Fig. 4.1) and early
seedling growth (Plate 1) without any visible morphological defects up to NaCl
levels of 75 mM, 100 mM and 150 mM, respectively. Hence, seven of the pearl
millet inbred lines were categorized as sensitive (ICMB 90111, PRLT 2/89-33,
P1449-2-P1, Tift 238D,-P152, 81B-P6, WSIL-P8 and ICMP 85410-P7), eleven as
moderately tolerant, and five as highly tolerant (Tift 23D,B,-P1-P5, ICMB 841-
P3, P310-17-Bk, ICML 22, and ICMB 95333) (Table 4.8). The high level of
dormancy observed in the seedlot of IP 18293-P158 prevented evaluation of its

salinity tolerance in this study.

4.1.2 Biochémical parameters
4.1.2.1 Proline estimation

It was not previously known whether pearl millet accumulates osmolytes such
as proline under salt stress or not. Free proline levels were noticed to increase
with an increase in salinity levels (Figure 4.9) in all pearl millet lines included in

this study. Proline accumulated according to the categories made above (based
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Plate 1. Ten-day-old seedlings of
90111, (C) Tift 383 and (D) ICMB
150mM NaCl media
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Plate 1. (contd.) Ten-day-old seedlings of pearl millet lines of (E) H77/833-
2-P5 (NT), (F) 863B-P2, (G) 841B-P3 and (H) Tift 23D,B,;-P1-P5 grown in
omM, 75mM, 100mM and 150mM NaCl media
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Table 4.8 Pearl millet lines categorized for response to salinity stress.

Entry Entry name Respon;;—g) 777777
number salinity

1 ICMP 85410-P7 Sensitive

2 WSIL-P8 Sensitive

3 81B-P6 Sensitive

4 PRLT 2/89-33 Sensitive

5 P1449-2.P1 Sensitive

6 ICMB 90111 Sensitive

7 Tift 238D,-P158 Sensitive

8 IP 18293-P152 *

9 ICMP 451-P6 Moderately tolerant
10 ICMP 451-P8 Moderately tolerant
11 H 77/833-2 Moderately tolerant
12 H 77/833-2-P5(NT) Moderately tolerant
13 W 504-1-P1 Moderately tolerant
14 PT 732B-P2 Moderately tolerant
15 863B-P2 Moderately tolerant
16 LGD 1-B-10 Moderately tolerant
17 Tift 186 Moderately tolerant
18 Tift 383 Moderately tolerant
19 ICMB 89111 Moderately tolerant
20 ICMB 92666 Moderately tolerant
21 843B Moderately tolerant
22 ICMB 98004 Moderately tolerant
23 ICMB 99022 Moderately tolerant
24 Tift 23D2B,-P1-PS Highly tolerant

25 P310-17-Bk Highly tolerant

26 841B-P3 Highly tolerant

27 ICMB 95333 Highly tolerant

28 ICML 22 Highly tolerant

* Dormaricy or pour germination of ‘the available seed stocks prevented effective
assessment of salinity sensitivity/tolerance of this line.




on growth of seedlings during salt stress) and also based on the increasing
intensity of salt stress. Significantly greater increase in proline accumulation in
the tolerant lines was observed in response to increasing salinity levels than in
the sensitive lines. Among the sensitive lines (except for WSIL-P8 which
exhibited a high proline accumulation at 75mM NacCl), there was only a slight
increase in proline content at 75mM NaCl compared to the OmM NaCl control.
Moderately tolerant lines showed a varying response in proline accumulation.
While genotype 863B-P2 accumulated the lowest level of proline observed at
100mM NaCl, ICMB 98004 accumulated the highest observed content of proline
at this salinity level. However, in this category all the lines showed increases in
proline accumulation with increasing salt stress. Among the highly tolerant
lines, [CMB 95333 was scen to accumulate proline in very high amounts at
150mM, followed by Tift 23D.B,-P1-P5 and P310-17-Bk. In general, there was a
higher increase in accumulation of proline with increases in salinity in this

calegory as compared to lines in the other two categories.

To ascertain the proline accumulation at high NaCl levels, free proline levels
were estimated for a subset of peari millet secdlings grown at different NaCl
concentrations (OmM, 75mM, 100mM and 150mM). The representative salt-
sensitive lines viz. WSIL-P8 and ICMB 90111 were seen to accumulate moderate
levels of proline (5.1 and 3.15pg/mg dry weight at 100mM NaCl) and then it
declined slightly (Figure 4.10A). The moderately salt-tolerant lines; 863B-P2
and 843B (3.56 and 4.2ug/mg dry weight) and highly salt-tolerant lines Tift
23D,B,-P1-P5 and 841B-P3 showed an increase in proline accumulation with
an increase in NaCl concentrations (6 and 3.69ug/mg dry weight) till 150mM
NaCl levels (Figure 4.10 B and C).

4.1.2.2 Estimation of Na* and K- ions under salt stress

The mechanism of sequestering ions under salt stress into the vacuoles was not
known yet for pearl millet. It was also not known if K* ion is accumulated in

pearl millet to counter Na' toxicity and also for ion homeostasis. Estimation of

ion concentrations in salt treated seedlings and controls would give clues about

this. Among the 27 germinating entries tested, most of them showed an




Figure 4.9. Proline content (ng/mg dry wt. tissue) under non-sali
conditions and three levels of salt stress in 28 inbred llx)les of pearl ;:uetne
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Figure 4.10. Plots of responses between NaCl concentrations and proline

content (ug/mg dry wt. tissue) of pearl millet seedlings from three groups
of representative accessions
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increase in Na‘ conient under salt stress. The entries that failed to germinate in
each salinity level were not included for ion estimation at that particular
salinity level (Figure 4.11). At 75mM NaCl, accumulation of Na' in sensitive
lines was in the range of that of the moderately tolerant and highly tolerant
lines [Figure 4.11(A)]. Most of the sensitive lines showed higher accumulation of
k' at 75mM NaCl than did the moderately and highly tolerant lines [Figure
4.11(B)]. Also, K*/Na' radios [Figure 4.11(C)] were higher than the other two
categorics at OmM and 75mM NaCl in these seven salinity sensitive lines. In
two of the lines viz. ICMP 85410-P7 and 81B-P6 this ratio decreased indicating
relatively less accumulation of K' than Na* at the higher salinity level. In rest of
these lines, increasing salinity levels resulted i relatively increased

accumulation of K-.

Among the moderately tolerant inbred lines, Na and K' levels varicd
considerably across the different salinity levels. Most of the lines in this
category showed a positive relationship between salt concentration and uptake
of Na' and K. Of these lines ICMB 98004 had conspicuously reduced K'/Na'
ratios with increased salinity levels. Ciher lines that exhibited similar trends
were ICMP 451-P6, PT 732B-P2 and ICMB 92666; while the rest of the lines

accumulated more K* than Na* with increasing salt stress.

Of the five tolerant lines, Tift 23D,B1-P1-PS accumulated the highest levels of
Na' as well as K*. The K*/Na' ratio was quite low in this line; however, it
mcreased gradually with increases in salinity levels of the media. In the tolerant
lines P310-17-Bk and 841B-P3, K'/Na' ratio increased substantially, and
significantly, at the higher media salinity levels. Thus, the 27 inbred lines in
this study differed markedly in their ion uptake behavior in response to

increased salinity especially in terms of the ratio of K* over Na'.

4.1.2.3 Effect of short-term salt stress on accumulation of proline

Ten-day-old seedlings of pear! millet lines representing the three categories,
sensitive (WSIL-P8 and ICMB 90111), moderately tolerant (863B-P2 and 843B)
and highly tolerant (Tift 23D.B:-P1-P5 and 841B-P3) were subjected to 150mM
NaCl for Oh, 24h, 48h, 72h and 96h. Accumulation of proline monitored for
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Figure 4.11. (A) Na* content (% ash wt. basis) in salt treated seedlings of 27
pearl millet inbred lines as compared to their controls
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95333, (27) ICML 22]




jgure 4.11. (B) K* content (% ash wt. basis) in salt treated i
earl millet inbred lines as compared to their controls seedlings of 27
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igure 4.11. (C) K*/Na* ratios in salt treated seedlings of 27 pearl millet
abred lines as compared to their controls
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99022, (23) Tift 23D;B,-P1-P5, (24) P310-17-Bk, (25) 841B-P3, (26) ICMB
95333, (27) ICML 22]



these short-time treatments indicated that the constitutive levels were higher in
the salt susceptible lines compared to the tolerant ones. The increase in proline
levels was substantially lower compared to the corresponding controls in the
salt-sensitive lines (3.52 pg/mg compared to 2.75ug/mg dry weight at 96h in
the accession WSIL-P8 and 2.75ug/mg compared to 2.25ug/mg dry weight in
the line ICMB 90111 at 96h) than in the moderately tolerant lines (Table 4.9 A
and B). The fold-wise increase at 96h in the proline content between control
and trecatments were about 3 in both the moderately lines 863B-P2 and 843B
(Table 4.9B). In the highly tolerant lines (especially in 841B-P3), the proline
levels marginally increased at 24h and 48h compared to the control values, and
thereafter increased considerably (2 to 6-folds) at 72h and 96h to the values
comparatively higher than the sensitive and moderately tolerant lines (Table
4.9C). These results are indicative of the fact that proline accumulation may be

a possible mechanism conferring salinity tolerance in pearl millet.

4.1.2.4 Effect of short-term salt stress on accumulation of ions

Accumnulation of ions (Na‘, K*, Ca?*, Cl) were measured in 10-day-old seedlings
of five representative accessions of pearl millet, which were subjected to short-
term salt stress at 150mM NaCl for Oh, 24h, 48h, 72h, 96h, 120h and 144h.
Increasing magnitude of salt exposure led to an increase in the content of Na*,
K* and Cl ions in the pearl millet lines (Table 4.10 A-E). The accumulation of
Na' was slightly more in the susceptible lines compared to the moderately
tolerant and tolerant lines. Contrary to it, the accumulation of K' in the
susceptible varieties were nearly 3-folds (Table 4.10A,B,C), while it was S to 7-
folds in the highly tolerant accessions (Table 4.10D,E). Lines WSIL-P8 and
ICMB 90111 displayed marginal increase in the accumulation of Ca?', but was
much higher in the tolerant lines especially at longer salt exposure (120h and
144h). Line 841B-P3 showed the highest accumulation of Ca?* with increasing
exposure to salinity). However, the increase in Cl- with exposure to salinity was
higher in the sensitive lines WSIL-P8 and ICMB 90111, than in moderately
tolerant 863B-P2 and highly tolerant, Tift 23D2B,-P1-PS and 84 1B-P3.
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Table 4.9. Proline content (pg/mg dry wt. tissue) under short-term salt
stress at 150mM NaCl from three groups of representative accessions of
pear] millet seedlings; (A) sensitive (WSIL-P8, ICMB 90111), (B) moderately
tolerant (863B-P2, 843B) and (C) highly tolerant (Tift 23D,B,-P1-P5, 841B-
P3)

(A)
Proline content (pg/mg dry wt. tissue) *

;‘me WSIL-P8 ICMB 90111

Hours | Control 150mM NaCl Control 150mM NaCl
0 2.70 (£0.51) 2.85 (+0.24) 2.21 (+0.18) 2.23 (£0.28)
24 2.72 (tO‘.22] 2.93 (+0.61) |21 (20.33) 2.35 (+o1 9) '
48 2.72 (£0.12) 3.51 (x0.61) 2.19 (+0.41) 2.75 (£0.29)
72 2.69 (£0.93) 3.60 (+£0.25) 2.23 (+0.25) 2.59 (+0.56)
96 2.75 (+0.53) 3.52 (+0.19) 2.25 (+0.21) 2.75 (+0.36)

Proline content (pg/mg dry wt. tissue)*

;‘:me 863B-P2 843B

Hours | Control 150mM NaCl Control 150mM NaCl
0 1.19 (0.12) 1.21(£0.15) 1.02 (£0.15) 1.03 (+0.61)
24 1.25 (£0.35) 1.56 (¢0.45) 0.99 (£0.12) 1.35 (x0.41)
48 1.16 (£0.36) 2.89 (+0.22) 1.15 (£0.28) 2.99 (+0.50)
72 1.21 (20.21) 3.58 (£0.16) 1.12 (20.15) 4.02 (£0.52)
96 1.25 (+0.90) 3.65 (£0.71) 1.15 (¢0.21) 3.98 (£0.75)

Proline content (pg/mg dry wt. tissue) *

tme Tift 23D;B,-P1-P5 841B-P3

Hours | Control 150mM NaCl Control 150mM NaCl
0 2.10 (+0.55) | 2.15(x0.18) | 0.55 (x0.58) 0.61 (0.91)
24 2.12 (£0.25) - 2.19 (£0.36) 0.52 (*0.65) 0.90 (+0.57)
48 2.18(:0.13) | 2.88 (£0.92) | 0.63 (20.20) 1.95 (£0.55)
72 2.15 (£0.68) | 3.65(:0.81) | 0.65(:0.12) |  2.79 (+0.15)
9% 2.18(:0.20) | 5.75(20.66) | 0.59 (0.15) 4.05 (0.10)

* Data represent mean of three replicates
* Values in the parenthesis indicate the standard errors
* P value < 0.05



Table 4.10. Ion content (mg/g dry wt.) from three groups of representative
accessions of pearl millet seedlings under short-term salt stress at 150mM
NaCl; (A) WSIL-PS8, (B) ICMB 90111, (C) 863B-P2, (D) Tift 23D;B;-P1-P5 and

(E) 841B-P3
(A)
Ion content (mg/g dry wt.)*
WSIL-P8
Time Na* K+ Ca2* Cl
in OmM |150mM | OmM |150mM {OmM |150mM | OmM |150mM
Hours | NaCl NaCl NaCl NaCl NaCl NaCl NaCl NaCl
0 0.025 | 0.025 |0.028 |0.029 |0.025 |0.024 | 0.043 | 0.045

(£0.7) | (£0.9) | (20.2) | (£0.5) | (0.4) | (£0.60) | (0.1) | (£0.80)
4 0.026 | 0.036 |0.029 |0.037 |0.024 |0.019 |0.043 |0.067

(£0.5) | (£0.9) | (£0.3) | (£0.4) | (£0.1) | (0.80) | (0.7) | (£0.35)
0.025 | 0.044 |0.027 |0.042 |0.025 |0.019 |0.045 |0.079

48 (#0.3) | (#1.1) | (0.5 | (#0.7) | (#0.1) | (£0.60) | (0.3) | (£1.2)
79 0.027 | 0.055 | 0.030 |{0.056 |0.026 |0.018 |0.044 |0.118
(#0.9) | (+0.6) | (0.3) | (£0.8) | (#0.3) | (0.60) | (x0.9) | (£0.75)
96 0.028 | 0.077 |0.028 |0.072 |0.027 |0.019 |0.046 |0.146
(0.8) | (0.8) | #0.5) | (0.3} | (£0.2) | (£0.45) | (0.5) | (£1.00)
120 0.027 |0.105 |0.031 |0.071 |0.027 |0.020 |0.047 |0.136
(£0.9) | (20.3) | (#0.2) |(20.8) | (x0.9) | (20.50) | (£0.6) | (£0.25)
144 0.028 |0.115 | 0.029 | 0.089 |0.028 |0.025 |0.049 |0.174
(#1.0) | #0.2) | (20.9) | (0.5} | (£0.9) | (#0.25) | (20.2) | (£0.45)
(B)
Ion content (mg/g dry wt.) *
ICMB 90111
Time Na* K* Ca?* Cl
in OomM 150mM | OmM 150mM | OmM 150mM | OmM 150mM
Hours | NaCl |NaCl NaCl |NaCl NaCl |NaCl NaCl |NaCl
0 0.019 |0.021 |0.018 [0.022 |0.021 |0.020 |0.098 |0.100
#0.0) | #0.3) | (£0.3) | (£0.9) | (£0.5) | (#0.6) | (¥0.1) | (*0.5)
24 0.021 [0.029 |0.020 | 0.021 |[0.019 |0.018 |0.095 |0.121
#0.3) | @1.1) | 0.5 |(#0.3) | (0.6) |(£0.3) |(0.1) |(z0.0)
48 0.020 |0.048 |0.022 |0.023 |0.020 |0.020 |0.105 |0.156
(#0.5) | (£0.5) | (£0.9) | (#0.2) | (#0.7) | (#0.4) | (0.2) |(#0.1)
79 0.021 |0.062 |0.023 |0.041 |0.022 |0.017 |0.106 |0.126
(#0.5) | (#0.4) | 0.4) |(0.5) | (#0.3) | (£0.9) | (0.6) | (0.2)
96 0.022 [0.072 |0.025 |0.054 {0.019 |[0.016 |0.106 |0.128
(#0.6) | (£0.3) | (#0.5) | (¢0.5) | #0.9) |(#0.2) |(0.3) | (£0.3)
120 0.024 | 0.078 |0.026 |0.059 |0.018 |0.019 |0.108 |0.134
#0.2) | (0.1) | (#0.6) | (#0.9) | (#0.9) | (#0.1) |(*0.8) |(#0.9)
0.025 [0.082 |0.024 |0.069 |0.020 |0.021 |0.110 |0.142
144 (#0.5) | (0.4) | (£0.2) | (20.8) |(#0.7) | (0.5 | (£0.5) | (0.2)




Table 4.10 contd.

(C
Ion content (mg/g dry wt.) *
863B-P2
Time Na* K+ Ca* Cl
in OomM 150mM | OmM 150mM | OmM 150mM | OmM 150mM
Hours | NaCl NaCl NaCl NaCl NaCl NaCl NaCl NaCl
) 0.029 |0.031 |0.021 |0.023 |[0.020 | 0.022 |0.085 | 0.084
(0.2) | (*1.2) | (#1.0) |(*1.0) |(0.5) | (#0.1) | (£0.4) | (£0.4)
24 0.029 | 0.050 |0.023 }0.039 |0.021 |0.019 | 0.082 |0.083
(0.2) | (20.6) | (¥0.5) | (#0.4) | (¥1.2) | (¥0.2) | (£0.6) | (£0.8)
48 0.031 | 0.055 |0.022 |0.055 |0.019 |0.019 |0.085 |0.103
(£0.6) | (#0.3) | (0.3) | (#0.7) |(20.9) | (20.4) | (x0.6) | (x0.2)
70 0.030 | 0.059 | 0.023 | 0.053 | 0.017 | 0.020 | 0.089 | 0.096
(£0.7) | (£0.8) | (¢0.3) | (#0.9) | (#0.7) | (¢0.1) | (0.8) | (#0.1)
96 0.031 | 0.064 |0.025 |0.079 |0.018 |0.020 |0.088 | 0.088
(#0.1) | (#0.5) | (#0.2) | (¥0.2) | (+0.8) | (20.4) | (x0.3) | (¢0.9)
120 0.032 | 0.077 | 0.025 | 0.120 | 0.020 | 0.037 | 0.090 | 0.091
(£0.9) | (¢0.2) | #0.5) | (¥0.5) | (x0.8) | (¥0.0) | (#0.4) | (20.2)
144 0.034 | 0.086 |0.026 |0.159 |0.022 |0.032 |0.091 |O0.106
(£0.2) | #0.3) | (#0.2) | (#0.3) |(#0.2) | (#0.2) | (#0.3) | (x0.4)
(D
Ion content (mg/g dry wt.) *
Tift 23D;B;-P1-PS
Time Na* K+ Ca2+ Cl
in OmM |150mM | OmM |150mM (OmM |150mM | OmM |150mM
Hours | NaCl NaCl NaCl NaCl NaCl NaCl NaCl NaCl
0 0.025 |0.027 |0.022 |0.025 |0.017 |0.017 |0.042 | 0.041
(#0.6) | (¥0.2) | (0.7) | (#0.3) | (+0.8) |(0.9) |(¥1.0) | (0.5)
na 0.025 [ 0.056 |0.025 |0.027 |{0.015 |0.019 |0.042 |0.044
(£0.5) | (£0.4) | (¢0.1) | (#0.4) |(+0.3) | (¢0.2) |(¥0.5) | (¢0.2)
48 0.027 | 0.090 |0.025 |0.037 |0.015 |0.023 |0.043 |0.049
(£0.8) | (£0.5) | (¥0.9) | (#0.9) | (#0.4) |(£0.5) | (20.3) | (0.7)
) 0.029 [0.093 |0.024 |0.062 |0.017 |0.022 |0.045 |0.118
(#0.3) | (t0.4) | (#0.2) | (#0.2) |(#1.2) |(¥0.3) | (20.3) |(0.2)
96 0.030 | 0.093 |0.026 |0.091 |0.016 |0.026 |0.043 |0.139
(0.4) | (#0.7) | (0.8) | (0.1) | (#0.9) |(#0.3) |(x0.2) | (¥0.3)
120 0.032, | 0.162 |0.028 |0.117 0.019 | 0.043 |0.048 0.147
#0.8) | (0.2) | (#0.3) | (#0.7) |(#0.5) |(1.2) | (0.5) | (#0.1)
144 0.031 |0.129 |0.031 [0.153 [0.018 |0.063 |0.052 |0.154
#0.9) |(0.6) |(0.4) |(:0.6) |(*0.5) |(#0.9) |(0.2) |{#0.5)




Table 4.10 contd.

(E
Ion content (mg/g dry wt.)*
841B-P3
Time Na* K+ Ca3* Cl
in OmM |150mM | OmM |150mM | OmM |150mM | OmM |150mM
Hours | NaCl |NaCl NaCl  |NaCl NaCl |NaCl NaCl |NaCl
0 0.021 | 0.023 |0.029 |0.031 |0.018 |[0.022 | 0.045 |0.046
(£0.5) | (£0.23) | (0.5) | (x0.65) | (t1.1) | (£0.35) | (+0.7) | (20.60)
24 0.020 |0.032 |0.029 |0.058 |0.020 | 0.042 |0.048 | 0.071
(£0.3) | (£0.95) | (£1.2) | (£0.90) | (x0.9) | (0.65) | (0.1) | (¢0.15)
48 0.023 | 0.067 |0.032 |0.067 |0.020 |0.066 |0.052 |0.075
(£0.3) | (+0.99) | (£0.9) | (20.35) | (#1.2) | (¢0.75) | (£0.9) | (+0.60)
79 0.025 | 0.071 0.033 | 0.076 |0.023 | 0.072 | 0.051 |0.076
(£0.4) | (0.45) | (20.7) | (#0.65) | (£0.7) | (#0.65) | (+0.2) | (*0.50
96 0.026 | 0.080 |0.035 [0.089 |0.026 |0.097 |0.056 | 0.078
(£0.9) | (£0.85) | (+0.8) | (£0.66) | (£0.8) | (+0.65) | (+0.8) | (£0.55)
120 0.028 | 0.088 |0.039 |0.129 |0.032 | 0.087 |0.059 |0.085
(£0.2) | (£0.95) | (£0.8) | (#0.37) | (x0.6) | (x0.90) | (0.3) | (£0.34) |
144 0.031 0.078 |0.042 |0.153 |0.037 |0.104 |0.064 | 0.105
(£0.8) | (¢0.35) | (£0.2) | (20.95) | (¥0.5) | (#0.59) | (#0.4)_| (¢1.00)

* Data represent mean of three replicates.
* Values in the parenthesis indicate the standard errors.
* P value < 0.05.




4.2 Antioxidative enzyme activity during short-term salt stress

4.2.1 Antioxjdative enzyme activities of three representative lines of pearl
millet

The pearl millet lines ICMB 90111, 863B-P2 and 841B-P3: which were
categorized as sensitive, moderately tolerant and highly tolerant to salinity
stress, respectively, were exposed to 150mM NaCl salt stress for short intervals
of time i.e.,, Oh, 24h, 48h, 72h, 96h, 120h and l44h. The modulation of
antioxidant components diverged significantly among thesc three representative

lines of pearl millet under salt stress conditions as shown in Figure 4.12 (A-F)).
4.2.1.1 Catalase (CAT)

Specific activity of catalase decreased in the sensitive line ICMB 90111 under
short-term salt stress at 150mM NaCl, but the activity doubled by 72h. It
declined thereafter till 144h (Figure 4.12A). On the other hand, slight increase
in the activities was noticed in 863B-P2 till 96h, which dropped afterwards. In
841B-P3, the activity peaked 12-folds by 72h but declined thereafter [Figure
4.12(A).

4.2.1.2 Superoxide dismutase (SOD)

The native activity of superoxide dismutase appeared lower in the sensitive line
when compared to moderately tolerant and tolerant lines [Figure 4.12B). A
sudden spurt (about 3.5-folds) in SOD activity at 72h was observed in ICMB
90111 coinciding with a spurt in CAT activity. It gradually decreased with time
of exposure to 150mM NaCl till 144h. At 144h, this line expressed lower SOD
activity than the other two lines (Figure 4.12B). Though 863B-P2 exhibited the
highest SOD activity at Oh and 24h, it actually declined sporadically or
fluctuated till 144h. In case of 841B-P3, SOD activity increased till 48h,
declined-till 96h but it picked up again slightly. At 144h, this salinity tolerant
line recorded the highest SOD activity compared to the other lines (Figure
4.12B).

4.2.1.3 Glutathione reductase (GR)

The native activity of glutathione reductase (GR) was lower in salinity-sensitive

line ICMB 90111 than in the moderately tolerant and tolerant lines [Figure
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4.12C). The activities of GR did not show any specific trends in these lines. The
tolerant varieties however, recorded higher activities than the susceptible ones
at 144h (Figure 4.12C).

4.2.1.5 Glutathione-S-transferase (GST)

Activity of GST declined initially (24h) but picked up slightly by 72h. The
specific activity however decreased thereafter in ICMB 90111 (Figure 4.12D).
GST activity decreased initially (48h) but only to increasce slowly and steadily till
120h in 863B-P2. Thus the highest GST activity was noticed in moderatcely
tolerant line 863B-P2, though the levels fluctuated. In the case of tolerant
variety the activity enhanced by 48h but declined thereafter till 144h (Figurce
4.12D).

4.2.1.4 Reduced Glutathione (GSH) content

The content of reduced glutathione (GSH) is shown in Figure 4.12E. The
content of GSH did not change much in the line ICMB 90111 till 48h though it
declined later on. In contrast, an increase in GSH was observed with increased
time of exposure to salinity stress in 863B-P2 till 48h. It declined by 72h but
rose sharply by 96h. However, the content decreased towards the termination of
the treatment (Figure 4.12E). The content of GSH did not change in the highly
tolerant line 841B-P3 (Figure 4.12E).

4.2.1.5 Lipid peroxidation

MDA levels increased slightly in the sensitive line ICMB 90111 by 96h and then
declined later on. The content fluctuated and did not show any specific trend in
the line 863B-P2. The content of MDA peaked by 144h in this line. The content
of MDA increased by 4-5-folds in the tolerant line 841B-P3 till 96h which

started declining later. It recorded the lowest content at 144h among the three

lines (Figure 4.12F).




jgure 4.12. Changes in antioxidative enzyme activity during short-term
alt stress at 150mM NaCl in three representative lines of pearl millet.
A) Catalase, (B) Superoxide dismutase
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Figure 4.12. Changes in antioxidative enzyme activity during short-term
salt stress at 150mM NaCl in three representative lines of pearl millet
(C) Glutathione reductase, (D) Glutathione-S-transferase
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Figure 4.12. Changes in (E) Reduced Glutathione content and (F) Lipid
peroxidation during short-term salt stress at 150mM NaCl in three
representative lines of pearl millet
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4.2.2 Antioxidative enzyme activities of pearl millet lines under
continuous salt stress for 7 days at different salinity levels

Pear! millet lines ICMB 90111, 863B-P2 and 841B-P3 that are sensitive.
moderately tolerant and highly tolerant to salinity stress respectively, were
exposed to OmM, 75mM, 100mM and 150mM NaCl for 7 days. The antioxidant
enzyme activities diverged significantly among these three pearl millet lines with

increased intensity of salt stress (Figure 4.13A-F).
4.2.2.1 Catalase (CAT)

The activity of CAT in the control seedlings (grown without salt stress), was high
in ICMB 90111 compared to the other two lines. Catalase activity did not
change much at three different levels of salinity in the line ICMB 90111 though
it showed enhanced activity compared to the control. The activity increased at
75 and 100mM NaCl levels but declined at higher NaCl stress. In the line 841B-
P3, the activity increased at all the three levels of stress compared to the control

(Figure 4.13A).
4.2.2.2 Superoxide dismutase (SOD)

Compared to the control, activity of SOD increased slightly at 7SmM NaCl, but
declined drastically with increasing concentrations of salt ie., 100mM and
150mM NaCl in ICMB 90111 [Figure 4.13B]. The activity in moderately tolerant
line declined at 75mM and 100mM NaCl but increased slightly at 150mM salt
stress. Increased activity was noticed at 75mM NaCl in the tolerant line but it

declined at higher concentrations (Figure 4.13B).
4.2.2.3 Glutathione reductase (GR)

Specific activity of glutathione reductase increased only at 75mM NaCl stress
but declined at 100mM salt stress. But the activity doubled at 150mM salt
stress in the line ICMB 90111. The increase was steady and doubled at 150mM

NaCl stress in the moderately tolerant line. In the tolerant line 841B-P3, GR

activity decreased considerably especially at higher salt stress conditions

(Figure 4.13C).




4.2.2.4 Glutathione-S-transferase (GST)

The native activity of GST was higher in the salt susceptible line compared to
the tolerant ones. However, the activity declined in the seedlings of all the three
lines upon exposure to different concentrations of salt and this decline was

more pronounced at 150mM NaCl in the tolerant line compared to the other
lines (Figure 4.13D).

4.2.2.5 Reduced glutathione (GSH) content

The decline in the content of glutathione was significant at 75mM NaCl stress
in the accession ICMB 90111. The content was slightly higher at 100 and
150mM NaCl stress but was less compared to the control seedlings. The
glutathione content increased in presence of salt stress especially at 100mM
NaCl stress in the moderately tolerant line. The content was the lowest at
75mM NaCl stress (declined by 3-folds) compared to 100mM (4.604 moles/g
fwt.) and 150mM NaCl stress (5.208 moles/g fwt.) in the highly tolerant line
841B-P3 (Figure 4.13E).

4.2.2.6 Lipid peroxidation
Lipid peroxidation increased with an increase in the concentration of salt in the
salt susceptible line ICMB 90111 [Figure 4.13F). In contrast, malondialdehyde

(MDA) levels decreased considerably (2-6-folds) in 863B-P2. In the line 841B-
P3, the content of MDA decreased with an increase in salinity (Figurc 4.13F).

4.2.3 Antioxidative enzyme activities of parental lines of pearl millet with

extreme responses to salt stress
4.2.3.1 Catalase (CAT)

The specific activity of catalase was higher in the seedlings of the line Tift
23D,B,-P1-P5 when compared to WSIL-P8. In general, the activity declined

under salt stress and showed almost a similar trend (Figure 4.14A).
4.2.3.2 Superoxide dismutase (SOD)

Like catalase, the native activity of SOD was higher in the line Tift23D,B,-P1-P5
when compared to the tolerant line. The activity of SOD declined till 72h under

salt stress but exhibited activity like thai of control seedlings in the line




& Figure 4.13 Changes in antioxidative enzyme activity during continuous
) salt stress for 7 days at different concentrations of NaCl in three
representative lines of pearl millet [(A) Catalase, (B) Superoxide dismutase]
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Figure 4.13 Changes in antioxidative enzyme activity during continuous
salt stress for 7 days at different concentrations of NaCl in three
representative lines of pearl millet [(C) Glutathione reductase, (D)
Glutathione-S-transferase]
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Fig. 4.13 Changes in (E) Reduced Glutathione content and (F) Lipid
peroxidation during continuous salt stress for 7 days at different
concentrations of NaCl in three representative lines of pearl millet

(E) Reduced glutathione (GSH) under salt stress for 7 days
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Tift23D.B\-P1-P5. Contrary to it, the activity was enhanced by 3-folds (till 72h)
under salt stress in the accession WSIL-P8. Though the activity declined by
96h, it was nearly 2-folds higher under stress conditions (till 144h) when
compared to that of control seedlings grown without salt stress (Figure 4.14B).

4.2.3.3 Glutathione reductase (GR)

The native activity of GR was higher in the line Tift23D.B,-P1-P5 compared to
WSIL-P8. The activity of GR increased (almost 2-folds) till 120h under salt
stress but declined thereafter. In the susceptible line WSIL-P8, a gradual
increase (3-4-folds) in GR activity was noticed till 96h under salt stress. It
declined by 120h but displayed 6-fold increase in the activity at 144h (Figure
4.14Q).

4.2.3.4 Glutathione-S-transferase (GST)

Activity of GST decreased under salt stress marginally till 144h in the line
Tift23D,B-P1-PS. On the other hand, the activity increased by 3-folds under
salt stress in the line WSIL-P8 at 48h. It declined slightly by 96h but picked up
by 3-folds again by 120h (Figure 4.14D).

4.2.3.5 Reduced Glutathione (GSH) content

The line Tift 23D.,B:-P1-P5S showed an increase in GSH content till 72h under
stress but thereafter the level of glutathione declined drastically (Figure 4.14E).
There was a gradual increase in GSH content of WSIL-P8 till 48h under salt
stress. The content decreased slightly by 72h but rose sharply by 96h (5.0moles
of GSH compared to 2.5moles of GSH/g fwt. in control seedlings). Though the
content of GSH declined by 120h, it increased again by 144h in WSIL-P8
(Figure 4.14E).

4.2.3.6 Lipid Peroxidation

Significant changes in lipid peroxidation were not noticed till 72h under sait
stress in the tolerant line Tift 23D,B;-P1-PS The MDA content rather fluctuated
thereafter. The native levels of MDA were lower in the susceptible line WSIL-P8
compared to Tift 23D.B,-P1-P5. Lipid peroxidation in the sensitive line WSIL-P8
increased 5-folds by 48h, and then declined. The MDA levels could not be
detected by 120h but it rose by 5-folds by 144h (Figure 4.14F).
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Figure 4.14. Changes in antioxidative enzyme activity during short-term
salt stress at 150mM NaCl in parental lines of pearl millet, WgSIL-Ps (salt-
sensitive) and Tift 23D,B;-P1-P5 (highly salt-tolerant)

[(A) Catalase, (B) Superoxide dismutase]
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Figure 4.14. Changes in antioxidative enzyme activity during short-term
salt stress at 150mM NaCl in parental lines of pearl millet, WSIL-P8 (salt-
sensitive) and Tift 23D;B;-P1-P5 (highly salt-tolerant)

[(C) Glutathione reductase, (D) Glutathione-S-transferase]
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Figure 4.14. Changes in (E) Reduced Glutathione (GSH) and (F) Lipid
peroxidation during short-term salt stress at 150mM NaCl in parental lines
of pearl millet, WSIL-P8 (salt-sensitive) and Tift 23D;B;-P1-P5 (highly salt-
tolerant)

(E) GSH content during short-term salt stress in pearl millet
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4.2.4 Isoenzyme profiles of five representative accessions of pearl millet

The activitif-:s of catalase (CAT) and ascorbate peroxidase (APX) were too low to
be detected on native PAGE gels. However, SOD profiles were generated on
native PAGE. Differences in the activities of Mn-SOD isoforms 1 and 2 and
Cu/Zn-SOD were also noticed with increased exposure to salt in all of the lines
(Plate 2). A total of three isoforms of SOD were detected of which two were Mn-
SODs and one was a Cu-Zn SOD. The activity of the Cu-Zn SOD increased in
all the lines under NaCl stress. However, the Mn-SOD isoform 1 displayed
differential expression in sensitive, modcrately tolerant and highly tolerant
lines. In the salt-sensitive lines WSIL-P8 and ICMB 90111, activity of Mn-SOD1
was low all throughout the salinity treatment, while in the moderately tolerant
line 863B-P2, and tolerant lines Tift 23D,B-P1-P5 and 841B-P3, this isoform
disappeared after 1d, 2d and 3d, respectively, The second isoform Mn-SOD2
showed a gradual increase in activity with time in the sensitive lines all
throughout the salinity stress treatment, whereas in the moderately tolerant
and tolerant lines it increased with increased duration of exposure to salinity.
Low activity of Fe-SOD was observed in seedlings of moderately tolerant and
tolerant lines after 24h salt stress. However, no Fe-SOD isoform was observed
in the sensitive seedlings exposed to 150mM NaCl. Fe-SOD bands were faint in

intensity in the tolerant lines.

4.3 Protein profiles at short-term salt stress in seedlings of pearl millet

4.3.1 Short-term salt stress at OmM, 75mM and 150mM NaCl for Oh, 24h,
40h & 72h in four accessions of pearl millet

Protein profiles in salt tolerant (P310-17Bk, 841B-P3, Tift 23D,B-P1-P5) and
sensitive seedlings (81B-P6) of pear] millet are shown in Plate 3. Differences
were noticed in the protein profiles with increasing salinity in short-term
treatments (24h, 40h and 72h). At 24h salt treatment, tolerant lines 841B-P3
and P310-17Bk behaved differently with respect to a 180kDa protein. While in
841B-P3, there was an increase in the band intensity of this protein with
increasing salinity, the same protein band decreased in intensity with
increasing salt levels in the line P310-17B. A similar observation was recorded

for a 54kDa protein in the same two lines after 72 h of saline treatments. There
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Plate 2. Isoenzyme patterns of superoxide dismutase in i i

pearl millet lines
(A) WSIL-P8, (B) ICMB 90111, (C) 863B-P2, (D) Tift 23D,B,-P1-P5 and (E)
841B-P3 at 150mM NaCl in short-term salinity treatments

Mn-SODI A k.
Mn-SOD2\ ’

Mn-SOD1 W
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[0= 0 days (control), 1= 1 day, 2= 2 days, 3= 3 days, 4= 4 days, 5= 5 days,
6= 6 days and 7= 7 days]




were significant differences among susceptible and tolerant lines with respect to
a 120kDa protein, which was absent in the line 81B-P6 (salt sensitive), but
present in all three tolerant lines i.e., Tift 23D,B,-P1-P5, 841B-P3 and P310-
17Bk at all the three salinity levels.

4.3.2 Protein content of seedlings at short-term salt stress

A general decrease in protein content was observed in the sensitive lines WSIL-
P8 after exposure to salt stress. But in the other susceptible line ICMB 90111,
there was a transient increase by 24h, which declined later drastically (Table
4.11). The protein content doubled by 48h in the line 863B-P2, declined slightly
there after and remained more or less stable till 144h. Protein content in the
line Tift 23D.B;-P1-PS was 14.55mg/g dry tissue under control conditions. It
enhanced to 32.62 mg by 72h, but declined to 15.17mg/g dry tissue by 96h. In
the line 841B-P3, protein content declined till 72h, but increased considerably
by 96h under salt stress. The protein content however declined thercafter and

reached a value almost equal to that of control at 144h (Table 4.11).

4.3.3 Short term salt stress of five accessions of pearl millet at 150mM
NaCl for Oh, 24h, 48h, 72h, 96h, 120h, 144h and 168h

Protein profiles as seen in Plate No. 4 were found supportive of the total protein
data (section 4.4.2) of the pearl millet lines exposed to salt stress for short-
durations. Though quantitative changes were noticed in the protein, not many
differences at the qualitative level were recorded in different lines of pearl millet
under salt stress excepting 25kDa, 27kDa and 54kDa protein bands especially
in the moderately tolerant and highly tolerant lines under salt stress. The
25kDa protein band was not noticed in either of the sensitive lines WSIL-P8 and
ICMB 90111, while the 27kDa and the 54k]?a bands showed increa§ed
intensity in the highly‘ tolerant and moderately tolerant lines compared to the
sensitive lines under salt stress (indicated by arrows in Plate 4). In addition,
about 15 kDa and 18 kDa bands were also noticed especially in the tolerant

lines.
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Plate 3. Protein profiles of OmM, 75mM and 150mM NaCl treated seedlings
of pearl millet (lanes 1-3: Tift 23D.B,-P1-P5; lanes 4-6: 81B-P6; lanes 7-9:
841B-P3; lanes 10-12: P310-17-Bk; OmM, 75mM and 150mM NaCl treated
respectively) for (A) 24 h, (B) 48 h and (C) 72 h treatments

(A)
M1 2 3 4 56 7 89701112

160 kDa
130 kDa

100 kDa

73 kDa

S kba

4N kDa

3SkDa
24 kDa

16 kDa

(B) (C)
234 56 7 8 9101112M M1 234 567 89101112
100 KD
130 KD
100 kD

RRENRN

S4 KD
AN KDa

ASkDa
24 kD

1o kDa

[Note: Thick arrows = increase in band intensity in 7, 8, 9 and decrease in band
intensity in 10, 11 and 12 with increased salinity treatment
Thin arrows = absence of 120kDa bands in 4,5,6 (81B-P6) and its presence
in rest of the lines]




Table 4.11. Total Protein content (mg/g dry wt.) in pearl millet lines
subjected to short-term salt stress at 150mM NaCl

Time Total Protein (mg/g dry wt.)
in
R ICMB Tift 23D;B;-
Hours | WSIL-P8 90111 863j-Pj _P1P5 784}B-PA3
0 16.13 16.09 9.96 14.55 10.13
(£0.5) (£0.4) (#0.1) (#0.3) (£0.2)
24 13.15 20.89 11.31 19.50 10.17
(0.1) (£0.1) (£0.5) (£0.1) (£0.5)
48 11.98 17.34 20.63 28.15 7.29
(#0.3) (#0.1) (x0.2) (+0.3) (£0.5)
72 13.62 9.19 14.67 32.62 7.38
(#0.1) (+0.3) (#0.5) (£0.5) (x0.2)
96 8.54 9.40 15.54 15.17 15.03
(+0.2) (+0.2) (£0.1) (+0.2) (£0.2)
120 7.33 10.13 12.75 14.02 13.44
(£0.5) (#0.2) (+0.2) (+0.4) (#0.1)
144 8.15 11.76 17.75 14.64 9.69
(£0.2) (¢0.5) (0.4 (#0.1) (+0.2)

* Data represent mean of two replicates
* Values in the parenthesis indicate the standard errors
* P value < 0.05



Plate 4. Protein profiles of five accessions of pearl millet at 150mM NaCl
for short-term salt stress for Oh (0), 24h (1), 48h (2), 72h (3), 96h (4),
120h (5), 144h (6) and 168h (7). [ (A) ICMB 90111, (B} WSIL-P8, (C)
863B-P2, (D) 841B-P3 and (E) Tift 23D,B;-P1-P5]
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4.4 Effect of GAs and CaCl; on response to salinity stress in pearl millet
seedlings

Addition of CaCl, and GA; slightly alleviated the adverse effects of salt stress on
germination and early seedling growth of two inbred lines of pear! millet, ICMB
90111, a sensitive line and 841B-P3, a tolerant line. Because the two lines
tested have different degrees of salt tolerance. one of the primary objectives was
to determine whether these lines respond better to the combination of salinity
with CaCl, or GAs or both, with respect to secd germination, growth and proline
content. The frequency of seed germination of the sensitive line improved
slightly in 150mM NaCl in 841B-P3 when treated with GA, and also with GAs
plus CaCl,. The germination percentage of the sensitive line ICMB 90111 also
improved at salt concentrations of 100mM and 150mM NaCl when treated with
GA3 and CaCl, individually and in combination (Fig. 4.15). Both lines were
found to be highly responsive to exogenous GA. and exhibited significant
differences in lengths and fresh weights of their shoots and roots in salt media
amended with GAj (Figures 4.16 and 4.17). Although the growth of seedlings
declined with an increase in NaCl, application of CaCl, and GA, or both appear
to have alleviated the salt stress effects on both the lines (Figures 4.15, 4.6
and Plates 5 and 6). A decline in fresh wcights of shoots and roots was noticed
in these lines in presence of salt stress (Fig. 4.16). In presence of CaCl, and GAa
individually and together, the salinity-scnsitive line ICMB 90111 not only
germinated and grew well, but also accumulated proline significantly when
compared to the non-amended controls. The proline content in the tolerant line
841B-P3 was 6 times higher than to its control value in the presence of CaCl,

and GAs (Fig. 4.18).

4.5 Development of molecular markers

4.5.1 Data mining and primer designing for TRAP markers

The NCBI database (www.ncbi.nlm.nih.gov) proved very rapid and useful to

retrieve sequences of our interest. Maize ESTs for GR6, GR8 and GR13

(glutathione reductase gene), having accession numbers CN844501, CK787292
and CF349127 were obtained by giving the key words ‘Zea mays and




Figure 4.15. Effect of CaCl; and GAs on the germination percentage of a
set of pearl millet inbred lines [ICMB 90111land 841B-P3 (sensitive and
tolerant to salt stress, respectively)] under 75mM, 100mM and 150mM
NaCl stress as compared to their respective OmM NaCl controls
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Figure 4.16. Effect of CaCl, and GA; on the (a) shoot length and (b) root
length of a set of pearl millet inbred lines [ICMB 9011land 841B-P3
(sensitive and tolerant to salt stress, respectively)] under 75mM, 100mM

and 150mM NaCl stress as compared to their respective OmM NaCl
controls
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Figure 4.17. Effect of CaCl; and GA; on the (a) shoot fresh weights and (b)
root fresh weights, of a set of pearl millet inbred lines [ICMB 90111and
841B-P3 (sensitive and tolerant to salt stress, respectively)] under 75mM,
100mM and 150mM NaCl stress as compared to their respective OmM NaCl

controls
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plate 5. Effect oii CaCl; (B), GA; (C) and both [GA;+CaCl] (D) as compared to
the control (A) in 10-day-old seedlings of pearl millet line ICMB 90111
grown in OmM, 75mM, 100mM and 150mM NaCl media

1cMB 90111 [
cONTROL [

LA ot 75mM 100mM 150mM
CaCly NuCl  NuCl o NaCl NaCl
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NaCl  NaCl NaCl NaCl

(B)
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GA.

TEmM  100mM 150mM
(@) c1 NaCl Nac

TsmM L00mM 150mM
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[Note: Germination improves at 100mM and 150mM NaCl in (B), (C) and (D)

mpared to their respective controls (A).]




Plate 6. Effect o.f CaCl; (B), GA; (C) and both [GA;+CaCly] (D) as compared to
the control (A) in 10-day-old seedlings of pearl millet line 841B-P3 grown
in OmM, 75mM, 100mM and 150mM NaCl media
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[Note: There is slight improvement of shoot length at 100mM and 150mM NaCl in
{B), (C) and (D) as compared to their respective controls (A).]




Figure 4.18. Effect of CaCl; and GA; on the proline content of a set of
pearl millet inbred lines [ICMB 90111 and 841B-P3 (sensitive and tolerant

to salt stress, respectively)] under 75mM, 100mM and 150mM NaCl stress
as compared to their respective OmM NaCl controls
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ghutathione reductase’ in the search tool available in the NCBI database. The
accession numbers of maize EST for SOD2, SOD3, SODS, SOD6 and SOD7
(superoxide dismutase genes) were CN844460, CK849972, CK786884,
CK786803 and BQ619487, respectively. The accession number CN845408 of a
pearl millet sequence for a PSCS gene was also obtained directly from the NCBI
database using the search tool. The sequences were retrieved in FASTA format

for ease of handling to design primers.

GRAMENE BLAST (www.gramene.org/multi/blastview) search results and the
selected sequences for alignment from barley, millet, rice and sorghum are
given in Appendix 1. None of the fixed primers designed fell in the interface of
the exon and intron when checked using the ‘ORF finder’ in NCBI database.
The lists of the fixed and arbitrary primers designed are given in Tables 3.5 and
3.6, respectively, in Chapter 3.

4.5.2 Optimization of TRAP technique

In the present study, DNA concentration was optimized to 5Sng per Spl PCR
reaction. Initial screening of the parental lines (Tift 23D,B,-P1- P5 and WSIL-P8)
to identify polymorphic TRAP markers was performed using combinations of
some selected fixed primers with all of the 15 arbitrary primers and TRAP
marker profiles were generated in silver-stained 6.5% polyacrylamide gels as
shown in Plate 7. For clear detection of the multiple bands generated by TRAP-
PCRs, a 68-well comb was used for PAGE profiling.

4.5.3 TRAP marker analysis

In total, 180 primer combinations (12 fixed primers comprised of 10 forward
and 2 reverse primers in combination with 15 arbitrary primers) were checked
for polymorphisn. among the two mapping population parents. Fifteen PCR
reactions were carried with each of the fixed primers, as there were 15 arbitrary
primers. Each PCR reaction generated about 15-25 potential TRAP marker
bands, which significantly varied in band intensity. The size of most of the
fragments ranged from 130bp to 1590bp, all the bands from each PCR were

highly reproducible except for a few weak bands in some combinations. On an
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Plate 7. Optimization of PAGE gel profiles for detecting TRAP
polymorphlsms between Tift 23D,B,P1-P5 (parent A) and WSIL-P8 (parent

B) with (a) P5CSF and (b) GR6F fixed TRAP primers in combination with
arbitrary TRAP primers Arl to Arl5

AAFL Ar2 A3 Ard ArS A6 ArT ArK A9 ATIO ArlTArE2 ARIY Arld ArIS

AP ARZ ARY Ard ARS Are APT ArK AT Al

[Note: Encircled = A few possible polymorphic bands that can be scored across the
mapping population]

Plate 8. Optimization of TRAP technique among the mapping population
progenies of Tift 23D;B,-P5 x WSIL-P8 with TRAP primer combinations (A)
GR6F-Ar2 and (B) SOD3F-Ar4
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average, each TRAP primer pair was able to generate 6 polymorphic TRAP
markers that were clear and easily scorable when visualized using PAGE and
silver staining procedures (Plate 7). Based on the clarity and intensity of the
bands and their reproducibility, 11 fixed-arbitrary primer combinations were
selected to screen for the same markers in the F,i mapping population
available. DNA concentrations for the TRAP-PCR and the PAGE technique were
optimized for the mapping population before generating the final marker

profiles (Plate 8).

Eleven TRAP PCR reactions that employed fixed EST-based primers in
combination with arbitrary primers gencrated 68 easily scorable polymorphic
bands (Table 4.12). These 68 markers were scored on the F,, mapping
population of Tift 23D,B;-P1-PS x WSIL-P8. These marker polymorphisms were
highly reproducible among the parents as well as the mapping population
progenies. Plates 9, 10 and 11 show parental polymorphism in the TRAP
markers selected for screening of the mapping population progenies. Plates 12,
13, 14, 15 and lo show TRAP marker profiles for the segregating mapping

population progenies. The TRAP scorc sheet is represented in Appendix 111.

When these TRAP markers were analyzed for segregation distortion using a chi-
square test (Table 4.13), it was found that scgregation patterns of 22 TRAP
markers were not significantly distorted, while 21 TRAP markers showed
distortion at 1% level of significance and eight were significant at 5% level. For
the ratio 1:3, segregation patterns of 7 TRAP markers were not significantly
distorted, 4 showed distortion at 1% level of significance and 6 were significant
at 5% level. They were also tested for segregation into 1:1 ratio and 19 TRAP
markers were found segregating with no significant distortion. Hence, 22 and 7
out of the 68 TRAP markers segregatcd_ according to the expected Mendelian
ratio of 3:1 or.1:3, respectively, while 19 TRAP markers segregated according to

the expected ratio of 1:1 (Table 4.13).

4.5.4 Construction of linkage map

Out of 68 polymorphic TRAP markers identified, 4 pairs of markers viz.
S2A7.630 and S2A7.610, S3A4.530 and S3A4.510, PA15.290 and PA15.280
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Table 4.12. Details of TRAP markers developed in this study

Primer Combinations

Tift 23D;B,-P1-P -
S.No | Marker Name = Parent A S =“;§{:;:°B s:;;r(::) Fined Arbitrary
Primer Primer
1 G6A2.880 0 (A) 1(C) 880 ’
2 G6A2.870 0 (A) 1(C) 870
3 G6A2.610 1(D) 0(B) |610
4 G6A2.560 1 (D) 0 (B) 560
5 G6A2.520 1(D) 0(B 520
6| G6A2.450 1(D) 0 (3; 450 GREF Ar2
7 G6A2.380 0 (A) 1(C) 380
'8 G6A2.350 0 (A) 1(C) |350
9 | G6A2.290 0 (A) " 1(C) | 290
10 | G6A2.260 0(A) 1(C) |260
11 | GBA3.1050 1(D) 0 (B) 1050
12 | GBA3.490 1(D) 0(B) | 490
13 | GBA3480 1(D) 0(B) |480
14 | G8A3.450 0 (A) 1(C) [450 | GRSF Ar3
15 | GBA3.360 1(D) 0(B) | 360
16 | GBA3.240 0(A) 1(C) |[240
17 | GBA3.195 0 (A) 1(C) 195 B
18 | G8A4.740 1(D) 0(B) |[740
19 G8A4.680 0 (A) 1(C) 680
20 | GBA4.580 0(A) 1(C) 580 GREF Ard
21 | GBA4.240 0 (A) 1(C) |240 3
22 | S2A7.1500 1(D) 0 (B) 1500
23 | S2A7.980 0 (A) 1(C) |[980
24 | S2A7.880 1(D) 0(B) |880
25 | S2A7.690 1(D) 0(B) |690 SOD7F Ar7
26 | S2A7.630 1(D) 0(B) |630
27 | S2A7.610 0 (A) 1(C) |610
28 | S2A7.120 0 (A) 1(C) 120
29 | 83A4.1550 1(D) 0 (B) 1550
30 | S3A4.950 0(A) 1(c) [950
31 [83A4.890 0 (A) 1(C) [890 | ¢onap Ard
32 | S3A4.660 1(D) 0(B) |660
33 | S3A4.530 0 (A) 1(C) |530
34 | S3A4.510 1(D) 0(B) |510
135 | 83A11.1590 1 (D) 0 (B) 1590
36 | 83A11.850 0(A) 1(C) .|850 .
37 | 83A11.760 0 (A) 1(C) |760 SOD3F Arll
38 | S3A11.490 1(D) 0(B) | 490
39 S$3A11.450 0 (A) 1(C) 450
40 | S5A8.690 1(D) 0(B) |690
41 S5A8.490 0 (A) 1(C) 490 SODSMF Ar8
42 | S5A8.340 0 (A) 1(C) | 340
43 | S5A8.260 0 (A) 1(C) | 260




Table 4.12 contd.

Tift 23D2B,-P1-] ~ Primer Combinations
S.No | Marker Name f Pa:enx:tPAl PS =“::Ie'nl:83 i‘;;rl::) Fixed Asbitrary
Primer Primer
44 S5A9.700 1 (D) 0 (B) 700
45 S5A9.510 0 (A) 1(C) 510
46 85A9.410 0 (A) 1(C) 410 SODSMF Ar9
47 $85A9.210 1(D) 0 (B) 210
48 S5A9.110 1 (D) 0 (B) 110
49 PA1.1040 0 (A) 1(C) 1040
50 PA1.990 0 (A) 1(C) 990
51 PA1.910 0 (A) 1(C) 910
52 PA1.805 1 (D) 0 (B) 805
53 PA1.590 0 (A) 1(C) 590 P5CSF Arl
54 PA1.550 1 (D) 0 (B) 550
55 | PA1.520 0 (A) 1(c) [s20 |
|56 | PA1.380 1 (D) 0 (B) 380
|57 | PA1.220 - 1(D) - 0(B) 220
58 PA8.1050 0 (A) 1(C) 1050 N
59 PA8.990 0 (A) 1(C) 990
60 PA8.510 0 (A) 1(C) 510 PSCSF Ar8
61 PA8.130 1(D) 0 (B) 130
62 PA15.1050 0 (A) 1(C) 1150
63 PA15.550 1(D) 0 (B) 550
64 PA15.290 1(D) 0 (B) 290
65 PA15.280 0 (A) 1(C) 280 P5CSF Arl5
66 PA15.200 1(D) 0(B) 200
67 PA15.165 0 (A) 1(C) 165
68 PA15.160 1(D) 0 (B) 160

(Note: 1. Presence of band is represented as ‘1’ and absence of band is
represented as ‘O’.
2. ‘A’, ‘B’, ‘C’, and ‘D’ are the corresponding scores for bands in the
mapping population.)



Plate 9. Glutathione reductase (GR) based TRAP polymorphisms

Tift 23D2B:1P1-PS (parent A) and WSIL-P8 (parent B)
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(M= 100 bp marker; A=Tift 23D,B,-P1-P5; B=WSIL-P8)



Plate 10. Superoxide dismutase (SOD) based TRAP polymorphisms in

Tift 23D2B,P1-PS (parent A) and WSIL-P8 (parent B)
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Plate 11. Al-pyrroline-5-carboxylate synthetase (PS5
. ! CS) based TRAP
polymorphisms in Tift 23D,B,P1-P5 (parent A) and WSIL-P8 (parent B)
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Plate 15. TRAP marker profiles seen among the mapping population progenies of Tift 23D,B;-P1-P5 x
WSIL-P8 with primer combination SOD3F-Arl1
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Table 4.13. Chi-square analysis of segregation distortion of TRAP markers

Marker Pr.
sNo. Masker  Presence
1 G6A2.260 50
2 G6A2.290 49
3 G6A2.350 35
4 G6A2.380 68
5 G6A2.450 18
6 G6A2.520 33
7 G6A2.560 79
8 G6A2.610 62
9 G6A2.870 31
10 16A2.880 25
11 G8A3.1050 49
12 G8A3.195 73
13 (G8A3.240 47
14 G8A3.360 66
15 (G8A3.450 40
16 G8A3.480 54
17 G8A3.490 59
18 G8A4.240 57
19 G8A4.580 69
20 G8A4.680 53
21 G8A4.740 69
22 S2A7.120 58
23 S2A7.1500 85
24 S2A7.610 55
25 S2A7.630 84
26 S2A7.690 80
27 S2A7.880 57
28 S2A7.980 62
29 S3A11.1590 78
30 S3A11.450 32
31 S3A11.490 77
32 S3A11.760 38
33 S3A11.850 73
34 S3A4.1550 71
35 S3A4.510 27
36 S3A4.530 79
37 S3A4.660 38
38 S3A4.890 74

Chi Square values

Absence Chi Square values
(0s) (Expected ratio (Expected ratio
. 3lor1y) 1:1)
46 26.89 ** 0.17 ns
48 31.01 ** 0.01 ns
62 6.35* 7.52 %
29 1.24 ns 15.68 **
77 1.86 ns 30.64 **
64 421 9.91 *
16 3.37 ns 41.78 **
35 6.35* 7.52 %
66 251 ns 12.63 **
72 0.03 ns 22,77
42 21,72 * 0.54 ns
23 0.06 ns 26.04 **
44 26.47 0.10 ns
31 251 ns 12.63 **
55 14.82 2.37 ns
43 19.33 * 1.25 ns
37 9.39 » 5.04 *
40 13.64 ** 2.98 ns
28 0.77 ns 17.33 **
44 21.45* 0.84 ns
28 0.77 ns 17.33 **
38 10.89 ** 4.17*
11 9.39 * 57.04 **
40 14.82 ** 2.37 ns
11 9.13 ** 56.09 **
16 3.56 ns 42,67 **
38 11.40 ** 3.80 ns
33 4.80* 8.85 **
18 2.00 ns 37.50 **
64 3.56 ns 10.67 **
19 1.39 ns 35.04 **
53 10.89 ** 417+
23 0.06 ns 26.04 **
25 0.06 ns 22.04 **
70 0.42 ns 19.06 **
18 2.15ns 38.36 **
58 10.89 ** 4.17*
23 0.09ns 26.81 **




Table 4.13 contd.

Marker Presence Absence

amﬁ;;lues Chi Square values

S.No. Loci (1s) (0s) (Expected ratio (Expected ratio

_ e Bilorly) 1Y)
39 S3A4.950 64 33 4.21* 9.91 **
40 S5A8.260 47 50 28.40 ** 0.09 ns
41 S5A8.340 61 36 7.59 ** 6.44 *
42 S5A8.490 47 49 34.72 ** 0.04 ns
43 S5A8.690 48 48 32.00 ** 0.00 ns
44 S5A9.110 58 39 11.96 ** 3.72 ns
45 S5A9.210 73 24 0.00 ns 24.75
46 S$S5A9.410 54 43 19.33 ** 1.26 ns
47 S5A9.510 58 38 10.89 ** 417 *
48 S5A9.700 61 34 5.90 * 7.67 **
49 PA1.1040 74 23 0.09 ns 26.81*
50 PA1.220 79 18 2.15 ns 38.36
51 PA1.380 63 34 5.23* 8.67 **
52 PA1.520 70 21 0.18 ns 26.38 **
53 PA1.550 81 16 3.74 ns 43.56 **
54 PA1.590 64 33 421 991 *
55 PA1.805 66 31 2.51ns 12.63 **
56 PA1.910 68 29 1.24 ns 15.68 **
57 PA1.990 62 35 6.35* 7.52**
58 PA8.1050 34 62 5.56 * 817 **
59 PA8.130 44 53 21.45 ** 0.84 ns
60 PA8.510 56 41 15.43 ** 2.32 ns
61 PA8.990 40 57 13.64 ** 2.98 ns
62 PA15.1050 49 44 24.69 ** 0.27 ns
63 PA15.160 25 70 0.09 ns 21.32*
64 PA15.165 74 21 0.42 ns 29.57 **
65 PA15.200 63 32 3.82 ns 10.12 **
66 PA15.280 26 69 0.28 ns 19.46 **
67 PA15.290 78 17 2.56 ns 39.17 **

68 PA15.550 33 61 Sa2r 83T

* = significant at 1% level of significance (LOS)

** = significant at 5% LOS

ns = not significant




and PA15.165 and PA15.160, were found co-dominantly segregating in the
mapping population. Hence, while constructing the linkage map, the number of
TRAP markers was reduced to 64. Of these 64 TRAP markers. 50 were mapped
into the framework linkage map along with 54 RFLP markers which were
generated previously for the Tift 23D,B-P1-P5 x WSIL P8 based pearl millet
mapping population (Liu et al., 1994a,b); i.e..78.1% of TRAP markers deteeted
loci that could be placed on the 7 linkage groups of pearl millet mapping
population. The linkage map thus constructed along with the map positions of
TRAP markers arc given in the Figure 4.19. After adding the new markers, the
total map length was 1517.7cM (Kosambi). The newly added TRAP markers
were distributed across all scven linkage groups of pearl millet |7, 10, 14, 3, 9,
6 and 1 marker(s) respectively, in LG1, LG2, LG3, LG4, LGS, LGO and LG7)
(Table 4.14).

Linkage group 1 had a total map length of 328.4 ¢M and was the second longest
linkage group for this mapping population. This linkage group consisted of 7
TRAP markers and 18 RFLP markers. This linkage group included 3 TRAP
markers designed from GR sequence, 2 from SOD sequence and 2 from PSCS

sequence but none of them were very tightly linked to cach other.

Linkage group 2, with a total map length of 254.8 ¢M, contained 10 TRAP
markers and 10 RFLP markers and formed the third longest linkage group for
this population. Among them, two TRAP markers designed for the GR gene
sequence were tightly linked and formed a cluster at the upper end of this
linkage group. Linkage group 3 had a total map length of 376.4 ¢M with 2 RFLP
markers and 14 TRAP markers. This is the longest of all the 7 linkage groups
and the map distances of the TRAP markers at the lower and upper ends are
quite high flanking the two RFLP markers. As this linkage group is usually the
sh(;rtest, and in this case is e;nchorecl by only two RFLP markers, some of the
linkages of TRAP markers in this linkagc group may be spurious. It will be
necessary to assess this on a linkage mapping population having better

anchored marker saturation on LG3 before these TRAP markers can confidently

be assigned to this linkage group.




Genetic map of a pearl millet population segregating for salt tolerance with distribution of
molecular markers across the 7 linkage groups

LG1 LG2 LG3 LG4 LGS LG6 LG7
Map Length = 328.4 cM Map Length =254.8cM Map Length =376.4cM Map length = 131.2cM Map Length = 230.3cM Map Length = 137.9cM Map Length = 58.7 cM
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[Note: The red, blue and green highlighted regions indicate TRAP markers for GR, SOD, and P5CS genes, respectively]



Table 4.14. Linkage group assignment and distribution of markers and
length of linkage groups in the Tift 23D,B,P1-P5 x WSIL-P8 based mapping

population
‘Group | markers | markors | meskers | 78R (M)
LG1 18 7 25 328.4
LG2 10 10 20 254.8
LG3 2 14 16 376.4
LG4 7 3 10 131.2
LGS 8 9 17 230.3
LG6 4 6 10 137.9
LG7 3 1 4 58.7
Total 52 50 102 1517.7




The lengths of linkage groups 4, 5 and 6 were 131.2 ¢M, 230.3 ¢M and 137.9
cM, respectively. In linkage group 6, all the 6 TRAP markers (3 for GR gene and
3 for SOD gene) mapped between the RFLP markers M202 and M87A and so
appear to provide gap-filling role between these two distantly located RFLP
markers. Linkage group 7 had a total length of only 58.7 ¢M in this cross and
was the shortest of all the linkage groups. Therc were 3 RFLP markers and only
1 TRAP marker in this group. A TRAP marker designed from the SOD sequcnc.e

was mapped to the lower end of this linkage group.

4.5.5 QTL analysis
4.5.5.1 Phenotypic data analysis

Sceds of the parents and individual progenies of the F,. mapping population
were germinated and grown for 10 days on filter paper boats in balanced
nutrient solutions (Hoagland and Arnon, 1938) of pH 6.7, containing two
different concentrations of NaCl (OmM and 150mM) (Plate 17). The germination
percentage was considerably affected by poor seed quality (due to rain during
seed maturation) and dormancy of some progenies included in the mapping
population. However this problem was overcome by replicate experiments. The
phenotypic data were analyzed for significance of variance using the Residual
Maximum Likelihood (ReML) algorithm implemented in the Genstat statistical
software package (Genstat, 1995) and the differences in entry means were
found significant with respect to all of the observed traits for both environments

tested (saline and non-saline medium), as shown in Table 4.15.

4.5.5.2 QTL mapping

Combining the marker data set with the phenotypic traits dataset and the
linkage maps permitted evaluation of the ability of the map to detect QTLs for
salt stress tolerance. QTL analysis revealed that salt tolerance using
germination, shoot and root lengths as :neasurement has potentially valuable

QTLs associated with the TRAP markers.

A total of 9 putative QTLs, viz., 2 for Shoot Length at 150mM NaCl (SL_150), 4
for Relative Shoot Length (Rel_SL), 2 for Root Length at 150mM NaCl (RL_150)
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Plate 17. Screening for salinity stress related
randomly selected (Tift 23D,B,-P5 x WSIL-
two salinity levels (OmM and 150mM NacCl)

L3

phenotypic traits for some
P8) F».. mapping progenies in

e

Note: (A-F) Each pair of test tubes contains. an Fz4 progeny of the (Tift
23D;B,-P5 x WSIL-P8)-based mapping population].
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and 1 for Relative Root Length (Rel_RL) were identified by SIM (Simple Interval
Mapping) using MapMaker/QTL version 1.1b (Lincoln et al, 1992b) at a LOD
threshold value of 3.0 and CIM (Composite Interval Mapping) using PlabQTL
version 1.2 (Utz and Melchinger, 2003) (Table 4.16). Noae of the putative QTLs
detected were common across the traits and stress treatments. No QTLs were
detected for germination (%) of pearl millet under salt stress. Preliminary QTL
analysis by CIM using PlabQTL version 1.2 (Utz and Melchinger, 2003), revealed
that Shoot Length in 150mM NaCl (SL_150) was associated with a major QTL
mapping between RFLP marker locus M202 and TRAP marker S2A7.630 at the
top of LG6 (Table 4.16 and Fig. 4.20), which explained approximately 16% of
the adjusted phenotypic variance for this trait among the mapping population
progenies. Similarly, a significant QTL for Relative Shoot Length (Rel SL) was
detected in this same marker interval, and explained approximately 25% of the
adjusted phenotypic variation in the ability to maintain shoot length under
saline conditions at levels comparable to control conditions (Table 4.16 and Fig.
4.20). This QTL was seen to increase shoot length by 18% and was over-

dominantly inherited from the salt-tolerant parent.

Other putatively identified QTLs governing root length and shoot length under
saline conditions (Table 4.16) were unreliable due to large gaps in the linkage
map, probably due to the fact that the TRAP markers were generated for the F..
generation of the mapping population (while the RFLP markers had been
generated on the F, generation itsclf). Hence, these QTLs need to be confirmed

using a proper F, or RIL mapping population and related phenotypic traits in

later studies.
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Figure 4.20. Promising QTLs for shoot length and relative shoot length
under saline conditions identified on LG6 of pearl millet

LG6
0.0 M202 z
£ . =
114 M S2AT.630 " ”
2 = -
<
33.0 S$3A11.450
52.8 G6A2.870
70.5 (:6A2.350
90.2 GOA2.880
119.2 S3A11.760
132.6 MS$7A
135.1 M95A
137.9 M579

[Note: SL_150= Shoot Length at 150mM NaCl, Rel SL= Relative Shoot
Length at 150mM NaCl compared to the non-saline control]
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CHAPTER 5
DISCUSSION

The problem of salinity is increasing worldwide and therefore efforts are being
made to combat it. One of the strategies to deal with salinity is to develop more
salt tolerant crops and this has increased the need to understand the
mechanisms of salt tolerance. Pearl millet adapts well to diverse environments
and drought, and is easy to cultivate. Pearl millct grain has high nutritive value
for food and feed rations. It is therefore, a promising cereal crop for the arid and
semi-arid regions. In fact, pearl millet is the only cercal that can be grown in
some of the hottest and driest regions where rainfed agriculture is possible in
India and Africa and so plays a critical role in food security in such areas. It is
the source of food, feed and fuel for the poorest of the poor people living in these
marginal lands of the arid and semi-arid tropics. However, such areas suffer
from salinity problems too. Compared to many other cereals, pear] millet has
received relatively little research attention. The development of pearl millet
varieties or hybrids with improved salt tolerance could benefit the people of
scmi-arid and arid regions, improving their livelihoods. Genetic variation in the
effects of salinity on germination, growth and yield of pearl millet, thus,

requires critical investigation.

Molecular-marker based breeding has tremendous potential to identify the
genes or genomic regions responsible for a particular trait of interest. With the
availability of large numbers of DNA sequences in public databases with
putative functions, the task of bridging this information with a particular
phenotype can easily be accomplished using molecular markers. The approach
of this study was to focus on the responses of & set of genetically diverse pearl
millet inbred lines to salinity in order to assess differences in their salt
tolerance and to develop molecular markers associated with salinity tolerance

in this crop.
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5.1 Screening and selection of pearl millet germplasm for salinity
tolerance

Salt tolerance is considered to be a developmentally regulated phenomenon,
with germination and early scedling growth stages usually being the most
sensitive (Maas et al., 1983). Tolerance at one stage of plant development does
not necessarily correlate with the tolerance at other developmental stages
(Shannon, 1985). However, salt tolerance at the germination and seedling stage
examined in solution culture persisted through to the mature plant in sorghum
(Azhar and McNeilly, 1987), barley (Martinez-Cob et al., 1987), maize (Ashraf
and McNeilly, 1989; Maiti et al., 1996), alfalfa (Al-Khatib et al., 1994) and millet
(Kebebew and McNeilly, 1995). Almost all work on salt tolerance in different
crop species reported previously (Kingsbury and Epstein, 1984; Norlyn and
Epstein, 1984, Allen et al,, 1985, Sayed, 1985, Singh and Rana, 1989, Cramer
et al, 1991) has included plant assessment at seedling growth stages.
Assessment in solution culture during germination and seedling growth stages
can provide a rapid, accurate and less expensive method of initial screening of a
large number of accessions for salt tolerance (Singh and Chatrath, 2001).
Differences in relative NaCl tolerances of ten seedlings based upon root length
data clearly showed that such variation exists between and within maize

accessions examined by Khan et al. (2003).

Effects of salinity are seen to vary during plant development, thus giving way to
arguments concerning methods about selection criteria for distinguishing
tolerant and sensitive plants. GGermination percentage, shoot and root lengths,
seedling survival are generally used as simple measurements of selection
criteria and have been successful in sorghum (Azhar and McNeilly, 1989), maize
(Rao, 1997), rice (Yeo et al., 1990) and wheat (Prakash and Sastry, 1992; Noori
and McNeilly, 2000). In the present study, these same parametet's were used for
screening a small set of genetically diverse pearl millet inbreds. The effects of
varying concentrations of NaCl on shoot length, fresh and dry weights,as well as
shoot proline content and accumulation of K* and Na*,were reported earlier in
maize (Cicek and Gakirlar, 2002), wheat (Almansouri et al., 2001), rice (Lee et
al, 2003) and barley (Bagci et al, 2003). Boubaker (1996) showed that
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germination and seedling characteristics are also viable criteria for selecting
salt tolerance in durum wheat. Hence, to assess exploitable genetic variability in
pearl millet for salinity tolerance and to detect the salt-sensitive and salt-
tolerant lines among a set of 28 pearl millet inbreds, these lines were evaluated

in vitro for germination and early seedling growth characters under non-saline

control conditions and three levels of NaCl.

5.1.1 Morphological parameters
5.1.1.1 Effect of salt stress on germination

Analysis of variance (ANOVA) (Table 4.1) among the 28 pearl millet inbreds
revealed  significant genotypic differences for germination percentage.
Significant salinity level x genotype interaction cffects (P<0.05) were also
observed for germination, indicating that the differcnces between genotypes
depended on the salinity level (and thus that the inbreds differed in their
relative salinity tolerance during germination) as was also observed for barley
genotypes in a similar study (Othman et al, 2006). Germination percentage of
the pearl millet inbreds was strongly affected by salinity levels and increased
salt concentration caused a decrease in final germination percentage. These
results were in agreement with Basalah [1991], who found that high levels of
soil salinity can significantly inhibit seed germination. In general, both
halophytes (Ungar, 1996) and glycophytes (Varshney and Baijal, 1977) respond
in a similar manner to increased salinity stress during germination; with both a
reduction in the percentage of seeds germinating and a delay in the initiation of
the germination process. Inhibition of seed germination in glycophytes under
salt stress could be attributed to osmotic stress or to specific ion toxicity
[Huang and Redmann, 1995]. Moderate stress intensities seemed to delay
germlnatlon while higher stress intensities 51gmﬁcant1y inhibited the final
germlnaUOn percentages of pearl millet similar to the results reported by

Almansouri et al. (2001) in wheat.

Even though salt tolerance during germination differs from that at later stages
of plant development (Ashraf et al, 1997; Mano and Takeda, 1997a), good

germination under saline conditions is essential because it is the first stage of
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plant growth. From this perspective, it is clear that five pearl millet lines (Tift
23D:B1-P1-P5, P301-17Bk, 841B-P3, ICMB 95333 and ICML22) with high
germination percentages at higher salt level (150mM NaCl), have advantages
over the other genotypes that lost their ability to germinate at higher salt
concentrations. However, most pearl millet inbreds considered were found to
possess a moderate level of tolerance to salinity (i.e. ability to germinate up to
75mM NaCl concentration). But, germination of seeds of halophytes is inhibited
or severely reduced only at or above 250mM NaCl (Malcolm et al., 2003). Even
barley, which is considered one of the most salt-tolerant cereals, does not
survive at salt concentrations higher than 250mM NaCl (Munns et al., 2002).
Some of the grain such as sorghum, maize, barley, rice, cowpea and wheat (and
legumes such as cowpea) are relatively tolerant to salinity during germination,
but sensitive to salinity at the seedling and early vegetative growth stages, and
then again become tolerant as they approach maturity (Akbar and Yabuno,
1977; Ashraf, 1994). In contrast, durum wheat is less tolerant to salinity at
germination than after third-leaf stage (Francois et al., 1986). Selection for salt
tolerance can also be undertaken where the plant is only sensitive at one

particular growth stage, as in sugar-beet (Bernstein and Hayward, 1958).

5.1.1.2 Effect of salt stress on length, fresh and dry weights of shoots and
roots

Our results show that lines of pearl millet tolerant, moderately tolerant and
sensitive to salinity differed significantly in all of the observed parameters,
including reduction in shoot lengths, fresh weights and dry weights of shoots
and roots in response to salinity stress (Fig. 4.2 to 4.7). Relative shoot and root
length reduction were the traits most affected by salinity stress in all lines
followed by shoot dry weight and then fresh weight. Similarly, sorghum when
exposed to high levels of NaCl exhibited reduced shoot growth (Bernstein et al,
1993; deLacerda et al., 2003). Reduction in shoot and root dry weights could
perhaps be used as one of the good parameters to characterize salinity
tolerance in pearl millet at the seedling stage as opined by Lee et al. (2003) for
rice. The shoot/root ratios based on lengths of 10-day old pearl millet seedlings
decreased with increased salinity levels. In rice varieties, a positive correlation

between the shoot/root ratio and the tolerance to NaCl was found (Lutts et al,
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1996b). According to Shannon et al. (1994), under field conditions, the decrease
in the shoot/root ratio under saline conditions, allows a better use of the soil
moisture and nutrients. Plant roots are the first organs to become exposed to
salinity after germination, and root growth is particularly sensitive to salinity
(Cramer et al.,, 1988). In many cases, pearl millet seedling root lengths were
observed to increase with increased salt concentration [Table 4.3]. Root length
is an important indication of salt stress tolerance in plants because roots
provide contact with the soil and absorb water and nutrients from it. For this

reason, root length provides an important clue for the salt stress response.

In the present study, the relative reduction of shoot length and shoot dry matter
(shoot dry weight, mg/seedling) at various salinity levels was less in the most
tolerant lines than in the sensitive lines (Tables 4.6 and 4.7). Salinity tolerance
is measured as relative value, this value being more important in assessing
plant species of diverse origin (Shannon, 1984; Ashraf and Waheed, 1990).
Twenty-nine accessions of durum wheat assessed for their ability to sustain
growth under saline conditions at the seedling stage, which were measured as
absolute and relative values (Noori and McNeilly, 2000), exhibited variation

similar to that observed in the present studies.

A general observation from the screening results is that there was grouping of
traits under study during germination and early scedling growth in the
genotypes that match with the categories made (sensitive, moderately tolerant
and highly tolerant to salt stress) (Table 4.8). These results varied from that of
rice (Yeo et al., 1990), where although there was useful varictal variation for
each of the characters investigated, the desirable characters were scattered
amongst different genotypes and hence, there was no grouping of these salinity

tolerance traits in a single genotype.

5.1.2 Biochemical parameters

Understanding the mechanisms of salt stress tolerance is expected to lead to
more effective means to breed or genetically engineer salt tolerant crops. Salt
tolerance research also represents an important part of basic plant biology,

contributing to our understanding of subjects ranging from gene regulation and
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signal transduction to ion transport, osmoregulation and mineral nutrition as
reviewed by various workers (Munns et al., 2006; Ma et al., 2006; Sairam and
Tyagi, 2004; Borsani et al., 2003; Munns, 2002; Zhu, 2001a,b, 2002; Grover et
al., 2001; Yeo, 1998; Smirnoff, 1998; Neumann, 1997; Gorham et al., 1985).
Hence, a study of these aspects may help understand the possible mechanisms
for salt tolerance in pearl millet. Furthermore, if the mechanisms of salt
tolerance at the germination and early seedling stages can be defined, they will
be extremely valuable in breeding programs that are aimed at improving crop
plant resistance to salinity. Many plants, such as extreme halophytes, display
Na' dependence for optimal growth and development and develop specialized
structures such as salt glands and bladders to accommodate high salt
concentrations in tissues (Glenn et al., 1999). Other plants develop whole plant
strategies for avoiding stress such as accelerated completion of ontogeny.
However, these specialized adaptations are lacking in most major crop species.
Further, the precise impact of osmotic and ionic effects on cell growth, division,
phytohormone balance, and death in the context of the whole plant are complex
and require further investigations (Munns, 2001). Therefore, emphasis is placed
on the molecular genetic mechanisms controlling osmotic regulation at the
cellular level, mainly because the action and regulation of most osmoregulatory
components was not fully explored in the context of the whole plant. The
mechanisms examined to investigate salt tolerance in our studies include

accumulation of proline and ions, and activities of antioxidative enzymes.

5.1.2.1 Proline accumulation

One metabolic response to salt stress in a majority of plants is the synthesis of
compatible osmolytes. They not only act as osmotic balancing agents but also
protect sub-cellular structures and reduce oxidative damage caused by free
radicals that are produced as a result of exposure to high salinity levels (Hong
et al., 1992; Hare et al., 1998; Kavi Kishor er al, 2005). Osmolytes include
sugars, polyols, amino acids like proline and tertiary and quaternary
ammonium, and sulphonium compounds such as glycine betaine (Rhodes and
Hanson, 1993). The transient accumulation of certain metabolites, such as

proline, might serve as a safety valve to adjust cellular redox state during stress
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(Shen et al., 1999; Kuznetsov and Shevyakova, 1999; Kavi Kishor et al., 2005).
Some Australian halophytic Melanleuca species are salt tolerant, and this has
been attributed to their ability’ to accumulate large quantities of
osmoprotectants such as proline and proline betaine (Naidu 2003). Whole plant
free proline levels were observed to increase with increasing salinity levels in all
of the pearl millet lines included in this study, irrespective of their tolerance to
salt. Significantly greater proline accumulation was observed in the tolerant
lines with increasing salinity levels as compared to the sensitive lines. Perhaps
this enables the tolerant genotypes to cope with thc salt stress conditions more
efficiently. Similar increases in proline content was also reported in rice (Kavi
Kishor, 1988; 1989; Dubey and Rani, 1989), pigeonpea (Rao and Rao, 1981),
niger (Sarvesh et al.,, 1996) and many other plants (Delauney and Verma 1993)
in response to increasing salinity levels. Proline accumulation was also
significant under salinity stress in salt tolerant cultivars of green gram (Misra et
al., 2006), and is correlated with salt tolerance of many higher plants (Bray et
al.,, 1991; Perez-Alfocea and Larher, 1995; Lopez et al, 1994; Sarvesh et al,
1996; Ghoulam et al., 2002; Girija et al., 2002). Higher proline accumulation is
related to salt tolerance in the salt-tolerant genotypes, =»nd does not occur as a
consequence of tissue dehydration or tissue reaction to stress damage (Misra
and Gupta, 2005). Accumulation of free proline is correlated with tissue Na'
concentration for numerous plant species. This strongly suggests a possible role
of proline in osmoregulation during salt stress (Goas et al., 1982; Levitt 1980).
Proline is an important osmoprotectant in plants and can protect the
photosynthetic machinery against salt induced damage (Sivakumar et al.,
2000). In rice roots exposed to salt stress, more accumulation of proline was
correlated with increasing concentrations of NaCl (Khan et al., 2002) as is also
noticed in the present study. Proline was shown to protect PEG-induced
precipitation of some enzymes arid protein complex in vitro (Paleg et al., 1985).
Proline may act as an enzyme-stabilizing agent in salt-stressed tissues (Demir
and Kocacaliskan, 2001) or it may stabilize sub-cellula structures and
scavenge free radicals (Hare et al, 1996). Proline was also shown in vitro to
reduce enzyme denaturations caused due to high temperature, NaCl stress, etc.

(Hamilton and Heckathorn, 2001). NaCl curtailed carboxylase activity of
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Rubisco and enhanced the oxygenase activity as was shown by Sivakumar et al
(2000). But salt-stress induced oxygenase activity was suppressed by proline
even at a concentration of 50mM NaCl. The above findings support the view

that proline plays a critical role in protecting photosynthetic activity under

stress. Additionally, proline acts as a reserve source of carbon, nitrogen and

energy during recovery from stress (Alia et al.,, 1991; Zhang et al., 1997). Among
various compatible solutes, proline is the only molecule that was shown to

protect plants against singlet oxygen and free radic

. al induced damages (Alia et
al., 1997). Since proline can act

as a singlet oxygen quencher (Alia and
a scavenger of OH- radicals, it is able to stabilize
proteins, DNA and membranes (Hamilton and Heckathorn, 2001; Sivakumar et

Pardhasaradhi, 1993), and as

al., 2000; Alia et al., 1991; Bellinger and Larher, 1987; Fahrendorf et al., 1995;
Alia et al., 1997; Floyd and Zs-Nagy, 1984; Paleg et al., 1984: Rudolph et al.,
1986; Anjum et al.,, 2000; Smirnoff and Cumbes, 1989; Matysik et al., 2002;
Kavi Kishor et al, 2005). Hydroxy-radical scavenging activity has been
measured for sorbitol, mannitol, myo-inositol and proline and it was found that
proline is an effective hydroxy radical scavenger (Alia et al., 1997; Smirnoff and
Cumbes, 1989). Thus, prolinc is not only an important molecule in redox
signaling, but also an effective quencher of reactive oxygen species formed
under salt, metal and dehydration stress conditions in all plants, including

algae (Alia and Pardhasaradhi, 1991; Kavi Kishor et al., 2005).

5.1.2.2 Accumulation of Na*, K* and other ions under salt stress

Plants depend upon the maintenance of low cytoplasmic Na* and Cl
concentrations and a high K+/Na' ratio under salt stress, because K-
counteracts the inhibitory effects of Na' and Li*. Most plant cells maintain
cytosolic K* concentrations in the range of 100-200 mM and Na* values in the
low mM range (1- 10 mM) up to &« maximum of 100 mM (Maathuis and
Amtmann, 1999). In contrast to K*, Na' is not essential for, but facilitates
volume regulation and growth in most plants. However, at high concentrations,
Na' limits growth (Blumwald, 2000). In the present studies, sensitive lines
showed more accumulation of Na* when compared to K. All the tolerant lines

recorded K*/Na* ratio >1 indicating higher accumulation of K* than Na*. Less
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accumulation of Na* and more accumulation of K+ are also regularly observed in
Vaidyanathan et al., 2003; Sangam, 1995). Lower
uptake of Na* and comparatively higher accumulation of K+

salt-tolerant varieties of rice (

hani i seems to be one of
the mechanisms of their tolerance to salinity stress especially in the tolerant

lines. Optimal accumulation of K' facilitates ion homeostasis which is otherwise

disturbed under excess Na' concentrations. Bread wheat (Triticum aestivum)
restricts Na* transport to leaf tissues through Na-

exclusion and maintains high
selectivity of K* over Na' (Gorham et al.,

1986; Gorham, 1993). The high K*:Na’
ratio in leaves of T. aestivum and T. tauschii is partially attributed to the
enhanced K*/Na* discrimination character (Gorham et al., 1990; Gorham, 1993
Dvora'k et al., 1994). Similarly, high K':Na* ratios in leaves of the wild Hordeum
species indicate mechanisms for Na* exclusion and K*/Na- selectivity in these
species. However, wild Hordeum species with the exception of H. murinum
appear to maintain K*/Na* selectivity even at high salinity levels (i.e. 450 mM
NaCl) (Garthwaite et al., 2005). By contrast, the K*/Na' discrimination trait in
T. aestivum and T. tauschii is most apparent at relatively low salinity levels (50
mM) (Gorham, 1993: Gorham et al,, 1997). The maintenance of a high cytosolic
K'/Na* ratio is significant for plant growth during =alt stress (Glenn et al,
1999). The yeast halotolerance gene (HAL1) facilitates K*/Na- selectivity and salt
tolerance of cells. Over expression of HAL1 gene in A. thaliana resulted in less
Na* accumulation and promoted salt tolerance (Yang et al, 2001). Similarly,
Rus et al. (2001) found that a high affimty K transporter (AtHKT1) from A.
thaliana functions as a selective Na' transporter and also mediates K*

transport.

To avoid cellular damage and nutrient deficiency, plant cells need to maintain
adequate K' nutrition and a favourable K'/Na* ratio in the cytosol (Niu et al.,
1995; Serrano et al., 1999). Excessive concentrations of Na' ions at the root
surface may disrupt plant K* acquisition anA nutrition that is vital for the
maintenance of cell turgor, membrane potential, and the activities of many
enzymes (Lazof and Bernstein, 1999). Once Na' enters into the cytoplasm, it
has a strong inhibitory effect on the activity of many enzymes. This inhibition is
also dependent on K' levels in the cytoplasm: a high Na'/K ratio is most

damaging. Therefore, Na* needs to be compartmentalized into the vacuole away
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from the cytosolic enzymes (Flowers et al., 1977). Recent studies identified
pathways for Na* entry into cells (Zhu, 2000} and vacuoles through vacuolar

membrane-bound proteins. Cloning of genes that encode Na' /H* antiporters
(Ohta et al, 2002) demonstrated the importance of intracellular Na'
compartmentation during salt stress. Thus, salt tolerance requires not only
exclusion but also sequestration of Na* ions. Besides, the acquisition of K+ is
important, whose uptake is severely affected by high external Na* concentration
due to the chemical similarities of the two ions. Therefore, K+ transport systems
involving good selectivity of K' over Na* can be considered as an important
determinant of salt tolerance in higher plants (Rodriguez-Navarro, 2000).

Tolerant genotypes not only accumulate less Na‘ but also show minimum
imbalance in K+, Ca* and Mg?' content (Pandey and Srivastava, 1995-97). A
similar trend was noticed in pearl millet lines subjected short-term salt stress
treatments. The increase in accumulation of Na' and Cl- were comparatively
higher in the salt-sensitive pear]l millet lines, while increase in accumulation of
K and Ca?' were much higher in the moderately tolerant and highly tolerant
lines than the susceptible lines. It appears that the increased accumulation of
Cl' in the sensitive lines not only added to the toxic effects in the plant tissue,
but also the saline-induced changes in mineral nutrient uptake likely
contributed to the reduction of plant growth in these lines, as was observed in
Phaseolus species by Bayuelo-Jiménez et al. (2003). Several salt-tolerant wild
Hordeum species were shown to possess an exceptional capacity to exclude Na*
and Cl from their shoots (Garthwaite et al., 2005), thus indicating a probable
mechanism for lower increase in accumulation of these ions in the tolerant
lines of pearl millet than the sensitive lines. Higher increase in Ca* in the
tolerant lines may be due to its involvement as a second messenger in excluding

Na* out of the cells via the SOS (salt overlay sensitive) pathway (Zhu, 2003).

5.2 Antioxidative enzyme activity

Among the secondary stresses imposed by high salinity, oxidative stress is an
important constraint for salt tolerance. Many studies have implied that salt
stress could generate reactive oxygen species (ROS) in plants (e.g. Burdon et al.,

1996; Shen et al., 1997; Tsugane et al., 1999; Hong et al., 2000). ROS include
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singlet oxygen, hydrogen peroxide, hydroxyl radicals, and superoxide anions.
ROS have damaging effects on cellular structures and macromolecules such
lipids, enzymes and DNA. Detoxification of these compounds by effective

enzymatic machinery contributes to alleviation of salt stress.

It has been demonstrated that salinity-induced oxidative stress and lipid
peroxidation is frequently used as an indicator of oxidative stress when plants
are subjected to salinity le.g. in Morus alba (Sudhakar et al, 2001),
Lycopersicon esculentum (Mittova et al., 2002), Beta vulgaris (Bor et al., 2003),
Oryza sativa (Vaidyanathan et al., 2003), and Gossypium hirsutum (Meloni et
al., 2003)]. To overcome the oxidative stress, plants make use of complex
antioxidative machinery. Relatively higher activities of ROS-scavenging enzymes
have been reported in stress-tolerant genotypes when compared to stress-
sensitive ones, suggeting that the antioxidative system plays an important role
in plant tolerance against environmental stresses. Salt-tolerant genotypes
generally can protect themselves from salt-induced oxidative stress by
maintaining higher concentrations of osmolytes, antioxidative molecules such
as anthocyanins and increased antioxidative enzyme activities (Sreenivasulu et
al., 2000, Sairam et al., 2002, Bandeoglu et al., 2004, Gossett et al., 1994a)

than the salt-sensitive genotypes.

5.2.1 Antioxidative enzyme responses under short-term salt stress

Specific activity of catalase was low in the sensitive lines compared to tolerant
ones under salt stress conditions. In the tolerant line, the activity increased by
12-folds by 72h though it declined later on. Such an increase in the activity of
CAT was recorded in the tolerant genotypes of Beta maritime (halophyte) and
the non-halophyte Beta vulgaris (Bor et al., 2003) also. Such comparisons were
also made between genotypes of rice (Sudhakar. et al., 2001) and wheat (Sairam
et al., 2002) differing in salt tolerance. It appears therefore that some genotypes
utilize catalase as an effective antioxidative enzyme to convert hydrogen

peroxide that is generated during salt stress.

The native activity of SOD appeared lower in the sensitive line when compared

to the tolerant lines of pearl millet. This suggests that SOD may function as an
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effective ROS scavenger, by converting 02- to H,0, as pointed by Alscher et al.
(2002). The salt sensitive lines showed a gradual hike in SOD with exposure to
salinity till 72h but declined later on. A similar decrease in the level of SOD
under salt stress was reported earlier by Santos et al (2001) in sunflower. Very
high SOD activities were reported under salt stress conditions in several salt-
tolerant species compared to the salt-sensitive ones (Sreenivasulu et al., 2000,
Gossett et al., 1994a; Acar et al,, 2001). Also, the potential role of SOD in the
protection against salt stress was examined using transgenic rice plants
(Tanaka et al, 1999). Even though a high SOD activity protects the plants
against the superoxide radical, it cannot be solely responsible for membrane
protection against peroxidation because it converts 02 to H,0,, which is also a
ROS. This ROS should then be scavenged by other enzymes, such as catalases

and peroxidases.

The native activity of GR was lower in salinity sensitive line when compared to
the moderately tolerant and tolerant lines. In the sensitive line, the activity of
glutathione- S-transferase also declined but slightly increased by 72h. Highest
GST activity was observed in the moderately tolerant line while the increase was
transient in the tolerant line. Since APX and GR are key enzymes of the
ascorbate-glutathione cycle (Noctor and Foyer, 1998), the genes encoding the
enzymes in this pathway could be a potential source for generating transgenics
that confer salt stress tolerance. In some species salt tolerance was associated
with an increase in both APX and GR activities (Bor et al., 2003; Harinasut et
al., 2003); only an increase in GR was observed in pearl millet. However,
discrepancies were also noticed in several species with regard to the activities of
this enzyme (Jogeswar et al., 2006). These could be related to the complexity of
this cycle, that have enzymes encoded by multigene families whose products
are localized in different cell compartments, and are regulated.differently by
stress conditions. Functioning of GSH (reduced glutathione) as an antioxidant
compound under salt-induced oxidative stress has received much attention
during the last decade. Our results indicated that the content of GSH was less
in the susceptible line compared to the tolerant line. Glutathione metabolizes
free radicals and also protects the thiol status of proteins (Gilbert et al., 1990).
Glutathione and ascorbate mostly exist in the chloroplasts (Meneguzzo et al.,
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1998; Meneguzzo et al.,, 1999). They also exist out side the chloroplasts and a
decline in the GSH to GSSH ratio usually reflects the predominant oxidation of
the cytosolic antioxidant. The increase in total glutathione content in the line
863B-P2 may be increased GR activity in this line and indeed this is reflected in
the activity. GSH may be synthesized in the shoots and then transported to
roots since roots are the primary organs that suffer salt stress (Ruegsegger et
al., 1990). Thus, GSH appears to be an important signal molecule in different
defense responses. Oxidative stress produces hydroxyl radicals that are highly
toxic to the cells. GSTs conjugate GSH with endogenously produced
electrophiles, which results in their detoxification (Williamson and Beverly,
1987). The constitutive as well as salt induced activities of GST were higher in
the salt tolerant seedlings under salt stress conditions. This is an indication
that salt tolerant species of pearl millet possess effective mechanisms to
conjugate with GSH and detoxify the electrophiles when exposed to salt stress
conditions. A central nucleophilic cysteine residue may be responsible for the
high reductive potential of GSH due to which it scavenges cytotoxic H,O,, and
reacts non-enzymatically with other ROS as pointed by Larson (1988). The
central role of GSH in the antioxidant defense is due to its ability to regenerate
another powerful water-soluble antioxidant, ascorbic acid (ascorbate), via the
ascorbate-glutathione cycle (Foyer and Halliwell, 1976; Foyer, 1993; Noctor and
Foyer, 1998). Glutathione reductase (GR) plays a key role in this cycle during
oxidative stress by converting the oxidized glutathione GSSG to GSH and
maintaining a high GSH/GSSG ratio (Alscher, 1989; Fadzilla et al, 1997).
Higher GSH to GSSG (oxidized form) ratios and GR activities are correlated to
acclimation or tolerance in plants subjected to oxidative stress imposed by salt
in cotton and Bruguiera parviflora (Gossett et al., 1996; Parida et al., 2004a,b).
It was previously reported that overexpression of GR in transgenic plants led to
elevated levels of GSH, increasing the tolerance to salt and’oxidative stresses
(Foyer et al, 1991). Roxas et al. (2000) repoited the alleviation of oxidative
stress by over-expression of a tobacco GST in transgenic tobacco seedlings

under stress.

While lipid peroxidation was not much in Tift 23D,B,-P1-P5, WSIL-P8 displayed
very high levels of MDA under short-term salt stress. An incrcase in MDA levels
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with increasing salt concentration was noticed in the sensitive line ICMB 90111
after 7 days salt treatment, while the moderately tolerant and tolerant lines
recorded decrease in MDA levels with increased NaCl concentrations. Such
contrasting differences in pearl millet sensitive and tolerant lines indicate that
they may possess differential mechanisms to combat the stress. Higher lipid
peroxidation in sensitive cultivars of pea (Hernandez et al., 1993) and rice
(Dionisio-Sese and Tobita, 1998) were reported earlier: suggesting that the
elevated levels of the antioxidative enzymes protect plants against the ROS,
thus avoiding lipid peroxidation during salt stress in the tolerant cultivars
(Gossett et al., 1994b; Shalata and Tal, 1998; Comba et al., 1998; Shalata et al.,
2001). Lipid peroxidation of membranes of higher plants is an indication of free
radical-induced oxidative damage under salt stress conditions. This is indicated
by MDA levels in the tissues. MDA levels provide an index of oxidative damage
due to the inadequate response of the antioxidative systems as evident in

several other crop species (Sreenivasulu et al., 2000, Mittova et al., 2002).

5.2.2 Isoenzyme profiles at short term salt stress

Analysis of isoforms of antioxidative enzymes during salinity acclirnation will
provide important new insights into salt tolerance mechanisms or processes.
Superoxide radicals are toxic by-products of oxidative metabolism. Thus, the
dismutation of superoxide radicals into H»O. and oxygen by SOD is an
important step in protecting the cell. Isoforms of SOD can be divided into three
classes based on the metals present in active site: Cu/Zn-SOD, Mn-SOD, and
Fe-SOD (Beyer and Fridovich, 1987). Our results indicate the presence of two
isoforms of Mn-SOD and one isoform of Cu/Zn-SOD in pearl millet on the basis
of activity levels with in situ staining technique on the gel. The increase in
exposure to salinity stress led to an increased intensity of the Mn-SOD2 and
Cu/Zn-SOD isoforms ifi native gels. Lee et al. (2001) observed two isoforms’ of
Mn-SOD and five isoforms of Cu/Zn-SOD in rice, while Fe-SOD isoform was not
detected in the activity gels. The difficulty involved in ide 1tifying Fe-SOD in
different species of higher plants is related to their low enzymatic activity and
low expression (Salin and Bridges, 1980; Almansa et al., 1991; Gueta-Dahan et
al, 1997). Also, Fe-SOD is usually inactivated by H,0, (Alscher et al.,, 2002).
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Salt-stress increased the activities of leaf mitochondrial Mn-SOD and
chloroplastic Cu/Zn-SOD in NaCl-tolerant pea cultivars (Hernandez et al,

1995) and this has been also observed in shoot cultures of rice (Fadzilla et al.,
1997).

Our results showed a strong correlation between salt tolerance and the activity
of antioxidative enzymes. This suggests that the balance between the activities
of H.O,-producing and H.O,-scavenging enzymes play an important role in
providing a defense mechanism against salt-induced oxidative damage in plant
cells. Different responses of antioxidative systems to salt stress in different
pearl millet lines suggest that there is no universal mechanism incorporating all
the antioxidants that lead to ROS detoxification in pearl millet. The genotypes
studied here differed significantly in initial antioxidant content, trends of
increasc/decrease in enzyme activity in response to short-term salinity stress,
and lipid peroxidation resulting from salinity stress. The results from this study
may provide base-line information and a system necessary to conduct further
studies related to the molecular and genctic basis of salinity tolerance in pearl
millet to elucidate the importance of the rclationship between antioxidant

activity and development of salt tolerance.

5.3 Protein profiles

Analysis of the protein profiles of pearl millet on SDS-PAGE revealed that some
polypeptides (120kDa) were synthesized in response to salt stress in tolerant
lines (P310-17B, 841B-P3, Tift 23D,B,-P1-P5), while synthesis of few existing
polypeptides (180kDa and 54kDa) increased under short-term salt stress (in
841B-P3). Similar reports of synthesis of specific proteins under salt stress have
been reported in other species also (Misra et al., 2006). Increased synthesis of

polypeptides in cells adapted to salinity was also reported (Singh et al., 1985).

Bands of polypetides with molecular weights of about 15kDa, 18kDa, 25kDa,
27kDa and 54kDa were noticed in pearl millet seedlings on exposure to short-

term salt stress at 150mM NaCl. The absence of 25kDa protein band in the

sensitive lines, while its presence in the moderately tolerant and highly tolerant




lines, indicates its association to salt tolerance. The intensity of 27kDa and
54kDa bands increased in the SDS-PAGE profile when compared to that of the
sensitive lines across all the treatments. Such salt stress induced proteins (20-
24kDa) were reported earlier in various plants like barley (Ramagopal, 1987;
Hurkman and Tanaka, 1987; Hurkman et al, 1991). A protein of 26kDa in
Brassica (Jain et al., 1993), 15kDa and 26kDa in rice shoots (Shirata and
Takagishi, 1990), 26kDa and 27kDa in rice cultured cells (Shirata and
Takagishi, 1990}, 23kDa in germinating seeds of rice (Rani and Reddy, 1994),
22kDa in Raphanus sativus (Lopez et al., 1994), 26kDa in citrus and tomato
cells (Ben-Hayyim et al, 1989), 18kDa, 19.5kDa, 21kDa, 26kDa, 34kDa,
35.5kDa, 37kDa and 58 kDa proteins in cultured tobacco cells (Singh et dl.,
1985) were also recorded earlier. Synthesis of a 26kDa protein was unique in
tobacco cells under salt stress. Singh et al. (1987a,b) latter named this protein
as ‘osmotin’, because it was synthesized and accumulated by cells undergoing
gradual osmotic adjustment to either salt or dessication stress (Chretein et al.,
1992; Perez-Alfocea and Larher, 1995). The newly synthesized proteins and also
proteins that displayed increased levels of activity under salt stress may have
an adaptive role in osmotic adjustments (osmotic as well as ionic components of
salt stress) (Shirata and Takagishi, 1990; Singh et al., 1987a,b), thus protecting
the key cytoplasmic enzymes and protein synthesizing apparatus against
adverse effects of high salt concentrations. The possibility that a variety of
environmental stresses may lead to the production of one or more common
proteins suggests a general stress tolerance mechanism for abiotic stress and
also the possibility that there may be a key set of proteins (Harrington and Alm,
1988) cannot be ruled out from our findings. The polypeptides identified in the
present studies were not comparable to those proteins specifically synthesized
under heat shock in tobacco cell lines (Harrington and Alm, 1988). Thus,
conclusions drawn from the studies of Ben-Hayyim et al. (1993) thdt salt-
induced proteins are species-specific and that 1o similaritics exist among them
is not consistent with our findings, as a few of the proteins r~ported in response
to salt stress in pearl millet are common (on the basis of molecular weight) with
those reported from other sources under salt stress (Singh et al., 1985; Shirata

and Takagishi, 1990).
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5.4 Effect of GA; and CaCl; on salinity stress

Among the differen‘t plant growth regulators, gibberellic acid (GA») is capable of
reversing the salinity-induced stress on hypocotyl elongation (Banyal and Rai
1983, Smith et al., 1995). Although the effect of gibberellic acid on growth,
photosynthesis, enzyme activities and productivity were well studied (Kavi
Kishor and Mehta, 1987; Saxcna and Pandey, 2001) and its effect on salinity
induced inhibition was also found out in various crops (Angrish et al., 2001;
Aldesuquy and Ibrahim, 2001), pertinent information with regard to pearl millet
was not previously available. Similarly, an important determinant for plant salt
tolerance that is relevant to Na* and K* homeostasis is calcium. It was observed
that increased Ca2* supply has a protective effect on plants under NaCl stress.
Onc possible approach to reduce the effect of salinity on plant productivity is
the addition of Ca? to the growth medium. Scveral earlier reports indicated that
supplemental Ca?* (usually up to at least 5mM) may alleviate the reduced
growth caused by salinity. A Ca?* signaling pathway regulates a K' channel for
low potassium response in Arabidopsis (Li et al., 2006). Because H.O.
production leads to Ca2* changes in plant cells (Pei et al, 2000), it is
conceivable then that Ca?* functions as a second messenger in plant response

to low-K* stress.

The effect of Ca?* and GA: in ameliorating salinity stress in two inbred lines of
pearl millet, ICMB 90111 (sensitive) and 841B-P3 (tolerant) was investigated in
the present study. Because the two lines tested have different degrees of salt
tolerance, one of the primary objectives was to determine how these lines
responded to the combination of salinity and CaCl. or GAs, or salinity and both
CaCl, and GA; with respect to seed germination, early seedling growth and
proline content. Both CaCl. and GA; were effective in partly ameliorating the
adverse effects of salinity stress on gerfmination and early seedl;ing growth
measured in terms of length and fresh weights of shoots and roots, as well as
on proline accumulation. Likewise, germination percentage growth and grain
yield of wheat decreased with increasing salinity levels, but these effects were
partially ameliorated by seed treatment with GA; (Kumar and Singh, 1996;
Ashraf et al., 2002). In another study, wheat seeds after treatment with various
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growth regulators, showed the highest percent germination when treated with
20mgL! GAs (Nayyar et al., 1995). Additionally, Huber et al., (1974) found that
GA; counteracted the effect of NaCl on the in vivo activity of carbohydrate
metabolism in leaves of Pennisetum typhoides (a synonym for P. glaucum). Ca?'
alleviated the salt-induced inhibition of root elongation more effectively than
shoot elongation, especially in the salinity-sensitive pearl millet line ICMB
90111, similar to previous reports in wheat (Kinraide, 1999). The reason for this
is that salts in the nutrient solution lower the activity of Ca?* (Cramer and
Lauchli, 1986) and root growth is severcly affected. Root elongation of maize
was not affected by the addition of 80mM NaCl, provided that supplemental
Ca?* (10mM) was given. In the absence of exogenous Ca?', there was a reduction
in root growth that was not readily reversed by subsequent supply of Ca’
(Cramer et al.,, 1988). Similarly, even at 150mM NaCl, elongation of sorghum
roots was reduced by only 20% if supplemental Ca?' was given, but by 80%
devoid of it (Colmer et al, 1996). The effect of supplemental Ca?' on salt-
stressed roots was also related to the ion activities in the external solution
(Cramer et ul., 1986; Yermiyahu et al,, 1997). Application of Ca?' increased the
salt-induced proline accumulation especially, in the sait tolerant line of pearl
millet as reported earlier in wheat scedlings also (Sadigov et al., 2002). A similar
observation was made with GA;. Further, a combination of CaCl, and GA;
considerably increased the proline accumulation in the salinity-sensitive line
ICMB 90111 and increased this almost 6-fold in salinity-tolerant line 841B-P3,
as compared to their corresponding salinity-stressed controls. The positive
effect of Ca?* may be due to its role in the protection of cell membranes from the
adverse effects of salinity (Busch, 1995) or its role in the signal transducing

events.

5.5'Development of molecular markers

Of the several marker techniques available till date, SSR markers are currently
the best option available to plant breeders for marker-assisted backcrossing
programs, because of their ease of use, co-dominant inheritance, high levels of
polymorphism, and reasonably even distribution across the nuclear genome. To

date, about 100 SSR markers are available for use in pear] millet (e.g., Qi et al.,
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2001; Allouis et al., 2001; Budak et al., 2003; Qi et al., 2004; Senthivel et al.

2004). However, a much larger number is required for their widespread
application in plant breeding. Therefore, development of additional novel PCR-
compatible markers is a valuable objective for the pearl millet research
community, especially if these markers can be targeted at genomic regions
known to contribute to the control of economically important, genetically
complex traits such as salinity tolerance. In the present investigation, the novel
TRAP marker approach (Hu and Vick, 2003) was used as this allows PCR-based
mapping of genes for which some sequence information is available, at least
from related species (in this case maize), and generation of PCR-compatible
markers that will be “breeder friendly”.

5.5.1 The advantage of TRAP markers

There are several advantages of TRAP over other DNA marker techniques. First,
it combines the favorable features of the RAPD (easy to perform) and the AFLP
(highly informative) methods. Second, TRAP explores the bioinformatics tools to
design primers against known sequences of putative genes, while RAPD and
AFLP are generated by random anonymous sequences Taking advantage of the
sequence information for candidate genes in designing fixed primers, TRAP was
expected to generate at least modest portion of trait specific markers. It was
preferred over other marker systems, as it does not have much of the inherent
limitations associated with RAPD, AFLP, RFLP and SSR markers. The RAPD
marker system is known to have low repeatability due to the unpredicted
behaviour of the short primers used in PCR reactions. Even though AFLP is
efficient in producing multiple polymorphic fragments from a single PCR
reaction, the extensive pre-PCR sample processing makes it laborious and less
attractive. Expressed sequence tagged (EST) markers are also promising, but
‘our initial attempt to get such markers using the designed fixed primer pairs’
(forward and reverse EST primers) designea for the respective ESTs gave
monomorphic fragments. SSR markers are the most widely v sed marker system
for plant breeding because they are user friendly, highly polymorphic and

locus-specific. However, their use for rapid whole genome mapping is hampered

by the large number of PCR reactions required for generating data for a




sufficiently large number of marker loci and the often huge initial cost involved
in SSR development. Finally, all of these PCR-based methods are faster than
hybridization-based RFLP markers, but the latter is still the standard for
comparative mapping across more distantly related species. With this back
drop, this study attempted to develop TRAP makers associated with genomic

regions contributing to salinity tolerance and to assess their utility for mapping
this trait in pearl millet.

5.5.2 Optimization of TRAP technique for pearl millet

Fixed primers were designed targeting the GR, SOD and P5CS gene families of
pearl millet. PCR conditions were optimized for the fixed primers in combination
with a set of arbitrary primers. During the initial PCR optimizations, it was
observed that arbitrary primers could behave like RAPD primers to amplify
fragments in conjunction with themselves. Hence, the fixed primer
concentration in the reaction mixtures was increased thrice to that of the
arbitrary primer to minimize the amplifications primed by arbitrary primer
alone. The initial annealing temperature for the first five cycles was set at 35°C.
The rationale behind using this temperature was that primer annealing to the
DNA template depends on the matching-level of the two sequences, and
amplification efficiency is determined by the effectiveness of primer binding to
the template DNA. The low initial annealing temperature ensured the binding of
arbitrary primer to template sites with even a partial match in the target DNA
sequence. The annealing temperature was then increased for the subsequent 35
cycles to 50°C. This temperature change ensured that DNA products amplified
in the initial five PCR cycles were efficiently and consistently amplified in
exponential fashion during the remaining PCR cycles. If the annealing
temperature was kept at 35°C for all the cycles then it would have resulted i'n
bands of poor reproducibility (Li and Quiros, 2001). Increasing the initial
annealing temperature (for the first five cycles) led to higher specificity and

fewer amplified fragments. This was also observed by Liu et al. (2005).

The TRAP-amplified fragments were highly repeatable except for a few weak

bands in certain combinations, which might have been resolved better if
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autoradiography or fluorescence-based methods of detection had been used
instead of silver staining. The number of fragments produced by TRAP primer
combinations in this study was less than reported by Hu and Vick (2003) and
Liu et al. (2005), who used fluorescence-based detection systems. Nevertheless,
the strong bands were highly reproducible, easily scorable, and posed no
problems for scoring on silver-stained PAGE gels. It was observed that in some
mapping population progenies, the strong bands were weaker in intensity than
expected, but still they were easily scorable. This behaviour might be mainly
because the primers got distributed to several other competing loci where
amplifications were also made, thus reducing the primer availability at the
locus chosen for scoring and finally resulting in unexpectedly low PCR product

band intensity for the target due to decreased amplification at that locus.

5.5.3 TRAP marker analysis

Among the TRAP primer pairs designed for the three gene sequences (GR, SOD
and P5CS), those producing unique bands for both parents (Tift 23D,B;-P1-P5
and WSIL-P8) were preferred for amplification of DNA from the mapping
population progenies, as this minimizes the likelihocd of mis-scoring tracks
with low PCR product levels. Further, such unique bands for both parents
could potentially be converted to co-dominant markers, provided they map at
same place or have very tight linkage between them. Out of 68 polymorphic
TRAP markers identified, 4 TRAP marker pairs (viz.,, S2A7.630 and S2A7.610,
S3A4.530 and S3A4.510, PA15.290 and PA15.280 and PA15.165 and
PA15.160), appeared to be segregating co-dominantly in the mapping
population. Each pair is likely to represent co-dominant marker alleles for a
single locus as they map to the same place and exhibited banding patterns on
the PAGE gels just like co-dominant SSR markers (i.e. intense bands when
present alone in the individual and iess interise bands when both bands are
present in the individual). However, this can only be confirmed after cloning
and sequence analysis. Liu et al. (2005) also noticed a few TRAP markers that

exhibited co-dominant inheritance in wheat.

Each TRAP PCR reaction generated 15-25 potential TRAP marker bands, which

significantly varied in their intensities. The sizes of most of the amplified
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fragments ranged from 130bp to 1590 bp. A total of 68 polymorphic TRAP
markers were identified from 11 fixed-random primer combination reactions, for
an average of ~6 easily scorable polymorphic TRAP markers for each TRAP
primer pair used. The polymorphism level detected was low compared to that
reported by Liu et al. (2005), Hu and Vick (2003), Alwala et al. (2003, 2006),
and Arro (2005), who got an average of more than 24 polymorphic markers per
reaction. This might be due to use of a less effective detection system (silver
staining) in the present study, or could be attributed to the low level of
polymorphism available between the parents of this mapping population
compared to those used by Liu et al. (2005). However, these results are
comparable to a parallel study in our lab for developing TRAP markers for
drought tolerance and stover quality in a well-characterized and highly
polymorphic pearl millet mapping population (Rajaram, 2005). This study and
that of Rajaram (2005) together are the first time that the silver-staining
technique is being used for visualization of TRAP markers. Our results
indicated that the TRAP markers provide a rapid and powerful technique for
fingerprinting pearl millet for agronomically important traits like salinity
tolerance, but suggest that more sensitive PCR product visualization procedures

may be needed to more effectively exploit the potential of this marker system.

These TRAP markers were analyzed for segregation distortion using a chi-
square test and 22 and 7 out of the 68 TRAP markers were found segregating
according to the expected Mendelian ratio of 3:1 or 1:3, respectively. When the
TRAP markers were tested for segregation into 1:1 ratio, 19 TRAP markers were
found segregating with no significant distortion. The segregation of these
nineteen TRAP markers into 1:1 ratio instead of the Mendelian 3:1 ratio may be
attributable to the fact that the mapping population size was quite low in this
case (only 97 genotypes) and the number of leaf samples collected for DNA
extraction per genotype was also less (25-30). A larger population consisting of
about 200-500 progenies, has been considered better for DNA marker studies

and linkage analysis (Young, 2001; Beavis, 1994).
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5.5.4 Construction of linkage map

In this invqstigation, we used TRAP and RFLP marker data to generate a genetic
linkage map in an F.s mapping population suitable for salinityv tolerance QTL
detection. Our goal was to exploit the advantages of TRAP markers with the
premise that they could be used to generate an abundance of marker loci
scattered throughout the genome and for this the previously generated RFLP
markers (Liu et al, 1994a,b) werc used to assign TRAP markers to specific
linkage groups and draw comparisons with previously published pearl millet
marker-based genetic linkage maps. This strategy proved efficient and led to the
construction of a map containing 102 (52 RFLP and 50 TRAP) loci in a short
time. Of 64 TRAP markers (4 marker pairs reduced to single co-dominant loci),
50 were mapped into the framework linkage map along with 54 RFLP markers,
which were generated previously for the (Tift 23D,B,-P1-P5 x WSIL-P8)-based
pearl millet mapping population (Liu et al., 1994a,b). The linkage analysis of the
new TRAP markers in combination with previously mapped RFLP markers,
helped to assign the newly developed TRAP markers into specific linkage groups
so that they can be placed on the pearl millet consensus map. As TRAP markers
are dominant in nature, the use of co-dominant markers in mapping analysis
helps to minimize the discrepancies expected to arise due to dominant markers

cxisting in coupling and repulsion linkage phase in the F, mapping population.

The TRAP markers generated in this study were distributed across all seven
linkage groups of pearl millet |7, 10, 14, 3, 9, 6 and 1 TRAP marker(s)
respectively, in LG1, LG2, LG3, LG4, LGS, LG6 and LG7] and the total map
length was 1517.7cM (Kosambi units). Each linkage group had at least one
TRAP marker and hence it appears that this marker system has sufficient
potential to cover the whole genome and fill gaps in the RFLP- and SSR-based
pearl rhillet linkage map, as previbusly observed in wheat (Liu et al., 2005). The
TRAP protocol not only efficiently produced markers in target regions of our
interest as in the cases described above, but they might l.ave also produced
markers mapping to other regions. There could pe three reasons for this: one is

that other loci might be a member of homologous gene families to which the

targeted candidate gene belongs and hence might have a complementary




sequence to that of the fixed primer used. The second reason is presumably due
to the low (35°C) initial annealing temperature used in the TRAP PCR protocol,
which allows low annealing specificity and the subsequent amplification of large
number of fragments. However, increase in annealing temperature to 50°C for
35 cycles, after the initial 5 PCR cycles at 35°C, reduces the potential for non-
specific amplification. The third reason is that the random primer may amplify
in conjunction with itself (Liu et al, 2005), effectively behaving like a long-
primer RAPD marker. However, the third reason could be ruled out in our
studies as the arbitrary-arbitrary primer combination could hardly amplify any
fragments within the size range of 150-2000 bp. This is one of the two first
reports on the construction of linkage maps in pearl millet using TRAP markers.
TRAP markers are very efficient for rapidly generating a large number of
markers scattered across the genome, which allow fragmented linkage groups

to be joined and many larger marker intervals to be filled.

5.5.4.1 Comparison with previously published maps

It is difficult to make extensive comparisons of marker orders between our map
and previously published maps because the majority of our markers were
generated by the TRAP protocol based on primer sequences developed for the
SOD, GR and P5CS gene sequences, which were not previously been used to
construct pearl millet genetic maps. However, previously published RFLP-based
genetic linkage map of pearl millet constructed by Liu et al. (1994b) and
uodated by Devos et al. (2000), Yadav et al. (2002, 2004), Breese et al. (2002),
and Qi et al. (2006), allowed us to draw some comparisons with RFLP loci on
our map. Of the RFLPs that we used for mapping, 52 were found common with
those on the map presented by Liu et al. (1994b). Most of them detected loci on
lmkagc groups similar to those reported by Liu et al. [1994a b) and the order of
common markers along our maps agreed well with the previous maps.
Therefore, we assume that our linkage group assignments are correct. However,
it would be necessary to assess these TRAP markers on a linkage mapping
population having better anchored marker saturation on the linkage groups

(especially LG3 and LG7) before these TRAP markers can confidently be

assigned to pearl millet genome.




Hence, we believe that TRAPs markers are very efficient compared to other
marker systems. First, the TRAP technique generates a reasonably large
nurnber of markers per PCR reaction, comparable to the AFLP technique.
Second, the TRAP technique does not require extensive pre-PCR processing of
templates, as does the AFLP technique. Instead, total genomic DNA is used as
template, thereby making TRAP markers as user-friendly as SSR markers, but
much more efficient in terms of the number of segregating marker bands
generated per PCR reaction. Although there is somec uncertainty as to the
nature of TRAP-amplified fragments, we found tliat TRAP markers are highly
repeatable and more cost-effective for filling groups than SSR markers because

significantly more loci could be assigned with a single PCR reaction (Liu et al.,
2005).

5.5.5 QTL analysis

There is considerable evidence to support the view that salt tolerance and its
sub-traits are determined by multiple QTLs and that both additive and
dominance effects are important in the inheritance of many of the traits
associated with salt tolerance (Fooland, 2004; Flowers, 2004; Gregorio et al.,
2002). Genetic analysis in Arabidopsis by crossing the most salt-tolerant
accessions with the most salt-sensitive ones suggested that the salt tolerance

during germination was under polygenic control (Quesada et al., 2002).

5.5.5.1 Phenotypic data analysis

F, populations are commonly utilized in initial assessment of the inheritance of
phenotypic traits in crops. Unlike a DH or RIL population, individual progenies
in the segregating F. population are expected to be heterozygous at 50% of their
loci, and F; individuals derjved by selfing a single F. individual are expected to
differ in their genetic background at these loci. Due to non-availability of F2
plants (the F, plants having been RFLP genotyped in the early 1990s and
advanced by two generations of selfing without selection to produce Fza-self
bulks to produce seed samples for use in downy mildew resistance screens), in
our investigation, small samples from Fas progenies were used for phenotypic

analysis, and DNA extracted from the same individuals provided the material

107




for TRAP marker genotypic analysis and construction of the genetic map. Such
an early generation mapping population, segregating for the germination- and
early seedling growth-related traits, was identified that was based on the cross
between salt-tolerant line Tift 23D,B,-P1-P5 and salt-sensitive WSIL-PS.
Phenotypes of the F..4 progenies were determined by measuring the germination
percentage, and shoot and root lengths of small samples of 10-day old seedlings
under saline and non-saline environments. A similar phenotypic assessment of
a salinity tolerance mapping population was reported in wheat for F, and F..
populations assessed for low Na* uptake trait and salt tolerance (Munns et al.,
2002). Analysis of variance (ANOVA) revealed significant differences between the
(Tift 23D.B,-P1-PS x WSIL-P8)-based pearl millet F,. mapping population
progenies for seed germination percentage, and lengths of shoots and roots.
Significant salinity level x genotype interaction effects (P<0.05) were observed
also for seed germination indicating that the progenies differed in their salinity

tolerance during germination.

5.5.5.2 QTL mapping

Combining the marker data set with the phenotypic data set and the linkage
maps permitted evaluation of the ability of the map to detect QTLs for salt
stress tolerance. We tested the utility of our map for detecting QTLs associated
with agronomically important traits using germination, shoot and root lengths
in saline and non-saline media, as examples. QTL analysis revealed that salt
tolerance for seed germination, as well as for shoot and root lengths of 10-day
old seedings as measurements, has potentially valuable QTLs associated with
TRAP markers based on sequences of genes for enzymes with antioxidant

activity.

Preliminary QTL analysis by CIM (Composite Interval Mapping) using RlabQTL
version 1.2 (Utz and Melchinger, 2003), revealed a putative major QTL for
relative shoot length (Rel_SL) that was flanked by TRAP marker S2A7.630 on
LG6. This QTL locus had an LOD score of 5.18 and explained 24.7% of the total
adjusted phenotypic variance (26.8%) for the mapping population progeny
ratios of shoot length under saline conditions to that in the non-saline control

treatment. Results indicate that the favourable allele for this QTL increased
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relative shoot length under stress conditions by 18v

recessively from the salt-tolerant parent, Tift 23D,B,-

o and was inherited

P1-PS. Another significant
QTL, for shoot length itself of 10-day old seedlings grown in the 150mM NaCl

treatment (SL_150), was detected on LG6 and was flanked by this TRAP marker.
This second QTL had an LOD of 3.52 and accounted for 15.6% of the total
adjusted phenotypic variance for this trait. The favourable allele for this QTL
was also inherited recessively from the salt-tolerant parent. These two QTLs,
which likely represent a common single gene, appear to overlap at TRAP marker
S2A7.630, so this chromosomal region appears likely to be involved in the
control of salt tolerance of shoot length in young pearl millet secdlings. Genetic
analysis of salt tolerance in pearl millet suggests that the effect of these two
QTLs (Rel_.SL and SL_150) is large enough to be detected in saline
environments. Several additional QTL candidates governing root and shoot
lengths under saline conditions were detected and are reported as preliminary
QTLs associated with salinity tolerance in pearl millet. Most of these QTLs have
small effects and are therefore less likely to be reliable. The smaller the effect of
QTLs, the more difficult for it is for them to be detected (Kearsey and Farquhar,
1998). Hence, these loci need to be confirmed using a proper RIL mapping
population based on cross (Tift 23D,B;-P1-PS x WSIL-P8), which could be
assessed for other related phenotypic traits in future studies. Analysis of the
genetic control of salt tolerance were performed in several crops, including
wheat (Dubcovsky et al., 1996; Semikhodskii et al., 1997; Munns et al,, 2002),
barley (Ellis et al., 1997; Mano and Takeda, 1997), and most extensively in rice
(Lee et al., 2006; Flowers et al., 2000; Prasad et al., 2000; Koyamo et al., 2001;
Lin et al., 1998, 2004; Gong et al., 1999), the present work probably being the
first report of salt tolerance in pearl millet. Interestingly, QTL analysis of plant
responses to salt stress has often revealed relatively small numbers of major

QTLs (Yeo and Flowers, 1990; Zhang et al., 1995; Gong et al., 1999).

Physiological traits associated with salt tolerance in rice were complex and
controlled by a few major QTLs. QTLs for salinity tolerance associated
morphological traits like germination percentage, root length, etc., have been
mapped in rice (Prasad et al., 2000), but there were no QTLs identified for shoot

length in that study. In anticipation of its significant contribution, the pair of
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QTLs identified on linkage group 6 in our studies may contain a major gene
that contributes to salt stress tolerance during the early seedling stage of
growth in pearl millet. However, this needs to be confirmed by conducting field
trials in saline soils for two or three seasons to test if the QTLs confer tolerance
that is stable across seasons (and growth stages). Chromosome substitution at
these loci can be done during the course of fine-mapping and marker-assisted
backcrossing of this region of linkage group 6 from Tift 23D,B|-P1-P5 into the
genetic background of disease resistant, salinity-sensitive lines such as WSIL-

P8 and ICMB 90111 to produce more agronomically desirable salt tolerant
hybrid parental lines.

Although there are no previous reports for QTLs identified in F. 4 populations,
QTL analyses for rice salt tolerance were reported using RILs, DH lines and F.3
progenies (Lee et al., 2006; Gong et al., 1999; Koyama et al.,, 2001; Lin et al.,
1998; 2004; Zhang et al, 1995). In the present study, we identified two new
QTLs related to the salt tolerance of seedling shoot growth of pearl millet. Zhang
et al. (1995) and Gong et al. (1999) detected QTLs for salt tolerance on rice
chromosomes 1 and 7, respectively, and Lin et al. (1998) also detected a QTL on
chromosome 5 with a small effect on the length of survival of seedlings under
saline conditions. Koyama et al. (2001) identified ten QTLs for five shoot traits
rclated to salt tolerance in rice, such as Na' uptake (one QTL) and K* uptake
(two QTLs), Na* concentration (two QTLs) and K* concentration (two QTLs), and
Na“K' ratio (two QTLs). Lin et al. (2004) detected five QTLs for four traits
associated with salt tolerance in rice roots, and three QTLs for three traits in

shoots, but these QTLs did not occupy the same map locations.

The comparative genetic mapping between pearl millet and rice (Devos et al.,
2000) revealed that linkage group .6 of pearl millet 12n=2x=.14; C=2.4pg) is
largely ho.mologous to foxtail midet (2n=2x=18; C=0.45pg) chromosome V and
rice (2n=2x=24; C=0.4pg) chromosome 1. A major QTL region for domestication
traits on foxtail millet chromosome V was found orthologous to regions of rice
chromosome 1, pearl millet linkage group 6, and maize chromosomes 3 and 8,
all of which carry genes controlling shattering ability (Paterson et al., 1995;
Poncet et al, 2002). Interestingly, QTLs for major traits concerned with salt
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tolerance have been frequently detected on rice chromosome 1 (Gong et al,
1999; Koyama et al.,, 2001; Lin et al, 2004), while the two QTLs identified for
salt tolerance in pearl millet from our studies lie on homologous linkage group
6. However, it is difficult to make detailed comparisons, because, for the most
part, different sets of DNA markers were used in these studies and this portion
of the pearl millet linkage map is poorly saturated with marker loci. None-the-
less, this information might be useful in guiding future research to compare the
genetic regions conferring salt tolerance across these two species, provided that
enough loci can be detected using common markers. Further, in order to
compare the map locations of QTLs determined by independent studics, it will

be necessary to integrate several independent linkage maps of DNA markers

into one map.

From our studies, we hoped to identify new sources of salinity tolerance among
elite breeding materials and to identify the first QTLs for salt tolerance in pearl
millet. These QTLs for detected as a result of genetic recombination in a cross
between a salinity-tolerant line and a salinity-sensitive line. The detection of
two QTLs (that may in fact represent a single gene of relatively large cffect)
associated with salt tolerance provides important information for a future
functional analysis of pearl millet salt tolerance, because they were identified in
an F,4 mapping population derived from two parents with differential responses
to salinity. The molecular markers that are nearest to these QTLs (M202 and
S2A7.630) may also be useful for MAS in an applied pearl millet breeding
program aimed at developing parental lines of hybrid cultivars with high levels
of salt tolerance. In addition, the salt-tolerant lines identified may be used as
donor parents for breeding salt tolerant pearl millet. Thus, the application of
QTL mapping for salt tolerance may greatly facilitate improvement of salt

tolerance in pearl millet.

Finally, it is concluded that the TRAP technique is a relatively high-throughput
PCR-based marker system, which offers a potentially inexpensive means for
preliminary evaluation of candidate genes during development of near-perfect
selectable markers for species with limited sequence information such as pearl

millet. The development of a TRAP-marker based genetic linkage map of pearl
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millet also allowed the partitioning of the quantitative variation of salt stress
effects associated with defined chromosomal locations. In summary, modern
molecular techniques offer new approaches to improving salt tolerance of crops;
identifying physiological traits that are components of salt tolerance and genetic
regions associated associated with these. Thus they provide tools for improving
our understanding of the mechanisms of salinity tolerance. By comparing
different genes and genetic combinations, researchers —especially breeders —
will further be able to advance the field more quickly and develop salt-tolerant

germplasm much more efficiently than has here-to-for been possible.
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CHAPTER 6
SUMMARY AND CONCLUSIONS

Salt stress adversely affects crop productivity. Crop plants take up salts from

irrigation water, and from soil made saline by evaporation of irrigation water.

Because water use efficiency is often higher in salt tolerant plants than in salt
susceptible plants, improving salt tolerance in food crops could have a major
impact on agriculture by allowing cultivation with lower amounts and lesser
quality of water. By reducing the water uptake of roots, salts cause ionic,
osmotic and nutrient stresses. Cellular responses to these stresses, and
subsequent secondary stresses, such as oxidative stress, add to the complexity
of the salt tolerance trait. At the physiological level, salt tolerant plants exhibit a
wide range of mechanisms that include exclusion, compartmentalization and
secretion of salts. Although accumulation of Na* and Cl aid osmotic and water
potential adjustment of cells, they increase the risk of long-term ion toxicity, if
not compartmentalized appropriately, cxported, or secreted. Osmotic
adjustment has also been identified as a major trait of interest and is
associated with the whole plant responsc to salt stress. Hence, an
understanding of how tolerant crop species gradually adapt to salt stress

should enable the development of additional salt tolerance traits.

Pearl millet [Pennisetum glaucum (L.) R. Br.] is one of the very few crop species
that show moderate levels of salt tolerance and is a diploid cereal belonging to
Poaceae family. It is one of the two most widely cultivated drought-tolerant Cs
cercals grown under rainfed and dry-land conditions in drought-prone regions
of the tropics and subtropics. Pearl millet is especially important as a staple
food grain, and source of feed and fodder for livestock, in the marginal
agricultural production environments of Africa and South Asia that are home to
hundreds of millions of the world’s poorest crop-livestock producers. Besides
soil infertility and drought, salinity is the most important abiotic constraint to

production of this crop, and is a major contributor to the instability of its grain

and fodder yields. This species can thus be a good model to understand salinity




and related osmotic stress tolerance mechanisms. Initial phenotypic

assessment of salinity tolerance in pearl millet can provide useful data to

identify tolerant lines that can then be used in identification of the mechanisms
conferring their salinity tolerance.

Molecular markers are a promising tool to help us understand the genetic
control of salt tolerance as well as to follow the introduction of important
genomic regions for tolerance into susceptible genotypes by marker assisted
sclection (MAS). The expression of salt stress induced genes is an essential part
of tolerance mechanisms, but for many genes with salt stress-responsive
expression, no direct function in tolerance was clearly demonstrated.
Consequently, mapping the location of such candidate genes near or within
QTLs involved in tolerance and adaptation to saline conditions could give some
information on their role. QTL mapping and subsequent marker-assisted
backcrossing to improve salt tolerance of pearl millet cultivars is a promising
aspect for the crop improvement in future for this ‘orphan’ crop with a dearth of

markers.

Taking cognizance of this background information, the present work had been

taken up with the following objectives:

* To screen a set of genetically diverse pearl millet inbred lines for their

salinity tolerance levels.
* To assess possible mechanisms of salinity tolerance in pearl millet.

* To measure the antioxidant enzyme activity responses to salinity

stress in salt-tolerant and -sensitive lines of pearl millet.

B To develop TRAP (Ta.rget Region Amplified Polymorphism) markers for

salinity tolerance in pearl millet.

* To check the validity of molecular markers identified in the course of

the study.




*

To identify QTLs for salinity tolerance in mapping populations of pearl
millet.

The aim of this study was to assess opportunities for using existing pearl millet
mapping populations (Hash and Witcombe, 1994; Hash et al., 2001) and other
pearl millet genetic stocks available at ICRISAT to map TRAP (Target Region
Amplified Polymorphism) markers for genomic regions contributing to salinity

stress tolerance. The TRAP markers thus developed and mapped may find use

in genome characterization, tagging desirable genes, and high-throughput
mapping of pearl millet populations.

6.1 Screening for salinity stress and possible mechanisms of salt tolerance
in pearl millet

Screening for salt-tolerant pearl millet germplasm is important to determine
whether there is a genetic basis for observed variation in response to salinity
stress that can be exploited for selection and breeding purposes. Although field
screening lor salt tolerance has the advantage of testing germplasm under
natural conditions, it is less efficient and more expensive than screening under
controlled conditions. In the present study, pearl millet inbred lines were
screened for salt stress tolerance in soil-free¢ in vitro environment to reduce the
complexity of genotype * environment interactions. Salinity stress tolerance
during germination and early seedling growth, which is critical to crop

establishment in saline soil conditions was emphasized.

.
s

For this purpose, a series of experiments were conducted in which seeds of
28 pearl millet inbred lines obtained from the International Crops
Research Institute for the Semi-Arid Tropics (ICRISAT), Hyderabad, India
were tested for salt stress tolerance across,salinity levels ranging from 50
mM to 200 mM NaCl. The hignest threshold level of NaCl concentration for

germination of pearl millet lines was found to be 150 mM.

%  Preliminary screening for salinity tolerance in pearl millet was carried out
by germinating the seeds of 28 different pearl millet inbred lines on filter-

paper boats in a balanced nutrient solutions (Hoagland and Arnon, 1938)
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of pH 6.7 at 20°C, containing four different concentrations of NaCl (0 mM
’ )

5 mM, 190 mM, and 150 mM). They were grown for 10 days to monitor
morphological and physiological changes in reponse to salinity. We were

successful in characterizing these lines with regard to their response to
salt stress.

Based on their differential ability to maintain high germination levels and
seedling growth at 75 mM, 100 mM, and 150 mM NaCl, seven of the pearl
millet inbred lines were categorized as sensitive (ICMB 90111, PRLT 2/89-
33, P1449-2-P1, Tift 238D,-P152, 81B-P6, WSIL-P8 and ICMP 85410-P7),
fifteen as moderatcly tolerant, and five as highly tolerant (Tift 23D.B,-P1-
PS, ICMB 841-P3, P310-17-Bk, ICML 22, and ICMB 95333).

At higher salinity levels (100 mM & 150 mM NaCl), the differences between
germination, shoot length and shoot dry weight between tolerant and

susceptible lines were highly significant.

The relative reduction of shoot length and shoot dry matter (shoot dry
weight, mg/seedling) at various salinity levels compared to the non-saline
control treatment was less in the most tolerant lines than in the more

sensitive lines.

To validate the results obtained, a statistical analysis of the data set was
done using the GenStat software package. High operational heritabilities
(ratio of variance attributable to the 28 inbred line seed samples to the
total variance observed for a particular character) were found in the
analyses of the various observer characters, indicating that the observed

differences between these 28 genotypes were statistically significant.

A genotype x environment nteraction analysis was also carried out to
assess whether there was significant interaction between the pearl millet
genotypes and the salt stressed environments for all the parametcrs under
study. Significant interactions would suggest that genetic differences in
salinity tolerance exist among the 28 pearl millet inbred lines included in

this study. ANOVA revealed that despite large effects of both genotype and
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environment, genotype x environment interactions were highly significant
for all observed traits, indicating that the inbred line seed lots differed in

their salinity tolerance during germination and early seedling growth

Large differences were detected between members of several pearl millet

mapping population parental pairs, indicating that their previously

skeleton-mapped pearl millet mapping population progeny sets can be

used to map genomic regions contributing to salinity tolerance during
germination and early seedling growth.

Whole plant free proline levels were seen to increase with increasing
salinity levels in all the pearl millet lines irrespective of their tolerance
status; however, there was higher accumulation of proline in the tolerant
lines. Accumulation of proline to a higher degree under salinity stress is
indicative of the fact that proline acts as a cytoplasmic osmoticum and

perhaps protects the proteins against denaturation.

Because salt stress affects both water relations and ionic balance in
plants, the pattern of Na' and K' accumulation in whole plants were
compared in each line. The Na' content increased in all the lines
immediately after the onset of stress; however, pearl millet lines differed in

their amount of Na* and K* accumulation.

Pear] millet lines showed a general increase of Na* content with salt stress.
However, tolerant lines with K'/Na‘ ratio >1, showed comparatively higher
accumulation of K* than Na', which indicates that K' accumulation is one

of the possible reasons for their tolerance to salinity.

Increasing magnitude of salt exposure led to an increase in the content of
Na', K*, Ca?* and Cl ions in pearl millet lines subjected to short-term salt
stress. However, the increase in accumulation of l{a* and Cl- were
comparatively higher in the salt-sensitive lines, while increase in
accumulation of K* and Ca?* were much higher in the inoderately tolerant

and highly tolerant lines than the salt-sensitive lines.
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Qualitative and quantitative analysis was carried out for some of the
antioxidative enzymes such as superoxide dismutase (SOD), glutathione S-
transferase (GST), glutathione reductase (GR), catalase (CAT) and reduced
glutathione content (GSH) for short term salt stress in three representative
lines of pearl millet exhibiting differential responses to salt stress. Results
indicated that the salt-sensitive, moderately tolerant and highly tolerant
inbreds showed differences in their mechanisms of salt stress tolerance.
The mechanism of NaCl stress tolerance in seedlings of sensitive line ICMB
90111 appeared to be due to increased levels of SOD whereas in 863B-P2
and 841B-P3, clevated levels of CAT, SOD, GR, GST and glutathione were
observed in reponse to salt stress. Besides, an extra isoform of Mn-SOD
was also detected that showed differential expression patterns in the salt-

sensitive and salt-tolerant lines.

Exposure to increasing concentrations of NaCl for 7 days, also had
differential effects on the antioxidant enzymes, GSH and lipid peroxidation
across the three representative lines of pearl millet. Higher lipid
peroxidation levels were observed with an incrcase in salinity in the
sensitive line ICMB 90111 than in the more tolerant lines 863B-P2 and
841B-P3. Thus it is cvident that the tolerant lines possess defense
mechanisms to combat the effects of lipid peroxidation at higher salinity

levels.

In a similar experiment, in two parental lines of pearl millet with extreme
responses to salt stress, Tift 23D,B;-P1-P5 (salt-tolerant) and WSIL-P8
(salt-sensitive), it was observed that the activities of the antioxidative
enzymes showed completely diffcrent behaviour for SOD, GR, GST and
glutathione, but hardly any difference in CAT. L.ipid peroxidation levels
were higher showing a.n adverse effect of salt stress in the sensitive line
WSIL-P8, but the tolerant line was not much affected. The isozyme
patterns for SOD also showed different responses 1n these two lines,

especially for Mn-SOD1.
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Comparative studies for antioxidant enzymes during short-term salt
treatments suggest that salt-tolerant and salt-sensitive inbreds of pearl
millet possess differential oxidative components of both enzymatic and

non-enzymatic machinery for scavenging reactive oxygen species generated
as a result of exposure to salt stress.

Variations in lipid peroxidation under salt stressed conditions, as

measured by MDA content, indicated that the salt-tolerant lines were
effective in detoxifying electrophilic and cytotoxic lipid peroxidation

products.

Protein profiles of salt-tolerant and salt-sensitive seedlings in SDS-PAGE
gels following short-term salt-stress showed differences with increasing
salinity. Up-regulation of few polypeptides (180kDa, 120kDa, 54kDa,
27kDa, 18kDa, 15kDa) was noticed in tolerant lines but not in salt-
scnsitive inbred lines. Additionally, the absence of a 25kDa protein band
in the sensitive lines, while its presence in the moderately tolerant and

highly tolerant lines, indicated its association to salinity tolerance.

Exogenous application of CaCl, and GA; alleviated the adverse effects of
salt stress on the growth of two inbred lines, ICMB 90111(salt-sensitive)
and 841B-P3 (salt-tolerant). In presence of CaCl, and GA;3 individually and
together, the salt sensitive line (ICMB 90111) not only germinated and
grew well, but also accumulated a significantly greater quantity of proline
compared to the non-saline control. Proline content in the tolerant line

also increased with exogenous application of CaCl, and GAa.

6.2 Development of molecular markers associated with salt tolerance in

pearl millet

Marker-assisted selection for quantitative traits, especially with trait-specific

markers, is receiving growing attention of plant breeders. The ncvel TRAP

marker system has the potential to provide PCR-based markers for target

sequence-related gene families, detecting a large number of loci from a single

reaction, unlike the SSR (simple sequence repeats) marker technique, for which
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primers are expensive and time—consuming to develop, and th
few loci per reaction. In the present study ) e detect only &

TRAP marker .
pairs of fixed primers [for genes of Al-p s were developed using

yrroline-5-carh
and two antioxidant oxylate synthetase (PSCS)

enzymes (glutathione U
reductase and s i
a ‘ . ‘ peroxide
dismutase)] and arbltrary primers to detect CR product length polym i
P ] ymorphism

among pairs of pearl mi appi i

among p pearl millet mapping population parents that express differential

e < 4 ntia

sensitivity to salinity during germination and early seedling growth )
& [¢) .

By

Novel TRAP markers were developed using pairs of arbitrary primers

. and
fixed primers for genes of P5CS, G

; R and SOD among pairs of pearl millet
mapping population parents Tift 23D,B,-P1-P5 and WSIL-P8, which
express differential sensitivity to salinity during germination and early
seedling growth. The designed TRAP primer pairs (fixed + arbitrary primer
combinations) were screened for their ability to detect polymorphism
between the mapping population parents using silver-stained PAGE gels of
their PCR products. Eleven TRAP PCR reactions that employed fixed EST-

based primers in combination with arbitrary primers generated 68 easily

scorable polymorphic bands.

» Of 68 TRAP marker polymorphisms detected using 11 combinations of
fixed and arbitrary primers, 50 TRAP markers could be mapped onto an
existing RFLP-based skeleton linkage map (with a total of 122 markers) of
the [Tift 23D.B,-P1-PS (tolerant to salinity stress) x WSIL-P8 (sensitive to
salinity stress)]-based F.. pearl millet mapping population. Linkage map
construction was carried out employing MAPMAKER/EXP v3.0 with the
LOD threshold value kept at 3.0 and linkage distances (in cM units)

calculated using the Kosambi function.

»  Analyses of variance for phenotypic data sets for the mapping f)opulation
progeny F.s self bulks were performed using the residual maximum
likelihood algorithm (ReML), which provides bust linear unbiased
predictions (BLUPs) of performance of the genotypes. The BLUPs of the
(Tift 23D,B,-P1-PS x WSIL-P8)-based F.4 mapping population, along with
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their genotypic data from 122 marker loci, were used for Quantitative Trait
Loci (QTL) analyses.

QTL analysis revealed TRAP markers generated were associated with

variation in salinity tolerance of germination and early seedling growth.
Significant associations between traits and DNA-based markers indicated
the linkage map positions of putative QTLs for the observed traits, which

are regions of the genome where genes controlling components of salt
tolerance are located.

Composite interval mapping (CIM) using PLABQTL version 1.1 detected two
promising QTLs on pearl millet linkage group 6 that are associated with
shoot length under saline conditions in pearl millet. Shoot length at 150
mM NaCl (SL_150) was associated with a major QTL flanking the TRAP
marker S2A7.630 on LG6. This QTL explained 15.6% of the total adjusted
phenotypic variance for shoot length in seedlings growing in 150 mM NaCl.
Another significant QTL for Rel SL flanking this same TRAP marker was
also detected and accounted for 24.7% of the total adjusted phenotypic

variance for relative shoot length.

Thus, the TRAP marker technique not only successfully gencrated trait-
specific markers, but also provided an efficient and robust method for
augmenting genetic linkage maps in pearl millet. It offers potentially an
inexpensive means for preliminary evaluation of candidate genes during
development of near-perfect selectable markers for species like pearl millet
with limited sequence information. The maps generated from these studies
will be useful for identification of QTLs associated with other agronomically
important traits (including downy mildew resistance and panicle length)

"that are segregating in this population.
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Appendix II
Composition of Solutions and Reagents

Composition of Hoagland solution (Hoagland & Arnon, 1938)

A. Macronutrients g/l
Ca(NOs). 4H,0 0.94
MgSO, 7H.O 0.52
KNO3 0.66
NHs H, PO, 0.12
Iron chelate sequestrate(/FeSO,) 0.07
B. Micronutrients g/l
H:BO;3 28.0
MnSO4 H.O 34.0
CuS0,4 5H.O 1.0
ZnS0), 7TH,O 22
(NH.4).MO; 41,0 1.0
H., SO4 (conc.) Sml

Add 0.1 ml of micronutrients after making up the macronutrients solution to 1

liter with distilled water. Adjust pH of the solution to 6.7 at 20°C.

CTAB (Cetyl Trimethyl Ammonium Bromide) (2 %) buffer

CTAB 20 g
1 M Tns 200 ml
5 M Na(l 280 ml

0.5 M EDTA 40 ml
Na2s03 25¢g
Distilled water 360 ml

Add mercaptoethanol (0.1 %) fresh while using CTAB (2 %)} solution.

Rnase (10 mg/ ml)

Dissolve Rnase in water, place in a tube in a boiling water bath for 10 minutes.

Allow this to cool on a bench and store at -20 °C.




Chloroform: isoamyl alcohol (24: 1)
Chloroform 240 ml

Isoamyl alcohol 10 ml

Store in dark at room temperature. Make up and dispenses the solution in a
fumed cupboard.

Ethanol (70 %)
Absolute alcohol 70 ml
Distilled water 30 ml

NaCl (S M)

Dissolve 292.2 g NaCl in 750 ml water. Make up to 1 liter with water, filter and

autoclave.

Phenol/ Chloroform

Mix equal volume of the buffered phenol and chloroform: isoamyl alcohol (24:1).

Store at 4°C.

Sodium acetate (2.5 M, pH 5.2)
Dissolve 340.2 g sodium acetate in 500 ml water. Adjust pH to 5.2 with glacial

acetic acid and make volume up to 1 liter and autoclave.

Tris HCI (1M, pH 8.0)
Dissolve 121.1 g Tris in 800 ml of water. Adjust pH to 8.0 with conc. HCI make

volume up to 1 liter and autoclave.

EDTA (0.5 m, Ph 8.0)
Dissolve 186.1 g Na, EDTA.2H.O in 800 ml water. Adjust pH to 8.0 with

Sodium hydroxide pellets. Make up volume to ] liter and autoclave.

T1oE, buffer
IM Tris HCI pH 8.0 10 ml
IM EDTA pH 8.0 I ml

And make up to 1 liter with sterile distilled water.
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TsoE10 buffer
1M Tris HC1 pH 8.0 SO ml
0.5 M EDTA pH 8.0 20 ml

Make volume up to 1 liter with sterile distilled water.

10X Tris-Borate Buffer (TBE) (per liter)
Tris buffer
Boric Acid
EDTA
108 g Tris basc, 55 g Boric acid and 9.3 g EDTA. Add deionised H,O to 1 liter.

The pH is 8.3 and requires no adjustment.

6X Gel loading buffer (0.25 % Bromophenol blue, 40 % sucrose)(10 ml)
Sucrose 4g

Bromophenol Blue 2.5 ml

dH.O up to 10 ml

Store at 4 °C.

Ethidium bromide (10 mg/mi)
Dissolve 100 mg ethidium bromide in 10 ml of distilled water; wrap tube in
aluminium foil and store at 4oc.

Caution: Ethidium bromide is extremely mutagenic.

Acrylamide / biacrylamide 29:1 (w/w)
Acrylamide 29¢
Biacrylamide lg

Walter (deionised distilled) up to 100 ml

Store at 4 °C for <= 1 month.

Acrylamide/bisacrylamide 29:1 (v/v)

Acrylamide 87 ml

Bisacrylamide 3 ml

Add deionised distilled water to 300 ml. Solution can be stored up to 1 month

at 4°C.



10 % (W/V) Ammonium Per Sulphate

Ammonium per Sulphate 1 g

Water (deionised distilled) 10 ml

Make fresh stock every week and store at 4°C.

TEMED (N, N, N, N’-tetramethylethylenediamine)

Ready made, store between 10 and 30°C (check label flask).

Loading buffer for non-denaturing PAGE (5X)

50 mM EDTA (1 ml of 0.5 M EDTA, pH 8.0)

50 mM NaCl (100 ul of § M NaCl)

50% (v/v) glycerol (S ml)

Make up to 9 ml with sterilized deionised water. Add 10 mg fast orange G dye

and adjust the volume to 10 ml. If you are using bromophcenol blue and cyanol

then less is required.

Binding silane
0.15 ml Bind silane
0.5 ml Acetic Acid
99 .35 ml Ethanol

Mix the ingredients and store at 4°C.

100 base pairs ladder (50ng/ml)

100 bp ladder (stock conc.1 pg/ul) 50 pl
Blue (6X dye) 165 ul
ToE1 buffer 785 ul

Repel silane

Ready made, store at 4°C.
Reagents used for the Silver staining for PAGE :

0.1 % (w/v) CTAB
2 gram CTAB in 2 liters of distilled deionised water
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1 M NaOH (freshly prepared)

0.3 % liquid Ammonia

Wear face mask when handling ammonia, should preferably be done in fume
cupboard

Silver nitrate solution (freshly prepared)

2 gram silver nitrate

8 ml 1M NaOH

6-8 ml 25% ammonia.

Dissolve the silver nitrate and NaOH into 2 liters of distilled deionised water.
Titrate with ammonia (on a shaker) until the solution becomes clear; add a

further 1 ml of ammonia solution.

Sodium Carbonate solution (freshly prepared)

Note that the Sodium Carbonate should not be older than 12 months)

Dissolve 30 g sodium carbonate in 2 liters of distilled deionised water. Add 0.4
ml formaldehyde.

Glycerol solution

30 ml Glycerol into 2 liters distilled deionised water.

Concentrated NaOH solution

40 gram into 1 liter of water.
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ERRATA

The following are the corrections incorporated or the justifications

given for the suggestions made by external examiners:

The names of authors are re-arranged on the pages 14, 15, 17, 21, 25,
38, and 39 according to chronological order.

Table 4.9 could not fit into a single page if the parts A, B, C are merged
into a single table. The parts A, B, C represent the values of sensitive,
moderately tolerant and highly tolerant lines on a single page in portrait
format for a comparative purposc of these lines at a glance. Therefore,
the Table 4.9 1s retained as it is.

The significance of increase in proline content in all the lines (including
salt-tolerant lines) was tested statistically. The standard errors and the
values of significance are given in parentheses and {ootnotes.

The format of Table 4.10 could not be modified or retyped into a single
page in any way for comparison of ions due to space limitations. Further,
the ion uptake in cach line for Na', K', Ca’" and CI relative to each other

becomes clear in each sub-part of Table 4.10, representing ion content in

cach line. Hence, this table is not modified.
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