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UNIVERSITY OF SOUTHAMPTON
ABSTRACT

FACULTY OF ENGINEERING AND APPLIED SCIENCE
DEPARTMENT OF CIVIL AND ENVIRONMENTAL ENGINEERING

Doctor of Philosophy

Development of Drought Resistant Varieties of Rice (Oryza sativa L.)
Through In Vitro Fertilization

by Mohammad Khalequzzaman

Drought is one of the major constraints to the productivity of rice in many parts of the world,
particularly in South and Southeast Asia. The breeding for improved drought resistance types of rice
has been slow. The aim of this study was to identify drought resistant accessions of rice and to
investigate suitable methods for transfer of traits or genes in existing high yielding varieties through
in vitro fertilization. Fifty-one rice accessions obtained from the Bangladesh Rice Research Institute
(BRRI) were used to identify drought resistant accessions. Significant variations were observed in
physio-morphological traits, such as drought score, root shoot length, root shoot dry weight, leaf
stomata conductance, stomata number and water use efficiency. Most of the traits studied showed a
significant correlation (p<0.01 and p<0.05) and some parameters appeared to be interrelated.
Cluster analysis on physio-morphological characteristics has produced 4 to 6 discrete groups of the
accessions. The analysis revealed that the most promising accessions for drought resistance were at
least four and these were found to be in the same group.

To confirm the physio-morphological findings an analysis of 51 accessions using five isozyme
systems was carried out. Maximum polymorphism was found to be with the esterase enzyme
systems. Cluster analysis on 5-isozyme investigations also revealed 5 major groups. However, both
cluster analyses of isozyme and physio-morphological data showed that 2 accessions could be
identified as potential drought resistance types from these studies.

In order to transfer desirable traits to high yielding varieties of rice, attempts were made to develop
methods for in vitro isolation of sperm and egg cells and their in vitro fertilization. Unfertilised
ovules were macerated with different concentrations of cellulase (0.55 to 2.0%) and pectinase (0.55
to 1.50%) to determine the best concentration of enzymes for isolation of egg cells from embryo
sacs. The ovules were incubated at 30°C in cell wall degrading maceration media, leading to their
disintegration into loose cells. The best yield (35%) of egg cells was achieved when 0.04% (w/v)
calcium chloride, 1% (w/v) cellulase and 0.75% pectinase were used. Fluorescein diacetate staining
was used to determine the rate of viability of egg cells.

For isolation of sperm cells, different media compositions were used to maximise the yield of sperm
cells. The best yield (17.8%) of viable sperm cells was obtained when pollen was cultured in a
medium containing 0.008% (w/v) boric acid, 0.01% (w/v) potassium phosphate, 0.04% (w/v)
calcium chloride and 20% (w/v) sucrose, S mM MOPS with a pH of 6. Sperm cells were separated
from pollen remnants by infiltrating them after centrifugation on a percoll gradient. Fluorescein
diacetate staining was used to determine the viability of sperm cells. A longer time of viability was
obtained when vitamin-E (0.1 mM) and ascorbic acid (10 mM) were used in the medium. The
results indicate that isolation of both sperm and egg cells is possible.

In vitro fusion or fertilization of rice sperm and egg cells was attempted. Different concentrations of
calcium chloride (4 mM to 15mM) and pH (5 to 11) were used for in vitro fusion. The best fusion
was obtained (55.56%) when a calcium chloride concentration was used at 7 mM along with other
ingredients at a pH of 7.5. This method could be useful for direct gene transfer through regeneration
of plants from fused gametes, not only in Oryza but also in other crop species.
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CHAPTER ONE

1.1 General introduction

Demand for food and fibre is basically determined by the number of people to be
fed and clothed. According to the United Nations Organization (UNO), the
world’s population is expected to rise to at least 9.3 billion by the year 2050
(UNO, 2001) and global demographic trends are not expected to stabilise before
2100. A special impact will be felt in developing countries, as projections indicate
a rise in populations to 8.2 billion by 2050 from the present (2000) level of 4.9
billion. About 59% of the increase over the next 25 years will take place only in
South Asia and sub-Saharan Africa (Table 1.1), where poverty and hunger are
already widespread. As a result, more food and fibres are needed to satisfy

demand, these being the most basic human needs.

Table 1.1 Population growth and increase in food requirements for different
regions in the world, 2000-2025

Regions Population Projected per Food grain Percentage
(billions) capita requirements increase
consumption of | (million tons) 2000-2025
cereals (kg/yr.)
2000 2025 2000 2025 2000 2025
East Asia 1.48 1.70 284 332 420 564 34

South-central 1.50 2.10 167 187 250 392 57
Asia

Southeast Asia 0.52 0.69 210 242 109 167 53

Western Asia 0.36 0.55 405 469 146 258 77
and North Africa

Sub-Saharan 0.65 1.20 138 156 90 187 108
Africa

Latin America 0.52 0.69 273 301 142 208 46
Developing 4.90 6.82 258 280 1265 1910 51
Countries

Developed 1.19 1.22 626 680 745 830 11
Countries

(Adapted from Hossain, 2001; UNO, 2001)



Cereal is a particularly important type of food, and yet per capita cereal
consumption in the developing countries is low compared to the developed
countries (Table 1.1) and this has special implications in sub-Saharan Africa and
South Asia (Hossain, 2001). It is projected that within the next 25 years, the food
requirement in sub-Saharan Africa will be doubled, and demand will increase by
50-75% (Table 1.1) in other parts of the developing countries. This means that an
increase in food production of more than 50% is needed to meet the requirements
of the projected population increase (James, 2000; UNO, 2001), which is one of
the most formidable challenges for mankind. Moreover, food demand also
increases from the changes in food habits of the people. This increased demand
can only be achieved by diversifying crop production or by increasing crop

productivity.

Rice (Oryza sativa L) is one of the world’s most important food crops; it is
cultivated in about 11% of the world's lands. Present annual rice production is
598.8 million tons, which is produced from about 153.7 million hectares of land
(FAO, 2001). However, production of rice should increase by about 50% to 950
million tons by the year 2025 (out of a total cereal need of 2740 million tons Table
1.1) to keep up with population growth. Rice represents about 23% of global
calorie consumption whereas wheat and maize represent only 17% and 9%
respectively. Approximately 92 per cent (perhaps more) of the world’s rice is
produced and consumed in Asia, particularly in South and Southeast Asia, as a
staple food, providing between 30-76% of the necessary calories per person
(Khush, 2001). This shows that production and consumption of rice is mostly

confined to Asia where the population density is high.

Rice, one of the most important carbohydrate sources for the world’s population,
is also used in the making of baby food, beer, soups, puddings and other food
industries. In addition, rice by-products are used as fuel, feed, fertilizer, building
materials and absorbents. Furthermore, rice bran is used as stock and poultry feed

and in edible oil extraction (Turner and McCauley, 1983).



As far as increased food production is concerned, this can be achieved either by
expanding cultivable lands or by increasing production per unit area. Evidence
suggests that increased production per unit area is more promising than the expansion
of land under cultivation (Paterson et al., 1991; Toenniessen, 1991; Mannion, 1995).
With growing urbanization and industrialisation, the amount of fertile agricultural
farm-land used for the production of food and fibres has been decreasing, due to the
demands for more and more housing, roads and factories. Moreover, the chances of
increasing cultivable land are slim in densely populated areas of the world, such as
Bangladesh and China. This being the case, high yielding varieties with excellent
grain quality, adaptable to adverse agro-climatic conditions, such as drought, salinity,
unsuitable soil structure, and nutrient deficiency with durable resistance to insects and
pests are clearly required (Toenniessen, 1991). In other words, food production
increase must be achieved from less land with less labour, water, fertilizer and
pesticides, and the increase in production must be sustainable (Virmani, 1996).
However, it is not an easy task to meet the demand for increased agricultural
productivity with a decrease in the farm-land available. As a consequence, genetic
improvement of crops represents one of the most important approaches in the struggle
to attain a balance between food production and population growth (Khush, 1997,
Tanksley and McCouch, 1997). The combined application of biotechnology and
conventional breeding methods will relieve the task of increased food production.
This research project has been undertaken to identify rice accessions with drought

resistant trait(s), which are to be used in the rice improvement programmes.
1.2 The origins, classification and distribution of rice

Rice has been cultivated in the world for more than 7000 years, probably
originating in between 10,000 and 15,000 years ago (Datta, 1981; Mannion, 1995).
Its origins are always a matter of conjecture due to its diversified domestication and
there are many different opinions in this regard. There is a possibility that
domestication took place in several different centres at different times. It has also
been reported by Chandraratna (1964) that several taxonomists ascribed different

centres of origin of O. sativa on account of its wide range of variation. In general, it is



presumed that cultivated rice developed from wild species. The origin of cultivated

rice is mainly based on the evidence of habitats where wild rice is grown and found

(Grist, 1953).

The genus Oryza consists of species adapted to a broad range of habitats, from shady
forests to vast stands in deepwater swamps. This occurred due to its long cultivation
history and selection under different climatic, edaphic and environmental conditions.
Wild rice can be found in the Himalayan foothills, Asian river deltas, and tropical
Caribbean islands, the Amazon basin, and the inland swamplands of Southern,
Western Africa and in the arid Savannahs of the tropics (Vaughan, 1994). Moreover,
cultivated rice is grown as far as 50° N in China and 40° S in Argentina. This shows
that rice can be grown at extreme latitude if the water supply can be adequately

maintained (Yoshida, 1981).

The genus Oryza belongs to the tribe Oryzeae, which consists of 12 genera (Table
1.2), under the grass family of Poaceae (Gramineae). This genus consists of two
cultivated species namely: Oryza sativa L. and Oryza glaberrima Steud., and about
20 related wild species (Table 1.3) (Vaughan, 1994). Both cultivated species are
diploid. The common cultivated species O. sativa is mainly grown in Asia and is
distributed throughout the tropics and in parts of the temperate regions of the world.
On the other hand, O. glaberrima is endemic to West Africa and is distributed mainly

in the Savannah, along the Southern fringe of the Sahara desert.

As mentioned above, two cultivated species of rice are grown world-wide; they have
distinct characteristics and are evolved from different wild progenitors. The wild
progenitor of O. sativa is very common in Asia. It is called O. rufipogon, and shows a
range of variation, from perennial to annual types. The centre of domestication of O.
sativa is somewhere in the piedmont zone of Assam, Upper Myanmar and Thailand,
Southwest China and North Vietnam (Mannion, 1995) and between the Southern
foothills of the Himalayas and Indochina. Its wild progenitor grows in these areas.
The species O. sativa and its wild relative O. rufipogon are distributed throughout

Asia, Australia and South America.



The wild progenitor of O. glaberrima (or African rice) is O. barthii (syn. O.

breviligulata), an annual grass endemic to West Africa and thought to be originated in

the Savannah zone of West Africa and Tanzania (Oka, 1991). The distribution of the
wild rice types of O. rufipogon and O. barthii suggest different centres of
domestication of cultivated rice. The geographical distribution of these species
reveals that they evolved independently of their respective progenitors. They have
discrete differences in terms of key characteristics, such as morphology; habitat and
ecotypes (Oka, 1991). The main features of O. glaberrima are shorter ligules, less

secondary branches of panicle and a thicker panicle axis compared to O. sativa.

Unlike O. glaberrima, the genus O. sativa L. has three sub species, viz. indica,
Jjaponica and javanica. The indica and japonica cultivars differ in many
characteristics. The indica type is predominantly grown in humid tropical
monsoon regions of South and Southeast Asia, and South and Central parts of
China. The indica group consists of mostly long-grain slender and non-glutinous
varieties, which tend to resist over cooking. The emphasis has been given on its
improvement using both conventional and biotechnological methods (Khush,
1984; Toenniessen, 1990) because a majority of rice eating people consumes the

indica type as a staple food.

The japonica varieties are grown in a wide range of latitudes. They are divisible
into tropical and temperate subgroups and show different morphological and
physiological traits from indica type. They are mainly grown in Japan, Korea and
Northern China and in the former USSR (Chang, 1976). The japonica rice
varieties have shorter, round and more glutinous grain as compared to the indica
type. They often tiller freely and are reputed to respond to heavy fertilizer and
have shorter; stronger stalks compared to the indica type. Finally, javanica rice is
grown in the equatorial climates of Java and Indonesia and they are intermediate

between the indica and japonica types, having long and bold type of grains.

Thousands of cultivars have evolved on the basis of their adoptions to local

environmental conditions and this continuous process has resulted in a great number



of germplasm, which now exist in the world. The International Rice Germplasm

Centre (IRGC) has registered 80,645 accessions (IRRI, 1995), and different national

genebanks also registered a lot of accessions, such as, the Bangladesh Rice Research

Institute, which has recorded over 7000 accessions (BRRI, 1997). These include

breeding lines, land races, old cultivars and wild species of rice. This vast amount of

germplasm are the potential sources of different biotic and abiotic stresses resistant

genes, including the drought resistance types, which could be used for crop

improvement.

Table 1.2 Genera, number of species, distribution, chromosome number, and
spikelet structure in the tribe Oryzeae

Genus Species Distribution Chromosome | Spikelet
(number) number (2n) | structure

Oryza 22 Pantropical(T)* 24, 48 Bisexual

Leersia 17 World-wide (t+T) 24,48, 60, 96 | Bisexual

Chikusichloa 3 China, Japan (t) 24 Bisexual

Hygroryza 1 Asia (t+T) 24 Bisexual

Porteresia 1 South Asia (T) 48 Bisexual

Zizania 3 Europe, Asia, North | 30, 34 Unisexual
America (t+T)

Luziola 11 North and South 24 Unisexual
America (t+7T)

Zizaniopsis 5 North and South 24 Unisexual
America (t+T)

Rhynchoryza 1 South America (t) 24 Bisexual

Maltebrunia® 5 Tropical and Unknown Bisexual
Southern Africa (T)

Prosphytochloa® | 1 Southern Africa (t) Unknown Bisexual

Potamophila® 1 Australia (t+T) 24 Unisexual

and bisexual

*T = tropical, t = temperate. ® Considered as Prosphytochloa and Maltebrunia within the
generic limits of Potamophila. (Adapted from Vaughan, 1994 and IRRI, 1995)



Table 1.3 Oryza species, major synonymy, chromosome number, genome
group and potential traits

Species Chromosome | Genome Distribution Potential or
Complex/Species number group Useful traits
Oryza sativa complex
0. sativa 24 AA World-wide ‘Cultigen
O. nivara 24 AA Tropical and Partial resistance
subtropical Asia to stem rot
O. rufipogon 24 AA Tropical and Tolerance to
subtropical Asia sheath rot
0. glaberrima 24 AA Africa (mainly west) | Cultigen
O. barthii 24 AA Africa Resistance to
green leaf hopper
O. longistaminata 24 AA Africa Bacterial blight
resistance
O. meridionalis 24 AA Tropical Australia Drought
avoidance
O. officinalis complex
O. officinalis 24 CC Tropical and Thrips resistance
subtropical Asia
O. minuta 48 BBCC The Philippines Sheath blight
resistance
O. rhizomatis 24 CC Sri Lanka Rhizomatous
O. eichingeri 24 CC Sri Lanka, Africa Not infected by
yellow mottle
O. puntata 24,48 BB, BBCC | Africa Zigzag leaf
hopper resistance
O. latifolia 48 CCDD Latin America Brown plant
hopper resistance
0. alta 48 CCDD Latin America Striped stem
borer resistance
O. grandiglumis 48 CCDD South America Large plant type
Q. australiensis 24 EE Australia Rhizomatous
Ridleyanae Tateoka
O. brachyantha 24 FF Africa Whorl maggot
resistance
O. schlechteri 48 Unknown Papua New guinea | Stoloniferous
0. ridleyi complex
O. ridleyi 48 Unknown Southeast Asia Stem borer
resistance
0. longiglumis 48 Unknown Irian Jaya, Indonesia | Shade tolerance
Granulata Rochey.
O. meyeriana complex
O. meyeriana 24 Unknown Southeast Asia Shade tolerance
O. granulata 24 Unknown South and Southeast | Shade tolerance

Asia

(Adapted from Vaughan, 1994 and IRRI, 1995)



1.3 Constraints for rice production in its ecosystems

The term ecosystem is defined by Arthur Tansley as a unit comprising a group of
organisms and their environment (Mannion, 1995). The rice ecosystems are
rainfed lowland, upland, flood-prone land or deepwater, and irrigated ecosystems.
They are mainly dependent on water regime, rainfall pattern, depth and duration of
flooding and drainage. More than 50% of the world’s rice crop area is under
irrigation and contributes to about 75% of the world rice production. In an
irrigated ecosystem, rice productivity is high, and this is largely due to the
adoption of modern rice technology by farmers. Upland ecosystems account for
about 15% of the world rice production area but contribute only 5% of total rice
production. Deepwater ecosystems account for about 10% of the world’s rice crop
area and contribution to total production is also around 5%. No technological
breakthroughs have been achieved in the upland and deepwater ecosystems,
(David, 1991), and as a result, rice production is always subject to drought, flood

and saline conditions.

Rainfed lowland ecosystems predominate in the world's most densely populated
rural regions, such as South and Southeast Asia. They contribute about 17% of the
world’s total rice production, from about 25% of the world's total rice land, which
means that productivity is low in rainfed ecosystems compared to irrigated ones.
This low productivity is due to the fact that floods or drought or both occur almost
every year. Moreover, salinity causes both genetical and physiological complex
changes in the expression of plant genes (Flowers et al., 2000; Yeo et al., 2000;
Koyama et al., 2001). This also causes low productivity in rainfed lowland
ecosystems. It is clear from the above statistics that the production of rice per unit
area is less in rainfed lowland, upland, and flood-prone or deepwater ecosystems
compared to irrigated ecosystems. One reason may be the lack of appropriate
varieties for these ecosystems. Therefore, rice production could be increased more
efficiently in these ecosystems through the selection or development of

appropriate varieties, as the production is poor or indigent.



The interactions of soil, water, climate and the plant are the key elements in the
production of cereal grains. Major environmental stresses to which plants are
generally subjected are drought, high temperature, low temperature, flood, salinity,
and high radiation (Boyer, 1982; Herdt, 1991) and account for about 85% of the
total crop plants production losses (Boyer, 1982). Among these, drought and high
temperature are considered as major factors, which limit the yield in crop plants
(Boyer, 1982). Water is the most important factor than any other for the
development of field crops, because severe water stress arrests activities for
growth and development of crops. Moreover, environmental concern regarding the
adverse effects of irrigation and flood control makes for difficult choices as

regards the use of fresh water for food production.

In Asia, rice is grown on small family-based farms, an average farm size being 1 ha or
less (David, 1991). It accounts for 30-50% of total income. As a result, rice is
regarded as a strategic commodity and an important component of culture in many
Asian countries. As mentioned earlier, rice production should increase by at least 50%
from present production levels, given the decrease in present cultivable land
resources. So there is a need to find alternative ways to increase production. About
200 million hectares of rainfed lowland in Africa and Latin America are not cropped
and are under-utilised due to lack of appropriate technology. New technologies and

varieties that are suitable for upland and rainfed lowland rice areas could bring much

of that land into production.

Drought limits the yield at some stages of the life cycle in rainfed and upland
conditions. In uplands and rainfed lowland areas, farmers generally do not have
access to irrigation, resulting in low yield due to water stress caused by uneven
distribution, and unpredictable and insufficient rainfall patterns (Chandra-Babu et al.,
1996; Hossain, 1996). More than one-third of the South and Southeast Asian rice
lands are under rainfed lowland conditions, where drought and flood along with
salinity hamper crop production at some stages of crop growth. In Eastern India,
farmers identified drought stress as the foremost constraints to higher yield in upland

and rainfed ecosystems (Herdt, 1996). These ecosystems may experience frequent



and severe water stress during the rice-growing period at any time. The world's
rainfed lowlands as well as uplands offer tremendous potential for increasing rice
production and for making rice profitable (IRRI, 1982a). Therefore, it seems that
productivity could be increased in upland and rainfed ecosystems with the

development of drought resistant varieties.

As mentioned above, upland and rainfed lowland are the two major ecosystems where
water stress or drought is likely to occur (Toenniessen, 1991; Mackill, 1996). Ribaut
et al., (1996) described drought as an important climatic phenomenon, which after
soil fertility, ranks as the most severe limiting factor for maize production in
developing countries. In Asia, 30-40% of rice lands is subject to monsoon flooding.
Monsoon rainfalls fluctuate drastically, from heavy to minimal downpours. Therefore
plant breeders need to develop varieties for both drought resistance and submergence
tolerance to increase productivity. This has become a major challenge to them. Plant
response to drought is a complex phenomenon and different drought resistance
mechanisms might act together to minimize yield losses under a given environmental
stress. From the above discussion it is apparent that there is a need for development of

varieties, which are suitable for drought or water limiting conditions.

1.4 Genetic improvement of the crop

The strategies for crop improvement include identification and selection of the
desired traits, which contribute to the improvement of the performance of crops
including drought conditions. The trait-based crop improvement strategy involves
selective accumulation of the traits that contribute to drought resistance for a
specific environment (Garrity et al., 1982; Blum, 1983; Rosenow et al., 1983;
Bidinger ef al., 1992). The most important requirement for drought resistance is
correct phenological development, which matches crop development to the pattern
of water availability for all drought environments. The identification and selection
of correct phenological genotypes is important, along with development plasticity,
a mechanism where the duration of the growth period varies with the availability

of water. Phenological plasticity is considered as an important characteristic in
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drought prone environments. The identification and selection of genotypes for
desired traits in the field is sometimes difficult due to the large environmental
influence on the expression of the traits, the cost and labour involved in
conducting such multi-location trails and also the lack of good control over stress
treatments. Different novel methods have facilitated the above-mentioned
strategies. However, the establishment of physio-morphological characteristics is
the first step for the description, classification and identification of crop

germplasm.

Generally, japonica rice has thicker and longer root systems compared to indica
and japonica is often grown as an upland crop. The wide range of root
development systems also indicated the adaptability to upland conditions (Oka,
1991). So drought resistance traits or genes may be available in japonica rice. The
varieties of O. glaberrima have some genes that are tolerant to adverse biotic and
abiotic conditions; thus drought resistance genes might be available from the
species. Moreover, the wild relative of rice contains numerous useful genes
including drought resistance ones. This means that drought resistant varieties can

be developed if the above-mentioned germplasms can be exploited.

However, several reports have shown that hybrid sterility and hybrid breakdown
are common in crosses within and between cultivated species of rice and these are
genetically complicated (Lynch ez al., 1991; Oka, 1991; IRRI, 1996). Moreover, a
range of variation in the rate of success is also found even in crosses between the
same genepool with shared common forms. Crosses between indica and japonica
always show reduced fertility. The hybrids of crosses between O. sativa and O.
glaberrima are sterile (Oka, 1991). These types of abnormalities occur not only in
the crosses between O. sativa and O. glaberrima, but are also observed in other
crosses, such as crosses between O. sativa and O. rufipogon (IRRI, 1996). The
interspecific hybrids show abnormalities in spindle formation and non-
synchronisation of chromosome movement, resulting in the formation of
restitution nuclei carrying an unreduced set of chromosomes. It can be summarised

that in Oryza species, F, sterility and other dysfunctions occur irrespective of
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genetic distance. If these barriers can be overcome, desirable genes from different

sources could easily be transferred and incorporated into cultivated varieties.

As mentioned earlier, drought resistance traits are available in wild rice (Table
1.3) and in some distantly related species, such as maize, sorghum and wheat. The
rate of success for transferring genes from wild relatives to cultivated rice is very
low and it is less than 1% (Oka, 1991). This implies conventional plant breeding
should be supplemented by other technology because new strategies are
continually sought to improve the efficiency of plant breeding programmes.
Genetic transformation methods could be used for transferring specific gene(s) if
the traits are identified. However, this technique is very costly and feasibility in
many poor developing countries is questionable. Therefore there is a clear need for
other technology for the improvement of crop; the implication is that improved
technology can increase crop productivity. Therefore a preliminary attempt has
been made to develop a technique for gene transfer through isolation of sperm and

egg cells and fusion of the isolated gametes by using indica type O. sativa species.

It is apparent that drought resistant varieties are needed for rice if the production in
rainfed and upland ecosystems is to be extended. Therefore, the overall objective of
this study is to develop suitable technique(s) in order to improve rice productivity in

drought stress areas. The specific aims of the project are as follows:

1. To identify accessions with potential drought resistance genes through physio-
morphological and isozyme systems studies.
2. To transfer drought resistance genes to existing high yielding lines or varieties

through the in vitro fertilization.
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CHAPTER TWO

Review of literature

2.1 Assessment of drought resistant rice

In general, there is no accepted definition of drought resistance, and the phenomenon
is perceived in various ways in different places. It has specific effects according to
location, land use and climate. Indeed, the term is somewhat ambiguous and difficult
to interpret as different authors have explained it in different ways. Use of soil for

quantification of drought stress rather than plant water status is an added complexity

to understand (Sullivan, 1971).

According to precipitation criteria, drought is defined as the shortage of water in a
period of time in a particular agroceosystem (Nix, 1982). This implies that the
primary reason for drought is lack of precipitation. It is well known that the water
from precipitation moves in different ways, through evaporation, infiltration, runoff,
drainage, soil conservation and water uptake by plants. These factors are highly
interrelated and occur simultaneously. Temperature can be influential often in various
ways. As a result, temperature is also included as a drought parameter, specially
given the importance of evaporation. Thornthwaite in 1948 suggested a more realistic
basis for concepts of water balance involving the recording of water transfer into six
categories, viz., precipitation, potential evaporation, actual evapotranspiration, soil

moisture storage, soil moisture deficit, and soil moisture surplus (Nix, 1982).

Some authors have classified drought into two types namely: meteorological and
agricultural depending on the data from meteorology and agro-ecosystems (Kramer,
1980; Swindale and Bidinger, 1981). Meteorological drought could be defined as the
percentage of rainfall over a period of time, which is below the long-term mean
rainfall of that area. Agricultural drought, on the other hand, could be defined as the
unavailability of sufficient water for a crop during its growing period. Agricultural

drought may include some different threshold conditions and criteria, which may be
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related to specific crop plants (IRRI, 1982). This makes breeding programmes for
drought resistance difficult, and progress is slow because the different types of

drought may require different approaches for breeding.
2.1.1 Mechanisms of drought resistance

Drought is the most important abiotic stress limiting the production of rice
(Toenniessen, 1991) and maize (Ribaut et al., 1996). Nguyen and Joshi (1994)
reported that plants respond to different kinds of stress depending upon their genetic
make-up. Understanding of the physiological, molecular and biological effects of
these stresses constitutes the first step towards the development of strategies for
designing stress resistant genotypes. The major physiological components of drought

resistance in rice are the root system, osmotic adjustment and cuticular transpiration

(Nguyen et al., 1997).

There are two main strategies in drought resistance, namely: avoidance and tolerance.
The dehydration avoidance mechanism helps a plant to maintain cell turgor and cell
volume resultant of high leaf water potential, which helps to avoid the stress
experienced by the plant tissues. The avoidance involves enhancement of water
uptake by deeper and more extensive root systems, or by reducing water loss by
stomatal closure, leaf movement, and low epidermal conductance. These involve
osmotic adjustment for turgor maintenance, allowing stomata opening,
photosynthesis and leaf expansion over water stress (Steponkus ez al., 1980;
Collinson et al., 1997; Azam-Ali and Squire, 2002). Drought tolerance mechanisms
can help a plant to maintain important metabolism or physiological functions at lower
leaf water potential because its tissues are able to tolerate dehydration using superior

protoplasmic tolerance of desiccation.

The other strategies for drought resistance are escape and recovery. A plant can
escape drought by completing its life cycle before the water stress occurs and this is
mainly observed in desert ephemerals. Desert ephemerals have a special phenology

with photoperiod insensitivity and developmental plasticity, which allows them to
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flower at any stage of plant development subject to water availability. The early
maturity of upland rice and the photoperiod sensitivity of lowland rice also constitute
escape mechanisms. Drought recovery lies in the budding capacity of the plant.
When drought occurs at an early stage of crop development, some genotypes are able
to produce more tillers upon relief of drought, and these tillers are productive if the
remaining growing season is long enough to complete grain filling (Fukai and

Cooper, 1995).

Most of the drought resistance traits of rice represent avoidance mechanisms, such as
deeper and denser root systems and stomatal control (Mackill, 1996). O'Toole (1982)
classifies the drought resistance mechanisms of rice into root-related traits, shoot-
related traits, and reproductive stage specific traits. Root-related traits are deeper and
denser root systems, high root penetration ability through soil hardpan, and root
osmotic adjustment. Root depth is the plant trait most strongly related to drought

avoidance in upland rice culture (Chang et al., 1987).

Different authors have reported that the most important root-related traits for
combating drought by water extraction from the soil are root number, root thickness,
root depth and branching, root length density, and root penetration ability through
compacted soil layers (O'Toole, 1982; Yoshida and Hasegawa, 1982; Thanh et al.,
1999). Root thickness can be used as a selection index for xylem size up to about 1.2
mm root diameters in rice (Yambao et al., 1992). Different root characteristics like
root penetration ability are quite difficult to measure directly and accurately in the
field due to lack of uniform soil compaction, and it is also an intensively laborious
task. In rainfed lowland ecosystems impenetrable plough pans (hardpan) are formed
due to puddling operations during pre-transplanting. During drought, rice roots
cannot penetrate to the deeper soil (due to hardpan) to extract water from the deeper
soil layer. Drought also increases mechanical obstruction (Thangaraj et al., 1990).
Under the above conditions, the productivity of crops could be maintained if cultivars

had some water stress resistance mechanism.
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Shoot-related traits are stomatal characteristics, leaf rolling, a thicker epicutical wax
layer, and osmotic adjustment. Matthews ef al. (1990) described that drought
resistance sorghum lines showed more leaf-rolling than the susceptible lines,
reducing the effective area of the uppermost leaves by about 75%. Leaf-rolling in the
resistant lines occurred over a very narrow range of leaf water potential (-2.0 to -2.2
mega Pascal-MPa) compared to susceptible lines. The strong correlation between the
light-extinction coefficient (k) and leaf-rolling indicated that changes in k over the
season were in part due to the leaf rolling abilities of the lines. Lines exhibiting leaf-
rolling had higher leaf conductance, although transpiration rate per unit leaf area was
similar. Leaf-rolling may alter the leaf surface micro climate so that stomata may

remain open and growth continue without association of high rates of water loss.

Reproductive stage specific traits are early morning anthesis, increased panicle
diffusive resistance, tolerance for high spikelet temperature, demobilisation and

translocation of stored water.
2.1.2 Leaf water potential

Variation in leaf water potential among cultivars or strains under moisture stress
conditions were found rice (O'Toole and Moya, 1978; O'Toole and Cruz, 1979). This
was also reported in wheat (Fischer and Sanchez, 1979; Quarrie and Jones, 1979;
Blum, 1980), sorghum (Blum, 1974; Ackerson et al., 1980) and bambara groundnut
(Collinson et al., 1997; Azam-Ali et al., 2001). It has been reported by
Gomathinayagam et al (1988) that leaf water potential and leaf area were the most
important parameters for drought resistance in rice. A difference in leaf water
potential of up to 1.0-1.3 MPa between genotypes was found in rice (O'Toole and
Moya, 1978) and wheat (Blum, 1980).

In rice, midday leaf water potential falls, even in irrigated conditions, because of a lag
between water absorption by roots and transpiration through the leaves. This
indicates that midday leaf water potential may be a criterion for selecting a drought

resistant plant. Bashar ef al. (1990) conducted an experiment on midday leaf water
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potential in rice and suggested that leaf water potential may be used as a selection

criteria for drought resistance.

2.1.3 Osmotic adjustment

Osmotic adjustment, a process of active solute accumulation within cells under
drought stress, is receiving increasing attention as a probable component of drought
resistance in crop plants (Turner ef al., 1986a; Ludlow and Muchow, 1990; Turner et
al., 2001; Azam-Ali and Squire, 2002). This process occurs in all tissues of the plant
and appears to be expressed differentially among different species and within
different genotypes of the same species (Ludlow and Muchow, 1990, Ludlow et al.,
1994). It is a multifaceted trait and has potential benefits for plants in water stress
conditions. It promotes leaf survival or to stay green by increasing both avoidance
(enhancing root growth and extraction of soil water) and tolerance of dehydration. A
phenotypic correlation between grain yield and osmotic adjustment has been shown
in wheat (Morgan et al., 1986) and Brassica (Singh, 1989). Osmotic adjustment helps
to maintain the turgor of both shoots and roots at the time of water deficit (Turner and
Jones, 1980). Osmotic adjustment is not an inherited trait, but the capacity for
osmotic adjustment is inherited. It is an inducible trait that occurs only when water
stress develops and turgor was fully maintained in stem and pulvinus under drought

conditions (Virgona and Barlow, 1991).

Significant genetic variation in osmotic adjustment has been observed in different
crops, including rice, subjected to water stress (Hsiao ef al., 1984; Turner et al.,
1986a; Lilley et al., 1996). Blum (1989) reported that barley (Hordeum vulgare L.)
genotypes differed significantly in osmotic adjustment, which ranged from -0.17 to
0.46 mega Pascal (MPa) when the water potential was the same. Morgan (1983)
found that wheat (7riticum aestivum L.) genotypes with a greater capacity for
osmotic adjustment gave more yield under drought conditions. Grumet ez al. (1987)
selected barley isopopulations differing in constitutive osmotic adjustment by about

0.1 MPa. Dehydration avoidance was enhanced when osmotic adjustment promoted
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root growth. Osmotic adjustment is also effective in plant tolerance to salinity and
freezing stresses, both of which involve a component of water deficit (Blum, 1988).
It has been shown that growth and yield under water-limiting conditions can be
improved by selecting lines with higher levels of osmotic adjustment in wheat
(Morgan, 1983), sorghum (Ludlow et al., 1990), barley (Blum, 1989) and grain
legumes (Turner ef al., 2001). It is reported by Turner et al. (1986a) that osmotic
adjustment occurs in rice subjected to water deficit, and a genetic variability is also

observed in osmotic adjustment among rice lines.

2.1.4 Root penetration

It is generally assumed that an essential feature of a drought resistant plant is a deep,
wide spreading and branched root systems, such as that of sorghum (Kramer, 1969).
Extraction of moisture by the deeper roots helps the plant to maintain turgidity and
growth under mild drought or enables them to survive under severe drought stress.
Root growth is influenced by genotype and the physical characteristics of the soil,

such as soil hydrology and soil mechanical impedance.

Root growth and extension of plants decrease with increase in soil strength. A soil
strength greater than 0.5 MPa and a soil bulk density greater than 1.5-g/cm® hamper
root growth and penetration below 10-15 cm of depth from the soil surface
(Hasegawa et al., 1985; Thangaraj et al., 1990). The presence of compacted soil
layers act as physical and physiological constraints to overall plant growth (Tu and
Tan, 1991) by preventing the downward growth and distribution of the plant root

systems (Yu ef al., 1995). Compacted soil layers reduce leaf area, dry matter

accumulation, root elongation rate, transpiration rate, and crop yields (Pathan, 1998).

Yield was increased in cotton and soybean by mechanical disruption of the

compacted soil layers. However, mechanical disruption is expensive and requires

reiteration after a few years (Busscher et al., 1986). Yu et al. (1995) also reported that

the ability of roots to penetrate compacted soils can be beneficial, as this will avoid

drought stress.

18



The differential response of rice genotypes to soil and atmospheric water stress has
been treated as a root system characteristic (Armenta-Soto ez al., 1983; Chang et al.,
1972). A significant genotypic variation exists for root penetration ability among
different rice cultivars (Yu et al., 1995). The indica and japonica subspecies of rice
are usually adapted to lowland and upland ecosystems, respectively. They differ
generally in their root morphology and rooting patterns. Cultivars of upland origin are
more deeply rooted and have a larger diameter of the main root axes as compared to
cultivars of lowland origin (Yoshida and Hasegawa, 1982; Price et al., 1997). Root
morphology and rooting patterns directly affect the amount and timing of water
availability to a crop (Champoux et al., 1995). Several authors have reported that
thick and long rice root systems help the root to penetrate the compacted soil layer for
better availability of ground water (Yoshida and Hasegawa, 1982; Ekanayake et al.,
1985 and1985a; Thanh et al., 1999). A well developed long thick root has a positive
effect on the yield of upland rice under water stress conditions (Yadav et al., 1997)
and better root growth is also associated with drought avoidance (Price and Tomos,
1997). Thick roots produce more and longer branched roots that increase root length
density and increase water uptake capacity (Ingram et al., 1994). Thick roots are
known to have a wider xylem diameter and consequently less axial resistance to
water flow along the xylem. Both axial and radial resistance limit water movement

(Yambao ef al., 1992).

Ludlow and Muchow (1990) and Turner ez al. (2001) suggested that a deep and
vigorous root system could increase water transpiration, allowing the plant to avoid
water deficits at critical growth stages and to contribute to a higher yield in water
limited environments. The ability to maintain water uptake during drought appears to
be a major attributer conferring increased drought resistance to traditional rice
varieties, while increased rooting depth and density would improve the capacity to
extract available water (Cruz et al., 1986; Fukai and Cooper, 1995). The
configuration of root systems under field conditions is largely determined by factors
such as fertility gradients, soil moisture, mechanical impedance and aeration (Lynch,

1995), which are in turn affected by soil climate and cropping patterns and systems.
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2.2 Yield response to soil moisture status

There is no doubt that the timing and duration of water stress has a major effect on
crop yield, because drought does not need to be prolonged to affect crop yield. Even
one day water stress can have some effect on yield if the stress is severe (Garrity and
O’Toole, 1994; Garrity and O’Toole, 1995). Ingram and Yambao (1988) reported
that water deficit during the vegetative stage had no effect on the grain yield of rice.
However, during the reproductive phase, water deficit over 5 or 10 days reduced
yields by 25 to 45% and a water deficit over 15 days reduced yield by up to 88%.
These results indicate that rice yield is reduced most when drought occurs during the
reproductive stage. However, some cultivars have some capacities to maintain green
leaves longer period resulting in increase dry matter production and are believed to be
drought resistant (Jearakongman et al., 1995). Howell and Hiller (1975) reported that
sorghum had the highest yield reduction when water deficit occurred at the booting
stage of growth. Similarly, Hanks et al. (1978) carried out experiments on corn using
different levels of irrigation, revealing the importance of irrigation during the
vegetative stage for yield maximisation. Winter maize reached a maximum value of
6t/ha when irrigated at 0.055 MPa soil moisture tension during the vegetative stage
and at 0.033 MPa during the reproductive stage (Jana and Puste, 1985). Similar

results were also reported for maize and sunflower (FAO, 1979).

Maximum Yyield is achieved by irrigating at a particular matric potential. Taylor
(1965) listed all the matrix potentials at which to irrigate crops in order to obtain
maximum yield (El-Husseini, 1993). Singh and Malik (1983) conducted experiments
on dwarf wheat, recording a maximum grain yield of 5.2 t/ha under no water stress.
When a severe water stress of -1.5 MPa was imposed, yield reduction of 33.9%
occurred. Hedge and Srinivas (1989) reported that banana fruit yield increased by
scheduling irrigation at a soil matric potential of —0.025 MPa. Banana is sensitive to
soil moisture stress; hence, growth and yields were adversely affected by water

deficits especially when a soil matric potential below —-0.05 MPa (FAO, 1979).
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2.3 Breeding strategies for rice improvement

Rice is a self-pollinated species and the systematic breeding probably started at the
end of the 19" century. Since then various methods have been applied from
conventional hybridisation to novel breeding methods, such as transformation,
protoplast regeneration and fusion for rice crop improvement and some of the

approaches are described below.

2.3.1 Conventional approaches

The most common method for rice breeding is hybridization and initially, rice was
bred so far for agronomically important traits, such as disease, insect resistance and
salt tolerance. Nowadays selection is used mainly to obtain desired genotypes from
segregating populations after hybridization (Poehlman and Sleper, 1995). Many new
cultivars have been developed through this method. Rice production increased
significantly after the establishment of the International Rice Research Institute
(IRRI) and after the development of semi-dwarf rice varieties, as well as for other
technological developments by the IRRI. Since then, different national agricultural
research organizations have launched the “Green Revolution™ programme in rice.
This has led to a major increase in rice production in many rice growing countries.
Nowadays most of the rice growing countries in Asia have become self-sufficient in

food production but still need to increase production due to population increase.

The genetic variability in traits, such as tolerance or resistance to drought, salinity and
temperature is difficult to obtain because of the nature of the cultivated rice
germplasm. Wild relatives of rice on the other hand have potential sources of various
traits including the above mentioned (Table 1.3). Hence wild relatives of rice can
play an important role for rice improvement. Rice scientists have been trying to
incorporate these useful genes into desired elite cultivars for a long time. However,
this 1s not an easy job, as many barriers are encountered in transferring these useful
genes from wild species to cultivated rice (Khush and Brar, 1992). Crossing barrier is

the most common problem, which is due to disharmonies of pollen pistil interaction,
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chromosomal elimination or genomic imbalance and these have resulted in early
embryo degeneration. However, some success has been achieved by different
scientists to transfer genes, such as the grassy stunt virus resistance gene from O.
nivara (Khush, 1977), the cytoplasmic male sterility gene from O. perinis, the brown
plant hopper (BPH) resistance gene from O. officinalis, BPH and bacterial leaf blight
resistance genes from O. australensis, and the blast and bacterial leaf blight resistance
genes from O. munata (IRRI, 1991). Few reports have been found so far on
transferring drought resistant traits, although there is a scope to improve rice by

incorporating useful genes, such as drought resistant traits from wild rice to cultivated

rice.
2.3.2 Breeding for drought resistance

It is difficult to conduct a screening programme for root penetration ability in
compacted soil layers (soil hardpan) due to lack of efficient, reliable techniques and
the inability to create uniform compacted soil layers in the greenhouses and in fields.
The available analytical techniques for evaluating root traits are tedious and time
consuming (Robertson et al., 1985; Ingram et al., 1990). This puts breeding
programmes in difficulty. Busscher ez al. (1986) reported that a soil strength greater
than 1 MPa reduces root growth and when it is greater than 2 MPa, it completely
prevents root growth. Similar results were also reported by Kandasamy (1981) for
artificially generated compacted soil layers with strength of 1 to 2 MPa. Yu et al.
(1995) developed an efficient screening technique for the study of root penetration,
using wax petrolatum layers to simulate compacted soils. The wax petrolatum layers
consisted of 60% wax and 40% petrolatum white, with a resistance of 1.4 MPa at
27°C. They found that the dry land origin cultivars had greater root penetration ability

than the cultivars of the wetland origin.

Genetic variability in root length, root tip thickness, root number, root weight and
shoot weight have been recognized in rice (Armenta-Soto ef al., 1983, Yu et al.,
1995). Chang et al. (1982) reported that additive gene action was related to maximum

root length, root thickness, root number, and root-shoot dry weight ratio. Plant height
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and tiller number showed a combination of additive and dominance effects, while the
root and shoot dry weights showed only dominant gene action. The root length was
positively correlated with plant height, root and shoot dry weight, root-shoot ratio,
and root thickness. Root thickness was positively correlated with plant height and
root-shoot dry weight ratio. The root number was positively correlated with the tiller
number and the dry weight of roots and shoots. It is also well documented that root

growth varies across rice types and varieties.

Japonica rice varieties generally have thicker and longer roots compared to the indica
type. Indica upland rice produces more long and thicker roots than lowland rice
(Chang et al., 1982; Ekanayake et al., 1985). Therefore it can be assumed that
drought resistant traits might be available in these genotypes, which are related to
root penetration ability. There is scope to develop root related drought resistant
cultivars by incorporating these traits. However, the hybrids of crosses between
indica and japonica are sterile. Moreover, field screening for root traits is difficult,
which in turn slows down the breeding progress. Once the traits for drought
resistance have been identified, methods can be explored to incorporate these traits

into elite varieties.
2.3.3 Use of genetic markers with special reference to isozyme

One of the most important advantages in the field of biotechnology is the utilisation
of genetic markers. Generally, markers may be categorised as morphological or
visible, protein and DNA markers. Although both morphological and protein markers
are limited in number, they can also be used for identifying desirable traits. Molecular
markers are discrete, codominant, non-deleterious characters that are not affected by

environment and are free of epistatic interaction (Tanksley ez al., 1989; Paterson et

al., 1991).

Markers are generally used for genetic diversity analysis, germplasm evaluation,
construction of genetic linkage maps, genome analysis, gene tagging, map based

gene cloning and marker aided selection (Anand, 1998; Jung, 2000). Most of the
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agronomically important traits are controlled by polygenes. Plant breeders can use
genetic markers as a selection index, because genetic markers are associated with
economically important plant traits (Paterson et al., 1991; Neale et al., 1992; Harris et
al., 1994). Superior alleles can be efficiently selected if molecular markers are closely
linked to the allele or genomic region of interest. Selection based on molecular

markers can overcome the barriers associated with low heritability and recessive and

difficult screening assays.

Genetic variability or diversity has traditionally been determined through the
phenotypic characteristics of a plant population because such traits are easy to
observe and measure. Moreover, phenotypic diversity in most cases represents a
major proportion of the genetic diversity in a population. Furthermore, some of the
economically important physio-morphological traits such as taste or aroma in rice,
and the maturity period are directly utilised to assess the potentiality of germplasm.
However, the level of accuracy in determining the genetic variability or diversity
solely through morphological characters is less because of the influence of
environments on the phenotypic expression. This is especially important for
agronomically important traits, such as yield and the quality of the grains, in other
words, the quantitative traits. Therefore, the need for more reliable techniques is
obvious. The recent development of DNA marker and protein marker techniques can

efficiently supplement morphological or visible markers.

An isozyme is a biochemical marker, i.e. a protein or molecular marker which is also
used to measure genetic variability in plant species (Baily, 1983; Haq, 1996a; Omara
and Maria, 2000). It has been used in taxonomic, genetic, evolutionary and ecological
studies. It has also been utilised for cultivars or line identification (Hamrick et al.,
1992). In spite of DNA markers, such as RFLP and RAPD, isozymes are still widely
used, because of their simplicity and low cost in species delimitation and
conservation (Chamberlain, 1998), assessment of genetic variability in species and
populations, cultivar identification, gene flow and evolutionary studies (Gauthier et
al., 1998; Jung, 2000; Volis et al., 2001). Moreover, in most cases, isozyme analysis

can be done rapidly. So for rapid assessments of the variability of a population, the
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1sozyme probably represents the best approach. It has already been used in the

classification of rice germplasm (Second, 1982; Glaszmann, 1985; Glaszmann, 1987;

Noboru et al., 1997).

2.3.4 Wide hybridization

The term hybridization is used for a wide range of processes involved in cross-
pollination. Wide hybridization usually refers to gene flow between populations,
which are reproductively isolated from one another and includes interspecific and
inter generic crosses (Hadley and Openshaw, 1980). Wide hybridization is an
important cytogenetic and plant breeding tool to improve crop plants. It allows the
introduction of alien variations and transfer of desirable gene(s) from wild to
cultivated species. It is well known that wild relatives ofi crop species are important
sources of genetic variability for various economically important characteristics, for
instance tolerance to biotic and abiotic stresses and male sterility, increased biomass,

grains yield and improved quality characteristics. Several reports have been

published in relation to the important role of wild relatives in crop improvement (Brar

and Khush, 1986; Kalloo, 1992).

Transfer of genes from wild species to cultivated species is not straightforward and
often encounters barriers for free gene(s) transfer. However, interspecific crosses are
designed in breeding programmes to transfer genes or chromosome blocks, and
several successes have been documented (Haq, 1996b). The successful utilisation of
alien genetic material depends not only on effective wide crosses but also on

subsequent inter-genomic recombination.

Internal barriers to genetic interchange between related populations occur as a result
of either sexual incompatibility or hybrid breakdown. They usually occur when
attempts are made to cross between different species or members of different genera.
Sexual incompatibility, which prevents the fertilization of the egg cell and formation
of the zygote due to disharmonies existing in the pollen pistil interaction, are

considered as pre-fertilization barriers. Hybrid breakdowns due to failure of hybrid
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embryo development, or hybrid plant inviability, weakness or sterility are referred to

as post-fertilization barriers.

Several techniques have been designed to overcome the barriers for successful viable
hybrid production between two incompatible species (Brar and Khush, 1986; Khush
and Brar, 1992; Haq, 1996b). Some of these techniques are described below.

2.3.4.1 Embryo rescue method: Abortion in hybrid embryos is a very common
feature of wide crosses. It occurs at different stages of development, depending on the
genomic relationships of the two parents. Such abortic embryos can be dissected
from the developing ovaries or ovules, and cultured in a nutrient medium. In some
cases, it 1s not possible to excise embryos from ovules, and in that case whole ovules
or ovaries are cultured for embryo rescue. Using embryo rescue, a large number of
interspecific and intergeneric hybrids have been developed in different species
including Oryza (Brar and Khush, 1986; Khush and Brar, 1992; Sharma et al., 1996).
The success of the embryo rescue method depends on the medium composition and

the developmental stage of the embryo.

2.3.4.2. Amphidiploids: Hybrids of crosses between distantly related species often
show high levels of sterility. This sterility may be due to genic or chromosomal
differences between the two parents. Such sterility can be overcome by doubling the

chromosome number of the hybrids in order to produce amphidiploids.

2.3.4.3 Bridging species technique: Sometimes direct crosses between species with
the same or different ploidy levels are difficult or impossible to achieve. A third
species (bridge species) is used to produce successful crosses. This technique has
been used to make wide crosses in several species such as wheat (7riticum), potato

(Solanum) and tobacco (Nicotiana).

2.3.4.4 In vitro fertilization: Any manipulation of excised maternal and paternal

tissue to accomplish pollen tube penetration to the embryo sac for fertilization is
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referred to as in vitro fertilization. It is an important method to overcome both pre-

and post-fertilization barriers.

2.3.4.5 Use of growth hormones: Various growth hormones have been used to
stimulate pollen tube growth and embryo development (Khush and Brar, 1992).
Growth hormones prolong the receptivity of stigma and prevent early abscission of:
pollinated flowers. Chances when producing wide hybrids can be improved

considerably using gibberellic acid (GA3) and other growth hormones.

2.3.5 Somatic hybridization

Somatic hybridization is the in vitro fusion of plant protoplasts derived from
somatic cells of plants with different genetic structure. The isolated protoplasts, as
naked cells, tend to fuse themselves, and can be induced to fuse with other
protoplasts of different species, thereby providing opportunities for the creation of
novel plant hybrids. This technique offers unique advantages over sexual
hybridization in terms of combining unrelated genomes and cytoplasms. This
method can be used to transfer novel genetic traits to overcome strong sexual
incompatibility barriers when conventional hybridization is not possible (Kumar
and Cocking, 1987; Tang et al., 2000). Moreover, it can be used in genetic
transformation by incorporation and expression of foreign DNA, usually in
plasmid form. However, such techniques are always linked to the subsequent

recovery of whole plants i.e. plant regeneration, which is often associated with

problems.

Cocking (1960) published a pioneer report on the enzymatic isolation of higher plant
protoplasts. Since then, attempts have been made to regenerate rice protoplast from
their fused products (protoplast fusion). These have been aimed at transferring novel
genetic traits across sexual incompatibility barriers, and introducing cytoplasmic
male sterility into the desired rice cultivars (Kumar and Cocking, 1987). The initial
success on rice protoplast isolation and culture were based on the japonica varieties

and was first reported by Fujimura et al., (1985) and Yamada et al., (1986). However,
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it is difficult to regenerate protoplasts of indica compared to japonica rice. Lee et al.

(1989) developed a protocol for regeneration of indica rice from protoplasts.

Abdullah et al. (1986) reported a rapid, efficient and reproducible method for fertile
plant regeneration through somatic embryogenesis from cell suspension-derived
protoplasts of two japonica cultivars (Taipei 309 and Fujisaka 5). After that, several

successful reports on protoplast culture with regeneration of japonica (Thompson et

al., 1986; Jenes and Pauk, 1989; Li and Murai, 1990; Jain et al., 1995) and indica rice

have been published (Datta ez al., 1990; Gupta and Gupta, 1995, Jain et al., 1995).
Successful reports have also been published in javanica rice (Suh et al., 1992; Tang
et al., 2000). However, no successful report has been published in O. glabarrima for
protoplast isolation and culture so far. Considering the problems associated with the

success of indica varieties, further research is needed to overcome the problems.

Successful protoplast culture and plant regeneration systems permit selection of
somaclonal variations among protocloned plants. Generally, plants regenerated from
protoplasts exhibit more variation than plants regenerated from explants due to the
cytological instability associated with the protoplast isolation process (Karp, 1991).
Among protoplast-derived rice plants, variation was also found in ploidy level

(Gurderdoni and Chair, 1992; Mezencev et al., 1995).

The main areas of application of protoplast technology in rice improvement are
genetic transformation, using direct DNA uptake by protoplasts, the transfer of
cytoplasmic male sterility, disease and insect resistance and tolerance for abiotic
stress from wild rice through protoplast fusion. The application of protoplast

technology in rice crop improvement programmes is limited by the selective

response to genotypes and poor reproducibility (Lynch et al., 1991; Hodges et al.,

1991).
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2.4 In vitro fertilization

The difficulties that occur during wide hybridization can be overcome by other
techniques, such as isolation and manipulation of male and female gametes in their
fusion. The isolation of gametes and their in vitro fusion techniques have been
developed for some species, such as Zea (Kranz et al., 1991a&b) and Nicotiana
(Tian and Russell, 1997; Tian and Russell, 1997a). These techniques seem to be
logical and appropriate to by-pass the difficulties, which occur during crosses
between inter-specific and between indica japonica subspecies. No report has been
published on rice in this regard; therefore the development of methods or
techniques for isolation of gametes at cellular level and their fusion will be
extremely useful. This technological development may be helpful not only in rice
but also in other crops. The scope of these procedures has been reviewed by
different researchers (Rougier ef al., 1996; Kranz and Dresselhaus, 1996; Dumas et

al., 1998; Kranz and Kumlehn, 1999).
2.4.1 Isolation of female gametes

The female gametophyte or embryo sac, contains the gametes, and develops within
a specialised structure, the ovule. The embryo sac is surrounded by a cellulosic
wall, sometimes completed with callous, as in maize (Matthys-Rochon ef al.,
1992) and this appears to be a major plant structure, a functional unit, in where the
original double fertilization occurs (Dumas et al., 1998). To protect the female
cells from environmental variations, the embryo sac and gametes are deeply
immersed in the diploid female organ (Wagner et al., 1990). Many efforts have
been made to 1solate embryo sacs and female gamete from mature plants (Theunis
et al., 1991). The usual procedure for isolation of female gametes is the enzymatic
treatment of ovules, followed by manual manipulation of the embryo sac. Using
this technique, several reports have been published for isolation of viable egg cells

in several species (Kranz et al., 1991a&b; van der Mass et al., 1993; Kranz and

Kumlehn, 1999).
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2.4.2 Isolation of male gametes

At maturity, the pollen grain contains either a single progenitor cell or the two
sperm cells along with the vegetative cell. This is the classical distinction between
the two-celled pollen species (Rosaceae, Solanaceae, etc) and the three-celled
pollen species (Cruciferae, Graminaea, etc.). Three-dimensional reconstruction of
pollen from several species have shown that in three-celled pollen species, the two
sperm cells and the vegetative nucleus were physically associated. The association
between the sperm cells’ plasma membrane and the nuclear envelope of the
vegetative cell was termed the ‘male germ unit’ (MGU) because of its putative
importance in relation to the phenomenon of double fertilisation (Dumas and
Mogensen, 1993). This implies that all heredity materials, both cytoplasmic and
nuclear, are held together as a single unit (Tian ef al., 1998). The validity of this
concept was partly demonstrated by isolating this physical unit or MGU (Matthys-
Rochon et al., 1987), and also by demonstrating that such an association also
exists in the two-celled pollen grain. The main function of the MGU is the
transport of male gametes. Their association with the vegetative nucleus appears to
facilitate the precise positioning of the two sperm cells in relation to their female

target cells (Tian et al., 1998).

Several attempts were made with different species during the period 1985 — 1987
to isolate the MGU. The first significant results were obtained by Russell (1986)
and Dupuis ef al. (1987), who succeeded in isolating sperm cells of Plumbago and
maize respectively (Dumas et al., 1998). They also verified the viability and
integrity of the isolated sperm cells. In the past few years, several cytological
procedures have been developed to examine pollen sperm cells in several species
(Theunis and Went, 1989; Theunis, 1992; Southworth, 1992; Chaboud and Perez,
1992). These include the use of both light and electron microscopic analyses from

sperm cells in situ and in vitro (Theunis et al., 1991; Southworth, 1992).
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All sperm cells have some common features: they are small in size and, after
isolation, they become spherical, like vegetative protoplasts. They also contain a
very large nucleus and therefore a small volume of cytoplasm. Finally, the isolated
sperm cells have no cell wall. The quality of sperm cells has been examined using
numerous techniques, including the FCR test (Dupuius e? al., 1987), Evans blue
staining, ATP measurement (Roeckel-Drevet et al., 1995), or cell sorting (Zhang ef
al., 1992). There is no doubt that the most absolute assay would be the ability of

sperm cell to fuse with a female gamete and to form a zygote.

2.4.3 In vitro gametic fusion

In double fertilization, fusion of one sperm cell takes place with the egg cell and
the other sperm cell with the central cell (Lopes and Larkins, 1993), in order to
develop an embryo and endosperm, respectively. This phenomenon was first
reported independently by the Russian Sergius Nawaschin in 1898 and the
Frenchman Leon Guignard in 1899 (Dumas et al., 1998). Since then, considerable
development has been made in this domain. Both a cellular and a molecular basis
of fertilization have been reported, which includes pollen and ovule quality,
isolation of sperm and egg cells and their characterisation, and finally their
subsequent use for in vitro fertilization. Two main strategies for in vitro
fertilization have been developed in angiosperms during the past few years. One
strategy consists of injecting isolated male gametes or male nuclei into isolated
embryo sacs (Mathys-Rochon et al., 1994) and the other is induced fusion (either
electrofusion or chemically induced fusion). However, the rate of success in
injection is very low. In addition, the microinjection of sperm cells into egg cells
or central cells completely isolated from surrounding cells has not yet been
achieved because of the technical difficulty of the procedure. However, such
methods of intra-cytoplasmic sperm injection are already practised in humans

(Alikani et al., 1995; Dumas et al., 1998).
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The second strategy consists of fusion of gametes, completely isolated from the
surrounding tissues, under in vitro conditions (Kranz et al., 1991a&b; Kranz and
Lorz, 1993, 1994; Faure et al., 1994; Kranz and Kumlehn, 1999). This method
consists of aligning pairs of gametes by di-electrophoresis and then fusing them by
the use of one or more electric pulses. This method was used successfully for
maize (Kranz et al., 1991; Faure et al., 1993; Kranz and Lorz, 1993) and wheat
(Kovacs et al., 1995). An alternative to electro-fusion is chemically induced
fusion, especially calcium induced fusion, which involves bringing male gametes
and egg or central cells into contact with the help of micro-needles (Faure ef al.,
1994; Kranz and Lorz, 1994). The gametes adhere for a few minutes and then fuse.

Unlike electro-fusion, this second in vitro system retains gamete specificity (Faure

etal., 1994).

Physiological conditions during iz vivo gamete fusion are unknown. Limited report
is available on the osmolarity of the in vivo environment surrounding the gametes,
its composition, its pH, as well as the temperature at which fusion occurs, although
some in vitro reports are available. A comparison of the physiological state of
gametes in vitro and in vivo is important for fertilization experiments. Gametes
must be put into close contact to allow in vitro fusion. Under in vivo conditions,
cytoskeletal elements in the embryo sac might be responsible for the apposition of
the male gametes to the egg and central cells. It is reported that synergids might

play a significant role in this regard, as they enrich with calcium.

Observation suggests that calcium concentration might be essential for gamete
survival and fusion, as Faure et al. (1994) reported that the highest fusion is
obtained at a higher concentration of calcium in maize. Therefore it seems that
calcium in the millimolar range is essential for gametic fusion, which is also
observed in other organisms such as mammals (Dumas et al., 1998). The
concentration of bound calcium is high in the synergids of grass species (Chaubal
and Reger, 1990) and, after synergid degeneration around the egg cell, may lead to
gametic fusion (Huang and Russell, 1992; Chaubal and Reger, 1993). It is also

reported that calcium concentration is important for egg cell membrane stability in
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barley (Holm ez al., 1994) and for sperm cell viability in maize (Zhang et al.,
1995).

For in vitro fusion, it is a prerequisite to bring gametes into close contact. This can
be done either by dielectrophoresis (Kranz et al., 1991a & b) or using
microneedles and allowing the gametes to adhere to each other. Under in vivo
conditions, embryo sac elements might be responsible for the apposition of the
male gametes to the egg and central cells. The involvement of these structures in
pulling the male gametes towards their targets still needs to be investigated and
demonstrated. The molecules involved in the later adhesion of the gametes are
unknown. Several studies have led to the identification of such molecules in
animal species (Rougier et al., 1996) as well as in algae, e.g. Fucus (Wright et al.,
1995). This phenomenon in angiosperm gametes may be widespread. Indeed, male
gametes can also adhere to each other and to mesophyll protoplasts, although their
fusion is not frequent (Faure et al., 1994). In vitro fertilization without electrical

pulses could be used as a bioassay to identify molecules involved in the adhesion

of gametes.

Gametic fusion occurs rapidly. Male gametes fuse with their counter-part very
rapidly (Faure et al., 1994; Kranz and Lorz, 1994). Indeed, the fusion of the
gametes has rarely been observed by electron microscopy, indicating that this is a
rapid event (Russell, 1992). This suggests the absence of preferential fertilization.
In other words, the male gametes are equally as likely to fuse with the egg cell or
the central cell. In this respect, Plumbago zeylanica is different (Russell, 1993). In
this species, the two male gametes from one pollen grain are dimorphic: one is
plastid-rich and fuses more frequently with the central cell (Russell, 1993).
Another aspect of gamete recognition is whether a barrier to interspecific crosses
exists at the gamete plasma membrane level. So far, the electrofusion of maize egg
cells with sorghum, Triticum Hordeum and Brassica male gametes have been
reported without any complication (Kranz et al., 1995; Kranz and Dresselhaus,
1996; Kranz and Kumlehn, 1999). However, the question of interspecific

crossability is not addressed, as electric pulses forced the fusion in the above
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examples. Corresponding in vitro fertilization without electro-fusion is therefore
required. The potential implications of this in vitro fertilization are important.
Because the fusion parameters can be controlled and the timing is precise, the
study of gamete adhesion, fusion and signalling should now be feasible. In

addition, in vitro protocols can be combined with new molecular tools.
2.4.4 Plant regeneration from fused gametes

The application of micromanipulation techniques enables isolation and in vitro
fusion of female and male gametes in angiosperm. In combination with tissue
culture methods, which are adapted for the culture of single cells, these techniques
allow individual development of zygotes and endosperm. Zygotes and endosperm
are able to self-organise in culture independently from maternal tissue. Kranz and
Kumlehn (1999) have reported regeneration of plants from the zygotes produced in
vitro fertilization and from in vivo pollination. Kranz and Lorz (1993) have
reported regeneration of fertile maize plants from fused gametes using 0.1 or 0.5
mg/12, 4-D, 1.0 mg/l NAA, 1.0 mg/l benzyladenine during the first phase, and, for
later stages, an MS medium without hormones and 40-60 mg/l sucrose in MS
medium. Ability of zygotes to organise and develop into plants may be used for

the transfer of useful genes from one species to other.
2.5 Rationale and significance of the study

The world’s population is expected to increase by about three billion by the first
quarter of the new millennium. This has a special impact on developing countries as
population growth rates are still higher compared to developed countries, as
mentioned in chapter one. This implies that rice production must be increased by
about 50% (say about 300 million tons) from the present level to feed the projected
population. Cultivation of improved rice varieties with high and stable yield potential
1s the best policy to keep pace with ever-growing populations. Rice is grown on about
148 million hectares of lands in the world and about 40 and 20 million hectares are

under rainfed and upland conditions respectively, where drought at some stages of
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the life cycle limits yields, sometimes seriously. Moreover, productivity is low (4-5
t/ha) in rainfed and upland ecosystems compared to irrigated (5-6 t/ha) ecosystem
(BRRI, 1997). It was apparent that rice production could be increased in these two
ecosystems if appropriate varieties can be developed. Therefore a project has been
undertaken to identify drought resistant type(s) with the aim to utilise this in rice

breeding programmes through the development of novel hybridization methods.

In order to do this, the identification of drought resistance type(s) was carried out
using physio-morphological parameters and isozyme systems. Therefore pot plant
screening experiments were carried out to identify drought resistant accessions, under
greenhouse conditions according to physio-morphological characteristics and through
isozyme study in the laboratory. Attempts were then made to develop methods for
isolation of gametes and for their fusion. Plant regeneration from fused gametes was

also carried out with the aim to facilitate gene transfer.
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CHAPTER THREE

Selection of drought resistant accessions

3.1 Introduction

Rice (Oryza sativa L.) is a semi-aquatic plant and grows in a wide range of
environments, from rainfed to wetland conditions. In rainfed area, the soil is
largely aerobic, and plants depend on rainfall, whereas in wetland, the soil is
puddled, flooded, anaerobic and most of the season remains under water (O"Toole

and Chang, 1979; Turner et al., 1986).

Crop plants rarely show their total genetic potential for yield, due to limitations
imposed by environmental factors. Unfavourable temperature and water deficit are
the most important limitations affecting crop yields. About one-third of the world’s
potential cultivable land suffers from an inadequate supply of water and/or in
drought conditions (David, 1991; Price ef al., 1997). Moreover, most of the
remaining areas’ crop yields are periodically reduced by drought. The severity and
time of such stress can differ from season to season and year to year. Its effect is

often amalgamated with other abiotic and/or biotic stresses (Clover et al., 2001).

Hydrological conditions interact with edaphic, biotic, agronomic and other
climatic factors, and agricultural crop productivity is dependent on the complex
interactions of plants with those factors. These interactive phenomenon influence
the adaptation of rice cultivars in different ecology. This has special implications
for rainfed and dry land areas. It is estimated that about half of the world’s rice is
cultivated in rainfed and upland areas where several unfavourable features
including inadequate water limits crop production (Bennett, 2001; Pantuwan ef al.,
2002). The range of water stress environments is wide and can affect the crop at
any stage of growth. Therefore a rice variety, which is resistant to drought, is a

useful asset to increase productivity.
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Drought resistance has been attributed to larger root systems, an ability to delay
reproductive development and an ability to maintain stomata opening at low levels
of leaf water potential, possibly through osmotic adjustment (Loresto et al., 1976,
Wright et al., 1983; Hsiao et al., 1984; Azam-Ali and Squire, 2002). The delay in
reproduction is not always beneficial to the farmer. In reality, as mentioned earlier,
drought resistance is the result of the interaction of numerous morphological,
anatomical and physiological characteristics and different authors have explained
the above-mentioned phenomenon in different ways (Wright ef al., 1983, Turner et
al., 2001). This makes difficult for researchers to understand the importance of
stress response, when attempting to develop breeding strategy for stress resistant

varieties.

Generally in cereals, field resistance to drought is associated with low tillering
ability, tall plant stature, deep and thick roots, and plasticity of leaf rolling and
unrolling. On the other hand, recovery from drought is associated with good
tillering ability, and low plasticity of leaf rolling and unrolling (Chang et al.,
1982). Therefore it is important from the breeding point of view to consider the
above characteristics at the time of selection or when designing a breeding
programme. The development of drought resistant varieties has been slow
although information is emerging on stress physiology. However, compared to

other major cereals limited information is available on the response of rice to water

deficits.

One of the major causes for slow progress in developing drought resistant varieties
of rice is the influence of the environment, which arises from a combination of
factors such as genotype and environmental (GXE) interactions. Plant breeders
have tried to interpret how the environmental conditions influence genotypes or
how genotypes respond to varying environments. Unfortunately, the influence of
the environment over genotypes and the model for yield provides little
understanding of the biological significance (Turner et al., 2001). This complicates
the selection of new varieties or cultivars in drought conditions, as drought
resistance itself is an ambiguous term, as described in Chapter Two. The
physiological basis of GXE interaction could therefore help to understand the

adaptations of suitable genotypes for yield and quality. It is apparent that
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development of drought resistant varieties at different stress conditions may
require different breeding approaches. Therefore, a pot plant-screening experiment
with the germplasm obtained from Bangladesh was carried out to identify drought

resistant accessions, which could be used in rice improvement programme.

3.2 Materials and Methods

Pot plant screening experiments were carried out in a glasshouse of the University
of Southampton during the period of July-September, 1998 and May-August,
1999. The glasshouse climatic data recorded and collected from meteorological
centre during the experimental periods are shown in Fig. 3.1a and Fig.3.1b. A total
of 21 and 51 accessions of rice were used in experiment-1 and experiment-2,
respectively. The accessions were considered as treatments in both experiments.
The experiments were carried out in a Randomised Complete Block Design
(RCBD) with 4 replications. Rice seeds were sown in plastic pots of 15-cm
diameter with a surface area of 177 cm®. Pots were filled with 885 cm’ of soil
(John Innes compost number 2), which contained plant nutrients of NPK and other
macro and microelements. The rice accessions that were used in the experiments
were obtained from the Bangladesh Rice Research Institute (BRRI) Genebank
(Table 3.1). The germplasm was collected from different ecotypes and rainfall
distribution pattern of Bangladesh, which is given in Table 3.1. Eight seeds of each
accession were dibbled in 2-cm depth in each pot. Shallow irrigation (200cm*/pot)
was applied after sowing. After the emergence of seedlings from the soil the pots
were irrigated twice a week with water (200 cm’/pot) until seedling establishment
(i.e. seedlings had sufficiently developed roots to extract nutrients from the soil

and 2-3 leaves had emerged to begin the important function of photosynthesis).
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Fig. 3.1a Available climatic data for experiment-1 (1998)
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Fig.3.1b Available climatic data in experiment-2 (1999)
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Table 3.1 List of rice accessions with accession number and provenance,
which were used in the experiments

Serial Name of BRRI Growing Collection Collection Rainfall pattern®
number accession accession season* district region***
number
1 Dharial 0018 Aus/Upland DA-14** - Moderate rainfall
2 Dular 0022 Aus/Upland DA-22 - Moderate rainfall
3 Hashi Kalmi 0030 Aus/Upland DA-23 - Moderate rainfall
4 Kataktara 0039 Aus/Upland DA-2 - Moderate rainfall
5 Marichbati 0047 Aus/Upland DA - Moderate rainfall
6 Panbira-1 0050 Aus/Upland DA-12 - Moderate rainfall
7 Hijolee 0571 Aus/Upland Rangpur Rangpur Low/moderate rainfall
8 Aus Baku 1318 Aus/Upland Kustia Meherpur Low/moderate rainfall
9 Hasha 1534 Aus/Upland Dinajpur JhikorGacha Low/moderate rainfall
10 Manik Mondal 1692 Aus/Upland Faridpur - Moderate rainfall
11 Huma Gambir 1738 Aus/Upland Khulna - Moderate rainfall
12 Hanumanjata 1739 Aus/Upland Khulna - Moderate rainfall
13 Boalia 2068 Aus/Upland Kishoregonj Hossainpur Moderate/heavy rainfall
14 Ausa Bogi 2075 Aus/Upland Kishoregonj Kendua Moderate/heavy rainfall
15 Agali 2082 Aus/Upland Netrokona Netrokona Heavy rainfall
16 Bogi 2083 Aus/Upland Netrokona Netrokona Heavy rainfall
17 Kumari Aus 2100 Aus/Upland | Jamalpur Dewangonj Heavy rainfall
18 Gopal Bhog 2109 Aus/Upland Narsingdi Narsingdi Moderate rainfall
19 Sada Aus 1235 Aus/Upland Pabna Pabna Low rainfall
20 Hazi Faram 2150 Aus/Upland Rajshahi Charghat Low rainfall
21 Bina Muri-1 2181 Aus/Upland Bogra - Moderate rainfall
22 Bina Muri-2 2184 Aus/Upland Bogra - Moderate rainfall
23 Bakee 2358 Aus/Upland Jamalpur - Moderate/heavy rainfall
24 Boila Bokri 3194 Aus/Upland Munshigonj Lauhajong Moderate rainfall
25 Aus Nagra 3455 Aus/Upland Jessore Navaron Low/Moderate rainfall
26 Aug Meghi 3456 Aus/Upland Jessore Navaron Low/moderate rainfall
27 Bok Tulsi 3461 Aus/Upland Shatkhira Sadar Moderate rainfall
28 Aus Kushi 3501 Aus/Upland Shatkhira Tala Moderate rainfall
29 Bali Guri 3502 Aus/Upland Mymensingh Haluaghat Heavy rainfall
30 Binna Toa 4197 Aug/Upland Noakhali Sonagazi Heavy rainfall
31 Hogla Pata 3871 T. Aman Barisal - Moderate rainfall
32 Kada Moni 0573 Aus/Upland Rangpur - Low/moderate rainfall
33 Kala Mona 0984 T. Aman Comilla Baliaghata Moderate rainfall
34 Kumra Gair 3878 T. Aman Barisal - Moderate rainfall
35 Kacha Mota 3879 T. Aman Barisal - Moderate rainfall
36 Kartik Sail 3662 T. Aman Sherpur Sherpur Heavy rainfall
37 Kola Mocha 4141 B. Aman Jhenidah Jhenidah Low/moderate rainfall
38 Lakhai 1800 Boro Kishoregonj Tarail Moderate/heavy rainfall
39 Nuncha 0942 Aus/Upland Khulna Fakirhat Moderate rainfall
40 Nona Balam 3203 T. Aman Barisal - Moderate rainfall
41 Panbira-2 4150 T. Aman Khulna Fultola Moderate rainfall
42 Tilock Kachari 0758 T. Aman Chittagong Boalkhali Heavy rainfall
43 Aswina 0927 T. Aman Sylhet - Heavy Rainfall
44 Dud Kalam 0278 T. Aman Rangpur Sundargonj Low/moderate rainfall
45 Keora 0731 B. Aman Comilla - Moderate rainfall
46 Hogla 4178 T. Aman Jessore - Moderate rainfall
47 Kumari 0203 T. Aman - - -
48 Dhapa 0320 T. Aman Rangpur Hatibandha Low rainfall
49 Raja Sail 0758 T. Aman Chittagong Sitakunda Heavy rainfall
50 Dud Mona 3862 T. Aman Barisal Moderate rainfall
51 Kajal Sail 0612 T. Aman Noakhali Sonagazi Heavy rainfall

“Low Rainfall <1600mm, Moderate Rainfall 1600-2500 mm, Heavy Rainfall >2500mm
- Data not available, * Rice growing ecosystem, Aus = Summer rice, T.Aman = autumn/rainfed lowland rice, Boro =
winter/irrigated rice (Oka, 1991) **DA means Dhaka Agricultural station collection number *** Administrative unit
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After the establishment of seedlings, they were thinned out to only 5 seedlings per
pot, and irrigation was reduced, applied once a week until artificial water stress
was imposed. At the vegetative stage (before panicle primordial initiation), water
stress was imposed after 45 days of emergence and visual score was made for the
degree of drought intensity. The plants were scored for drought resistance after 15
days of imposed stress according to the method followed by O’Toole and
Maguling (1981) and the Standard Evaluation System for rice of the International
Rice Research Institute (IRRI, 1996a). The scale was from 0 to 9, where 0 is
higher drought resistance (healthy leaves, no visible leaf rolling or necrosis) and 9
is the highest drought susceptibility (plants apparently dead). After measuring the
visual drought score, pots were watered again once a week. The stomata
conductance (cms™) on abaxial leaf surface was measured using a diffusive
resistance automatic porometer (Delta-T device, Mark II, Cambridge, England)
just prior to the stress period (37 days after emergence) and at the stress period (52
days after emergence). Measurement was made of the youngest fully expanded
leaf of five plants in each treatment. The average stomata density (per sq. mm) was
observed (5 observations per plant) under a stereomicroscope. Plant heights were
measured from the ground base to the end of the tallest leaf. Leaf length from leaf
collar to the tip of the leaf and leaf width was measured from randomly selected
plants at the maximum tillering stage of plant growth. Leaf area (cm?) was
calculated by using Leica-Q-win image processing and analysis system (Lecia-

imaging system Itd., Cambridge, England).

Pots for the measurement of root length and dry weight of root were selected and
were washed with water to remove the soil adhering to roots. The weight of oven
dried (constant weight at 80°C) shoot and root per plant was measured. The ratios
of root-to-shoot length (root length/shoot length) and their dry weight (root dry
weight/shoot dry weight) were calculated. Tiller numbers per plant; from randomly
selected plants were counted. The number of days required to seedlings emergence

was recorded.

Total seasonal and daily average evapotranspiration (ET) was estimated over

intervals of one week by using the following water balance equation:
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ET= {I+ (51 =$,)}/surface area of pot

Where /= irrigation, (Si —$2)= the initial and final weight of pot (soil water

contents) for the calculated period.

Every pot was weighed once a week (of the same day of the week) in order to

determine water loss by evapotranspiration. However, in experiment-1, data were

obtained for only four weeks.

Water use efficiency (WUE) was measured in terms of the ratio of dry matter
produced or crop yield to water used in transpiration and soil evaporation (Kramer,

1980). The following formula was used for the calculation of WUE.

WUE = dry matter or crop yield/evapotranspiration (g/kg)

3.2.1 Data analysis

Analysis of variance and covariance, coefficient of variation (CV), simple linear
regression and Pearson’s bivariate correlation were used in order to measure the
inter-relationships among the drought-related parameters. Duncan multiple range
test (DMRT) was carried out to compare the treatment means. Alphabetic letters
were used for ranking of the differences between treatments. Any two means
having a common letter were not significantly different at the 5% level and a

different letter indicated means were significantly different.

To identify drought resistant accessions, a cluster analysis was conducted with an
agglomerative hierarchical clustering method (HCA), and a rescaled distance
similarity measure was used for cluster analysis. Cluster analysis is one of the wide
ranges of general procedures used to create a classification and each cluster or
group is formed with highly similar entities. Initially, a factor analysis was carried

out of the data matrix.
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For the factor analysis, the Principal Component Analysis (PCA) was chosen, as
this is a simple method and widely used, which can be employed to reduce and
purify the variables with a conceptually more coherent set of variables. In general,
the first step of the analysis involved an examination of the interrelationships
among the variables. The principal component scores with eigenvalues, which
were greater than, or equivalent to 1.0, were used as new variables for cluster
analysis. In Hierarchical Cluster Analysis (HCA), Ward’s linkage was used for
clustering and the Squared Euclidean distance method was used for dissimilarity
measures. The original data was transformed to Z-scores prior to cluster analysis.

All analyses were carried out using the Excel and the SPSS software programme

version 10.
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3.3 Results

3.3.1 Experiment-1

Twenty-one rice accessions were evaluated in the glasshouse for the observation of
drought resistance based on their physio-morphological properties in experiment-
1. Table 3.2 shows the grand means, maximum and minimum values of treatment
means, one sigma interval estimation of means, coefficient of variation (CV) and
calculated F values (Fischer significant test value), based on two-way analysis of
variance of all parameters. The tabulated F values with 20, 60 degrees of freedom
(d.f) are 1.75 at 5% level and 2.20 at 1% level of significance. The calculated F
values for 20, 60 d.f. (F values from 1.81 to 19.49) are greater than the tabulated F
values in all parameters. Hence the treatment means are significantly different
even at the 1% level of significance in all parameters recorded in this experiment
indicating a wide range of variability where drought resistant accessions might be
identifiable. Large differences observed in the parameters of the descriptive

statistics, such as maximum and minimum values indicated the existence of

diversity in the germplasm.

Visual drought scores made after 15 days of cessation of irrigation indicated that
susceptible accessions could be i1dentified visually compared to the resistant ones
for the degree of leaf rolling, since they had tightly rolled or drying leaves. The
observations indicated large differences between the treatment means, as it
appeared from Duncan Multiple Range Test (DMRT) that most of the accessions
showed different ranking at 5% level (Table 3.3 and Appendix: Table 3.1). This
indicated that some accessions could be a potential source for drought resistance.
The largest tabulated shortest significant range of DMRT for 60 d.f. is 0.54 and the
difference between the largest treatment mean and the highest shortest significant
range is 7.34, which is greater than any other treatment means. Hence, the equality
assumption of accessions (nmull hypothesis) was rejected at 5% level and it was
concluded that there were significant differences between the accessions. Similar
interpretation can be made in other treatment means. The accession Kumra Gair

had the highest mean value of visual drought score (mean 7.88 and SE= 0.47) and
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the accession Keora had the lowest mean value (mean 1.56 and SE= 0.21) when
visually scored for drought. At least five accessions showed lower drought score
values, which were statistically similar and could possess drought resistant
characteristics, since the leaves of these accessions were completely unrolled at

morning, rolled at midday, and again unrolled in late afternoon.

Table 3.2 Descriptive statistics and F values of different physio-morphological
characters based on two-way analysis of variance in experiment-1

Characters Minimum | Maximum| Mean +SE | CV (%) | F-Value
Drought score 1.00 8.50 3.83+0.22 11.49 5.76%*
Days to emergence 6.00 19.00 11.00+0.32 | 10.79 | 19.49**
Tiller number per plant 2.60 9.00 4.94+0.15 19.14 | 4.48%*
Plant height (cm) 42.75 73.60 56.55+0.65 8.01 4,07**
Root length (cm) 14.75 45.90 29.86+0.91 | 20.27 3.58%*
Root-shoot length ratio 0.26 0.80 0.53+0.11 28.65 8. 17
Stomata conductance 0.16 0.55 0.30+0.01 28.11 5.08%*
(cm/s) prior to stress

Stomata conductance 0.04 0.11 0.062+0.01 | 32.70 2.22%*
(cm/s) at stress

Stomata number 85 190 135+2.50 16.97 1.90*
Leaf length (cm) 29.90 46.94 38.62+0.38 8.99 4.67%*
Leaf width (cm) 0.65 1.05 0.80+0.01 12.01 | 11.74%*
Leaf area (cm?) 11.39 25.66 | 18204036 | 16.44 | 6.04%*
Root dry weight (g) 0.13 0.67 0.37+0.02 21.80 2.73%*
Shoot dry weight (g) 0.74 3.42 1.5740.06 26.59 2.20%*
Total dry mass (g) 1.02 3.74 1.94+0.07 26.69 | 2.26%*
Root-shoot dry weight ratio]  0.09 0.54 0.25+0.10 42.95 4.30%*
ET (mm/day) 231 4.37 3.41+0.09 13.24 1.81%
WUE (g/kg) 1.21 2.49 1.85+0.02 30.11 2.01%

SE= Standard error of mean ** Significant at 1% level, *Significant at 5% level, F value=
Fischer significant test value

Correlation coefficient between drought score and root length (1=-0.44, p<0.001,
N=84), dry weight of root (r=-0.23, p=0.037, N=84), and root-shoot length ratio
(r=-0.40, p<0.001, N=84) were significant (Table 3.4). T-test also showed
significant correlation at 5% level betweens drought score and root length, drought
score and dry weight of root, drought score and root-shoot dry weight ratio,
drought score and root-shoot length ratio. This implied that drought score was

mostly related to root length, root-shoot length ratio, and dry weight of root.
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Table 3.3 Summarised mean results of drought related parameters and one standard deviation of promising drought resistance
accessions of rice in experiment-1

Name of Drought score Stomata Conductance | Conductance | Leaflength Leaf width Leaf area (per Shoot dry Root dry Root-to-shoot
Accessions number (per (cm/s) prior (cm/s) at (cm) (cm) cm?) weight (g) weight (g) per dry weight
sq. mm) to stress stress per plant plant ratio
Keora 1.56+0.43a 134abe 0.38£0.05¢ | 0.0520.006b | 39.95+1.75d-g | 0.93+0.04g 21.74+1.89g 1254029 | 0.510.06de 0.42+0.10de
Dhapa 1.63+0.63a 147fghabe 0.340.08c | 0.0420.01a |} 37.15+4.05a-¢ |} 0.90+0.09¢ 19.66+3.88¢ 1.86£0.69ab | 0.53+£0.09 0.310.05bed
Tilock Kachari | 1.69+0.75a 149abe 0.40£0.13¢ | 0.0620.01b | 384742.07a-¢ | 0.78£0.03bcde | 156510 74pc | 1.54£039ab | 0.46:0.05de | 0.31+0.05bed
Kala Mona 1.75£0.29 141abe 0.3520.02de | 0.0620.01b | 40.61+2.30cfg | 0.86+0.04cfg 20.38+1.77¢ 1.6140.32ab | 0.540.06e 0.35+0.08cde
Dud Kalam 1.7520.29 139abc 0.38£0.03¢ | 0.0420.01b | 40.44x24lefg | 0.7620.05bed | g 701 90pc | 224+0.506 | 0.47+0.11de 0.19:0.07ab
Kada Moni 3.00£1.15¢d | 135abe 0.37£0.07¢ | 0.04£0.005b | 35.79+1.68a-d | 1.02£0.02h 21.39+1.16f 12420132 | 0.54+0.07¢ 0.44£0.04¢
Dud Mona 3.2542.06a-d | 124abe 0.27£0.05b | 0.0420.01b | 39.93£135d-g | 081£0.00defl | 1o 6000 74pc | 21220616 | 0.37:0.05d 0.19+0.05ab
Hogla Pata 3.7541.32a-d | 159¢ 0.37+0.09 | 0.07£0.03¢ | 34.45+2.09 0.67+0.02a 13.62+1.08a 1.65+0.22ab | 0.37+0.08d 0.23+0.03abc
Panbira-2 4.63+2.52bcd | 131abe 0.26£0.06b | 0.07£0.02¢ | 39.4142.49c-f | 0.74%0.04abed | 17 15, g7pe 1.59+0.12ab | 0.25%0.12ab 0.15+0.07a
Kumra Gair 7.880.95¢ 121ab 0.2120.02a | 0.0820.01c | 40.87+2.20efg | 085:0.03efg | 5 354 79, 1.69£0.44ab | 0.320.17bc | 0.20+0.14ab
SE 0.22 3.00 0.01 0.01 0.38 0.01 0.36 0.06 0.02 0.10
DMRT* | 054044 7.08/5.77 003/002 | 0.005/0.004 | 0.91/0.76 0.03/0.02 0.88/0.72 0.15/0.12 | 0.05/0.04 0.03/0.02

SE= Standard error of mean, Mean followed by alphabet showing DMRT ranking: Any two means having a common letter are not significantly different at the 5% level

* Largest/smallest shortage significant range values
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Table 3.4 Pearson correlation coefficient among the drought related parameters in experiment-1

Visual | Stomata | Stomata | Stomata |Leaflength|Leaf width| Leaf area Shoot  |Root length| Rootto | Shootdry | Rootdry |Root-shoot| Total |Evapotrans | Water use |Tiller /plant] Days to
Drought jconductanc iconductanc [number per|  (cm) (cm) per sq. cm (length {cm}]  {cm) shoot | weight (g) | weight (g) | dry weight |drymass (g)| piration | efficiency emergence
Score | epriorto | eatstress | sg. mm length ratio ratio (mm/day) | (g/kg)
stress
Drought Score 1 -0.30%* 0.16™ 0127 1 0.05™ 017 1 o™ 006 | -0.44%* | -040%* | -0.08° -0.23* -0.21* 0147 T 015 | -0.03™ | 017 | -047**
.006 134 281 666 132 901 .599 .000 .000 458 037 048 201 189 782 124 .000
St. conduftance 1 0.008 0.62%* | -0.05™ [ 0.14™ 0.33%* 0.08™ 0.31%% 0.26* 021 0.33%* 0.27% 0.31%* 0.15™ 0.33** 01 0.21%
T10r o Stress
.945 .000 .646 222 002 477 .004 015 052 003 013 004 .181 002 311 050
St. cond. at stress 1 0.01™ 0.07™ -0.24* 0.09™ 0.06™ | -0.32%* [ -032% | -0.09™ -0.27% 0.19% | -0.14™ | -0.10™ | -011™ | 007™ | -0.18™
923 .502 029 76 595 .003 .003 434 012 069 208 371 322 525 102
St. number 1 -0.09™ | 0.20™ | 0.38** | 0.004™ | 0.06™ 0.04™ 0.25 0.08% | -0.06™ 0.24* 0.20™ 0.13™ 0.18™ 0.17™
410 .063 .000 971 563 735 .020 485 622 025 058 .239 .095 115
Leaf length i 0.27* 0.38%* 0.77** -0.05™ 1 031 | 0.06™ ] 0003 | -0.11™ | 0.16™ 0.13™ 0.08% | -007™ | -0.14™
012 .000 .000 649 004 .156 977 301 133 249 454 .546 208
Leaf width (cm) 1 0.09™ 0.33%* 0.36%* 0.24* 0.10% | 0.40%* 0.46%* 0.02™ 1 -02™ [ 0.19™ | 001™ 0.22%
.55 002 .001 .028 353 .000 .000 .884 283 091 344 050
Leaf area 1 0.38%* 0.04™ T -0.11™ | 0.65%* 0.24* -0.16M | 0.67%* 0.61%* 0.34%* 0.23* 0.02™
.000 728 32 .000 026 134 .000 .000 .005 039 853
(sm;n length 1 0.05™ -0.31%* 0.23* 0.08% | .0.05™ 0.25% 0.22* 0.10™ | -0.04™ | 014
cm
642 .004 .032 488 685 024 .049 354 709 216
Root length 1 0.93** | 0.009™ | 0.61%* 0.55%* 0.16™ 0.09™ 0.19™ 1 0.002™ | 037+
.000 932 .000 000 135 390 .072 .988 .000
soot-hshoqt 1 S0.08™ 1 0.54%% 0.52%* 0.06™ 0.01™ 0.14% 1 0.001™ | 0.30%*
ength ratio
455 .000 000 602 929 209 993 006
Sh)oot dry weight 1 0.16™ | -0.37%* | 0.96** 0.78%* 0.56%* 0.65%* 0.11™
g
139 001 .000 .000 .000 .000 316
Dry \(ve)ight of 1 0.78%* 0.42%* 0.23* 0.45%* 0.06™ 0.19™
root (g
000 .000 033 .000 594 .069
Root-Shoot dry 1 0.20™ | -030%* | 0.09™ | .0.37%* 0.10™
weight ratio
056 003 425 001 361
To)tal drymass 1 0.78** 0.65%* 0.62%* 0.12™
g
.000 .000 .000 261
ET (mm/day) 1 0.05™ | 0.52* | 0.20™
658 .000 063
WUE (g/kg) 1 0.32%* | -0.04™
003 723
Tiller/plant 1 0.28**
01
Days to 1
mergence | 4%

D= Drought, St = Stomata, Cond= conductance, *Significant at P<0.05 and ** Significant at P<0.01, NS Not Significant at P =0.05 & 0.01, N=84
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The correlations between mean drought score and shoot dry weight, shoot length,
total dry weight and tiller number were not significant and were negative (Table
3.4). This indicated that larger root length and higher dry weight of roots were
more important characters for selection than the dry mass of the shoot for drought
resistance. Thus the accessions with favourable root characteristics, such as higher
dry mass of root, larger root length and greater root-shoot dry weight ratio might
be potential source for drought resistance. Finally, Table 3.3 and Appendix: Table
3.2 revealed that the accessions Tilock Kachari, Kala Mona, Keora, Kada Moni,
Dhapa and Dud Kalam had larger root length and dry mass of root, as well as
higher ratio of root-to-shoot length and dry mass and these accessions may

therefore possess drought resistance characteristics.

The mean values of leaf stomata conductance and stomata number, leaf length,
width and leaf areas are shown in Table 3.3 (details in Appendix: Table 3.3). The
results showed that there were significant differences in leaf related parameters
between the accessions as they appeared from the analysis of variance and DMRT
(Tables 3.2 and 3.3). The largest treatment mean is 159 in accession Hogla Pata
and the maximum shortest significant range for stomata number is 7.08. The
difference between the largest treatment mean and the maximum shortage
significant range is 151. This indicated significant difference (5% level) in the
treatment means, which resulted from DMRT ranking. Similar interpretation can
be made in other leaf related parameters. The accessions, which had higher
stomata conductance prior to stress period, had considerably lower conductance in
water stress conditions. This suggested that the above-mentioned accessions had
the capacity to maintain water balance under stress conditions. In this study, at
least seven accessions were found to possess such characteristics, and could be

considered for selection for drought resistance.

Covariance analysis using dry mass as the covariate showed significant differences
in treatment means of evapotranspiration (ET) (Table 3.2). The points plotted
below in the scatter diagram in Figure 3.2 are accessions based on daily average
evapotranspiration (ET) and water use efficiency. It appears that the accessions
have a slight tendency for higher water use efficiency with higher

evapotranspiration. The accessions, which had higher water use efficiency for a
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given ET value, could be considered to have useful traits for selecting drought
resistant accessions/varieties. Fig. 3.2 shows that about 38% of the accessions fell
below the 1:1 line, which implied that 38% of accessions used water more
efficiently with lower ET and these accessions could be considered as promising
drought resistance types from this study. It was apparent that the accessions
Dhapa, Kada Moni, Kala Mona, Dud Kalam, Keora, Hogla Pata, and Dud Mona
could possess the above characteristics and could be selected for drought
resistance (Appendix: Table 3.1) as these had the capacity for increasing dry

matter production through efficient water use.

Similarly, the results obtained from experiment-1 show that the total dry mass
production was also related to ET and water use efficiency (Figs. 3.3 and 3.4).
Generally, it appears that dry matter production increases in the accessions (slope
1.01x, 0.48x) with ET and water use efficiency (Figs. 3.3 and 3.4) respectively and
the regression lines showed that ET (R*=0.72) and water use efficiency (R*> =
0.71) is strongly associated with dry mass. Similar interpretation can be made from
regression models (Appendix: Tables 3.4 and 3.5). However, Figs. 3.3 and 3.4
show that some accessions had higher dry matter production with lower ET and
this is possibly due to less water use. The above phenomena may be considered as
one of the mechanisms for drought avoidance since the plants were able to reduce
water loss by opening and closing of stomata. These results are in agreement with

that of Turner et al. (1986&a).
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A significant correlation existed between drought score and leaf stomata
conductance prior to stress (r=-0.30, p=0.006, N=84) (Table 3.4), which indicated
that stomata conductance influenced the drought score. The correlation between
stomata number and leaf stomata conductance was also significant prior to stress
conditions (r=0.62, p<0.001) but this was not significant under stress conditions
(Table 3.4). This indicates that stomata conductance is dependent on stomata
number prior to stress conditions but not in stress conditions due to their

sensitiveness to water.

The correlation between stomata conductance and water use efficiency was
significant (r=0.33, p=0.002, N=84) prior to stress (Table 3.4). This showed that
water use efficiency was at least partly influenced by stomata conductance. Thus
the accessions with favourable leaf characteristics, such as higher stomata
conductance prior to stress but lower in stress conditions might be potential source
for drought resistance. Surprisingly, correlation was not significant between ET

and stomata number, and between ET and stomata conductance.
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An attempt has been made to identify the most useful physio-morphological
parameters for drought resistance using Principal Component Analysis (PCA)
since this reduces the necessary parameters dimensionally whilst keeping the
maximum variability in the parameters. The PCA of the physio-morphological
characteristics extracted five principal components, which showed a 92.0%
variability of the total variation of the parameters (Appendix: Table 3.6). About
60% of total variability of the physio-morphological parameters was encountered
by only first and second principal components (Appendix: Table 3.6). The points
plotted in the scatter diagrams (Fig.3.5) on the basis of the first two, the third and
fourth principal components are accessions. The scatter diagrams revealed that the
accessions were distributed heterogeneously and could be divided into three
possible groups (Fig.3.5). However, some accessions did not fit into any group and

their distributions appeared scattered on the diagrams.

In order to identify and classify the accessions into possible groups with similar
characteristics for drought resistance, Hierarchical Cluster Analysis (HCA) was
carried out using the variability extracted by principal components. Figure 3.6
shows that at least 4 major clusters were formed from the analysed accessions. The
number of groups in two analyses (PCA and HCA) is different which might be due
to the heterogeneous distribution of the accessions in scatter diagrams as some
accessions fell outside the clusters. It is apparent from the dendrogram that most of
the favourable accessions for drought resistance were confined to one group,
Group I (5 accessions), and this is considered as the most promising drought

resistant group in experiment-1.
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The analysis of cluster groups showed that the accessions of a cluster were formed
mostly on the basis of ecotypes (Table 3.1 and Fig. 3.6). The effect of the rainfall

distribution pattern of the original collection places on the cluster was low (Table

3.1).

Four clusters of different physio-morphological characteristics were compared to
justify the validity of cluster groups using one-way analysis of variance (Table
3.5). The results showed that the cluster groups differed significantly from each

other in relation to most of the characteristics studied.
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Table 3.5 Analysis of variance of different physio-morphological
characteristics in 4-clusters in experiment-1

Characteristics Cluster characteristics _|F value [P-value
Cluster-1 |Cluster-2 [Cluster-3 [Cluster-4

Shoot length (cm) 55.81 53.50 58.09 54.63 | 0.81% | 0.662
Days to emergence 1179 | 11.38 | 1240 | 10.00 | 1.23™ ] 0273
Tiller number per plant 4.53 6.04 4.99 5.07 | 1.94%] 0.033
Root length (¢cm) 36.93 34.36 23.31 26.21 |3.49**| 0.000
Root dry weight (g) 043 | 0304 | 0.8 0.28 | 147" ] 0.142
Shoot dry weight (g) 1.26 1.75 1.51 1.49 | 2.55%%| 0.004
Total dry weight (g) 1.60 2.21 1.79 1.76 | 3.72**| 0.000
Leaf area cm” 17.84 | 18.18 | 1829 | 1851 |0.07>°]| 0.97

Drought score 1.84 2.53 3.48 5.50 |4.57**| 0.000

Root-shoot length ratio 0.60 0.64 0.40 0.48 | 5.42%%| 0.000

Root-shoot dry weight

ratio 0.33 0.29 0.20 0.19 |3.34**| 0.000
Leaf stomata number 132 145 136 131 124N 0.32
Leaf length (cm) 30.05 36.95 38.45 38.44 [35.01**| 0.000
Leaf width (cm) 0.72 0.84 0.81 0.77 | 4.68*%| 0.000
Stomata conductance

(cm/s) prior to stress 0.32 0.36 0.29 0.24 |4.81**| 0.013
ET (mm/day) 2.94 2.97 3.51 3.59 |46.07** 0.000
WUE (g/kg) 1.81 2.08 1.78 1.79 3.69% | 0.032
Stomata conductance 0.06 | 0.047 | 0.066 | 0.065 [1.92" | 0.16

(cm/s) at stress

** Cluster means significantly different from population mean, NS = Cluster means not
significantly different from population mean, F value= Fischer significant test value

3.3.2 Experiment-2

In order to verify the results of experiment-1, a second pot screening experiment
was carried out using the same and some additional accessions to study their
relationship with environmental factors including temperature and solar radiation.
It should be mentioned here that ET data was obtained for only four-weeks in
experiment-1 whereas in experiment-2 the data was evaluated for the entire
observation period. In experiment-2, a total of 51 accessions (including the
accessions of experiment-1) were evaluated in the greenhouse to identify drought
resistance type(s) using the same parameters as in experiment-1 during the period
of May-August 1999. Three accessions, namely: Raja Sail, Kajal Sail and Dud
Mona did not germinate and were discarded from the experiment. However, the

results showed significant variations of treatment means as calculated F values

55



(from 1.63 to 16.96) with 47, 141 d.f. were greater than tabulated values 1.45 and

1.67 (at 5% and 1% level of significance) in most of the parameters studied (Table

3.6) as seen in experiment-1, which again indicated the variability of the

germplasm.

Table 3.6 Descriptive statistics and F values of different physio-morphological
characteristics based two ways ANOVA of rice in experiment-2

Characteristics Minimum | Maximum | Mean +SE |CV (%)| F Value
Drought score 0.50 7.50 2.87+0.10 | 31.71 | 5.86**
Days to emergence 10.00 16.50 12.94+0.12 | 12.83 1167
Tiller number per plant 3.30 34.00 7.33+0.26 | 37.62 | 3.98%*
Plant height (cm) 49.70 97.50 71.5740.59 | 6.89 | 7.48**
Root length (cm) 15.50 40.44 25.81+£0.66 | 14.62 | 4.11**
Root-shoot length ratio 0.21 0.63 0.36+0.01 | 15.88 | 4.94**
Stomata conductance (cm/s) 0.13 0.54 0.33+0.006 | 27.53 | 1.88**
prior to stress

Stomata conductance (cm/s) 0.05 0.11 0.079+0.001| 80.50 | 1.05™°
at stress

Stomata number 83 198 131+1.80 19.01 | 2.91%%*
Leaf length (cm) 32.50 60.10 45.09+0.38 | 7.30 | 6.18%*
Leaf width (cm) 0.77 1.60 1.42+0.02 7.69 | 16.96**
Leaf area (cm”) 13.47 38.50 22.53+0.48 | 12.58 | 9.37**
Root dry weight per plant (g) 0.40 2.80 1.22+0.03 | 21.16 | 4.42%*
Shoot dry weight per plant (g) | 3.20 33.90 6.54+0.11 | 17.76 | 3.31**
Total dry mass per plant (g) 3.60 36.30 7.76+£0.11 | 15.66 | 3.09**
Root-shoot dry weight ratio 0.02 0.40 0.194+0.01 | 22.35 | 5.49**
Evapotranspiration (mm/day) 2.66 3.55 3.07+0.01 4.04 1.63*
Water use efficiency (g/kg) 3.41 12.54 6.934+0.10 | 14.48 | 2.88**

SE~ Standard error of mean, ** Significant at 1% level, *Significant at 5% level, NS = Not
significant at 5% level, F value= Fischer significant test value

Similar patterns of results were also observed in respect of visual drought score as

seen in experiment-1. The accession Kumra Gair had the highest mean value

(mean 6.0 and SE=0.64), which was significantly different from other accessions

according to DMRT (Table 3.7 and Appendix: Table 3.7). The accession Kumra

Gair had also higher mean value of drought score in experiment-1. Thus the

susceptibility of the accession to drought is apparent. The accessions Bina Muri-2,

Aug Meghi, Dud Kalam, Agali, Manik Mondal, Huma Gambir, Dhapa, Keora and

Kola Mocha had the lowest mean values for visual drought score, ranging from

1.56 to 1.75 (SE=0.13 to 0.48) and DMRT showed similar ranking indicated that
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they were not significantly different from each other at 5% level. As mentioned in
experiment-1, these accessions had similar characteristics of leaf rolling, and the
leaves of these accessions were completely unrolled at morning, rolled at midday,
and again unrolled in the late afternoon. However, the accession Hogla and Nona
Balam differed in their results from experiment-1. The accession Hogla had a
lower mean value (mean = 1.63, SE=0.24) in experiment-1 and higher value (3.25,
SE=0.47) in experiment-2, but the accession Nona Balam had a higher mean value
(4.33, SE=1.33) in experiment-1 and a lower value (mean 1.88 and SE=0.24) in

experiment-2.

Correlation analysis between the characteristics showed some significant positive
and negative correlations, as seen in experiment-1 (Table 3.8). Significant
correlations were found between drought score and stomata conductance (r=-0.29,
p=0.001, N=192), dry root weight (r=-0.26, p=0.000), root length (r=-0.43,
p=0.001), ratio of root-shoot length (r=-0.33, p=0.001) and the ratio of root-shoot
dry weight (r=-0.28, p=0.000). T-test also showed significant correlation at 5%
level of significance between drought score and root length, dry weight of root and
root-shoot length ratio. This implied that drought score was mostly related to root

length, root-shoot length ratio, and dry weight of root.

Like in experiment-1, the accessions studied showed negative correlation between
drought score and dry root weight (r=-0.26, p=0.000, N=192) and root length (r=-
0.43, p=0.001, N=192), but correlation was not significant between drought score
and shoot length/shoot dry-mass (Table 3.8). This again indicates that root length
and dry weight of root were more important for selection than the dry mass of the
shoot. Thus the accessions with favourable root characteristics, such as higher dry
mass of root and longer root length could be taken as important traits for drought
resistance. The root-shoot development systems revealed that accessions Tilock
Kachari, Kala Mona, Keora, Kada Moni, Dhapa, Dud Kalam, Dular, Bali Guri and
Nona Balam had larger root systems in relation to root length, root dry mass, and
ratios of root-shoot length and dry mass (Appendix: Table 3.8), which indicated

that these accessions might possess drought resistance characters.
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Table 3.7 Summarised mean results of drought related parameters and one standard deviation of promising drought resistance

accessions of rice in experiment-2

*Name of Drought Leaf stomata Conductance Conductance Leaf length Leaf width Leafarea (per | Root dry Shoot dry Root-shoot Total dry
accessions score number (per prior to stress (cm/s) at stress | (cm) (cm) em?) weight (g) weight (g) dry weight weight (g)
$q. mm) (cm/s) per plant per plant ratio per plant
Dud Kalam 1.56+0.72a 130abc 0.43+0.051 0.06+0.007 49.42+3.48e 0.87+0.03a 25.46+2.73d 1.51£0.21 6.33+0.39 0.24+0.05 7.83+0.30
Aug Meghi 1.63+0.63a 115ab 0.38+0.02¢g 0.07+0.02 47.93+1.53¢ 1.35+0.17¢ 37.89+4.77k 1.4320.22 6.10+0.58 0.24:0.06 7.52+0.50
Keora 1.75+0.50a 116ab 0.35+0.03¢ 0.06+0.005 45.10+2.68c¢ 0.98+0.03b 26.01+2.61d 1.46:0.21 5.78+0.81 0.26x£0.05 7.23%0.73
Manik Mondal 1.7520.50a 115ab 0.37+0.03f 0.07+0.02 41.33+3.46b 1.23+0.13d 29.82+5.38f 1.23+0.10 5.68:+0.51 0.2240.03 6.91+0.48
Humagambir 1.75+0.96a 128bcde 0.37+0.02f 0.07+0.004 45.85+6.84c 1.23+0.19d 33.39+£10.55h 1.35+0.10 6.20+0.70 0.16+0.10 7.55+0.69
Agali 1.75+0.50a 134abed 0.38+0.13g 0.06+0.006 41.78+6.23b 1.13+0.13¢ 27.62+5.53¢ 1.2440.06 6.18+1.04 0.21+0.04 7.42+1.02
Kola Mocha 1.75+0.96a 110a 0.38+0.04¢ 0.07+0.01 51.43+3.26f 1.00+0.00b 30.13£1.91F 1.4520.20 6.20+0.68 0.23+0.03 7.65+0.82
Dhapa 1.75+0.25a 120abc 0.37+0.03f 0.06+0.006 43.40+3.49¢ 1.00+0.10b 25.32+2.38d 1.61+0.12 5.98+0.30 0.27+0.02 7.594+0.37
Bina Muri-2 1.7540.50a 120abc 0.37x0.10f 0.07+0.008 42.50+3.90 ¢ 1.1320.05¢ 28.02+2.81e 1.09+0.15 5.05+0.24 0.2240.03 6.14+0.35
Kala Mona 1.88+0.75ab | 107a 0.38+0.02¢g 0.07+0.01 57.98+2.19¢g 1.08+0.05b 36.55+£2.77) 1.74+0.14 6.48+0.57 0.27+0.01 8.22+0.70
Kada Moni 1.90+0.4%ab | 127abc 0.40+0.04h 0.06:0.004 44.60+2.38¢ 1.25+0.13 32.66+3.61g 1.65+0.17 5.5340.72 0.28+0.01 7.18+0.80
Bina Muri-1 2.00+0.58 132abed 0.38+0.05g 0.06:0.007 42.93x2.02¢ 1.20+0.00d 30.18+1.42F 1.13+0.20 4.98+0.38 0.23+0.04 6.11+0.48
Hogla Pata 2.00+0.41ab | 116ab 0.39+0.01g 0.08+0.02 45.25+4.59¢ 0.90+0.08a 24.03+4.61c 1.20+0.08 5.60+0.52 0.22+0.03 6.80+0.53
Aus Nagra 2.25+0.50ab | 142a-e 0.30+0.05d 0.09+0.01 50.95+4.90f 1.55+0.06g 46.36+5.75m 0.80+£0.27 7.08+0.94 0.11+0.02 7.88+1.17
Tilock Kachari 2.2540.50ab | 116ab 0.37+0.02f 0.07+0.02 43.50+3.89¢ 0.85+0.05a 21.68+2.68b 1.69+0.28 6.2620.66 0.27+0.05 7.95+0.75
Lakhai 2.50+0.82b 143a-¢ 0.29+0.07d 0.08+0.01 46.40+1.99d 1.10£0.00c 29.91+1.28f 1.28+0.05 4.70+0.76 0.28+0.04 5.98+0.77
Kumari Aus 2.50+1.41b 126abe 0.32+£0.03e 0.08+0.01 40.70+2.92b 1.40+0.05f 33.42+3.51h 1.03+0.19 9.5342.97 0.12+0.03 10.55+2.94
Hanumanjata 2.75+0.96bc | 152bed 0.35+0.07¢ 0.08+0.01 44.98+1.24¢ 1.28+0.05d 33.62+1.93h 0.90+0.14 5.45+1.27 0.17+0.01 6.36+1.41
Panbira-2 3.00+0.58¢ 144a-¢ 0.26+0.11¢ 0.09+0.02 46.10+3.07d 0.85+0.05a 22.96+2.28b 1.28+0.29 6.53x1.15 0.20+0.06 7.80+£0.97
Bogi 3.00+0.58¢ 146a-e 0.34+0.12e 0.09+0.01 449842 48¢c 1.08+0.13b 28.38+2.70e 0.83+0.38 4.80+1.29 0.17+0.04 5.62+1.64
Kacha Mota 4.75%1.25ef | 175¢ 0.35£0.10e 0.095+0.01 50.08+2.11f 0.88+0.05a 25.70+2.27d 1.33+£0.46 6.78+0.33 0.19+0.07 8.10+0.67
Kumra Gair 6.00+1.29f 114b 0.18+0.04a 0.10+0.01 48.23+3.63¢ 1.00+0.00b 28.26+2.12¢ 0.93+0.17 7.15£1.13 0.13+0.02 8.08+1.18
SE 0.10 2.00 0.01 0.001 0.38 0.02 0.48 0.03 0.11 0.01 0.11
DMRT* 0.29/0.19 5.94/3.93 0.02/0.01 0.002/0.001 1.13/0.75 0.06/0.04 1.43/0.94 0.09/0.06 0.33/0.22 0.03/0.02 0.33/0.22

?Accessions in bold letters were also used in experiment-1, SE = Standard error of mean, Mean followed by alphabet showing DMRT ranking: Any two means having a
common letter are not significantly different at the 5% level, *Largest/smallest shortage significant range values
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Table 3.8 Simple Pearson’s correlation coefficient among the drought related parameters in experiment-2

Drought| St.cond. |St conduct| Stomata |Leaflength; Leaf width| Leafarea | Shoot length |Root length| Root-shoot{ Shoot dry Root dry |Root-shoot | Total drymass ET WUE (g/kg)l Tiller | Days to
Score prior to at stress | number per (cm) (cmy) (per cm?) (cm) (cm) length ratio| weight(g) | weight (g) | dry weight (2) (mm/day) number/ | emergence
stress mm? ratio plant
D. Score 1 -0.27%* Q27%* 0.1 M -0.14™ 0.02™ | -0.014™ -0.13™ -0.43%* -0.33** 0.06™ -0.26*%* | -0.28** -0.01™ -0.14* -0.01™ [-0.09™ | -0.25%*
000 000 128 .055 810 .844 064 .000 .000 439 .000 .000 926 049 .887 .195 .000
St. conductance] 1 -0.23%* 0.32%* 0.02™ | 0001™ 1 0.01™ -0.03™ 0.25%% 0.25%* 0,117 0.29%* 0.32%% -0.04™ 0.24%* 20.02™ [0.09™ | 004
prior to stress
001 .000 826 991 875 652 .000 001 127 000 .000 604 .001 820 196 605
St. cond. at 1 0.11% 0.11™ 0.09™ 0.18% 0.07™ 0.26%F | 0.26%* 0.23%+ -0.24%* | .0.36%* 0.16* -0.002% 1 0.15™ [002™] -0.03™
stress
.124 129 211 014 359 .000 .000 002 .001 .000 029 .984 043 744 .651
St. number 1 0.002™ | 0.06™ 0.42%% 0.02™ -0.25% [ -0.23%* -0.02™ -0.04™ 1 -0.02™ -0.03™ 020%* | -003™ 1004™1 -0.10™
976 .384 .000 760 .000 .002 744 .602 788 669 .006 653 634 167
Leaf length 1 0.14™ 0.36%* 0.55%* 0.07™ [ -0.21** 0.1455 0.04™ | 0.07™ 0.14™ 0.05™ 0.16*  [-006™] 0.07™
056 .000 .000 330 .004 062 .588 325 .060 533 027 384 368
Leaf width 1 0.51** 0.48%* 0.14% | -0.36** 0.15* -0.23*% | 0.25%# 0.08™ 0.09™ 0.08™ [-0.12™[ 0.07™
.000 .000 083 .000 045 001 .000 251 .190 267 103 339
Leaf area 1 0.45%* S0.17%* | -0.38** 0.45%* -0.09™ | .0.33%* 0.41%* 0.24%* 0.41** 10.08™ [ 0.01™
.000 019 .000 .000 239 .000 .000 .001 .000 292 .848
Shoot length 1 0.07™ -0.45%* 0.23%* -0.02™ | -0.14™ 0.21%* 0.17* 0.22** [-006™] 0.3
{cm)
320 .000 .001 826 .056 .003 018 003 385 .068
Root length 1 0.85%* -0.07™ 0.44%% 0.47%* 0.04™ 0.02™% 0.06™ | 0.14% | 0.25%*
(cm)
000 343 000 000 .603 91 433 .049 001
R/Shoot length 1 -0.15% 0.41%% 0.47%* -0.05™ 0.04™ | -0.04™ T 0.18* 0.18*
ratio
0.04 .000 .000 497 576 .604 011 013
Shoot dry 1 0.14% 0.45%* 0.97** 0.38%* 0.94%* | 038%* | 0.26%*
weight (g)
047 .000 .000 .000 .000 .000 .000
Root dry 1 0.78%* 0.37%% 0.06™ 0.39** | 0.19% | 0.10™
weight (g)
.000 .000 410 .000 .009 161
Ri/shoot dry 1 -0.25%* -0.19%* | -0.20%% [-0.06™] -0.05™
weight ratio
001 007 .005 437 A79
Total dry I 0.37%* 0.97%* | 0.41%* | .27%*
weight (g)
.000 .000 .000 .000
ET (mm/day) 1 0.24%* 1023** | 0.16*
001 .001 026
WUE (g/kg) 1 0.38** 0.25%*
000 000
Tiller number 1 0.30*>
000
Days to 1
emergence

D= Drought, St = Stomata, Cond= conductance, *Significant at P<0.05 and ** Significant at P<0.01, NS 'Not Significant at P =0.05 & 0.01, N=192
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It appears from the results of experiment-2 that all accessions had higher values of dry
matter, shoot length and larger leaf area when compared to experiment-1. This might
be due to the longer duration of plant growth and more favourable environmental
conditions such as temperature and solar radiation (refer Figs. 3.1a&b) during

experiment-2.

Leaf related parameters also showed similar results compared to experiment-1 but leaf
length, width and area were higher in experiment-2. Analysis of variance and DMRT
showed significant variation between the accessions (Table 3.6 and Appendix: Table
3.9) as observed in experiment-1 indicating the variability of germplasm. Just like in
experiment-1, a negative relationship was observed between drought score and
conductance prior to stress (r=-0.27, P<0.001) and this indicated that the accessions,
which had higher conductance, resulted in lower drought scores. The accessions Kola
Mocha, Kala Mona, Bina Muri-1, Agali, Panbira-1, Tilock Kachari, Keora, Hogla
Pata, Kada Moni, Dhapa, Nona Balam, Dud Kalam, Dular, Hashi Kalmi, Manik
Mondal, Huma Gambir, Bali Guri, Aug Meghi had the highest mean values for leaf
stomata conductance (cn/s), (between 0.37, SE=0.02 and 0.43, SE= 0.025) prior to
stress conditions and lower mean values under stress conditions, ranging from 0.06 to
0.07 (cm/s) except Panbira-1 and Dular (Table 3.7 and Appendix: Table 3.9) and these

accessions could be considered for drought resistance types.

Covariance analysis using dry mass as the covariate as done in experiment-1 (section
3.3.1) found significant differences in ET (Table 3.6). The points plotted in scatter
diagram (Fig. 3.7) are accessions on the basis of ET and water use efficiency showed
that the accessions were distributed heterogeneously. It was apparent from Fig. 3.7
that water use efficiency was related to evapotranspiration rate. It was also obvious
that some accessions (about 31%) showed higher water use efficiency with lower ET,
which were also considered as drought resistant. Moreover, total dry matter
production per plant was also linearly related to ET (R?= 0.59) as well as water use
efficiency (R?=0.97) (Fig.3.8 and Fig. 3.9), and this was also seen in experiment-1,
which indicated that dry mass production was dependent on ET and water use
efficiency. It came out from Figs. 3.7 and 3.9 that some accessions could use water
more efficiently than others and these could be considered as drought resistant types

and at least 15 accessions showed these characteristics.
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Fig. 3.9 Relationship between water use efficiency (g/kg) and
total dry mass (g) per plant in experiment-2

The correlation between total stomata number and stomata conductance prior to
stress (r=0.32, p<0.001) and between stomata conductance prior to stress and
evapotranspiration (r=0.24, p=0.001) were also significant (Table 3.8). Like in
experiment-1, total dry mass was also correlated with evapotranspiration (r=0.37,
p<0.001) and water use efficiency (r=0.97, p<0.001) and between ET and water
use efficiency (r=0.24, p=0.001). As mentioned earlier, this is one of the
indications of drought avoidance mechanisms as the plants were able to reduce
water loss by the opening and closing of stomata and/or by reducing leaf area
during water stress by leaf rolling. Table 3.8 also showed that the correlation
between leaf stomata conductance and leaf area was also not significant. This
indicated the possibility that the leaf area did not influence the stomata

conductance.

An attempt was made to identify the most useful physio-morphological parameters
for drought resistance and to classify the accessions into possible groups for
identification and selection through Principal Component Analysis (PCA) and

Hierarchical Cluster Analysis (HCA). Five principal components of the physio-
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morphological characteristics were extracted by PCA, accounting for 82.37% of
the whole variation of the parameters (Appendix: Table 3.10). Scatter diagrams on
the basis of the first two, third and fourth principal components revealed that the
accessions were distributed heterogeneously and could be clustered into four or
five possible groups (Fig. 3.10). Like in experiment-1, however, some accessions
did not cluster in any group and their distribution appeared scattered on the plane.
It also appeared from cluster analysis that at least 6 major cluster groups were
formed from the accessions (Fig. 3.11). The number of groups in the two analyses
(PCA and HCA) was different, which might be due to the heterogeneous
distribution of the accessions in scatter diagrams since some accessions fell outside
the clusters. It should be noted here that the accessions of a cluster were formed
mostly on the basis of ecotypes of the accession (Table 3.1). Most of the
favourable accessions for drought resistance from experiment-2 were confined to
one group in the dendrogram (Fig. 3.11). The promising accessions for drought
resistance were confined to Group VI in experiment-2 (Fig. 11) and in Group I in

experiment-1.

Six cluster groups of different physio-morphological characteristics were
compared to justify the validity of the groupings using one-way analysis of
variance (Table 3.9). It appears from the table that there is variability in most of
the characteristics studied. The validity of the groupings was justified since

significant variations were found between the groups.
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Table 3.9 Analysis of variance of different physio-morphological
characteristics in 5-clusters in experiment-2

Characteristics Cluster characteristics F-value |p value
Cluster-1|Cluster-2|Cluster-3}Cluster-4) Cluster-5|Cluster-6
Drought score 2.75 3.17 4.28 2.55 2.47 1.95 12.05 | 0.00
Days to emergence 12.21 11.75 | 12.88 | 14.45 1444 | 13.13 4.56 10.002
Tiller number per plant| 7.85 5.65 6.34 7.25 13.36 7.20 9.00 ] 0.000
Shoot length (cm) 72.41 | 72.17 | 69.12 | 82.19 68.70 | 69.59 4.28 10.003
Root length (cm) 26.25 | 22.23 | 2340 | 24.29 2427 | 30.25 | 17.56 | 0.000
Root-shoot length ratio | 0.36 0.31 0.34 0.30 0.36 0.44 17.37 1 0.000
Leaf stomata number 137 148 122 121 135 126 4.09 10.0005
Leaf length (cm) 48.93 | 45.58 | 43.71 | 49.90 40.81 | 43.61 6.14 10.0002
Leaf width (cm) 0.95 1.19 1.11 1.38 1.23 1.11 4.78 10.0015
Leaf area (cm’) 20.48 | 23.54 | 21.74 | 30.16 21.99 | 21.46 6.47 10.0001
Root dry weight (g) 1.53 1.02 1.08 0.95 1.25 1.41 10.98 | 0.00
Shoot dry weight (g) 6.66 5.75 6.47 7.63 8.24 5.81 12.19 | 0.00
Total dry weight (g) 8.19 6.77 7.55 8.58 9.48 7.21 9.98 | 0.00
Root-shoot dry weight | (.23 0.18 0.17 0.13 0.15 0.24 13.27 | 0.00
ratio
ET (mm/day) 3.09 3.07 3.06 3.15 3.16 3.02 5.33 10.000
WUE (g/kg) 7.37 6.16 6.85 7.69 8.38 6.63 9.36 {0.000
Stomata conductance 0.32 0.34 0.27 0.26 0.34 0.38 9.31 | 0.000
prior to stress {cm/s)
Stomata conductance at] 0.08 0.09 0.09 0.09 0.09 0.07 7.65 | 0.000

stress (cm/s)

** Cluster means significantly different from population mean

The cluster memberships of the rice accessions based on the physio-morphological
characteristics in the two experiments were compared to determine suitable
accessions for drought resistance. It appears from Table 3.10 that some similarities
in cluster memberships in the two experiments occurred, but in the majority of
cases the groupings did not correspond between the two experiments. No single
group had exactly corresponding members in two experiments. For example, the
accessions of group III of experiment-2 were distributed in three different groups
of experiment-1. This may be due to different numbers of accessions used in the
experiments. However, partial matching showed that the accessions Dud Kalam
and Dhapa from experiment-2 corresponded to group I in experiment-1. Similarly,
from Group III of experiment-1 three accessions, namely, Panbira-2, Kola Mocha

and Nona Balam corresponded to Group I of experiment-2.
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Table 3.10 Comparison of distributions of grouping of rice accessions
revealed by cluster analyses of two experiments on physio-morphological

characteristics

Cluster group in
experiment-1 based
on morphological data

Name of accession

Cluster group in
experiment-2 based on
morphological data

No corresponding Binna Toa I
group™
I Kala Mona
11T Kacha Mota, Panbira-2, Kola Mocha,
Nona Balam
No corresponding Panbira-1, Gopal Bhog, Aus Baku, I
group* Bogi, Hanumanjata, Hijolee
III Kartik Sail, Nuncha
1% Lakhai
No corresponding Dharial, Boalia, Ausa Bogi, III
group* Kataktara, Marichbati, Bok Tulsi
I Kumari, Hogla
I Aswina
I\ Kumara Gair
No corresponding Hazi Faram, Aus Nagra, Bakee, Sada | IV
group™ Aus, Boila Bokri
No corresponding Hasha, Aus Kushi, Kumri Aus, Bali |V
group* Guri
Bina Muri-1, Bina Muri-2, Manik VI

No corresponding
group*

Mondal, Huma Gambir, Aug Meghi,
Agali, Dular, Hashi Kalmi

I Dud Kalam, Dhapa, Keora, Hogla
Pata
v Tilock Kachari, Kada Moni
I Dud Mona No corresponding
I Raja Sail group™®*
111 Kajal Sail

*Accession not included in experiment-1 ** Accession not included in

experiment-2
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3.4 Discussion

The study investigated physio-morphological responses to water deficits between
the rice accessions of Bangladesh. The physio-morphological characteristics of
different accessions were used for the selection and identification of desired traits.
It has been known that drought score, root length, dry root weight, ratio of root-
shoot dry weight and length, leaf stomata conductance, stomata number,
evapotranspiration and water use efficiency are important parameters for drought
resistance studies. These parameters were used in this study and they showed
significant variation between accessions with these traits. Several accessions have
shown promise for drought resistance and these can be useful in the breeding
strategy for rice improvement programmes. The physio-morphological study has
shown that 14 out 51 accessions might have traits for drought resistance and

suggestions were made for further investigation using biochemical markers.

3.4.1 Comparison with other studies

The visual drought score is one of the best selection indices for drought resistance
as this is correlated with root development systems (Ingram, et al., 1990) and leaf
water potential (O’Toole and Moya, 1978; Ekanayake, et al., 1985a). In the
present study, significant correlation was observed between the visual drought
score and the root-related parameters, (such as root length and dry weight of root)
as well as between drought score and leaf stomata conductance (Table 3.4). Thus
the drought score is the result of the combined effects of root length, root dry
weight, root-shoot dry weight ratio, root-shoot length ratio and stomata
conductance. This result has shown a large difference between the accessions that

were evaluated in this study.

Correlation relationships between dry weight of root and root length and between
drought score and dry weight of root and root length have indicated that deep and
more extensive root systems caused lower values for drought score. This may be
due to enhanced uptake of soil water and as a result plants remained green. In

general, plants that transpire more water during their life cycle tend to have better
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performance if other conditions such as nutrients and climate are equal (Ludlow
and Muchow, 1990;Turner, et al., 2001; Azam-Ali and Squire, 2002). The
differences between the cultivars are in the depth and the extent of root per unit
shoot weight, which explains the capacity of the cultivars to extract soil moisture
from greater depths in order to maintain higher leaf water potential. According to
O’Toole (1982), rice cultivars with large total root dry mass and deep root habits
are considered to be drought resistant. This implies that the dimensions of root

systems are not significant unless the above ground plant parts are taken into

account.

A conventional method of describing the degrees of carbon allocation to the above
and below ground plant parts is to use the root/shoot dry weight ratio (Turner ez
al., 2001). The observations in this study showed that the ratios of root-shoot
length and root-shoot dry weight were higher in some accessions (Table 3.3). This
indicates that these accessions had the capacity to extract more water by exploring
larger volumes of soil through their root systems. In the present investigation, it
was found that some accessions had greater root systems and higher root-to-shoot
ratios (Table 3.3); thus they might be able to maintain high leaf water potential. In
experiment-1 at least 7 accessions showed the above-mentioned criteria and may
thus be selected for drought resistance. It has also been reported by Chang ef al.,
(1974) that root development systems, especially with regard to the root-to-shoot
ratios, are highly correlated with visual field scoring of drought in rice. They
suggested that the high correlation between visual drought scoring and
maintenance of high leaf water potential is in part attributable to the deep root

system profile of traditional upland rice cultivars.

In addition to root related parameters, drought score is also related to leaf related
parameters such as stomata conductance. It has been reported by several authors
that leaf stomata conductance can be used to measure the opening and closing of
stomata since it decreases (conductance) with water stress (Mansfield and Davies,
1981; Collinson et al., 1997, Clifford et al., 2000). This is also in agreement with
the findings of the present study, where leaf stomata conductances was found to be
decreased to 27.9% in water stress conditions (Table 3.3 and Appendix: Table

3.11). It is apparent that stomata plays an important role in avoiding water loss due
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to their sensitivity to water stress, by closing stomata and reducing stomata
conductance (Ludlow and Muchow, 1990; Collinson et al., 1997; Azam-Ali and
Squire, 2002). This in turn increases water use efficiency when water is limited
(Clover et al., 2001). Stomata also have attractive features since they control water

loss when water stress occurs and this can be reversed when the stress is removed

(Turner et al., 1986a).

In this study leaf rolling, which is one of the water stress symptoms was used in
the visual drought score system. The leaf rolling decreases transpiration from
leaves by reducing leaf area, and, along with stomata closure, may also contribute
to genetical differences in maintaining high water status during water stress
conditions (O’ Toole and Maguling, 1981). It has been reported by Hopkins (1995)
that excessive transpiration is harmful for crop plants because it leads to significant
reductions in productivity especially under water-limited conditions. So the crop
must keep a careful balance between water uptake and loss to avoid excessive
water deficit in the tissues; otherwise it has to pay a yield penalty. This water
balance may be achieved by a combination of reduced branching, leaf number,
decreased leaf expansion and/or leaf rolling (Clifford ef al., 2000). In reality, leaf
rolling reduces the leaf area and hence transpiration. Therefore this reduction is
beneficial to a plant under water limiting conditions. Moreover, leaf rolling helps
to reduce the radiation incident on leaves and consequently reduces leaf
temperature and water loss, which leads to increase the avoidance of dehydration.
In addition, there would be no yield penalty, as leaf rolling does not occur in the
absence of water stress. It should therefore contribute to the stability of yield in the
environments with water stress, because it is reversible, and light interception

returns to normal after relief of water stress (Turner et al., 1986).

Furthermore, evapotranspiration (ET) also influenced the drought score. In the
current study, it was significantly correlated with leaf area, shoot and total biomass
in experiment-1 (Table 3.4). It appears from the relationship between ET and dry
mass and between ET and water use efficiency that dry mass and water use
efficiency increased with the increase of ET. This shows that dry matter
production is the consequence of evapotranspiration. However, as mentioned

earlier, in some accessions water use efficiency was higher even when their ET
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was lower as their dry mass was higher (Table 3.3; Figs. 3.2 and 3.3). This means
that these accessions have some capacity to increase water use efficiency, which is
believed to be a genetic capacity because drought has minor effect on water use

efficiency (Clover et al., 2001).

The study also showed that a small amount of dry matter was produced from one
kilogram of water (Table 3.3). It appears from the results that only a small amount
of water is retained in the plant compared with water passing through for
transpiration. Hopkins (1995) reported that only 5% or less of the total water
uptake is actually retained for the growth and development of the plants and even
less is required for biochemical activities. This implies that several hundred
kilograms (kg) of water is required to produce just one kilogram of dry matter.
However, transpiration helps the cooling of the plant, but an essential and
inevitable consequence is the diffusion of carbon dioxide for photosynthesis
(Azam-Ali and Squire, 2002). Apart from the maintenance of high water content in
the tissues, transpiration is also essential for growth and development.
Transpiration, as a component of evapotranspiration varies with various factors
such as rainfall and its distribution, air temperature, wind and soil type. Generally,
evapotranspiration increases when the air is dry, warm and moving. It is therefore
important to define the target environment where a potential characteristic may be
beneficial for the improvement, adaptation or development of suitable cultivars. In
this study, at least five accessions had the highest rates of ET, and the eventual

consequence was higher dry matter content.
3.4.2 Comparison of the two experiments

The results of experiment-2 differed from experiment-1 in most cases although
treatment deviation patterns were the same as in experiment-1. It appears from the
results that all accessions had higher values of shoot- root dry mass, total dry mass,
shoot length, leaf length, leaf width, leaf area (Tables 3.3 and 3.8) and water use
efficiency compared with experiment-1. It should be mentioned that dry mass and
water use efficiency were on average three times higher in experiment-2 than

experiment-1 despite the fact that leaf area increased by only 10-20% (Appendix:
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Tables 3.3 and 3.9). This might be due to environmental differences such as
temperature and solar radiation and the longer duration of experiment-2 (Fig. 3.1a
and Fig. 3.1b). Similar results were observed in drought score, root length, stomata
number, stomata conductance and ET as seen in experiment-1. In experiment-2,
ET was significantly correlated with drought score and stomata conductance prior
to stress, stomata number and dry biomass (Table 3.8). Scatter diagrams between
ET and water use efficiency and the relationship between ET and dry mass
production showed that some accessions had the capacity for higher dry mass
production. The water use efficiency of these accessions were also higher (Figs.
3.7 and 3.9). The accessions, which had this capacity, could be considered for
drought resistant because their water use efficiency was higher although their ET’s
were not. In experiment-2 at least 9 accessions showed the highest rates of ET, and

the eventual consequence was higher dry matter content.

A significant correlation among the most root-related traits was observed in the
study and these traits were interrelated (Tables 3.4 and 3.8). It was observed that
the coefficient of determination for water use efficiency (R?) is 0.87 in experiment-
1 and 0.97 in experiment-2 (Appendix: Tables 3.4 and 3.12). The coefficient of
determination estimates the proportion of total variation in the dependent variable
explained by independent variables. It is likely that more than 87% and 97% of
total variation in water use efficiency was due to the combined effect of all
variables. Similarly, 98% variation of water use efficiency was due to the
combined effect of total dry weight (g) per plant and evapotranspiration when two

sets of data were analysed together (Appendix: Table 3.13).

As mentioned earlier, longer root length, greater dry weight of root and higher
ratios of root-shoot length and dry weight are believed to play a significant role in
drought resistance mechanisms, through the absorption of greater amounts of
water from deep soil layers. In experiment-2, no less than twelve accessions had
showed the higher values of root-to-shoot ratios and higher values of leaf stomata
conductance prior to stress but lower in stress conditions, indicating resistance to
drought. The identified accessions might have the capability to maintain high leaf
water potential and the mechanism to maintain transpiration through the opening

and closing of the stomata. Yoshida and Hasegawa (1982) also reported that rice
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accessions with greater values for root systems, especially root to shoot ratios
performed better in water limited conditions. The above mentioned accessions also
had lower values of visual drought score (Table 3.11), which meant that they could
maintain high leaf water potential through opening and closing of stomata. Their
leaf stomata conductance (cm/s) also confirmed this because the accessions with
lower values of drought score had higher values of conductance prior to stress but

considerably lower values in stress conditions.

Principal component and cluster analysis also revealed that most of the possible
drought resistant accessions were confined to one group in each experiment
(Group I in experiment-1 and Group VI in experiment-2) (Figs. 3.6 and 3.11)
although experiment-1 had four groups and experiment-2 showed six groups. This
meant that they were similar in relation to their physio-morphological
characteristics studied. The higher number of grouping in experiment-2 may be
due to larger genetic diversity in the germplasm of experiment-2. Apart from
above dissimilarities, it appears from dendrograms (Figs. 3.6 and 3.11) that four
out of five potential drought resistant accessions from experiment-1 fell to the
same group (Group VI) of experiment-2. This shows their similarity in respect of
physio-morphological characteristics such as root length, dry weight of root and
shoot, stomata number and conductance. Table 3.11 also showed that the identified
accessions had almost similar features in experiment-2 in their key characteristics
such as root length, dry weight of root and shoot, stomata number and conductance
again indicating their similarity and this could be genetic. It is apparent from the
Table 3.11 that only four accessions can be considered possible drought resistance

types from the two experiments.
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Table 3.11 Selected drought resistant rice accessions with key characteristics

Name of Drought Root Shoot Root dry | Shootdry | ET WUE
accession score length length mass (g) | mass(g) | (mm/day) | (g/kg)
(cm) {cm) per pot per pot

Dud Kalam* | 1.56+£0.72 | 33.58+2.8 | 63.3242.6] 7.52+1.0 | 31.62+1.9 | 3.12£0.1 | 6.9440.2
Aug Meghi 1.63+0.63 | 30.87+3.3 | 78.43+%1.5| 7.13+1.1 | 30.50+2.9 | 3.07+0.1 | 6.97+0.5
Keora 1.75+0.50 | 29.97+1.9 | 65.89+3.6] 7.28+1.0 | 28.89+4.1 | 3.03£0.1 | 6.58+0.7
Manik Mondal| 1.75£0.50 | 30.25+1.9 | 74.55%£3.2] 6.16£0.5 | 28.3842.5 | 3.0520.1 | 6.27+0.5
Huma Gambir | 1.754£0.96 | 30.42+1.7 | 76.93£9.3] 6.74+0.5 | 31.00+3.5 | 3.04+£0.1 | 6.98+1.0
Agali 1.75+£0.50 | 29.08+4.4 | 79.95+6.4} 6.20+0.3 | 30.91+£5.2 | 3.09+0.2 | 6.74+0.7
Dhapa 1.75+£0.25 | 34.12+2.3 | 68.76+2.5| 8.06=0.6 | 29.90+1.5| 2.91£0.2 | 7.14+0.7
Bina Muri-2 | 1.75£0.50 | 27.2844.9 | 60.90+3.1| 5.44+0.8 | 25.25+1.2 | 3.02+0.1 | 5.67+0.2
Kada Moni 1.90+£0.49 | 32.90+1.9 | 71.7544.3] 8.25+0.9 | 27.62+3.6 | 3.04+0.1 | 6.54+0.8
Bina Muri-1 | 2.00£0.58 | 26.55+=5.1 | 61.2545.4] 5.64+1.0 | 24.88+1.9 | 2.96+0.1 | 5.77£0.3
Hogla Pata 2.00£0.41 | 27.55+£2.6 | 69.20+2.5| 6.00+0.4 | 28.00+£2.6 | 2.96+0.2 | 6.40+0.3
Tilock Kachari| 2.25+0.50 | 31.22+3.9 | 61.90£3.5| 8.45+1.4 | 31.27+3.3 | 3.07+0.1 | 7.17+0.8

*Accessions in bold letters were selected from both experiments

It can be concluded from the above discussions that environmental factors such as

temperature and solar radiation may have influenced the expression of phenotypes.

Therefore, selection based solely on the physio-morphological characteristics may

give unreliable genetic selections. As genetic selection was the objective of this

study, these accessions were further investigated using isozyme systems. This

study will provide accurate genetic information on the accessions selected from the

physio-morphological investigation, which might have environmental effects.
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CHAPTER FOUR

Isozyme study
4.1 Introduction

The genetic diversity of plant populations has traditionally been assessed through
phenotypic characters because such traits are easy to observe and measure. In
most cases phenotypic characters represent a major genetic diversity. However,
the level of genetic diversity resolved solely through physio-morphological
characters as observed in the previous chapter is less accurate because of
environmental influences on them, especially in the case of qualitative

characters.

In recent years, more reliable biochemical markers like isozymes have been used
to determine the genetic variability in plant germplasm (Haq, 1996a; Anand,
1998). Markert and Mollar first introduced the term isozyme in 1959 to refer to
multiple forms of enzyme proteins produced by living tissues (Paterson et al.,
1991). Isozymes are primary products of structural genes; variation in their
structure should give reliable information on the variability of the genome itself

(Paudyal, 1999) and would be less susceptible to environmental influence.

Isozymes have already been used for the classification of varieties within the Oryza
sativa (Second, 1982; Glaszmann, 1985; Glaszmann, 1987). It was reported earlier
from conventional classification (Chang, 1976; Morishima and Oka, 1981; Oka,
1991) that Oryza sativa has two sub-groups; namely: indica and japonica. Second
(1982) also reported the same results (i.e. the above sub-groups of O. sativa) from
his isozyme study. Thus it is apparent that isozyme polymorphism could provide
useful information for the classification, selection and identification of

germplasm.
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Results reported in the previous chapter indicate that environmental factors might
have influenced the physio-morphological characters and the selection made from
this investigation may be unreliable for gene transfer for drought resistance. Since
biochemical markers are more effective for determining the genetic diversity and
methods for isozyme analysis are already available for rice, an attempt was made in
order to confirm genetic relationships between the accessions included in this study
using isozyme systems. This will provide information to make accurate selection,
as the selected materials of physio-morphological studies will show similarities to

those studied by isozyme systems if these have genetic similarity.
4.2 Materials and Methods

A total of 51 rice accessions were included in the isozyme investigation. The seeds
were sown in 15 cm diameter plastic pots having a surface area of 177 cm’
containing John Innes number 2 compost in a glasshouse at the University of

Southampton. The glasshouse temperature was maintained at 27/17+2°C day/night

with a day length of approximately 12+1 hours.

Initially three enzyme systems, namely: esterase (EST), alcohol dehydrogenase
(ADH) and glutamate oxaloacetate transaminase (GOT) were separated in
polyacrylamide gel using a vertical Hoefer SE 600 electrophoresis unit (Hoefer
Scientific Instruments, USA). Later five more enzyme systems, viz. catalase
(CAT), acid phosphatase (ACP), phosphoglucoisomerase (PGI), malate
dehydrogenase (MDH) and peroxidase (PRX) were included in the study. An
extraction buffer, gel and a gel running buffer were prepared following the methods
of Wendel and Weeden (1990) and IRRI (1995) with some modifications. The
extraction buffer consisted of 100 mM Tris-HCL pH 7.5, 5% sucrose (w/v), 5%
polyvinylpyrrolidone (PVP-40), 100 mM ascorbic acid, 1% bovine serum albumin
and 14 mM (0.1% w/v) mercaptoethanol. Mercaptoethanol was added to the

ingredients just prior to use.
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Two-week-old fresh leaves (1-2 g) were collected in mesh bags from the
glasshouse and kept in a thermoscool box with ice. Five hundred milligrams of leaf
samples were transferred to liquid nitrogen for quick freezing. Freeze-dried leaf
tissues were ground to a fine powder with 30 mg of insoluble polyvinylpyrrolidone
(PVP) using a pre-chilled mortar and a pestle. Five hundred pl of extraction buffer
were added to the leaf sample and the sample was further grounded. The enzyme
extracts were thereafter centrifuged at 12,000 rpm for 15 minutes and both extracts

and other plant samples were kept on ice for use.

Seventy millilitres of 10% polyacrylamide gel was prepared by mixing 24 ml 30%
bis-acrylamide, 45 ml gel buffer, 70 pl 14 M mercaptoethanol, 600 pul of 10%
ethylene glycol, 100 ul TEMED and 1 ml of freshly prepared 10% ammonium
persulphate. The gel buffer (pH 8.3) was composed of either 0.019 M boric acid,
0.004 M lithium hydroxide, 0.047 M Tris-base and 0.007 M citric acid or Trizma
base (0.018 g/1) and citric acid (0.0023 g/1). Immediately after mixing the
ingredients, 35 ml of gel solution was poured into each gel tray (sandwich
assembly) with pre-inserted combs. After gel solidification (about 30 minutes) the
combs were removed, creating pre-formed wells. Twenty-five ul of enzyme
extracts supernatant was loaded onto the gel well after adding 15 pl loading dye

(20% sucrose, 0.05% w/v bromophenol blue).

After loading the samples, they were placed into the gel electrophoretic tank with
electrode buffer containing 0.192 M boric acid and 0.038 M lithium hydroxide with
a pH of 8.3 or boric acid (0.037 g/) and sodium hydroxide (0.0048 g/1) pH 8.3 so
that the buffer covered the gel completely. Thereafter electrophoresis was done at
60 mA constant current (30mA per gel) with high variable voltage (180 volts at the
start, ca 650 at the end of the run as resistance increased) for 4 hours. By this time
the dye had crossed the anodic end of the gel. To keep the gels cool, the apparatus

was kept on ice (maintaining 4°C) during electrophoresis.

After electrophoresis, the gels were removed from the plates. Subsequently, the gel
was rinsed twice with distilled water and soaked in enzyme specific staining

solution to detect isozymes. The staining solution for each isozyme is presented in
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Table 4.1. The staining procedure was carried out in dark conditions until the bands
appeared and accordingly gels were fixed in 50% glycerol for 1 hour to preserve
the colour reaction product, localizing the position of isozyme bands. Photographs
were taken immediately after fixing the gel, placing the gel on a light box using

Canon digital camera (Japan).
4.2.1 Identification of isozyme bands and data analysis

Each band shown by the isozyme was identified by its relative mobility or relative
front (rf) with respect to bromophenol blue. The relative mobility was calculated by
dividing the distance migrated by the isozyme with that of the marker. The
identification of alleles and their assignment to specific loci in some cases were
problematic because of the overlapping of loci of EST, PRX and PGI. Due to this
overlapping it was difficult to interpret allelic frequency. Therefore the number and
relative position of bands were used to determine isozyme phenotypes in each
accession and enzyme system following Mouemar and Gasquez (1983). The bands
in each enzyme were numbered sequentially starting from the anodal end. Each
band was treated as an independent character regardless of its intensity and the
accessions were scored with the simple presence (1) or absence (0) for each band as
a binary form in all enzymes. Based on the band patterns, the proportion of
common fragments between accessions was measured. Cluster analysis was
carried out on these scores following the same methods used for physio-

morphological characters.
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Table 4.1 Staining solutions for different enzymes

Staining time

Enzyme Staining solution
Glucose-6-phosphate isomerase | 50 mM (.5M) Tris HCI, pH 8.0 50 ml 1 hour
(GPI) or Phosphoglucoisomerase | NAD or Nicotinamide adenine 10 mg
(PGI) dinucleotide-phosphate (NADP)
Enzyme Commission Number Fructose-6-phosphate, sodium salt 50 mg
(E.C.No.): 53.1.9 Glucose-6-phosphate dehydrogenase 10 units
MTT 10 mg
PMS 2 mg
Alcohol dehydrogenase (ADH) 50 mM Tris HCI, pH 8.0 50 ml 1 hour
E.C.Nol.l.1.1 B-nicotinamide dinucleotide 10 mg
Ethanol 200 pl
MTT 10 mg
PMS 2 mg
Glutamate oxaloacetate Distilled water 50 ml | 30 minutes
transaminase (GOT) 0.5 M Tris-buffer 20 ml
E.C.No26.1.1 o~ketoglutaric acid 50 mg
L-aspartic acid 66 mg
Polyvinylpyrrolidone (PVP-40) 25mg
Sodium phosphate 350 mg
EDTA Nasalt 25 mg
Fast blue BB salt S0 mg
(pH of solution 7.5)
Esterase (EST) 100mM Sodium phosphate buffer 50 ml 45 minutes
E.C.No3.1.1.- (pH6.0) at40°C
o—naphthyle acetate 50 mg
B—naphthyle acetate 25 mg
Fast Garnet GBC salt 40 mg
Peroxidase (PRX) E.C. No 50 mM Sodium acetate buffer pH 5.0 50 ml 1 hour
1.11.1.7 Hydrogen peroxide, 3% 250 ul
CaCl, 50 mg
3-amino-9-ethylcarbazole 25 mg
N,N-dimethylformamide 2 ml
Acid phosphate (ACP) 50 mM Sodium acetate buffer pH 5.0 50 ml 1 hour
E.C.No3.1.32 Na o—naphthyl acid phosphate 50 mg
MgCl, 50 mg
Fast garnet GBG/C salt 50 mg
Malate dehydrogenase (MDH) 50 mM Tris HCI, pH 8.0 50 ml 30 minutes
E.C.No. 1.1.1.37 B-nicotinamide dinucleotide 10 mg
Malic acid 150 mg
MTT 10 mg
PMS 2 mg
Catalase (CAT)E.C. 1.11.1.6 Hydrogen peroxide 0.01% 50 ml 1 hour
Water 50 ml
Ferric chloride 500 mg
Potassium ferricyanide 500 mg
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4.3 Results

The results for isozyme polymorphism are presented below. Since the isozymes
ADH and MDH showed fewer bands due to their poor activity and CAT did not

show any reaction, these enzymes were excluded from this study.

4.3.1 Acid phosphatase (ACP, E.C. 3.1.3.2)

Ten bands were detected at different relative front (rf) of the bands from the
analysis of 51 accessions using the Acid phosphatase enzyme system (Fig. 4.1).
The number of bands varied from two to four per accession. The relative front
(rf) of the bands varied from 0.81 to 0.12 rf and there were three regions resolved
actively and taken as putative loci. Locus Acp-1 was apparently monomorphic
whereas loci Acp-2 and Acp-3 were polymorphic (Fig. 4.1). The distribution and
relative position of bands gave 9 phenotypes (Fig. 4.1 and Plate 4.1). The
accessions analysed were found to be distributed in different ACP phenotypes as
follows: 13 (25.49%) in ACP-2, 8 (15.69%) in ACP-3, 7 (13.73%) in ACP-4, 5
(9.80%) in ACP-5, and 4 of each were in ACP-7, 8 and 9 respectively (Table
4.2). The accessions identified as the promising drought resistant types from
physio-morphological studies were grouped into the following phenotypes
(Table 4.3): ACP-9 (Kada Moni), ACP-7 (Dhapa, Dud Kalam, Hogla Pata, Dud
Mona), ACP-6 (Agali, Aug Meghi), ACP-5 (Keora), ACP-4 (Bina Muri-1),
ACP-3 (Huma Gambir, Bina Muri-2) and ACP-2 (Dular, Manik Mondal, Tilock
Kachari).

4.3.2 Esterase (EST, E.C. 3.1.1.%%)

Thirty bands were observed using this enzyme system for accessions studied.
The number of bands varied from 3 to 8 per accession at different rf values
ranging from 0.96 to 0.11. Five putative loci could be detected when all banding
patterns were pooled together. However, bands could not easily be interpreted as

the products of particular loci or alleles as they were overlapped. Due to this
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difficulty, loci could not be interpreted and this was observed in almost all
enzymes studied except for ACP and GOT. Most accessions showed a common
band at the position of 0.545 rf followed by 0.36 and 0.27 rf. The number and the

distribution of bands according to their relative positions gave 15 isozyme

phenotypes (Fig. 4.2).

The accessions were found to be distributed among the phenotypes in almost
equal frequencies and the phenotypes EST-1, EST-2, EST-6 and EST-12 were
noted to be the most frequent types. However, the accessions identified as the
potential drought resistant type from physio-morphological parameters were
grouped into different EST phenotypes and the maximum number (3) fell in the

phenotype EST-7 (Table 4.3).

Table 4.2 Rice accessions showing (%) different isozyme phenotypes of
ACP, EST, GOT, PGI and PRX

Enzym | 1 2 3 4 5 6 7 8 9 10 (11 |12 |13 14 |15
e/phen
otype
ACP 9.8 |[255 157 | 13.7 |59 59 |78 178 | 7.8
OREHRIOICOETONMIORIORECOIEC)
1.9

EST 9.8 |98 |78 |39 [59 |98 |78 59 [39 |78 |78 |98 |39 |39
G 16 & 1@ |16 1O)]@HI3 1@ |4 1@ 1612 @

(1)

GOT |98 [373 [19 |78 [39 |59 [98 |19 [235
G) (a9 (@ 16 1@ [G) |G |1 |d2)

PGI 157|118 |98 |59 137 |78 |59 [59 |78 |59 |59 |39
® 16 |6 [() | |&H GG |[&H 16 3|7

PRX |78 [98 |137 |78 |78 |59 [19[137(59 |78 |59 |78 |39
@16 1 @& @& [ MM 16 1% 16 ! 13

(Parenthesis showing number of accession in enzyme phenotypes)
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Table 4.3 Observed isozyme phenotypes in rice and their frequencies
according to ecosystems

Phenot | Low Moderate| Heavy | Total | Accession
pe rainfall | rainfall | rainfall

ESTI |0 5 0 5 Dharial, Marichbati, Dular, Kataktara, Hashi Kalmi

EST2 |1 4 0 5 Hijolee, Hanumanjata, Hasha, Manik Mondal,
Huma Gambir

EST3 |2 2 0 4 Sada Aus, Hazi Faram, Bina Muri-1 &2

EST4 |1 1 0 2 Kola Mocha, Keora

EST5 10 1 2 3 Bok Tulsi, Bali Guri, Binna Toa

EST6 1 3 1 5 Nona Balam, Kacha Mota, Kada Moni, Aus Nagra,
Bakee

EST7 1 3 0 4 Dud Kalam, Dhapa, Dud Mona, Kala Mona

EST8 |0 2 1 3 Panbira-2, Aswina, Kumra Gair

EST9 [0 1 1 2 Tilock Kachari, Nuncha

ESTI0 | 1 3 0 4 Aus Baku, Boila Bokri, Aug Meghi, Aus Kushi

ESTI1 | O 2 2 4 Hogla Pata, Hogla, Raja Sail, Kajal Sail

ESTI12 | 0 1 4 5 Boalia, Ausa Bogi, Bogi, Gopal Bhog, Kumri Aus

EST13 | 0 1 1 2 Panbira-1, Agali

EST14 | 0 0 1 2 Kartik Sail, Kumari

ESTI5 {0 0 1 1 Lakhai

GOTI |1 4 0 5 Dharial, Dular, Hashi Kalmi, Kataktara, Kada Moni

GOT2 |0 13 5 19 Marichbati, Panbira-1, Aus Baku, Hasha, Manik
Mondal, Huma Gambir, Hanumanjata, Boilia, Aus
Kushi, Bali Guri, Binna Toa, Bakee, Boila Bokri,
Aug Meghi, Bok Tulsi, Ausa Bogi, Bogi, Bina
Muri-1, Bina Muri-2

GOT3 |0 0 1 1 Agali

GOT4 | ¢ 1 2 3 Kumra Gair, Kajal Sail, Raja Sail

GOT5 |1 1 0 2 Kola Mocha, Keora

GOT6 |1 1 1 3 Hazi Faram, Kumri Aus, Aus Nagra
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Table 4.3 (comt.)

Phenoty | Low Moderate; Heavy | Total | Accession
€ rainfall | rainfall | rainfall

GOT7 2 3 0 5 Gopal Bhog, Hijolee, Nuncha, Sada Aus, Nona
Balam

GOT8 0 1 0 1 Lakhai

GOT9 2 7 3 12 Hogla Pata, Kala Mona, Aswina, Kacha Mota,
Kartik Sail, Panbira-2, Dud Kalam, Hogla, Kumari,
Dud Mona, Dhapa, Tilock Kachari

PRX1 0 4 0 4 Hashi Kalmi, Kataktara, Hasha, Gopal Bhog

PRX2 0 4 1 5 Dharial, Marichbati, Dular, Manik Mondal, Binna
Toa

PRX3 1 5 1 7 Aus Baku, Huma Gambir, Bina Muri-1&2, Bakee,
Kada Moni, Hanumanjata

PRX4 2 2 0 4 Kumri Aus, Sada Aus, Hazi Faram, Aus Nagra

PRX5 0 1 3 4 Ausa Bogi, Panbira-1, Bogi, Bali Guri

PRX6 0 2 1 3 Hijolee, Nona Balam, Tilock Kachari

PRX7 0 I 0 1 Nuncha

PRXS 1 3 3 7 Kacha Mota, Raja Sail, Kajal Sail, Kartik Sail, Dud
Kalam, Dhapa, Dud Mona

PRX9 0 2 1 3 Aswina, Kumra Gair, Panbir-2

PRX10 |0 4 0 4 Kola Mocha, Keora, Lakhai, Kala Mona

PRX11 |0 3 0 3 Kumari, Hogla Pata, Hogla

PRX12 |0 2 2 4 Boalia, Agali, Boila Bokri, Aug Meghi

PRX13 |0 1 1 2 Bok Tulsi, Aus Kushi

PGI1 0 4 4 8 Ausa Bogi, Bogi, Gopal Bhog, Nuncha, Panbira-1,
Aus Kushi, Bali Guri, Binna Toa

PGI2 0 6 0 6 Dharial, Kataktara, Dular, Aus Baku, Hasha, Kada
Moni

PGI3 0 3 2 5 Aug Meghi, Aus Nagra, Bakee, Kumri Aus, Boila

Bokri
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Table 4.3 (cont.)

Pheno | Low Moderate| Heavy | Total | Accession

type rainfall | rainfall | rainfall

PG4 |0 2 1 3 Keora, Kola Mocha, Lakhai

PGI5 |2 4 1 7 Marichbati, Hashi Kalmi, Hijolee, Boalia, Sada
Aus, Hazi Faram, Bok Tulsi

PGl6 | 0O 3 1 4 Manik Mondal, Huma Gambir, Hanumanjata, Agali

PGI7 |0 2 1 3 Bina Muri-1, Bina Muri-2, Tilock Kachari

PGIS8 1 1 1 3 Dud Mona, Dhapa , Dud Kalam

PGI9 |0 1 3 4 Raja Sail, Kartik Sail, Kajal Sail, Kala Mona

PGI10 | 1 1 1 3 Aswina, Kumra Gair, Kumari

PGII1 | O 3 0 3 Kacha Mota, Hogla Pata, Hogla

PGI12 | 0 2 0 2 Nona Balam, Panbira-2

ACP1 | O 4 1 5 Dharial, Aus Baku, Boila Bokri, Bali Guri, Kacha
Mota

ACP2 |0 9 4 13 Dular, Hashi Kalmi, Kataktara, Manik Mondal,
Bok Tulsi, Aus Kushi, Kala Mona, Panbira-2,
Tilock Kachari, Aswina, Hogla, Binna Toa, Kumari

ACP3 10 8 0 8 Marichbati, Panbira-1, Hijolee, Hasha, Huma
Gambir, Hanumanjata, Kumra Gair, Bina Muri-2

ACP4 |2 3 2 7 Bogi, Kumri Aus, Sada Aus, Hazi Faram, Bina
Muri-1, Bakee, Nuncha

ACP5 | 0 3 0 3 Kola Mocha, Keora, Lakhai

ACP6 | 0O 2 1 3 Agali, Aus Nagra, Aug Meghi

ACP7 |1 4 0 5 Dhapa, Dud Mona, Hogla Pata, Dud Kalam, Hogla

ACP8 |0 1 3 4 Kajal Sail, Nona Balam, Kartik Sail, Raja Sail,
Kumari

ACPY9 10 2 2 4 Boalia, Ausa Bogi, Kada Moni, Gopal Bhog, Bogi
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