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Abstract  

Rice (Oryza sativa L.) is the staple food for a majority of the world’s population, and 

uses 30% of the global fresh water during its life cycle. Drought at the reproductive stage is the 

most important abiotic stress factor limiting grain yield. The United States is the third largest 

exporter of rice, and Arkansas is the top rice-producing state. The Arkansas rice-growing region 

in the Lower Mississippi belt is among the 10 areas with the highest risk of water scarcity. 

Adapted U.S. rice cultivars were screened for drought resistant (DR) traits to find sources for 

breeding U.S. rice cultivars for a water saving agricultural system. A recombinant inbred line 

(RIL) population, derived from varieties Kaybonnet (DR) and ZHE733 (drought sensitive), 

termed K/Z RILs was chosen for genetic analysis of DR traits. The objectives of this research 

were to 1) analyze the phenotypic and grain yield components of the K/Z RIL rice population for 

drought-resistance-related traits, 2) evaluate the Abscisic Acid (ABA) response of the K/Z RIL 

rice population on root architectural traits in relation to drought stress resistance, 3) screen 

polymorphic molecular markers to identify genes linked to productivity traits of grain yield 

under drought stress, measured by number of filled grain per panicle using bulk segregant 

analysis (BSA), and 4) identify QTLs and candidate genes in the K/Z RIL population for drought 

resistance associated with vegetative morphological traits, grain yield components under drought 

stress and well-watered conditions, and root architectural traits related to ABA response. The 

RIL population was screened in the field at Fayetteville (AR) by controlled drought stress (DS) 

treatment at the reproductive stage, and the effect of DS quantified by measuring drought-related 

traits. ABA sensitivity was quantified by measuring root architectural traits at the V3 stage. 

Based on the filled grain per panicle number, 13.13% of K/Z RIL population and parent 

Kaybonnet were highly drought resistant, while 75.75% of RILs and parent ZHE733 were 



 

drought sensitive. Under ABA conditions, Kaybonnet and 48 drought resistant lines exhibit ABA 

sensitivity, implying regulation of osmotic stress tolerance via ABA-mediated cell signaling. 

Based on BSA screening, 13 polymorphic markers potentially linked to DR traits were 

identified. QTL analysis was performed with 4133 SNPs markers by using QTL IciMapping. A 

total of 213 QTLs and 628 candidate genes within the QTL regions were identified for drought-

related traits. The RT-qPCR analysis of the candidate genes revealed that a high number of 

drought resistance genes were up-regulated in Kaybonnet as the drought-resistant parent. 

Information from this research will serve an important step towards improvement of adapted 

Arkansas rice cultivars for higher grain production under DS conditions.  
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Introduction 

Rice is a major world food crop and staple food for nearly half the world’s population, 

including 17 countries in Asia and the Pacific, eight countries in Africa, seven countries in Latin 

America and the Caribbean, and one country in the Near East (Maclean et al., 2013). Rice is 

grown in tropical, subtropical, and temperate regions (Vaughan, 1989) with more than 90% of 

total rice in the world produced and consumed by Asian countries (Riveros, 2000). The world-

wide rice production reaches 650 million tons per annum, grown in 117 countries on over 156 

million hectares (ha) of land, most of which is developed for irrigated rice cultivation. In 2016, 

China and India produced 350 million tons of rice, which is more than half of the total rice 

production in the world (FAOSTAT, 2015).  

There are four primary cultivation systems for growing rice based on a land area: 

irrigated (55%), rainfed lowland (25%), upland (12%), and flood prone (8%) (Khush, 1997). 

Around 35 million ha of land is developed for rainfed lowland rice production in South and 

Southeast Asia, while around 19 million ha of upland rice and more than 14 million ha of rainfed 

lowland rice are affected by water insecurity (Centritto et al., 2009). Unpredictability of the 

water supply is the primary problem in rice production, with severe droughts and damaging 

floods often coming in the same season (Kundzewicz, 2007). According to Rejesus et al. (2012), 

it takes 1,432 litres of water to produce 1 kg of rice. Because of the high need for water, the  

primary limitation for rice production is drought. Therefore, drought resistant varieties of rice are 

required for increasing rice production under rainfed or deficit-irrigated conditions. 

Rice belongs to the genus Oryza and comprises approximately 21 wild species and two 

cultivated species: O. sativa, grown in Asian countries; and O. glaberrima, grown in Africa. 

Furthermore, O. sativa can be classified into two major subspecies: indica and japonica. While 
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indica can be futher sub-classified into indica and aus, while japonica sub-classified into 

tropical japonica, temperate japonica, and aromatic (Matsuo, 1952; Glaszmann, 1987; Ni et al., 

2002; Garris et al., 2005; Ebana et al., 2010). Tropical japonica is commonly grown in the U.S. 

(Mae, 1997), while temperate japonica with short, wide grains is adapted to cooler seasons and 

longer days in the higher latitudes, and is grown in Japan, Korea, and northern China. The long 

grain indica is preferred in South Asia and parts of South East Asia.  

Genetic improvements, in diverse rice genotypes that increase rice production, will be 

necessary to meet the food demands of the world’s population by 2050, when the global 

population is projected to reach up to six billion (Godfray, 2010; Tester and Langridge, 2010). 

Modern genomics and genetic approaches, associated with phenotyping and breeding 

methodologies, are needed to exploit the genes and metabolic pathways of diverse rice 

germplasm for improving rice drought resistance (Mir et al., 2012). As defined by Levitt (1980), 

drought resistance mechanisms can be classified into three categories: avoidance, tolerance, and 

escape. Drought avoidance of plants can be achieved by improving water uptake and decreasing 

water loss; for example by developing more efficient root systems, reducing stomatal 

conductance for lowering water loss, leaf rolling or folding for reducing the absorption of 

radiation and evaporation surface, and increased signaling machanisms for abscisic acid (ABA) 

biosynthesis for reducing water loss. Rice genotypes that employ drought avoidance mechanisms 

usually have deep and thick roots, robust root branching, a higher root-to-shoot ratio, early 

stomatal closure, and leaf rolling elasticity (Blum et al., 1989; Samson et al., 2002; Wang et al., 

2006). Moreover, drought tolerance can also be achieved by osmotic regulation, antioxidant 

activity, and smaller cell size, and drought escape by a short life cycle.  
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Three stages of rice development have important effects on rice production: these are the 

vegetative, reproductive, and terminal stages. Drought stress in the vegetative stage results in 

reduced production of new tillers and leaf elongation, rolling of existing leaves, and higher rates 

of leaf death (Cutlter et al., 1980; O’Toole and Cruz, 1980; Hsiao et al., 1984; Turner et al., 

1986). Moreover, drought conditions during the reproductive stage can reduce the grain yield 

because of more spikelet sterility leading to unfilled grains (Ndjiondjop et al., 2010). 

Mechanisms of drought resistance in different rice genotypes can be identified through screening 

for drought resistance at every stage of rice development. Furthermore, drought resistance genes 

can be identified by understanding drought resistance mechanisms.  

Plant biotechnologists and breeders can be helped by the evaluation of rice genotypes to 

effectively find phenotypic and physiological traits for drought resistance. Both physiological 

and molecular information will be useful in determining strategies for selecting and improving 

drought resistance in high-yielding commercial cultivars. Consequently, screening the natural 

variation for drought-resistance-related traits, will provide the genetic resources for improving 

resistance to drought among commercial rice varieties. Furthermore, quantitative trait locus 

(QTL) mapping can be used to construct high-density molecular genetic maps based on several 

traits related to drought resistance (Lilley et al., 1996; Zhang et al., 1999, 2001; Robin et al., 

2003). Therefore, high-resolution mapping of genes responsible for diverse phenotypic traits will 

help breeders use molecular markers for tagging these traits based on their selection, which will 

improve breeding efficiency for drought resistance. 

U.S. is the third largest exporter of rice with an export value of US$ 1.8 billion. 

Maintaining rice production in the U.S. is therefore very crucial. The first trial conducted on rice 

in the U.S. was established in Virginia in 1609, and commercial cultivation was started in South 
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Carolina. Today, rice is grown in seven U.S. states: Arkansas, California, Louisiana, Mississippi, 

Missouri, Texas, and Florida (Kulp et al., 2000). Arkansas, the largest rice producer, accounts for 

more than 40% of U.S. rice production of long and medium grain varieties (Quick Stats, 2016). 

In 2003, 36% of Arkansas’s land was used for rice production with an economic value of US$ 

995,217,000, substantially lower than soybeans (US$ 1,435,145,000), but more than twice the 

value of corn (US$ 471,362,000). The rice was grown on 1,546,000 acres with the average yield 

being 164.4 bushels/acre (3356.58 kg/acre). Rice is grown in 40 counties including Poinsett 

(134,944 harvested acreage), Arkansas (117,675 harvested acreage), Cross (106,254 harvested 

acreage), Jackson (101,762 harvested acreage), and Lawrence (99,480 harvested acreage). 

Stuttgart in Arkansas County (AR) is known as the rice capital of the U.S. 

Rice also uses two to three times as much water as other food crops, which totals 30% of 

the world’s freshwater resources world-wide. Stability of rice production is facilitated by 

economical use of water, which is most essential during flowering and grain formation. Rice 

production in Arkansas is dependent on ground water for stable irrigation (Henry et al., 2016). 

Managing this resource judiciously and growing water-use-efficient (WUE) rice will help insure 

a steady supply of rice grain in the world market. Efficient rice production methods are 

especially critical in the Arkansas rice-growing region in the Lower Mississippi belt, for it is 

among the 10 areas with the highest risk of water scarcity in the country as are the agricultural 

areas in California, Nebraska, Ohio, Dakotas, N. Texas, and Minnesota (Shi et al., 2013; 

http://www.businessinsider.com/us-drought-water-scarcity-2013-5).  
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Literature Review 

Rice 

Rice is the most important economic crop on Earth and is produced on more than 500 

million ha, which is 11% of the Earth’s total arable land. Rice is produced in a wide range of 

locations and under a variety of climatic conditions, from the wettest areas to the driest deserts. 

In 2016, total rice production reached 472.39 million tons, with almost 90% of rice being 

produced and consumed in Asia. The largest rice-producing countries are China, India, 

Indonesia, Bangladesh, Vietnam, and Thailand which account for more than three quarters of 

world rice production. 

Rice belongs to a tropical C3 photosynthetic type of semi-aquatic annual grass and grows 

in wetland soils and low-radiation habitats. It produces new tillers from nodes, and each 

productive tiller has a terminal flowering head or panicle. A rice plant’s height can range from 

approximately 0.4 m to more than 5 m, depending on the variety and environmental conditions. 

The optimal temperature for maximum rice photosynthesis is 25–30oC. Rice is grown optimally 

in a medium loam containing 50% clay due to minerals availability and water holding capability 

(Maclean et al., 2013).  

The ovary of a self-pollinating rice plant is fertilized by the pollen grain usually 

fertilization completed within five to six hours after pollination. Both pollen (male) and ovary 

(female) are in the same flowers, allowing each flower to pollinate itself. Furthermore, after 

ripening, fertilization occurs and can be classified into four stages: milky, dough, yellow-ripe, 

and maturity. Generally, the growth duration of the rice plant is three to six months, depending 

on the variety and the environment. Rice grain yield is based on the amount of starch that fills 

the spikelets and determined after heading. As the size and weight of the grain increases, starch 
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and sugars are translocated from the culms and leaf sheaths. Moreover, the color of the grain 

changes from green to gold, and the leaves begin to senesce. There are three yield components in 

rice: (i) the number of panicles per unit of land area, (ii) the average number of grains produced 

per panicle, and (iii) the average weight of individual grains. The rice grain, generally called a 

seed, consists of the true fruit, or caryopsis, and the hull, which encloses the caryopsis. 

Furthermore, the caryopsis consists of the embryo and endosperm. The surface of the caryopsis 

contains several thin layers of differentiated tissues that enclose the embryo and endosperm. In 

indica rice, the hull usually consists of the palea, lemmas, and rachilla; whereas the hull in 

japonica rice generally includes rudimentary glumes and a portion of the pedicel. The hull 

weight is usually about 20% of the grain’s total weight. A single rice grain weighs about 10-45 

mg at 0% moisture content. Among rice varieties, the grain length, width, and thickness vary 

widely (Maclean et al., 2013).   

Rice germination is the stage when the radicle or coleoptile (embryonic shoot) emerges 

from the ruptured seed coat. This germination process starts when seed dormancy has been 

broken, and the seed absorbs adequate water and is exposed to a temperature between 10 and 

40oC. In aerated conditions, the radicle is the first to emerge from the embryo, followed by the 

coleoptile. In contrast, under anaerobic conditions, the coleoptile is the first to emerge. Every 

stem of rice consists of a series of nodes and internodes. The number of nodes varies from 13 to 

16, and they are separated by long internodes. Generally, the length of internodes increase from 

the lower to the upper part of the stem and vary depending on the rice variety and environmental 

conditions. The tillering stage begins as soon as the seedling is self-supporting and usually ends 

at panicle initiation. Tillers growing from the main stem, called primary tillers, generate 

secondary tillers, which may in turn generate tertiary tillers. Tillering capacity differs depending 



8 

on variety and environmental conditions such as spacing, light, nutrient supply, and cultural 

practices (Maclean et al., 2013). 

The leaf blade is attached at the node by the leaf sheath, which encircles the stem. The 

leaf blade and the leaf sheath meet at what is called the auricles which is covered by coarse hair. 

The upright membrane above the auricles is called the ligule. Furthermore, the rice root system 

consists of crown roots (including mat roots) and nodal roots. Crown roots develop from nodes 

below the soil surface, while nodal roots develop from nodes above the soil surface. The major 

structures of the panicle are the base, axis, primary and secondary branches, pedicel, rudimentary 

glumes, and spikelets. The rice flower is enclosed in the lemma and palea, which may be either 

awned or awnless. Moreover, the flower consists of the pistil (including the stigmas, styles, and 

ovary) and stamens. 

Rice plant growth can be classified into three agronomic phases of development: the 

vegetative phase (including germination, seedling, and tillering stages, usually 60 days), the 

reproductive phase (including panicle initiation, flowering, booting, and heading stages, usually 

30 days), and the ripening period, (the time after heading, usually 30 days) (Table 1.1.). Growth 

during these phases influence the grain yield. The characteristics of the vegetative growth phase 

are active tillering, a gradual increase in plant height, and leaf emergence at regular intervals. 

The vegetative stage ends when a flag leaf emerges from a culm. Furthermore, the reproductive 

phase is characterized by culm elongation, a decline in tiller number, booting, emergence of the 

flag leaf, heading, and flowering.  

Rice grains are classified into three categories: short-grain, medium-grain, and long-

grain. The short grain is less than twice as long as it is wide, the medium grain is about three 

times as long as it is wide, and the long grain is about four to five times as long as it is wide. 
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Rice provides carbohydrates, proteins, minerals, vitamins, and fibers. Most rice is consumed in a 

polished state and prepared/cooked by boiling or steaming. It is the main item in most people’s 

diets in some cultures and frequently the basic ingredient of every meal. In Asia, rice is 

commonly eaten with bean curd, fish, vegetables, meat, and spices, depending on local 

availability and economic access. Glutinous rice is the staple food in Lao PDR and northeast 

Thailand. In Japan and China, rice is used to make alcoholic beverages, such as sake and wang-

tsiu. In Tanzania, however, rice is used for making bread (Maclean et al., 2013). In the U.S., rice 

is used as directly cooked food (58%), processed food and beer (16%), and pet food (10%). Rice 

is sold in many forms, such as frozen, canned, quick-cook rice, and boil-in-the-bag rice.  

Based on FAO, other parts of rice besides the grain, such as bran, hulls, and straw, are 

also very useful. Generally, milled rice is marketed precooked, canned, dried, puffed for 

breakfast cereals, or used as rice flour for extrusion-cooked foods, puddings and breads, cakes 

and crackers, noodles and rice paper, fermented foods and vinegars, rice starch, and syrups. 

About five to eight percent of grain weight is contained in the rice bran, which is usually used for 

livestock feed, a pickling medium, a medium for growing mushrooms, and as a growing medium 

for some enzymes, as well as for flours, concentrates, oils, and dietary fiber. Moreover, the hulls 

and husks are used for fuel. Meanwhile, the rice straw is sometimes used for livestock feed 

(Maclean et al., 2013). 

Rice plants are often attacked by diseases, insects, nematodes, rodents, and weeds. The 

major diseases that affect rice are caused by fungal, bacteria, and viruses including blast, sheath 

blight, sheath-rot, bacterial blight, and rice tungro (Gnanamanickam, 2019) (Table 1.2.). Insect 

pests attack rice plants in all rice growth stages and can also damage rice grains in storage. The 

most dangerous insects are Pyralidae (stem borrers), rice water weevils, termites (root feeders), 
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leafhoppers, planthoppers, and stink bugs (Ane & Hussain, 2015). Rice production can also be 

negatively affected by weeds competing for nutrients, sunlight, and water. Based on Smith 

(1988), the weeds most dangerous to rice are red rice, barnyard grass, bearded sprangletop, 

amazon sprangletop, broadleaf signalgrass, annual sedge, ducksalad, hemp sesbania, spreading 

dayflower, northern jointvetch, and eclipta (Smith, 1988).  

Genetically modified rice varieties have been developed to tolerate herbicides (Gunther, 

2007), resist insects (Fujimoto et al., 1993), enhance vitamin A concentrations (Christensen, 

2000), produce human protein (Boyle, 2011), generate nutrients, increase grain size, and 

accelerate photosynthesis (C4 photosynthesis) (Bullis, 2015). In 2009, pest resistance rice was 

approved in China. These genetically modified rice varieties are still not available for 

commercial production and consumption because of controversies including environmental 

impact, food safety, and ethics.  

Rice germplasm collection 

In 1800s, the United States Department of Agriculture (USDA) started collecting rice 

germplasm from all over the world and catalogued 17,359 accessions (Bockelman et al., 2002). 

These accessions are being stored and evaluated for agronomic traits, morphological 

characteristics, grain quality, abiotic and biotic stress resistance, and DNA analysis at the USDA-

ARS, Dale Bumpers National Rice Research Center (Stuttgart, Arkansas). The evaluation of 

agronomic traits showed the diversity in the collection for days from emergence to heading 

ranging from 37 to 183 days, with an average of 103 ± 20 days. Plant height ranged from 41 to 

208 cm, with an average of 118 ± 26 cm. About 62% were awnless, 26% had short and partial 

awns, 5% had long and partial awns, and 7% had long and full awns. Around 14% of the 
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collection were of the erect plant type, 32% of the intermediate type, 49% of the open type, and 

5% of the spreading type. Regarding panicle type, 3% were erect, 89% open, and 8% spreading. 

Drought stress 

Drought is the most important abiotic stressor that affects rice production worldwide. 

Drought is estimated to frequently affect 19-23 million ha of rice lands. For example, drought 

conditions in some parts of India caused grain yield reduction of up to 40% and losses around 

US$ 800 million. Rainfed lowlands, which comprise almost 30% of the world’s total rice-

producing area, are affected by severe and regular droughts (IRRI, 2011). The effects of drought 

on many aspects of rice production have long been recognized. Drought conditions affect 

morphological, physiological, and grain yield characteristics. The morphological impacts of 

drought can include leaf rolling (Sobarado, 1987), and reduction in productive tiller numbers 

(Mostajeran and Rahimi-Eichi, 2009; Bunnag and Pongthai, 2013), plant biomass (Farooq et al., 

2009), and plant height (Sarvestani et al., 2008; Bunnag and Pongthai, 2013; Sokoto and 

Muhammad, 2014). Drought stress also affects the physiological processes of the rice plant, 

reducing photosynthesis activity (Ji et al., 2012; Lauteri et al., 2014; Yang et al., 2014), 

transpiration rate (Siddique et al., 2003), stomatal conductance (Dingkuhn et al., 1991), osmotic 

adjustment (Steponkus et al., 1982; Turner et al., 1986; Fukai and Cooper, 1995), relative water 

content (Teulat et al., 2003), chlorophyll content (Sairam et al., 1996), and chlorophyll 

fluorescence (Lichteuthaler & Miehe, 1997). Moreover, rice is sensitive to drought stress at the 

reproductive stage, that affects grain yield components by interfering with pollination and grain 

filling (Hsiao, 1982; Venuprasad et al., 2008). Grain yield components affected by drought stress 

include the number of panicles per plant, panicle length, spikelet per panicle number, filled grain 

per panicle, and hundred grain weight.  
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Drought impacts are usually first apparent in agriculture through decreases in soil 

moisture and high evapotranspiration. Because all nutrients are taken up with water, water 

scarcity decrease the nutrient uptake of rice plants and limit their root growth. This condition 

causes large yearly fluctuations in rice production. The average of global yield reduction due to 

drought stress is 18 million tons annually (O’Toole, 2004; Lakshmi et al., 2012). Environments 

with water deficits are often characterized by relatively low and irregular rainfall. In addition, 

drought conditions also interferes with the rice plant’s ability to absorb nitrogen and other 

nutrients, which in turn inhibits kernel development and reduces its nutritional value (Tuberosa 

et al., 2003). Therefore, it is very important to develop and commercialize productive drought 

resistant varieties of rice.   

Rice plants mainly respond to drought stress conditions by leaf rolling, stomatal closure, 

and increased the ability to respond appropriately to ABA signals to minimize the overall water 

deficit (Price et al., 2002). A complex network of stress signaling and regulation of gene 

expression occurs in rice plants responding and adapting to stressors. The stress signals are 

perceived through diverse known and unknown sensors and transduced by various signaling 

components in the plant to various physiological and metabolic responses to the stress conditions 

(Zhu, 2002; Matsukura et al., 2010; Lata and Prasad, 2011). 

New methods to more effectively increase the long-term sustainability of rice production 

are needed. Severe drought is an abiotic stress that can lead to plant death. Different mechanisms 

allow rice to avoid, tolerate, and escape the effects of drought. One method for developing new 

varieties resistant to drought stress is the “gene-by-gene” approach (Tuberosa et al., 2003). 

Based on Levitt (1980), the plants’ drought resistance mechanisms can be classified into 

three categories: avoidance, tolerance, and escape. Drought avoidance involves maintaining cell 
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turgor through an increase in water uptake and/or reduction in water loss, allowing the plant to 

maintain a relatively high water status and thereby avoiding the deleterious effects of 

dehydration. This strategy implies a higher capacity to absorb water from the soil by means of a 

deep root system and/or a lower water loss from the canopy with leaf rolling. In rainfed rice, a 

deep root system is important, which is not as critical to a well-watered or flooded rice cropping 

system. Furthermore, drought tolerance harnesses biochemical mechanisms allowing cells to 

tolerate water loss. This mechanism depends on osmotic adjustment or “stay-green” traits. Rice 

varieties capable of high osmotic adjustment produce longer roots and more root biomass. 

During drought stress, scavenging of free radicals plays an important role in reducing the 

damage to the biochemical machinery of the cell resulting from an excessive redox potential. 

Drought escape is characterized by early flowering in rice where “stored” water is exploited 

before the onset of seasonal drought. 

An induction in ABA concentration is a universal response from plants subjected to 

drought and other abiotic stresses. ABA regulates the expression of genes whose products may 

protect the cell from the harmful effects of excessive dehydration. An increased ABA 

concentration improves the root-to-shoot ratio, an adaptive change that, at a later stage, can be 

beneficial for avoiding dehydration when water is available in deeper layers of the soil profile. 

Ethylene production modifies the role of ABA in sustaining root cell elongation under drought 

conditions (Singh et al., 1996). 

Breeding and the development of better agronomic practices have been central to 

improving rice grain yield during the past century. A higher resistance to drought contributed to 

remarkable improvements in yield stability in environments with different degrees of access to 

water. The purpose of breeding is to identify and enhance resistance of crops to drought stress. 
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Conventional breeding is often based on empirical selection for yield (Atlin and Lafitte, 2002), 

which is far from optimal since yield is a quantitative trait and characterized by low heritability 

and high genotype × environment (G × E) interactions (Babu et al., 2003). Heterogeneous 

environments and genotypic adaptation are the main reasons for the slow progress in developing 

drought resistant rice varieties (Fukai and Cooper, 1995). 

Genetic improvements for drought resistance has been achieved using a conventional 

approach that involves selecting for yield and secondary traits (Farooq et al., 2009). Molecular 

markers linked to drought resistance in rice are important tools for screening and selection of 

drought resistant genotypes for use in future breeding programs (Muhammad et al., 2014). 

Furthermore, molecular breeding based on the screening of drought resistant genotypes from all 

over the world and an understanding of the drought resistance mechanisms will help in 

identifying genes from drought-adaptive germplasm (Yu et al., 2012). In recent years, several 

collaborative research programs have been initiated to screen rice germplasm collections for 

drought resistant traits so that drought stress problems can be addressed world-wide. Scientists 

from different disciplines, including plant physiology, agronomy, molecular biology, and plant 

breeding, are analyzing drought stress response mechanisms in plants and using this knowledge 

for applications in breeding for the improvement of traditional cultivars that are high-yielding 

but drought-sensitive (Kamoshita et al., 2008).   

The International Rice Research Institute (IRRI) developed drought resistant rice 

varieties, such as variety 5411 which is grown in the Philippines and Sookha in Nepal. 

Meanwhile, in 2013, the Japanese National Institute for Agrobiological Sciences developed a 

drought resistant rice variety by introgression of the deeper rooting-1 (dro-1) gene from a deep-

rooting upland rice variety, Kinandang Patong, into a drought-sensitive but popular commercial 
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rice variety, IR64 (Palmer, 2013). The introgression of dro-1 resulted in a 10% grain reduction, a 

marked improvement compared to the 60% reduction of wild-type IR64 under moderate drought 

conditions. This drought resistant variety has a deeper root system that improves its ability to 

absorb water and nutrients from deeper layers of soil. 

K/Z Recombinant Inbred Line (RIL) population 

In 2003, the rice K/Z RIL population was developed in Stuttgart, AR by J. Neil Rutger 

and Thomas H. Tai using a cross between the low phytic acid mutant KBNTlpa1-1 of the 

tropical japonica cultivar “Kaybonnet” and the indica cultivar “ZHE733.” A subset of 137 

F2 lines from the population was used to map the lpa1-1 mutation to a 2.2 cM interval on 

chromosome 2. The full population was continued through the F10 or F11 generations of 

recombinant inbred lines (RIL) to provide materials useful for additional genetic studies. An 

individual from the RIL population has more recombination events than an individual from an F2 

or Double Haploid population. The mapping population is identified as Genetic Stocks Oryza 

(GSOR) 100001 through 100355 in the Germplasm Resources Information Network (GRIN) 

Global. Six RILs (100051, 100052, 100054, 100101, 100157, and 100181) have been removed 

from the collection by USDA Dale Bumpers National Rice Research Center after recent analyses 

determined that the lines are not recombinants; they are either a self, or the heterogeneity is 

higher than expected. Moreover, 14 lines were identified to have alleles that are skewed towards 

one parent or the other: 100004, 100011, 100031, 100035, 100061, 100090, 100116, 100124, 

100138, 100190, 100204, 100215, 100232, and 100307.    

The KBNTlpa/ZHE733 RIL (K/Z RIL) F10–11 population is the first mapping population 

deposited at the GSOR Collection (http://www.ars.usda.gov/Main/docs.htm?docid = 8318) for 

distribution (Rutger and Tai, 2005). A subset of this population has been used to map a gene 

https://npgsweb.ars-grin.gov/gringlobal/search.aspx
https://npgsweb.ars-grin.gov/gringlobal/search.aspx
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regulating phytic acid concentrations (Rutger and Tai, 2005; Andaya and Tai, 2005). A detailed 

evaluation of the K/Z RIL population based on Simple Sequence Repeat (SSR) markers would 

enhance the ability of diverse research groups to utilize this population for mapping genes 

involved in yield and diseases resistance. 

Indica and japonica crosses result in linkage blocks (LBs) and recombination suppression 

on rice chromosome 12 (Jia et al., 2012). Recombination suppression is a complex biological 

phenomenon often resulting in large linkage blocks, where a set of genes is inherited together. 

The existence of sexual incompatibility between indica and japonica rice on chromosome 12 

suggests that japonica and indica rice possess distinct morphological and molecular differences 

(Kovach et al., 2007). Indica is commonly grown in lowlands throughout tropical Asia, while 

japonica is cultivated in dry fields in temperate East Asia, upland areas of Southeast Asia, and 

high elevations in South Asia and the U.S. Kaybonnet and ZHE733 are known to have 

phenotypic differences in terms of plant height and heading dates.  

Kaybonnet (KBNTIpa1-1) is one of the parents in the K/Z population, which is a low 

phytic acid mutant induced by exposure to gamma rays (Liu et al., 2005). Kaybonnet was 

developed from crossing Katy and Newbonnet. Katy is a tropical japonica cultivar with large 

introgressions from indica landrace Tetep (Figure 1.1.) (Gravois and Helms., 1998). 

Morphologically, KBNTIpa1-1 is tall, with glabrous leaves and hulls and an average yield 

compared to ZHE733. It is susceptible to rice blast (Lee et al., 2005), rice water weevils, and 

straighthead (Yan et al., 2005). KBNTlpa has a 55% reduction in phytic acid P compared to 

wild-type Kaybonnet (Larson et al., 2000) and contains approximately 1.39 mg/g of phytic acid. 

KBNTlpa posses a single recessive gene, lpa1-1, for low phytic acid (Rutger et al., 2004). The 

lpa1 locus is mapped on chromosome 2 between SSR markers RM3542 and RM482 (Figure 
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1.2.). The lpa1 gene regulates phytic acid biosynthesis in plants (Andaya and Tai, 2005). Phytic 

acid binds minerals (K, Mg, Mn, Fe, Ca, and Zn) and prevents the absorption of these important 

minerals from food (Torre et al., 1991), leading to micronutrient deficiencies. Low phytic acid 

rice could improve phosphate bioavailability in food and reduce phytic acid excretion (Raboy, 

2001).  

The second parent of the K/Z RIL population is ZHE733, an indica rice cultivar that 

originated in China that can be grown in the southern U.S. It is a semi-dwarf, and like the 

majority of semi-dwarf varieties contains sd-1 (Spielmeyer et al., 2002) is pubescent, high-

yielding, early-maturing, and resistant to rice blast (Yan and Cai, 1991) and straightheads. The 

semi-dwarf gene, sd-1, was found on chromosome 1 at the location of 38.7 Mb (Monna et al., 

2002; Spielmeyer et al., 2002). The pedigree of ZHE733 contains IR29 (Figure 1.1.), which 

contains sd-1 (Khush and Gomez, 1985; Monna et al. 2002), indicating that sd-1 may be one of 

the factors controlling height variations in ZHE733. This variety contains approximately 2.56 

mg/g of phytic acid. ZHE733 is also useful for studying the anatomical, physiological, and 

biochemical changes in chalkiness formation among early-maturing indica rice varieties (Shen 

and Cheng, 1999; Jiang et al., 2002).  

The K/Z RIL population has proven to be an excellent mapping population. Molecular 

characterization of the KBNTlpa×ZHE733 RILs population (K/Z RILs) was found useful in the 

mapping of rice blast resistance genes, the genes associated with low phytic acid composition, 

and other agronomic traits (Rutger and Tai, 2005). Based on the research of Liu et al. (2005), the 

255 K/Z RILs showed polymorphism for 109 markers, 172 K/Z RILs (67.5%) were 

homozygous, 42 K/Z RILs (16.4%) were heterozygous, 30 K/Z RILs (11.8%) had non-parental 

alleles, and 11 K/Z RILs (4.3%) were heterozygous and had non-parental alleles. The average 
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frequencies of heterozygosity and non-parental alleles per K/Z RIL were 1.3% and 0.4%, 

respectively; theoretically, these should be 0.2% and 0.1%.  

The segregation of marker loci in the K/Z RIL populations was expected to be a 1:1 ratio 

of alleles from the KBNTlpa : ZHE733 parents. Segregation distortion can be caused by a 

number of physiological or genetic factors such as gametic or zygotic selection (Nakagahra, 

1986; Peng et al., 2008), chromosome rearrangement (Tanksley, 1984), genetical incompatibility 

(Cryder et al., 1991; Liedl and Anderson, 1993), pollen competition (Mangelsdorf and Jones, 

1926; Liedl and Anderson, 1993), and preferential fertilization (Schwemmle, 1968; Gadish and 

Zamir, 1986). 

Liu et al. (2005) characterized 269 lines of the K/Z RIL population by using SSR 

markers. One hundred and seven markers were mapped on 12 rice chromosomes, representing a 

total of 1016.3 cM of genetic distance with an average of 9.3 cM between each pair of markers 

(Figure 1.3.). This is shorter than the genetic distance of 1565.9 cM for the same number of SSR 

markers from the Cornell2001 database in Gramene (http://www.gramene.org). Similarly, He et 

al. (2001) reported that the genetic distance of each chromosome in a RIL population was shorter 

than that in a double haploid population. The total genetic distance in the RIL population of 

ZYQ8/JX17 (indica/japonica) was 70.5% of that in the double haploid population derived from 

the same rice cross. The order of the markers on chromosomes 1, 2, and 4–11 agreed with the 

Cornell2001 data, but there were some discrepancies on chromosome 3 and 12. Furthermore, 

cluster analysis was applied to the 238 K/Z RILs using the UPGMA method, which showed a 

clear separation of the K/Z RILs into 10 sub-groups (Figure. 1.3. and 1.4.). This linkage map 

would facilitate the development of DNA markers to tag genes for agronomically important traits 

and also for marker-assisted selection. 
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The linkage map of the K/Z RIL population was previously constructed and used for 

mapping QTL for resistance to rice sheath blight and blast disease (Liu et al., 2008; Lee et al., 

2009; Jia and Liu, 2011). Furthermore, Liu et al. (2016) reported QTL for heading date and plant 

height in the K/Z RIL population. The QTLs for heading date are qHD3.1 on chromosome 3, 

qHD7.1 and qHD7.2 on chromosome 7, and qHD8.1 on chromosome 8. Likewise, the QTLs for 

plant height detected on chromosome 1 and 3 were qPHT1.1 and qPHT3.1. 

Quantitative trait loci (QTL) in rice 

Quantitative trait loci (QTL) are chromosomal segments that contain genes governing 

quantitative traits. They are defined and mapped using molecular markers such as Single 

Nucleotide Polymorphisms (SNPs), Simple Sequence Repeats (SSRs), Amplified Fragment 

Length Polymorphisms (AFLPs), Restriction Fragment Length Polymorphisms (RFLPs), and 

Random Amplified Polymorphic DNAs (RAPDs), as well as quantitative traits controlled by two 

or more genes and affected by environmental variation, including plant height, grain yield, 

abiotic and biotic stress. This mapping method is very affordable to plant research programs 

because of developments in genomic technology and statistical analysis methods (Zhu et al., 

2008). The aim of the QTL is to identify which regions in the genome are associated with the 

traits of interest by constructing QTL maps. Five criteria determine whether plant populations are 

suitable for QTL (Yu and Buclker, 2006; Yu et al., 2006): (i) ideal sample size, (ii) multi-family 

sample, (iii) presence of population structure in the sample, (iv) presence of both population 

structure and familial relationships in the sample, and (v) the presence of several population 

structure and familial relationships in the sample. SNPs are the markers of choice for quantitative 

trait dissection studies because of their higher genome density, lower mutation rate, more reliable 

detection system, higher mapping resolution, and lower cost.  
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Several QTL analyses studies have been conducted on rice. In 1996, QTLs for osmotic 

adjustment were mapped by Lilley et al. The QTL for leaf rolling in the double haploid 

population of IR64/Azucena under drought stress were identified by Courtois et al. (2000). Price 

et al. (1997 & 2002), mapped QTL for leaf rolling under drought stress on chromosome 1 by 

using an F2 population. QTLs for tiller number, plant height, total root number, root to shoot 

ratio, and root dry weight were identified by Kanbar et al. (2002) in the double haploid 

population of CT9993/IR62266 under well-watered conditions. QTLs linked to leaf length, tiller 

number and nitrogen content were identified by Xu et al. (2009) in the Backcross Inbred Line 

(BIL) population derived from a cross between temperate japonica and aus. In 2010, Gomez et 

al. also detected QTL for leaf rolling and leaf drying on chromosome 1 in the RIL population.  

QTL analysis had been used to obtain genomic information about many agronomic traits 

(Table 1.3.). For example, sd1 for plant height, OsMADS13 for flowering time, Pi-ta for blast 

resistance, GS3 and qSW5 for grain length and width, SSII-3 and Waxy for alkaline spreading 

value and amylose content, and Rc for pericarp color. Moreover, gene linkage, also known as 

linkage drag (LD) or pleiotropy, has been found for one SNP to be significantly associated with 

multiple traits. For instance, SNPs at 31 Mb on chromosome 4 were associated with rice blast 

disease resistance and flag leaf width, and SNPs at 4.2-4.6 Mb on chromosome 6 were found 

associated with rice blast disease resistance, amylose content, and flowering time. This LD can 

be either good or bad for plant breeders, depending on the breeding objectives. 

Genomic information from QTL analysis is very useful for enhancing the plant breeding 

program through marker-assisted selection (MAS). Furthermore, drought resistant varieties can 

be developed by MAS-based introgression of specific alleles based on QTL information. MAS is 
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also useful for pyramiding several QTLs for drought resistant traits, thereby producing a source 

for developing drought resistant rice cultivars (Xu et al., 2005).    

Objectives of the study 

Keeping the above information in mind the present study on “Molecular Genetic Analysis 

of Drought Resistance and Productivity Traits of Rice Genotypes” has been initiated with the 

following objectives. 

1. Phenotypic and grain yield components analysis of the K/Z RIL rice population for drought-

resistance-related traits. 

2. Evaluation of the Abscisic Acid (ABA) response on root architectural traits in relation to 

drought stress resistance in the K/Z RIL rice population.  

3. Screening of the polymorphic molecular markers to identify genes linked to productivity 

traits of grain yield under drought stress, measured by number of filled grain per panicle 

using bulk segregant analysis.  

4. Identification of QTLs and candidate genes in the K/Z RIL population for drought resistance 

associated with vegetative morphological traits, grain yield components under drought stress 

and well-watered conditions, and root architectural traits related to ABA response. 
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Tables 

Table 1.1. Classification of rice plant growth (Moldenhauer et al., 2012). 

Growth 

Phase 
Level of growth stages 

Vegetative  S0: Dry, unimbibed seed 

S1: Emergence of coleoptile 

S2: Emergence of radicle 

S3: Emergence of prophyll from coleoptile 

V1: The first complete leaf pushes through the prophyll and forms a collar 

V2: The second leaf is fully emerged and progresses accordingly 

V3: The development of the third leaf 

V4:  The development of the fourth leaf 

V5: Collar formation on leaf 5 on main stem and usually the first tiller is    

       emerging 

V6: Collar formation on leaf 6 on main stem 

V7: Collar formation on leaf 7 on main stem 

V8: Collar formation on leaf 8 on main stem 

V9: Collar formation on leaf 9 on main stem 

V10: Collar formation on leaf 10 on main stem 

V11: Collar formation on leaf 11 on main stem 

V12: Collar formation on leaf 12 on main stem 

V13: Collar formation on leaf 13 on main stem 

Reproductive R0: Panicle development has initiated 

R1: Panicle branches have formed 

R2: Collar formation on flag leaf 

R3: Panicle exertion from boot, tip of panicle is above collar of flag leaf 

R4: One or more florets on the main stem panicle has reached anthesis 

R5: At least one caryopsis on the main stem panicle is elongating to the end of  

       the hull 

R6: At least one caryopsis on the main stem panicle has elongated to the end of  

       the hull 

R7: At least one grain on the main stem panicle has a yellow hull 

R8: At least one grain on the main stem has a brown hull 

R9: All grains which reached R6 have a brown hull 
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Table 1.2. List of rice diseases (Gnanamanickam, 2019). 

Fungal diseases 

Blast (leaf, neck, nodal and collar) Magnaporthe grisea 

Sheath blight Rhizoctonia solani 

Sheath-rot Sarocladium oryzae 

Aggregate sheath Ceratobasidium oryzae-sativae 

Black horse riding Curvularia lunata 

Brown spot Cochliobolus miyabeanus 

Crown sheath rot Gaeumannomyces graminis 

Downy mildew Sclerophthora macrospora 

Eyespot Drechslera gigantea 

False smut Ustilaginoidea virens 

Kernel smut Tilletia barclayana 

Leaf smut Entyloma oryzae 

Leaf scald Microdochum oryzae 

Narrow brown leaf spot Cercospora oryzae 

Pecky rice (kernel spotting) Fusarium spp. 

Root rots Pythium spp. 

Seedling blight Curvularia spp. 

Sheath spot Rhizoctonia oryzae 

Alternaria leaf spot Alternaria padwickii 

Stem rot Sclerotium oryzae 

Seed-rot and seedling disease Phytium spinosum 

Bacterial diseases 

Bacterial blight Xanthomonas oryzae pv. oryzae 

Bacterial leaf streak Xanthomonas oryzae pv. oryzicola 

Foot rot Erwinia chrysanthemi 

Grain rot Burkholderia glumae 

Sheath brown rot Pseudomonas fuscovaginae 

Viral Disease 

Rice tungro 
Complex virus transmitted by green leafhopper 

Nephotettix spp. 
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Table 1.3. Candidate genes for agronomic traits in rice (McCouch et al., 2016). 

Candidate 

genes 
Traits Chr Genes 

Biological 

Pathway 

Position 

(bp) 

SD1 Plant height 1 LOC_Os01g66100 
Gibberellin 

enzyme 
38,418,739 

EP3/LP Panicle length 2 LOC_Os02g15950 

F-box 

transcription 

factor; cytokinin 

homeostasis 

9,109,565 

OsMADS47 
Panicle branch 

number 
3 LOC_Os03g08754 

MADS-Box 

transcription 

factor 

4,468,547 

OsKs1 
Panicle internode 

length 
4 LOC_Os04g52230 

Gibberellin 

enzyme 
31,029,056 

CYP90D3 

Panicle branch 

length, panicle 

internode length 

5 LOC_Os05g11130 
Brassinosteroid 

enzyme 
6,264,833 

GID1 Booting 6 LOC_Os05g33730 

Soluble 

gibberellin 

receptor 

19,891,242 

OsGA2 

oxidase-5 
Shoot biomass 7 LOC_Os07g01340 

Gibberellin 

enzyme 
216,325 

OsBZR1 
Panicle internode 

length 
7 LOC_Os07g39220 

Transcription 

factor; 

brassinosteroid 

homeostasis 

23,477,027 

FZP 
Secondary panicle 

branching 
7 LOC_Os07g47330 

AP2 domain 

transcription 

factor 

28,297,303 

WRKY2 
Panicle branch 

length traits 
10 LOC_Os10g42850 

WRKY 

transcription 

factor 

23,095,323 
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Figures 

 

Figure 1.1. The pedigree of Kaybonnet and ZHE733 (http://www.gramene.org), Black: 

japonica, Red: indica. 

 

 

Figure 1.2. A genetic linkage map of 107 SSR markers on 12 rice chromosomes based on 

269 RILs of the K/Z RIL population (Liu et al., 2005). 
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Figure 1.3. Clustering of 238 RILs of the K/Z RIL population using UPGMA method based 

on Nei’s (1972) genetic distance (Liu et al., 2005). 
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Figure 1.4. Clustering of the selected representative RILs in the K/Z RIL population using   

                    the UPGMA method (Liu et al., 2005). 
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CHAPTER 2. ANALYSIS OF PHENOTYPIC AND GRAIN YIELD COMPONENTS OF 
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Abstract 

Rice (Oryza sativa L.) is the principal food for half of the world population with U.S. as 

the third largest exporter of rice. Arkansas is the largest rice-producing state in the U.S. Rice 

production in Arkansas is dependent on the ground water for stable irrigation. The Arkansas rice-

growing region in the Lower Mississippi belt is among the 10 areas with the highest risk of water 

scarcity in the country. In our research, we screened adapted U.S. rice cultivars, comprising 

tropical japonica rice genotypes, for drought resistant (DR) traits to search sources for 

breeding U.S. rice cultivars for a water saving agricultural system. A RIL population derived 

from varieties Kaybonnet (DR) and ZHE733 (drought sensitive), termed K/Z RILs, were 

available from the USDA Dale Bumpers National Rice Research Center and chosen for genetic 

analysis of DR traits. The objective of this research is to analyze the phenotypic and grain yield 

components of the K/Z RIL rice population for drought-resistance-related traits. The RIL 

population was screened at Fayetteville (AR) by controlled drought stress (DS) treatment at the 

reproductive stage, and the effect of DS was quantified by measuring plant height, productive 

tiller number, leaf rolling score, flag leaf width, flag leaf length, chlorophyll content (SPAD), 

biological yield, spikelet per panicle number, filled grain per panicle number, panicle length, 

primary panicle branch number, hundred grain weight, spikelet number per plant, and filled grain 

number per plant. DS treatment at the reproductive stage of the K/Z RIL population revealed that 

water deficit negatively affects all DR traits. Based on the filled grain per panicle number, 

13.13% of K/Z RIL population and parent Kaybonnet were highly drought resistant. However, 

75.75% and parent ZHE733 were drought sensitive. The majority of the phenotypic and grain 

yield components of the K/Z RIL population showing a continuous distribution, with additive 

and complementary gene action underpinning the phenotypes. Information from this study will 

serve as a valuable resource for developing drought resistant rice varieties, and would be an 
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important step to improve Arkansas rice genotypes/varieties adapted for higher grain production 

under DS and water deficit conditions. 
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Introduction 

Rice is the staple food for the majority of the population in the world since thousands of 

years. Rice cultivation in North America began in 1690 in South Carolina. Meanwhile, rice was 

tried initially in Arkansas in the Mississippi Delta in the 1890s with commercial production only 

beginning in Arkansas in the Grand Prairie around 1908 (Spicer, 1964). Right now, Arkansas is 

the largest rice-producing state in the U.S. because 50 percent of rice (9 billion pounds) in this 

country is produced by Arkansas in more than 1.6 million acres with long-grain tropical 

japonica varieties (Baldwin, 2011). Most of the rice cultivation in Arkansas is under flood 

irrigated conditions (USDA, 1989). Rice production in Arkansas is dependent on ground water 

for stable irrigation (Henry et al., 2016). Rice also uses 2-3 times the amount of water as other 

food crops, which totals 30% of the world’s freshwater resources world-wide. The Arkansas 

rice-growing region in the Lower Mississippi belt is among the 10 areas with the highest risk of 

water scarcity in the country, as are the agricultural areas in California, Nebraska, Ohio, Dakotas, 

Texas, and Minnesota (Shi et al., 2013). Moreover, rice production in the U.S. is about 2% of the 

world rice production and accounts for 10% of the total rice export, making the U.S. as the third 

largest exporter of rice, mostly to Canada, Haiti, Mexico, Japan, the Middle East, Sub-Saharan 

Africa, and the European Union. The exported rice variety is free from genetically modified rice. 

The form of rice exported are rough rice, milled rice, brown rice, and parboiled rice (Arkansas 

Cooperative Extension Service, 1982).   

Total rice production world-wide is about 600 million tons annually cultivated in 149 

million ha (Bernier et al., 2007). Nevertheless, the annual improvement of the rice production 

has declined from 2.4% (in 1980s) to 0.9% because of the several reasons, including drought 

conditions (DS) (Hossain, 2007). IRRI (2007) reported that 75% of the total rice production is 

under irrigation systems. Meanwhile, about 45% of the global rice area is predicted to have 
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unstable irrigation input (Crosson, 1995). Furthermore, rice production from the rainfed lowland 

rice area that accounts for about 25% of the total rice area, has decreased because of insufficient 

and unpredictable rainfall during the growing season. Thus, rice is more sensitive to DS 

conditions compared to other crops. DS conditions become a critical threat to food sustainability 

because this abiotic stress limits the crop development and yield (Howell, 2001). Based on Qing 

et al. (2001), DS conditions affect morphological, physiological, and biochemical process in rice, 

resulting in the grain yield reduction. Jaleel et al. (2008) identified that DS conditions cause 

stomatal closure, leading to the limitation of gas exchange and reduces photosynthetic activity; 

reduction in water potential, water content, and turgor pressure; reduction in cell growth; 

disturbance in metabolism and the death of the plant. Moreover, Farooq et al. (2008) and 

Razmjoo et al. (2008) also characterized that DS conditions decrease plant growth by changing 

physiological and biochemical activities, such as respiration, photosynthesis, ion uptake, and 

nutrient absorption. Therefore, development of drought resistant rice varieties that survive and 

produce better yield under DS conditions is required, that could reduce water deficit through 

water-saving irrigation (Impa et al., 2005; Zhao et al., 2008).  

Drought resistant rice varieties can be developed based on the drought resistance 

mechanisms found by survey of natural variants in rice germplasm. Based on analysis and 

description by Levitt (1980), drought resistance mechanisms are classified into three categories 

including a) ‘drought avoidance’ via increasing water uptake and decreasing water loss, b) 

‘drought tolerance’ via osmotic regulation and antioxidant capacity, and c) ‘drought escape’ via 

completing the life cycle in a shorter time. A better understanding of the morphological and grain 

yield responses of rice under DS conditions is very useful for breeders to distinguish the genetic 

mechanisms of drought resistance, towards the development of drought resistant rice varieties 
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(Nam et al., 2001; Martinez, et al., 2007). The reactions of the rice plants to the DS conditions 

depend on the rice varieties, growth stages (vegetative and reproductive), intensity (mild or 

severe), and duration of the stress (Chaves et al., 2002), providing a multi-factorial scheme for 

breeding and selection. 

 During the reproductive stage, rice plants are more sensitive to the DS conditions with 

any intensity, because it effects pollination and reduces assimilate translocation to the 

reproductive organs that leads to flower abortion and/or finally increase in unfilled grain per 

panicle (Hsiao et al., 1976). Moreover, Kumar et al. (2006) and Davatgar et al. (2009) also 

reported that DS conditions at the reproductive stage significantly increase unfilled grains per 

panicle. Based on Sarkarung et al. (1995), water deficit at the reproductive period reduces the 

grain yield significantly by affecting panicle growth and finally decreases the filled grain number 

and grain weight. In a previous study, Dikshit et al. (1987) found a correlation between grain 

yield reduction and DS conditions with the severe intensity at the maturity stage.   

 Many studies have been done to identify morphological, physiological, and grain yield 

characteristics of rice plants under DS conditions, in order to develop drought resistant rice 

varieties. Manickavelu et al. (2006) reported that DS conditions significantly affect 

morphological, physiological, and grain yield parameters, such as relative water content, leaf 

rolling, leaf drying, panicle length, grains per panicle, biomass yield, harvest index, root/shoot 

ratio, and root length in the recombinant inbred lines (RIL) population IR58821/IR52561. Based 

on Swain et al. (2010), DS conditions reduce panicle number by 72% and grain yield by 12% in 

a study of eighteen rice genotypes. Audebert (2000) found that plant height, leaf area, biomass, 

productive tiller number, rooting pattern, and plant development are disturbed under DS 

conditions. Singh et al. (2013) also observed that DS conditions decreased plant height by 
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13.9%, productive tiller number by 28.6%, panicle length by 12.13%, filled grain per panicle 

number by 37.14%, spikelet per panicle number by 15.4%, spikelet fertility by 22.24%, grain 

yield per plant by 55.35%, biological yield per plant by 43.28%, and harvest index by 9.05% 

evaluated over six generations (P1, P2, B1, B2, F1, and F2) of six crosses of rice.   

 Pantuwan et al. (2000) identified an association between delay in flowering time with the 

reduction in grain yield, harvest index, and filled grain per panicle number by conducting four 

sets of experiments with different drought duration and intensity in the lowland conditions. In 

1969, Kramer reported DS conditions decreased leaf area, cell size, and cell volume. Several 

studies found correlation between drought resistant rice varieties and osmotic adjustment, 

stomatal conductance, leaf rolling, leaf senescence, and early maturity (Singh, 1993); thicker and 

deeper roots (Yadav et al., 1997); greater root penetration (Clark et al., 2000); leaf relative water 

content (Courtois et al., 2000); and membrane stability (Tripathy et al., 2000). Thus, screening 

for morphological, physiological, biochemical, and grain yield characteristics should be applied 

for selecting drought resistant rice varieties.  

 The objective of this research is to analyse phenotypic and grain yield components of the 

K/Z RIL rice population for drought-resistance-related traits. Information from this study of U.S. 

adapted genotypes will serve as a valuable resource for developing drought resistant rice 

varieties.  
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Materials and Methods 

Screening of diverse rice genotypes for grain yield components in the greenhouse and field 

Plant material 

A set of rice varieties Bengal (Tropical japonica), Kaybonnet (Tropical japonica), 

Vandana (aus), Nagina-22 (N22) (Indica), Nipponbare (NB) (Temperate japonica), and Aochiu 

(Indica) were obtained from the United States Department of Agriculture (USDA) Dale Bumpers 

National Rice Research Center, Stuttgart, Arkansas, USA.  

Screening of diverse rice genotypes for grain yield components in the greenhouse 

Drought stress treatment at the vegetative stage 

Rice seeds were germinated by imbibing with deionized water in an incubator in the dark 

conditions at 37oC until S3 stage. The experimental design was a randomized complete block 

design with five replications and two treatments (well-watered (WW) and drought stress (DS) 

conditions). Each seedling was planted in a PVC pot of size 12.7 cm x 12.7 cm filled with a 

known weight of Redi-earth potting mix (Sun Gro Horticulture). DS treatment was performed at 

the V6 stage by withholding water from pots until the soil moisture level reduced to 50% of field 

capacity (FC) and maintained for continuous 10-days by weighing them daily and replenishing 

the water lost through evapo-transpiration (Batlang et al., 2013). For the control (WW), the soil 

moisture was maintained at 100% FC. The DS response was quantified by counting the filled 

grain per panicle number at the maturity stage. All of the rice genotypes were grown in the 

greenhouse at Altheimer laboratory location, University of Arkansas, Fayetteville in the growing 

season (May-November) in 2015. The temperature in the greenhouse was maintained between 28 

to 30oC during the day and 22 to 23oC at night, and the light was set at a light/dark 14/10 hours 

cycle with the average of light intensity 580 µmol m-2s-1 and 65% relative humidity.     
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Drought stress treatment at the reproductive stage 

 Rice seeds were germinated by imbibing with deionized water in an incubator in the dark 

conditions at 37oC until S3 stage. The experimental design was a randomized complete block 

design with five replications and two treatments (WW and DS conditions). Each seedling was 

planted in a PVC pot of size 12.7 cm x 12.7 cm filled with a known weight of Redi-earth potting 

mix (Sun Gro Horticulture). DS treatment was performed at R3 stage by withholding the water 

until the soil moisture level reduced to 50% of FC and maintained for continuous 10-days by 

weighing them daily and replenishing water lost through evapo-transpiration (Batlang et al., 

2013). For the control (WW), the soil moisture was maintained at 100% FC. The DS response 

was measured by counting the filled grain per panicle number at the maturity stage. All of the 

rice genotypes were grown in the greenhouse at Altheimer laboratory location, University of 

Arkansas, Fayetteville in the growing season (May-November) of 2015. The temperature in the 

greenhouse was maintained between 28 to 30oC during the day and 22 to 23oC at night, and the 

light was set at a light/dark 13/11 hours cycle with the average light intensity 580 µmol m-2s-1 

and 65% relative humidity.    

Screening of diverse rice genotypes for grain yield components in the field 

The set of diverse rice genotypes were evaluated in the field at Fayetteville, AR, USA. in 

the growing season (May-November) in 2015. The experimental design was a randomized 

complete block design with five replications and two treatments (WW and DS conditions) in 

single-row plots of 5 m length with a spacing of 0.3 m between plants. The rice plants were 

planted in the control plot with normal irrigation (WW conditions) and in the drought plot, where 

water could be drained. The rice plants in the vegetative stage were maintained with the normal 

irrigation for at least 30 days, and DS treatment was then initiated at the reproductive stage (R3). 
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DS conditions were monitored with three tensiometers that were installed at three positions in the 

DS plot just after draining, the first was at the beginning of the plot, the second in the middle, 

and the third at the end of the plot. The DS conditions was maintained continuously up to -70 

kPa (severe stress). Once the soil tension reduced to -70 kPa at 30 cm soil depth, life-saving 

irrigation was provided thereafter through flash flooding in the DS plot and water was drained 

after 24h to impose the next cycle of DS till maturity. Moreover, to fertilize the field (WW and 

DS plots), Urea was applied in three applications at the rate of 20 g per square meter. The first 

application after 10 days of transplanting, the second at maximum tillering stage, and the third at 

panicle initiation. The weeds were controlled by manual removal. The effect of drought 

stress was quantified by counting the number of filled grain per panicle, spikelet per panicle, and 

panicle length at the maturity stage.  

Phenotypic analysis of the K/Z RIL population for drought resistance related traits and grain 

yield components  

Plant material 

A RIL population derived from varieties Kaybonnet and ZHE733, termed K/Z RILs, of 

198 lines available from the USDA Dale Bumpers National Rice Research Center, Stuttgart, 

Arkansas, USA. The RIL population was originally developed to map a low phytic acid (lpa) 

mutant locus in Kaybonnet (Larson et al., 2000) out of the cross to the indica parent ZHE733 and 

use of SSR markers in the RIL population. The japonica x indica population is polymorphic for 

many markers, thus facilitating fine mapping of a variety of genes. Since the Kaybonnet and 

ZHE733 parents differ in grain quality under normal and high night temperature (HNT), and are 

polymorphic for many markers, the population is useful for genetic studies of multiple simple 

and complex traits.  
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Drought stress treatment at the reproductive stage 

Seed from the K/Z RIL population of 198 lines and the two parents (Kaybonnet and 

ZHE733), were germinated and grown in the greenhouse under controlled conditions of 28 to 

30oC day and 22 to 23oC night and 14h light/10h dark cycle; at average light intensity of 580 

µmol m-2s-1 and 65% relative humidity, in sterilized field soil for 20 days (until V3 stage) (Figure 

2.1.). From the greenhouse, uniform plants (seedling at V3 stage) were selected and transplanted 

to the field (Figure 2.2.), divided into 6 batches (of 7-day intervals) based on their heading day 

data from USDA to synchronize drought treatment at reproductive stage. The latest heading day 

lines were thus seeded and transplanted early, and the earliest heading day lines seeded last. 

The K/Z RIL population was evaluated in the field at Fayetteville, AR, USA over three 

growing seasons (May-November) in 2016, 2017, and 2018. The population was grown in a 

randomized complete block design with five replications and two treatments (WW and DS 

conditions) in single-row plots of 5 m length with a spacing of 0.3 m between plants (Figure 

2.3.). The rice seedlings were transplanted in the control plot with normal irrigation (WW 

conditions), and in the drought plot for stress treatment. At this stage, rice plants were in the 

vegetative stage where all plants were maintained with the normal irrigation for at least 30 days. 

Then, DS treatment was initiated at the R3 reproductive stage (Figure 2.4.). DS conditions were 

monitored with three tensiometers that were installed at three separated spots in the DS plot just 

after draining, the first was in the beginning of the plot, the second in the middle, and the third at 

the end of the plot (Figure 2.5.). The DS condition was maintained continuously up to -70 kPa 

(severe stress). Once the soil tension reduced to -70 kPa at 30 cm soil depth, life-saving irrigation 

was provided thereafter through flash flooding in the DS plot, and water was drained after 24h to 

impose the next cycle of DS till maturity. Moreover, to fertilize the field (WW and DS plots), 
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Urea was applied in three applications at the rate of 20 g per square meter. The first application 

was given after 10 days of transplanting, the second at maximum tillering stage, and the third at 

panicle initiation. The weeds were controlled by manual removal.   

The phenotypic effects of stress were quantified by measuring plant height, productive 

tiller number, leaf rolling score, flag leaf width, flag leaf length, estimated chlorophyll content 

(SPAD), biological yield, spikelet per panicle number, filled grain per panicle number, panicle 

length, primary panicle branch number, hundred grain weight, spikelet number per plant, and 

filled grain number per plant with five replications (plants) per line. 

Measurement of morphological and physiological traits under drought stress 

Heading date or flowering time was recorded as the period from the germinating date to 

the time when 50% of the panicles have exerted. Plant height was measured from the ground 

surface to the tallest panicle tip before harvesting with a ruler. The total of the productive tiller 

number per plant was recorded after 10-days of DS treatment. Productive tiller number means 

number of tillers bearing panicle at the reproductive stage. 

 The leaf rolling score on the first five leaves on the tallest tiller of each plant was 

identified after 10 days of DS treatment based on the standard evaluation system for rice (IRRI, 

2013). The range in score is from 1 to 5, 1 indicating unrolled leaves and fully turgid, 2 

indicating leaves are folded (Deep-V-shaped), 3 indicating leaves are fully cupped (U-shaped), 4 

indicating leaves margins touching (O-shaped), and 5 indicating completely rolled leaves. Flag 

leaf width was measured in the widest area of the leaf on the tallest culm of each plant by using a 

ruler after 10 days of the DS treatment. Flag leaf length was measured from the beginning of the 

ligula to the end of the tip of the leaf on the tallest tiller of each plant by using a ruler after 10 

days of the DS treatment. The chlorophyll content of the fully expanded leaves on the tallest 



50 

culm of each plant in the WW and DS conditions was measured by using Soil and Plant 

Analyzer Development (SPAD)-502 Plus Chlorophyll Meter (Spectrum Technologies, USA). 

Each leaf was inserted into the sample slot of the SPAD in such a way to avoid the midrib and 

three reading was captured for each leaf.  

Measurement of grain yield component traits under drought stress 

 Biological yield, the total above ground parts of the rice plant (panicles, stems, and 

leaves) at the maturity stage were oven-dried at 80oC for 72 hours and then weighed. The 

spikelet per panicle number was counted manually for each panicle. Manual counting was used 

to determine filled grain per panicle number. Manual examination and measurement was used to 

determine unfilled grain per panicle number. Panicle length, the length per panicle was measured 

from the panicle neck to the panicle tip. Primary panicle branch number was determined by 

counting the branches that directly come out from the peduncle. The hundred grain weight was 

calculated based on the weight of hundred filled grain of each plant on a 14% grain moisture 

content. Spikelet number per plant, the total number of spikelets per plant was counted manually. 

The total number of filled grain per plant was counted manually.  

Statistical analysis 

This experiment was conducted in a randomized complete block design with five 

replications and two treatments (WW and DS). Blocks represent a random effect and treatments 

(WW and DS) represent a fixed effect. The data from three years growing seasons (2016, 2017, 

and 2018) of K/Z RIL population and 2 parents both under WW and DS conditions for 

morphological traits and grain yield components were analysed by analysis of variance 

(ANOVA) using JMP version 12.0. The Tukey’s HSD was performed to compare the means of 

the two treatments (WW and DS) among all of the rice lines in the K/Z RIL population for 
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significant effects (Tukey’s HSD, P < 0.05) using JMP version 12. Moreover, the correlation 

analysis was achieved by using JMP version 12.0 to correlate morphological traits and grain 

yield components under WW and DS conditions of the K/Z RIL population. Shapiro-Wilk test 

was used to test a normal distribution for each trait by using SAS 9.4. 
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Results and Discussion 

The type of rice generally grown in the U.S. is tropical japonica (Mae, 1997). 

Furthermore, Kaybonnet (Arkansas) and Bengal (Louisiana) are adapted varieties in the Southern 

U.S. and belong to tropical japonica background. In the DS conditions at the reproductive stage 

(R3), they exhibited the highest filled grain per panicle number and the least reduction in 

biomass (Figure 2.6.), comparable to the internationally recognized varieties Nagina-22 (N22) 

and Vandana. Bengal, Kaybonnet, Vandana, and N22 are drought resistance because they have 

less reduction of filled grain per panicle number under DS conditions whether in the vegetative 

or reproductive stage, while Nipponbare (NB) and Aochiu are drought sensitive (Figure 2.6). 

Dingkuhn et al. (1989) reported that in general tropical japonica performed the best with highest 

water use efficiency (WUE), indica showed medium, and aus has the lowest level of WUE. For 

further studies on drought resistance, we chose the adapted Arkansas variety Kaybonnet which 

has a background of introgression from indica/aus varieties into japonica (Figure 2.7.). In 

addition, Kaybonnet showed more drought resistance than the well-known drought resistant 

varieties, Vandana and N22. We received a K/Z RIL population from USDA Dale Bumpers 

National Rice Research Center, Stuttgart, Arkansas, USA, which was selfed and completely 

inbred for F10-11 generations, derived from Kaybonnet and ZHE733 as the parents. This RIL 

population has been previously studied for biotic stress. Based on the filled grain per panicle 

number, Kaybonnet and ZHE733 showed contrasting characteristics under DS conditions (Figure 

2.8. and 2.9.). Therefore, this K/Z RIL population was chosen as an excellent segregating 

population for molecular genetic studies on abiotic stress resistance.  

 

 



53 

Screening and identification of K/Z RIL population for morphological traits under DS 

 Morphological traits such as plant height, productive tiller number, leaf rolling score, flag 

leaf width, flag leaf length, and chlorophyll content (SPAD) exhibited significant responses to 

the DS conditions at the reproductive stage in the K/Z RIL population.  

Heading date is one of the most important agronomic traits which accompanies the 

transition from vegetative to reproductive stage and contributes to grain yield production and the 

commercial potential of rice (Weng et al., 2014; Liang et al., 2013). Furthermore, Jing (2018) 

reported that the heading date is controlled by pleiotropic genes. This study also showed that the 

heading date in the K/Z RIL population has a continuous distribution, indicating that multiple 

genes control this trait. The range of the heading days in the K/Z RIL population is from 65 days 

to 110 days, with most lines having 85-90 days to heading/flowering (Figure 2.10.). According to 

Jung and Müller (2009), heading date is regulated by multiple factors such as transcription 

factors, phytohormones, enzymes, photoreceptors, and environmental conditions (day length and 

temperature). Moreover, DS conditions during vegetative stage might delay the heading date. A 

number of studies indicated that heading date has a positive correlation with the grain yield 

(Xiao et al., 1996; Yue et al., 1997; Lu et al., 1997; Xing et al., 2002; Guo et al., 2003; Mei et al., 

2005; Xue et al., 2008; Zhang et al., 2008; Cao et al., 2010; Wei et al., 2010; Yan et al., 2011; 

Liang et al., 2013). This study also showed that the heading date has a positive correlation with 

productive tiller number, flag leaf length, chlorophyll content, leaf rolling score, primary panicle 

branch number, spikelet per panicle number, filled grain per panicle number, unfilled grain per 

panicle number, spikelet number per plant, and filled grain number plant. On the other hand, 

heading date exhibited negative correlation with plant height, flag leaf width, biological yield, 

panicle length, and hundred grain weight (Figure 2.26). 
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Drought response of K/Z RIL population for plant height and productive tiller number                    

Plant height and productive tiller number determine grain yield in the rice plants 

(Moldenhauer and Nathan, 2004; Sakamoto and Matsuoko, 2008; Huang et al., 2013). Plant 

height is one of the important factors that determines plant architecture and contributes to grain 

production (Weng et al., 2014; Venuprasad et al., 2009). The dwarf plants maintain high grain 

yield due to less lodging, but if the plants are too short or too tall, it will affect the grain 

production because of the insufficient growth. According to Setter et al. (1997), an overly tall 

plant will accommodate many leaves and increase photosynthesis activity, but it can also cause 

lodging. In contrast, excessive short plant height will reduce the light intensity available, cause 

crowded leaves, and lead to decreased photosynthesis activity (Peng et al., 1994). Therefore, it is 

important to select for the appropriate plant height in rice breeding. The number or length of the 

internode cells are related to plant height. Cell elongation is correlated to the cell wall plasticity 

that is influenced by environmental conditions and plant hormones. The cell wall plasticity is 

regulated by transcription factors such as the MYB family genes (Feller et al., 2011). According 

to Swain and Singh (2005), dwarf or semi-dwarf plants that reduced their endogeneous 

gibberellin levels that regulates cell elongation and controls plant height. Plant height in the K/Z 

RIL population showed continuous distribution (Figure 2.11.), indicating that this trait is 

quantitative with a range of 26-98 cm in WW, and 10-74 cm in DS conditions (Table 2.1.). DS 

conditions during the reproductive stage reduced the plant height 51% in K/Z RIL population. 

According to Zhang et al. (2018), DS conditions decreased plant height 20% during reproductive 

stage and 3.2% during vegetative stage. In another study on rice, Ahmadikhah & Marufinia 

(2016) reported that severe drought stress conditions reduced plant height 8 cm. Furthermore, 

Guan et al. (2010) stated that plant height was reduced 17% , 25%, and 33 % under mild, 
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moderate, and severe DS conditions, respectively. Zhen et al. (2019) also found that plant height 

under severe drought decreased 14.8 cm and in mild drought decreased 13.2 cm. Many studies 

also indicated that DS conditions significantly reduced the plant height (Sarvestani et al., 2008; 

Ashfaq et al., 2012; Bunnag and Pongthai, 2013; Sokoto and Muhammad, 2014). With 

increasing plant age, plant height increase quadratically with maximum height in the K/Z RIL 

population 98 cm in WW and 74 cm in DS conditions.  

At the reproductive stage, plant height is affected by DS conditions. Most of the lines 

(56.60%) in the K/Z RIL population are drought sensitive with more than 50% reduction of the 

plant height under DS conditions. Meanwhile, 23.70% lines belong to the moderately drought 

resistant class with the reduction of 30-49% and 19.70% lines are highly drought resistance with 

0-29% reduction in plant height (Table 2.2.). This criterion was used for each trait and follows 

classification of De Freitas et al. (2016). According to the previous studies (Zhuang et al., 1997; 

Babu et al., 2003; Lanceras et al., 2004; Vikram et al., 2011), plant height is a trait influenced by 

the environment, DS conditions limits plant height development, as a result affecting yield. 

Moreover, plant height of the K/Z RIL population is positively correlated with productivity traits 

such as estimated chlorophyll content, panicle length, primary panicle branch number, spikelet 

per panicle number, filled grain per panicle number, hundred grain weight, spikelet number per 

plant, and filled grain number per plant. However, plant height of the K/Z RIL population is 

negatively correlated with flag leaf width, flag leaf length, leaf rolling score, and biological yield 

(Figure 2.26.). Therefore, maintaining an appropriate plant height is important to produce 

optimum grain yield under WW and DS conditions. 

‘Productive tiller’ number or tillers with a grain bearing panicle in rice plants plays an 

important role in plant productivity, which primarily determining the panicle number per plant 



56 

(Li et al., 2003). The higher number of productive tillers in rice plants are considered to 

contribute to higher grain yield. Productive tiller number in the K/Z RIL population exhibited a 

normal distribution (Figure 2.12.) indicating that productive tiller number is polygenic in nature 

with the range 2-22 in WW and 2-20.70 in DS conditions (Table 2.1.). With the advancement of 

plant age, the productive tiller number increases quadratically, usually the maximum tiller 

number is attained at 80 days after germination (Murayama, 1995). The maximum productive 

tiller number in K/Z RIL population is 22 in WW and 20.70 in DS conditions, reduced 13% in 

the DS. Furthermore, previous studies have also reported that productive tiller number was 

reduced in the DS conditions at the reproductive stage due to nutrient deficiencies and high 

competition for assimilates distribution between young tillers and developing panicles, and 

consequently the young tillers will die (Black and Siddoway, 1977; Power and Alessi, 1978; 

Masle, 1985). Several other studies also reported that DS conditions reduced productive tiller 

number until 2 tillers (Mostajeran and Rahimi-Eichi, 2009; Ashfaq et al., 2012; Bunnag and 

Pongthai, 2013; Ahmadikhah and Marufinia, 2016). 

Based on the data analysis of productive tiller number from DS screening of the K/Z RIL 

population, 72.20% lines were identified as highly drought resistance (0-29% reduction), 16.60% 

lines classified as moderately drought resistance (30-49% reduction), and 11.10% lines as 

drought sensitive with more than 50% reduction (Table 2.2.). The rice RILs exhibited differential 

responses to DS conditions due to the complexity of interactions between molecular, 

biochemical, and physiological processes that affect plant growth (Wadhwa et al., 2010). The 

productive tiller number trait is generally positively correlated with flag leaf width, biological 

yield, primary panicle branch number, spikelet per panicle number, filled grain per panicle 

number, unfilled grain per panicle number, spikelet number per plant, and filled grain number 
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per plant. However, the productive tiller number of the K/Z RIL population is negatively 

correlated with plant height, flag leaf length, estimated chlorophyll content, leaf rolling score, 

panicle length, and hundred grain weight (Figure 2.26.). Spielmeyer et al. (2002) reported a 

reduction in plant height under DS conditions followed by increase in number of tillers. Xing and 

Zhang (2010) also reported that productive tiller number was negatively correlated with plant 

height. Several studies also suggest that increasing productive tiller number will increase the 

panicle number per plant, spikelet per panicle number, and also plant biomass (Hanada, 1995; 

Hayashi, 1995; Murata and Matsushima, 1975; Yoshida, 1981; Jennings et al., 1979; Deng et al., 

2015). Previous studies also confirmed that under DS conditions, productive tiller number 

decreased, while leaf rolling increased (Mukamuhirwa et al., 2019).   

Drought response of K/Z RIL population for leaf rolling score, flag leaf width, flag leaf 

length, and estimation of chlorophyll content (SPAD) 

Leaf morphology contributes to the grain yield due to its relationship to the cell number, 

chlorophyll content, and ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) per unit 

area that influences the photosynthetic rate (Zhen et al., 2019). In the rice plant, flag leaf is an 

important photosynthetic organ and influencing the grain yield because this leaf is the main 

source of the carbohydrates resulting from photosynthetic activity which gets accumulated in the 

grains (Ghosh et al., 1990; Jebbouj and Yousfi, 2009; Li et al., 1998; Monyo, et al., 1973). 

Previous studies have reported that more than 50% of the carbohydrate in the rice grains are 

produced by the flag leaf (Tomoshiro et al., 1983; Gladun et al., 1993). In addition, the flag leaf 

plays an important role in the grain filling process and photo-assimilates transportation. Previous 

studies have reported that flag leaf traits such as flag leaf area, chlorophyll content, and flag leaf 

dry weight showed positive correlation with the grain yield under DS conditions (Biswal and 
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Kohli, 2013; Yue et al., 2006; Li et al., 1998). Therefore, various flag leaf parameters have been 

used for selecting drought resistant rice. 

Leaf rolling is an important adaptive response to DS conditions as a symptom of moisture 

stress and visual evaluation for scoring drought resistance of rice plants (Kadioglu and Terzi, 

2007). When plants experience DS conditions, the leaves start rolling to maintain internal water 

status and metabolic activities thereby preventing water loss via transpiration, and shows the 

drought escape mechanism of the rice plants. Moreover, leaf rolling is induced by the decrease in 

turgor and lack of osmotic adjustment (Hsiao et al., 1984). Thus, delayed leaf rolling has been 

investigated as a favorable character in rice. In the screen of the K/Z RIL population under DS 

conditions, the leaf rolling score showed normal distribution within the range of 1-4 with most 

lines having a score around 2.85 (Figure 2.13.). The lowest leaf rolling score (1) exhibited 

drought resistance and the highest leaf rolling score (5) showed drought sensitivity. Subashri et 

al. (2009) and Salunke et al. (2011), reported that variation in leaf rolling score among rice lines 

is a genetic trait. According to Cal et al. (2018), leaf rolling score under DS conditions is more 

affected by leaf morphology, than by leaf water status and stomatal conductance. Henson (1982) 

characterized that stomata are closed before leaf rolling occurred. Moreover, Pandey and Shukla 

(2015) indicated that drought resistant rice lines have the leaf rolling character to limit 

transpiration and also have the ability to recover faster; although, some rice genotypes can 

continue transpiration while rolled.  

In the correlation analysis of K/Z RIL population, the leaf rolling score is positively 

correlated with heading date, plant height, flag leaf width, flag leaf length, estimated chlorophyll 

content, panicle length, primary panicle branch number, spikelet per panicle number, filled grain 

per panicle number, hundred grain weight, and filled grain number per plant. On the other hand, 
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leaf rolling score of K/Z RIL population showed negative correlation with productive tiller 

number, biological yield, unfilled grain per panicle number, and spikelet number per plant 

(Figure 2.26.). A number of studies have characterized that leaf rolling score was not well 

correlated with the grain yield per plant and biological yield under DS conditions (Lafitte et al., 

2003; Turner et al., 1986). According to Fen et al. (2015), leaf rolling score also has negative 

correlation with chlorophyll content and productive tiller number.  

Flag leaf width has a strong correlation with grain yield, and is known to be related to 

panicle length and spikelet per panicle number, because flag leaf width affects photosynthetic 

activity in the rice plants (Zhang et al., 2015; Dingkuhn et al., 2015). Wider flag leaves may 

enhance photosynthetic area, so that the source supply is improved, and as a result grain yield 

increases. Flag leaf width of the K/Z RIL population showed high variation ranging from 0.8 cm 

to 2.1 cm (Figure 2.14.) with the average 1.35 cm. The variation of the flag leaf width are 

correlated with longitudinal cell division, cell elongation, cell arrangement, and changes in 

vascular bundles which are influenced by genetic and environmental factors (He et al., 2018). 

Under DS conditions, flag leaf width is reduced due to insufficient water and nutrients. Based on 

Cho et al. (2013), narrow flag leaves are caused by reduction of lateral-axis cells and fewer 

longitudinal veins. In the K/Z RIL population, this flag leaf parameter showed a positive 

correlation with leaf rolling score, biological yield, spikelet per panicle number, filled grain per 

panicle number, hundred grain weight, productive tiller number, and spikelet number per plant. 

Meanwhile, the flag leaf width in this RIL population exhibits a negative correlation with 

heading date, plant height, flag leaf length, estimated chlorophyll content, panicle length, 

primary panicle branch number, unfilled grain per panicle, and filled grain number per plant 

(Figure 2.26.). However, previous studies have confirmed that flag leaf width showed significant 
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positive correlations with grain yield per plant, panicle number, and spikelet per panicle number 

(Zhang et al., 2015; Zhou et al., 2012). 

Flag leaf length is also an important parameter that controls rice grain yield. The length 

of the flag leaf correlated with cell division of the mesophyll cells specially the longitudinal cells 

(Yuan, 1997). In the K/Z RIL population, flag leaf length exhibited a normal distribution ranging 

from 14.17 cm to 54 cm, and most lines have a flag leaf length of 30.47 cm (Figure 2.15.). In the 

screen of the K/Z RIL population under DS condititons, flag leaf length shows a positive 

correlation with heading date, productive tiller number, plant height, estimated chlorophyll 

content, leaf rolling score, spikelet per panicle number, filled grain per panicle number, hundred 

grain weight, spikelet number per plant, and filled grain number per plant (Figure 2.26.). 

Nevertheless, the flag leaf length in the K/Z RIL population showed negative correlations with 

flag leaf width, biological yield, panicle length, primary panicle branch number, and unfilled 

grain per panicle (Figure 2.26.). Vangahun (2012) reported that plants with a long flag leaf 

usually have a wide leaf angle because of leaf drooping and have a reduced light capture, which 

consequently decreased photosynthetic activity and finally reduced grain yield. Thus, short flag 

leaves are more favorable than longer ones. 

 Besides flag leaf criteria that determines the rice plant productivity, chlorophyll content 

also has a significant correlation with the grain yield. Chlorophyll is a pigment contributing to 

photosynthetic activity and plays an important role in carbohydrate supply to the rice grain. 

Therefore, high chlorophyll content in the leaf is a desired characteristic. A number of studies 

have characterized that DS conditions reduced chlorophyll content in the rice plant due to 

drought stress changing the metabolic functions (Sairam et al., 1996; Ranjbarfordoei et al., 2000; 

Pirdashti et al., 2009; Cha-um et al., 2010; Sikuku et al., 2012; Ha, 2014; Maisura et al., 2014). 
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Under DS conditions, rice plants produce reactive oxygen species (ROS), such as O2
- and H2O2 

that lead to lipid peroxidation, impairing the chlorophyll biosynthetic pathway, with destruction 

of the chloroplast membrane, and as a result, chlorophyll damage (Mirnoff, 1993; Foyer et al., 

1994; Hirt and Shinozaki, 2004). Destruction of the chlorophyll causes a change in green color 

of the leaf into yellow, decreasing light harvesting and induces decline in energy for dark 

reactions of photosynthesis and consequently reducing grain yield and plant biomass (Jaleel et 

al., 2009). Thus, chlorophyll stability is a favorable parameter for screening of drought resistant 

rice varieties. 

In this study, the K/Z RIL population displayed a continuous distribution in the 

chlorophyll content with the range from 22.5 to 59.4 with the average 39.7 (Figure 2.16.). Zhen 

et al. (2019) also demonstrated that chlorophyll content in various rice genotypes varied. 

Moreover, chlorophyll content in this rice population exhibited a positive correlation with 

heading date, plant height, flag leaf length, leaf rolling score, primary panicle branch number, 

spikelet per panicle number, filled grain per panicle number, and filled grain number per plant 

(Figure 2.26.). Several other studies have also shown that chlorophyll content showed significant 

positive correlation with the grain yield, due to maintaining higher chlorophyll content under DS 

conditions, that were associated with transpiration efficiency under DS conditions in rice, 

sorghum, wheat, maize, and barley (Benbella and Paulsen, 1998; Borrell et al., 2000; Haussmann 

et al., 2002; Verma et al., 2004; Cha-um et al., 2010). On the other hand, chlorophyll content of 

the K/Z RIL population showed a negative correlation with flag leaf width, productive tiller 

number, biological yield, panicle length, unfilled grain number, hundred grain weight, and 

spikelet number per plant (Figure 2.26.). 
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Screening and identification of K/Z RIL population for grain yield components under DS 

Rice grain yield is a quantitative trait that is affected by genetics and environmental 

factors (Wang et al., 2012). Many studies indicate that grain yield in rice is affected by several 

traits such as plant height, productive tiller number, growth period, panicle length, primary 

panicle branch number, spikelet per panicle number, filled grain per panicle, and hundred grain 

weight (Moldenhauer and Nathan, 2004; Sakamoto and Matsuoka, 2008; Huang et al., 2013). DS 

conditions generate numerous responses in the rice plants such as morphological, molecular, 

biochemical, and physiological changes which significantly affect grain yield. Drought decreased 

assimilate translocation, while increasing spikelet sterility; and also reducing grain filling rate, 

grain size, and weight. 

The biological yield of the K/Z RIL population showed a continuous distribution (Figure 

2.17.) ranging from 3.5 to 49 g under WW conditions, while under DS conditions showed a 

range from 1.7 to 47 g (Table 2.1.). Under DS conditions, 67.70% of the K/Z RIL population 

lines were highly drought resistance, 24.70% lines showed moderate drought resistance, and 

7.60% showed drought sensitivity (Table 2.2.). According to Pandey et al. (2015), the important 

component responsible for biological yield was reduction in grain yield, followed by plant 

height, productive tiller number, and leaf morphology reduction under drought. The highly 

drought resistant lines showed longer panicle length, higher primary panicle branch number, 

higher spikelet per panicle number, higher filled grain per panicle number, and higher productive 

tiller number. Furthermore, a number of previous studies indicated that under drought, the fresh 

and dry weight of shoots and roots were reduced (Centritto et al., 2009; Mostajeran and Rahimi-

Eichi, 2009; Ji et al., 2012), leading from reduction in photosynthetic rate and that of 

biochemical processes (Usman et al., 2013). Farooq et al. (2009) characterized that the reduction 
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of the biological yield under DS conditions depends on the severity of the drought. Under mild, 

moderate, and severe drought, the reduction of the biological yield was 12.5%, 18.0%, and 

35.5%, respectively. Biological yield is a primary trait contributing to plant productivity, and the 

biological yield of the K/Z RIL population exhibited a significant positive correlation with 

productive tiller number, flag leaf width, primary panicle branch number, and unfilled grain per 

panicle (Figure 2.26.). Meanwhile, a clear negative relationship has been observed between 

biological yield of the K/Z RIL population with heading date, plant height, flag leaf length, 

estimated chlorophyll content, leaf rolling score, panicle length, spikelet number per panicle, 

filled grain number per panicle, hundred grain weight, spikelet number per plant, and filled grain 

number per plant (Figure 2.26.). Rice genotypes containing higher biological yield are crucial to 

meet the increasing demands of food, fodder, and bio-fuel. Therefore, the use of natural genetic 

variation among the rice lines of the K/Z RIL population is important for screening and 

identification of high biological yield in the rice plants. 

In this study, spikelet per panicle number of K/Z RIL population displayed a normal 

distribution (Figure 2.18.) with a range of 25-328 under WW conditions and 18-239 under DS 

conditions (Table 2.1.). Based on the screening under DS conditions, the K/Z RIL population 

showed different responses to drought. Most of the lines exhibited high drought resistance 

(39.90%) followed by moderate drought resistance (35.30%) and drought sensitive response 

(24.70%) (Table 2.2.). Ahmadikhah and Marufinia (2016) indicated that under severe drought, 

the spikelet per panicle number reduced to 18 spikelets. A positive correlation was found 

between ‘spikelet per panicle number’ of the K/Z RIL population with heading date, productive 

tiller number, plant height, flag leaf width, flag leaf length, estimated chlorophyll content, leaf 

rolling score, panicle length, primary panicle branch number, filled grain per panicle number, 
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unfilled grain per panicle number, spikelet number per plant, and filled grain number per plant. 

On the other hand, spikelet per panicle number of the K/Z RIL population has a negative 

correlation with biological yield and hundred grain weight (Figure 2.26.). Several other studies 

also found that under DS conditions at the reproductive stage, grain yield per plant exhibited a 

positive correlation with spikelet fertility (Raman et al., 2012; Kumar et al., 2014). In addition, 

Konate et al. (2016) indicated that spikelet per panicle number also determines grain yield 

besides productive tiller number, panicle length, and hundred grain weight. The pollination  

process in rice plants is very sensitive to DS conditions. Consequently, DS conditions during 

flowering time induce spikelet sterility due to drought, leading to pollen sterility and zygotic 

abortion, and slow grain filling resulting in the reduction of grain yield.  

Filled grain per panicle number is one of the yield components that affect the productivity 

of rice plants. A continuous distribution exhibited in the filled grain per panicle number of the 

K/Z RIL population under WW and DS conditions (Figure 2.19.). The range in the filled grain 

per panicle number is 2-179 under WW conditions and 0-97 under DS conditions (Table 2.1.). 

The difference between the filled grain per panicle number of different lines is caused by the 

genetic variation between lines and the response of RILs to environmental factors (Liu et al., 

2010). Based on the filled grain per panicle number in the DS conditions, most of the lines 

showed sensitivity to drought (75.75%), followed by highly drought resistant lines (13.13%), and 

moderately drought resistant lines (11.11%) (Table 2.2.). DS at the reproductive stage causes 

slow grain filling and shortening of the grain filling period due to drought-interrupted phloem 

loading and assimilate translocation (Farooq et al., 2009; Shahryari et al., 2008; Kamoshita et al., 

2004; Botwright Acuña et al., 2008). Based on the correlation analysis, filled grain per panicle 

number of the K/Z RIL population showed a positive relationship with heading date, productive 
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tiller number, plant height, flag leaf width, flag leaf length, estimated chlorophyll content, leaf 

rolling score, panicle length, primary panicle branch number, spikelet number per panicle, 

hundred grain weight, spikelet number per plant, and filled grain number per plant. Nevertheless, 

filled grain per panicle number showed a negative correlation with biological yield and unfilled 

grain per panicle number (Figure 2.26.). 

Under WW and DS conditions, panicle length of the K/Z RIL population has a normal 

distribution (Figure 2.20.), ranging from 10.61 to 33.30 cm under WW conditions and 9.61 to 

27.51 cm under DS conditions (Table 2.1.). Based on the level of panicle length reduction under 

drought, 84.30% lines of the K/Z RIL population showed highly drought resistant phenotype, 

13.10% moderately drought resistance, and 2.50% drought sensitive phenotype (Table 2.2.). 

Cha-um et al. (2010) also identified that panicle length was significantly reduced under DS 

conditions. The panicle length of the K/Z RIL population exhibited a positive correlation with 

the other traits such as plant height, flag leaf width, leaf rolling score, primary panicle branch 

number, spikelet per panicle number, filled grain per panicle number, unfilled grain per panicle 

number, hundred grain weight, spikelet number per plant, and filled grain number per plant. 

Furthermore, the panicle length of the K/Z RIL population showed a negative correlation with 

heading date, productive tiller number, flag leaf length, estimated chlorophyll content, and 

biological yield (Figure 2.26.). According to Kumar et al. (2014), panicle length is an important 

component that affects grain yield per plant by determining panicle architecture like spikelet per 

panicle number, and also panicle length shows higher heritability than grain yield. Various 

studies have shown that the rice plants with longer panicle length potentially have higher spikelet 

per panicle number (IRRI, 1994; Farooq et al., 2009; Shahryari et al., 2008; Kamoshita et al., 

2004). Liu et al. (2010) reported that panicles use assimilates for their growth and development. 
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The rice subspecies have differences in panicle length, for example, aromatic has the longest 

panicle (30 cm) followed by aus and indica, then temperate japonica which has the shortest 

panicle length (21 cm), while tropical japonica shows the largest range for panicle length. Thus, 

panicle length can be used as a selection criterion in a rice breeding program. 

Another grain yield component of the K/Z RIL population, primary panicle branch 

number also showed a continuous distribution (Figure 2.21.) with a range of 2-23 under WW 

conditions and 2-17 under DS conditions (Table 2.1.). Based on the primary panicle branch 

number responses to drought, most of the lines exhibited highly drought resistance (72.70%) 

followed by moderately drought resistance (20.20%), and drought sensitive (7.10%) (Table 2.2.). 

The primary panicle branch number of the K/Z RIL population has a strong correlation with 

heading date, productive tiller number, plant height, flag leaf width, estimated chlorophyll 

content, leaf rolling score, biological yield, panicle length, spikelet per panicle number, filled 

grain per panicle number, unfilled grain per panicle number, hundred grain weight, spikelet 

number per plant, and filled grain number per plant. However, primary panicle branch number 

showed a negative correlation with flag leaf length (Figure 2.26.), and is also an important factor 

determining grain yield, with the higher primary panicle branch number showing higher grain 

yield (Sakamoto and Matsuoka, 2008; Kovi et al., 2011). Therefore, the higher primary panicle 

branch number is a favorable trait in the rice breeding program. 

In the K/Z RIL population, hundred grain weight also exhibited a normal distribution 

under WW and DS conditions (Figure 2.22.), with a range between 0.01 to 3.33 g under WW 

conditions and from 0.01 to 3.21 g under DS conditions (Table 2.1.). Variation of the grain 

weight is mainly controlled by genetic factors. Based on the hundred grain weight reduction 

under drought, the K/Z RIL population could be classified into highly drought resistance, 
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moderately drought resistance, and sensitive to drought with corresponding reduction of 54.04%, 

11.11%, and 34.84%, respectively (Table 2.2.). Several other studies also suggest that reduction 

in the grain size commonly occurred under DS conditions (Castillo et al., 2006; Venuprasad et 

al., 2007; Mostajeran and Rahimi-Eichi, 2009; Ji et al., 2012). Moreover, Kamoshita et al. (2004) 

confirmed that DS conditions impaired floret initiation, inducing spikelet sterility, slowed down 

the grain filling process, interrupted leaf gas exchange components, decreasing the size of the 

source and sink tissues, disrupting assimilate distribution and consequently causing reduction in 

the grain weight. Hundred grain weight showed a positive correlation with plant height, flag leaf 

width, flag leaf length, leaf rolling score, panicle length, primary panicle branch number, and 

filled grain per panicle number. On the other hand, hundred grain weight showed a negative 

correlation with heading date, productive tiller number, estimated chlorophyll content, biological 

yield, spikelet per panicle number, unfilled grain per panicle number, spikelet number per plant, 

and filled grain number per plant (Figure 2.26.). 

A continuous distribution is also observed in the spikelet number per plant under WW 

and DS conditions (Figure 2.23.), ranging from 225 to 5390 under WW and 71.92 to 3321.20 

under DS conditions (Table 2.1.). Most lines in the K/Z RIL population showed a response 

phenotype of drought sensitive (43.40%) followed by moderately drought resistance (28.80%), 

and highly drought resistance (27.80%) (Table 2.2.). A number of previous studies confirmed 

that rice grain yield decreased under DS conditions (Bouman et al., 2005; Centritto et al., 2009; 

Pirdashti et al., 2009; Venuprasad et al., 2011; Ahadiyat et al., 2014; Maisura et al., 2014). The 

primary component contributing the most to grain yield reduction under DS conditions at the 

reproductive stage are correlated with pollen sterility and leaf morphology variation (Pandey el 

at., 2015). Spikelet number per plant of the K/Z RIL population exhibited a positive correlation 
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with the morphological and yield traits including heading date, productive tiller number, flag leaf 

width, flag leaf length, panicle length, primary panicle branch number, spikelet per panicle 

number, filled grain per panicle number, unfilled grain per panicle number, and filled grain 

number per plant. Based on this correlation analysis, the rice lines that have earlier heading date 

showed higher grain yield which indicates that lines with a longer life span are correlated with 

the higher yield due to higher assimilates accumulation. A negative correlation was also found 

between spikelet number per plant with plant height, estimated chlorophyll content, leaf rolling 

score, biological yield, and hundred grain weight (Figure 2.26.).  

Frequency distribution of the filled grain number per plant also exhibited a normal 

distribution (Figure 2.24.) with the range from 15 to 1957 under WW and from 0 to 1231 under 

DS conditions. According to the reduction of the filled grain number per plant under DS 

conditions, most of the lines in the K/Z RIL population could be classified as drought sensitive 

(73.30%), followed by highly drought resistance (14.20%), and moderately drought resistance 

(12.50%) (Table 2.2.). A previous study reported that several rice varieties showed a decrease in 

grain yield up to 81% under DS conditions, and this reduction was influenced by duration and 

severity of the drought (Pantuwan et al., 2000). Filled grain number per plant shows a positive 

association with heading date, productive tiller number, plant height, flag leaf length, estimated 

chlorophyll content, leaf rolling score, panicle length, primary panicle branch number, spikelet 

per panicle number, filled grain per panicle number, hundred grain weight, and spikelet number 

per plant. Filled grain number per plant also showed a negative correlation with flag leaf width, 

biological yield, and unfilled grain per panicle number (Figure 2.26.).   

The reduction in the grain yield under DS conditions due to drought was caused by a 

decline in photosynthetic rate, interruption in stomatal conductance, reduced chlorophyll content, 
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decreased leaf size, impaired stem elongation, disturbed activities of sucrose and starch synthesis 

enzymes, reduced assimilate distribution, all resulting in the reduction of plant productivity 

(Anjum et al., 2011). Furthermore, this grain yield reduction also depends on the severity and the 

duration of drought stress (Kumar et al., 2014). For example, DS conditions at the vegetative 

stage declined the grain yield by 21-50.6%, while severe drought at the flowering stage declined 

the grain yield by 42-83.7%, and moderate to severe drought during the whole reproductive stage 

declined grain yield by 51-90.6%. Many studies indicated that rice plants are more sensitive to 

DS conditions at the reproductive stage than during the vegetative stage, since rice plants hardly 

recovered from the damage caused by reproductive stage drought (Dixit et al., 2014; Guan et al., 

2010; Swamy et al., 2017). During the vegetative stage, drought induced stomatal closure that 

consequently impaired carbohydrate synthesis for cell division of tillers, panicles, and grains. 

These damages were however considered reparable (Anjum et al., 2011). Furthermore, DS at the 

reproductive stage causes flowering abortion and finally reduction in the panicle length, primary 

panicle branch number, spikelet per panicle number, and filled grain per panicle number (Hsiao 

et al., 1976).  

‘Heritability’ has a predictive function in plant breeding since it measures the phenotypic 

variance that is associated with the genotype (Songsri et al., 2008). Furthermore, heritability 

facilitates the selection of genotypes based on their phenotypic performance (Bitew, 2016). 

Heritability was categorized as low (<50%), medium (>50 – 60%), and high (>60%) (Babu et al., 

2012; Ashok et al., 2013). Broad sense heritability of the K/Z RIL population ranged from 77% 

(panicle length in the DS condition) to 91% (plant height in the WW condition). High heritability 

(> 60%) was found for all of the phenotypic and grain yield related traits in the WW and DS 

conditions (Table 2.1.). This high heritability suggests that additive gene action had a primary 
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role. Moreover, heritability of the traits is essential in determining the response to selection. The 

results indicated that plant height, productive tiller number, biological yield, spikelet per panicle 

number, filled grain per panicle number, panicle length, primary panicle branch number, hundred 

grain weight, spikelet number per plant, and filled grain number per plant exhibited high 

heritability, and could be considered as the most applicable traits for selection and improvement 

of the traits to obtain stable and higher yield under DS condition. Several studies also exhibited 

that grain yield under DS conditions had moderate to high heritability (Kumar et al., 2008; 

Bernier et al., 2007; Venuprasad et al., 2007). Heritability of the most traits showed no 

significant different in WW and DS conditions. According to Bernier et al. (2007), this 

demonstrates that the drought screening methodology was highly repeatable.  
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Conclusions 

The K/Z RIL population was screened and used for the identification of natural variation 

for phenotypic and grain yield components under drought at the reproductive stage. We screened 

the K/Z RIL population in the field for phenotypic traits (plant height, productive tiller number, 

leaf rolling score, flag leaf width, flag leaf length, and estimated chlorophyll content (SPAD)) 

and grain yield components (biological yield, spikelet per panicle number, filled grain per 

panicle number, panicle length, primary panicle branch number, hundred grain weight, spikelet 

number per plant, and filled grain number per plant). Based on the analysis of variance, there 

was a significant variation between WW and DS treatments and also the interaction between 

treatments and the rice lines of the K/Z RIL population. DS conditions at the reproductive stage 

of K/Z RIL population revealed that water deficit negatively affects all morphological, 

physiological, and grain yield components. A number of previous studies also characterized that 

phenotypic and grain yield components were severely affected by drought stress at the 

reproductive stage. Our focus was to identify the rice lines maintaining higher phenotypic and 

grain yield components under drought stress. By compiling the results, 25 lines out of 198 lines 

of K/Z RIL population and parent Kaybonnet were drought resistant showing higher plant height, 

more productive tiller number, and higher values for all grain yield components with ≤ 29% 

reduction in the phenotypic and grain yield components, as compared to WW plants in field 

conditions. However, 16 rice lines and parent ZHE733 were drought sensitive with ≥ 50% 

reduction in all phenotypic and grain yield components, compared to WW plants in field 

conditions, exhibiting shorter panicle length, smaller productive tiller number, and lower values 

of all grain yield components. The majority of the plant phenotypic and grain yield components 

of the K/Z RIL population showing a continuous distribution under WW and DS conditions, 

confirming that these components are controlled by many genes and influenced by 
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environmental factors. In the correlation analysis, most of the grain yield components showed 

better correlation with major phenotypic traits. High heritability (> 60%) was found for all of the 

phenotypic and grain yield related traits in the WW and DS conditions. These results suggest that 

this information is useful to dissect the genetic architecture of phenotypic and grain yield 

components of drought resistance in K/Z RIL population, and to use this valuable resources for 

developing drought resistant rice varieties, that would be an important step forward to improve 

adapted Arkansas and U.S. rice genotypes for higher grain production under DS conditions.  
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Figures 

 

 
  Figure 2.1. K/Z RIL population seeds and two parents (Kaybonnet and ZHE733) 

were germinated and grown in the greenhouse at controlled conditions 

(28 to 30oC day and 22 to 23oC night and 14h light/10h dark cycle and 

average light intensity 580 µmol m-2s-1 and 65% relative humidity) 

with sterilized field soil (A) for 20 days until V3 stage (B). 

aB 

aA 
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Figure 2.2. V3 stage plants per line were transplanted to the field divided into 6 

batches (7-day intervals) based on their heading day data from USDA 

to synchronize drought treatment at reproductive stage. 

  



 

 

8
9
 

 

Figure 2.3. Field design. 
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Figure 2.4. Field conditions for well-watered (A) and drought stress treatments (B) at the 

reproductive stage (R3 stage) of K/Z RIL population. 

 

 
 

Figure 2.5. Tensiometer to monitor drought stress conditions that were installed at three 

spots in the drought stress plot just after draining, the first was in the beginning 

of the plot, the second in the middle, and the third at the end of the plot. The DS 

condition was maintained continuously up to -70 kPa soil water potential at the 

reproductive stage exhibited the severe DS conditions. 
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Figure 2.6. Screening of six diverse rice genotypes for filled grains per panicle number 

(NOFG). Varieties Kaybonnet (Arkansas) and Bengal (Louisiana) exhibit a high 

filled grains per panicle number under drought stress conditions at vegetative 

and reproductive stages in greenhouse and field conditions.  
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Figure 2.7. Pedigree of Kaybonnet and ZHE733. Kaybonnet is a cross between Katy and 

Newbonnet, Katy is a tropical japonica cultivar with large introgressions from 

indica landrace Tetep. ZHE733 was developed from a multiple cross of IR30, 

IR29, Fongxuan 4, Chi-Kuai-Ai-Xuan. Black: japonica and Red: indica.  

 

 
Figure 2.8. Filled grain per panicle number in Kaybonnet and ZHE733. Kaybonnet 

maintained high filled grain per panicle number under DS than ZHE733. 

Furthermore, the distribution of water use efficiency traits has been shown to 

be highest in tropical japonica (Kaybonnet) and medium in indica (ZHE733).  
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Figure 2.9. Panicle phenotypes of Kaybonnet (KB) as drought resistant parent under WW 

and DS, compared to drought sensitive parent ZHE733 in WW and DS 

conditions. KB shows higher seed set under drought than ZHE733. 

 

 

 
Figure 2.10. Frequency distribution of heading date in the K/Z RIL population. 
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Figure 2.11. Frequency distribution of plant height in the K/Z RIL population under WW 

and DS conditions in 2016, 2017, and 2018 growing seasons.  

 

 

 
 

Figure 2.12. Frequency distribution of productive tiller number in the K/Z RIL population 

under WW and DS conditions in 2016, 2017, and 2018 growing seasons.  
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Figure 2.13. Frequency distribution of leaf rolling score in the K/Z RIL population under 

DS conditions. 

 

 

 

 
 

Figure 2.14. Frequency distribution of flag leaf width in the K/Z RIL population under DS 

conditions. 
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Figure 2.15. Frequency distribution of flag leaf length in the K/Z RIL population under DS 

conditions. 

 

 

 
Figure 2.16. Frequency distribution of estimated chlorophyll content (SPAD) in the K/Z 

RIL population under DS conditions. 
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Figure 2.17. Frequency distribution of biological yield in the K/Z RIL population under 

WW and DS conditions in 2016, 2017, and 2018 growing seasons. 

 

 

 
 

Figure 2.18. Frequency distribution of spikelet per panicle number in the K/Z RIL 

population under WW and DS conditions in 2016, 2017, and 2018 growing 

seasons. 
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Figure 2.19. Frequency distribution of filled grain per panicle number in the K/Z RIL 

population under WW and DS conditions in 2016, 2017, and 2018 growing 

seasons. 

 

 

 
 

Figure 2.20. Frequency distribution of panicle length in the K/Z RIL population under 

WW and DS conditions in 2016, 2017, and 2018 growing seasons. 
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Figure 2.21. Frequency distribution of primary panicle branch number in the K/Z RIL 

population under WW and DS conditions in 2016, 2017, and 2018 growing 

seasons. 

 

 

 
 

Figure 2.22. Frequency distribution of hundred grain weight in the K/Z RIL population 

under WW and DS conditions in 2016, 2017, and 2018 growing seasons. 
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Figure 2.23. Frequency distribution of spikelet number per plant in the K/Z RIL 

population under WW and DS conditions in 2016, 2017, and 2018 growing 

seasons. 

 

 

 
Figure 2.24. Frequency distribution of filled grain number per plant in the K/Z RIL 

population under WW and DS conditions in 2016, 2017, and 2018 growing 

seasons. 
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Figure 2.25. Frequency distribution of unfilled grain per panicle number in the K/Z RIL 

population under WW and DS conditions in 2016, 2017, and 2018 growing 

seasons. 
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Figure 2.26. Pearson’s correlation coefficients shown in correlation matrix heat map between grain yield components and morphological traits of the 

K/Z RIL population under WW & DS conditions. The correlations (-1 to + 1) are colored either in blue (positive correlation) or in red 

(negative correlation). HD, Heading day under WW and DS; TN-WW, Productive tiller number under WW; TN-DS, Productive tiller 

number under DS; PH-WW, Plant height (cm) under WW; PH-DS, Plant height (cm) under DS; FLW-DS, Flag leaf width (cm) under DS; 

FLL-DS, Flag leaf length (cm) under DS; SV-DS, Estimated chlorophyll content (SPAD value) under DS; DLR-DS, Drought leaf rolling 

under DS; BY-WW, Biological yield (g) under WW; BY-DS, Biological yield (g) under DS; PL-WW, Panicle length (cm) under WW; PL-

DS, Panicle length (cm) under DS; PPB-WW, Primary panicle branch number under WW; PPB-DS, Primary panicle branch number 

under DS; SP-WW, Spikelet per panicle number under WW; SP-DS, Spikelet per panicle number under DS; FG-WW, Filled grain per 

panicle number under WW; FG-DS, Filled grain per panicle number under DS; UFG-WW, Unfilled grain per panicle number under WW; 

UFG-DS, Unfilled grain per panicle number under DS; HGW-WW, Hundred grain weight (g) under WW; HGW-DS, Hundred grain 

weight (g) under DS; SPP-WW, Spikelet number per plant under WW; SPP-DS, Spikelet number per plant under DS; FGP-WW; Filled 

grain number per plant under WW; FGP-DS, Filled grain number per plant under DS.  
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Tables 

Table 2.1. The average and range values of morphological traits and grain yield components of the K/Z RIL population under 

WW and DS conditions.  

Traits 
Treat- 

ments 

Kaybonnet ZHE733 K/Z RIL Population 
H2 

(%) 2016 2017 2018 2016 2017 2018 
Average Range 

2016 2017 2018 2016 2017 2018 

Plant 

height (cm) 

WW 98a 96a 100a 51a 53a 55a 60.03a 63.51a 65.89a 28-98 26-97 29-98 91 

DS 84b 81b 85b 31b 34b 32b 29.99b 31.72b 34.95b 10-73 11-74 14-70 89 

Tiller 

number 

WW 5a 4a 5a 8a 10a 9a 8.11a 8.40a 8.74a 3-22 2-21.60 3.60-21.4 90 

DS 4b 4b 4b 7a 8a 7a 6.98a 7.10a 7.08a 2-19 2-20.70 2.10-19.2 87 

Biological 

yield 

WW 14.80a 15.63a 15.25a 13.4a 14.72a 15.91a 20a 21.4a 21.5a 4-49 3.5-48 4.6-48 86 

DS 14.10a 13.52a 13.76a 6.50b 8.01b 8.72b 17.50a 16.3a 16.7a 2-47 1.7-40 2.1-40.2 81 

Spikelet 

per panicle 

number 

WW 104a 117a 125a 90a 101a 103a 133.35a 141.21a 148.14a 45-328 25-321 27-317 84 

DS 74b 81b 88b 55b 63b 71b 81.68b 89.71b 97.02b 
26.8-

188.4 
18-239 22-209 79 

Filled grain 

per panicle 

number 

WW 66a 63a 69.7a 43.2a 40.1a 41.5a 43.07a 47.81a 49.74a 2-176 5-171 7-179 82 

DS 50a 47a 53a 16b 14b 12b 22.56b 25.72b 29.67b 0-97 0-91 0-86 79 

Panicle 

length (cm) 

WW 21.7a 22.9a 19.5a 18.6a 16.9a 16.2a 21.24a 23.47a 22.01a 
11.90-

33.30 

11.50-

32.70 

10.61-

30.72 
80 

DS 19.3a 18.5a 19.1a 15.6a 13.1a 13.6a 17.88a 18.07a 17.08a 
11.64-

26.62 

10.12-

27.51 

9.61-

26.21 
77 

Primary 

panicle 

branch 

number 

WW 19a 21a 18a 8a 9a 11a 11.17a 12.57a 11.85a 3-22 2-23 3-23 79 

DS 13b 14b 12b 7a 8a 9a 9.28a 8.69a 9.61a 5.4-15.6 2-17 4-15 77 

Hundred 

grain 

weight (g) 

WW 2.55a 2.87a 2.37a 2.63a 2.98a 2.59a 2.05a 2.28a 2.42a 0-3.19 0-3.27 0-3.33 85 

DS 2.33a 2.64a 2.19a 1.31b 1.68b 1.29b 1.17b 1.09b 1.38b 0-3.08 0-3.14 0-3.21 82 

Spikelet 

number per 

plant 

WW 520a 547a 562a 1016a 1089a 1117a 
1098.14

a 
1124a 1091a 

225-

5390 

281-

3995 
257-3972 85 

DS 296b 302b 316b 382.2b 427b 442b 574.21b 592b 561b 
98.40-

3321.20 

71.92-

2491 

87.29-

2489 
81 

Filled grain 

number per 

plant 

WW 264a 281a 247a 302a 341a 327a 353.15a 389.27a 365.22a 18-1936 25-1832 15-1957 81 

DS 201b 228b 189b 111b 152b 141b 272.81b 291.42b 276.72b 0-950 0-1115 0-1231 78 
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Table 2.2. Effects of drought stress on morphological traits and grain yield components exhibiting highly drought resistance, 

moderately drought resistance, and drought sensitivity in the K/Z RIL population of 198 lines in 2016, 2017, and 

2018 growing seasons.  

 

RILs 
Plant Height 

Tiller 

Number 

Biological 

Yield 

Spikelet 

per 

Panicle 

Number 

Filled 

Grain per 

Panicle 

Number 

Panicle 

Length 

Primary 

Panicle 

Branch 

Number 

Hundred 

Grain 

Weight 

Spikelet 

Number 

per Plant 

Filled 

Grain 

Number 

per Plant 

Leaf Rolling 

Score 

H* M* S* H M S H M S H M S H M S H M S H M S H M S H M S H M S 2** 3** 4** 

Kay- 

bonnet 
V   V   V   V   V   V   V   V   V   V   V   

ZHE733  V  V   V     V   V V    V    V   V   V   V 

100001  V   V  V   V     V V   V     V   V V    V  

100002  V  V V  V   V   V   V   V   V   V   V     V 

100005 V   V   V    V  V   V   V   V    V   V   V  

100006 V   V   V     V V   V    V    V   V V    V  

100007 V   V   V   V   V   V   V   V   V    V    V 

100008 V   V   V   V     V V   V     V  V  V    V  

100009  V  V    V  V   V   V   V   V   V   V    V  

100010 V     V   V  V    V V     V V     V V    V  

100012 V    V  V   V     V V   V   V    V  V    V  

100014 V    V  V    V  V   V   V   V     V V    V  

100015 V    V  V    V    V V   V   V     V V     V 

100016   V V   V   V   V   V   V   V    V  V    V  

100017 V   V   V    V    V V   V   V     V V   V   

100018  V  V   V    V  V   V   V   V    V  V    V  

100019  V   V   V   V    V V   V   V     V V     V 

100020   V V    V  V     V V    V  V   V   V    V  

100021   V V    V  V   V   V   V   V   V   V   V   

100022  V  V   V    V    V V   V    V  V   V   V   

100023   V V   V     V V   V   V   V     V V   V   

100024   V V   V   V     V V   V    V   V  V    V  

100025  V  V   V    V  V   V   V   V    V  V     V 
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Table 2.2. Effects of drought stress on morphological traits and grain yield components exhibiting highly drought resistance, 

moderately drought resistance, and drought sensitivity in the K/Z RIL population of 198 lines in 2016, 2017, and 

2018 growing seasons (Continued).

RILs 
Plant Height 

Tiller 

Number 

Biological 

Yield 

Spikelet 

per 

Panicle 

Number 

Filled 

Grain per 

Panicle 

Number 

Panicle 

Length 

Primary 

Panicle 

Branch 

Number 

Hundred 

Grain 

Weight 

Spikelet 

Number 

per Plant 

Filled 

Grain 

Number 

per Plant 

Leaf Rolling 

Score 

H* M* S* H M S H M S H M S H M S H M S H M S H M S H M S H M S 2** 3** 4** 

100026   V V    V  V    V  V   V   V    V   V   V  

100027 V   V   V   V     V V   V   V    V  V    V  

100028 V   V    V   V   V  V    V  V     V  V   V  

100029   V V   V     V   V V   V   V    V    V  V  

100030  V  V   V   V     V V   V     V  V    V   V 

100032   V V    V  V    V  V   V    V  V    V   V  

100033  V    V V   V     V V   V   V     V V    V  

100034  V    V  V    V  V  V    V  V     V  V   V  

100036  V  V   V   V   V   V   V   V    V  V    V  

100038 V    V  V   V     V V   V   V    V  V    V  

100039  V  V    V  V     V V   V   V   V   V    V  

100040 V    V   V   V   V  V    V  V     V  V   V  

100042 V   V   V   V     V V   V     V  V  V    V  

100043    V     V V     V V   V   V   V     V   V 

100046   V   V  V   V    V V   V   V     V V     V 

100048  V  V   V    V    V V   V   V     V   V  V  

100049   V V   V    V    V V   V     V   V V   V   

100050   V V    V   V   V  V   V   V    V   V   V  

100053 V     V V   V   V   V   V   V     V V    V  

100055   V V    V   V    V  V  V   V    V  V    V  

100056 V    V  V     V   V V    V  V     V V    V  

100057 V   V   V   V     V V   V   V   V   V     V 

100058  V  V    V  V    V  V   V   V   V    V   V  

100062 V   V    V  V     V V   V   V   V     V  V  

100064 V   V    V    V  V  V   V   V     V  V   V  

100065   V  V  V     V   V  V   V   V    V V     V 

100066   V   V  V    V  V  V   V   V     V  V  V   

100067 V    V    V   V   V V   V   V     V V   V   

100086   V V   V     V   V  V   V    V   V   V   V 
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Table 2.2. Effects of drought stress on morphological traits and grain yield components exhibiting highly drought resistance, 

moderately drought resistance, and drought sensitivity in the K/Z RIL population of 198 lines in 2016, 2017, and 

2018 growing seasons (Continued). 

RILs 
Plant Height 

Tiller 

Number 

Biological 

Yield 

Spikelet 

per 

Panicle 

Number 

Filled 

Grain per 

Panicle 

Number 

Panicle 

Length 

Primary 

Panicle 

Branch 

Number 

Hundred 

Grain 

Weight 

Spikelet 

Number 

per Plant 

Filled 

Grain 

Number 

per Plant 

Leaf Rolling 

Score 

H* M* S* H M S H M S H M S H M S H M S H M S H M S H M S H M S 2** 3** 4** 

100092   V V     V   V   V V   V   V    V    V V   

100096   V V    V    V  V  V   V   V     V  V   V  

100097  V  V   V   V   V   V   V   V    V  V    V  

100098 V   V    V  V     V V   V   V    V  V    V  

100102 V   V     V  V    V V   V   V    V  V    V  

100106  V   V    V  V    V V   V   V     V V    V  

100107 V   V   V     V   V V   V   V     V V    V  

100108   V V    V   V   V  V   V    V  V    V  V   

100114 V   V   V    V    V V   V     V   V  V   V  

100115  V  V    V   V   V  V   V   V    V   V    V 

100118   V  V    V V     V V   V     V   V  V   V  

100119 V    V   V   V    V V   V    V    V   V  V  

100120   V V   V   V     V V   V   V   V   V     V 

100121  V  V   V   V   V   V   V    V   V   V    V 

100122   V V   V   V     V V   V     V V   V     V 

100123 V   V    V   V    V V   V   V     V   V   V 

100126   V V    V   V    V V   V    V   V    V   V 

100129 V   V    V   V   V  V   V   V     V  V  V   

100130  V   V  V   V     V V   V   V     V V    V  

100131 V   V   V   V     V V   V    V  V   V   V   

100133   V  V  V     V V   V   V   V     V V     V 

100134  V  V   V    V    V V   V   V   V   V   V   

100135 V   V   V   V   V   V   V   V    V  V    V  

100137 V   V    V  V     V V   V   V   V   V     V 

100139   V V   V     V V    V   V  V     V V   V   

100141   V V     V  V    V V    V    V  V   V    V 

100142  V   V    V  V    V V   V   V     V V     V 

100144   V V    V   V   V  V   V   V   V    V  V   
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Table 2.2. Effects of drought stress on morphological traits and grain yield components exhibiting highly drought resistance, 

moderately drought resistance, and drought sensitivity in the K/Z RIL population of 198 lines in 2016, 2017, and 

2018 growing seasons (Continued). 

RILs 
Plant Height 

Tiller 

Number 

Biological 

Yield 

Spikelet 

per 

Panicle 

Number 

Filled 

Grain per 

Panicle 

Number 

Panicle 

Length 

Primary 

Panicle 

Branch 

Number 

Hundred 

Grain 

Weight 

Spikelet 

Number 

per Plant 

Filled 

Grain 

Number 

per Plant 

Leaf Rolling 

Score 

H* M* S* H M S H M S H M S H M S H M S H M S H M S H M S H M S 2** 3** 4** 

100145   V V   V     V   V V    V   V    V V     V 

100146   V   V V   V     V V   V   V    V  V    V  

100149   V V    V   V    V V   V   V    V  V   V   

100150   V V   V    V    V  V  V   V     V   V V   

100151 V   V   V    V    V V   V   V    V  V   V   

100153  V  V   V    V    V V   V   V    V    V  V  

100154 V    V  V   V     V V   V     V V   V    V  

100155   V V   V   V     V V    V  V   V   V   V   

100156   V V   V   V     V  V  V     V  V  V   V   

100158   V   V  V  V     V V   V   V     V V   V   

100160   V V   V     V   V  V   V    V   V V    V  

100162   V V   V    V  V   V    V  V   V   V   V   

100163  V  V   V   V   V   V     V V    V  V     V 

100164   V  V  V     V   V   V   V   V   V V    V  

100169   V V    V  V    V  V   V   V   V    V  V   

100170   V V   V     V   V  V   V    V   V   V  V  

100171   V V   V     V   V V    V  V     V V    V  

100172   V V   V     V   V  V    V   V   V  V  V   

100175  V  V   V     V   V V    V    V   V V    V  

100176 V   V   V   V     V   V   V V   V   V     V 

100178   V V     V V     V V   V     V V   V     V 

100179   V  V    V  V    V V    V  V     V V    V  

100180   V V   V     V   V  V   V    V   V   V  V  

100182   V V   V   V     V V   V     V V   V    V  

100185   V V   V   V     V V   V     V V    V   V  

100188   V V   V    V    V V   V   V    V    V V   

100191   V V    V    V   V V    V   V    V V     V 

100193   V V   V     V   V  V   V    V V   V    V  
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Table 2.2. Effects of drought stress on morphological traits and grain yield components exhibiting highly drought resistance, 

moderately drought resistance, and drought sensitivity in the K/Z RIL population of 198 lines in 2016, 2017, and 

2018 growing seasons (Continued). 

RILs 
Plant Height 

Tiller 

Number 

Biological 

Yield 

Spikelet 

per 

Panicle 

Number 

Filled 

Grain per 

Panicle 

Number 

Panicle 

Length 

Primary 

Panicle 

Branch 

Number 

Hundred 

Grain 

Weight 

Spikelet 

Number 

per Plant 

Filled 

Grain 

Number 

per Plant 

Leaf Rolling 

Score 

H* M* S* H M S H M S H M S H M S H M S H M S H M S H M S H M S 2** 3** 4** 

100196     V V     V     V         V V       V       V V     V     V     

100197     V V     V     V         V V       V   V     V       V     V   

100198     V V     V     V     V       V     V   V     V     V       V   

100200     V V     V     V         V V     V       V   V     V       V   

100201     V V     V         V     V   V   V         V     V V       V   

100202   V   V     V       V       V V     V         V     V     V   V   

100203   V     V   V       V       V V       V     V       V V       V   

100208     V V     V     V         V V     V     V     V     V       V   

100209 V       V   V         V     V V         V V         V     V   V   

100210 V     V       V   V         V V     V     V     V     V       V   

100211     V V     V       V       V   V   V         V     V V         V 

100212   V   V       V       V   V   V       V   V         V   V       V 

100213   V   V     V     V         V V     V         V   V       V   V   

100214     V V     V         V     V V       V       V     V     V   V   

100217     V V     V       V       V V     V       V     V       V   V   

100220     V V     V         V     V     V     V     V     V V       V   

100222     V V     V       V       V V     V     V       V   V       V   

100223     V V     V     V         V V     V       V   V     V       V   

100224 V     V       V   V         V V     V         V V     V       V   

100225     V V     V       V       V V       V     V     V       V   V   

100228     V V     V     V         V V     V     V     V     V       V   

100230     V   V     V     V       V V     V     V         V     V   V   

100231     V     V     V V         V V     V         V     V     V   V   

100233   V     V   V     V     V     V       V   V       V   V       V   

100234     V V     V     V         V V     V     V     V       V     V   

100237     V V     V     V         V V     V       V   V         V   V   

100238   V       V V     V         V V     V     V         V     V V     

100239   V   V         V V         V V     V         V   V   V       V   
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Table 2.2. Effects of drought stress on morphological traits and grain yield components exhibiting highly drought resistance, 

moderately drought resistance, and drought sensitivity in the K/Z RIL population of 198 lines in 2016, 2017, and 

2018 growing seasons (Continued). 

RILs 
Plant Height 

Tiller 

Number 

Biological 

Yield 

Spikelet 

per 

Panicle 

Number 

Filled 

Grain per 

Panicle 

Number 

Panicle 

Length 

Primary 

Panicle 

Branch 

Number 

Hundred 

Grain 

Weight 

Spikelet 

Number 

per Plant 

Filled 

Grain 

Number 

per Plant 

Leaf Rolling 

Score 

H* M* S* H M S H M S H M S H M S H M S H M S H M S H M S H M S 2** 3** 4** 

100240   V   V       V     V       V V       V       V V     V       V   

100241     V V     V       V       V V     V         V V         V   V   

100242 V     V       V       V   V   V       V   V       V     V     V   

100245   V   V       V     V     V   V     V       V       V   V     V   

100246   V       V V         V     V     V     V   V       V V       V   

100249     V     V V     V         V V     V         V     V V       V   

100250     V V     V         V     V V     V         V   V   V       V   

100251   V   V     V     V         V V     V       V   V     V     V     

100253   V   V     V     V         V V     V     V     V     V       V   

100254 V     V     V       V       V V     V     V         V V       V   

100255     V V     V       V       V V       V   V         V     V     V 

100256     V V     V     V         V V     V         V   V     V     V   

100259   V   V     V       V       V V     V         V V     V     V     

100263     V V     V       V       V V     V     V         V V       V   

100265     V V       V     V     V     V     V   V       V     V     V   

100266     V   V   V         V     V V       V       V     V V       V   

100272   V     V   V     V         V V     V         V   V   V       V   

100273   V     V     V   V         V V     V         V   V   V       V   

100277   V     V   V         V     V   V     V       V     V V     V     

100280     V V     V     V         V V     V         V V     V         V 

100281     V V       V     V       V V     V         V V       V     V   

100282     V     V     V V         V V     V         V     V     V   V   

100283     V V     V       V       V V     V         V   V   V       V   

100284     V     V V     V         V V     V         V     V V       V   

100285     V V     V         V     V   V   V     V       V       V   V   

100288     V V       V       V     V   V       V     V     V     V   V   

100292     V V     V     V         V V     V     V       V     V     V   

100293     V   V   V         V     V V     V     V         V V       V   
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Table 2.2. Effects of drought stress on morphological traits and grain yield components exhibiting highly drought resistance, 

moderately drought resistance, and drought sensitivity in the K/Z RIL population of 198 lines in 2016, 2017, and 

2018 growing seasons (Continued). 

RILs 
Plant Height 

Tiller 

Number 

Biological 

Yield 

Spikelet 

per 

Panicle 

Number 

Filled 

Grain per 

Panicle 

Number 

Panicle 

Length 

Primary 

Panicle 

Branch 

Number 

Hundred 

Grain 

Weight 

Spikelet 

Number 

per Plant 

Filled 

Grain 

Number 

per Plant 

Leaf Rolling 

Score 

H* M* S* H M S H M S H M S H M S H M S H M S H M S H M S H M S 2** 3** 4** 

100295     V     V   V       V   V   V     V         V     V   V     V   

100298     V V     V       V       V   V   V     V     V     V       V   

100299     V V     V       V       V V     V         V   V   V       V   

100300     V V     V       V       V V     V       V       V   V     V   

100302   V   V     V       V       V V     V     V     V     V       V   

100303     V V     V     V         V V     V         V V     V       V   

100308 V       V   V         V     V V     V     V         V V       V   

100310   V     V   V         V V     V     V     V         V V       V   

100311   V   V     V       V       V   V     V   V       V     V     V   

100313     V     V V     V         V V     V         V     V V       V   

100315     V     V   V       V     V   V       V     V     V   V     V   

100319     V V       V     V       V V     V         V     V V       V   

100321     V V     V     V     V     V     V     V     V     V       V   

100322     V V     V       V       V V     V         V   V       V   V   

100323     V V     V       V       V V     V         V   V   V       V   

100324     V     V   V     V       V V       V       V     V   V     V   

100325     V V     V         V     V     V     V     V     V V       V   

100327     V   V   V       V       V V     V         V     V V       V   

100328     V V     V         V     V   V     V       V   V   V       V   

100329     V V     V       V       V V     V         V   V   V         V 

100330     V   V   V       V   V     V       V   V         V V       V   

100333     V V     V       V       V V     V     V     V     V         V 

100334   V   V       V       V   V     V       V V         V   V     V   

100335   V       V V         V     V   V       V V         V     V   V   

100336     V V     V         V     V V     V         V V     V     V     

100337     V V     V       V   V     V     V         V   V   V         V 

100338     V     V V     V         V   V   V         V     V V       V   

100339     V V     V     V         V V     V     V     V         V   V   
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Table 2.2. Effects of drought stress on morphological traits and grain yield components exhibiting highly drought resistance, 

moderately drought resistance, and drought sensitivity in the K/Z RIL population of 198 lines in 2016, 2017, and 

2018 growing seasons (Continued). 

RILs 
Plant Height 

Tiller 

Number 

Biological 

Yield 

Spikelet 

per 

Panicle 

Number 

Filled 

Grain per 

Panicle 

Number 

Panicle 

Length 

Primary 

Panicle 

Branch 

Number 

Hundred 

Grain 

Weight 

Spikelet 

Number 

per Plant 

Filled 

Grain 

Number 

per Plant 

Leaf Rolling 

Score 

H* M* S* H M S H M S H M S H M S H M S H M S H M S H M S H M S 2** 3** 4** 

100340   V V   V    V    V V   V   V     V V    V  

100341   V V     V   V   V V     V   V  V  V    V  

100342   V V   V     V   V V    V    V   V V   V   

100344   V  V  V   V     V V   V     V V    V   V  

100345   V   V V    V    V  V  V   V     V   V   V 

100348   V V    V  V     V V   V   V   V     V  V  

100351  V  V    V   V   V  V   V     V  V   V   V  

100352   V   V V   V     V V   V    V   V  V    V  

(*) H = Highly drought resistant lines (0-29% reduction), M = Moderately drought resistant lines (30-49% reduction), S = Drought 

sensitive lines (≥50% reduction) 

(**) 2 = Score 2.0 - 2.9, 3 = Score 3.0 - 3.9, 4 = Score 4.0 - 4.9 
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Table 2.3. Percentage of the K/Z RIL population exhibiting highly drought resistance, 

moderately drought resistance, and drought sensitivity of 198 lines in 2016, 

2017, and 2018 growing seasons.  

Drought Resistant 

Category 

Percentage Highly 

drought resistant 

lines 

(0-29% reduction) 

Percentage 

Moderately 

drought resistant 

lines 

(30-49% reduction) 

Percentage 

Drought sensitive 

lines 

(≥50% reduction) 

Plant height 19.7 23.7 56.6 

Tiller number 72.2 16.6 11.1 

Biological yield 67.7 24.7 7.6 

Spikelet per panicle 

number 
39.9 35.3 24.7 

Filled grain per panicle 

number 
13.13 11.11 75.75 

Panicle length 84.3 13.1 2.5 

Primary panicle branch 

number 
72.7 20.2 7.1 

Hundred grain weight 54.04 11.11 34.84 

Spikelet number per 

plant 
27.8 28.8 43.4 

Filled grain number per 

plant 
14.2 12.5 73.3 

 

 

 



 

113 

 

 

 

 

 

 

 

 

 

CHAPTER 3. PHYSIOLOGICAL RESPONSE OF THE K/Z RIL RICE POPULATION 

TO ABSCISIC ACID TREATMENTS  
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Abstract 

Rice is a major source of food for more than half the world’s population, with almost 

90% of total rice in the world produced and consumed by Asian countries. Drought due to water 

shortage in soil causes osmotic stress and is one of the major constraints to extending rice 

production. Polyethylene glycol (PEG) induces osmotic stress on rice plants, which simulates 

some aspects of the drought stress conditions. The plant hormone abscisic acid (ABA) plays an 

important role in signaling responses to environmental stress, including drought. Under reduced 

water conditions, ABA triggers stomatal closure in order to lessen transpiration and enhance 

water conservation leading to drought resistance (Lim et al., 2015). Roots can be screened for 

their sensitivity to ABA, which reflects their stress response (Park et al., 2016), where ABA 

hypersensitive lines show induction of stomatal closure by exposure to ABA (e.g. 3 µM). The 

objective is to evaluate the ABA response of the K/Z RIL population on root architectural traits 

in relation to drought stress resistance. The ‘K/Z’ RIL population of 198 lines, derived from 

varieties Kaybonnet (Drought Resistant) and ZHE733 (Drought Sensitive), were used for 

molecular genetic analysis of the drought response pathways. This K/Z RIL population was 

screened for drought stress in the field under drought stress (DS) and well-watered (WW) 

conditions, on PEG media (0 MPa, -0.5 MPa, and -1.2 MPa), and for ABA sensitivity (0 µM, 3 

µM, and 5 µM). The effect of drought stress in the field was quantified by calculating the filled 

grains per panicle number (FG). Drought stress effect in PEG media and ABA sensitivity were 

quantified by measuring root architectural traits: root length (RL), root to shoot ratio (RSR), total 

root number (TRN), number of roots with a shallow angle (SRN), number of roots with a deep 

angle (DRN), and root fresh weight (RFW). Kaybonnet and 48 drought resistant lines examined 

under control conditions display more FG, longer RL, higher RSR, more DRN, and heavier RFW 



 

115 

compared to ZHE733 and 150 drought sensitive lines. Under exogeneous ABA treatment in root 

media, Kaybonnet and 48 drought resistant lines exhibited an ABA-sensitive phenotype. In the 

presence of ABA; the RL, RSR, TRN, SRN, DRN, and RFW were significantly reduced, 

implying that Kaybonnet and the 48 drought resistant lines regulate osmotic stress tolerance via 

ABA-mediated cell signaling. This study provides the necessary genetic information and 

phenotype details that can be used to develop drought resistant rice plants from the populations 

studied
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Introduction 

Rice (Oryza sativa L.) is the primary dietary staple food for most of the population in the 

world that provides 20% calories and 15% protein of the human diet (IRRI, 2002). This crop is 

an annual plant and belongs to the family Poaceae and genus Oryza, and species sativa which is 

further classified into two major subspecies, indica and japonica. Rice is cultivated in a wide 

range of latitude from 53o North to 40o South (Mae et al., 1997). In 2018, the world-wide rice 

production was 782 million tons (FAOSTAT, 2020), Asia producing and consuming about 92% 

of the world’s rice, with China, India, and Indonesia producing and consuming the most (FAO, 

2001). U.S. is the third largest exporter of rice after Thailand and Vietnam, and produces about 

1.5% of the world’s rice crop, and Arkansas the largest rice-producer, accounting for more than 

40% of U.S. rice production of long and medium grain varieties (Quick Stats, 2016). According 

to Chopra and Prakash (2002), based on the acreages of the irrigation systems, most of the rice 

world-wide (57%) is growing under flooded irrigation, 25% on rainfed lowland, 10% on the 

uplands, 6% in deep-water, and 2% in tidal wetlands, with drought being a major constraint in 

rice production. The rice plant uses 30% of the world’s freshwater resources world-wide, using 

2-3 times more water than the other crops. However, drought threat is increased due to the 

increasing demands of water for urban and industrial uses (Venuprasad et al., 2008). At present, 

the world-wide’s rice production needs to be increased 40% to feed the world population by 

2025 (FAOSTAT, 2002).   

Drought conditions reduce the rice yields by more than 30%, that is equivalent to a loss 

of US$ 800 million annually. Carlos et al. (2008) reported that the water deficit conditions also 

decrease the grain quality. The reduction of grain yield under drought conditions depends on the 

growth stage of the rice plants, with the most sensitive being the reproductive stage, due to 

drought induced pollen sterility and decrease in photosynthetic rate, resulting in the reduction of 
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the filled grain per panicle number and the grain weight (O’Toole, 1982). Photosynthetic rate 

reduction under drought conditions is influenced by stomatal and non-stomatal factors (Flexas 

and Medrano, 2002). Previous studies indicate that drought stress causes stomatal closure, which 

subsequently decreases the transpiration rate and carbon dioxide uptake (de Souza et al., 2013).    

Rice plants are mostly grown in flooded areas under anaerobic soil conditions. However, 

root cells still need oxygen for growing, by developing aerenchyma in the roots and shoot in 

order to diffuse oxygen from the photosynthetic tissue to the roots and also into the rhizosphere 

(Ando et al., 1983). Roots are also the first plant organ in contact with water stress in the soil, 

responsible to absorb water and nutrients (Comas et al., 2013), and consequently are important in 

drought adaptation of the rice plants (Baldoni et al., 2015). Under drought stress conditions, most 

of the rice genotypes reduce their root growth. Gornall et al. (2010) suggested that semi-dwarf 

rice varieties showed sensitivity to drought stress conditions due to their shallow rooting system.  

Levitt (1980) proposed that root system architecture is one of the primary factors of 

drought resistance mechanisms, especially in the drought avoidance category. Moreover, rice 

plants with a deeper and thicker root system help to avoid drought by their ability to penetrate 

better the hard soil pans under drought stress conditions, in order to absorb water and nutrients in 

the deeper layers of the soil (Babu et al., 2001; Comas et al., 2013; Smith and De Smet, 2012; 

Rich and Watt, 2013; Uga et al., 2013). Kitomi et al. (2015) proposed that genetic manipulation 

of the root system is important for increasing drought avoidance ability in rice plants. A 

quantitative trait locus (QTL) for depth and root angle, namely dro-1 was mapped by Uga et al. 

(2013). Root architectural traits that are significantly important in drought avoidance 

mechanisms are root length, root angle, root diameter, number of crown roots, and lateral root 

density. Under drought conditions, a deeper and larger root system helps the rice plants to absorb 
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water from greater depths in the soil profile. Root diameter plays an important role in exploring 

water in a compact hard soil under drought conditions (Pagès et al., 2010). A steeper root angle 

allows the rice plants to take up water and nutrients from deeper in the soil under drought 

conditions. Crown roots are correlated with lodging resistance and increased surface area to take 

up water. Under water deficit conditions, a greater number of lateral roots will be able to absorb 

more water. In addition, root system architecture is an important character for screening drought 

resistant rice lines or genotypes. Amongst rice genotypes that exhibit different root system 

architecture, can also be found genetic variation for their response to drought.  

Drought avoidance mechanisms allow several rice genotypes with deeper and larger root 

systems to survive under water deficit conditions. Upland rice having root system architecture 

with larger, thicker, and more lateral roots showed high water uptake capacity and performed 

better than lowland or flooded rice under water deficit (Ingram et al., 1994; Nguyen et al., 1997). 

Lowland rice varieties have shorter roots of about 5-10 cm due to their adaptation to growth 

under flooded conditions. Development of lowland rice varieties with deeper root systems, 

similar to the roots of the upland rice varieties, are needed to stabilize yield under unstable 

rainfall environments. Roots take up water and nutrients from the soils, and are an essential 

organ for optimal growth and development of plants. Root growth and development are therefore 

influenced by genetic and environmental factors (Fageria and Moreira, 2011; Fageria, 2013).  

Under drought conditions, the root system architecture influences the rice plant function. 

For example, under mild drought conditions, the root growth is maintained, but shoot growth is 

reduced. Additionally, Fageria (2013) indicated that root growth and development exhibited a 

positive correlation with grain yield. Moreover, the high level and stability of grain yield under 

drought conditions is influenced by a well-developed root system, such as longer and thicker 
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roots. These longer and thicker roots contain more xylem vessels, and show high penetration 

ability to take up water and nutrients from the soil to the shoots (Nguyen et al., 1997; Clark et al., 

2008). According to Lynch (2013) and Uga et al. (2013), the rooting depth is influenced by 

several components including total area of the root cross-section, stele area, cortex, the number 

of aerenchyma, cortical-cells, and xylem vessels. The stele area consisting of xylem and phloem 

vessels, determines the ability of the roots to retain water in the vascular tissues, due to the 

xylem which is responsible for water and nutrient transportation from the root to the shoot 

(Kondo et al., 2000; Fukai & Cooper, 1995). However, rice has limited water absorption below 

60 cm. A number of previous studies characterized many root system traits that influenced 

drought resistance mechanisms (Fageria and Moreira, 2011; Feng et al., 2012). Eghball and 

Maranville (1993) identified that drought conditions affected the root structure by reduction in 

the root length and development of more lateral roots. Zhang et al. (2018) also stated that under 

drought conditions, the lateral roots of rice have more development. Several studies also reported 

that under drought conditions, some rice genotypes show a drought avoidance mechanism of 

developing deeper and thicker root systems with more branches and higher root to shoot ratio 

(Samson et al., 2002; Wang and Yamauchi, 2006; Gowda et al., 2011). Therefore, an 

understanding of the root physiology under drought conditions is important to develop drought 

resistant rice varieties.   

Under drought conditions, roots deliver chemical signals to the shoot by producing 

Abscisic acid (ABA), cytokinin, malate, and other solutes (Schachtman & Goodger, 2008). 

These chemical signals, particularly ABA, mediate stomatal closure and transpiration (Dry et al., 

1999). Drought in the soil causes osmotic stress to plants, followed by two pathways leading to 

stress adaptation of the plants; the ABA-dependent & ABA-independent pathways. ABA is a 
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plant hormone that is important in the response to environmental stresses, including drought. 

Under drought conditions, the endogenous content of ABA in rice plants increases, 

demonstrating the involvement of ABA in the drought resistance mechanisms (Hamayun et al., 

2010). Besides ABA, other phytohormones that respond to the drought conditions are jasmonic 

acid, salicylic acid, gibberellins, auxins, and cytokinins, but their roles are somewhat less clear 

(Narusaka et al., 2003). A number of previous studies identified that ABA is an important 

component in the drought tolerance strategy by regulating stomatal closure (Ahmad et al., 2014), 

improving antioxidant enzymes (Latif, 2014; Li et al., 2014), increasing carbon metabolism and 

protein transport (Wang et al., 2007; Ye et al., 2011; Kumar et al., 2013). Under reduced water 

conditions, ABA triggers stomatal closure in order to lessen transpiration and enhance drought 

resistance (Lim et al., 2015). Teng et al. (2014) reported that application of exogenous ABA in 

the drought conditions increases the recovery of stomatal conductance, transpiration rate, and 

finally photosynthetic activity by inducing the expression of drought responsive genes. One of 

the drought responsive genes that is induced by ABA is PYR/PYL/RCARs (pyrabactin 

resistance/PYR1-LIKE/ regulatory components of ABA receptors) (Park et al., 2009) which is 

important in the regulation of SnRK2 kinase (sucrose nonfermenting1-related protein kinase 2) 

activity (Gonzalez-Guzman et al., 2012). This SnRK2 controlled stomatal closure is done by 

regulating the guard cell movement (Kim et al., 2010). According to Park et al. (2016), roots can 

be screened for sensitivity to ABA, distiguishing the stress response phenotypes. Furthermore, 

ABA sensitivity of roots can be an indicator of drought stress resistance in the rice plants.  

Polyethylene glycol (PEG) induces rice osmotic stress which can simulate drought stress 

conditions in the culture medium (Handa et al., 1982; Bhasakaran et al., 1985; Newton et al., 

1986; Newton et al., 1989; Dodd and Donovan, 1999; Sidari et al., 2008). Additionally, PEG is a 
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polyether compound, non-ionic, non-plasmolysing, water-soluble polymer, with structure H-(O-

CH2-CH2)n-OH, and has different molecular weights that show different viscosity because of the 

chain length effects (Kahovec et al., 2002). Generally, PEG has high molecular weights such as 

PEG 6000 and PEG 8000. These characteristics make PEG become one of the most useful 

molecules to create osmotic pressure that simulates drought conditions in biochemical-based 

experiments. A number of previous studies used PEG to simulate drought stress conditions in 

several crops such as rice (Agrawal et al., 2016; Xiong et al., 2014; Teng et al., 2014; Kano et 

al., 2011; Basu et al., 2010; Shehab et al., 2010; Sato & Yokoya, 2008; Pandey et al., 2004; Al-

Bahrany et al., 2002), soybean (Hamayun et al., 2010), wheat (Pei et al., 2010), corn 

(Khodarahmpour et al., 2011), sorghum (Tsago et al., 2014), sugarcane (Patade et al., 2009), 

chickpea (Saglam et al., 2014), pigeonpea (Kumar et al., 2011), common bean (Büyük et al., 

2017), ground nut (Venkateswarlu & Ramesh, 1993), Brassica species (Alam et al., 2014), and 

Stevia rebaudiana (Hajihashemi et al., 2016). Drought stress conditions induced by PEG 

influence serious physiological, biochemical, and molecular changes in the plants. 

Khodarahmpour et al. (2011) characterized that PEG stress reduced root length (60%) and shoot 

length (89.8%). In addition, Pei et al. (2010) indicated that PEG stress decreased yield, 

chlorophyll content, and leaf water potential. 

PEG in the culture media induced dehydration by decrease in the water potential gradient 

between the plant cells and the culture media, declining moisture content, and leading to the 

reduction in turgidity of plant cells (Heyser & Nabors, 1981). Additionally, under drought stress 

conditions induced by PEG in the culture media, plant cells accumulate several solutes including 

hydrogen peroxide (H2O2), malondialdehyde (MDA), and proline (Ushimaru et al., 1994; Al-

Bahrany et al., 2002; Porcel and Ruiz-Lozano, 2004; Niedzwiedz-Siegien et al., 2004; Pei et al., 
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2010; Khodarahmpour et al., 2011). According to Gigon et al. (2004), drought stress induced 

membrane lipid peroxidation that impairs cell membrane stability. This cell membrane stability 

is one of the indicators of drought stress resistance, with higher cell membrane stability 

associated with drought stress resistance. Furthermore, MDA is used to estimate membrane 

damage because this solute is derived from polyunsaturated fatty acids produced from the 

decomposition of membranes (Jiang and Zhang, 2001). The accumulation of proline is a 

symptom of stress due to drought conditions (Pei et al., 2010). In PEG stress, plants cells also 

show a defence mechanism by accumulating antioxidant enzymes including superoxide 

dismutase (SOD), catalase (CAT), and peroxidases like ascorbate peroxidase (APX) to deal with 

free radicals (Ouvrard et al., 1996). On the other hand, under PEG stress, glutathione and soluble 

sugar concentration in the leaves are decreased. Thus, alteration of the concentration of these 

solutes under drought conditions can be used as a biochemical markers to select drought-resistant 

rice genotypes.  

In rice improvement programs under drought stress conditions, deep rooting is a primary 

target trait (Gowda et al., 2011). Previous study reported that Japanese National Institute for 

Agrobiological Sciences developed a drought-resistant rice variety that has a deeper root system 

that improves its ability to absorb water and nutrients from deeper layers of soil (Palmer, 2013). 

This drought-resistant rice variety was developed by inserting the deeper rooting-1 (dro-1) gene 

from a deep-rooting upland rice variety, Kinandang Patong, into a drought-prone but popular 

commercial rice variety, IR64. The resulting rice variety has more than twice as deep roots as the 

wild-type IR64. The dro-1 gene only alters the angle of the root growth, and does not increase 

the overall root density, consequently the excessive investment in more root mass is avoided in 

the dro-1 lines. Under moderate drought conditions, this variety showed 10% grain reduction, 
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compared to the 60% reduction of wild-type IR64. In addition, under severe drought, wild-type 

IR64 totally failed to produce grain yield, but this modified variety only exhibited 30% yield 

reduction compared to the wild-type IR64 growing under control conditions.      

The objective of this research is to evaluate the ABA response of the K/Z RIL population 

on root architectural traits in relation to drought stress resistance. This research is part of the 

genetic improvement in drought resistance for rice.
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Materials and Methods 

Plant Material 

The RIL population derived from varieties Kaybonnet (drought resistant) and ZHE733 

(drought sensitive), termed K/Z RILs, of 198 lines (Table 3.1.) were made available from the 

USDA Dale Bumpers National Rice Research Center, Stuttgart, Arkansas, USA. 

Drought Stress Treatment in the Field 

The K/Z RIL population seeds of 198 lines and two parents (Kaybonnet and ZHE733) 

were germinated and grown in the greenhouse under controlled conditions (28 - 30oC day and 22 

- 23oC night, 14h light/10h dark cycle, with average light intensity 580 µmol m-2s-1 and 65% 

relative humidity) with sterilized field soil for 20 days (until V3 stage) and uniform plants were 

selected and transplanted to the field, divided into 6 batches (7-day intervals) based on their 

heading day data from USDA, to synchronize drought treatment at reproductive stage. Thus, the 

latest heading day lines were seeded and transplanted early and the earliest heading day lines 

seeded last. 

This RIL population was evaluated in the field at Fayetteville, AR, USA over three 

growing seasons (May-November) in 2016, 2017, and 2018. The population was grown in a 

randomized complete block design with five replications and two treatments, well-watered 

(WW) and drought stress (DS) conditions, in single-row plots of 5 m length with a spacing of 0.3 

m between plants. Blocks represent a random effect and treatments (WW and DS) represent a 

fixed effect. The rice plants were planted in a control plot with normal irrigation (WW 

conditions) and a drought plot for stress treatment. In this stage, rice plants were in the vegetative 

stage where all plants were maintained with the normal irrigation for at least 30 days. Then, DS 

treatment was given at the reproductive stage (R3). DS conditions were monitored with three 

tensiometers that were installed at three spots in the DS plot just after draining, the first was in 
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the beginning of the plot, the second in the middle, and the third at the end of the plot. The DS 

condition was maintained continuously up to -70 kPa (severe stress). Once the soil tension 

reduced to -70 kPa at 30 cm soil depth, life-saving irrigation was provided thereafter through 

flash flooding in the DS plot and water was drained after 24h to impose the next cycle of DS till 

maturity. Moreover, to fertilize the field (WW and DS plots), Urea was applied in three 

applications at the rate of 20 g per square meter. The first application after 10 days of 

transplanting, the second at maximum tillering stage, and the third at panicle initiation. The 

weeds were controlled by manual removal. The effect of drought stress was quantified by 

calculating the filled grains per panicle number (FG) with five replications (plants) per line. 

Drought Stress Treatment in PEG Media and Screening for ABA Sensitivity 

Seed Sterilization 

Seeds were washed with 70% ethanol for 60 seconds then rinsed 3 times with sterilized 

water, washed with 30% bleach solution (60 ml bleach + 1 ml 20% SDS + 139 ml sterilized 

water) for 45 minutes and rinsed two times with sterilized water.  

Germination 

Sterilized seeds (S0 stage) were germinated in 2 ml tubes containing germination media 

(Chu’s N-6 Basal Salts with Vitamins, Macronutrients, Micronutrients) (Figure 3.1.A) until S3 

stage (Figure 3.1.B) in the growth chamber (maintained at temperature: 28/22oC day/night, light 

intensity: 600umol/m2/s, relative humidity: 60%). 

Drought Stress Treatment in PEG Media for the Parents 

 PEG induces rice osmotic stress which can simulate drought stress conditions in the 

culture medium. The experiment of drought stress treatment for PEG stress media was setup for 

hydroponic treatment. The S3 stage of Kaybonnet and ZHE733 plants were transplanted into the 
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PEG media treatment set up for different osmotic potentials: 0 MPa (control), -0.5 MPa 

(moderate drought), and -1.2 MPa (severe drought) induced by polyethylene glycol (PEG 8000) 

and grown in the growth chamber (temperature: 28/22oC day/night, light intensity: 

600umol/m2/s, relative humidity: 60%) until V3 stage (Figure 3.1.C.). The effect of drought 

stress was quantified by measuring the root architectural traits (Figure 3.1.D): maximum root 

length (RL), root to shoot ratio (RSR), total root number (TRN), number of roots with a shallow 

angle (0-45o) (SRN), number of roots with a deep angle (45-90o) (DRN), and root fresh weight 

(RFW) with five replications per line. 

Screening for ABA Sensitivity of K/Z RIL Population  

 The experiment of screening ABA sensitivity in the K/Z RIL population setup in 

hydroponic treatment. S3 stage of Kaybonnet, ZHE733, and 198 lines were transplanted into 

ABA media at different concentration levels: 0 µM (control), 3 µM, and 5 µM; and then grown 

in the growth chamber (temperature: 28/22oC day/night, light intensity: 600umol/m2/s, relative 

humidity: 60%) until V3 stage. The effect of ABA sensitivity was quantified by measuring the 

root architectural traits (Figure 3.1.D): maximum root length (RL), root to shoot ratio (RSR), 

total root number (TRN), number of roots with a shallow angle (0-45o) (SRN), number of roots 

with a deep angle (45-90o) (DRN), and root fresh weight (RFW) with five replications per line.       

Statistical Analysis 

The data of drought stress treatments in the field, from growing seasons of three years 

(2016, 2017, and 2018) for 198 lines and 2 parents, both under WW and DS conditions for filled 

grain per panicle number, were analysed by analysis of variance (ANOVA) using JMP version 

12.0. The effect of rice lines, treatments (PEG and ABA); and interaction of rice lines and 

treatments were included in the statistical model. The Fisher’s LSD test was performed to
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compare the means of the two treatments (PEG and ABA) among all of the rice lines in the K/Z 

RIL population for significant effects (Fisher’s LSD, P < 0.05) using JMP version 12. The 

correlation analysis was achieved by using JMP version 12.0 to correlate root architectural traits 

under ABA and filled grain per panicle under WW and DS conditions of the K/Z RIL 

population.
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Results and Discussion 

Root growth and development vary among the rice genotypes studied here. Greub (2015) 

identified that the root length of Kaybonnet showed the longest root compared to most other 

diverse rice genotypes, such as Bengal, Sipirasikkam (GSOR 310428), O. glaberrima, IR64, 

Nagina-22 (N22), and Vandana (Figure 3.2.). Root length is probably the most important 

architectural trait for drought avoidance, by enabling the roots to reach deeper water levels in the 

ground. Additionally, Greub (2015) also determined that Kaybonnet had larger xylem area than 

Bengal, O. glaberrima, IR64, Nagina-22 (N22), Vandana, and parental line ZHE733 (Figure 3.3. 

and 3.4.). The number and size of the xylem vessels are associated with their conductivity of 

water; a larger xylem size is correlated with larger axial conductance and increased water uptake. 

Among these lines, Bengal and Nagina-22 (N22) are examples of drought-resistant rice 

genotypes, while IR64 and Nippobare as the reference for drought-sensitive genotypes. 

Drought stress is one of the major abiotic stress factors that causes significant reduction 

in growth, development, and grain yield production, due to this stress changing morphological, 

physiological, and molecular characteristics of the rice plants. In this research, drought resistance 

responses phenotypes were quantified by the filled grain per panicle number under field DS 

conditions (Figure 3.6.), and response phenotypes under PEG media for RL (Figure 3.5.A., 

3.5.B., & 3.7.), RSR (Figure 3.8.), TRN (Figure 3.9.), SRN (Figure 3.10.), DRN (Figure 3.11.), 

and RFW (Figure 3.12.). The phenotypic differences between Kaybonnet (drought resistant), 

ZHE733 (drought sensitive), and 198 lines of K/Z RIL population (48 drought resistant and 150 

drought sensitive lines) (Table 3.1.), lead us to investigate the ABA sensitivity by measuring root 

architectural traits. These response traits may be the most significant factors characterizing the 

drought avoidance mechanisms. 
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ABA can be obtained from endogenous or exogenous sources. Knowledge of the roles of 

ABA in the drought resistance mechanism has been gained from experiments with endogenous 

or exogenous ABA sources. Drought stress regulates endogenous ABA biosynthesis by up-

regulating ABA biosynthetic genes that include ZEP, NCED, AtAAO3, MCSU, and AtSDR1 (Seo 

et al., 2000; Iuchi et al., 2001; Xiong et al., 2002). The higher concentration of endogenous ABA 

is induced primarily from increased ABA biosynthesis. Under drought stress treatment, 

endogenous ABA concentration in the roots increase. Moreover, drought resistant rice plants 

produce more ABA than drought sensitive plants. However, under non-stress conditions, a high 

content of exogenous ABA reduces the plant growth of the drought resistant rice plants due to 

ABA sensitivity. Under drought stress conditions, a higher level of exogenous ABA is useful for 

plants due to the role of ABA in inducing stomatal closure to minimize water loss by limiting 

transpiration. Additionally, ABA decreases stress damage in the plant cells through the 

expression of stress-responsive genes. In ABA sensitive rice plants, exogenous ABA increases 

the expression of the ABA biosynthetic genes. Thereby, ABA is involved in drought resistance 

protective mechanisms (Hasegawa et al., 2000; Bray, 2002; Finkelstein et al., 2002).  

In this study, Kaybonnet and 48 drought resistant lines of the K/Z RIL population grown 

under control conditions in the culture media, display longer RL (Figure 3.13.), higher RSR 

(Figure 3.14.), more DRN (Figure 3.17.), and heavier RFW (Figure 3.18.) compared to ZHE733 

and 150 drought sensitive lines. Moreover, the RL, RSR, DRN, and RFW phenotypes in the 

control culture media have a positive correlation to FG under DS conditions in the field (Figure 

3.19.). This is because of the deeper, thicker, and larger root system that also re-allocate 

assimilates from shoot to root under the DS conditions. According to Park et al. (2009), the 

increase of RSR under DS conditions is correlated with the increasing of leaf sucrose-phosphate 
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synthase and root invertase activity that influence the availability of the sucrose in leaves and 

transport them to the roots, thus producing more dry matter and soluble sugar in roots. In 

addition, RL shows a positive correlation with RFW (Figure 3.19.) that probably relate to higher 

absorption of water and nutrients. In a previous study also drought resistant rice genotypes 

Swarnaprabha and Kattamodan displayed a positive correlation with the root and shoot length 

under DS conditions (Swapna and Shylaraj, 2017). Kano et al. (2011) also indicated that root 

length of Nipponbare displayed a positive correlation with shoot dry matter that leads to higher 

root distribution in the soil under DS conditions.  

Drought treatment in the soil causes osmotic stress to plants, in response to which there 

are two pathways for stress adaptation: the ABA-dependent & ABA-independent pathways. 

ABA-mediated cell signaling acts as a mechanism for osmotic stress tolerance. The ABA-

dependent pathway of cellular defense under osmotic stress, influences the water use efficiency 

of the plant by reducing transpiration and growth (Lim et al., 2015). In exogeneous ABA 

treatments of 3 and 5 µM, Kaybonnet and the 48 drought resistant lines exhibited an ABA-

sensitive phenotype. In the presence of exogenous ABA; the responses of RL (Figure 3.13.), 

RSR (Figure 3.14.), TRN (Figure 3.15.), SRN (Figure 3.16.), DRN (Figure 3.17.), and RFW 

(Figure 3.18.) were significantly reduced during the V3 stage. Lim et al. (2015) indicated that 

exogenous ABA repressed the expression of the genes associated with growth in the ABA 

sensitive plants. Additionally, these Kaybonnet and 48 drought resistant lines exhibited drought 

resistance at the R3 stage (Figure 3.6.) by showing higher filled grain per panicle number, 

implying that Kaybonnet and 48 drought resistant lines regulate osmotic stress tolerance via 

ABA-mediated cell signaling. Drought resistance response at the reproductive stage in the field 

is characterized by a higher number of filled grain per panicle, and better root architectural traits 
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under PEG treatment; as a consequence of ABA sensitivity. The bZIP transcription factors have 

been shown to control ABA sensitivity and drought stress resistance in rice plants (Park et al., 

2016). In drought resistant genotypes, exogenous ABA significantly enhanced the expression of 

ABA biosynthetic genes. Furthermore, ABA sensitivity is associated with drought stress 

resistance through its effect on the stomatal movement (Lim et al., 2015; Duan et al., 2008; 

Todorov et al., 1998). According to Park et al. (2016), the drought resistant plants that showed 

ABA sensitivity were characterized by higher leaf temperature, smaller apertures of stomata that 

associated with transpiration activity, and showed resistance to drought by limiting water loss by 

osmotic adjustment, and increased reactive oxygen species to protect the plant cells from 

oxidative damage. A large number of genes associated with the defense response to osmotic 

stress are regulated by ABA. Lim et al. (2015) showed that the rice plants that grew in media 

with 2 or 5 µM ABA had significantly longer roots and shoots compared to the plants grown in 

control media. These data suggested that the rice plants were insensitive to ABA and exhibited 

the ABA-dependent pathway in response to drought stress. 

In general, under DS conditions, the level of endogenous ABA in plant cells increases. 

ABA transport in a diffusive process due to its permeable property at the cell membrane. When 

rice plants are treated with exogenous ABA (3 and 5 µM) on their roots, an increase in ABA 

content of leaves can be detected quickly, indicating an efficient transport system for ABA in 

plants. Furthermore, ABA regulates a large number of genes correlated with drought resistance 

mechanisms. ABA induces the expression of stress-resistance genes, including NCED3, KIN2, 

COR15A, and RD29B (Park et al., 2016). However, exogenous ABA repressed the expression of 

the genes associated with growth in ABA sensitive plants. Under DS treatment (Zhao et al., 

2001), reactive oxygen species and nitric oxide induced ABA biosynthesis, with reactive oxygen 



 

132 

species and nitric oxide accumulating after 20 minutes of treatment, while ABA increased after 

60 minutes. Thus, ABA prevents plants from stress damage at a later stage and increases plant 

stress resistance by regulating stomatal closure (Figure 3.20.).  

According to the physiological response of Kaybonnet and ZHE733 to ABA and PEG 

treatments, Kaybonnet exhibited ABA sensitivity that induced stomatal closure under DS 

conditions, then maintain photosynthesis and water use efficiency, and Kaybonnet also 

performed PEG insensitive that influenced increasing of the root length, and finally maintain the 

filled grain per panicle under drought. Meanwhile, ZHE733 showed ABA insensitivity and under 

DS conditions the stomata remain open, then showing reduction in photosynthesis and water use 

efficiency, and in the PEG treatment, ZHE733 exhibited PEG sensitive that influenced the 

reduction of root length, thus reduce the filled grain under drought. Therefore, Kaybonnet 

showed drought avoidance mechanisms, while ZHE733 identified as drought sensitive (Figure 

3.20).   
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Conclusions 

The rice genotype Kaybonnet and 48 RILs out of the population of 198 RILs exhibit 

drought resistance with an ABA-sensitive phenotype during seedling and vegetative growth 

stage, implying that these genotypes regulates osmotic stress tolerance via ABA-mediated cell 

signaling. In the presence of exogenous ABA, the root architectural traits of these drought 

resistant rice plants such as RL, RSR, TRN, SRN, DRN, and RFW were significantly reduced 

during the V3 stage. Additionally, these Kaybonnet and 48 drought resistant lines exhibited 

drought resistance at the R3 stage showing higher number of filled grain per panicle. This study 

identifies drought resistance RILs along with physiological response to ABA that can be used to 

develop drought-resistant rice plants. 
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 Figures 

Figure 3.1. Germination media (A), S3 stage of rice (B), V3 stage of rice (C), root 

architecture measurement (D).   

Figure 3.2. Root length of diverse rice genotypes (Greub, 2015).
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Figure 3.3. Xylem area of diverse rice genotypes (Greub, 2015). 

 

  
Figure 3.4. Root architecture and anatomy of Kaybonnet and ZHE733 (Greub, 2015)
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Figure 3.5. Differences in root length of the K/Z RIL population parent lines Kaybonnet 

and ZHE733 in response to PEG and ABA, (A) Kaybonnet as PEG resistant, 

(B) ZHE733 as PEG sensitive, (C) Kaybonnet as ABA sensitive, (D) ZHE733 as 

ABA insensitive plant. 
 

 

 

 

Figure 3.6. Response of the K/Z RIL population to drought stress in the field. Different 

letters indicate significant difference between WW and DS (P < 0.05; ANOVA 

followed by Fisher’s LSD test). 

0

10

20

30

40

50

60

70

Kaybonnet ZHE733 Drought Resistant

Pooled Lines

Drought Sensitive

Pooled Lines

F
il

le
d

 g
ra

in
 p

er
 p

a
n

ic
le

 n
u

m
b

er WW

DS

a 

b 

a 

b 

a 

a 

a 

b 



 

145 

 
Figure 3.7. Maximum root length in parental genotypes of the K/Z RIL population 

(Kaybonnet and ZHE733) treated with PEG 0 MPa, -0.5 MPa, and -1.2 MPa. 

Different letters indicate significant difference between PEG 0 MPa, -0.5 MPa, -

1.2 MPa (P < 0.05; ANOVA followed by Fisher’s LSD test).    

 
Figure 3.8. Root to shoot ratio in parental genotypes of the K/Z RIL population 

(Kaybonnet and ZHE733) treated with PEG 0 MPa, -0.5 MPa, and -1.2 MPa. 

Different letters indicate significant difference between PEG 0 MPa, -0.5 MPa, -

1.2 MPa (P < 0.05; ANOVA followed by Fisher’s LSD test).   
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Figure 3.9. Total root number in parental genotypes of the K/Z RIL population (Kaybonnet and 

ZHE733) treated with PEG 0 MPa, -0.5 MPa, and -1.2 MPa. Different letters indicate 

significant difference between PEG 0 MPa, -0.5 MPa, -1.2 MPa (P < 0.05; ANOVA 

followed by Fisher’s LSD test).    

 
Figure 3.10. Shallow root number in parental genotypes of the K/Z RIL population (Kaybonnet 

and ZHE733) treated with PEG 0 MPa, -0.5 MPa, and -1.2 MPa. Different letters 

indicate significant difference between PEG 0 MPa, -0.5 MPa, -1.2 MPa (P < 0.05; 

ANOVA followed by Fisher’s LSD test).   
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Figure 3.11. Deep root number in parental genotypes of the K/Z RIL population 

(Kaybonnet and ZHE733) treated with PEG 0 MPa, -0.5 MPa, and -1.2 MPa. 

Different letters indicate significant difference between PEG 0 MPa, -0.5 MPa, 

-1.2 MPa (P < 0.05; ANOVA followed by Fisher’s LSD test).    

 
Figure 3.12. Root fresh weight in parental genotypes of the K/Z RIL population 

(Kaybonnet and ZHE733) treated with PEG 0 MPa, -0.5 MPa, and -1.2 MPa. 

Different letters indicate significant difference between PEG 0 MPa, -0.5 MPa, 

-1.2 MPa (P < 0.05; ANOVA followed by Fisher’s LSD test).   

0

2

4

6

8

10

12

Kaybonnet ZHE733

D
ee

p
 R

o
o

t 
N

u
m

b
er

PEG 0 Mpa PEG -0.5 Mpa PEG -1.2 Mpa

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

Kaybonnet ZHE733

R
o

o
t 

F
re

sh
 W

ei
g
h

t 
(g

)

PEG 0 Mpa PEG -0.5 Mpa PEG -1.2 Mpa

a

 

b

 

c

 

a

 

a

 

a

 

a

 

b

 

c

 

a

 

b

 

b

 



 

148 

 

Figure 3.13. Maximum root length in the K/Z RIL population treated with ABA 0 µM, ABA 3 µM, 

and ABA 5 µM. Different letters indicate significant difference between ABA 0 µM, 

ABA 3 µM, and ABA 5 µM (P < 0.05; ANOVA followed by Fisher’s LSD test).    

 
Figure 3.14. Root to shoot ratio in the K/Z RIL population treated with ABA 0 µM, ABA 3 µM, and 

ABA 5 µM. Different letters indicate significant difference between ABA 0 µM, ABA 3 

µM, and ABA 5 µM (P < 0.05; ANOVA followed by Fisher’s LSD test)
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Figure 3.15. Total root number in the K/Z RIL population treated with ABA 0 µM, ABA 3 

µM, and ABA 5 µM. Different letters indicate significant difference between 

ABA 0 µM, ABA 3 µM, and ABA 5 µM (P < 0.05; ANOVA followed by 

Fisher’s LSD test).    

 
Figure 3.16. Shallow root number in the K/Z RIL population treated with ABA 0 µM, ABA 

3 µM, and ABA 5 µM. Different letters indicate significant difference between 

ABA 0 µM, ABA 3 µM, and ABA 5 µM (P < 0.05; ANOVA followed by 

Fisher’s LSD test).   
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Figure 3.17. Deep root number in the K/Z RIL population treated with ABA 0 µM, ABA 3 

µM, and ABA 5 µM. Different letters indicate significant difference between 

ABA 0 µM, ABA 3 µM, and ABA 5 µM (P < 0.05; ANOVA followed by 

Fisher’s LSD test).    

 
Figure 3.18. Root fresh weight in the K/Z RIL population treated with ABA 0 µM, ABA 3 

µM, and ABA 5 µM. Different letters indicate significant difference between 

ABA 0 µM, ABA 3 µM, and ABA 5 µM (P < 0.05; ANOVA followed by 

Fisher’s LSD test).    

0

1

2

3

4

5

6

7

8

9

Kaybonnet ZHE733 Drought Resistant

Pooled Lines

Drought Sensitive

Pooled Lines

D
ee

p
 R

o
o

t 
N

u
m

b
er

ABA 0 uM ABA 3 uM ABA 5 uM

0.000

0.005

0.010

0.015

0.020

0.025

0.030

0.035

0.040

0.045

Kaybonnet ZHE733 Drought Resistant

Pooled Lines

Drought Sensitive

Pooled Lines

R
o

o
t 

F
re

sh
 W

ei
g
h

t 
(g

)

ABA 0 uM ABA 3 uM ABA 5 uM

a

 

b

 

c

 

a

 

a

 

a

 

a

 

b

 

c

 

a

 

a

 

a

 

a

 

b

 

b

 

a

 

a

 

a

 

a

 

b

 

b

 

a

 

a

 

a

 



 

151 

 

Figure 3.19. Heat map showing Pearson’s correlation coefficient for filled grain per panicle 

number screened under WW and DS, and 6 root architectural traits screened 

under ABA 0 µM, ABA 3 µM, and ABA 5 µM of the K/Z RILs. The 

correlation (-1 to +1) are colored either in blue (positive correlation) or orange 

(negative correlation)
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Figure 3.20. Physiological response of Kaybonnet and ZHE733 to ABA and PEG 

treatments.
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Tables 

Table 3.1. Effects of drought stress on filled grain per panicle number under field 

conditions, exhibiting drought resistance and drought sensitivity in K/Z RIL 

population of 198 lines.  

Drought resistant lines Drought sensitive lines 

Kaybonnet, 100002, 100005, 100006, 

100007, 100009, 100014, 100016, 100018, 

100021, 100023, 100025, 100026, 100028, 

100032, 100034, 100036, 100040, 100050, 

100053, 100058, 100064, 100066, 100096, 

100097, 100108, 100115, 100121, 100129, 

100133, 100135, 100139, 100144, 100162, 

100163, 100169, 100198, 100212, 100233, 

100242, 100245, 100265, 100295, 100310, 

100321, 100330, 100334, 100337, 100351 

ZHE733, 100001, 100008, 100010, 100012, 

100015, 100017, 100019, 100020, 100022, 

100024, 100027, 100029, 100030, 100033, 

100038, 100039, 100042, 100043, 100046, 

100048, 100049, 100055, 100056, 100057, 

100062, 100065, 100067, 100086, 100092, 

100098, 100102, 100106, 100107, 100114, 

100118, 100119, 100120, 100122, 100123, 

100126, 100130, 100131, 100134, 100137, 

100141, 100142, 100145, 100146, 100149, 

100150, 100151, 100153, 100154, 100155, 

100156, 100158, 100160, 100164, 100170, 

100171, 100172, 100175, 100176, 100178, 

100179, 100180, 100182, 100185, 100188, 

100191, 100193, 100196, 100197, 100200, 

100201, 100202, 100203, 100208, 100209, 

100210, 100211, 100213, 100214, 100217, 

100220, 100222, 100223, 100224, 100225, 

100228, 100230, 100231, 100234, 100237, 

100238, 100239, 100240, 100241, 100246, 

100249, 100250, 100251, 100253, 100254, 

100255, 100256, 100259, 100263, 100266, 

100272, 100273, 100277, 100280, 100281, 

100282, 100283, 100284, 100285, 100288, 

100292, 100293, 100298, 100299, 100300, 

100302, 100303, 100308, 100311, 100313, 

100315, 100319, 100322, 100323, 100324, 

100325, 100327, 100328, 100329, 100333, 

100335, 100336, 100338, 100339, 100340, 

100341, 100342, 100344, 100345, 100348, 

100352                                                                                                                                                  
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CHAPTER 4. IDENTIFICATION OF MARKERS LINKED TO DROUGHT RESISTANT 

TRAITS OF K/Z RIL RICE POPULATION BY BULKED SEGREGANT ANALYSIS 
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Abstract 

Rice is the dominant staple food for more than 50% of the global population, with U.S. as 

the third largest exporter of rice, with an export value of US$ 1.8 billion. Rice also uses 2-3 

times more water as other food crops, which totals 30% of the world’s freshwater resources 

world-wide. Stability of rice production is facilitated by economic use of water, which is most 

critical during flowering and grain formation. In our research, we screened adapted U.S. rice 

cultivars, comprising tropical japonica rice genotypes, for drought resistant (DR) traits to search 

sources for breeding U.S. rice cultivars for a water saving agricultural system. A RIL population 

derived from varieties Kaybonnet (DR) and ZHE733 (drought sensitive), termed K/Z RILs, were 

available from the USDA Dale Bumpers National Rice Research Center and chosen for genetic 

analysis of DR traits. The RIL population was screened in the field at Fayetteville (AR) by 

giving a controlled drought stress treatment at the reproductive stage, and the effect of stress was 

quantified by counting number of filled grains per panicle. After a DR scoring of 198 lines of the 

K/Z RIL population, based on the number of filled grain per panicle, a subset of 40 lines were 

selected from the two extreme phenotypic tails and used for the bulked segregant analysis 

(BSA). The parents of K/Z RIL population and a subset of the 20 drought resistant lines (bulk 

resistant) and 20 drought sensitive lines (bulk sensitive) were screened by using 278 SSR 

markers to find polymorphisms linked to the yield-related trait number of filled grains per 

panicle under drought. From this BSA screen, a total of 13 polymorphic markers were 

identified. The SSR markers with potential linkage to DR traits are RM9, RM109, RM114, 

RM131, RM139, RM236, RM34, RM133, RM135, RM137, RM152, RM154, and RM155 on 

chromosome 1, 2, 3, 4, 6, 8, 11, and 12. Five genes, LOC_Os01g04930 (near RM9), 

LOC_Os01g12700 (near RM34), LOC_Os02g04640 (near RM236), LOC_Os06g08290 (near 
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RM133), and LOC_Os06g08250 (linked to RM133) associated to drought stress response traits 

were identified. These markers and genes can be used for drought resistance breeding using the 

resistance lines for introgression and improvement of U.S. rice. 
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Introduction 

Rice is one of the oldest food crops and has been cultivated for 8,200-13,500 years 

(Molina et al., 2011). U.S. is the third largest exporter of rice, and Arkansas the largest U.S. rice-

producer, which accounts for more than 40% of the total U.S. rice production of long and 

medium grain varieties (Quick Stats, 2016), contributing an important agriculture commodity for 

the state. Rice production in Arkansas has an economic value of US$ 995,217,000 grown on 

1,546,000 acres (half of soybean acreage), compared to soybean (US$ 1,435,145,000), and corn 

(US$ 471,362,000). However, rice production in Arkansas is dependent on ground water for 

stable irrigation (Henry et al., 2016). Managing this resource of water by judicious use during the 

crop season with water-use-efficient (WUE) rice will provide a steady supply of rice grain of 

export quality in the world market. The Arkansas rice-growing region in the Lower Mississippi 

belt is among the 10 areas with the highest risk of water scarcity in the country, as are the 

agricultural areas (Shi et al., 2013; http://www.businessinsider.com/us-drought-water-scarcity-

2013-5) in California, Nebraska, Ohio, Dakotas, N. Texas, and Minnesota. Interestingly, the 

distribution of WUE traits has been found to be highest in tropical japonica, medium in indica, 

and lowest in aus rice (Dingkuhn et al., 1989).  

The natural drought conditions influence morphological, physiological, biochemical, and 

molecular changes to the rice plants and consequently cause a significant reduction in grain yield 

production world-wide, a threat to food security, and responsible for the great famines (Farooq et 

al., 2009). A number of previous studies reported that grain yield losses due to drought 

conditions depend on the level of the drought conditions. The grain losses under mild drought 

conditions (soils dried beyond -20 kPa) is 22.6% (Carrijo et al., 2017), while in the medium 
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drought conditions (~40% soil water deficit) is 53-92% (Lafitte et al., 2007), and in severe 

drought (soil water content decreased below saturation) is >50% (Daryanto et al., 2017).  

 Drought resistance is a quantitative trait and the regions in the genomes that consist of 

genes associated with a specific quantitative trait are termed as quantitative trait loci (QTL). 

Furthermore, genetic studies to locate genes or QTLs using molecular markers is termed as 

quantitative trait locus (QTL) mapping (Manikavelu et al., 2006). According to Kumar (2017), 

911 QTLs correlated with 109 drought resistant traits have been mapped by using 39 mapping 

rice populations. Yue et al. (2008) reported QTLs linked to drought resistant traits at the 

reproductive stage. QTLs associated with grain yield under drought conditions also mapped 

(Chandra Babu, 2010; Zhang et al., 2009a; Dixit et al., 2014; Saikumar et al., 2014).   

Simple Sequence Repeats (SSRs) or microsatellites are the most convenient and popular 

molecular markers used to search for QTLs linked to drought resistant traits in rice genotypes  

often screened in segregating populations made between indica and japonica subspecies due to 

technical simplicity, low cost, and being highly polymorphic. Many researchers have used SSR 

markers to identify polymorphisms between rice varieties (Sow et al., 2014; Das et al., 2013; Jin 

et al., 2010). Besides SSR, the others molecular markers used are Single Nucleotide 

Polymorphisms (SNPs), Amplified Fragment Length Polymorphisms (AFLPs), Restriction 

Fragment Length Polymorphisms (RFLPs), and Random Amplified Polymorphic DNAs 

(RAPDs). SSRs are molecular markers with short nucleotide repeats from 1 to 5 bases per unit, 

are polymerase chain reaction (PCR) based markers with annealing temperatures between 50 – 

55 oC, co-dominant, multi-allelic with mono-, di-, tri-, tetra-, penta-, or hexa-nucleotide repeat 

motifs, non-redundant SSR primer pairs, and distributed throughout the genome of 12 rice 

chromosomes (Temnykh et al., 2000). A total of 2414 SSR primer pairs representing 2240 
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marker loci have been developed and validated for rice (McCouch et al., 2002). SSR markers in 

rice have been well identified and annotated because of the completion of the rice genome 

reference sequence from Nipponbare (MSU7) and the availability of many additional genomics 

resources, with a distribution of one SSR every 157 kb. About 92% of these primer pairs are ≥24 

bp in length and consist of several motifs that contribute to variable repeats such as (GA) motifs 

(36%), (AT) motifs (15%), (CCG) motifs (8%), (AAG) motifs (8%), (ATT) motifs (7%), (AC) 

motifs (6%), (CCT) motifs (5%), (ATAG) motifs (5%), (CCA) motifs (3%), (CTG) motifs (3%), 

(CGT) motifs (2%), and (AAAG) motifs (2%). The most prevalent of the SSR motifs is (GA) 

which is abundantly represented in rice. Furthermore, the SSR loci present on the molecular 

genetic map of rice were mapped with every primer pair that was annotated with RM (Rice 

Microsatellite) followed by a unique number identifier. The position of the SSR markers on the 

genetic map of the 12 chromosomes of rice is presented in the Gramene database 

(http://www.gramene.org). These positions were identified by PCR using the primer sequences 

specified for each SSR marker from 3284 publicly sequenced BAC/PAC clones representing 460 

MB estimated to be 83% of the rice genome. Chromosomes 1, 3, and 5 have the highest density 

of SSR markers with 5.6, 5.8, and 5.6 SSRs per Mb, respectively. Meanwhile, chromosomes 8, 

9, 10, 11, and 12 have the lowest density with 3.8, 3.5, 3.5, 3.7. and 3.6 SSRs per Mb, 

respectively. These SSR markers are very important to localize the genes linked to drought stress 

resistance on the rice chromosomes. However, the disadvantages of SSR markers are related to 

the gel electrophoresis requirement and limitation of distribution in the genomic regions.     

SSR markers have been identified linked to many genes in rice. Bligh et al. (1995) and 

Ayres et al. (1997) found an SSR marker correlated with the waxy gene on chromosome 6 that 

was important in regulating starch quality in rice. Two SSR markers also characterized are
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 associated with the ges gene on chromosome 7 which controls embryo size, vitamin, protein, 

and oil in the rice grain (Panaud et al., 1996; Koh et al., 1996). In addition, Xiao et al. (1996) 

identified 2 SSR markers on chromosome 1 linked to rice yield.   

Bulk segregant analysis is a rapid and simple genotyping method to identify molecular 

markers linked to genomic regions or to a specific gene by using only the parents and two DNA 

bulks (pools) sampled from a segregating population of a single cross which is cost-effective and 

time-efficient (Michelmore et al., 1991). Two DNA bulks with contrasting traits (e.g., resistant 

and sensitive to drought conditions) are analysed to find molecular markers that differentiate 

them. In the BSA approach, one needs to only genotype a few number of plants to identify 

molecular markers near a gene of interest. Furthermore, molecular markers that are polymorphic 

between the bulks will be linked to the specific gene that regulates or is responsible for the 

phenotypic difference of the trait (Chesnokov & Artemyeva, 2015). The BSA method only 

focuses on the genomic region of interest of target loci. The frequency of false positives will 

increase when smaller bulks are used. According to Lee et al. (2010), this BSA technique can be 

applied to analyze simple and complex traits. Vikram et al. (2012) stated that BSA is the most 

efficient genotyping technique compared to the other genotyping techniques like whole 

population genotyping (WPG) and selective genotyping (SG), BSA requires 92.1% fewer data 

points.  

A number of previous studies have been carried out using BSA method to identify 

molecular markers linked to specific loci. Michelmore et al. (1991) identified 3 RAPD markers 

linked to a gene for resistance to downy mildew in lettuce by BSA method. Likewise, Barakat et 

al. (2012) used BSA to characterize 12 SSR markers related to QTL of heat tolerance at grain 

filling rate in wheat. BSA analysis with SNP markers was also used by Becker et al. (2011) on an 
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F2 population derived from a cross between Arabidopsis Ler-0 high Sulfur and Selenium 

ionomics mutant to map the mutant allele. Vikram et al. (2012) used the BSA approach for 

detecting two QTLs linked to grain yield under drought conditions in rice by using two 

recombinant inbred line populations, Basmati 334/Swarna and N22/MTU1010. BSA analysis 

was also used to identify two SSR markers RM205 and RM336 associated with sheath blight 

resistance by Yadav et al. (2015) in the BPT-5204/ARC10531 F2:3 rice population. Zhang et al. 

(2009b) identified two SSR markers RM3735 and RM3586 linked to heat tolerance in rice at the 

flowering stage, by using BSA method with an F2 population crossed between 996, a heat 

tolerant variety and 4628, a heat-sensitive variety. The BSA strategy was also used by Shashidar 

et al. (2005) to identify 2 RAPD markers (OPAE-09 and OPAE-14) linked to grain yield in 89 

doubled haploid rice lines from an IR64/Azucena cross, with IR64 as high yielding parent and 

Azucena as low yielding parent. Four SSR markers (RM8085, RM212, RM302, and RM3825) 

were found on chromosome 1 correlated with leaf rolling and leaf drying in rice analysed by 

BSA method with 343 SSR markers in 250 RILs from a IR20/Nootripathu cross (Salunke et al., 

2011). 

The objective of this study is to screen polymorphic molecular markers to identify genes 

linked to productivity traits of grain yield under drought stress, measured by number of filled 

grains per panicle using bulk segregant analysis.
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Materials and Methods 

Plant material 

A RIL population derived from rice varieties Kaybonnet and ZHE733, termed K/Z RILs, 

of 198 lines were available from the USDA Dale Bumpers National Rice Research Center, 

Stuttgart, Arkansas, USA, and were requested for our drought resistant studies. This RIL 

population was derived from an F2 population by single seed descent (SSD) method. A total of 

forty K/Z RILs and two parental lines (Kaybonnet and ZHE733) were selected based on the 

filled grain per panicle number under drought stress condition to be used in this study, after 

screening for grain yield of the 198 lines of the K/Z RIL population under drought at the 

reproductive stage (R3). These forty lines consist of twenty drought resistant lines (100018, 

100198, 100233, 100321, 100330, 100135, 100023, 100036, 100005, 100310, 100006, 100025, 

100139, 100009, 100002, 100014, 100162, 100163, 100007, 100097); and twenty drought 

sensitive lines (100282, 100324, 100224, 100170, 100042, 100327, 100220, 100029, 100086, 

100201, 100213, 100285, 100182, 100342, 100180, 100030, 100322, 100191, 100280, 100237) 

(Table 4.1.). 

Drought stress treatment at the reproductive stage 

The K/Z RIL population seeds of the 198 lines and two parental lines (Kaybonnet and 

ZHE733) were germinated and grown in the greenhouse at controlled conditions (28 to 30 oC 

day and 22 to 23 oC night, with a 14h light/10h dark cycle and average light intensity 580 µmol 

m-2s-1, 65% relative humidity) in sterilized field soil for 20 days (until V3 stage). Uniform plants 

were selected and transplanted to the field, divided into 6 batches (at 7-day intervals) based on 

their heading day data from USDA, to synchronize drought treatment at the reproductive stage. 

Thus, the latest heading day lines were seeded and transplanted early and the earliest heading day 

lines seeded last.
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This RIL population was evaluated in the field at Fayetteville, AR, USA in the growing 

seasons (May-November) in 2016. The population was grown in a randomized complete block 

design with five replications and two treatments, well-watered (WW) and drought stress (DS) 

conditions in single-row plots of 5 m length with a spacing of 0.3 m between plants. The rice 

plants were planted in the control plot with normal irrigation (WW conditions) and drought plot 

separately at a higher ground level. At this stage, rice plants were in the vegetative stage where 

all plants were maintained with normal irrigation for at least 30 days. The DS treatment was then 

given at the reproductive stage (R3), and DS conditions were monitored with three tensiometers 

that were installed at three spots in the DS plot just after draining, the first in the front end of the 

plot, the second in the middle, and the third at the end of the plot. The DS condition was 

maintained continuously up to -70 kPa (severe stress). Once the soil tension reduced to -70 kPa 

at 30 cm soil depth, life-saving irrigation was provided thereafter through flash flooding in the 

DS plot and water was drained after 24h to impose the next cycle of DS till maturity. Moreover, 

to fertilize the field (WW and DS plots), Urea was applied in three applications at the rate of 20 g 

per square meter. The first application after 10 days of transplanting, the second at maximum 

tillering stage, and the third at panicle initiation. The weeds were controlled by manual removal. 

The effect of stress was quantified by measuring the filled grain per panicle number with five 

replications per line. 

Bulk Segregant Analysis 

Based on the number of filled grains per panicle from data under drought from the field 

experiment (Figure 4.4.), the RILs were classified into subsets of the population and were used to 

make pools for Bulked Segregant Analysis (BSA) (Figure 4.5.), and mapping with candidate 

gene markers. Young leaves of 2-week old plants of the selected lines and their parents 
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(Kaybonnet and ZHE733) were sampled. Their genomic DNA were extracted by using cetyl tri-

methyl ammonium bromide (CTAB) method described by Murray and Thompson (1980) and 

tested with 278 rice SSR markers (Appendix 1) that were randomly distributed across all the 12 

rice chromosomes. The primer sequences and chromosomal location of the SSR markers were 

obtained from the Gramene Version 21 database (http://www.gramene.org) and from the 

Nipponbare rice genome reference (IRGSP, 2005). The genomic DNA of the two parents was 

initially screened using the 278 SSR primers (Appendix 1). For BSA, equal amounts and the 

same concentration (10 ng/µl) of genomic DNA from each 20 drought resistant lines and 20 

drought sensitive lines were used to construct two bulks, drought resistant bulk and drought 

sensitive bulk, respectively. DNA amplifications were performed with Thermocycler (BIO-RAD, 

MA, USA) under the following PCR conditions: an initial denaturation at 94°C for 3 min 

followed by 35 cycles of denaturation at 94°C for 1 min; annealing at 50, 55 or 60°C for 1 min; 

and extension at 72°C for 2 min followed by a 17 min final extension at 72°C. The amplification 

products were electrophoresed in 2 to 3% agarose gels (0.5 TBE). The run was performed with 

the constant current for 3.5 hours at 80 volt. The gel pictures were recorded by the gel 

documentation system (Alpha Imager®, USA). The size of amplified band for each SSR marker 

was determined based on the 1 kb plus DNA ladder (10787-018, Life Technologies). Each SSR 

band was scored as 1 for presence or 0 for absence or missing observation, for each genotype. 

The polymorphic primers were then used to screen the resistance and sensitive bulks (Figure 

4.6.).  

Statistical analysis of drought stress treatment at the reproductive stage 

This experiment was conducted in a randomized complete block design with five 

replications and two treatments (WW and DS). Blocks represent a random effect and treatments 
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(WW and DS) represent a fixed effect. The data from 198 lines and 2 parents both under WW 

and DS conditions for grain yield components were analysed by analysis of variance (ANOVA) 

using JMP version 12.0. The Tukey’s HSD (Honestly Significant Difference) was performed to 

compare the means of the two treatments (WW and DS) among all of the rice lines in the K/Z 

RIL population for significant effects (Tukey’s HSD, P < 0.05) using JMP version 12.0. 

SSR marker analysis 

 Polymorphic information content (PIC) values were calculated for each SSR locus as 

described by Anderson et al. (1993). PIC values identifying polymorphisms within a population 

depend on the number of detectable alleles and their frequency. Amplified fragments of different 

sizes were considered as different alleles. DNA bands that were amplified by a given primer 

were scored as presence (1) or absence (0) for all the samples under study. The PIC values of 

individual primers were calculated based on the formula PICi = 1 – Σ(Pij)
2. Pij as the frequency of 

jth allele for i marker and the summation extends up to the total number of allele for the given 

marker. Based on Botstein et al. (1980), PIC is classified into three categories: SSR markers with 

PIC>0.50 are highly informative markers, 0.50<PIC<0.25 are informative markers, and 

PIC<0.25 are slightly informative markers.    

Identification of candidate genes in polymorphic SSR markers 

 The position of polymorphic SSR markers were identified based on the Gramene 

(http://archive.gramene.org/ qtl/) database (Temnykh et al., 2000). In future analysis, the genes 

present within 25 Kb of the polymorphic SSR marker positions were identified using the MSU 

rice reference genome annotation release 7.0 (http://rice.plantbiology.msu.edu/) (Kawahara et al., 

2013).  
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Results and Discussion 

Among tropical japonica varieties from Southern U.S., the U.S. adapted varieties 

(Agrama et al., 2007) Kaybonnet (Arkansas) and Bengal (Louisiana) show the least reduction in 

biomass under drought, and exhibit a high number of filled grains under drought at the 

reproductive stage (Figure 4.1.), quite comparable to the internationally recognized varieties N22 

and Vandana. For further molecular genetic analysis of drought resistant traits, we chose 

to continue studies with the adapted Arkansas cultivar Kaybonnet (KB) (Figure 4.3.) which has a 

genetic background of similar origin as Dawn 

(http://archive.gramene.org/newsletters/varieties/Dawn.html) developed by Dr. Beachell from 

Century Patna 231 (introgression from indica/aus cultivars into japonica) (Figure 4.3.).  

In a screen of U.S. cultivars and well-known stress resistance rice genotypes, for the 

drought resistant trait number of filled grains per panicle, Kaybonnet (Arkansas) and Bengal 

(Louisiana) exhibit a high number of filled grains per panicle under drought at the reproductive 

stage in greenhouse and field conditions (Figure 4.1.). This has been consistent over the years, 

probably a result of adaptation to the U.S. growing conditions and selection for hardiness, with 

drought resilience comparable to the previously identified drought resistant genotypes from 

indica and aus ssp. such as N22 and Vandana. For further molecular genetic analysis of drought 

response, we chose to continue studies with the adapted Arkansas cultivar Kaybonnet. 

The filled grain per panicle number of Kaybonnet and ZHE733, parents of the K/Z RIL 

population, under drought stress treatment at flowering are 50 and 16, respectively (Table 4.1.). 

Based on the filled grain per panicle number under drought stress, Kaybonnet is the drought 

resistant parent, while ZHE733 the drought sensitive parent. Kaybonnet shows higher seed set 

under drought stress conditions than ZHE733 (Figure 4.2.). The distribution of filled grain per 

panicle number from 198 lines of the K/Z RIL population is continuous, ranging from 0 to 97, 
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with the average 22.56 under drought stress conditions (Figure 4.4.). Furthermore, using the data 

on filled grain per panicle under drought, a bulk segregant analysis (BSA) strategy was carried 

out with 278 SSR markers (Appendix 1) to identify markers linked to the drought resistant (DR) 

trait. Two bulks with 20 drought resistant lines and 20 drought sensitive lines were selected 

based on the filled grain per panicle number from 198 lines of K/Z RIL population (Figure 4.5.). 

The filled grain per panicle number of the drought resistant bulk was 13.20-97.00, while for the 

drought sensitive bulk was 0.00-1.80 (Table 4.1.). The level of polymorphisms between the 

parents (Kaybonnet and ZHE733), the drought resistant bulk, and the drought sensitive bulk was 

evaluated by calculating polymorphism information content (PIC) values for each of the 278 

SSR markers (Appendix 1). Out of the SSR markers tested, 3.23% were highly informative 

(PIC>0.50), 54.84% informative markers (0.50<PIC<0.25), and 41.94% markers classified as 

slightly informative markers (PIC<0.25), based on Botstein et al. (1980). The 12 chromosomes 

of rice have different sizes, so each chromosome has a different number of polymorphic SSR 

markers. Table 4.2. displays the variety of polymorphisms of SSR markers from each 

chromosome, chromosome 1 shows the most polymorphic with 23 polymorphic SSR markers 

(14.2%), while chromosome 12 is the least polymorphic with 7 polymorphic SSR markers 

(4.3%). Most of the SSRs displays a single allele fragment of 100-5000 bp size. Out of the 278 

SSR markers tested, 162 (58.3%) primers were found polymorphic in the Kaybonnet & ZHE733 

parents, with the other 116 (41.7%) primer pairs monomorphic. Each of these polymorphic 

markers was used to screen the DNA bulks of 20 resistance and the 20 sensitive lines of the K/Z 

RIL population.  

The PIC value is a reflection of the allele diversity frequency among the parents 

(Kaybonnet and ZHE733), the drought resistant bulk, and drought sensitive bulk. A total of 449 
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alleles were amplified with an average of 1.62 alleles per locus of 278 SSR markers across 12 

chromosomes with ranged PIC value from 0.00 to 0.63 and the average of PIC value of 0.24 

(Appendix 1). From 278 SSR markers, 116 (41.73%) SSR markers have PIC values 0.00, 119 

(42.81%) SSR markers have PIC values 0.38, 34 (12.23%) SSR markers have PIC values 0.50, 

and 9 (3.24%) SSR markers have PIC values 0.63. Among the polymorphic markers, 153 SSR 

markers produced two alleles and 9 SSR markers generated three alleles (Appendix 1). Thirteen 

SSR markers were identified linked to the DR trait that showed polymorphisms between two 

bulks, with 2 markers on chromosome 1 (RM9 and RM34), 3 markers on chromosome 2 

(RM109, RM236, and RM154), 2 markers on chromosome 3 (RM114 and RM135), 1 marker on 

chromosome 4 (RM131), 1 marker on chromosome 6 (RM133), 2 markers on chromosome 8 

(RM137 and RM152), 1 marker on chromosome 11 (RM139), and 1 marker on chromosome 12 

(RM155) (Table 4.3.). The PIC of these markers range from 0.50 to 0.63 (Table 4.3.). According 

to Botstein et al. (1980), a PIC value more than 0.50 mean that these markers are highly 

informative DNA markers for detecting polymorphism. Meanwhile, PIC value less than 0.50 are 

not effective for estimating polymorphism.  

As shown in the Figure 4.6., from one of the examples of an SSR marker linked to the 

DR trait RM109 on chromosome 1 shows that the drought resistant bulk had homozygous band 

pattern of resistance parent Kaybonnet, while the drought sensitive bulk had homozygous band 

pattern of the sensitive parent ZHE733. These results suggest that the drought resistant 

phenotype during reproductive stage was controlled by multiple genes. The results showed that 

RM9, RM34, RM109, RM236, RM154, RM114, RM135, RM131, RM133, RM137, RM152, 

RM139, and RM155 are possibly linked to DR trait. Most of those SSR markers are dinucleotide 

repeats (69.23%) that are similar to the observation of Cho et al. (2000) and Jain et al. (2004). 
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Similar results were obtained by Bool (2010), who also identified RM131 on chromosome 4 

linked to the grain yield under drought stress conditions at reproductive stage using the BSA 

method with an F3 population of IR78910-34-B-2-2 (drought resistant parent)/IR72 (drought 

sensitive parent). The markers identified here can be useful for marker-assisted selection (MAS) 

for drought resistant breeding of U.S. rice cultivars.     

Comparative mapping analysis was done using the QTL Annotation Rice Online database 

(Yonemaru et al., 2010; http://qtaro.abr.affrc.go.jp/cgi-bin/gbrowse/Oryza_sativa) and the 

Gramene QTL database (Gupta et al., 2016; https://archive.gramene.org/qtl/) for each of the 

thirteen polymorphic marker-linked regions to other QTLs. These include the marker RM9 (2.3 

Mb) on chromosome 1 which has been found linked to QTL for panicle number. RM34 (7.0 Mb) 

region on chromosome 1 was mapped close to a region with QTLs for root characteristics, 

panicle number, salinity tolerance, and lodging resistance. The marker RM109 (2.2 Mb) linked 

segment on chromosome 2 is linked to QTLs for seed characteristics and grain quality; RM236 

(2.1 Mb) region on chromosome 2 was associated with QTL for seed characteristics; RM154 (1.1 

Mb) region on chromosome 2 has been correlated with QTL for panicle number; RM114 (18.2 

Mb) region on chromosome 2 was found linked to QTL for panicle number, shoot/seedling 

characteristics, grain quality, and abiotic stress tolerance. The RM135 (3.3 Mb) linked segment 

on chromosome 3 was found correlated with QTLs for traits involved in root, shoot/seedling, 

flowering, grain quality, and drought tolerance. The RM131 (2.0 Mb) chromosomal segment on 

chromosome 4 was found linked to QTLs for panicle/flower characteristics, insect resistance, 

and cold tolerance. The RM133 (4.0 Mb) linked segment on chromosome 6 mapped close to the 

region for QTLs in panicle/flower characteristics, seed characteristics, culm/leaf, dwarf, 

flowering, grain quality, insect resistance, and soil stress tolerance to drought. RM137 (1.6 Mb) 
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on chromosome 8 was found associated with QTLs for panicle/flower characteristics, flowering, 

soil stress tolerance, and drought tolerance. The RM152 (0.6 Mb) segment on chromosome 8 

was found linked to QTLs involved in panicle/flower characteristics, flowering, and drought 

tolerance. The RM139 (1.2 Mb) segment on chromosome 11 was reported to have correlation 

with QTLs for panicle/flower characteristics and soil stress tolerance. The RM155 (3.0 Mb) 

segment on chromosome 12 was found linked with QTLs for seed characteristics, grain quality, 

blast resistance, and soil stress tolerance.       

A number of previous studies have also used BSA approach to identify SSR markers 

linked to drought resistance in rice. Kanagaraj et al. (2010) identified 3 SSR markers (RM212, 

RM302, and RM3825) on chromosome 1 associated with drought resistance in rice by using 

BSA strategy with 23 recombinant inbred lines of IR20/Nootripathu with extreme drought 

response. IR20 is the drought sensitive parent with shallow root system and Nootripathu as 

drought resistant parent with thicker and deep root system. The SSR markers localize to a region 

between 135.8 and 143.7 cM. This region on chromosome 1 has been found to be correlated with 

many DR traits such as grain yield, panicle length, biomass, plant height, tiller number, deep root 

mass, relative water content, and deep root to shoot ratio. Furthermore, Venuprasad et al. (2009) 

were able to characterize two SSR markers, RM324 on chromosome 2 and RM416 on 

chromosome 3, linked to grain yield under drought by using BSA approach with a 490 RIL rice 

population from the cross Apo/2*Swarna. Kumar et al. (2005) reported that two SSR markers, 

RM223 on chromosome 8 and RM263 on chromosome 2 were associated with DR traits such as 

leaf rolling, leaf drying, relative water content, canopy temperature, stress recovery, plant height, 

and relative biomass. These SSR markers identified by the BSA method included 174 SSR 

markers in 38 diverse rice genotypes. The BSA strategy was also used by Bool (2010) to 
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characterize two SSR markers, RM113 on chromosome 1 and RM131 on chromosome 4 linked 

to grain yield under drought stress conditions at the reproductive stage with 510 SSR markers in 

an F3 population of IR78910-34-B-2-2/IR72. Two SSR markers on chromosome 1, RM431 and 

RM12091 identified by Ghimire et al. (2012), were correlated with grain yield under drought 

conditions in two RIL populations of Swarna (drought sensitive parent) and Dhagaddeshi 

(drought resistant parent) and also IR64 (drought sensitive parent), and Dhagaddeshi by using 

BSA approach.  

Bharathkumar et al. (2014) characterized the SSR marker RM324 associated with 

drought tolerance using 122 diverse rice genotypes. The SSR marker RM27933 was found linked 

to grain yield under drought stress conditions identified by Boopathi et al. (2013) using BSA 

method in an F2:3 rice population. Palanog et al. (2014) found six SSR markers (RM246, RM450, 

RM250, RM232, RM518, and RM19) in the Kali Aus/IR64 population and characterized eight 

SSR markers (RM495, RM572, RM246, RM211, RM250, RM231, RM3, and RM340) in the 

Kali Aus/MTU1010 population that correlated with grain yield under drought stress conditions at 

the reproductive stage using BSA-mapping with 600 SSR markers. RM231 on chromosome 3 

was found linked to grain yield under drought stress conditions at the reproductive stage by 

Yadaw et al. (2013) using BSA method in the BC1 population of IR77298-5-6-18/2*Sabitri. 

Venuprasad et al. (2011) identified RM486 and RM472 on chromosome 1 at 162.8 cM linked to 

DR traits that strongly associated with plant height; probably because of the presence of sd1 

locus in this region. The BSA approach was also used by Rajendra et al. (2016) to identify three 

SSR markers, RM1092, RM129, and RM157B that correlated with the DR trait using 36 diverse 

rice genotypes. Four SSR markers, RM20A, RM302, RM212, and RM286 identified by Freeg et 

al. (2016) could be useful for screening drought resistant lines by BSA method. Similarly, 
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Awasthi and Lal (2014) characterized four SSR markers, RM263, RM3825, RM212, and RM22 

associated with DR traits in rice.   

The total numbers of genes identified by thirteen polymorphic SSR markers using the 

MSU rice reference genome annotation release 7.0. were 93 with an average of 7 genes per 

polymorphic SSR markers (Table 4.3.). These genes were annotated into three important 

functional groups including biological process, molecular function, and cellular component. 

Furthermore, several genes identified linked to polymorphic markers were associated with 

abiotic stress responses including drought. For example, LOC_Os01g04930 (near RM9), 

LOC_Os01g12700 (near RM34), LOC_Os02g04640 (near RM236), and LOC_Os06g08290 

(near RM133), detected a MYB family transcription factor that has been associated with drought 

response function (Nakashima et al., 2014; Lv et al., 2017; Wang et al., 2017; Wei et al., 2017). 

Additionally, LOC_Os06g08250 (linked to RM133) identified a zinc-finger family protein (ZFP) 

that was also linked to drought stress response (Liu et al., 2007; Huang et al., 2012; Luo et al., 

2012). All of these genes were found involved in various biological processes, including 

physiological processes within the rice plants to reduce the effect of the drought stress, thus 

increasing the plants ability to tolerate drought stress and maintain their grain yield productivity 

under drought stress conditions. Therefore, identification of genes linked to polymorphic 

markers is an important method for determining major genes responsible for drought stress 

resistance in rice plants. These genes can be used for rice breeding to improve drought 

resistance.
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Conclusions 

To study the molecular genetics of drought resistant traits in a tropical japonica rice 

variety Kaybonnet adapted to U.S./Arkansas growing conditions, a RIL population developed by 

crossing Kaybonnet to a diverse indica variety ZHE733 was evaluated for drought resistant 

parameters. Based on the filled grain per panicle number under drought stress conditions, 

Kaybonnet was classified as drought resistant parent, and ZHE733 as the drought sensitive 

parent. Bulk segregant analysis (BSA) of the RILs was carried out with 278 characterized SSR 

markers to identify markers linked to the drought resistant traits. Two bulks of 20 drought 

resistant lines and 20 drought sensitive lines each, were selected based on the filled grain per 

panicle number from 198 lines of the KZ RIL population. Chromosome 1 showed the most 

polymorphic SSR markers with 23 polymorphic markers (14.2%), while chromosome 12 was the 

least polymorphic with 7 polymorphic markers (4.3%). Out of the 278 SSR markers tested, 162 

(58.3%) primer pairs were polymorphic between the Kaybonnet and ZHE733 parents. A total of 

449 alleles were amplified with an average of 1.62 alleles per locus, of 278 SSR markers across 

12 chromosomes which ranged in PIC value from 0.00 to 0.63 and an average PIC value of 0.24. 

The SSR markers with potential linkage to DR traits are RM9, RM109, RM114, RM131, 

RM139, RM236, RM34, RM133, RM135, RM137, RM152, RM154, and RM155 on 

chromosomes 1, 2, 3, 4, 6, 8, 11, and 12. The total numbers of potential genes identified with 

these polymorphic SSR markers were 93, annotated into three important functional groups of 

biological process, molecular function, and cellular component. Among these, 5 genes were 

identified linked to 13 polymorphic markers to genes for drought stress response. These markers 

and genes can be effectively used for molecular breeding of drought resistance in U.S. rice. 
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Figures  

 

 
Figure 4.1. Drought screen of six diverse rice genotypes for number of filled grains per 

panicle (NOFG/P) under controlled drought at reproductive stages in 

greenhouse (A) and field conditions (B). In the greenhouse, the effect of drought 

stress was compared for initiation at the early tillering stage and at the 

reproductive stage of panicle initiation. 
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Figure 4.2. Panicle phenotypes of Kaybonnet (KB) as drought resistant parent under WW 

and DS, compared to drought sensitive parent ZHE733 under WW and DS 

treatments. KB shows higher seed set under drought than ZHE733. 
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Figure 4.3. Pedigree of the K/Z RIL parents. Kaybonnet is a cross between Katy and 

Newbonnet, Katy is a tropical japonica cultivar with large introgressions from 

indica landrace Tetep. ZHE733 was developed from a multiple cross of IR30, 

IR29, Fongxuan 4, Chi-Kuai-Ai-Xuan. Black: Japonica, Red: Indica

Bonnet73/CI9722//Starbonnet/ 

Tetep/3/Lebonnet 

 

Katy 

Kaybonnet 

Dawn X Bonnet73 

Newbonnet 

IR30, IR29, Fongxuan 4,  

Chi-Kuai-Ai-Xuan 

ZHE733 



 

184 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4. Frequency distribution of the K/Z RIL population for number of filled grains 

per panicle. This continuous frequency distribution across different classes, 

suggests that multiple genes control the number of filled grains per panicle.  
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Figure 4.5. Frequency distribution of the K/Z RIL population for the reduction in the 

number of filled grain per panicle (NOFG/P class intervals) under drought 

stress. We defined 20 RILs (bulk resistant) on the basis of consistently showing 

high drought resistance (≤25% reduction) as drought resistant progeny, and an 

additional set of 20 RILs (bulk sensitive) consistently showing high sensitivity (≥ 

60% reduction) as drought sensitive progeny.  
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Figure 4.6. Example of banding pattern from BSA of an SSR marker RM 109 in K/Z RIL 

population, with KB (Kaybonnet, drought resistant parent), ZHE (ZHE733, 

drought sensitive parent), BR (Bulk Resistant), and BS (Bulk Sensitive). Most of 

the SSRs displayed a single allele fragment of 100-5000 bp size, with 

polymorphisms of a few nucleotides. Out of the 278 SSR markers, 162 (58.3%) 

primers were polymorphic on the Kaybonnet & ZHE733. The other 116 

(41.7%) primer pairs were monomorphic. Out of 162 SSR polymorphic primers 

between parents, thirteen primer pairs for RM9 & RM34 (Chr 1), RM109, 

RM236, & RM154 (Chr 2), RM114 & RM135 (Chr 3), RM131 (Chr 4), RM133 

(Chr 6), RM137 & RM152 (Chr 8), RM139 (Chr 11), and RM155 (Chr 12) 

showed polymorphism between bulks and were tested for co-segregation among 

the individual genotypes constituting the bulks. The drought resistant lines had 

majority of alleles from the resistance parent Kaybonnet, and the sensitive lines 

had most alleles similar to ZHE733, the sensitive parent. 
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Tables 

Table 4.1. Drought resistant and sensitive lines of K/Z RIL population based on the filled 

grain per panicle number in the drought stress conditions used in this study. 

No Lines 
Filled grain per panicle number 

Type 
Well-watered Drought Stress Reduction (%) 

1 Kaybonnet 66.00 50.00 24.24 Drought resistant 

2 ZHE733 43.20 16.00 62.96 Drought sensitive 

3 100018 102.60 97.00 5.46 Drought resistant 

4 100198 51.40 51.00 0.78 Drought resistant 

5 100233 54.60 54.60 0.00 Drought resistant 

6 100321 67.00 66.20 1.19 Drought resistant 

7 100330 69.00 69.00 0.00 Drought resistant 

8 100135 23.00 22.60 1.74 Drought resistant 

9 100023 20.00 19.80 1.00 Drought resistant 

10 100036 46.60 42.00 9.87 Drought resistant 

11 100005 33.60 29.40 12.50 Drought resistant 

12 100310 22.40 22.40 0.00 Drought resistant 

13 100006 31.60 28.00 11.39 Drought resistant 

14 100025 52.20 45.00 13.79 Drought resistant 

15 100139 24.80 24.20 2.42 Drought resistant 

16 100009 64.60 54.00 16.41 Drought resistant 

17 100002 72.00 65.00 9.72 Drought resistant 

18 100014 56.80 47.40 16.55 Drought resistant 

19 100162 16.00 13.20 17.50 Drought resistant 

20 100163 33.00 27.00 18.18 Drought resistant 

21 100007 43.60 37.40 14.22 Drought resistant 

22 100097 37.20 30.40 18.28 Drought resistant 

23 100282 6.00 0.40 93.33 Drought sensitive 

24 100324 6.00 0.00 100.00 Drought sensitive 

25 100224 16.00 0.00 100.00 Drought sensitive 

26 100170 17.00 0.00 100.00 Drought sensitive 

27 100042 13.00 0.20 98.46 Drought sensitive 

28 100327 18.00 0.60 96.67 Drought sensitive 

29 100220 19.00 0.00 100.00 Drought sensitive 

30 100029 12.00 0.60 95.00 Drought sensitive 

31 100086 6.00 0.00 100.00 Drought sensitive 

32 100201 16.00 0.40 97.50 Drought sensitive 

33 100213 8.00 0.00 100.00 Drought sensitive 

34 100285 6.00 0.00 100.00 Drought sensitive 

35 100182 15.00 0.00 100.00 Drought sensitive 

36 100342 18.00 0.00 100.00 Drought sensitive 

37 100180 6.00 0.00 100.00 Drought sensitive 

38 100030 11.00 0.00 100.00 Drought sensitive 

39 100322 11.00 0.00 100.00 Drought sensitive 

40 100191 24.00 1.80 92.50 Drought sensitive 

41 100280 12.00 0.00 100.00 Drought sensitive 

42 100237 17.00 0.60 96.47 Drought sensitive 
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Table 4.2. Polymorphic markers of Kaybonnet and ZHE733 as K/Z RIL population 

parents. 

Chromosome 
Number of polymorphic SSR 

markers 
Number of total SSR markers 

1 23 41 

2 22 34 

3 16 28 

4 9 19 

5 13 21 

6 14 23 

7 12 21 

8 15 28 

9 12 19 

10 6 15 

11 13 17 

12 7 12 

Total 162 278 
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Table 4.3. Polymorphic markers of Kaybonnet, ZHE733, bulked drought resistant, and 

bulked drought sensitive. 

Chromosome 
Polymorphic 

SSR markers 

PIC 

value 

Physical 

map 

position 

(Mb) 

(Temnykh 

et al., 2000) 

QTL 

Annotation 

Rice 

Online 

Database  

Genes within 25 Kb of 

the polymorphic SSR 

markers position 

MSU gene annotation 

(Kawahara et al., 

2013) 

1 RM9 0.50 2300000 
Panicle 

number 

LOC_Os01g04920 Glycosyl transferase 

LOC_Os01g04930 
MYB family 

transcription factor 

LOC_Os01g04950 
Peptide transporter 

(PTR2) 

LOC_Os01g04960 Transposon protein 

1 RM34 0.50 7000000 

Root 

characteris

tics, 

panicle 

number, 

salinity 

tolerance, 

and 

lodging 

resistance 

LOC_Os01g12660 
AAA-type ATPase 

family protein 

LOC_Os01g12670 Expressed protein 

LOC_Os01g12680 

C4-dicarboxylate 

transporter/malic acid 

transport protein 

LOC_Os01g12690 

Plant-specific domain 

TIGR01568 family 

protein 

LOC_Os01g12700 
MYB family 

transcription factor 

LOC_Os01g12710 

Oxidoreductase, short 

chain 

dehydrogenase/reduct

ase family domain 

containing protein 

2 RM109 0.50 2200000 

Seed 

characteris

tics and 

grain 

quality 

LOC_Os02g04760 
Cycloartenol 

synthase 

LOC_Os02g04770 Expressed protein 

LOC_Os02g04780 Expressed protein 

LOC_Os02g04790 Expressed protein 

LOC_Os02g04800 

AIG2-like family 

domain containing 

protein 

LOC_Os02g04810 
Auxin response 

factor 5 

LOC_Os02g04820 
Retrotransposon 

protein 
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Table 4.3. Polymorphic markers of Kaybonnet, ZHE733, bulked drought resistant, and 

bulked drought sensitive (Continued). 

Chromosome 
Polymorphic 

SSR markers 

PIC 

value 

Physical 

map 

position 

(Mb) 

(Temnykh 

et al., 2000) 

QTL 

Annotation 

Rice Online 

Database  

Genes within 25 Kb of 

the polymorphic SSR 

markers position 

MSU gene 

annotation 

(Kawahara et al., 

2013) 

2 RM236 0.50 2100000 
Seed 

characteristics 

LOC_Os02g04630 
Sodium/calcium 

exchanger protein 

LOC_Os02g04640 
Myb-like DNA-

binding domain 

containing protein 

LOC_Os02g04650 

Activator of 90 

kDa heat shock 

protein ATPase 

homolog 

LOC_Os02g04660 
Arginine N-

methyltransferase 

5 

LOC_Os02g04670 
Glucan endo-1,3-

beta-glucosidase 

precursor 

LOC_Os02g04680 
OsSPL3-SBP-box 

gene family 

member 

LOC_Os02g04690 
Cycloartenol 

synthase 

LOC_Os02g04700 
tRNA synthetases 

class II domain 

containing protein 

2 RM154 0.63 1100000 
Panicle 

number 

LOC_Os02g02820 

Helix-loop-helix 

DNA-binding 

domain containing 

protein 

LOC_Os02g02830 
Ubiquitin-

conjugating 

enzyme 

LOC_Os02g02840 Ras-related protein 

LOC_Os02g02850 
Bifunctional 

protein folD 

LOC_Os02g02860 
Glutamyl-tRNA 

synthetase 

LOC_Os02g02870 
Glycine-rich 

protein 2 

LOC_Os02g02880 Expressed protein 

LOC_Os02g02890 
Peptidyl-prolyl cis-

trans isomerase 

LOC_Os02g02900 Expressed protein 
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Table 4.3. Polymorphic markers of Kaybonnet, ZHE733, bulked drought resistant, and 

bulked drought sensitive (Continued). 

Chromosome 
Polymorphic 

SSR markers 

PIC 

value 

Physical 

map 

position 

(Mb) 

(Temnykh 

et al., 2000) 

QTL 

Annotation 

Rice Online 

Database  

Genes within 25 Kb of 

the polymorphic SSR 

markers position 

MSU gene 

annotation 

(Kawahara et 

al., 2013) 

3 RM114 0.50 18200000 

Panicle 

number, 

shoot/seedling 

characteristics, 

grain quality, 

and abiotic 

stress 

tolerance 

LOC_Os03g31770 
Transposon 

protein 

LOC_Os03g31790 
Expressed 

protein 

LOC_Os03g31839 
Transposon 

protein 

LOC_Os03g31870 
Hypothetical 

protein 

3 RM135 0.63 3300000 

Root 

characteristics, 

shoot/seedling 

characteristics, 

flowering, 

grain quality, 

and drought 

tolerance 

LOC_Os03g06520 
Sulfate 

transporter 

LOC_Os03g06530 
Expressed 

protein 

LOC_Os03g06540 
Retrotransposon 

protein 

LOC_Os03g06550 
Retrotransposon 

protein 

LOC_Os03g06560 
Retrotransposon 

protein 

LOC_Os03g06570 
IQ calmodulin-

binding motif 

family protein 

LOC_Os03g06580 
MTN26L2-

MtN26 family 

protein 

LOC_Os03g06600 
Expressed 

protein 

LOC_Os03g06610 
Expressed 

protein 

4 RM131 0.50 2000000 

Panicle/flower 

characteristics, 

insect 

resistance, and 

cold tolerance 

LOC_Os04g04240 
Sterol 3-beta-

glucosyltransfer

ase 

LOC_Os04g04254 
Sterol 3-beta-

glucosyltransfer

ase 

LOC_Os04g04270 
Retrotransposon 

protein 

LOC_Os04g04280 
Retrotransposon 

protein 

LOC_Os04g04290 
Retrotransposon 

protein 

LOC_Os04g04300 
Retrotransposon 

protein 

LOC_Os04g04310 
Hypothetical 

protein 

LOC_Os04g04320 
Expressed 

protein 
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Table 4.3. Polymorphic markers of Kaybonnet, ZHE733, bulked drought resistant, and 

bulked drought sensitive (Continued). 

Chromosome 
Polymorphic 

SSR markers 

PIC 

value 

Physical 

map 

position 

(Mb) 

(Temnykh 

et al., 2000) 

QTL 

Annotation 

Rice Online 

Database  

Genes within 25 Kb of 

the polymorphic SSR 

markers position 

MSU gene 

annotation 

(Kawahara et al., 

2013) 

6 RM133 0.63 4000000 

Panicle/flower 

characteristics, 

seed 

characteristics, 

culm/leaf, 

dwarf, 

flowering, 

grain quality, 

insect 

resistance, and 

soil stress 

tolerance 

LOC_Os06g08200 Expressed protein 

LOC_Os06g08210 Expressed protein 

LOC_Os06g08220 Expressed protein 

LOC_Os06g08230 Expressed protein 

LOC_Os06g08240 Expressed protein 

LOC_Os06g08250 
Zinc finger family 

protein 

LOC_Os06g08270 Expressed protein 

LOC_Os06g08280 
Protein kinase 

domain containing 

protein 

LOC_Os06g08290 
MYB family 

transcription factor 

LOC_Os06g08300 

FAD dependent 

oxidoreductase 

domain containing 

protein 

8 RM137 0.63 1600000 

Panicle/flower 

characteristics, 

flowering, soil 

stress 

tolerance, and 

drought 

tolerance 

LOC_Os08g03370 
Divergent PAP2 

family domain 

containing protein 

LOC_Os08g03380 
Heat shock protein 

DnaJ 

LOC_Os08g03390 
Pre-mRNA-

splicing factor 

SLU7 

LOC_Os08g03400 Expressed protein 

LOC_Os08g03410 Glutelin 

LOC_Os08g03420 
Kelch repeat 

protein 

LOC_Os08g03430 
Extracellular 

ligand-gated ion 

channel 

LOC_Os08g03440 Actin 

LOC_Os08g03450 
Ribosomal protein 

L37 

8 RM152 0.50 600000 

Panicle/flower 

characteristics, 

flowering, and 

drought 

tolerance 

LOC_Os08g01930 
KH domain-

containing protein 

LOC_Os08g01940 
Non-lysosomal 

glucosylceramidas

e 

LOC_Os08g01950 
Transferase family 

protein 

LOC_Os08g01960 
Transferase family 

protein 

LOC_Os08g01970 
Retrotransposon 

protein 
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Table 4.3. Polymorphic markers of Kaybonnet, ZHE733, bulked drought resistant, and 

bulked drought sensitive (Continued). 

Chromosome 
Polymorphic 

SSR markers 

PIC 

value 

Physical 

map 

position 

(Mb) 

(Temnykh 

et al., 2000) 

QTL 

Annotation 

Rice Online 

Database  

Genes within 25 Kb of 

the polymorphic SSR 

markers position 

MSU gene 

annotation 

(Kawahara et al., 

2013) 

11 RM139 0.50 1200000 

Panicle/flower 

characteristics 

and soil stress 

tolerance 

LOC_Os11g03230 
Nucleoside-

triphosphatase 

LOC_Os11g03240 
MATE efflux 

family protein 

LOC_Os11g03250 
Retrotransposon 

protein, Ty3-gypsy 

subclass 

LOC_Os11g03260 ligA 

LOC_Os11g03270 
Nucleoside-

triphosphatase 

LOC_Os11g03280 Transposon protein 

LOC_Os11g03290 
Nucleoside-

triphosphatase 

12 RM155 0.63 3000000 

Seed 

characteristics, 

grain quality, 

blast 

resistance, and 

soil stress 

tolerance 

LOC_Os12g06260 
Harpin-induced 

protein 1 domain 

containing protein 

LOC_Os12g06270 
Retrotransposon 

protein 

LOC_Os12g06280 Expressed protein 

LOC_Os12g06290 Expressed protein 

LOC_Os12g06300 Expressed protein 

LOC_Os12g06330 

CPuORF6 - 

conserved peptide 

uORF-containing 

transcript 

LOC_Os12g06335 Expressed protein 
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CHAPTER 5. IDENTIFICATION OF QTLS AND CANDIDATE GENES ASSOCIATED 

WITH DROUGHT-RELATED TRAITS OF THE K/Z RIL RICE POPULATION 
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Abstract 

Rice is the main staple food for over 60% of the global population and has played an 

important role in human nutrition for the past 10,000 years. Rice also uses 2-3 times the amount 

of water as other food crops, which totals 30% of the world’s freshwater resources world-wide. 

Stability of rice production is facilitated by the economic use of water, which is most essential 

during the period of flowering and grain formation. In this research, progeny of a cross between 

an adapted U.S. rice cultivars with a tropical japonica genome, and an indica rice genotype, 

were screened for drought resistant (DR) traits to identify DR genes, that would be useful for 

breeding U.S. rice cultivars for a water saving agricultural system. A recombinat inbred line 

(RIL) population, generated from selfed progeny of the cross between the drought resistant 

tropical japonica U.S. cultivar Kaybonnet and an indica drought sensitive cultivar ZHE733, was 

chosen for Quantitative Trait Locus (QTLs) analysis of drought-resistance related traits. 

Quantification of the DR traits were carried out for spikelet per panicle number (SP), panicle 

length (PL), primary panicle branch number (PPB), filled grain per panicle number (FG), 

biological yield (BY), heading day (HD), plant height (PH), productive tiller number (TN), flag 

leaf width (FLW), leaf rolling score (LR), root length (RL), root to shoot ratio (RSR), total root 

number (TRN), shallow root number (SRN), deep root number (DRN), and root fresh weight 

(RFW). The K/Z RIL population was screened in the field at Fayetteville (AR), by controlled 

drought stress treatment at the reproductive stage, and abscisic acid (ABA) sensitivity screen at 

the V3 stage in culture media, and the effects of stress quantified by measuring the drought-

response traits. QTL analysis was performed with a set of 4133 Single Nucleotide Polymorphism 

(SNP) markers by using QTL IciMapping software version 4.2.53. A total of 213 QTLs and 628 

candidate genes within the DR-QTL regions were identified for the drought-related traits. The 

RT-qPCR results of candidate DR genes revealed that the gene expression of seven known DR-
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related genes, 15 candidate DR genes with known annotations, and two candidate DR genes with 

unknown annotations within the DR-QTL regions were up-regulated in the drought resistant 

parent (Kaybonnet) compared to the drought sensitive parent (ZHE733) under DS conditions. 

The findings of this research provide important information to understand the specific roles of 

the set of candidate genes with altered expression under drought in enhancing drought stress 

resistance, and to develop drought-resistant rice varieties with greater productivity under DS 

conditions.  
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Introduction 

Rice (Oryza sativa) is one of the nutritional and commercially productive cereal crops 

providing the principal food for approximately 2.5 billion people world-wide, and a model 

species for monocot and cereal plants with a compact diploid genome size of around 500 Mb, 

with 12 chromosomes (Edwards and Batley, 2010). Rice has the smallest genome size among the 

major cereals like maize, wheat, and barley. This crop belongs to the family Gramineae and is 

grown across a wide range of topography from 53o North in North-Eastern China to 35o South in 

New South Wales, Australia (Mae, 1997; Santos et al., 2003). The primary rice-producing 

countries are China, India, Indonesia, Bangladesh, Vietnam, Thailand, Myanmar, Philippines, 

Brazil, Japan, U.S., Pakistan, and the Republic of Korea (FAOSTAT, 2018). Furthermore, U.S. 

is the third largest exporter of rice with Arkansas as the biggest rice producer of long and 

medium grain varieties (Quick Stats, 2016).  

The three major cereal crops: rice (23%), wheat (17%), and maize (10%) are consumed 

by the global population to full fill 50% of the calorie intake (Khush, 2003). Based on several 

statistical estimates and surveys, the next 20 years have been predicted to be important for the 

global rice production to be increased by 30% to meet the food demands from the increasing 

world population and economic development (Khush, 2001). Based on FAO (2004), around 852 

million people were under starvation in 2000-2002. Currently, the rate of global population 

growth exceeds the rate of the increase in food production. In addition, drought has become the 

most crucial constraint in rice production due to global climate change, and the competition with 

urban and industrial users of the limited water available (Tuong and Bouman, 2003; Farooq et 

al., 2009). Around 50% of the total rice area globally is affected by drought. Around 130 million 

ha of rice field in Asia are annually affected by drought and predicted to become more frequent 
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in many areas in the future (Rahimi et al., 2013). When compared to the current drought levels, 

future drought could reduce rice production even more (Zhao et al., 2017). Drought stress mainly 

affects physiological, morphological, and molecular-level factors of the rice crop plants (Ito et 

al., 1999). All of the rice growth stages; seedling, vegetative, and reproductive are affected by 

drought, with the reproductive stage being the most sensitive to drought stress conditions 

(Bunnag and Pongthai, 2013; Hsiao, 1982; O’Toole, 1982). Moreover, drought stress conditions 

at the reproductive stage cause a significant reduction in the grain yield components such as 

spikelet per panicle number, panicle length, primary panicle branch number, filled grain per 

panicle number, and hundred grain weight, all leading to a decrease in grain yield per plant 

(Sadeghi and Danesh, 2011).  

A previous study reported that drought stress conditions at the reproductive stage might 

reduce the grain yield up to 77% (Ito et al., 1999). On the other hand, the production of 1 kg of 

rice needs 3,000-5,000 liters of water, which is 3 times more than other cereal crops like maize 

and wheat (Bouman, 2002). Annually, the total rice yield loss due to drought stress conditions is 

around 18 million tons. However, the use of advanced genomics technologies with high-quality 

rice genome sequence information is very useful to develop drought-resistant rice genotypes that 

perform better under drought stress conditions. The identification of quantitative trait loci (DR-

QTL) regulating grain yield under drought stress conditions, can be done by employing genome 

information of several drought-resistant rice genotypes such as Vandana, Nagina-22 (N22), 

Bengal, and Kaybonnet in a drought molecular-breeding program (Dixit et al., 2014; Venuprasad 

et al., 2009). Development of a drought-resistant rice genotype can help to increase yield 

production and stability for ensuring food security. 
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QTLs are chromosomal segments that encode genes for quantitative traits, whose effects 

are determined by making quantitative measurements. These quantitative traits are controlled by 

one or more genes and affected by environmental variation, with phenotypes such as plant 

height, grain yield, abiotic and biotic stress. QTLs are defined and mapped using molecular 

markers. This mapping method is very affordable to plant research programs because of the 

developments in genomic technology and statistical analysis methods (Zhu et al., 2008). Single 

nucleotide polymorphisms (SNPs) are widely used DNA markers to identify QTLs for important 

traits that can effectively speed up plant breeding. These SNPs are characterized as the most 

abundant variation in rice genomes that are very useful for high-resolution genotyping and to 

produce the highest resolution maps (McCouch et al., 2010). Additionally, the use of SNPs are 

more efficient and cost effective (Edwards and Batley, 2010). SNPs become the most popular 

DNA markers in the 21st century due to the development of genotyping by sequencing (GBS) 

techniques (Thomson, 2014). QTL analysis has been used to obtain genomic information about 

many agronomic traits. Genomic information from QTL analysis is therefore very useful for 

enhancing plant breeding programs through marker-assisted selection (MAS). In the past few 

decades, QTL mapping for agronomic and physiological traits under abiotic stress conditions, 

has resolved several problems. A number of QTLs associated with drought resistant (DR) traits 

have been identified in Oryza sativa (Mardani et al., 2013). Furthermore, DR-QTL mapping has 

been very useful to identify the genes and chromosomal segments associated with complex DR 

traits.    

The development of drought-resistant rice genotypes has been slow because of the 

genetic complexity that controls grain yield traits under drought and also the high genotype-

environment (GXE) interaction associated with these traits (Barnabás et al., 2008). However, 
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several studies at IRRI have reported that development of mapping populations derived from a 

drought-resistant variety and a high-yielding variety has proven effective in combining drought 

resistance with high yield potential. These mapping populations have also shown transgressive 

segregants with higher yield compared to the parents under drought and normal conditions.     

GBS is the most popular next generation sequencing method which is a cost effective, 

rapid, and accurate genotyping technique to discover high-throughput SNPs for implementation 

and acceleration of the QTL mapping process, and gene discovery in rice breeding programs. To 

reduce the complexity of the genome, the GBS technique use restriction enzyme digestion 

followed by adapter ligation, PCR, and sequencing. The choice of the restriction enzyme 

influences the sequencing results. Rice has been genotyped by this GBS technique and the 

resulting high-quality SNPs used to construct high density linkage maps, to identify consistent 

grain yield component traits under drought stress conditions. A number of previous studies have 

been reported for QTL mapping with GBS to discover a large number of SNPs and the 

construction of high density linkage maps, to identify QTL for complex traits such as grain 

weight and grain length (Bhatia et al., 2018), drought resistance in chickpea (Jaganathan et al., 

2015), rust resistant and flag leaf traits in wheat (Hussain et al., 2017), and plant architecture and 

yield traits in maize (Su et al., 2017).  

Transcription factors (TFs) are important factors functioning in the abiotic stress signal 

transduction pathway, and the control of downstream gene expression (Nakashima et al., 2014). 

There are several large TF families in plants (Umezawa et al., 2006), such as myeloblastosis 

(MYB), myelocytomatosis (MYC), APETALA type 2/ethylene responsive factors (AP2/ERF), 

NAM/ATAF/ CUC transcription factor (NAC), basic region/leucine zipper motif (bZIP), WRKY 

amino-acid domain containing transcription factors (WRKY), and Cys2His2 zinc-finger proteins 
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(ZFP) among others. Furthermore, over-expression of TFs such as AREB1 (Oh et al., 2005) and 

DREB/CBF (Datta et al., 2012) significantly enhance resistance to drought stress conditions in 

the rice plants. Studies from our lab. (Ambavaram et al., 2014), showed that over-expression of 

the TF HYR (transcription factor Higher Yield Rice) in rice plants improves photosynthesis 

activity leading to higher grain yield under normal and drought stress conditions. Moreover, the 

information about drought related TFs are important to develop drought-resistant rice varieties. 

Many genes related to drought stress resistance in rice have been identified by using 

several methods such as Expressed Sequence Tag (EST) profiling, transcript profiling via 

massively parallel signature sequencing (MPSS), microarrays and quantitative real time PCR, 

and RNA gel blot analysis (Rabello, et al., 2008), and also comparative proteome analysis 

(Xiong et al., 2010). On the other hand, only few genes have been functionally validated for their 

drought resistance ability in rice (Sahoo et al., 2013). Important examples include the stress-

responsive rice NAC genes like SNAC1, OsNAC6/SNAC2, and OsNAC5 which enhance 

drought resistance when over-expressed (Nakashima et al., 2014).  

The plant hormone abscisic acid (ABA) plays an important role in adaptive responses to 

drought stress conditions, by regulating stomatal closure to limit water loss through transpiration 

(Schroeder et al., 2001 & Finkelstein et al., 2002). Endogenous ABA concentration increase 

under drought stress conditions, for helping plants adapt to the water deficit (Xiong et al., 2002). 

In addition, ABA controls the expression of many drought-responsive genes involved in a 

protective response (Shinozaki and Yamaguchi-Shinozaki, 2007). Several transcription factors 

involved in the regulation of ABA-responsive gene expression include ABFs/AREBs (Kim, 

2006), CBF/DREB, MYB, NAC, and WRKY (Berri et al., 2009; Yamaguchi-Shinozaki and 

Shinozaki, 2005).      
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The objective of this research is to identify of QTLs and candidate genes in the K/Z RIL 

population for drought resistance associated with vegetative morphological traits, grain yield 

components under drought stress and well-watered conditions, and root architectural traits 

related to ABA response. Identification of QTLs from the two contrasting cultivars for drought-

related traits will contribute to our understanding of the genetic control of rice productivity at the 

sensitive reproductive stage under drought stress conditions, and lead to accelerating the 

development of drought-resistant rice varieties with improved grain yield under drought stress 

conditions.  

  



 

203 

Materials and Methods 

Mapping population 

A RIL population derived from the varieties Kaybonnet (Oryza sativa, an upland 

japonica type) and ZHE733 (Oryza sativa, an indica type), termed K/Z RILs, was available and 

requested from the USDA Dale Bumpers National Rice Research Center, Stuttgart, Arkansas, 

USA. This RIL population was derived from an F2 population by single seed descent (SSD), 

after selfing for X generations. In the current study, the available 198 RIL lines and parents were 

used for phenotypic evaluation of the morphological traits and grain yield components under 

well-watered (WW) and drought stress (DS) conditions, and also the response of root 

architectural traits to ABA treatments.    

Drought stress treatment at the reproductive stage 

Seed of the K/Z RIL population and two parents (Kaybonnet and ZHE733) were 

germinated and grown in the greenhouse in sterilized field soil for 20 days (until V3 stage), 

under controlled conditions of 28 to 30oC day, and 22 to 23oC night, in a 14h light/10h dark 

cycle; with average light intensity of 580 µmol m-2s-1, and 65% relative humidity. Uniform 

plants were selected and transplanted to the field separetely in 6 batches (at 7-day intervals) 

based on their heading day data from USDA to synchronize the drought treatment at the 

reproductive stage. The latest heading day lines were thus seeded and transplanted early and the 

earliest heading day lines seeded last. 

This RIL population was evaluated in the field at Fayetteville, AR, USA of the growing 

seasons (May-November) in 2016 with annual rainfall 849.63 mm (7th driest year for 

Fayetteville, AR). The population was grown in a randomized complete block design with five 

replications and two treatments of well-watered (WW) and drought stress (DS) conditions, in 
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single-row plots of 5 m length with a spacing of 0.3 m between plants. Blocks represent a 

random effect and treatments (WW and DS) represent a fixed effect. The rice plants were planted 

in the control plot with normal irrigation (WW conditions) for the whole growth period, and the 

drought stress (DS) plot with treatment as described below. The rice plants in the vegetative 

stage were all maintained with the normal irrigation for at least 30 days. The DS treatment was 

given at the reproductive stage (R3). DS conditions were monitored with three tensiometers that 

were installed at three separate positions in the DS plot just after draining, the first was in the 

beginning of the plot, the second in the middle, and the third at the end of the plot. The DS 

conditions were maintained continuously up to -70 kPa (severe stress). Once the soil tension 

reduced to -70 kPa at 30 cm soil depth, life-saving irrigation was provided thereafter through 

flash flooding in the DS plot and water drained after 24h to impose the next cycle of DS till 

maturity. No rainfall occurred during this drought period at the study site. To fertilize the field 

(WW and DS plots), Urea was applied in three applications at the rate of 20 g per square meter. 

The first application after 10 days of transplanting, the second at maximum tillering stage, and 

the third at panicle initiation. The weeds were controlled by manual removal when needed. In 

total 2 parental genotypes and 198 recombinant inbred lines were used in this field study. 

The effect of drought stress was quantified by measuring morphological traits and grain yield 

components such as heading day (HD), plant height (PH), productive tiller number (TN), flag 

leaf width (FLW), leaf rolling score (LR), spikelet per panicle number (SP), panicle length (PL), 

primary panicle branch number (PPB), filled grain per panicle number (FG), hundred grain 

weight (HGW), and biological yield per plant (BY) with five replications per line. 

The data under WW and DS conditions for morphological traits and grain yield 

components were analyzed by analysis of variance (ANOVA) using JMP version 12.0. The 
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Tukey’s HSD was performed to compare the means of the two treatments (WW and DS) among 

all of the rice lines in the K/Z RIL population for significant effects (Tukey’s HSD, P < 0.05) 

using JMP version 12. Shapiro-Wilk test was used to test a normal distribution for each trait by 

using SAS 9.4.  

Screening for ABA sensitivity 

A total of 2 parental genotypes and 198 recombinant inbred lines seeds were washed with 

70% ethanol for 60 seconds then rinsed 3 times with sterilized water, washed with 30% bleach 

solution (60 ml bleach + 1 ml 20% SDS + 139 ml sterilized water) for 45 minutes and rinsed two 

times with sterilized water. Sterilized seeds (S0 stage) were germinated in 2 ml tubes contained 

germination media (Chu’s N-6 Basal Salts with Vitamins, Macronutrients, Micronutrients) until 

S3 stage in the growth chamber (temperature: 28/22oC day/night, light intensity: 600umol/m2/s, 

relative humidity: 60%). 

The experiment of screening for ABA sensitivity of the K/Z RIL population was setup in 

hydroponic treatment. The seedlings at S3 stage of Kaybonnet, ZHE733, and 198 lines were 

transplanted into ABA media at different concentration levels: 0 µM (control), 3 µM, and 5 µM, 

then grown in the growth chamber (temperature: 28/22oC day/night, light intensity: 

600umol/m2/s, relative humidity: 60%) until V3 stage. The effect of ABA sensitivity was 

quantified by measuring the root architectural traits: maximum root length (RL), root to shoot 

ratio (RSR), total root number (TRN), number of roots with a shallow angle (0-45o) (SRN), 

number of roots with a deep angle (45-90o) (DRN), and root fresh weight (RFW) with five 

replications per line/treatment.       
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Genotyping 

 Young leaves of 2 week old plants of the 198 selected lines and their parents (Kaybonnet 

and ZHE733) were sampled. Their genomic DNA were extracted by using cetyl tri-methyl 

ammonium bromide (CTAB) method as described (Murray and Thompson, 1980). DNA 

concentration from each plant was measured with NanoDrop 2000 Spectrophotometer (Thermo 

Fisher Scientific, Waltham, Massachusetts, USA), and the DNA quality was checked by 

electrophoresis in 1.5% agarose gels (0.5 TBE). The run was performed with the constant supply 

for 3.5 hours at 80 volt. The gel pictures was recorded with gel documentation system (Alpha 

Imager®, USA). High-quality DNA in range from 25.00 – 144.89 ng/µl was used for SNP 

genotyping. The DNA of 2 parental genotypes and 198 lines were sent to University of 

Minnesota Genomics Center for Genotyping-by-Sequencing (GBS). Two hundred GBS Libraries 

were created by using single-end library type with enzyme combination Pstl and Mspl for DNA 

digestion, and the digested DNAs ligated to the adapter. Then, all libraries were sequenced in 1 

lane of a NextSeq 1x150-bp run with mean reads per sample of two millions base pairs (bp) 

(Figure 5.1.). Mean quality scores above Q30 for all libraries was chosen (Figure 5.2.).  

SNP identification 

SNP identification was analyzed from the sequence reads, and were generated in a 

FASTQ file. De-multiplexed FASTQ files were generated using Illumina BCL2FASTQ 

software. FASTQ files with more than the targeted number of reads (2,000,000) were 

subsampled down to 2,000,000 number reads. The first 12 bases were removed from the 

beginning of each read in order to remove adapter sequences, using Trimmomatic to remove 

adapter sequences at the 3’ ends of reads. The FASTQ files were aligned to the reference 

genome of Nipponbare, Oryza sativa spp. Japonica version MSU7 by using Burrows-Wheeler 
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Alignment (BWA) software. The sequences that perfectly matched and aligned were processed 

for SNP calling. Freebayes was used to jointly call variants across all samples simultaneously. 

The raw Variant Call Format (VCF) file generated by Freebayes was filtered using VCF tools to 

remove variants with minor allele frequency less than 1%, variants with genotype rates less than 

95%, samples with genotype rates less than 50%, variants with 100% missing data, variants with 

monomorphic markers between parents, and variants with more than 50% heterozigosity. The 

filtered data file with final set of SNPs in nucleotide-based hap map format was converted to an 

ABH-based format, where “A” represents donor allele, “B” represents recipient allele, and “H” 

represents heterozygous allele.  

Linkage map construction and QTL mapping 

The genotypic data for 198 lines of the K/Z RIL population with filtered SNP markers, 

were used for linkage map construction by using the linkage mapping function in the QTL 

IciMapping software version 4.2.53 (Meng et al., 2015) with a recombination frequency (r) set at 

0.45. The Kosambi mapping function was used to convert recombination frequencies to map 

distance (cM) (Kosambi, 1943). Furthermore, the markers were ordered with a threshold 

logarithm of odd (LOD) set at 2.5.  

The morphological traits and grain yield components used to conduct QTL analysis were 

spikelet per panicle number (SP), panicle length (PL), primary panicle branch number (PPB), 

filled grain per panicle number (FG), biological yield (BY), plant height (PH), productive tiller 

number (TN); each trait or yield component under WW and DS conditions. In addition data for 

heading date (HD), flag leaf width (FLW), and leaf rolling score (DLR) under DS conditions 

were collected. The root architectural traits for ABA sensitivity screening, include root length 

(RL), root to shoot ratio (RSR), total root number (TRN), shallow root number (SRN), deep root 
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number (DRN), and root fresh weight (RFW) at different level of ABA concentrations: 0 µM 

(control), 3 µM, and 5 µM were also measured for QTL mapping.  

QTL analysis was done with 4133 Single Nucleotide Polymorphism (SNP) markers by 

using QTL IciMapping software version 4.2.53 with inclusive composite interval mapping 

(ICIM) function (Meng et al., 2015). QTLs explaining ≥ 2% phenotypic variance (PVE) with 

LOD ≥ 2.5 were declared significant. QTL nomenclature used is based on the trait name, 

chromosome number, and their physical map position on the genome (Solis et al., 2018; 

McCouch, 2008). The left and the right markers flanking the QTLs were determined. Genotypic 

frequency was calculated according to the closest marker to the QTL peak. 

Identification of candidate genes within the QTL regions 

 The candidate genes present within the QTL regions were identified based on the position 

of the SNP markers flanking the QTL regions, and the nearest predicted/annotated gene in the 

region, using the MSU rice japonica reference genome annotation release 7.0 as the reference. 

All the genes within 25 Kb of the identified QTLs position were classified into three major 

functional categories, including biological process, molecular function, and cellular component. 

The key functional genes regulating drought-related traits and ABA sensitivity were further 

analyzed by extracting RNA from the drought responsive line and used for analysis of their gene 

expression under DS conditions.    

RT-qPCR validation of the key functional genes identified within the QTL regions regulating 

drought-related traits and ABA sensitivity 

 The leaf samples for RNA extraction and quantification of gene expression were 

collected from the two parental genotypes of the K/Z RIL population; Kaybonnet as drought 

resistant parent and ZHE733 as drought-sensitive parent under DS (at 30% field capacity) and 
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WW conditions with three biological replicates. RNA was extracted using the RNeasy® Plant 

Mini Kit (Qiagen Inc, Hilden, Germany), the quality and concentration of each extracted RNA 

sample determined by using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, 

Waltham, Massachusetts, USA) and RNA quality checked by gel electrophoresis in 1.5% 

agarose gels (0.5 TBE). The RNA samples that met the criteria of having a 260/280 ratio of 1.8–

2.1, or 260/230 ratio ≥2.0, were used for complementary DNA (cDNA) synthesis, with one 

microgram of each RNA sample reverse transcribed to complementary DNA (cDNA) using 

GoScript® Reverse Transcription System (Promega, Madison, Wisconsin, USA). For individual 

gene expression analysis, real-time quantitative polymerase chain reaction (RT-qPCR) analysis 

were conducted using GoTaq® qPCR Master Mix (Promega, Madison, Wisconsin, USA) with 

gene-specific primers at melting temperatures of 55–60°C, for primer lengths of 18–25bp, and 

amplicon lengths of 101– 221bp and Ubiquitin primers as standard. Seven known drought 

resistance genes and 26 candidate drought resistance genes identified within the QTL regions 

were used as primers for generating the gene expression data (Table 5.7.). These 26 candidate 

genes include 15 candidate genes with known annotations to drought response and 11 candidate 

genes from the mapped traits with high LOD and PVE with unknown annotations of drought 

response. The RT-qPCR reaction samples were prepared in a total volume of 20μL, containing 

10μL of SYBR green master mix, 1μL of cDNA template, 8μL of ddH2O, and 1μL of each 

primer. RT-qPCR was performed with a BIO-RAD CFX-96 instrument (Bio-Rad Laboratories, 

Inc., Hercules, California, USA). Increasing temperature (0.5°C/5 s) from 65°C to 95°C was 

used to perform the melting curve analysis, with un-transcribed RNA run as negative control. 

The relative difference in expression for each sample in individual experiments was determined 

by normalizing the threshold cycle (Ct) value for each gene against the Ct value of Ubiquitin and 
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calculated relative to the respective control samples as a calibrator using the equation 2-ΔΔCt. 

The average of three biological replicates and three technical replicates for each sample was used 

to obtain each expression value (Ramegowda et al., 2014; Bevilacqua et al., 2015; De Freitas et 

al., 2016). The standard error was used to separate means for significant effects. 

Result and Discussion 

The K/Z RIL population was developed at the USDA Dale Bumpers National Rice 

Research Center, Stuttgart, Arkansas, USA from crossing between diverse parental genotypes 

from different subspecies, Kaybonnet (tropical japonica) and ZHE733 (indica) by SSD method 

to create segregating progenies with high genetic variability for selection desirable genes. 

Furthermore, based on the screening of grain yield under DS conditions at reproductive stage 

(R3), among the two parental genotypes, Kaybonnet is drought resistant while ZHE733 displays 

a drought sensitive phenotype (Figure 5.3.). The progeny of a cross between drought resistant 

and sensitive genotypes are useful to study the inheritance of drought resistance, and identify 

important QTLs for variation in grain yield under DS conditions (Islam et al., 2012). The K/Z 

RIL population was studied for filled grain per panicle number, and out of 198 lines, 13.13% 

were found to be highly drought resistant lines, 11.11% moderately drought resistant lines, and 

75.75% drought sensitive lines (Table 5.1.), suggesting there are multiple factors involved in 

inheritance and expression of drought resistant phenotypes. 

Variation in morphological traits of RILs under drought stress conditions 

Rice is more sensitive to DS conditions compared to the other cereal crops such as wheat, 

rye, and barley (Huang et al., 2014). Significant differences were observed among the parental 

lines (Kaybonnet and ZHE733) and the RIL population for morphological traits (Table 5.2.). In 

the RIL population, the morphological traits measured showed normal frequency distribution, for 



 

211 

PH under WW and DS conditions (Figure 5.4.), TN under WW and DS conditions (Figure 5.5.), 

HD (Figure 5.6.), flag leaf width (Figure 5.7.), and DLR (Figure 5.8.) revealing quantitative 

inheritance, and thus the morphological traits were suitable for QTL analysis (Fang et al., 2019).  

The two parental lines are diverse in the morphological traits. Kaybonnet, the donor 

parent, has high stature, low tiller number, late heading day, wide flag leaf width, and low leaf 

rolling score (Table 5.2.) while ZHE733, the recurrent parent, has short stature, higher tiller 

number, early heading day, narrow flag leaf width, and high leaf rolling score (Table 5.2.). In 

addition to the two parental lines having variation for morphological traits, when subjected to DS 

conditions, Kaybonnet showed superior performance to ZHE733. Kaybonnet showed more 

drought resistance while ZHE733 is sensitive to DS conditions, thus exhibiting less resistance. 

Within the RIL population, there was a wide range of morphological traits showing variation 

across WW and DS conditions: PH and TN. All the morphological traits in the RIL population 

exhibited a typical segregation pattern, with normal distribution. Moreover, within the RIL 

population, a contrast was observed under DS conditions; all the morphological traits under DS 

showed a significant reduction compared with the traits measured under WW conditions (Table 

5.2.). These results are in agreement with previous studies showing that water deficit conditions 

have a negative effect on plant development and growth due to a loss of turgor (Hsiao et al., 

1970; Specht et al., 2001; Farooq et al., 2011; Todaka et al., 2015). The reduction of the plant 

height and productive tiller number under DS conditions are associated with the reduction of the 

cell cycle processes, cell expansion and elongation (Mantovani and Iglesias, 2008).       

Genetic variation for grain yield components under reproductive stage drought stress  

 The effect of DS conditions on rice are different at every growth stage. Rice is very 

sensitive to DS conditions, especially at the reproductive stage, and grain yield is dramatically 
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reduced even under slight DS conditions (Kamoshita et al., 2008; Palanog et al., 2014). The 

effective way to reduce grain yield loss under DS conditions is to develop drought-resistant rice 

varieties, that are however very challenging due to the complexity of the drought resistant trait. 

The identification of QTLs associated with the grain yield components under DS conditions, and 

their utilization in molecular breeding, is an alternative method of increasing breeding 

effectiveness. Moreover, identified QTLs are very useful for incorporation in a marker assisted 

breeding (MAB) strategy (Venuprasad et al., 2011).   

 The mean values of the grain yield components showed a significant difference in 

performance between the parents in WW and DS conditions (Table 5.3.). Mean values for all the 

grain yield components were higher in Kaybonnet compared with ZHE733 and the frequency 

distributions of these components were normal under WW and DS conditions, indicating 

polygenic control of the traits as shown: BY (Figure 5.9.), SP (Figure 5.10.), FG (Figure 5.11.), 

PL (Figure 5.12.), and PPB (Figure 5.13.). Transgressive segregation was observed for the grain 

yield components under WW and DS conditions. Both parental lines experienced a reduction in 

all grain yield components under DS conditions. ZHE733 showed a greater reduction in all grain 

yield components compared with Kaybonnet. Moreover, there were significant differences 

among the RILs for all the grain yield components under WW and DS conditions. 

Variation in root architectural traits under ABA conditions 

 The K/Z RIL population showed variation in their root architectural traits in response to 

ABA (0 µM, 3 µM, and 5 µM), such as reduction in RL (Figure 5.14.), increase in RSR (Figure 

5.15.), reduction in TRN (Figure 5.16), decrease of SRN (Figure 5.17.), shortening in DRN 

(Figure 5.18.), and lessening RFW (Figure 5.19.). Furthermore, the distribution of root 

architectural traits studied under ABA conditions showed a near normal distribution. The range 
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of RL, RSR, TRN, SRN, DRN, and RFW of the K/Z RIL population under ABA conditions also 

exhibited a wide variation (Table 5.4.). Additionally, the average of root architectural traits of the 

RILs lie between the parents in ABA conditions.  

The parents, Kaybonnet and ZHE733 had contrasting responses under ABA conditions, 

where Kaybonnet as drought-resistant parent showed more sensitivity to ABA compared to 

ZHE733 as the drought sensitive parent. Both parents experienced a reduction in RL, TRN, SRN, 

DRN, and RFW under ABA conditions compared to control conditions. Kaybonnet showed a 

greater reduction in RL, TRN, SRN, DRN, and RFW compared to ZHE733. Although both 

parents and the RIL population exhibited a reduction in RL, TRN, SRN, DRN, and RFW under 

ABA conditions, the reduction was greater in Kaybonnet. RSR increased for Kaybonnet and RIL 

population under ABA conditions.   

Previous studies have demonstrated that ABA sensitivity is associated with drought stress 

resistance through its effect on the stomatal movement (Lim et al., 2015; Duan et al., 2008; 

Todorov et al., 1998). Lim et al. (2015) also indicated that drought-sensitive rice plants grown in 

media with 2 or 5 µM ABA had significantly longer roots and shoots compared to the plants in 

control media. These data suggested that the drought-sensitive rice plants were insensitive to 

ABA and exhibited the ABA-dependent pathway in response to drought stress.   

Correlation of morphological traits and grain yield components under WW and DS conditions 

with root architectural traits under ABA conditions 

Correlation analysis increases an understanding of the overall contribution of various rice 

plant traits to each other (Gibert et al., 2016). A Pearson’s correlation coefficient analysis was 

carried out on morphological traits and grain yield components under WW and DS conditions, 

and also on root architectural traits under ABA conditions, to analyze the correlations among 
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them. Significant correlations were observed among all of the traits studied (Figure 5.20.). 

Furthermore, “FG-DS as the major trait among the grain yield components under DS conditions 

showed significant positive correlations with most of the morphological traits, including HD, 

TN-WW, PH-WW, PH-DS, FLW, and DLR”. FG-DS also has positive correlations with other 

grain yield components, such as PL-WW, PL-DS, PPB-WW, SP-WW, SP-DS, and FG-WW. 

Additionally, FG-DS exhibited significant positive correlations with most of the root 

architectural traits under ABA conditions such as RL-ABA3, RL-ABA5, RSR-ABA3, RSR-

ABA5, TRN-ABA3, TRN-ABA5, DRN-ABA0, DRN-ABA3, DRN-ABA5, RFW-ABA0, RFW-

ABA3, and RFW-ABA5. However, significant negative correlations were also observed between 

FG-DS and the morphological trait like TN-DS, and also with the grain yield components such 

as BY-WW, BY-DS, and PPB-DS. Several root architectural traits also showed significant 

negative correlations with FG-DS, including RL-ABA0, RSR-ABA0, TRN-ABA0, SRN-ABA0, 

SRN-ABA3, and SRN-ABA5.  

In this study, a positive correlation found between FG-DS with most of the 

morphological traits, the other grain yield components, and the major root architectural traits 

under ABA conditions, indicate that the rice drought-resistant plants maintain their grain yield 

under DS conditions through development of cell elongation, maintenance of cellular membrane 

integrity, and regulation of osmotic stress tolerance via ABA-mediated cell signaling (Kanbar et 

al., 2009; Ramegowda et al., 2015; Ding et al., 2016; Basu et al., 2016; Catalos et al., 2017; Nada 

et al., 2018; Hassaoni et al., 2018; Li et al., 2019; Kim et al., 2020). Furthermore, the negative 

correlation between FG-DS with BY under WW and DS conditions, and also with root 

architectural traits under ABA 0 uM indicate that there is more assimilate distribution into the 

grains compared to the other plant components, under DS conditions. Moreover, ABA sensitivity 
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was found correlated with the drought resistance of rice plants (Lim et al., 2015; Duan et al., 

2008; Todorov et al., 1998).  

High-density genetic linkage map with GBS markers 

 A genetic linkage map is an important tool to explore the plant genome, and to obtain 

information of allele introgression during plant breeding efforts (De Soursa et al., 2015). By 

using high-density genetic linkage map leads to narrow down the location of QTLs into a 

specific region and predict more accurate candidate genes for gene cloning, then validation with 

reverse genetics approaches (Hattori et al., 2009). Based on the GBS analysis, 28,598 SNP 

markers were obtained from 200 samples (2 parental lines and 198 RILs) (Figure 5.21.) with 

heterozygosity level of 1.3% and non-parental alleles at 0.4%. The filtering process of the SNP 

markers was done based on the missing data (≤90%), minor allele frequency (MAF < 1%), 

polymorphic markers between parents, recombinant frequency, and percentage of 

heterozygosity. Furthermore, 4133 filtered SNP markers were obtained, and were used in the 

development of the high-density genetic linkage map by using QTL IciMapping software version 

4.2.53 with the Kosambi mapping function.  

The number of SNP markers mapped to each chromosome varied from 182 SNP markers 

found on chromosome 12 to 562 SNP markers on chromosome 1, with an average of 344.42 SNP 

markers per chromosome. Chromosome 1 is the longest and chromosome 12 the smallest. 

Moreover, the total length of the genetic linkage map was 6063.12 cM (varied from 343.72 cM 

on chromosome 10 to 676.52 cM on chromosome 2), with the average of 505.26 cM per 

chromosome. A calculated average genetic distance between two SNP markers across the 

chromosome was 1.58 cM (ranged from 0.92 cM on chromosome 6 to 2.89 cM on chromosome 

12). The density of the genetic linkage map was 0.69 SNP markers per cM (Table 5.5.) or an 
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average of 1 SNP marker every 1.5 cM. This high-density genetic linkage map covered 373 Mb 

of the rice genome and can be used to identify QTLs with higher resolution and reliability for 

application in rice breeding under DS conditions. Moreover, the high-density genetic linkage 

map led to identification and selection of candidate genes within the QTL regions that are 

involved in improving drought resistance in the rice plants, and towards developing drought-

resistant rice varieties. Many previous studies have also used high-density linkage maps for QTL 

mapping (Bhattarai & Subudhi, 2018; Sabar et al., 2019; Barik et al., 2019; Melandri et al., 2020; 

Barik et al., 2020).    

QTL mapping of morphological and yield traits under reproductive stage drought stress 

conditions and root architectural traits under ABA conditions 

The identification of QTLs for morphological traits, grain yield components, and root 

architectural traits is important to understand the genetic complexity of the drought-related traits. 

The genetic variation of drought-related traits is regulated by numerous genes that have a large 

effect on the traits (Baisakh et al., 2020). In this research, 213 QTLs were identified for 

morphological traits and grain yield components under WW and DS treatments, and also root 

architectural traits under ABA treatments (Table 5.6. and Figure 5.22.). The identified QTLs 

varied under WW, DS, and ABA treatments. Additionally, the number of QTLs varied for 

morphological traits, grain yield components, and root architectural traits. Among the studied 

traits, root architectural traits had the highest number of QTLs with 147 QTLs. A total of 16 

OTLs were identified for morphological traits. Moreover, 50 QTLs were detected for grain yield 

component traits. For root architectural traits, 147 QTLs were identified. Furthermore, the 

identified QTL LODs ranged from 2.506 to a maximum value of 28.849, indicating that the 

identified QTLs were not in the noise regions and contained important genes with large influence 
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on the performance of rice under DS conditions. Moreover, the identified QTLs explained 

phenotypic variation of 0.189 to 13.809% (Table 5.6.).  

The QTLs were scattered unevenly on different chromosomes. The identified QTLs were 

distributed in the following chromosome: chromosome 1 (6 QTLs), chromosome 2 (18 QTLs), 

chromosome 3 (21 QTLs), chromosome 4 (20 QTLs), chromosome 5 (28 QTLs), chromosome 6 

(24 QTLs), chromosome 7 (14 QTLs), chromosome 8 (21 QTLs), chromosome 9 (13 QTLs), 

chromosome 10 (28 QTLs), chromosome 11 (4 QTLs), and chromosome 12 (16 QTLs). 

Chromosome 5 and 10 harbored the largest number of QTLs with 28 QTLs, respectively. 

However, chromosome 11 had the lowest number of QTLs with 4 QTLs. Furthermore, 47 QTL 

clusters or QTL hot spots were detected, including chromosome 1 (1 QTL cluster), chromosome 

2 (5 QTL clusters), chromosome 3 (2 QTL clusters), chromosome 4 (5 QTL clusters), 

chromosome 5 (7 QTL clusters), chromosome 6 (4 QTL clusters), chromosome 7 (5 QTL 

clusters), chromosome 8 (4 QTL clusters), chromosome 9 (2 QTL clusters), chromosome 10 (7 

QTL clusters), chromosome 11 (1 QTL cluster), and chromosome 12 (4 QTL clusters). QTL 

clusters are regions in the genome in which several QTLs are co-localized (Singh et al., 2017). 

The co-localization of QTLs for morphological traits, grain yield components, and root 

architectural traits because of the pleiotropic action of a single gene or multiple linked genes 

(Struder and Doebley, 2011). These QTL clusters contained 2 to 12 QTLs. Furthermore, QTL 

clusters for morphological traits, grain yield components, and root architectural traits were 

identified on chromosome 3, 6, and 8. These regions are potential targets for grain yield 

improvement under DS conditions. 

Most of the QTL identified in this study were mapped to approximately the same 

locations as previous reports (Mu et al., 2003; Courtois et al., 2003; Lanceras et al., 2004; 
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Bernier et al., 2007; Bernier et al., 2009; Venuprasad et al., 2009; Mishra et al., 2013; Yadaw et 

al., 2013; Wang et al., 2014; Palanog et al., 2014; Saikumar et al., 2014; Prince et al., 2015). 

Chromosome 1 harbored the highest number of QTLs for PH (Monna et al., 2000; Lanceras et 

al., 2004; Zhou et al., 2016; Jiang-xu et al., 2016; Yadav et al., 2019a; Zeng et al., 2019; Xu et 

al., 2020). The most QTLs associated with grain yield were located on chromosome 5 and 6 

(Solis et al., 2018; Yadav et al., 2019b; Baisakh et al., 2020), whereas QTLs of HD were mainly 

located on chromosome 3 (Takahashi et al., 2001; Bernier et al., 2007; Xu et al., 2020). 

Moreover, chromosome 10 had the highest number of QTLs for root architectural traits with 20 

QTLs (Xu et al., 2001; Lou et al., 2015; Kitomi et al., 2015; Gimhani et al., 2018).  

Candidate genes underlying QTL regions 

 Identification of candidate genes within a QTL region is useful for marker-assisted 

pyramiding to develop drought-resistant rice varieties (Bhattarai et al., 2018), and is also 

important for developing transgenic rice with enhanced drought resistance (Varshney et al., 

2011). In this research, we identified candidate genes involved in many biological processes, 

molecular functions, cell components, and drought response (Table 5.6.). The QTL clusters 

contain candidate genes with large pleiotropic effects. The total number of candidate genes 

identified in 213 QTLs for morphological traits and grain yield components under WW and DS 

conditions, and also root architectural traits under ABA conditions, were 628 with an average of 

3 genes per QTL (Table 5.6.). These candidate genes were distributed unevenly on different 

chromosome, including chromosome 1 (51 genes), chromosome 2 (98 genes), chromosome 3 (49 

genes), chromosome 4 (49 genes), chromosome 5 (79 genes), chromosome 6 (47 genes), 

chromosome 7 (49 genes), chromosome 8 (52 genes), chromosome 9 (31 genes), chromosome 10 

(73 genes), chromosome 11 (14 genes), and chromosome 12 (36 genes). Among these, 
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chromosome 2 contained the highest number of candidate genes, while chromosome 11 has the 

lowest candidate genes. Many known genes present within these QTL regions include genes with 

homology to APETALA2 (AP2)/ETHYLENE RESPONSE FACTOR (ERF) transcription factor, 

malate dehydrogenase protein, photosystem II oxygen evolving complex protein PsbQ family 

protein, WRKY transcription factor, MYB transcription factor, Zinc Finger (ZFN) protein, 

endoplasmic reticulum protein, DEAD-box RNA helicase, glycosyl transferase protein, Late 

Embryogenesis Abundant (LEA) protein, and no apical meristem protein (NAC). 

A transcription factor family well-known for drought response like APETALA2 

(AP2)/ETHYLENE RESPONSE FACTOR (ERF) (Lata and Prasad, 2011; Mizoi et al., 2012; 

Licausi et al., 2013; Phukan et al., 2017), has family members present in several of the QTL 

regions such as QTLs for PH-WW on chromosome 1 (LOC_Os01g66270); RL-ABA3, RL-

ABA5, RSR-ABA3, and RFW-C on chromosome 2 (LOC_Os02g54160); and FG-WW, FG-DS, 

RL-ABA3, and RL-ABA5 on chromosome 5 (LOC_Os05g49010). Furthermore, the QTL 

regions for PH-WW on chromosome 1 is adjacent to the semi-dwarfing gene sd1 locus (38.3 

Mb). A strong linkage has been found previously between sd1 and QTL for drought-related traits 

(Vikram et al., 2015). The sd1 locus is also associated with underground and above ground traits 

in rice, such as plant height and root architectural traits (Yadav et al., 1997). Reduction in plant 

height under DS conditions, is the adaptation of rice plants to DS (Table 5.2.). An important 

QTL for grain yield components under DS, FG located on chromosome 5, overlaps with 12 

candidate genes. There is also an overlap between QTL for root architectural traits, RL under 

ABA conditions and FG under DS, suggesting that ABA is involved in the drought stress 

resistance mechanism. Under DS conditions, ethylene biosynthesis is increased and interacts 

with AP2/ERF, and finally a response to water deficit (Abiri et al., 2017; Nakano et al., 2006; 
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Ma et al., 2014). Additionally, AP2/ERF responds to ABA in order to help activate ABA 

dependent and independent stress responsive genes. Transgenic rice with over-expression of an 

AP2/ERF showed an increase in drought resistance (Pan et al., 2012). An understanding of the 

AP2/ERF gene functions in the drought resistance mechanisms in rice, may provide valuable 

information to facilitate the improved adaptation of rice to DS conditions. 

An important candidate gene, LOC_Os03g56280, known to regulate malate 

dehydrogenase in response to drought stress was found in the QTL regions for HD, BY-DS, TN-

DS, RL-ABA3, RL-ABA5, RSR-WW, RSR-ABA3, TRN-ABA3, SRN-ABA3, DRN-ABA3, 

DRN-ABA5, RFW-ABA3, and RFW-ABA5 on chromosome 3. Another candidate gene that is 

responsible for carbohydrate metabolism was detected on chromosome 9 (LOC_Os09g08120) in 

the QTL regions for BY-DS, RL-ABA5, RFW-ABA5, RSR-C, and SRN-ABA3. Malate 

dehydrogenase is an enzyme that catalyzes the oxidation of malate to oxaloacetate by using 

NAD(H)/NADP(H) as a cofactor. Additionally, this enzyme can be expressed in different parts 

of the rice plants, such as root, leaf, panicle, and stem and was induced in the presence of water 

deficit (Nan et al., 2020). Transgenic plants over-expressing malate dehydrogenase exhibited 

increasing drought-resistance compared to wild-type. Malate dehydrogenase was also identified 

as a drought responsive protein by Agrawal et al. (2016). Under DS conditions, drought-resistant 

genotypes accumulate a higher level of malate dehydrogenase, that protects membranes from 

damage by Reactive Oxygen Species (ROS) (Guo et al., 2018). By elucidating the function of 

malate dehydrogenase, the drought response in rice can be better understood. 

A genes encoding photosynthesis function (LOC_Os04g44190) is present in the QTL 

regions for BY-WW, RL-ABA3, and RL-ABA5 on chromosome 4. This gene is involved in the 

light reaction of photosystem II (PSII) and is known to control stomatal closure, and protect 
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plants from dehydration (Sasi et al., 2018). Under DS conditions, the photosynthetic rate is 

decreased due to reduction in photosynthetic electron transport and carbon assimilation, resulting 

in reduction of grain yield. Moreover, PSII is a pigment-protein complex in thylakoid 

membranes that is responsible for oxygen evolution, water splitting, and plastoquinone reduction 

(Lu, 2016). LOC_Os04g44190 encoding a PsbQ family protein that belongs to the class of PSII 

extrinsic proteins, and under DS conditions this protein changes expression due to change in PSII 

efficiency (Sasi et al., 2018). Therefore, PsbQ protein plays an important role in drought stress 

resistance.   

A WRKY transcription factor that is involved in drought stress response and plant 

development was detected on chromosome 5 (LOC_Os05g49210) of the QTL regions for TN-

DS, RSR-ABA0, SRN-ABA3, SRN-ABA5, RFW-ABA3, and RFW-ABA5. Shen et al. (2012) 

reported that transgenic rice with over-expression of OsWRKY30 showed improved drought 

resistance. Likewise, silencing WRKY genes in transgenic rice demonstrated increased drought 

sensitivity. In addition, expression of the WRKY transcription factor induced ABA accumulation 

under DS conditions, leading to stomatal closure and reduction in water loss (Chen et al., 2010; 

Schroeder et al., 2001). Yan et al. (2015) also reported that the expression of a WRKY 

transcription factor was increased by ABA treatment.  

Genes present on chromosome 5 incude LOC_Os05g49240 in the QTL regions for TN-

WW, RSR-ABA0, SRN-ABA3, SRN-ABA5, RFW-ABA3, and RFW-ABA5; and also on 

chromosome 10 (LOC_Os10g41460) in the QTL regions for SRN-ABA3, RFW-ABA3, and 

RFW-ABA5, were identified MYB transcription factor, a known transcription factor in drought 

response (Tang et al., 2019; Baldoni et al., 2015; Li et al., 2015; Dai et al., 2007; Ma et al., 2009; 

Yang et al., 2012; Xiong et al., 2014; Quan et al., 2010). Transgenic rice with over-expression of 
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OsMYB6 exhibited increased resistance to drought compared to wild-type and contained higher 

proline catalase (CAT) and superoxide dismutase (SOD) activity. Additionally, OsMYB6 

transgenic rice plants also showed higher expression of abiotic stress-responsive genes under DS 

conditions (Tang et al., 2019). Katiyar et al. (2012) also reported that the expression of MYB 

genes is controlled by drought. Increasing drought resistance correlated with over-expression of 

MYB genes and ABA accumulation (Xiong et al., 2014).  

A stress-responsive transcription factor, Zinc Finger (ZFN) protein (LOC_Os06g49080), 

is located on chromosome 6 in the QTL regions for FG-WW, BY-WW, RL-ABA3, RL-ABA5, 

RFW-ABA0, and RFW-ABA5. The ZFN protein was reported to improve drought resistance in 

plants, suggesting that the ZFN protein contribute to the higher yield under DS conditions via 

control of stomatal closure (Huang et al., 2009; Ciftci-Yilmaz et al., 2000; Mukhopadhyay et al., 

2004; Sakamoto et al., 2004). 

A gene involved in sugar metabolism, OsSAC1 was found on chromosome 7 

(LOC_Os07g02520) in the QTL regions for SP-DS and SRN-ABA5. OsSAC1 regulates sugar 

partitioning in the carbon metabolism of young leaves and developing leaf sheaths (Zhu et al., 

2018). OsSAC1 encodes an endoplasmic reticulum protein that causes sugar accumulation in the 

rice leaves and can be used to produce energy and construct carbon skeletons.  

The genomic region on chromosome 8 (LOC_Os08g06344) in the QTLs for FG-DS, TN-

WW, TN-DS, RL-ABA3, RL-ABA5, SRN-ABA3, RFW-ABA3, and RFW-ABA5 encodes a 

DEAD-box RNA helicase which was reported to improve drought resistance in rice (Nawaz & 

Kang, 2019; Vashisht et al., 2006; Macovi et al., 2012). Over-expression of OsRH58, a 

chloroplast DEAD-box RNA helicase, in transgenic rice showed improved drought resistance, 
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displayed by better survival rate than the wild-type under DS conditions (Nawaz & Kang, 2019). 

Furthermore, gene expression of the OsRH58 was increased under drought.  

A glycosyl transferase protein, is encoded by the gene LOC_Os11g30760 on 

chromosome 11 within the QTL regions for SRN-ABA5, RFW-ABA3, and RFW-ABA5. 

Moreover, a glycosyl transferase protein was also shown to be involved in drought stress 

adaptation in plants (Lam et al. 2007; Keppler and Showalter 2010). Glycosylation, a process of 

glycosyltransferases that transfer sugar moieties from activated donor sugar molecules to 

acceptor molecules (Jones and Vogt, 2001; Lairson et al., 2008; Li et al., 2015), is crucial in the 

biosynthesis of plant cell walls (Cao et al., 2008). 

A gene regulating late embryogenesis abundant (LEA) protein was detected on 

chromosome 12 (LOC_Os12g02700) underlying the QTL regions for BY-DS, RSR-ABA5, 

SRN-ABA0, and SRN-ABA5. LEA protein has a major role in drought resistance in plants (Xiao 

et al., 2007; Duan & Cai, 2012; Magwanga et al., 2018; Liang et al., 2019; Chen et al., 2019; 

Kamarudin et al., 2019). Under DS conditions, LEA genes showed higher expression in the 

drought resistant plants compared to drought sensitive. In support of LEA functions, Xiao et al. 

(2007) reported that transgenic rice with over-expression a LEA protein gene OsLEA3-1 

exhibited higher grain yield compared to wild-type under DS conditions.  

 Within the QTL region for TRN-ABA0 and TRN-ABA3 on chromosome 12, 

LOC_Os12g29330, (OsNAC139) was identified. OsNAC139 is a member of the NAC 

transcription factor family that is known to control plant response to drought (Kikuchi et al., 

2003; Nakashima et al., 2007; Takasaki et al., 2010; Shim et al., 2018) by producing no apical 

meristem (NAM)/NAC protein. Rice contains 151 NAC genes (Puranik et al., 2013), from which 

several studies have reported that over-expression of OsNAC genes leads to improved drought 
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resistance (Nakashima et al., 2007; Hu et al., 2008; Yokotani et al., 2009; Zheng et al., 2009; 

Jeong et al., 2010).  

Among all the candidate genes identified within the QTL regions, various transcriptomes 

correlated with drought stress resistance were detected. Drought resistance of the rice plants can 

be either associated with metabolic regulation or osmoregulation. In conclusion, this study has 

revealed a number of potential candidate genes for developing drought-resistant rice varieties.  

RT-qPCR validation of the key functional genes identified within the QTL regions regulating 

drought-related traits and ABA sensitivity 

Information about the differences in the expression of drought resistance genes between 

drought-resistant and sensitive genotypes and their relationship to morphological 

characterisctics, grain yield components, and root architectural traits under DS conditions has 

been limited. However, the study of the differences in gene expression between resistance and 

sensitive genotypes could improve the efficiency and opportunities of developing drought 

resistant varieties.   

The identified candidate genes within the QTL regions regulate morphological traits and 

grain yield components under WW and DS, and also root architectural traits under ABA 

treatments, were further analyzed to exemplify their roles in increasing drought stress resistance 

in rice by identifying their expression under different conditions. In this research, QTLs 

controlling morphological and yield traits under reproductive stage drought stress conditions 

were identified and compared with those identified under WW conditions. The QTLs under DS 

conditions were different from those identified under WW conditions. This might be due to the 

difference in expression of the genes for morphological and grain yield traits under DS and WW 

conditions. Plant respond and adapt to the drought stress through several processes, such as 
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physiological, biochemical, and molecular processes that are regulated by transcriptional 

regulators. When rice plants are exposed to drought stress, certain genes are activated or 

repressed. Proteins, as the products of the activated genes, will protect the plants from the 

damage of drought stress (Dai et al., 2007). The known genes and transcription factor families 

that have been proven to regulate the plant response to drought stress are AP2/ERF, WRKY, 

MYB, NAC, NAP, and bZIP (Wu et al., 2017; Mao et al., 2017; Tang et al., 2017; Butt et al., 

2017; Zhu et al., 2018; Sun et al., 2018). Understanding the regulation of gene expression in 

response to drought stress is important to develop drought-resistant rice varieties. Seven known 

drought resistance genes and 26 out of 628 candidate genes obtained from the QTL regions were 

selected for identifying their expression between drought-resistant parent (Kaybonnet) and 

drought sensitive parent (ZHE733) under DS conditions. These 26 candidate drought resistance 

genes comprise of 15 candidate genes with known annotations to be responsive to drought stress, 

and 11 candidate loci comprising of genes from the traits with high LOD and PVE with unknown 

annotations (Table 5.7.).  

RT-qPCR confirmed that seven known drought resistance genes showed differential gene 

expression patterns in the drought resistant (Kaybonnet) and drought sensitive (ZHE733) parents. 

The RT-qPCR results revealed that 6 out of 7 known drought resistance genes were up-regulated 

in Kaybonnet relative to ZHE733 under DS conditions when compared to WW conditions 

(Figure 5.25.). One of the drought gene OsNAC9 showed down-regulation in Kaybonnet relative 

to ZHE733 when the relative expression values was compared between DS and WW conditions 

for each genotype. But the OsNAC9 relative gene expression under DS (Figure 5.24.) and WW 

conditions (Figure 5.25.) showed higher expression in Kaybonnet than ZHE733. This can be 

explained, eventhough the relative reduction in gene expression for OsNAC9 is high in 
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Kaybonnet than ZHE733 when comparisons are made between DS vs WW conditions for each 

genotype but the overall expression value for this gene is higher in Kaybonnet than ZHE733 

under both WW and DS conditions. These results suggested that known drought resistance 

genes, including OsMYB109, OsNAP, OsNAC5, OsNAC9, OsNAC10, OsZIP23, and OsZIP46 

also played an important role in regulating the drought resistance of Kaybonnet. 

Out of 15 annotated candidate genes, LOC_Os01g66270 (ERF/Ethylene Response 

Factor) and LOC_Os10g41460 (MYB protein) showed up-regulation in Kaybonnet relative to 

ZHE733 under DS conditions when compared to WW conditions (Figure 5.25.). All other 13 

candidate genes, LOC_Os02g54160 (APETALA2/ERF transcription factor), LOC_Os03g56280 

(Malate dehydrogenase), LOC_Os04g44190 (Light reaction photosystem II), LOC_Os05g49010 

(APETALA2/ERF transcription factor), LOC_Os05g49210 (WRKY transcription factor), 

LOC_Os05g49240 (MYB protein), LOC_Os06g49080 (Brassinosteroid/BR signaling), 

LOC_Os07g02520 (Regulation of sugar partitioning in carbon-demanding young leaves and 

developing leaf sheaths), LOC_Os08g06344 (DEAD-box RNA helicase), LOC_Os09g08120 

(Carbohydrate metabolic process), LOC_Os11g30760 (Galactosyltransferase activity), 

LOC_Os12g02700 (Late embryogenesis abundant/LEA protein), and LOC_Os12g29330 (No 

apical meristem/NAM protein domain) eventhough showed down-regulation in Kaybonnet 

relative to ZHE733 under DS conditions when compared to WW conditions do not support the 

phenotypic traits associated with each loci. These genes are inherently up-regulated in WW 

(Figure 5.23.) and DS conditions (Figure 5.24.) compared to ZHE733, so eventhough the relative 

amount was down-regulated in DS compared to WW (Figure 5.25.), the intrinsic gene expression 

values of that genes are higher in Kaybonnet compared to ZHE733 suggesting a cause for better 

DS phenotype of Kaybonnet compared to ZHE733.    
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In order to verify the results from QTL mapping for two candidate regions for the traits, 

the loci high LOD and PVE score were studied for gene-expression between Kaybonnet and 

ZHE733. One of the region for the trait PHC has LOD score 24.42 and PVE 13.81%. The 

window region of 10 Kb upstream and downstream was selected where the polymorphic SNP 

was detected on chromosome 2. This region has 6 candidate genes, LOC_Os02g44590, 

LOC_Os02g44599, LOC_Os02g44610, LOC_Os02g44620, LOC_Os02g44630, and 

LOC_Os02g44642 (Table 5.7.) with unknown annotations. The second region selected for gene-

expression study also had high LOD score 21.82 and PVE 8.49% and is associated with traits 

BYD, TNC, and TND; and the region spanning the polymorphic marker selected included 5 

genes: LOC_Os10g07030, LOC_Os10g07040, LOC_Os10g07050, LOC_Os10g07060, and 

LOC_Os10g07080 with unknown annotations on chromosome 10.     

Four candidate genes (LOC_Os02g44590, LOC_Os02g44610, LOC_Os10g07040, and 

LOC_Os10g07080) out of 11 candidate genes with unknown annotations showed up-regulated in 

Kaybonnet relative to ZHE733 under DS conditions when compared to WW conditions (Figure 

5.24). Seven other candidate genes (LOC_Os02g44599, LOC_Os02g44620, LOC_Os02g44630, 

LOC_Os02g44642, LOC_Os10g07030, LOC_Os10g07050, and LOC_Os10g07060) even 

though showed down-regulation in Kaybonnet relative to ZHE733 under DS conditions when 

compared to WW conditions (Figure 5.25.), but the relative gene expression under DS (Figure 

5.24.) and WW conditions (Figure 5.23.) showed higher expression in Kaybonnet and ZHE733, 

suggesting that higher intrinsic values of candidate genes in Kaybonnet compared to ZHE733 are 

probably enough for the traits. LOC_Os10g07040 and LOC_Os10g07080 up-regulated in 

Kaybonnet relative to ZHE733 under DS conditions when compared to WW conditions (Figure 



 

228 

5.25.) and also showed higher relative gene expression under DS (Figure 5.24.) and WW 

conditions (Figure 5.23.) in Kaybonnet.  

Among the candidate drought resistance genes not annotated to drought stress function, 

LOC_Os10g07040 showed high up-regulation in Kaybonnet compared to ZHE733 under DS and 

WW conditions (Figure 5.23., 5.24., and 5.25.), correlated with chalcone synthase, according to 

the MSU rice reference genome annotation release 7.0 (http://rice.plantbiology.msu.edu) that is 

involved in the drought stress response in rice (Hu et al., 2017), Arabidopsis (Nakabayashi et al., 

2013), and tobacco (Hu et al., 2019). The other candidate drought resistance gene that also 

showed high up-regulated in Kaybonnet compared to ZHE733 under DS and WW conditions 

(Figure 5.23., 5.24., and 5.25.) was LOC_Os10g07080 is related to myosin (Jiang et al., 2004) 

and transposon protein (Cho et al., 2017) that regulates cell growth and developmental processes 

in rice. These candidate genes could be functioning in a cumulative manner in order to show a 

measurable positive effect on improving drought resistance in rice and the effect of genes can 

further be exploited to develop drought resistant cultivar.   

A large number of genes were up-regulated in Kaybonnet (drought resistant parent), 

indicating that the drought resistant cultivar had higher capability to modulate drought resistance 

genes when exposed to DS conditions, thereby enhancing its resistance level compared to 

drought sensitive parent (ZHE733). Modulation of a higher number of up-regulated expressed 

genes with different transcription factor gene families is a crucial characteristics of drought 

resistant genotypes. Similar results were also obtained by Hayano-Kanashiro et al. (2009) who 

showed that drought-resistant maize genotypes inducted more genes compared to the sensitive 

genotypes under DS conditions. Seven of the known drought resistance genes, including 

OsMYB109, OsNAP, OsNAC5, OsNAC9, OsNAC10, OsZIP23, and OsZIP46, and also 15 
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candidate drought resistance genes identified within QTL regions have been strongly associated 

with direct roles in drought stress resistance. For example, transcription factors MYB, NAP, 

NAC, ZIP, and APETALA2/ERF are responsive to dehydration induced by water deficit 

conditions (Tang et al., 2019; Baldoni et al., 2015; Li et al., 2015; Dai et al., 2007; Ma et al., 

2009; Yang et al., 2012; Xiong et al., 2014; Quan et al., 2010; Lata and Prasad, 2011; Mizoi et 

al., 2012; Licausi et al., 2013; Phukan et al., 2017; Nakashima et al., 2007; Hu et al., 2008; 

Yokotani et al., 2009; Zheng et al., 2009; Jeong et al., 2010). These results provide strong 

evidence for genes expressed under DS conditions being involved in various physiological, 

biochemical, and molecular processes within the rice, in order to reduce the effects of drought 

stress, thereby enhancing their ability to resist the drought stress and maintain their grain yield 

production under DS conditions. Therefore, the up-regulation of the drought genes in Kaybonnet 

compared to ZHE733 provide important information to characterize the function of candidate 

drought resistance genes and to understand the drought stress mechanisms in rice.   

The known drought resistance genes and candidate genes within QTL regions involved in 

regulatory response to drought include a large family of genes expressed under DS conditions. 

Proteins expressed by known and candidate drought resistance genes played important roles in 

(1) cellular protection, including structural adaptation and osmotic adjustment, and (2) drought 

responses by interaction with other proteins and transcription factors, such as MYB, NAP, NAC, 

bZIP, and APETALA2/ERF. Under DS conditions, in drought resistant genotype Kaybonnet, 

exogenous ABA significantly improved the expression of ABA biosynthetic genes suggesting 

Kaybonnet genotype must be maintaining the water potential and cellular activity of the cell by 

closing the stomata.  
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 Based on the RT-qPCR results, it may also be suggested that there is a correlation 

between gene expression, transcriptional regulation, and resistance to drought across resistance 

and sensitive genotypes. Therefore, the up-regulation of the drought genes and novel candidate 

genes in Kaybonnet compared to ZHE733 provided an important information to characterize the 

function of candidate drought resistance genes. All in all, these results enhance our 

understanding of the role of candidate drought resistance genes in the regulation of drought stress 

response, and this research has also revealed a number of potential candidate drought resistance 

genes that could be used to develop rice cultivars with greater drought resistance.  
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Conclusions 

In the RIL population, all the morphological traits, grain yield components, and root 

architectural traits showed normal frequency distribution, revealing quantitative inheritance, thus 

these traits were suitable for QTL analysis. Furthermore, a positive correlation between FG-DS 

with most of the morphological traits, the other grain yield components, and the major root 

architectural traits under ABA conditions indicate that the rice drought-resistant plants maintain 

their grain yield under DS conditions by developing cell elongation, maintaining cellular 

membrane integrity, and regulation of osmotic stress tolerance via ABA-mediated cell signaling. 

QTL analysis was performed with 4133 SNPs markers by using QTL IciMapping. A total of 213 

QTLs and 628 candidate genes within the QTL regions were identified for drought-related traits. 

The RT-qPCR results revealed that high number of genes were up-regulated in Kaybonnet as the 

drought-resistant parent, including seven known drought resistance genes, 15 candidate drought 

resistance genes within QTL regions with known annotations showed higher instrinsic values in 

Kaybonnet, and two candidate genes with unknown annotations. Candidate genes identified 

within the QTL regions contribute to drought resistant traits and an understanding of the 

regulation of gene expression in response to drought stress, which is important to develop 

drought-resistant rice varieties.  
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Figures 

 

Figure 5.1. Number of reads per sample, two millions base pairs (bp). FASTQ files with more than the targeted number of 

reads (2,000,000) were subsampled down to 2,000,000 number reads. The first 12 bases were removed from the 

beginning of each read in order to remove adapter sequences. 
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Figure 5.2. Mean quality scores above Q30 for all two hundred GBS libraries was chosen. All libraries were created by using 

single-end library type with enzyme combination Pstl and Mspl for DNA digestion, and the digested DNAs ligated to the 

adapter. Then, all libraries were sequenced in 1 lane of a NextSeq 1x150-bp run with mean reads per sample of two 

millions base pairs (bp).  
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Figure 5.3. Number of filled grains per panicle in Kaybonnet and ZHE733. Kaybonnet 

maintained higher number of filled grains under DS than ZHE733. 

Furthermore, the distribution of water use efficiency (WUE) traits has been 

shown to be highest in tropical japonica (KB) and medium in indica (ZHE733).  

 

 

  
Figure 5.4. Frequency distribution of plant height under WW (A) and DS (B) conditions. 
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Figure 5.5. Frequency distribution of productive tiller number under WW (A) and DS (B) 

conditions. 

 

 

 
Figure 5.6. Frequency distribution of heading days. 

 

 

 
Figure 5.7. Frequency distribution of flag leaf width. 

 



 

252 

 
Figure 5.8. Frequency distribution of leaf rolling score. 

 

  
Figure 5.9. Frequency distribution of biological yield under WW (A) and DS (B) 

conditions. 

 

 
Figure 5.10. Frequency distribution of spikelet per panicle number under WW (A) and DS 

(B) conditions.  
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Figure 5.11. Frequency distribution of filled grain per panicle number under WW (A) and 

DS (B) conditions. 

 

 

 

  
Figure 5.12. Frequency distribution of panicle length under WW (A) and DS (B) 

conditions.  

 

   
Figure 5.13. Frequency distribution of primary panicle branch number under WW (A) and 

DS (B) conditions. 
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Figure 5.14. Frequency distribution of root length under control (ABA 0 µM) (A), ABA 3 

µM (B), and ABA 5 µM (C). 
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Figure 5.15. Frequency distribution of root to shoot ratio under control (ABA 0 µM) (A), 

ABA 3 µM (B), and ABA 5 µM (C). 
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Figure 5.16. Frequency distribution of total root number under control (ABA 0 µM) (A), 

ABA 3 µM (B), and ABA 5 µM (C). 
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Figure 5.17. Frequency distribution of shallow root number under control (ABA 0 µM) (A), 

ABA 3 µM (B), and ABA 5 µM (C). 
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Figure 5.18. Frequency distribution of deep root number under control (ABA 0 µM) (A), 

ABA 3 µM (B), and ABA 5 µM (C). 
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Figure 5.19. Frequency distribution of root fresh weight under control (ABA 0 µM) (A), 

ABA 3 µM (B), and ABA 5 µM (C). 
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Figure 5.20. Correlation of morphological traits and grain yield components under WW and DS conditions with root architectural traits 

under ABA conditions. The correlations (-1 to + 1) are colored either in blue (positive correlation) or in red (negative 

correlation). HD, Heading day; TN-WW, Productive tiller number under WW; TN-DS, Productive tiller number under DS; 

PH-WW, Plant height (cm) under WW; PH-DS, Plant height (cm) under DS; FLW-DS, Flag leaf width (cm) under DS; 

DLR-DS, Drought leaf rolling under DS; BY-WW, Biological yield (g) under WW; BY-DS, Biological yield (g) under DS; 

PL-WW, Panicle length (cm) under WW; PL-DS, Panicle length (cm) under DS; PPB-WW, Primary panicle branch number 

under WW; PPB-DS, Primary panicle branch number under DS; SP-WW, Spikelet per panicle number under WW; SP-DS, 

Spikelet per panicle number under DS; FG-WW, Filled grain per panicle number under WW; FG-DS, Filled grain per 

panicle number under DS;  RL-ABA0, Root length under ABA 0 µM; RL-ABA3, Root length under ABA 3 µM; RL-ABA5, 

Root length under ABA 5 µM; RSR-ABA0, Root shoot ratio under ABA 0 µM; RSR-ABA3, Root shoot ratio under ABA 3 

µM; RSR-ABA5, Root shoot ratio under ABA 5 µM; TRN-ABA0, Total root number under ABA 0 µM; TRN-ABA3, Total 

root number under ABA 3 µM; TRN-ABA5, Total root number under ABA 5 µM; SRN-ABA0, Shallow root number under 

ABA 0 µM; SRN-ABA3, Shallow root number under ABA 3 µM; SRN-ABA5, Shallow root number under ABA 5 µM; 

DRN-ABA0, Deep root number under ABA 0 µM; DRN-ABA3, Deep root number under ABA 3 µM; DRN-ABA5, Deep 

root number under ABA 5 µM; RFW-ABA0, Root fresh weight under ABA 0 µM; RFW-ABA3, Root fresh weight under 

ABA 3 µM; RFW-ABA5, Root fresh weight under ABA 5 µM. 
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Figure 5.21. Chromosome length coverage (bp) on each chromosome from GBS analysis. 
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Figure 5.22. QTLs location of morphological and yield traits under DS and WW conditions 

and root architectural traits under ABA conditions on the 12 rice 

chromosomes. The representative markers and the detected QTLs are shown 

on the right, and genetic distance (cM) are shown on the left of the 

chromosome (chr).  
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Figure  5.23. Expression profile of seven known drought resistance genes and 26 candidate drought resistance genes within 

QTL regions in leaf tissues of the parental K/Z RIL population, Kaybonnet under WW conditions (KB-C) 

relative to ZHE733 under WW conditions (ZHE733-C)

-6

-4

-2

0

2

4

6

8

10

12

14
R

el
a

ti
v

e 
E

x
p

re
ss

io
n

 (
L

o
g

2
F

C
) 

K
B

-C
/Z

H
E

7
3

3
-C

Genes



 

 

 

2
6
4
 

 

Figure 5.24.   Expression profile of seven known drought resistance genes and 26 candidate drought resistance genes within 

QTL regions in leaf tissues of the parental K/Z RIL population, Kaybonnet under DS conditions (KB-D) relative 

to ZHE733 under DS conditions (ZHE733-D)
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Figure 5.25.   Expression profile of seven known drought resistance genes and 26 candidate drought resistance genes within 

QTL regions in leaf tissues of the parental K/Z RIL population, Kaybonnet relative to ZHE733 under DS 

conditions when compared to WW conditions.  
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Tables 

Table 5.1. Effects of drought stress on filled grain per panicle number exhibiting highly 

drought resistance, moderately drought resistance, and drought sensitivity in 

K/Z RIL population of 198 lines.  

Highly drought 

resistant lines 

(0-29% reduction) 

Moderately drought 

resistant lines 

(30-49% reduction) 

Drought sensitive lines 

(≥50% reduction) 

Kaybonnet, 100002, 

100005, 100006, 100007, 

100009, 100014, 100016, 

100018, 100021, 100023, 

100025, 100036, 100053, 

100097, 100121, 100133, 

100135, 100139, 100162, 

100163, 100198, 100233, 

100310, 100321, 100330, 

100337 

100026, 100028, 100032, 

100034, 100040, 100050, 

100058, 100064, 100066, 

100096, 100108, 100115, 

100129, 100144, 100169, 

100212, 100242, 100245, 

100265, 100295, 100334, 

100351 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

ZHE733, 100001, 100008, 

100010, 100012, 100015, 100017, 

100019, 100020, 100022, 100024, 

100027, 100029, 100030, 100033, 

100038, 100039, 100042, 100043, 

100046, 100048, 100049, 100055, 

100056, 100057, 100062, 100065, 

100067, 100086, 100092, 100098, 

100102, 100106, 100107, 100114, 

100118, 100119, 100120, 100122, 

100123, 100126, 100130, 100131, 

100134, 100137, 100141, 100142, 

100145, 100146, 100149, 100150, 

100151, 100153, 100154, 100155, 

100156, 100158, 100160, 100164, 

100170, 100171, 100172, 100175, 

100176, 100178, 100179, 100180, 

100182, 100185, 100188, 100191, 

100193, 100196, 100197, 100200, 

100201, 100202, 100203, 100208, 

100209, 100210, 100211, 100213, 

100214, 100217, 100220, 100222, 

100223, 100224, 100225, 100228, 

100230, 100231, 100234, 100237, 

100238, 100239, 100240, 100241, 

100246, 100249, 100250, 100251, 

100253, 100254, 100255, 100256, 

100259, 100263, 100266, 100272, 

100273, 100277, 100280, 100281, 

100282, 100283, 100284, 100285, 

100288, 100292, 100293, 100298, 

100299, 100300, 100302, 100303, 

100308, 100311, 100313, 100315, 

100319, 100322, 100323, 100324, 

100325, 100327, 100328, 100329, 

100333, 100335, 100336, 100338, 

100339, 100340, 100341, 100342, 

100344, 100345, 100348, 100352                                                                                                                                                  
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Table 5.2. The average and range values of morphological traits of K/Z RIL population.  

Traits Treatments Kaybonnet ZHE733 
K/Z RIL Population 

Average Range 

Plant height (cm) 
WW 98 51 60.03 28 - 98 

DS 84 31 29.99 10 - 73 

Tiller number 
WW 5 8 8.11 3 - 22 

DS 4 7 6.98 2 - 19 

Heading day (day) - 91 71 87 65 - 109 

Flag leaf width (cm) DS 1.7 1.3 1.2 0.7 - 2 

Leaf rolling score DS 2 4 2.8 1 - 4 

 

 

Table 5.3. The average and range values of grain yield components of K/Z RIL population 

under WW and DS conditions.  

Traits Treatments Kaybonnet ZHE733 
K/Z RIL Population 

Average Range 

Biological yield 
WW 14.80 13.40 20 4 - 49 

DS 14.10 6.50 17.50 2 - 47 

Spikelet per 

panicle number 

WW 104 90 133.35 45 - 328 

DS 74 55 81.68 26.8 - 188.4 

Filled grain per 

panicle number 

WW 66 43.2 43.07 2 - 176 

DS 50 16 22.56 0 - 97 

Panicle length 

(cm) 

WW 21.7 18.6 21.24 11.90 - 33.30 

DS 19.3 15.6 17.88 11.64 - 26.62 

Primary panicle 

branch number 

WW 19 8 11.17 3 - 22 

DS 13 7 9.28 5.4 - 15.6 
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Table 5.4. The average and range values of root architectural traits of K/Z RIL population 

under ABA conditions. 

Traits Treatments Kaybonnet ZHE733 
K/Z RIL Population 

Average Range 

Root length 

(cm) 

ABA 0 uM 6.570 4.611 4.428 0.500 - 8.933 

ABA 3 uM 2.500 3.800 3.600 0.094 - 8.651 

ABA 5 uM 2.050 3.678 3.491 0.100 - 8.367 

Root to shoot 

ratio 

ABA 0 uM 0.363 0.324 0.259 0.079 - 0.669 

ABA 3 uM 0.587 0.303 0.336 0.013 - 1.216 

ABA 5 uM 0.432 0.298 0.335 0.014 - 1.411 

Total root 

number 

ABA 0 uM 6.600 10.222 8.362 1.667 - 18.667 

ABA 3 uM 2.500 9.667 6.986 1.000 - 11.333 

ABA 5 uM 1.750 9.200 6.600 1.000 - 12.333 

Shallow root 

number 

ABA 0 uM 0.200 3.333 1.649 0.000 - 5.667 

ABA 3 uM 0.000 3.177 1.092 0.000 - 3.540 

ABA 5 uM 0.000 3.005 1.047 0.000 - 3.667 

Deep root 

number 

ABA 0 uM 7.400 6.889 7.043 1.667 - 14.667 

ABA 3 uM 2.500 6.490 6.391 0.000 - 11.000 

ABA 5 uM 1.750 6.195 6.155 0.000 - 9.333 

Root fresh 

weight 

ABA 0 uM 0.032 0.031 0.034 0.001 - 0.114 

ABA 3 uM 0.056 0.029 0.033 0.000 - 0.083 

ABA 5 uM 0.005 0.027 0.026 0.000 - 0.078 

 

 

Table 5.5. Summary of the SNP markers distribution and genome coverage in the linkage 

map of the K/Z RIL population. 

Chromo- 

some 

Number 

of SNP 

markers 

Chromosome 

length (cM) 

Number of 

SNP 

markers/cM 

Minimum 

interval 

(cM) 

Maximum 

interval 

(cM) 

Average 

interval 

(cM) 

Number 

of gaps > 

5 cM 

1 562 633.97 0.89 0.26 49.56 1.13 17 

2 499 676.52 0.74 0.26 52.91 1.36 19 

3 428 508.73 0.84 0.26 31.13 1.19 12 

4 385 454.47 0.85 0.26 20.91 1.18 10 

5 287 574.97 0.50 0.26 54.46 2.00 12 

6 387 357.61 1.08 0.26 37.71 0.92 7 

7 320 468.49 0.68 0.26 55.84 1.46 17 

8 258 575.94 0.45 0.27 47.52 2.23 23 

9 283 504.78 0.56 0.27 36.95 1.78 18 

10 246 343.72 0.72 0.26 22.27 1.39 10 

11 296 436.37 0.68 0.26 57.14 1.47 12 

12 182 527.55 0.34 0.27 54.65 2.89 20 

Total 4133.00 6063.12 8.32 3.15 521.05 19.00 177.00 

Average 344.42 505.26 0.69 0.26 43.42 1.58 14.75 
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Table 5.6. QTLs identified for morphological and yield traits under DS and WW conditions and root architectural traits under ABA conditions with 

IciMapping. 

Trait name QTLs 
Chromo- 

some 
LOD 

PVE 

(%) 

Peak 

Marker 

Position 

(cM) 

Candidate 

gene 

position 

(bp) 

Number of genes 

within 25 kb of 

the marker closest 

to the QTL peak 

Gene annotation 

PHC qPHC1.1 1 10.57 4.85 KZ14152 43 38480787 9 Protein phosphorylation 

SRN_ABA3 qSRNA31.1 1 12.73 0.55 

KZ13309 592 30730895 10 

Flavone 7-O-

glucosyltransferase, UDP-

dependent 

glucosyltransferase, UV-B 

tolerance (Os01t0736300-

01) 

SRN_ABA5 qSRNA51.1 1 4.01 0.36 

SRN_ABA5 qSRNA51.2 1 3.84 0.61 KZ11114 360 65294 13 

Lipid_metabolism.exotics_(

steroids,_squalene_etc).sphi

ngolipids, Disease 

resistance response 

(Os01t0100900-01) 

RFW_ABA3 qRFWA31.1 1 6.66 2.18 KZ13930 352 36249837 8 

RNA.regulation_of_transcri

ption.unclassified_Post-

transcriptional regulation of 

abiotic stress response 

(Os01t0844300-01) 

DLR qDLR1.1 1 13.78 0.93 KZ11565 341 13168487 11 
Phosphoesterase family 

protein. (Os01t0102000-01) 

PHC qPHC2.1 2 24.42 13.81 KZ23918 546 27023516 7 
Transport.Major_Intrinsic_P

roteins.PIP 

PHC qPHC2.2 2 17.19 8.63 KZ24204 552 29443430 11 Protein phosphorylation 

BYC qBYC2.1 2 4.71 2.46 
KZ22443 214 10716904 9 

Protein 

phosphorylation_intracellula

r component RL_ABA3 qRLA32.1 2 24.97 0.61 

BYD qBYD2.1 2 3.76 1.38 KZ25491 448 9672804 6 Subtilisin 13 

RL_ABA3 qRLA32.2 2 24.99 0.61 
KZ25037 145 4594675 6 

Misc.cytochrome_P450_oxi

dation-reduction process RL_ABA5 qRLA52.1 2 17.11 0.59 
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Table 5.6. QTLs identified for morphological and yield traits under DS and WW conditions and root architectural traits under ABA conditions with 

IciMapping (Continued). 

Trait name QTLs 
Chromo- 

some 
LOD 

PVE 

(%) 

Peak 

Marker 

Position 

(cM) 

Candidate 

gene 

position 

(bp) 

Number of genes 

within 25 kb of 

the marker closest 

to the QTL peak 

Gene annotation 

RL_ABA3 qRLA32.3 2 28.85 0.61 

KZ24639 236 33179587 5 Stress.abiotic.heat 

RL_ABA5 qRLA52.2 2 20.72 0.59 

RSR_ABA3 qRSRA32.1 2 3.04 0.60 

RFW_C qRFWC2.1 2 4.11 0.67 

RL_ABA3 qRLA32.4 2 21.93 0.61 
KZ24998 221 4009517 8 

Misc.cytochrome_P450_ox

idation-reduction process RL_ABA5 qRLA52.3 2 13.79 0.59 

TRN_C qTRNC2.1 2 3.91 8.48 KZ24889 322 35261285 12 

Protein.targeting.secretory

pathway.golgi_ETHYLEN

E RESPONSE 3 

SRN_ABA3 qSRNA32.1 2 9.46 0.54 KZ22980 240 19798387 10 Nucleotide binding 

DRN_C qDRNC2.1 2 2.59 6.32 KZ24916 618 35424339 13 

RNA.regulation_of_transcr

iption.putative 

transcription_regulator 

FGD  qFGD2.1 2 6.44 1.24 
KZ22813 213 17731845 11 

Conserved hypothetical 

protein RFW_ABA3 qRFWA32.1 2 6.44 1.24 

HDR qHDR3.1 3 2.69 6.73 KZ34023 391 14343272 8 
Heat stress transcription 

factor 
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Table 5.6. QTLs identified for morphological and yield traits under DS and WW conditions and root architectural traits under ABA conditions with 

IciMapping (Continued). 

Trait name QTLs 
Chromo- 

some 
LOD 

PVE 

(%) 

Peak 

Marker 

Position 

(cM) 

Candidate 

gene 

position 

(bp) 

Number of genes 

within 25 kb of 

the marker closest 

to the QTL peak 

Gene annotation 

HDA qHDA3.1 3 14.22 1.50 

KZ35574 19 32079708 6 
Signaling.receptor_kinases.

leucine_rich_repeat_XI 

BYD qBYD3.1 3 10.57 6.48 

TND qTND3.1 3 7.12 2.85 

RL_ABA3 qRLA33.1 3 32.94 0.61 

RL_ABA5 qRLA53.1 3 24.79 0.59 

RSR_C qRSRC3.1 3 3.77 8.62 

RSR_ABA3 qRSRA33.1 3 3.75 0.85 

TRN_ABA3 qTRNA33.1 3 3.42 3.21 

SRN_ABA3 qSRNA33.1 3 14.99 0.59 

DRN_ABA3 qDRNA33.1 3 5.04 1.77 

DRN_ABA5 qDRNA53.1 3 5.21 2.75 

RFW_ABA3 qRFWA33.1 3 15.50 2.33 

RFW_ABA5 qRFWA53.1 3 26.08 0.94 

SPD   qSPD3.1 3 3.38 1.44 

KZ34080 230 14854849 9 
Signaling.receptor_kinases.

leucine_rich_repeat_XI 

RL_ABA3 qRLA33.2 3 22.33 0.61 

RL_ABA5 qRLA53.2 3 14.22 0.59 

RFW_C qRFWC3.1 3 4.86 0.63 

RFW_ABA3 qRFWA33.2 3 8.74 2.09 

RFW_ABA3 qRFWA3.3 3 3.45 0.40 KZ33954 388 13996593 11 

Transferase activity, 

transferring glycosyl 

groups 

RFW_ABA5 qRFWA53.2 3 13.74 0.85 KZ36267 228 6052052 15 

MADS-box transcription 

factor 1, Protein LEAFY 

HULL STERILE 1, Protein 

SEPALLATA-like 
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Table 5.6. QTLs identified for morphological and yield traits under DS and WW conditions and root architectural traits under ABA conditions with 

IciMapping (Continued). 

Trait name QTLs 
Chromo- 

some 
LOD 

PVE 

(%) 

Peak 

Marker 

Position 

(cM) 

Candidate 

gene position 

(bp) 

Number of genes 

within 25 kb of 

the marker closest 

to the QTL peak 

Gene annotation 

FGC  qFGC4.1 4 3.04 0.93 

KZ44563 232 1858209 10 

UDP-glucuronosyl/UDP-

glucosyltransferase 

domain containing 

protein 

BYC qBYC4.1 4 4.38 2.63 

RL_ABA3 qRLA34.1 4 26.85 0.61 

RL_ABA5 RLA54.1 4 18.72 0.59 

RFW_C qRFWC4.1 4 4.41 0.69 

FGD qFGD4.1 4 2.68 2.22 KZ44928 427 18142843 4 
WALL-ASSOCIATED 

KINASE GENE 49 

PLD qPLD4.1 4 2.70 6.08 

KZ46412 287 33077542 8 
Serine-type 

endopeptidase activity 
RFW_ABA3 qRFWA34.1 4 4.05 2.29 

RFW_ABA5 qRFWA54.1 4 13.73 0.89 

PPBC qPPBC4.1 4 4.73 10.34 KZ44474 137 436771 7 
PS.photorespiration.hydr

oxypyruvate_reductase 

BYC qBYC4.2 4 3.58 2.78 

KZ45735 226 26174168 7 

PS.lightreaction.photosy

stem_II.PSII_polypeptid

e_subunits 

RL_ABA3 qRLA34.2 4 22.34 0.61 

RL_ABA5 qRLA54.2 4 14.21 0.59 

TND  qTND4.1 4 4.51 1.82 

KZ44784 233 15908254 6 

Hormone_metabolism.au

xin.induced-regulated-

responsive-activated 

TRN_ABA3 qTRNA34.1 4 3.28 1.25 

SRN_ABA3 qSRNA34.1 4 16.65 0.55 

SRN_ABA5 qSRNA54.1 4 3.89 0.38 
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Table 5.6. QTLs identified for morphological and yield traits under DS and WW conditions and root architectural traits under ABA conditions with 

IciMapping (Continued). 

Trait name QTLs 
Chromo- 

some 
LOD 

PVE 

(%) 

Peak 

Marker 

Position 

(cM) 

Candidate 

gene position 

(bp) 

Number of genes 

within 25 kb of the 

marker closest to 

the QTL peak 

Gene annotation 

PLD qPLD4.2 4 2.70 6.08 

KZ44511 286 1233282 7 

ERF domain containing 

protein. 

(Os04t0649100-

02);APETALA2 

transcription factor, 

Seed shattering through 

abscission zone (AZ) 

development 

(Os04t0649100-03) 

RFW_ABA3 qRFWA34.2 4 4.05 2.29 

RFW_ABA5 qRFWA54.2 4 13.72 0.89 

FGC  qFGC5.1 5 5.74 1.12 

KZ57234 481 28101481 12 

Drought-responsive 

ethylene response factor 

10, drought-responsive 

ERF 10, ethylene 

response factor 84, 

APETALA2/ethylene-

responsive element 

binding protein 97 

FGD qFGD5.1 5 2.53 4.74 

RL_ABA3 qRLA35.1 5 25.08 0.61 

RL_ABA5 qRLA55.1 5 16.95 0.59 

SPD qSPD5.1 5 4.81 1.34 

KZ55766 485 12898523 13 

Chlorophyll a/b binding 

protein domain 

(IPR023329) 

PPBD qPPBD5.1 5 2.75 6.28 

RFW_ABA3 qRFWA35.1 5 7.30 1.18 

TND  qTND5.1 5 4.34 2.38 

KZ57249 112 28239630 10 

Similar to WRKY 

transcription factor 

43_Similar to 

SANT/MYB protein. 

(Os05t0567600-00) 

RSR_C qRSRC5.1 5 4.14 7.09 

SRN_ABA3 qSRNA35.1 5 12.19 0.58 

SRN_ABA5 qSRNA55.1 5 12.92 0.71 

RFW_ABA3 qRFWA35.2 5 8.33 2.28 

RFW_ABA5 qRFWA55.1 5 18.98 0.89 
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Table 5.6. QTLs identified for morphological and yield traits under DS and WW conditions and root architectural traits under ABA conditions with 

IciMapping (Continued). 

Trait name QTLs 
Chromo- 

some 
LOD 

PVE 

(%) 

Peak 

Marker 

Position 

(cM) 

Candidate 

gene position 

(bp) 

Number of genes 

within 25 kb of 

the marker closest 

to the QTL peak 

Gene annotation 

FLW qFLW5.1 5 2.58 1.42 

KZ57400 492 29630193 6 

Uridine-diphospho-

(UDP)-glucose 4-

epimerase, Cell wall 

carbohydrate 

partitioning during 

nitrogen (N) limitation 

(Os05t0595100-01) 

RFW_ABA3 qRFWA35.3 5 4.59 2.24 

RFW_ABA5 qRFWA55.2 5 11.29 0.90 

RSR_C qRSRC5.2 5 2.56 1.17 KZ56231 212 19929746 5 

Transcriptional 

regulation of miR528, 

Antiviral response, 

Defense to rice stripe 

virus (RSV) 

(Os05t0408200-01) 

TRN_ABA3 qTRNA35.1 5 2.62 1.44 KZ57677 550 8159670 7 None 

FGC  qFGC5.2 5 3.43 2.76 

KZ55805 93 14042825 8 None 

FGD qFGD5.2 5 11.14 1.41 

RFW_C qRFWC5.1 5 3.99 0.79 

RFW_ABA3 qRFWA35.4 5 4.85 2.62 

RFW_ABA5 qRFWA5.3 5 13.31 0.95 

RFW_ABA3 qRFWA35.4 5 2.82 1.22 
KZ55724 105 10471559 8 None 

RFW_ABA5 qRFWA55.4 5 9.86 0.86 

SPD qSPD5.2 5 4.81 1.34 

KZ56318 484 2737642 10 
Serine-type 

endopeptidase activity 
PPBD qPPBD5.2 5 2.75 6.28 

RFW_ABA3 qRFWA35.5 5 7.30 1.18 

FGC  qFGC6.1 6 3.09 0.83 

KZ67211 248 15499358 6 

Zinc finger, PHD-type 

domain containing 

protein. 

(Os06t0468400-01) 

SPD qSPD6.1 6 3.38 1.65 

BYC qBYC6.1 6 4.35 3.77 

SRN_ABA5 qSRNA56.1 6 7.53 0.52 

RFW_C qRFWC6.1 6 4.76 0.65 

RFW_ABA3 qRFWA36.1 6 10.60 2.14 

RFW_ABA5 qRFWA56.1 6 17.85 0.86 
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Table 5.6. QTLs identified for morphological and yield traits under DS and WW conditions and root architectural traits under ABA conditions with 

IciMapping (Continued). 

Trait name QTLs 
Chromo- 

some 
LOD 

PVE 

(%) 

Peak 

Marker 

Position 

(cM) 

Candidate 

gene position 

(bp) 

Number of genes 

within 25 kb of 

the marker closest 

to the QTL peak 

Gene annotation 

FGC  qFGC6.2 6 3.71 0.87 

KZ68491 230 29755505 9 

Control of rice 

architecture via BR 

signaling 

(Os06t0704300-

01)_Tetrapyrrole 

biosynthetic process 

BYC qBYC6.2 6 3.01 2.66 

RL_ABA3 qRLA36.1 6 26.24 0.61 

RL_ABA5 qRLA56.1 6 18.12 0.59 

RFW_C qRFWC6.2 6 7.32 0.68 

RFW_ABA5 qRFWA56.2 6 14.09 0.90 

SPD qSPD6.2 6 4.09 2.27 

KZ67890 34 23243264 9 
Oxygen transport 

(GO:0015671) 

PHD qPHD6.1 6 5.22 1.78 

BYC qBYC6.3 6 4.79 5.86 

BYD qBYD6.1 6 7.73 6.72 

RL_ABA5 qRLA56.2 6 16.19 0.59 

SRN_ABA5 qSRNA56.2 6 16.99 0.79 

RFW_ABA5 qRFWA56.3 6 19.39 0.94 

RL_ABA3  qRLA36.2 6 22.40 0.61 

KZ68876 235 8158597 8 

Glycolysis.plastid_bran

ch.glucose-6-

phosphate_isomerase_S

imilar to Calmodulin-

binding heat-shock 

protein. 

(Os06t0256300-01) 

RL_ABA5 qRLA56.3 6 14.28 0.59 

TRN_C qTRNC6.1 6 3.05 5.49 KZ68576 49 30975227 8 

Similar to Protein 

kinase APK1A, 

chloroplast precursor 

(EC 2.7.1.-). 

(Os06t0727400-01) 

SRN_ABA5 qSRNA56.3 6 5.84 0.57 KZ68283 241 27639890 7 

MADS-box 

transcription factor, 

Vegetative 

development 

(Os06t0667200-01) 
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Table 5.6. QTLs identified for morphological and yield traits under DS and WW conditions and root architectural traits under ABA conditions with 

IciMapping (Continued). 

Trait name QTLs 
Chromo- 

some 
LOD 

PVE 

(%) 

Peak 

Marker 

Position 

(cM) 

Candidate 

gene position 

(bp) 

Number of genes 

within 25 kb of 

the marker closest 

to the QTL peak 

Gene annotation 

FGC qFGC7.1 7 3.06 1.27 

KZ79333 283 28219138 10 
Lipid_metabolism.lipid

_degradation.lipases 
SPC qSPC7.1 7 2.58 9.88 

SRN_ABA5 qSRNA57.1 7 4.92 0.71 

SPC qSPC7.2 7 4.62 6.37 KZ79821 91 9822937 7 

Protein of unknown 

function DUF594 

domain containing 

protein. 

(Os07t0269400-00) 

SPD qSPD7.1 7 4.85 2.12 

KZ77844 265 912849 9 

Stress 

biotic_Endoplasmic 

reticulum protein, 

Regulation of sugar 

partitioning in carbon-

demanding young 

leaves and developing 

leaf sheaths 

(Os07t0116300-01) 

SRN_ABA5 qSRNA57.2 7 11.32 0.75 

PLC qPLC7.1 7 5.05 9.62 

KZ78019 107 11608339 13 

Regulation of nutrient 

metabolism and 

endosperm 

development 

(Os07t0296900-01) 
PPBC qPPBC7.1 7 2.91 6.27 

RL_ABA3  qRLA37.1 7 21.40 0.61 

KZ78356 272 19009172 6 

UDP-

glucuronosyl/UDP-

glucosyltransferase 

family protein. 

(Os07t0502900-00) 

RL_ABA5 qRLA57.1 7 13.28 0.59 

RFW_C qRFWC7.1 7 3.58 0.69 

RL_ABA3  qRLA37.2 7 21.40 0.61 

KZ79816 272 9592225 4 OsFbox360, Os_F0235 RL_ABA5 qRLA57.2 7 13.28 0.59 

RFW_C qRFWC7.2 7 3.58 0.69 
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Table 5.6. QTLs identified for morphological and yield traits under DS and WW conditions and root architectural traits under ABA conditions with 

IciMapping (Continued). 

Trait name QTLs 
Chromo- 

some 
LOD 

PVE 

(%) 

Peak 

Marker 

Position 

(cM) 

Candidate 

gene position 

(bp) 

Number of genes 

within 25 kb of 

the marker closest 

to the QTL peak 

Gene annotation 

SPC qSPC8.1 8 3.40 5.75 

KZ90034 115 26147631 11 

Embryo and 

endosperm 

development 

(Os08t0525500-

01)_carbohydrate 

metabolic 

process_UDP-

glucuronic acid 4-

epimerase 2 

PPBC qPPBC8.1 8 2.66 7.25 

TND  qTND8.2 8 3.76 2.74 

KZ89702 497 21549809 8 

Aromatic amino 

acid family 

biosynthetic 

process 

(GO:0009073) 

RL_ABA3 qRLA38.2 8 29.31 0.61 

RL_ABA5 qRLA58.2 8 20.68 0.59 

SRN_ABA3 qSRNA38.2 8 10.96 0.55 

SRN_ABA5 qSRNA58.1 8 8.04 0.65 

RFW_C qRFWC8.1 8 3.53 0.72 

RFW_ABA5 qRFWA58.2 8 17.11 0.88 

RL_C qRLC8.1 8 2.51 3.85 KZ90267 494 4011572 10 

Misc.UDP_glucosy

l_and_glucoronyl_t

ransferases 

RL_ABA3  qRLA38.3 8 20.77 0.61 
KZ90397 355 6664289 9 None 

RL_ABA5 qRLA58.3 8 12.65 0.59 

FGD  qFGD8.1 8 2.78 3.79 

KZ89547 357 3507836 6 

RNA.processing.R

NA_helicase_DEA

D-box RNA 

helicase, Pre-

mRNA splicing 

under cold stress 

(Os08t0159900-01) 

TNC qTNC8.1 8 4.75 5.74 

TND qTND8.1 8 4.72 1.77 

RL_ABA3 qRLA38.1 8 24.48 0.61 

RL_ABA5 qRLA58.1 8 16.35 0.59 

SRN_ABA3 qSRNA38.1 8 14.53 0.55 

RFW_ABA3 qRFWA38.1 8 10.88 1.18 

RFW_ABA5 qRFWA58.1 8 13.59 0.85 



 

 

2
7
8
 

Table 5.6. QTLs identified for morphological and yield traits under DS and WW conditions and root architectural traits under ABA conditions with 

IciMapping (Continued). 

Trait name QTLs 
Chromo- 

some 
LOD 

PVE 

(%) 

Peak 

Marker 

Position 

(cM) 

Candidate 

gene position 

(bp) 

Number of genes 

within 25 kb of 

the marker closest 

to the QTL peak 

Gene annotation 

FGD qFGD8.2 8 2.59 1.93 KZ89290 382 17435478 8 Defense response 

RL_ABA5  qRLA59.2 9 18.60 0.60 

KZ100892 66 18009087 8 

Adaptation to high 

temperature 

(Os09t0471900-01) 

DRN_ABA3 qDRNA39.1 9 2.61 1.37 

RFW_C qRFWC9.1 9 4.67 0.77 

RFW_ABA3 qRFWA39.1 9 10.52 2.26 

RFW_ABA5 qRFWA59.2 9 18.88 0.93 

SRN_ABA3 qSRNA39.2 9 6.32 0.54 KZ100769 71 17110249 5 

Heat shock factor 

(HSF)-type, DNA-

binding domain 

containing protein. 

(Os09t0455200-01) 

RFW_ABA5 qRFWA59.3 9 13.26 0.84 KZ100936 241 18722840 5 

Transmembrane 

transport 

(GO:0055085) 

BYD qBYD9.1 9 3.37 2.24 

KZ101571 341 4220164 7 

Carbohydrate 

metabolic process 

(GO:0005975) 

RL_ABA5 qRLA59.1 9 13.57 0.59 

RFW_ABA5 qRFWA59.1 9 13.79 0.91 

RSR_C qRSRC9.1 9 4.16 2.16 

SRN_ABA3 qSRNA39.1 9 14.82 0.66 

RFW_ABA5 qRFWA59.4 9 9.43 0.92 KZ101616 348 4991542 6 

Intracellular 

protein transport 

(GO:0006886) 
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Table 5.6. QTLs identified for morphological and yield traits under DS and WW conditions and root architectural traits under ABA conditions with 

IciMapping (Continued). 

Trait name QTLs 
Chromo- 

some 
LOD 

PVE 

(%) 

Peak 

Marker 

Position 

(cM) 

Candidate 

gene position 

(bp) 

Number of genes 

within 25 kb of 

the marker closest 

to the QTL peak 

Gene annotation 

SPD  qSPD10.1 10 3.03 0.98 

KZ102164 300 12048509 6 

Intracellular protein 

transport 

(GO:0006886) 

RL_ABA3 qRLA310.1 10 20.11 0.61 

RL_ABA5 qRLA510.1 10 11.11 0.59 

RFW_ABA5 qRFWA510.1 10 10.89 0.89 

BYC qBYC10.1 10 7.25 5.09 
KZ102869 112 3205210 10 RNA.transcription 

RFW_ABA5 qRFWA510.2 10 12.82 0.89 

BYD qBYD10.1 10 3.16 2.71 

KZ103389 114 5746729 6 

Similar to F-box 

domain containing 

protein. 

(Os10t0183800-00) 

RL_ABA3 qRLA310.2 10 22.17 0.61 

RL_ABA5 qRLA510.2 10 14.40 0.58 

RFW_ABA3 qRFWA310.1 10 4.53 0.94 

RFW_ABA5 qRFWA510.3 10 12.53 0.88 

BYD qBYD10.2 10 6.71 4.31 

KZ102866 118 3156402 5 None RL_ABA3 qRLA310.3 10 23.86 0.61 

SRN_ABA3 qSRNA310.1 10 9.44 0.55 

BYD qBYD10.3 10 21.82 8.49 

KZ102900 302 3719254 10 

Similar to Chalcone 

and stilbene synthases, 

N-terminal domain 

containing protein. 

(Os10t0158400-00) 

TNC qTNC10.1 10 8.07 9.56 

TND qTND10.1 10 6.36 2.62 

RL_ABA3 qRLA310.4 10 23.34 0.61 KZ102619 122 18141893 6 

Similar to Zinc finger, 

C3HC4 type family 

protein, expressed. 

(Os10t0481400-01) 
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Table 5.6. QTLs identified for morphological and yield traits under DS and WW conditions and root architectural traits under ABA conditions with 

IciMapping (Continued). 

Trait name QTLs 
Chromo- 

some 
LOD 

PVE 

(%) 

Peak 

Marker 

Position 

(cM) 

Candidate 

gene position 

(bp) 

Number of genes 

within 25 kb of 

the marker closest 

to the QTL peak 

Gene annotation 

TRN_ABA5 qTRNA510.1 10 2.63 6.03 KZ102764 30 19970851 4 

Regulation of disease 

resistance response 

and programmed cell 

death (PCD) 

(Os10t0516800-01) 

SRN_ABA3 qSRNA310.2 10 13.00 0.55 

KZ103215 121 22263987 11 

Protein.postranslationa

l_modification_MYB-

like (IPR017877) 
RFW_ABA3 qRFWA310.2 10 16.01 2.28 

RFW_ABA5 qRFWA510.4 10 9.34 0.49 

BYD qBYD10.4 10 3.16 2.71 

KZ103175 113 21860264 6 

Sexual 

reproduction_cell_wal

l.modification 

RL_ABA3 qRLA310.5 10 22.17 0.61 

RL_ABA5 qRLA510.3 10 14.40 0.58 

RFW_ABA3 qRFWA310.3 10 4.53 0.94 

RFW_ABA5 qRFWA510.5 10 12.53 0.88 

RFW_ABA5 qRFWA510.6 10 2.63 0.19 KZ103291 294 4450748 9 
Oxidation-reduction 

process (GO:0055114) 

PLC qPLC11.1 11 2.77 5.09 KZ104739 195 24272046 6 

MATH-BTB protein 

52, MDC protein with 

a BTB domain 52, 

MDC protein having 

BTB domain 52 
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Table 5.6. QTLs identified for morphological and yield traits under DS and WW conditions and root architectural traits under ABA conditions with 

IciMapping (Continued). 

Trait name QTLs 
Chromo- 

some 
LOD 

PVE 

(%) 

Peak 

Marker 

Position 

(cM) 

Candidate 

gene position 

(bp) 

Number of genes 

within 25 kb of 

the marker closest 

to the QTL peak 

Gene annotation 

SRN_ABA5 qSRNA511.1 11 6.68 0.72 

KZ104100 433 17929674 8 
Protein glycosylation 

(GO:0006486) 
RFW_ABA3 qRFWA311.1 11 7.31 2.12 

RFW_ABA5 qRFWA511.1 11 13.01 0.87 

FGC qFGC12.1 12 6.71 2.29 

KZ106329 218 3871218 10 

Cell redox 

homeostasis 

(GO:0045454) 

BYD qBYD12.1 12 8.33 6.57 

RL_ABA3 qRLA312.1 12 26.59 0.61 

RL_ABA5 qRLA512.1 12 18.34 0.59 

SRN_ABA5 qSRNA512.1 12 13.66 0.78 

RFW_ABA5 qRFWA512.1 12 21.40 0.91 

SPD qSPD12.1 12 3.38 1.74 

KZ106567 408 24389885 4 None SRN_ABA3 qSRNA312.1 12 15.26 0.59 

SRN_ABA5 qSRNA512.2 12 7.11 0.49 

BYD qBYD12.2 12 3.19 6.34 

KZ105668 412 953389 10 

Late embryogenesis 

abundant protein, 

LEA-14 (IPR004864) 

RSR_ABA5 qRSRA512.1 12 2.58 0.55 

SRN_C qSRNC12.1 12 3.39 1.08 

SRN_ABA5 qSRNA512.3 12 6.37 0.65 

TRN_C qTRNC12.1 12 3.81 7.00 KZ106047 36 17401152 4 

No apical meristem 

(NAM) protein 

domain containing 

protein. 

(Os12t0477400-

01)_NAC DOMAIN-

CONTAINING 

PROTEIN 139 

SRN_ABA5 qSRNA512.4 12 4.57 0.59 
KZ105928 398 15104353 8 

Autophagy-related 

protein 1010 

(IPR012445) RFW_ABA5 qRFWA512.2 12 9.65 0.94 

 



 

282 

 

Table 5.7. Known drought resistance genes and candidate drought resistance genes within 

QTL regions for generating gene expression with RT-qPCR. 
No. Genes Forward Reverse 

Internal control gene 

1 Ubiquitin 5'-CGCAAGTACAACCAGGACAA-3' 5'-GCTGTGACCACACTTCTTCTT-3' 

Known drought resistance genes 

1 OsMYB109 

5'-

ACGTCATATGATGTCGTCCGAAACCGCC

G-3' 

5'-

ACGTGAATTCTTAAGCTGGTGGAACA

GACCG-3’ 

2 OsNAP 5'-CACCAAGACCAACTGGATCA-3' 5'-GTGGCTGCTCTTCTTGTAGAT-3' 

3 OsNAC5 5'-CGTCAAGACCAACTGGATCA-3' 5'-CGATCACTCCCTTCTTGTTGTA-3' 

4 OsNAC9 5'-GGGTCAAGACTGATTGGATCAT-3' 5'-CATCTTCTCCCACTCGTTCTTC-3' 

5 OsNAC10 5'-CCAAGAACCCGAGGAATCAA-3' 5'-ATGGGCTGGAAATCTGACTG-3' 

6 OsZIP23 5'-GAAGGTTGTCGAGAGAAGACAG-3' 5'-TGCTACCTCAGCTTCCAATTC-3' 

7 OsZIP46 5'-GGATGATCAAGAACAGGGAGTC-3' 5'-AGCCTTCTGTTCCTTCAGTTT-3' 

Candidate drought resistance genes within QTL regions with known annotations to be responsive to drought stress 

1 LOC_Os01g66270 5'-GGATGTACGGCGCTCAC-3' 5'-ACATCAGGATCTCCATGTCATC-3' 

2 LOC_Os02g54160 5'-GCTCCTATTGAGGACCCTATCA-3' 5'-GGTATCATTCTCCCAGCCAAAG-3' 

3 LOC_Os03g56280 5'-TGCTGGCGTTGTGGAAT-3' 5'-GCACGACCTAACCTCACTTT-3' 

4 LOC_Os04g44190 5'-GAGGAGGACTTGGTGATTGATG-3' 5'-GCCGAGGTCAATGTACAAGAA-3' 

5 LOC_Os05g49010 5'-CCGCGACGAACTGTGAT-3' 5'-GATCACTCCTGCGTCACTTT-3' 

6 LOC_Os05g49210 5'-CTTCAAGACGGCGGAGAAG-3' 5'-CCGACGAGCAATCCCATATT-3' 

7 LOC_Os05g49240 5'-GCCACTACGAAGACCTCAC-3' 5'-TCCAGTATCCCTGCGTCT-3' 

8 LOC_Os06g49080 5'-GTCAACCATTTGGGAGCTTTC-3' 5'-GGAGGAGTTACCATCCCATTAAG-3' 

9 LOC_Os07g02520 5'-CACAAGGTACTGGTGGTTCTC-3' 5'-CGTTGCTGCTGTAGATGTAGT-3' 

10 LOC_Os08g06344 5'-CTGTTCCAGAGGACCTGAAAG-3' 5'-CGCTTCCACCATATCCTGTT-3' 

11 LOC_Os09g08120 5'-GGGAGCGACGACGTTAAG-3' 5'-GTCGGCTCCAACTCCAAC-3' 

12 LOC_Os10g41460 5'-CTACCGCGATAGGTGGGA-3' 5'-ATCTTGTGGCGGCACTG-3' 

13 LOC_Os11g30760 5'-CCGTCACGTTCCGCTAC-3' 5'-TGGACGATCGATGATGGTTG-3' 

14 LOC_Os12g02700 5'-CACCCTTCAGAGCCCATAA-3' 5'-GATGGCAAGGACGAGGAG-3' 

15 LOC_Os12g29330 5'-GCTTGTGGTGCACTACCTC-3' 5'-TGAAGAAGTACCTCTCCTGCTC-3' 

Candidate drought resistance genes from the traits with high LOD and PVE with unknown annotations 

1 LOC_Os02g44590 5'-GACGAGCACCTAATGAAGGAG-3' 5'-GCCGGCATCGTGTAGATAG-3' 

2 LOC_Os02g44599 5'-CAACCTCGGCGATCTTCTG-3' 5'-GGACCTTCGCGTACATGG-3' 

3 LOC_Os02g44610 5'-CATGAGAGAGACACTGCCATAG-3' 5'-AAAGAGAAGTCGGCGATCTG-3' 

4 LOC_Os02g44620 5'-TGATCTGTTCTTCGGTGGAAAG-3' 5'-CCTAAGCAGGGCATGATTGT-3' 

5 LOC_Os02g44630 5'-GGTCTTGGTGCTGAGATTGT-3' 5'-GTCCCTGGCATTCCTCTTG-3' 

6 LOC_Os02g44642 5'-GACCTGAAACTACCGAACCTG-3' 5'-GTCCCTGAAGTCGCAAATCT-3' 

7 LOC_Os10g07030 5'-ACAAGCACGCAAGCAGT-3' 5'-CCTCGTCAAGTCCTCCCT-3' 

8 LOC_Os10g07040 5'-CAACGATCCTCGCCATCG-3' 5'-CGGTAAGGTGCTCGCTTT-3' 

9 LOC_Os10g07050 5'-CAGCTGCCCATGCATCC-3' 5'-CGTCCTCTCTGTCGCATTT-3' 

10 LOC_Os10g07060 5'-GGTCCCTTAGTCCATCAGATCA-3' 5'-TACTGCCTGTTCCGTTCCT-3' 

11 LOC_Os10g07080 5'-CCCGCACCTAGCATCTTG-3' 5'-GCGGGATGTCGACGTATG-3' 
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Over-all conclusions 

 Molecular genetic analysis of drought resistance and productivity traits of rice genotypes 

were conducted. Grain yield of the Arkansas cultivar Kaybonnet was higher under drought stress 

compared to known drought resistant cultivars (Vandana and Nagina-22). The K/Z RIL 

population with 13.13% highly drought resistant, 11.11% moderately drought and 75.75% 

sensitive lines based on the filled grain per panicle number is used for mapping multiple drought 

response parameters. Drought resistance mechanism in K/Z RIL population shows ABA-

dependent pathway, with high correlation between root architecture and drought response. 

The SSR markers with potential linkage to drought resistance are RM9 (Chr 1), RM34 (Chr 1), 

RM109 (Chr 2), RM236 (Chr 2), RM154 (Chr 2), RM114 (Chr 3), RM135 (Chr 3), RM131 (Chr 

4), RM133 (Chr 6), RM137 (Chr 8), RM152 (Chr 8), RM139 (Chr 11), and RM155 (Chr 12). 

There are 213 QTLs and 628 candidate genes related to drought resistant traits. The RT-qPCR 

results revealed that high number of genes were up-regulated in Kaybonnet as the drought-

resistant parent, including seven known drought resistance genes, 15 candidate drought 

resistance genes within QTL regions with known annotations showed higher instrinsic values in 

Kaybonnet, and two candidate genes with unknown annotations. Results of this research will 

serve an important step to improve adapted Arkansas rice cultivars for higher grain production 

under DS conditions. 
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Appendix 1. List of 278 SSR Primers used for genotyping of parental and selected lines of K/Z RIL population along with their 

product size, number of allele amplified, and chromosomal location. 

No. Markers 

Primer sequence 

(www.gramene.org) 
Polymorphism 

between KB 

and ZHE733 

Size (bp) 

Number 

of allele 

PIC 

Value 

Chromosomal 

location 

(www. 

gramene. 

org) 

KB, 

ZHE733, 

BR*, BS* Forward primer Reverse primer 

1 RM9 ggtgccattgtcgtcctc acggccctcatcaccttc Polymorphic 
190, 140, 

190, 140 
2 0.5 1 

2 RM109 gccgccggagagggagagagag ccccgacgggatctccatcgtc Polymorphic 
400, 390, 

400, 390 
2 0.5 2 

3 RM114 cagggacgaatcgtcgccggag ttggcccccttgaggttgtcgg Polymorphic 
150, 160, 

150, 160 
2 0.5 3 

4 RM131 tcctccctcccttcgcccactg cgatgttcgccatggctgctcc Polymorphic 
220, 350, 

220, 350 
2 0.5 4 

5 RM139 gagagggaggaagggaggcggc ctgccatggcagagaaggggcc Polymorphic 
130, 150, 

130, 150 
2 0.5 11 

6 RM236 gcgctggtggaaaatgag ggcatccctctttgattcctc Polymorphic 
140, 150, 

140, 150 
2 0.5 2 

7 RM2 acgtgtcaccgcttcctc atgtccgggatctcatcg Polymorphic 
180, 170, 

170, 170 
2 0.38 7 

8 RM3 acactgtagcggccactg cctccactgctccacatctt Monomorphic 1000 1 0.00 6 

9 RM4 ttgacgaggtcagcactgac agggtgtatccgactgatcg Polymorphic 
110, 120, 

120, 120 
2 0.38 12 

10 RM5 tgcaacttctagctgctcga gcatccgatcttgatggg Polymorphic 
110, 120, 

110, 110 
2 0.38 1 

11 RM8 cacgtggcgtaaatacacgt ggccaaaccctaaccctg Polymorphic 
225, 300, 

225, 225 
2 0.38 2 

12 RM10 ttgtcaagaggaggcatcg cagaatgggaaatgggtcc Polymorphic 
150, 140, 

140, 140 
2 0.38 7 

13 RM16 cgctagggcagcatctaaa aacacagcaggtacgcgc Polymorphic 
160, 210, 

210, 210 
2 0.38 3 

14 RM18 ttccctctcatgagctccat gagtgcctggcgctgtac Polymorphic 
160, 150, 

150, 150 
2 0.38 3 
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Appendix 1. List of 278 SSR Primers used for genotyping of parental and selected lines of K/Z RIL population along with their 

product size, number of allele amplified, and chromosomal location (Continued). 

No. Markers 

Primer sequence 

(www.gramene.org) 
Polymorphism 

between KB 

and ZHE733 

Size (bp) 

Number 

of allele 

PIC 

Value 

Chromosomal 

location 

(www. 

gramene. 

org) 

KB, 

ZHE733, 

BR*, BS* Forward primer Reverse primer 

15 RM19 caaaaacagagcagatgac ctcaagatggacgccaaga Polymorphic 
2000, 2100, 

2100, 2100 
2 0.38 12 

16 RM22 ggtttgggagcccataatct ctgggcttctttcactcgtc Monomorphic 160 1 0.00 3 

17 RM23 cattggagtggaggctgg gtcaggcttctgccattctc Monomorphic 2000 1 0.00 1 

18 RM24 gaagtgtgatcactgtaacc tacagtggacggcgaagtcg Monomorphic 2000 1 0.00 1 

19 RM25 ggaaagaatgatcttttcatgg ctaccatcaaaaccaatgttc Polymorphic 
140, 150, 

150, 150 
2 0.38 8 

20 RM26 gagtcgacgagcggcaga ctgcgagcgacggtaaca Polymorphic 
300, 500, 

500, 500 
2 0.38 5 

21 RM27 ttttccttctcacccacttca tctttgacaagaggaaagaggc Monomorphic 140 1 0.00 2 

22 RM29 cagggacccacctgtcatac aacgttggtcatatcggtgg Polymorphic 
140, 160, 

160, 160 
2 0.38 2 

23 RM32 agtctacgtggtgtacacgtgg tgcggcctgccgtttgtgag Polymorphic 
125, 150, 

150, 150 
2 0.38 8 

24 RM34 gaaatggcaatgtgtgcg gccggagaaccctagctc Polymorphic 
180, 170, 

180, 170 
2 0.50 1 

25 RM36 caactatgcaccattgtcgc gtactccacaagaccgtacc Monomorphic 1650 1 0.00 3 

26 RM38 acgagctctcgatcagccta tcggtctccatgtcccac Polymorphic 
260, 250, 

250, 260 
2 0.50 8 

27 RM39 gcctctctcgtctccttcct aattcaaactgcggtggc Polymorphic 
125, 130, 

125, 125 
2 0.38 5 

28 RM41 aagtctagtttgcctccc aatttctacgtcgtcgggc Polymorphic 
400, 410, 

410, 400 
2 0.50 9 
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Appendix 1.  List of 278 SSR Primers used for genotyping of parental and selected lines of K/Z RIL population along with 

their product size, number of allele amplified, and chromosomal location (Continued). 

No. Markers 

Primer sequence 

(www.gramene.org) 
Polymorphism 

between KB 

and ZHE733 

Size (bp) 

Number 

of allele 

PIC 

Value 

Chromosomal 

location 

(www. 

gramene. 

org) 

KB, 

ZHE733, 

BR*, BS* Forward primer Reverse primer 

29 RM44 acgggcaatccgaacaacc tcgggaaaacctaccctacc Monomorphic 1650 1 0.00 8 

30 RM47 actccactccactccccac gtcagcaggtcggacgtc Polymorphic 
250, 210, 

210, 210 
2 0.38 7 

31 RM48 tgtcccactgctttcaagc cgagaatgagggacaaataacc Polymorphic 
190, 200, 

190, 190 
2 0.38 2 

32 RM49 ttcggaagttggttactgatca ttggagcggattcggagg Monomorphic 1650 1 0.00 3 

33 RM50 actgtaccggtcgaagacg aaattccacgtcagcctcc Polymorphic 
200, 210, 

210, 210 
2 0.38 6 

34 RM51 tctcgattcaatgtcctcgg ctacgtcatcatcgtcttccc Monomorphic 125 1 0.00 7 

35 RM52 ctactcgcgcgtggagtt tgtcttactggtgaagctgg Polymorphic 
120, 130, 

130, 130 
2 0.38 8 

36 RM53 acgtctcgacgcatcaatgg cacaagaacttcctcggtac Polymorphic 
200, 210, 

200, 200 
2 0.38 2 

37 RM55 ccgtcgccgtagtagagaag tcccggttattttaaggcg Monomorphic 225 1 0.00 3 

38 RM60 agtcccatgttccacttccg atggctactgcctgtactac Polymorphic 
170, 180, 

180, 180 
2 0.38 3 

39 RM70 gtggacttcatttcaactcg gatgtataagatagtccc Monomorphic 170 1 0.00 7 

40 RM71 ctagaggcgaaaacgagatg gggtgggcgaggtaataatg Polymorphic 
130, 120, 

120, 120 
2 0.38 2 

41 RM72 ccggcgataaaacaatgag gcatcggtcctaactaaggg Polymorphic 
200, 175, 

200, 200 
2 0.38 8 

42 RM80 ttgaaggcgctgaaggag catcaacctcgtcttcaccg Monomorphic 1650 1 0.00 8 

43 RM81A gagtgcttgtgcaagatcca cttcttcactcatgcagttc Polymorphic 
110, 100, 

100, 100 
2 0.38 1 
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Appendix 1. List of 278 SSR Primers used for genotyping of parental and selected lines of K/Z RIL population along with their 

product size, number of allele amplified, and chromosomal location (Continued). 

No. Markers 

Primer sequence 

(www.gramene.org) 
Polymorphism 

between KB 

and ZHE733 

Size (bp) 

Number 

of allele 

PIC 

Value 

Chromosomal 

location 

(www. 

gramene. 

org) 

KB, 

ZHE733, 

BR*, BS* Forward primer Reverse primer 

44 RM81B gagtgcttgtgcaagatcca cttcttcactcatgcagttc Polymorphic 
110, 100, 

100, 100 
2 0.38 1 

45 RM82 tgcttcttgtcaattcgcc cgactcgtggaggtacgg Polymorphic 
110, 120, 

120, 120 
2 0.38 7 

46 RM83 actcgatgacaagttgagg cacctagacacgatcgag Polymorphic 
550, 560, 

560, 560 
2 0.38 12 

47 RM84 taagggtccatccacaagatg ttgcaaatgcagctagagtac Polymorphic 
110, 120, 

120, 120 
2 0.38 1 

48 RM86 tacacctcatcgatcaatcg ctttcgaatctgaagatc Polymorphic 
170, 190, 

190, 190 
2 0.38 1 

49 RM87 cctctccgatacaccgtatg gcgaaggtacgaaaggaaag Polymorphic 
180, 190, 

190, 190 
2 0.38 5 

50 RM88 actcatcagcatggccttgctc taatgctccaccttcaccac Polymorphic 
1200, 1300, 

1300, 1300 
2 0.38 8 

51 RM101 
gtgaatggtcaagtgacttaggtg

gc 
acacaacatgttccctcccatgc Polymorphic 

290, 300, 

300, 300 
2 0.38 12 

52 RM102 aactttcccaccaccaccgcgg 
agcagcagcaagccagcaag

cg 
Polymorphic 

600, 550, 

550, 550 
2 0.38 1 

53 RM103 cttccaattcaggccggctggc cgccacagctgaccatgcatgc Monomorphic 100 1 0.00 6 

54 RM104 
ggaagaggagagaaagatgtgt

gtcg 

tcaacagacacaccgccaccg

c 
Monomorphic 100 1 0.00 1 

55 RM105 gtcgtcgacccatcggagccac tggtcgaggtggggatcgggtc Polymorphic 
5000, 4500, 

5000, 5000 
2 0.38 9 

56 RM108 tctcttgcgcgcacactggcac 
cgtgcaccaccaccaccacca

c 
Monomorphic 100 1 0.00 9 

57 RM110 tcgaagccatccaccaacgaag 
tccgtacgccgacgaggtcga

g 
Polymorphic 

110, 130, 

130, 110 
2 0.50 2 
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Appendix 1. List of 278 SSR Primers used for genotyping of parental and selected lines of K/Z RIL population along with their 

product size, number of allele amplified, and chromosomal location (Continued). 

No. Markers 

Primer sequence 

(www.gramene.org) 
Polymorphism 

between KB 

and ZHE733 

Size (bp) 

Number 

of allele 

PIC 

Value 

Chromosomal 

location 

(www. 

gramene. 

org) 

KB, 

ZHE733, 

BR*, BS* Forward primer Reverse primer 

58 RM111 cacaacctttgagcaccgggtc acgcctgcagcttgatcaccgg Monomorphic 100 1 0.00 6 

59 RM112 gggaggagaggcaagcggagag agccggtgcagtggacggtgac Monomorphic 110 1 0.00 2 

60 RM113 caccattgcccatcagcacaac tcgccctctgctgcttgatggc Monomorphic 130 1 0.00 1 

61 RM115 ttgccgcagtggccgttaccac 
aggaggcggcggaaatggaag

g 
Polymorphic 

140, 150, 

150, 150 
2 0.38 6 

62 RM117 cgatccattcctgctgctcgcg cgcccccatgcatgagaagacg Polymorphic 
180, 190, 

190, 190 
2 0.38 12 

63 RM118 ccaatcggagccaccggagagc cacatcctccagcgacgccgag Polymorphic 
140, 130, 

140, 140 
2 0.38 7 

64 RM119 catccccctgctgctgctgctg cgccggatgtgtgggactagcg Polymorphic 
140, 130, 

130, 130 
2 0.38 4 

65 RM120 cacacaagccctgtctcacgacc cgctgcgtcatgagtatgta Monomorphic 110 1 0.00 11 

66 RM121 accgtcgccttccactttcccc ttcggggttgccggtgatgttg Polymorphic 
210, 220, 

210, 210 
2 0.38 6 

67 RM122 gagtcgatgtaatgtcatcagtgc gaaggaggtatcgctttgttggac Polymorphic 
210, 200, 

200, 210 
2 0.50 5 

68 RM124 atcgtctgcgttgcggctgctg catggatcaccgagctcccccc Monomorphic 200 1 0.00 4 

69 RM125 atcagcagccatggcagcgacc aggggatcatgtgccgaaggcc Polymorphic 
100, 110, 

100, 100 
2 0.38 7 

70 RM126 cgcgtccgcgataaacacaggg tcgcacaggtgaggccatgtcg Polymorphic 
150, 160, 

160, 160 
2 0.38 8 

71 RM127 gtgggatagctgcgtcgcgtcg aggccagggtgttggcatgctg Polymorphic 
200, 180, 

180, 200 
2 0.50 4 

72 RM128 agcttgggtgatttcttggaagcg acgacgaggagtcgccgtgcag Monomorphic 1000 1 0.00 1 
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Appendix 1. List of 278 SSR Primers used for genotyping of parental and selected lines of K/Z RIL population along with their 

product size, number of allele amplified, and chromosomal location (Continued). 

No. Markers 

Primer sequence 

(www.gramene.org) Polymorphism 

between KB 

and ZHE733 

Size (bp) 

Number 

of allele 

PIC 

Value 

Chromoso

mal 

location 

(www. 

gramene. 

org) 

KB, 

ZHE733, 

BR*, BS* Forward primer Reverse primer 

73 RM129 tctctccggagccaaggcgagg cgagccacgacgcgatgtaccc Polymorphic 

1000, 

1250, 

1250, 1000 

2 0.50 1 

74 RM130 tgttgcttgccctcacgcgaag ggtcgcgtgcttggtttggttc Polymorphic 
400, 380, 

380, 400 
2 0.50 3 

75 RM132 atcttgttgtttcggcggcggc catggcgagaatgcccacgtcc Polymorphic 
220, 210, 

220, 220 
2 0.38 3 

76 RM133 ttggattgttttgctggctcgc ggaacacggggtcggaagcgac Polymorphic 
250, 275, 

250, 265 
3 0.625 6 

77 RM134 acaaggccgcgagaggattccg gctctccggtggctccgattgg Monomorphic 100 1 0.00 7 

78 RM135 ctctgtctcctcccccgcgtcg tcagcttctggccggcctcctc Polymorphic 
500, 490, 

500, 480 
3 0.625 3 

79 RM136 gagagctcagctgctgcctctagc gaggagcgccacggtgtacgcc Monomorphic 850 1 0.00 6 

80 RM137 gacatcgccaccagcccaccac cgggtggtccccgaggatcttg Polymorphic 
700, 710, 

710, 690 
3 0.625 8 

81 RM138 agcgcaacaaccaatccatccg aagaagctgcctttgacgctatgg Polymorphic 
210, 200, 

210, 210 
2 0.38 2 

82 RM140 tgcctcttccctggctcccctg ggcatgccgaatgaaatgcatg Monomorphic 230 1 0.00 1 

83 RM141 caccaccaccaccacgcctctc tcttggagaggaggaggcgcgg Monomorphic 200 1 0.00 6 

84 RM142 ctcgctatcgccatcgccatcg tcgagccatcgctggatggagg Polymorphic 
180, 190, 

190, 180 
2 0.50 4 

85 RM143 gtcccgaaccctagcccgaggg agaggccctccacatggcgacc Polymorphic 
150, 160, 

150, 150 
2 0.38 3 

86 RM144 tgccctggcgcaaatttgatcc 
gctagaggagatcagatggtagtgca

tg 
Polymorphic 

240, 200, 

200, 240 
2 0.50 11 
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Appendix 1. List of 278 SSR Primers used for genotyping of parental and selected lines of K/Z RIL population along with their 

product size, number of allele amplified, and chromosomal location (Continued). 

No. Markers 

Primer sequence 

(www.gramene.org) 
Polymorphism 

between KB 

and ZHE733 

Size (bp) 

Number 

of allele 

PIC 

Value 

Chromosomal 

location 

(www. 

gramene. 

org) 

KB, 

ZHE733, 

BR*, BS* Forward primer Reverse primer 

87 RM145 ccggtaggcgccctgcagtttc 
caaggaccccatcctcggcgt

c 
Polymorphic 

180, 170, 

180, 180 
2 0.38 2 

88 RM146 
ctattattccctaacccccataccct

cc 

agagccactgcctgcaaggc

cc 
Monomorphic 280 1 0.00 5 

89 RM147 tacggcttcggcggctgattcc 
cccccgaatcccatcgaaacc

c 
Polymorphic 

100, 110, 

110, 110 
2 0.38 10 

90 RM148 atacaacattagggatgaggctgg 
tccttaaaggtggtgcaatgcg

ag 
Monomorphic 125 1 0.00 3 

91 RM149 gctgaccaacgaacctaggccg 
gttggaagcctttcctcgtaac

acg 
Polymorphic 

190, 200, 

200, 190 
2 0.50 8 

92 RM150A cacgacgacgacgagcagcagc 
gctcgagggagagcgacctg

cc 
Polymorphic 

150, 160, 

150, 150 
2 0.38 1 

93 RM151 ggctgctcatcagctgcatgcg 
tcggcagtggtagagtttgatc

tgc 
Monomorphic 400 1 0.00 1 

94 RM152 gaaaccaccacacctcaccg ccgtagaccttcttgaagtag Polymorphic 
2000, 2100, 

2000, 2100 
2 0.50 8 

95 RM153 gcctcgagcatcatcatcag atcaacctgcacttgcctgg Polymorphic 
150, 140, 

140, 140 
2 0.38 5 

96 RM154 accctctccgcctcgcctcctc ctcctcctcctgcgaccgctcc Polymorphic 
150, 140, 

160, 140 
3 0.625 2 

97 RM155 gagatggccccctccgtgatgg 
ctgccctcaatcggccacacc

t 
Polymorphic 

100, 120, 

110, 120 
3 0.625 12 

98 RM156 gccgcaccctcactccctcctc 
tcttgccggagcgcttgaggt

g 
Polymorphic 

100, 110, 

100, 100 
2 0.38 3 

99 RM157A cctcctcctcacgaatcccgcc gggcttcttctccgccggcttc Polymorphic 
110, 100, 

110, 110 
2 0.38 3 

100 RM158 atggtgagagttgctgccgccg 
gatgacgcagaacggcatcg

cc 
Polymorphic 

220, 210, 

210, 200 
3 0.625 1 
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Appendix 1. List of 278 SSR Primers used for genotyping of parental and selected lines of K/Z RIL population along with their 

product size, number of allele amplified, and chromosomal location (Continued). 

No. Markers 

Primer sequence 

(www.gramene.org) 
Polymorphism 

between KB 

and ZHE733 

Size (bp) 

Number 

of allele 

PIC 

Value 

Chromosom

al location 

(www. 

gramene. 

org) 

KB, 

ZHE733, 

BR*, BS* Forward primer Reverse primer 

101 RM160 
agctagcagctatagcttagctgg

agatcg 
tctcatcgccatgcgaggcctc Monomorphic 110 1 0.00 9 

102 RM161 tgcagatgagaagcggcgcctc 
tgtgtcatcagacggcgctcc

g 
Polymorphic 

130, 120, 

120, 120 
2 0.38 5 

103 RM162 gccagcaaaaccagggatccgg 
caaggtcttgtgcggcttgcg

g 
Polymorphic 

200, 150, 

200, 200 
2 0.38 6 

104 RM164 tcttgcccgtcactgcagatatcc 
gcagccctaatgctacaattctt

c 
Polymorphic 

280, 220, 

220, 220 
2 0.38 5 

105 RM165 ccgaacgcctagaagcgcgtcc 
cggcgaggtttgctaatggcg

g 
Polymorphic 

130, 120, 

130, 130 
2 0.38 1 

106 RM166 
ggtcctgggtcaataattgggttac

c 
ttgctgcatgatcctaaaccgg Polymorphic 

300, 270, 

270, 300 
2 0.50 3 

107 RM167 gatccagcgtgaggaacacgt 
agtccgaccacaaggtgcgtt

gtc 
Polymorphic 

100, 110, 

100, 100 
2 0.38 11 

108 RM168 tgctgcttgcctgcttccttt gaaacgaatcaatccacggc Monomorphic 100 1 0.00 3 

109 RM169 tggctggctccgtgggtagctg tcccgttgccgttcatccctcc Polymorphic 
700, 710, 

710, 710 
2 0.38 5 

110 RM170 tcgcgcttcttcctcgtcgacg 
cccgcttgcagaggaagcag

cc 
Polymorphic 

400, 390, 

390, 380 
3 0.625 6 

111 RM171 aacgcgaggacacgtacttac acgagatacgtacgcctttg Polymorphic 
300, 280, 

280, 280 
2 0.38 10 

112 RM172 tgcagctgcgccacagccatag 
caaccacgacaccgccgtgtt

g 
Polymorphic 

140, 150, 

150, 150 
2 0.38 7 

113 RM173 cctacctcgcgatccccccctc 
ccatgaggaggaggcggcg

atc 
Monomorphic 100 1 0.00 5 
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Appendix 1. List of 278 SSR Primers used for genotyping of parental and selected lines of K/Z RIL population along with their 

product size, number of allele amplified, and chromosomal location (Continued). 

No. Markers 

Primer sequence 

(www.gramene.org) 
Polymorphism 

between KB 

and ZHE733 

Size (bp) 

Number 

of allele 

PIC 

Value 

Chromosom

al location 

(www. 

gramene. 

org) 

KB, 

ZHE733, 

BR*, BS* 

Forward primer Reverse primer     

114 RM174 
agcgacgccaagacaagtcgg

g 

tccacgtcgatcgacacgacg

g 
Monomorphic 160 1 0.00 2 

115 RM175 cttcggcgccgtcatcaaggtg 
cgttgagcagcgcgacgttga

c 
Polymorphic 

120, 130, 

120, 120 
2 0.38 3 

116 RM177 
ccctcttagacagaggccagag

gg 

gtagccgaagatgaggccgc

cg 
Monomorphic 300 1 0.00 4 

117 RM178 tcgcgtgaaagataagcggcgc gatcaccgttccctccgcctgc Polymorphic 
100, 110, 

110, 110 
2 0.38 5 

118 RM180 
ctacatcggcttaggtgtagcaa

cacg 

acttgctctacttgtggtgagg

gactg 
Monomorphic 110 1 0.00 7 

119 RM181 acgggagcttctccgacagcgc tatgcttttgccgtgtgccgcg Monomorphic 190 1 0.00 11 

120 RM182 tgggatgcagagtgcagttggc 
cgcaggcacggtgccttgtaa

g 
Polymorphic 

230, 250, 

230, 230 
2 0.38 7 

121 RM184 atcccattcgccaaaaccggcc 
tgacacttggagagcggtgtg

g 
Monomorphic 180 1 0.00 10 

122 RM185 
agttgttgggagggagaaaggc

c 

aggaggcgacggcgatgtcc

tc 
Polymorphic 

120, 150, 

120, 120 
2 0.38 4 

123 RM186 tcctccatctcctccgctcccg gggcgtggtggccttcttcgtc Monomorphic 100 1 0.00 3 

124 RM187 
ccaagggaaagatgcgacaatt

g 
gtggacgctttatattatggg Monomorphic 150 1 0.00 11 

125 RM188 tccgcctctcctctcgcttccc 
gcaacgcacaaccgaaccga

gc 
Polymorphic 

140, 150, 

140, 140 
2 0.38 5 

126 RM190 ctttgtctatctcaagacac ttgcagatgttcttcctgatg Polymorphic 
110, 100, 

100, 100 
2 0.38 6 
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Appendix 1.  List of 278 SSR Primers used for genotyping of parental and selected lines of K/Z RIL population along with 

their product size, number of allele amplified, and chromosomal location (Continued). 

No. Markers 

Primer sequence 

(www.gramene.org) 

Polymorphism 

between KB 

and ZHE733 

Size (bp) 

Number 

of allele 

PIC 

Value 

Chromosomal 

location 

(www. 

gramene. 

org) 

KB, 

ZHE733, 

BR*, BS* 

Forward primer Reverse primer     

127 RM191 
cccatcctcaccgatctctctaaa

c 

gtgcgcacggaggaggaaa

ggg 
Monomorphic 190 1 0.00 2 

129 RM194 gccctgcttcttgcccaccacc 
tccagggagggcaaggctga

gc 
Polymorphic 

190, 200, 

200, 200 
2 0.38 5 

130 RM195 
agaaagagaggccgtcggcgg

c 

gggctcacccccaaacctgca

g 
Monomorphic 200 1 0.00 8 

131 RM197 gatccgtttttgctgtgccc cctcctctccgccgatcctg Polymorphic 
150, 160, 

150, 150 
2 0.38 6 

132 RM200 cgctagggaatttggattga 
cgatgagcaggtatcgatgag

aag 
Polymorphic 

100, 110, 

110, 100 
2 0.50 1 

133 RM201 ctcgtttattacctacagtacc ctacctcctttctagaccgata Polymorphic 
140, 150, 

150, 150 
2 0.38 9 

134 RM202 cagattggagatgaagtcctcc ccagcaagcatgtcaatgta Polymorphic 
125, 150, 

150, 150 
2 0.38 11 

135 RM203 cctatcccattagccaaacattgc gatttacctcgacgccaacctg Monomorphic 150 1 0.00 3 

136 RM204 gtgactgacttggtcataggg gctagccatgctctcgtacc Polymorphic 
120, 100, 

100, 100 
2 0.38 6 

137 RM205 ctggttctgtatgggagcag ctggcccttcacgtttcagtg Polymorphic 
130, 100, 

100, 130 
2 0.50 9 

138 RM206 cccatgcgtttaactattct cgttccatcgatccgtatgg Polymorphic 
100, 110, 

110, 110 
2 0.38 11 

139 RM207 ccattcgtgagaagatctga cacctcatcctcgtaacgcc Polymorphic 
110, 120, 

120, 120 
2 0.38 2 

140 RM208 tctgcaagccttgtctgatg taagtcgatcattgtgtggacc Polymorphic 
150, 160, 

160, 160 
2 0.38 11 

141 RM209 atatgagttgctgtcgtgcg caacttgcatcctcccctcc Monomorphic 125 1 0.00 11 
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Appendix 1. List of 278 SSR Primers used for genotyping of parental and selected lines of K/Z RIL population along with their 

product size, number of allele amplified, and chromosomal location (Continued). 

No. Markers 

Primer sequence 

(www.gramene.org) 

Polymorphism 

between KB 

and ZHE733 

Size (bp) 

Number 

of allele 

PIC 

Value 

Chromosomal 

location 

(www. 

gramene. 

org) 

KB, 

ZHE733, 

BR*, BS* 

Forward primer Reverse primer   

142 RM210 tcacattcggtggcattg cgaggatggttgttcacttg Polymorphic 
120, 150, 

120, 120 
2 0.38 8 

143 RM211 ccgatctcatcaaccaactg cttcacgaggatctcaaagg Polymorphic 
110, 120, 

120, 120 
2 0.38 2 

144 RM212 ccactttcagctactaccag cacccatttgtctctcattatg Polymorphic 
100, 110, 

100, 100 
2 0.38 1 

145 RM213 atctgtttgcaggggacaag aggtctagacgatgtcgtga Polymorphic 
120, 110, 

110, 110 
2 0.38 2 

146 RM214 ctgatgatagaaacctcttctc aagaacagctgacttcacaa Polymorphic 
140, 100, 

100, 100 
2 0.38 7 

147 RM215 caaaatggagcagcaagagc tgagcacctccttctctgtag Polymorphic 
150, 140, 

150, 150 
2 0.38 9 

148 RM216 gcatggccgatggtaaag tgtataaaaccacacggcca Monomorphic 100 1 0.00 10 

149 RM217 atcgcagcaatgcctcgt gggtgtgaacaaagacac Polymorphic 
110, 150, 

150, 150 
2 0.38 6 

150 RM218 tggtcaaaccaaggtccttc gacatacattctacccccgg Polymorphic 
130, 120, 

120, 130 
2 0.50 3 

151 RM219 cgtcggatgatgtaaagcct catatcggcattcgcctg Polymorphic 
180, 190, 

190, 190 
2 0.38 9 

152 RM220 ggaaggtaactgtttccaac gaaatgcttcccacatgtct Polymorphic 
100, 110, 

110, 100 
2 0.50 1 

153 RM221 acatgtcagcatgccacatc tgcaagaatctgacccgg Polymorphic 
180, 190, 

190, 190 
2 0.38 2 

154 RM222 cttaaatgggccacatgcg caaagcttccggccaaaag Polymorphic 
200, 210, 

200, 200 
2 0.38 10 

155 RM223 gagtgagcttgggctgaaac gaaggcaagtcttggcactg Polymorphic 
100, 110, 

100, 100 
2 0.38 8 
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Appendix 1. List of 278 SSR Primers used for genotyping of parental and selected lines of K/Z RIL population along with their 

product size, number of allele amplified, and chromosomal location (Continued). 

No. Markers 

Primer sequence 

(www.gramene.org) 

Polymorphis

m between 

KB and 

ZHE733 

Size (bp) 

Number 

of allele 

PIC 

Value 

Chromosomal 

location 

(www. 

gramene. 

org) 

KB, 

ZHE733, 

BR*, BS* 

Forward primer Reverse primer     

156 RM224 atcgatcgatcttcacgagg tgctataaaaggcattcggg Polymorphic 
110, 100, 

100, 110 
2 0.50 11 

157 RM225 tgcccatatggtctggatg gaaagtggatcaggaaggc Polymorphic 
300, 290, 

290, 290 
2 0.38 6 

158 RM226 agctaaggtctgggagaaacc 
aagtaggatggggcacaagc

tc 
Polymorphic 

100, 120, 

100, 100 
2 0.38 1 

159 RM227 acctttcgtcataaagacgag gattggagagaaaagaagcc Monomorphic 100 1 0.00 3 

160 RM228 ctggccattagtccttgg gcttgcggctctgcttac Polymorphic 
110, 100, 

100, 100 
2 0.00 10 

161 RM229 cactcacacgaacgactgac cgcaggttcttgtgaaatgt Polymorphic 
110, 100, 

110, 110 
2 0.38 11 

162 RM230 gccagaccgtggatgttc caccgcagtcacttttcaag Monomorphic 225 1 0.00 8 

163 RM231 ccagattatttcctgaggtc cacttgcatagttctgcattg Monomorphic 100 1 0.00 3 

164 RM232 ccggtatccttcgatattgc ccgacttttcctcctgacg Monomorphic 100 1 0.00 3 

165 RM233A ccaaatgaacctacatgttg gcattgcagacagctattga Monomorphic 100 1 0.00 2 

166 RM233B ccaaatgaacctacatgttg gcattgcagacagctattga Monomorphic 100 1 0.00 5 

167 RM234 acagtatccaaggccctgg cacgtgagacaaagacggag Monomorphic 120 1 0.00 7 

168 RM235 agaagctagggctaacgaac tcacctggtcagcctctttc Monomorphic 100 1 0.00 12 

169 RM237 caaatcccgactgctgtcc tgggaagagagcactacagc Polymorphic 
110, 100, 

110, 110 
2 0.38 1 

170 RM238A gatggaaagcacgtgcacta acaggcaatccgtagactcg Monomorphic 100 1 0.00 6 
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Appendix 1. List of 278 SSR Primers used for genotyping of parental and selected lines of K/Z RIL population along with their 

product size, number of allele amplified, and chromosomal location (Continued). 

No. Markers 

Primer sequence 

(www.gramene.org) 
Polymorphism 

between KB 

and ZHE733 

Size (bp) 

Number of 

allele 

PIC 

Value 

Chromosomal 

location 

(www. 

gramene. 

org) 

KB, 

ZHE733, 

BR*, BS* Forward primer Reverse primer 

171 RM238B gatggaaagcacgtgcacta acaggcaatccgtagactcg Monomorphic 100 1 0.00 1 

172 RM239 tacaaaatgctgggtacccc acatatgggacccacctgtc Monomorphic 150 1 0.00 10 

173 RM240 ccttaatgggtagtgtgcac tgtaaccattccttccatcc Monomorphic 110 1 0.00 2 

174 RM241 gagccaaataagatcgctga tgcaagcagcagatttagtg Monomorphic 110 1 0.00 4 

175 RM242 ggccaacgtgtgtatgtctc tatatgccaagacggatggg Monomorphic 160 1 0.00 9 

176 RM243 gatctgcagactgcagttgc agctgcaacgatgttgtcc Monomorphic 100 1 0.00 1 

177 RM244 ccgactgttcgtccttatca ctgctctcgggtgaacgt Monomorphic 100 1 0.00 10 

178 RM245 atgccgccagtgaatagc ctgagaatccaattatctgggg Monomorphic 100 1 0.00 9 

179 RM246 gagctccatcagccattcag ctgagtgctgctgcgact Monomorphic 1000 1 0.00 1 

180 RM247 tagtgccgatcgatgtaacg catatggttttgacaaagcg Polymorphic 
110, 100, 

100, 100 
2 0.38 12 

181 RM248 tccttgtgaaatctggtccc gtagcctagcatggtgcatg Polymorphic 
100, 110, 

110, 110 
2 0.38 7 

182 RM249 ggcgtaaaggttttgcatgt atgatgccatgaaggtcagc Monomorphic 120 1 0.00 5 

183 RM250 ggttcaaaccaagctgatca gatgaaggccttccacgcag Polymorphic 
160, 140, 

160, 160 
2 0.38 2 

184 RM251 gaatggcaatggcgctag atgcggttcaagattcgatc Polymorphic 
110, 140, 

110, 110 
2 0.38 3 

185 RM252 ttcgctgacgtgataggttg atgacttgatcccgagaacg Polymorphic 
160, 170, 

170, 160 
2 0.50 4 
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Appendix 1. List of 278 SSR Primers used for genotyping of parental and selected lines of K/Z RIL population along with their 

product size, number of allele amplified, and chromosomal location (Continued). 

No. Markers 

Primer sequence 

(www.gramene.org) 
Polymorphism 

between KB 

and ZHE733 

Size (bp) 

Number 

of allele 

PIC 

Value 

Chromosomal 

location 

(www. 

gramene. 

org) 

KB, 

ZHE733, 

BR*, BS* Forward primer Reverse primer 

186 RM253 tccttcaagagtgcaaaacc gcattgtcatgtcgaagcc Monomorphic 100 1 0.00 6 

187 RM254 
agccccgaataaatccacc

t 
ctggaggagcatttggtagc Polymorphic 

150, 140, 

140, 140 
2 0.38 11 

188 RM255 tgttgcgtgtggagatgtg cgaaaccgctcagttcaac Monomorphic 130 1 0.00 4 

189 RM256 
gacagggagtgattgaag

gc 
gttgatttcgccaagggc Monomorphic 100 1 0.00 8 

190 RM257 
cagttccgagcaagagtac

tc 
ggatcggacgtggcatatg Polymorphic 

160, 140, 

140, 160 
2 0.50 9 

191 RM258 tgctgtatgtagctcgcacc tggcctttaaagctgtcgc Monomorphic 700 1 0.00 10 

192 RM259 tggagtttgagaggaggg cttgttgcatggtgccatgt Polymorphic 
160, 150, 

160, 160 
2 0.38 1 

193 RM260 actccactatgacccagag gaacaatcccttctacgatcg Monomorphic 100 1 0.00 12 

194 RM261 ctacttctccccttgtgtcg tgtaccatcgccaaatctcc Monomorphic 110 1 0.00 4 

195 RM262 cattccgtctcggctcaact cagagcaaggtggcttgc Polymorphic 
130, 150, 

130, 130 
2 0.38 2 

196 RM263 
cccaggctagctcatgaac

c 
gctacgtttgagctaccacg Polymorphic 

130, 150, 

150, 130 
2 0.50 2 

197 RM264 gttgcgtcctactgctacttc gatccgtgtcgatgattagc Polymorphic 
160, 170, 

160, 160 
2 0.38 8 

198 RM265 cgagttcgtccaagtgagc catccaccattccaccaatc Monomorphic 100 1 0.00 1 

199 RM266 tagtttaaccaagactctc ggttgaacccaaatctgca Monomorphic 110 1 0.00 2 

200 RM267 
tgcagacatagagaagga

agtg 
agcaacagcacaacttgatg Monomorphic 110 1 0.00 5 
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Appendix 1. List of 278 SSR Primers used for genotyping of parental and selected lines of K/Z RIL population along with their 

product size, number of allele amplified, and chromosomal location (Continued). 

No. Markers 

Primer sequence 

(www.gramene.org) 
Polymorphism 

between KB 

and ZHE733 

Size (bp) 

Number 

of allele 

PIC 

Value 

Chromosomal 

location 

(www. 

gramene. 

org) 

KB, 

ZHE733, 

BR*, BS* Forward primer Reverse primer 

201 RM268 gtgctatgcacgatccatagca cgtttctttggaagcggaggga Polymorphic 
210, 200, 

200, 200 
2 0.38 11 

202 RM269 gaaagcgatcgaaccagc gcaaatgcgcctcgtgtc Polymorphic 
100, 110, 

110, 100 
2 0.50 10 

203 RM270 ggccgttggttctaaaatc tgcgcagtatcatcggcgag Monomorphic 130 1 0.00 12 

204 RM271 tcagatctacaattccatcc tcggtgagacctagagagcc Monomorphic 100 1 0.00 10 

205 RM272 aattggtagagaggggagag acatgccattagagtcaggc Monomorphic 120 1 0.00 1 

206 RM273 gaagccgtcgtgaagttacc gtttcctacctgatcgcgac Polymorphic 
300, 310, 

300, 300 
2 0.38 4 

207 RM274 cctcgcttatgagagcttcg cttctccatcactcccatgg Monomorphic 200 1 0.00 5 

208 RM275 gcattgatgtgccaatcg cattgcaacatcttcaacatcc Monomorphic 100 1 0.00 6 

209 RM278 gtagtgagcctaacaataatc tcaactcagcatctctgtcc Polymorphic 
110, 100, 

100, 100 
2 0.38 9 

210 RM279 gcgggagagggatctcct ggctaggagttaacctcgcg Monomorphic 100 1 0.00 2 

211 RM280 acacgatccactttgcgc tgtgtcttgagcagccagg Monomorphic 100 1 0.00 4 

212 RM281 accaagcatccagtgaccag gttcttcatacagtccacatg Monomorphic 100 1 0.00 8 

213 RM283 gtctacatgtacccttgttggg cggcatgagagtctgtgatg Monomorphic 100 1 0.00 1 

214 RM284 atctctgatactccatccatcc cctgtacgttgatccgaagc Monomorphic 100 1 0.00 8 

215 RM285 ctgtgggcccaatatgtcac ggcggtgacatggagaaag Polymorphic 
100, 110, 

110, 100 
2 0.50 9 

 



 

 

3
0
1
 

Appendix 1. List of 278 SSR Primers used for genotyping of parental and selected lines of K/Z RIL population along with their 

product size, number of allele amplified, and chromosomal location (Continued). 

No. Markers 

Primer sequence 

(www.gramene.org) 
Polymorphism 

between KB 

and ZHE733 

Size (bp) 

Number 

of allele 

PIC 

Value 

Chromosomal 

location 

(www. 

gramene. 

org) 

KB, 

ZHE733, 

BR*, BS* Forward primer Reverse primer 

216 RM286 ggcttcatctttggcgac ccggattcacgagataaactc Polymorphic 
200, 210, 

210, 210 
2 0.38 11 

217 RM287 ttccctgttaagagagaaatc gtgtatttggtgaaagcaac Polymorphic 
220, 230, 

230, 220 
2 0.50 11 

218 RM288 ccggtcagttcaagctctg acgtacggacgtgacgac Monomorphic 100 1 0.00 9 

219 RM289 ttccatggcacacaagcc ctgtgcacgaacttccaaag Monomorphic 100 1 0.00 5 

220 RM290 acccttattcctgctctcctc gtgctgtagatggaagggag Monomorphic 140 1 0.00 2 

221 RM291 gttgcactacgtattctgag gatccagataaatgaggcac Monomorphic 180 1 0.00 5 

222 RM292 actgctgttgcgaaacgc tgcagcaaatcaagctggaa Polymorphic 
300, 310, 

310, 300 
2 0.50 1 

223 RM293 tcgttgggaggtatggtacc ctttatctgatccttgggaagg Polymorphic 
200, 210, 

210, 200 
2 0.50 3 

224 RM294A ttggcctagtgcctccaatc gagggtacaacttaggacgca Monomorphic 100 1 0 1 

225 RM295 cgagacgagcatcggataag gatctggtggaggggagg Polymorphic 
200, 210, 

210, 210 
2 0.38 7 

226 RM296 cacatggcaccaacctcc gccaagtcattcactactctgg Polymorphic 
100, 110, 

110, 110 
2 0.38 9 

227 RM297 tctttggaggcgagctgag cgaagggtacatctgcttag Polymorphic 
120, 110, 

110, 110 
2 0.38 1 

228 RM298 ctgatcactggatcgatcatg catgccaagatgcaacag Monomorphic 200 1 0.00 7 

229 RM300 gcttaaggacttctgcgaacc caacagcgatccacatcatc Polymorphic 
110, 100, 

100, 100 
2 0.38 2 

230 RM301 ttactctttgtgtgtgtgtgag 
ctacgacacgtcatagatgac

c 
Polymorphic 

210, 200, 

210, 210 
2 0.38 2 
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Appendix 1. List of 278 SSR Primers used for genotyping of parental and selected lines of K/Z RIL population along with their 

product size, number of allele amplified, and chromosomal location (Continued). 

No. Markers 

Primer sequence 

(www.gramene.org) 
Polymorphism 

between KB 

and ZHE733 

Size (bp) 
Numb

er of 

allele 

PIC 

Value 

Chromosomal 

location 

(www. 

gramene. 

org) 

KB, 

ZHE733, 

BR*, BS* Forward primer Reverse primer 

231 RM302 tcatgtcatctaccatcacac atggagaagatggaatacttgc Polymorphic 
150, 200, 

150, 150 
2 0.38 1 

232 RM303 gcatggccaaatattaaagg ggttggaaatagaagttcggt Monomorphic 100 1 0.00 4 

233 RM304 tcaaaccggcacatataagac gatagggagctgaaggagatg Monomorphic 100 1 0.00 10 

234 RM305 tactgccaaaggcgagcttc gtgagaggctacagctaacc Polymorphic 
310, 300, 

300, 310 
2 0.50 5 

235 RM306 caaggtcaagaatgcaatgg gccactttaatcattgcatc Monomorphic 100 1 0.00 1 

236 RM307 gtactaccgacctaccgttcac ctgctatgcatgaactgctc Monomorphic 100 1 0.00 4 

237 RM308 ggctgcacacgcacactata ttacgcatatggtgagtaggc Monomorphic 100 1 0.00 8 

238 RM309 gtagatcacgcacctttctgg agaaggcctccggtgaag Monomorphic 100 1 0.00 12 

239 RM310 ccaaaacatttaaaatatcatg gcttgttggtcattaccattc Polymorphic 
150, 200, 

150, 150 
2 0.38 8 

240 RM311 tggtagtataggtactaaacat tcctatacacatacaaacatac Monomorphic 200 1 0.00 10 

241 RM312 gtatgcatatttgataagag aagtcaccgagtttaccttc Monomorphic 100 1 0.00 1 

242 RM313 tgctacaagtgttcttcaggac gctcaccttttgtgttccac Monomorphic 150 1 0.00 12 

243 RM314 ctagcaggaactcctttcagg aacattccacacacacacgc Monomorphic 100 1 0.00 6 

244 RM315 gaggtacttcctccgtttcac agtcagctcactgtgcagtg Polymorphic 
200, 190, 

190, 190 
2 0.38 1 

245 RM316 ctagttgggcatacgatggc acgcttatatgttacgtcaac Monomorphic 300 1 0.00 9 
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Appendix 1. List of 278 SSR Primers used for genotyping of parental and selected lines of K/Z RIL population along with their 

product size, number of allele amplified, and chromosomal location (Continued). 

No. Markers 

Primer sequence 

(www.gramene.org) 
Polymorphism 

between KB 

and ZHE733 

Size (bp) 

Number 

of allele 

PIC 

Value 

Chromosomal 

location 

(www. 

gramene. 

org) 

KB, 

ZHE733, 

BR*, BS* Forward primer Reverse primer 

246 RM317 catacttaccagttcaccgcc ctggagagtgtcagctagttga Polymorphic 
200, 190, 

200, 200 
2 0.38 4 

247 RM318 gtacggaaaacatggtaggaag tcgagggaaggatctggtc Polymorphic 
160, 180, 

180, 180 
2 0.38 2 

248 RM319 atcaaggtacctagaccaccac tcctggtgcagctatgtctg Monomorphic 100 1 0.00 1 

249 RM320 caacgtgatcgaggatagatc ggatttgcttaccacagctc Monomorphic 200 1 0.00 7 

250 RM321 ccaacactgccactctgttc gaggatggacaccttgatcg Monomorphic 200 1 0.00 9 

251 RM322 caagcgaaaatcccagcag gatgaaactggcattgcctg Monomorphic 100 1 0.00 2 

252 RM323 caacgagcaaatcaggtcag gttttgatcctaaggctgctg Polymorphic 
410, 400, 

410, 410 
2 0.38 1 

253 RM324 ctgattccacacacttgtgc gattccacgtcaggatcttc Polymorphic 
100, 150, 

150, 150 
2 0.38 2 

254 RM325A gacgatgaatcaggagaacg ggcatgcatctgagtaatgg Monomorphic 150 1 0.00 8 

255 RM327 ctactcctctgtccctcctctc ccagctagacacaatcgagc Monomorphic 150 1 0.00 2 

256 RM328 catagtggagtatgcagctgc ccttctcccagtcgtatctg Polymorphic 
180, 160, 

180, 180 
2 0.38 9 

257 RM329 cattcggctgctgctattc gcttgtcacatcttgcacag Monomorphic 130 1 0.00 1 

258 RM330A caatgaagtggatctcggag catcaatcagcgaaggtcc Polymorphic 
140, 120, 

120, 120 
2 0.38 10 

259 RM331 gaaccagaggacaaaaatgc catcatacatttgcagccag Monomorphic 100 1 0.00 8 

260 RM332 gcgaaggcgaaggtgaag catgagtgatctcactcaccc Polymorphic 
120, 100, 

100, 120 
2 0.50 11 
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Appendix 1. List of 278 SSR Primers used for genotyping of parental and selected lines of K/Z RIL population along with their 

product size, number of allele amplified, and chromosomal location (Continued). 

No. Markers 

Primer sequence 

(www.gramene.org) 
Polymorphism 

between KB 

and ZHE733 

Size (bp) 

Number 

of allele 

PIC 

Value 

Chromosomal 

location 

(www. 

gramene. 

org) 

KB, 

ZHE733, 

BR*, BS* Forward primer Reverse primer 

261 RM333 gtacgactacgagtgtcaccaa gtcttcgcgatcactcgc Monomorphic 120 1 0.00 10 

262 RM334 gttcagtgttcagtgccacc gactttgatctttggtggacg Polymorphic 
120, 100, 

120, 120 
2 0.38 5 

263 RM335 gtacacacccacatcgagaag gctctatgcgagtatccatgg Monomorphic 250 1 0.00 4 

264 RM336 cttacagagaaacggcatcg gctggtttgtttcaggttcg Polymorphic 
210, 200, 

200, 200 
2 0.38 7 

265 RM337 gtaggaaaggaagggcagag cgatagatagctagatgtggcc Monomorphic 200 1 0.00 8 

266 RM338 cacaggagcaggagaagagc ggcaaaccgatcactcagtc Polymorphic 
200, 210, 

200, 200 
2 0.38 3 

267 RM339 gtaatcgatgctgtgggaag gagtcatgtgatagccgatatg Polymorphic 
160, 150, 

160, 160 
2 0.38 8 

268 RM340 ggtaaatggacaatcctatggc gacaaatataagggcagtgtgc Polymorphic 
100, 150, 

150, 150 
2 0.38 6 

269 RM341 caagaaacctcaatccgagc ctcctcccgatcccaatc Monomorphic 200 1 0.00 2 

270 RM342A ccatcctcctacttcaatgaag actatgcagtggtgtcaccc Polymorphic 
110, 120, 

100, 100 
3 0.625 9 

271 RM343 ccacgaaccctttgcatc gtgatgatgcgtcggttg Polymorphic 
120, 100, 

100, 100 
2 0.38 6 

272 RM344 cagagacaatagtccctgcac gtaggaggagatggatgatgg Monomorphic 120 1 0.00 8 

273 RM345 attggtagctcaatgcaagc gtgcaacaaccccacatg Polymorphic 
250, 260, 

260, 260 
2 0.38 6 

274 RM347 cacctcaaacttttaaccgcac tccggcaagggatacggcgg Monomorphic 300 1 0.00 3 

275 RM348 ccgctactaatagcagagag ggagctttgttcttgcgaac Monomorphic 100 1 0.00 4 
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Appendix 1. List of 278 SSR Primers used for genotyping of parental and selected lines of K/Z RIL population along with their 

product size, number of allele amplified, and chromosomal location (Continued). 

No. Markers 

Primer sequence 

(www.gramene.org) 
Polymorphism 

between KB 

and ZHE733 

Size (bp) 

Number 

of allele 

PIC 

Value 

Chromosomal 

location 

(www. 

gramene. 

org) 

KB, 

ZHE733, 

BR*, BS* Forward primer Reverse primer 

276 RM349 ttgccattcgcgtggaggcg gtccatcatccctatggtcg Polymorphic 
100, 110, 

120, 120 
3 0.625 4 

277 RM350 tgatcgtcgcgattcccggc ccccaccctgcgcctctccc Monomorphic 100 1 0.00 8 

278 RM351 ccatcctccaccgcctctcg 
tggaggaaggaaaggggac

g 
Monomorphic 100 1 0.00 7 

(*) BR = Bulk Resistant, BS = Bulk Sensitive 
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