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ABSTRACT 

Breeding to improve the drought tolerance of rice with respect to yield retention under 

drought have been underway for quite some time now. The discovery of large-effect 

QTL (qDTY) and their introgression into elite genetic backgrounds is on-going. 

Recurrent backcross introgression has been the typical method by which breeders have 

been seeking to introgress beneficial traits while maintaining as high a percentage of 

the recipient parent’s genomic landscape as intact as possible. The result of the 

recurrent backcrossing has been the complete loss of qDTY function. Against this 

backdrop, this study sought to redefine QTL dynamics post-introgression. The 

objective of this study was to investigate qDTY12.1 function and possible interactions 

with the genetic landscape of the recurrent genetic background. Transcriptomic 

analysis showed that in siblings of a cross between cv. IR64 and Way Rarem/Vandana, 

the two sibling backcrossed introgression lines (BILs, i.e., LPB and HPB) had very 

divergent drought phenotypes and showed inherited patterns of gene expression from 

the donor of qDTY12.1, Way Rarem. These inherited patterns were seen at the 

transcription factor, whole transcriptome, and stress-related gene level. Notably, the 

inherited patterns were located outside the qDTY12.1 boundary region. More 

importantly, this study uncovered a genetic network whose founder was a locus within 

qDTY12.1, a gene annotated as ‘Decussate’. The genetic circuit that emerged was 

functionally related to many yield related traits and it showed constitutive expression 

during the transition from vegetative to reproductive stage (i.e., early booting) and 

further enhanced by stress thus making the drought tolerant introgression line (LPB) 

more stress-prepared. The importance of the Decussate gene to yield was validated in 

Arabidopsis thaliana with the use of mutants whose Decussate ortholog was knocked-

out by T-DNA insertion. Together the results of this study demonstrate that upon 

introgression, dynamic interactions occurred between the qDTY12.1 and the recurrent 

genomic landscape within which it is operating and that these interactions are unique, 

even though they contain qDTY12.1. It is then proposed that the unique alliances 

necessary for the full potential of qDTY12.1 genes for the maintenance of grain yield 
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under drought are the results of very specific interactions between qDTY12.1 and other 

genes or alleles in the recurrent genetic background. These interactions center around 

a genetic circuit, whose founder is the Decussate gene encoded by qDTY12.1.
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CHAPTER 1 

INTRODUCTION 

Rice Production 

Rice is one of the major food crops cultivated worldwide with annual 

production of 769.7 million tons (FAO 2018b). Although wheat has the largest harvest 

area each year of 225 million hectares, followed by rice with 167 million hectares, 

human consumption of rice (78%) exceeded that of wheat (64%). Rice occupies a very 

large portion of the cultivated area in South, Southeast and East Asia. About 94% of 

the total of the area cultivated for rice is in developing countries where it is also a 

dominant food crop among low and middle low-income human population (GRiSP 

2002; Bouman et al. 2007; Pandey et al. 2010). 

Rice grows in a wide variety of environments which are broadly classified into 

two categories based on hydrological characteristics, irrigated environments and rain-

fed environments. Seventy-five percent (75%) of rice production is located in 93 

million hectares of irrigated lowland area, spread mainly over Asia. Rice occupies the 

largest irrigated area in Southeast Asia (64-83%), followed by 46-52% in East Asia 

and 30-35% in South Asia (GRiSP 2002). China is the second largest producer of rice 

with total production coming from irrigated agroecosystem. The average yield of 

irrigated rice in Asia is five tons per hectare. 

 Rainfed rice environments are further classified into lowland and upland 

rainfed areas. The lowland rainfed areas are predominantly puddled which is similar to 

irrigated rice production, whereas upland rainfed rice is grown in dryland conditions, 

i.e. without puddling. Puddling refers to the flooding of a field with water over an 

extended time period during crop growth. Rainfed lowland areas have expanded to 

fifty-two million hectares and production from such areas supplies about 19% of the 

world’s demand, whereas upland rainfed cultivation contributes only 4% of rice 

production spread over fifteen million hectares worldwide. The unpredictability of 

rainfall in rainfed rice agroecosystem severely reduces the average yield to 2.3 tons/ha 
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in the lowlands and 1.0 ton/ha in the uplands. In rainfed lowland areas, high 

uncertainty of timing, duration and intensity of rainfall results in field conditions that 

are either extremely dry or extremely wet. Apart from abiotic stress on growth 

conditions of the crop, these conditions also affect the timing and effectiveness of 

farm management practices, further elevating risks of yield loss (GRiSP 2002; 

Bouman et al. 2007; Pandey et al. 2010). 

Drought 

Drought has emerged as the major constraint to agriculture particularly in a 

crop like rice that normally requires substantial irrigation compared to most other 

cereals. In Asia, about twenty-three (23) million hectares of the rice production acres 

are prone to drought and most of these are located in rainfed areas. The wide 

fluctuations in rice productivity from rainfed areas are therefore attributed to weather 

patterns. The FAO estimates that approximately 80% of yield losses around the world 

are caused by drought (FAO 2018a). Thus, the necessity to develop and deploy rice 

cultivars that will maintain a measure of yield under drought conditions is evident 

(Kumar et al. 2008). 

Drought tolerance – How do we define it and how do we select for it? 

The imperative that has been placed on breeders around the world to develop 

and deploy cultivars of rice that are drought tolerant necessitates that a proper 

definition of this trait be developed. Many researchers have considered this trait to 

mean the ability of the plant to survive while others define it in much deeper 

agronomic context. Within the context of grain production, which is the goal of 

deploying drought tolerant cultivars, it is then evident that perhaps the definition 

should be more relevant to ability to maintain yield under sub-optimal water condition 

and not merely to plant survival. Although survival is germane to the discussion, 

within the context of phenotyping for grain yield maintenance under drought, survival 

then becomes a secondary trait along with its associated characters. Phenotypic traits 

such as root density, depth, distribution, architecture, osmoregulation, water use 



Texas Tech University, Pushpinder Pal Kaur, May 2019 

 

3 

 

efficiency, and stomatal conductance etc. are in fact important secondary components 

of plant function and survival but they do not explain the more complex trait of yield 

potential and therefore would not be effective predictors for the selection of superior 

drought-tolerant cultivars with respect to yield-maintenance ability. De los Reyes et 

al., in an effort to discriminate between phenotypic traits that are relevant to minimize 

yield penalty under drought from those that are not, introduced the concept of long-

term components and short-term components (de los Reyes et al. 2018). The authors 

described three components as being long-term, namely photosynthesis, metabolism, 

and source-sink potential while considering components that represent the capacity to 

ameliorate vegetative injury as short-term. These definitions, in conjunction with a 

more focused and controlled phenotypic approach, would more aptly provide the 

proper germplasm screening platform for selection and genetic dissection of important 

genomic regions (i.e., QTL) that could contribute to the improvement of established 

high-yielding cultivars for yield stability under drought. 

For many years, grain yield was not used as a selection criterion for superior 

drought tolerance because it was thought that this trait had low heritability (de los 

Reyes et al. 2018). Recently, researchers at IRRI (International Rice Research 

Institute, Los Banos, Philippines) developed a controlled and focused stress-

phenotyping platform that allowed for establishing a positive correlation between 

yield potential and yield stability under drought with moderate to high heritability 

(Swamy et al. 2014). Using this approach, along with multi-location trials, germplasm 

screening led to the discovery and fine-mapping of various quantitative trait loci 

(QTL) for yield maintenance under drought (qDTY) (Kumar et al. 2014) (Table 1.1). 

These qDTYs were subsequently deployed into elite varieties that exhibited a large 

yield penalty under reproductive stage drought (Kumar et al. 2014). Additionally, 

QTL-pyramiding was then used for improving the ability to maintain yield under 

drought driven by the hypothesis of cumulative effect of each QTL towards 

incremental yield stability (Raman et al. 2016; Shamsudin et al. 2016; Henry et al. 

2015). 
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Table 1.1 qDTYs identified as contributors to yield maintenance under reproductive-stage drought (de los Reyes et al. 2018). 

 

QTL Original source/donor Recipient cultivar Ecosystem 

qDTY1.1 N22, Dhagad deshi, Apo, CT9993-10-1-M,  

Kali Aus, Basmati 334 

Swarna, IR64, MTU1010 Lowland, Upland 

qDTY2.1 Apo, Aus276 Swarna, MTU1010 Lowland 

qDTY2.2 Aday Sel, Kali Aus MTU1010, IR64 Lowland, Upland 

qDTY2.3 Vandana, N22, IR74371-26-1-1, Kali Aus IR64, Sabitri, Way Rarem Lowland, Upland 

qDTY3.1 Apo, IR55419-04 Swarna, TDK1 Lowland 

qDTY3.2 Vandana, N22, IR77298-5-6-18,  

IR74371-46-1-1, Moroberekan 

Way Rarem, Swarna, Sabitri Lowland 

qDTY4.1 Aday Sel IR64, Samba Mahsuri Lowland 

qDTY6.1 Apo, Vandana, IR55419-04 Swarna, IR72, TDK1 Upland, Lowland 

qDTY6.2 IR55419-04 TDK1 Lowland 

qDTY9.1 Aday Sel IR64 Lowland 

qDTY10.1 N22, Aday Sel, Basmati 334 IR64, MTU1010, Swarna Lowland 

qDTY12.1 Way Rarem, IR74371-46-1-1 Vandana, Sabitri Upland, Lowland 
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qDTY12.1 - A large-effect reproductive-stage drought QTL  

Prior to the discovery of the qDTYs (i.e., quantitative yield QTL), other QTL 

had been identified in rice that were purported to be important to yield stability under 

drought, but none were able to explain much of the phenotypic variance for this 

complex trait (Babu and Nguyen 2001; Yue et al. 2006). The discovery of qDTY12.1 

by Bernier et al. in 2007 launched a new horizon towards the improvement of rice 

when grown under water deficits such as those seen in rainfed agroecosystem. This 

large effect QTL was discovered during a study of severe reproductive-stage drought 

on a genetic population developed from a cross between an eastern Indian cultivar, 

Vandana and an Indonesian upland cultivar, Way Rarem (Bernier et al. 2007). 

Vandana was known to be able to produce some yield under reproductive-stage 

drought and thus considered drought tolerant. On the other hand, Way Rarem was 

known to be high-yielding under normal irrigation but had poor performance under 

drought. The qDTY12.1 was determined to explain 51% of the phenotypic variance 

and its effect on yield stability was consistently exhibited over two consecutive field 

trials wherein the conditions were very dry. Additionally, this qDTY12.1 was found to 

co-segregate with molecular markers mapped to a 10 cM region on chromosome 12. 

Unexpectedly, the putative allele that was responsible for yield improvement under 

drought was not found to be contributed by the drought-tolerant parent Vandana, but 

rather, by the drought-susceptible parent Way Rarem. This raised questions as to 

possible genic interactions between the QTL and loci within the recipient Vandana 

parent. 

Further characterization of qDTY12.1 was performed so as to ascertain its 

function in terms of its physiological contribution to yield (Impa et al. 2008). Based on 

this study, qDTY12.1 was associated with improved plant water uptake. A later study 

sought to investigate the effect of qDTY12.1 when tested in a range of environments in 

eastern India and the Philippines, and it showed that qDTY12.1 had large and 

consistent effects on grain yield under a range of testing environments that included 

factors such as timing and intensity of drought stress (Bernier et al. 2009). 
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Because the original mapping of qDTY12.1 occupied a large region of 

chromosome 12 from Way Rarem, the possibility of the QTL carrying undesirable 

linkage drag was high. Before introgression into elite varieties could be considered, it 

was necessary to remove this negative effect. Thus, the large qDTY12.1 region was 

further fine-mapped and narrowed to 3.1 cM region of the Vandana genome (Dixit et 

al. 2012). 

Fine-mapping of qDTY12.1 opened new-avenues into the improvement of 

high-yielding drought-susceptible varieties through marker assisted single-

introgression as well as marker assisted pyramiding of multiple qDTYs. A recent study 

by Anyaoha et al., has shown that the introduction of qDTY12.1 and qDTY2.3 into a 

Nigerian Ofada rice landrace Funnaboor-2, resulted in the improvement of the 

recipient parent with respect to its ability to maintain yield under drought stress at the 

reproductive stage. Additionally, two Malaysian rice cultivars, MR219 and MRQ74, 

were also used as recipients for QTL pyramids that included qDTY12.1. Once again, 

the introgression of qDTY12.1 resulted in the improvement of grain yield maintenance 

under drought by both cultivars (Anyaoha et al. 2019; Shamsudin et al. 2016; Raman 

et al. 2016). In an example of introgression of qDTY12.1 into a lowland variety of 

Nepal, namely Sabitri, the recipient gained the capacity to rescue yield under 

reproductive drought stress. The effects of qDTY12.1 resulted in an additive effect of 

45.3% and explained 23.8% of phenotypic variance for grain yield under severe 

reproductive-stage drought across two separate years (Vikram et al. 2013). 

IR64 is a mega-variety of rice that is grown across many parts of Asia and 

developed using the same general strategy used for many of the earlier Green 

Revolution varieties. With a complex pedigree coming from nineteen elite rice 

varieties, this cultivar was a breakthrough in rice breeding because of its wide 

adaption and plethora of beneficial traits (Mackill and Khush 2018). Although IR64 

has been, and is, the gold-standard for rice breeding and cultivation, it exhibits a high-

yield penalty under reproductive stage drought. For this reason, introgression of large- 

effect yield QTLs (qDTY), including qDTY12.1, was accomplished to further enhance 

the cultivation of this variety across marginal environments. These introgression lines 
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were recently described with respect to their yield penalties under reproductive stage 

drought (Yadav et al. 2019). 

Unforeseen genetic dynamics 

Although the numerous introgression products of qDTY12.1 mentioned 

previously resulted in reducing the yield penalty under drought, there were instances 

when the presence of qDTY12.1 did not lead to improvement. This was most evident 

in the introgression of qDTY12.1 into the IR64 genetic background. That is, there was 

a differential magnitude in the effect of qDTY12.1 on the maintenance of grain yield 

under severe drought stress among the near-isogenic lines (NILs) that were verified to 

contain the introgression (Yadav et al. 2019). The explanation for the disappearance of 

genetic gain associated with the critical qDTY12.1 allele within the genome of the 

recipient parent, has been hypothesized in the past. Possible reasons for this loss were 

said to involve antagonistic interactions, uncoupled synergy, and negative 

complementation between the QTL and its host genetic background (Courtois et al. 

2003; Ghimire et al. 2012; de los Reyes et al. 2018). Previous efforts done by Dixit et 

al., to characterize qDTY12.1 was focused on identification of master-gene within 

qDTY12.1 that could be exploited to maximize the potential of qDTY12.1 by 

eliminating all negative elements from qDTY12.1 (Dixit et al. 2015). They discovered 

a qDTY12.1 gene, NAM-transcription factor (Os12G0477400) as a potential ‘master-

switch’ for yield maintenance under drought by altering root architecture. However, it 

was found that this gene alone was not able to maintain significant amount of yield 

same as full-segment of qDTY12.1 under drought. Thus, it indicated that a single 

‘master switch’ gene could not explain the phenotypic variation for this complex 

quantitative trait. Additionally, this study did not investigate the effect of QTL × 

genetic background interaction determining function of qDTY12.1. 

A very recent study comparing the backgrounds of IR64 introgression lines 

(Near-isogenic lines/NILs) containing qDTY12.1 sought to explain these negative 

interactions by characterization of the NILs via the use of a limited set of DNA 

markers (Yadav et al. 2019). Although the study acknowledged the need for whole 
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genome profiling of the NILs, the result of their analysis seems ineffective since the 

limited number of markers used for genotyping provided very low coverage of the 

entire genome and therefore restricted the resolution for capturing recombination 

events outside the QTL that could explain the negative interactions. As such, although 

recurrent backcrossing to the recipient parent does retrieve much of the background 

based on the coverage and resolution of the DNA markers, the presence of the 

donor(s) background cannot be said to be fully removed unless a whole-genome 

sequencing strategy was employed to fully ascertain the recovery of the recipient 

genomic background. In fact, it could be said with some certainty that remnants of the 

donor are present and actively operating with the recipient background and perhaps 

even the QTL. Moreover, the phenotypic variation of quantitative traits such as 

drought are the result of segregation at multiple loci indicating that the NILs could be 

the result of separate recombination events. As such, it would be more appropriate to 

refer to NILs as BILs (back-cross introgression lines). The expression of genes within 

a QTL may be complemented, enhanced, fine-tuned, down-played, or completely 

antagonized by the expression of genes outside the QTL. Thus, different types of 

interactions occurring in two near isogenic lines leading to coupling or uncoupling of 

genes might result in altering the QTL’s yield potential under drought (de los Reyes et 

al. 2018; Raman et al. 2016; Kumar et al. 2014).  

Hypothesis and objectives of this study 

In order to maximize the full potential of qDTY12.1, it is necessary to establish 

a solid understanding of the functional aspects of the QTL, mainly through the 

analysis of how the expression of its genes were affected in different genetic 

backgrounds and how the expression of the QTL genes affect the expression of 

different genes or alleles in the genetic background. In other words, understanding the 

connection between QTL and genetic networks that could uncover the possible 

mechanisms behind QTL (qDTY12.1) and genetic background (cv. IR64) interactions 

is paramount for the full utilization of the QTL pyramiding strategy in rice breeding. 

To accomplish this, it was necessary to examine the overall changes in the expression 
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profiles among sibling BILs as well as the parents. 

Therefore, a minimal comparative panel containing two sibling BILs 

(qDTY12.1 backcross introgression line in IR64 genetic background), recipient parent 

(IR64), and the original donor of qDTY12.1 (Way Rarem) was utilized in this study 

with the goal of further illuminating the nature of genic or allelic interactions that 

complicate the functions and contributions of qDTYs to yield maintenance under 

drought. The objectives of this study were: 

(1) To perform the very first transcriptomic characterization across the qDTY12.1 

minimal comparative panel in order to uncover cryptic and obvious 

similarities and dissimilarities for future functional genomic studies. 

(2) To identify a critical candidate gene within qDTY12.1 with relevant function 

in reproductive growth and grain yield, and further dissect the nature of its 

function and co-expression networks that differ across parents and BILs.  

(3) To perform a preliminary heterologous functional validation of the candidate 

qDTY12.1 gene using available reverse genetic tools in the model Arabidopsis 

thaliana. 
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CHAPTER 2 

Transcriptomic signatures of sibling backcross introgression lines of qDTY12.1 in 

the genetic background of IR64: Global analysis 

 

Specific Objective 1 – To compare the global transcriptomic profiles of two sibling 

back-crossed introgression lines (BILs) of qDTY12.1 in the genetic background cv. 

IR64 so as to uncover variations and therefore contributions of the genetic 

backgrounds of each BIL toward the phenotype. 

 

Specific Objective 2 – To compare the unique signatures found in the BILs with the 

donor (Way Rarem) and recipient (IR64) parents to determine the contributions of 

each parent to the global genetic landscape of each BIL. 
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INTRODUCTION  

The race towards the improvement of high-yielding varieties of food crops, 

such as rice, for biotic and abiotic stress resistance has traditionally concentrated on 

the initial stress-response of the plant. Many studies have been launched towards 

deciphering the critical genetic, physiological, molecular, and agronomic components 

that comprise the stress-response. As such, stress tolerance has been loosely defined as 

the ability of a plant to withstand or escape stress. Within this paradigm of stress 

tolerance, another misunderstood concept is that of the oversimplification of the 

genetics that underpin superior stress phenotypes. Mainly, the simplistic view of the 

dynamics involved during and after the introgression of a QTL into a recipient 

background. 

This study sought to investigate another aspect of stress tolerance and also to 

better understand the dynamics of QTL introgression. The study system involved the 

use of an established yield QTL under drought, namely qDTY12.1, which was 

discovered through the hybridization of cultivars Way Rarem and Vandana (Bernier et 

al. 2007). Way Rarem was designated as drought susceptible while Vandana was 

designated as drought-tolerant, based on its ability to survive under drought stress, 

especially at the vegetative stage. However, both of these genetic backgrounds 

suffered high yield penalties under reproductive-stage drought. Backcrossing to the 

recurrent parent Vandana was used to fine-map the qDTY12.1 region as well as 

remove negative non-targeted introgression of Way Rarem (Dixit et al. 2012). As per 

backcross breeding principle, multiple backcrosses resulted in the generation of near 

isogenic lines in Vandana genetic background which contained the homozygous allele 

for qDTY12.1 from Way Rarem. A Vandana backcross introgression line with a 

drought tolerant phenotype (improved yield maintenance under drought or Low Yield 

Penalty BIL) was selected as the donor for the introgression of qDTY12.1 into IR64. 

As mentioned in Chapter-1, the introgression of qDTY12.1 into the IR64 

genetic background resulted in a population of presumably near isogenic lines 

exhibiting differential yield penalty under drought stress but yielding similarly as the 
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IR64 parent under optimal (well-watered) conditions. Although the introgression of 

qDTY12.1 into IR64 was successful in creating the desirable low yield penalty under 

drought phenotype, instances of complete loss of function of qDTY12.1 when 

introgressed into other genetic backgrounds have been documented (Raorane et al. 

2015; Henry et al. 2014; Atri et al. 2012; Kumar et al. 2014; Bernier et al. 2009; de los 

Reyes et al. 2018; Yadav et al. 2019). The inactivation of qDTY function was also 

reported for all other fourteen known qDTYs (Henry et al. 2015; Kumar et al. 2014; 

Venuprasad et al. 2012; Vikram et al. 2015; Sandhu et al. 2014; Raman et al. 2016). 

This phenomenon (loss of qDTY function in certain genetic backgrounds) led to the 

hypothesis that QTL × genetic background interactions could be responsible for 

determining full potential of qDTY12.1 and other qDTY in conferring reduced yield 

penalty under drought. Thus, it was hypothesized that positive and negative 

interactions occurring between qDTY12.1 and IR64 or Vandana genetic backgrounds 

were responsible for the myriad of phenotypes in the near isogenic lines of IR64 or 

recombinants of Vandana with the introgressed qDTY. To date, the genetic basis of 

these interactions has not been fully explored and therefore needs to be investigated so 

as to determine the full potential effects of qDTY12.1 under drought. 

 In order to investigate the genetic underpinnings of QTL × genetic 

background interactions, a comparative genotypic panel that could reveal positive 

and negative interactions as well as contain contrasting drought tolerance phenotypes 

was necessary. As such, a comparative panel consisting of two sibling BILs, the 

original qDTY12.1 donor Way Rarem, and the recipient parent IR64 were selected to 

comprise a minimal comparative panel for functional genomic investigation (Figure 

2.1). A drought study was performed to generate transcriptomic profiles by RNA-Seq 

across all genotypes under both drought and irrigated conditions at the critical stages 

of growth and development namely vegetative, booting and grain-filling. 

 There is the possibility that when the genomes of the recipient and donor 

parents recombine, a random shuffling of the genomes occurs such that any number of 

recombination events can form leading to novel or rare phenotypes. This section of the 
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thesis will focus on examination of the similarities and dissimilarities generated in 

near isogenic lines/backcross introgression lines of IR64 with introgressed qDTY12.1. 

The hypothesis is that the sibling near isogenic lines (NILs) are in fact two backcross 

derivatives created by independent recombination events during hybridization of IR64 

and donor of qDTY12.1 (Way Rarem/Vandana), resulting in genetic segregation at 

multiple loci. The fundamental assumption is that based on classical Mendelian 

genetics, different alleles from diverse parents are responsible for the appearance of 

novel or non-parental phenotypes in recombinant progenies. Based on this hypothesis, 

the first objective of this chapter is to perform a comparative analysis of 

transcriptomic signatures between both backcross introgression lines (BILs); Low 

penalty BIL (LPB) and High penalty BIL (HPB). The results of this analysis would 

uncover the distinct variations and therefore contributions of the genetic backgrounds 

of each BIL toward the phenotype, i.e., yield maintenance under drought or lack 

thereof. The shuffling of genomes upon hybridization would presumably lead to two 

distinct configurations in the global regulatory networks of each recombinant 

individual (LPB and HPB). 

 In order to gain better insights into the phenomenon of QTL × genetic 

background interaction, as a second objective of this chapter, a subsequent 

comparative analysis of the transcriptomic signatures of the recipient parent IR64 and 

the donor parent Way Rarem/Vandana with their derived BILs was performed. 

According to the current backcross breeding paradigm, it was assumed that the donor 

parent has minimal and therefore functionally negligible contribution towards the 

phenotype of its progeny outside of the target QTL introgression. This assumption was 

predicated on current marker assisted selection for the recurrent parental background. 

While marker-assisted backcrossing is a very well-established approach in rice 

breeding, the resolution provided by the genetic markers along a certain interval 

(average of 20 cM marker intervals) certainly will not be able to capture all 

recombination events that could lead to non-targeted introgression outside of the QTL. 

As a result, any allelic shuffling that occurred within these large marker gaps will go 

undetected. Based on these assertions, it was hypothesized that the donor parent Way 
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Rarem contributed alleles to the genomes of both BILs beyond qDTY12.1 and that 

these alleles were ‘active’ contributors to the global regulatory network configurations 

across the sibling BILs. These alleles combined with specific alleles from IR64 create 

a unique genomic landscape in LPB that is distinct from genomic landscape of the 

HPB. 

 In conclusion, this will be the first focused analysis into the genetic landscapes 

of two seemingly identical siblings that have contrasting drought phenotypes using 

transcriptomic profiles as the window of similarities and differences. 
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Figure 2.1 The plant materials used in this study, i.e., minimal comparative panel. 

IR64 - recipient parent, Way Rarem- original donor of qDTY12.1, LPB (Low Yield 

penalty BIL) and HPB (High Yield Penalty BIL) are IR64 backcross derivatives 

carrying introgression of qDTY12.1 based on DNA marker profiles. 
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MATERIAL AND METHODS 

Plant material, stress experiment and tissue sampling for RNA-Seq 

The plant materials (i.e., minimal genotypic comparative panel) used in this project 

was selected based on previous results of drought stress experiments conducted at the 

International Rice Research Institute (IRRI), Los Banos, Philippines on a backcross 

introgression lines (BIL) population in IR64 genetic background with introgression for 

the marker loci that define the boundaries of qDTY12.1. This comparative panel 

consisted of four genotypes: the original donor of qDTY12.1 (cv. Way Rarem), the 

recipient/recurrent parent (cv. IR64), and two backcross introgression lines (BILs) 

containing the qDTY12.1 based on marker profiles exhibiting contrasting yield penalty 

under drought stress, which are referred to in this thesis as Low Penalty BIL (LPB) 

and High Penalty BIL (HPB). LPB is the drought tolerant phenotype i.e., less yield 

penalty under drought stress as compared to the contrasting HPB showing huge yield 

penalty under drought. Both sibling BILs had yield potential similar to the 

recurrent/recipient parent IR64 under optimal conditions (control conditions in this 

experiment) (Figure 2.1). 

Two sets of Drought experiments were conducted at IRRI in a covered drought 

screening facility and experimental plots with optimal irrigation in 2016 and 2017, 

mainly for the purpose of establishing constructing RNA-Seq libraries for comparative 

transcriptome profiling. These studies were essentially repeat experiments of the well-

established phenotypic screens on this very same subset of comparative panel that 

performed already several times in the past prior to this project. Simulated drought 

experiment was conducted in the semi-controlled field conditions under an automated 

rain-shelter facility in randomized complete block design, with three replications of 

two row plots (i.e., 3 meter in length, 0.25-cm row to row spacing and 2.0 to 2.5-gram 

seed per linear meter). The crop management and fertilizer application was according 

to the standard practice (Shashidhar, Henry, and Hardy 2012). The plants in the 
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control conditions were grown under fully irrigated field conditions. The stress 

treatment was conducted using standard protocol previously established by IRRI 

(Kumar et al. 2014) (Figure 2.2). The irrigation water was withheld at 40-45 days 

after sowing (DAS) to begin the stress regime. The stress treatment was continuous 

until maturity with the exception of one life saving irrigation that was provided when 

the soil tensiometer reached -60kPa at 30-cm soil depth. 

 Sampling of leaf tissue (flag leaf) was done simultaneously in both control and 

stress plots during three different plant developmental stages: vegetative, booting and 

grain-filling (Figure 2.2). Sampling at vegetative stage was done seven days after 

initiation of drought stress. Sampling at booting was done 12 days before DTF (days 

to flowering), and while the last sampling at grain-filling stage was done at DTF (days 

to flowering), defined as the stage when 50% of the plants within a plot were 

flowering. The Leaf tissues were temporarily stored in liquid nitrogen during sampling 

and transferred to permanent storage in -80˚C freezer. 

RNA extraction 

 Total RNA was isolated from frozen leaf tissues with the mirVana RNA 

extraction kit according to manufacturer’s standard protocol (Ambion ThermoFisher 

Scientific, USA). Total of six independent RNA samples were isolated for each genotype 

(IR64, Way Rarem, LPB and HPB) across three developmental stages (vegetative, booting 

and grain-filling stage) for both well-watered (control) and drought conditions. Each RNA 

sample was used to construct the RNA-Seq libraries at 150-bp paired end reads using the 

Illumina TruSeq RNA Library Prep kit V2 according to standard protocols (Illumina Inc., 

USA). Each Indexed library was sequenced across two lanes on Illumina HiSeq3000 at 

150 bp paired reads at the Oklahoma Medical Research Foundation Genomics Service 

Facility, USA generating a minimum of 12 million reads per technical replicate and 

sequence coverage of ~45x for each sample (Kitazumi et al. 2018). 

Processing, assembly and analysis of transcriptomic data  

 The raw RNA-Seq data was processed and assembled according to 
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transcriptomic data analysis pipeline established in the De los Reyes Laboratory at 

Texas Tech University (Kitazumi et al. 2018). Pre-processing of sequence output was 

done using Cutadapt (Martin 2013) and mapped against the publicly available 

Nipponbare IRGSP1.0 reference genome 

(http://rapdb.dna.affrc.go.jp/download/irgsp1.html) and GFF gene models 

(version 2017-08-04) using Tophat2 (v2.1.1) and Bowtie (v2.3.4.2).(D. Kim et al. 

2013; Langmead et al. 2009). Gene models were further refined using Cuffmerge and 

Cuffdiff on Cufflinks was used for merging the sequence assemblies as well as test for 

significance of the mapped RNA-Seq reads using default parameters (p-value = 0.05, 

FDR 10%) (Trapnell et al. 2010). The final transcript sequences were assigned 

specific locus or transcript identifiers (Loc_ID) according to the IRGSP-1.0 reference 

genome annotation. The transcript abundance for each annotated locus was expressed 

as normalized Fragments Per Kilobase Million (FPKM).  

 To reveal different spatial and temporal patterns of transcriptomic changes 

across the comparative panel, the FPKM values across the RNA-Seq libraries were 

transformed to propensity values according to the equation shown below (Karampudi 

et al. in preparation). 

Normalization  

 To reveal different spatial and temporal patterns of transcriptomic changes 

across the comparative panel, the FPKM values across the RNA-Seq libraries were 

transformed to propensity values according to the equation shown below (Karampudi 

et al. in preparation). 

P𝑡𝑖 = ln

(

 
 

𝑇𝑖

∑ 𝑇𝑖𝑗
𝑡3
𝑗=𝑡1

∑ 𝑇𝑗
𝑛
𝑖=1

∑ ∑ 𝑇𝑖𝑗
𝑛
𝑖=1

𝑡3
𝑗=𝑡1 )

 
 

 

Where, 

Pti= Propensity transformation of FPKM value of transcript i 

Ti= FPKM value of transcript i 

https://na01.safelinks.protection.outlook.com/?url=http%3A%2F%2Frapdb.dna.affrc.go.jp%2Fdownload%2Firgsp1.html&data=02%7C01%7Cpushpinder-pal.kaur%40ttu.edu%7Cecb26d855a2f4ff63b6b08d69c3b74d9%7C178a51bf8b2049ffb65556245d5c173c%7C0%7C0%7C636868178243694783&sdata=OZw9ftt%2FKE6xEekOWqoSVON47A%2BdLbRO4PLNGmx2Kns%3D&reserved=0
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n = Total number of transcripts in the transcriptome. 

j= Variable that iterates over datasets of t1 =vegetative, t2=booting, t3 = grain-

filling 

i= Variable that iterates over the total number of transcripts which is 25,786 

transcripts per dataset. 

The propensity transformed data for each data set imitates the normal distribution 

ranging from −n to +n. 

Analysis of differentially expressed genes and Hierarchical clustering 

 Selection of significant changes in gene expression was initially performed 

based on propensity cutoff of 0.3 and -0.3, respectively for each of the transcriptomic 

profiles. To identify the genes exhibiting similar pattern of expression (trends and 

level of expression), the hierarchical clustering was performed on the transcriptome 

datasets using JMP® (JMP®, Version 14.0.0. SAS Institute Inc., Cary, NC, 1989-

2019.). This hierarchical clustering was performed using both, propensity transformed 

expression values and normalized FPKM in parallel to each other in order to different 

temporal and spatial patterns across the comparative panel for further biological 

interpretation. The initial grouping of genes was performed based on similarity in 

trends of expression across the comparative panel, i.e., up-regulation or down-

regulation using the propensity data. After selection of genes exhibiting similar 

expression trend, the hierarchical clustering was performed based on FPKM values for 

the final selection of different clusters and sub-clusters of co-expressed genes. This 

dual selection process based on similarity of both trend and magnitude of expression 

changes allowed for a more robust biological interpretation of the data.
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Figure 2.2 Overall design of the drought experiment performed at IRRI for the spatial tissue sampling for RNA-Seq 

experiments. (Red arrow: Sampling time-points; Vegetative, Booting and Grain-filling, Blue Arrow: Drought stress initiation 

day and lifesaving irrigation day). 
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RESULTS 

Propensity transformation of FPKM-based transcript abundance data 

The RNA-Seq libraries were constructed from three developmental stages from 

the comparative panel to investigate whether distinct or similar biological mechanisms 

were operating at each developmental stage under both control and stress conditions 

that could result in establishing the drought tolerance phenotype seen in LPB line. A 

total of 25,786 annotated loci were detected in all the RNA-Seq libraries. The 

transcript abundance of each annotated locus was assigned an FPKM value.  

To identify the patterns of expression in genes of interest, the method of 

hierarchical clustering is often used. Hierarchical clustering identifies and clusters loci 

that exhibit similar magnitude or trend of expression. We have previously experienced 

that hierarchical clustering based on absolute FPKM value (i.e., magnitude of 

expression) was not sufficient to reveal robust trends in expression within a highly 

disparate inter-genotypic comparative transcriptomic data. Thus, before we could 

begin analysis of the transcriptome and thus determine differences expression 

signatures across the comparative panel, the transcriptomic data required the 

application of a transformation method that would provide for a more robust 

comparison. This was done via a propensity distribution method in such a way that 

transcript abundance (FPKM value) of each locus was assigned a propensity value (-n 

to +n) based on overall expression of each gene across temporal series within each 

genotype in relation to overall abundance of all other loci across all genotypes in 

comparative panel. Propensity transforms the FPKM-based transcript abundance data 

into relative expression normalized globally relative to the entire dataset. This 

transformation of FPKM data based on propensity distribution also revealed that 

transcriptomic data is evenly distributed across all genotypes at particular time-point 

(vegetative, booting or grain-filling) (Figure 2.3). The even distribution of data 

indicates that no compromise occurred in the quality of data. Any skewed distribution 

of the data would have indicated the error in transcriptomic profile in that particular 
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genotype at the particular time-point. This could be due to a number of reasons such as 

poor handling during sampling of tissue, degradation of RNA samples or error during 

sequencing. Additionally, the confounding expression values were placed in the 

middle while extreme expression values were placed in opposite sides of bell-curve 

distribution of propensity transformed data. The propensity threshold was later 

exploited for selection of genes with extreme expression values. 

General trends in entire transcriptomic data 

Expression trends in all expressed transcription factors  

From the RNA-Seq libraries, expression of a total of 1,340 transcription factor 

genes and 24,446 non-transcription factor genes were detected in entire transcriptomic 

data. The Low Penalty BIL (LPB) and the High Penalty BIL (HPB) represent sibling 

lines that were assumed to contain similar if not identical IR64 genetic background as 

well as the introgressed qDTY12.1 allele from Way Rarem based on the coverage and 

resolution of the marker data generated by IRRI. The aim was to reveal the differences 

or similarities in the transcriptomic profiles between LPB and HPB at the same 

developmental stage (vegetative, booting or grain-filling). Furthermore, it was 

necessary to investigate the possible contributions of the donor parent Way Rarem in 

terms of the expression patterns exhibited by genes in the genetic background i.e., 

outside the boundaries of qDTY12.1. To address these questions, the global 

transcriptomic profiles were compared across the comparative panel at each 

developmental stage.  

It is well established that transcription factors regulate the spatio-temporal 

expression of hundreds to thousands of genes, which in turn function as effectors in 

various cellular mechanisms (Hsia and McGinnis 2003). The first step in this analysis 

was to establish expression trends across the comparative panel for all transcription 

factors that were detected in the RNA-Seq data. The temporal profiles generated by 

hierarchical clustering of propensity data was evaluated to compare the general trends 

among the cohort of transcription factors across all genotypes at each developmental 
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stage (vegetative, booting, grain-fill). Although, all the transcription factors did not 

follow a perfect one-to-one trend across genotypes at each developmental stage, both 

commonly and uniquely expressed subsets of genes were evident. In order to establish 

similarities and differences between the sibling LPB and HPB, the expression trends in 

two growth conditions were first examined within each BIL. The results showed that 

both LPB and HPB, displayed conservation of expression signatures in majority of the 

genes between control and stress conditions in all the developmental stages (Figure 

2.4). After establishing trends within each BIL during control and stress conditions, 

the expression patterns between HPB and LPB at each developmental stage were 

compared. Expression patterns at the vegetative stage between LPB and HPB revealed 

that overall, all the transcription factors exhibited similar patterns of expression in 

both sibling LPB and HPB. These general trends observed at vegetative stage were 

also similarly exhibited at the grain-fill stage by both LPB and HPB. 

The next step was to investigate the contribution of each parent towards the 

genetic background of both LPB and HPB. Based on expression trends, it was 

observed that the LPB had significant differences in expression patterns at both 

vegetative and grain-filling stage compared to the IR64 parent. However, its sibling 

HPB was more similar to IR64 at grain-filling stage (Figure 2.4). Expression trends 

between the BILs and the qDTY12.1 donor parent Way Rarem were also compared at 

both vegetative and grain-filling stages. Interestingly, the profiles of LPB and HPB 

had large overlap with the profiles of transcription factors in Way Rarem under control 

conditions (Figure 2.4)  

 Although, there was significant overlap in expression trends in the sibling LPB 

and HPB at vegetative and grain-filling stages, the booting stage revealed very distinct 

decline in expression (Figure 2.4). Similar to vegetative and grain-filling conditions, 

the expression trends were conserved between control and stress conditions at booting 

stage within both LPB and HPB. However, comparison of expression trends between 

sibling BILs showed that there was decline in expression in majority of genes within 
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LPB as compared to its sibling HPB, creating a distinct temporal profile in LPB at 

booting stage. The expression trends of LPB and HPB were also compared with both 

the parents, IR64 and Way Rarem, at the booting stage (Figure 2.4). It was observed 

that expression trends in LPB (both control and stress condition) were remarkably 

similar to IR64 at booting under control condition, while similar to Way Rarem at 

vegetative and grain-fill stages under control condition. Interestingly, the HPB was 

similar to Way Rarem at booting stage under stress condition. Since, HPB was also 

similar to Way Rarem at vegetative stage under control condition, its similarity to 

Way Rarem at booting stage under stress condition showed that HPB is more similar 

to Way Rarem across all developmental stages (Figure 2.4). 

Expression trends based on the analysis of all expressed, transcription factor-

encoding genes and non-transcription factor-encoding genes 

Having compared the temporal profiles of transcription factor-encoding genes 

across parents and BILs at each developmental stage, similar analysis was performed 

on the entire transcriptome (combined transcription factors and non-transcription 

factors) in order to reveal similarities and differences across the comparative panel. 

Based on the known biological function attributed to transcription factors, namely 

regulation of downstream targets, a hierarchical clustering of the transcription factors 

(bait) with their downstream targets (prey) could conceivably produce very similar 

expression profiles among the comparative panel as seen in the stand-alone 

transcription factor clustering. The results of this clustering proved that this was in fact 

the case. As seen with comparative clustering analysis of the transcription factors 

alone, clustering analysis of the entire transcriptome across genotypes and across 

developmental stage also showed that the expression patterns were conserved between 

control and stress conditions, in both sibling BILs (LPB and HPB) across all 

developmental stages. However, it was not true for both the parents, Way Rarem and 

IR64 (Figure 2.5). 

Also, the phenotypically superior LPB exhibited very distinct decrease in 
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expression patterns at the booting stage when compared to HPB. Additionally, these 

unique expression trends in LPB at booting stage were similar to IR64 under control 

condition. As observed earlier, both sibling LPB and HPB exhibited similar trends at 

vegetative stage, which seemed to be contributed by the donor parent Way Rarem. In 

addition, at the grain-filling stage, LPB was similar to Way Rarem under control 

condition and HPB was similar to IR64 under stress condition (Figure 2.5).  

Taken together, these results implicated that the expression profiles across the 

entire transcriptome (transcription factors & non-transcription factors) were conserved 

between control and stress conditions in both sibling BILs (LPB and HPB) at all 

developmental stages. Additionally, LPB exhibited unique decrease in expression at 

the booting stage relative to HPB, indicating booting as the definitive time-period 

towards establishing the superior phenotype observed in the LPB, that is, improved 

grain yield maintenance under severe drought. 

General trends in expression of stress-related genes 

 Numerous studies have been conducted in the past to characterize the 

physiological basis of drought tolerance mechanisms. Processes such as osmotic 

balance, ABA-mediated regulation of gene expression , membrane stability, and many 

more have been linked to drought tolerance (Gendron 2018; Dixit et al. 2015). We 

hypothesize that these mechanisms are mainly involved in the early stress response 

supporting plant survival but have a minimal contribution towards yield maintenance 

under drought conditions. Within the biological context of plant survival, the genes 

related to defense mechanisms would likely exhibit shared expression trends among 

the drought tolerant genotype (LPB) and drought susceptible genotypes (HPB, Way 

Rarem, IR64). To test this hypothesis, a subset of genes related to the drought stress 

response was extracted from the annotated RNA-Seq dataset using functional 

keywords (Table 1.1). We investigated the expression trends in a total of 3,215 genes 

related to stress response that were expressed in the transcriptomic data using 

propensity-transformed relative transcript abundance data under control and stress 
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conditions in each developmental stage.  

Results showed that the trends in expression among the subset of selected 

stress- related genes were very similar to the trends observed among the transcription 

factors as well as the other subset of non-transcription factor-encoding genes (Figure 

2.6). The expression patterns were significantly conserved between control and stress 

conditions within LPB and HPB, indicating that these genes are also involved in the 

biological mechanisms other than response to stress. Also, both the sibling LPB and 

HPB had huge overlap in expression patterns at the vegetative stage and somewhat 

shared at the grain filling stage (Figure 2.6). Additionally, a unique decline in 

expression signatures were again observed at the booting stage in LPB as compared to 

HPB. As was observed in the analysis of the entire transcriptome, the expression 

pattern of the stress-related genes in LPB and HPB were also shared with both the 

parents, IR64 parent and Way Rarem. This was an interesting result because both of 

the parents are drought susceptible (i.e., high yield penalty under drought). In general, 

the expression trends of the stress response cohort within the entire comparative panel 

seemed to be similar. 

To summarize, the current plant breeding paradigm, which uses backcrossing 

to the recurrent parent, hypothesizes that the donor parent of a QTL contributes 

minimally to the genetic background of the progeny as it is progressively diluted 

during the series of backcrosses. With this in mind, it was assumed that Way Rarem 

only contributed qDTY12.1 to the LPB and HPB because both BILs were backcrossed 

to IR64 so as to retrieve the recurrent genetic background of IR64. The IR64 being a 

high-yielding variety under irrigated conditions. The analysis of general expression 

trends in entire transcriptome which was partitioned into transcription factors (Figure 

2.3), and non-transcription factors (Figure 2.4), as well as a gene subset putatively 

involved in stress response (Figure 2.5) indicated that Way Rarem contributed 

significantly to the background of the sibling BILs as demonstrated by its shared 

expression trends with LPB and HPB at specific stages of plant development. 
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Figure 2.3 Propensity distribution of transcript abundances across the comparative 

panel. The propensity transformation evenly distributed the value of expression trend 

from -n to +n. The genes with propensity ≥0.3 and ≤ -0.3 are biologically relevant 

alterations in expression patterns and excludes genes exhibiting any random changes 

in expression. (a) Box plot: density of propensity values in comparative panel. (b) Bell 

graph showing distribution of propensity values from -n to +n 
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Figure 2.4 Hierarchical clustering revealing the general trends in transcription factor-encoding expression across the 

comparative panel through propensity-based relative transcript abundances across developmental stages. The hierarchical 

clustering heat map and dendrogram showed that the patterns in LPB at vegetative and grain-filling stage are significantly 

shared with HPB. LPB exhibiting unique decline in expression patterns at booting stage relative to HPB. (LP-Low Penalty 

BIL; WR-Way Rarem, IR-IR64); C-control, S-drought stress. 
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Figure 2.5 Hierarchical clustering revealing the global trends in the entire transcriptome (total of 25,786 expressed genes) 

across the comparative panel through propensity-based relative transcript abundances across developmental stages. Similar to 

in the patterns revealed from the analysis of transcription factors, LPB exhibited a unique general decline in transcript 

abundances at booting stage. C-control, S-drought stress. 
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Figure 2.6 Hierarchical clustering revealing the general trends in the expression of genes that are putatively associated with 

stress response mechanisms based on propensity-based relative transcript abundances across developmental stages. Stress 

response in LPB was similar to HPB during vegetative and grain-filling stages. Unique decline transcript abundance at booting 

stage is evident in LPB as compared to HPB, suggesting a possible modulation of stress response in LPB. C-control, S-drought 

stress. 
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Table 2.1 Functional categories related to drought stress response. Expression of a total of 3,215 genes putatively associated 

with stress-related functions were detected in the global transcriptome dataset across the comparative panel.  

 

Functional categories related to drought stress response 

ABA-related genes Peroxidase 

Ascorbate related genes Peroxide 

Catalase enzyme Polymerase 

Chaperone Proline 

Dehydration R2R3 protein 

Dehydroascorbate radical 

Detoxification Reductase enzyme 

Disease Regulator 

Dismutase Repair 

Drought related Salt 

Glutathione Shock 

Histone modification Stress 

Inhibitor Superoxide 

Isomerase Tolerance 

Membrane proteins Transcription factor-NAC 

Metallothionein Transcription factor-NF 

methyltransferase Transcription factor- bZIP 

Monodehydroascorbate Transcription factor-DREB 

NAM domain Transcription factor-GRAS 

NB-ARC domain containing protein Transcription factor-MYB 

Nucleoporin Transcription factor-WRKY 

Osmotic Transposase enzyme 

Oxidative Vacuolar 

Oxygen Water 
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Utilization of Propensity threshold to investigate genes with significant 

transcript abundance. 

Analysis of genes exhibiting significantly positive propensity and negative 

propensity: (Propensity Threshold ≥ 0.3 and ≤ -0.3) 

A striking and interesting observation from the comparative global analysis of 

the transcriptome profiles across the comparative panel was that the sibling LPB and 

HPB displayed high levels of conserved expression between their respective control 

and stress conditions. These expression patterns seemed to be traceable to either the 

recurrent or donor parent.  

Building on these general observations and to further characterize the superior 

line LPB, a propensity threshold was used to extract candidate genes with statistically 

significant transcript abundance. ‘Positive propensity’ or ‘Negative propensity’ are 

genes which exhibits change in expression pattern that is not random fluctuation but 

are consequence of biological mechanisms in play. After multiple iterations, a 

propensity cutoff of ‘0.3’ was determined to identify the genes exhibiting 

significantly higher transcript abundance at particular timepoint in spatial-temporal 

profile in genotype as well as relative to other genotypes in comparative panel. These 

genes were designated as ‘Positive-propensity genes’. Similarly, propensity cutoff ‘ -

0.3’ was used to select the genes (Negative-propensity genes) exhibiting significant 

lower transcript abundance at each timepoint in spatial-temporal profile in genotype as 

well as relative to other genotypes in comparative panel. This propensity threshold 

was stringent enough to discard the noise in the data but retrieve most of the genes 

with robust (i.e., not noisy) patterns of expression. The candidates identified through 

the threshold were further investigated to assess the sharing of loci across 

developmental stages (vegetative, booting and grain filling) and growth condition (i.e., 

control and stress) (Figure 2.7). The results showed that the number of Positive-

propensity genes (unique and shared) between developmental stages were significantly 

lower in all genotypes at both control and stress conditions as compared to Negative-

propensity genes. This indicated a larger trend of decrease in transcript abundance in 
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the entire transcriptomic data. When comparing expression profiles within a genotype, 

an interesting pattern emerged. A larger overlap of shared loci was seen when 

comparing the control and stress condition across all of the developmental stages 

while a much smaller overlap was apparent when comparing between developmental 

stages (Figure 2.7). This general trend was observed in all genotypes in the 

comparative panel, indicating that the developmental stages had unique signatures 

Positive-propensity as well as Negative-propensity genes 

Evaluation of the overall expression similarities across all genotypes in the 

comparative panel 

Trends uncovered from the global analysis of the transcriptome indicated that 

expression patterns tend to be generally conserved between control and stress 

conditions at all developmental stages in both LPB and HPB. We also investigated 

expression patterns in selected Positive and Negative propensity genes exhibiting 

extreme expression level, similarly in both between control and stress conditions 

(Figure 2.7- highlighted).  

The hierarchical clustering revealed very interesting trend characterized by 

patterns that were unique to LPB at the booting stage, while the patterns at vegetative 

and grain-filling stages tend to have significant overlaps with HPB, Way Rarem, and 

IR64. The comparison of Positive propensity genes at booting stage (Figure 2.8) 

across the comparative panel showed that only 8.4% of genes in HPB, 9% in the donor 

parent (Way Rarem) and 25% in the recipient parent (IR64) Positive-propensity genes 

were shred with LPB. Additionally, 27% of genes in HPB, 13.5% in Way Rarem, and 

27% in IR64, Negative-propensity genes were shared with LPB (Figure 2.9).  

At the vegetative stage, both Positive and Negative propensity genes in LPB 

had significant overlap with the other three genotypes (HPB, Way Rarem, IR64). Of 

the total Positive-propensity genes at vegetative stage in LPB, 43%, 17.6%, and 32%, 

were shared with HPB, Way Rarem, and IR64, respectively (Figure 2.10). 

Additionally, 60%, 47.2%, and 12%, of the total Negative-propensity genes at 

vegetative stage (both control and stress) in LPB were also shared with HPB, Way 



Texas Tech University, Pushpinder Pal Kaur, May 2019 

 

34 

 

Rarem, IR64, respectively (Figure 2.11). 

 At the grain-filling stage, 9%, 14.6%, and 12.8% of the total Positive-

propensity genes in LPB were shared with HPB, Way Rarem, IR64, respectively 

(Figure 2.12). Also, 48%, 20.3%, and 30%, of the total Negative-propensity genes in 

LPB at grain-filling stage were shared with HPB, Way Rarem, IR64, respectively 

(Figure 2.13). 

 Taken together, more than 50% of Positive-propensity genes and about 30% of 

Negative-propensity genes in LPB at booting did not share expression pattern with any 

of the three other genotypes (HPB, Way Rarem and IR64). Conversely, there was 

more overlap in expression trends of Positive-propensity and Negative-propensity 

genes between LPB and the other three genotypes at the vegetative and grain-filling 

stages.  

After testing unique expression patterns at booting stage in LPB, as a final 

validation of the unique profiles at booting stage, again hierarchical clustering was 

performed using absolute transcript abundance values expressed as FPKM of the 

Positive-propensity and Negative-propensity genes in LPB at booting stage. As 

observed earlier, unique magnitude of higher expression (Figure 2.14) as well as 

lower expression (Figure 2.15) was observed in LPB in Positive-propensity and 

Negative-propensity genes at booting, respectively. The trends revealed by this 

analysis further validated the earlier results based on propensity which showed that the 

LPB had unique transcriptomic patterns at booting stage compared to its sibling BIL 

and parents.   
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Figure 2.7 Total number of Positive-propensity and Negative-propensity genes in each genotype across the comparative panel, 

at each developmental stage. Shared number of genes within/between each developmental stage is shown by overlap in circle. 

Positive-propensity genes and Negative-propensity genes shared between control and stress conditions are highlighted and 

were used for analysis of overall expression similarities across comparative panel (Section 2.3.3.2) V-Vegetative, B-Booting, 

G-Grain-filling). 
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Figure 2.8 Patterns among Positive-propensity genes in LPB at booting stage, based on propensity selection at cutoff of ≥0.3 

in LPB). The expression patterns in LPB were not significantly shared with the other genotypes, validating the unique 

expressions trends in phenotypically superior LPB at booting. C-control, S-Drought stress. 
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Figure 2.9 Patterns among the Negative-propensity genes in LPB at booting stage, based on propensity selection at cut-off of 

≥0.3 in LPB). The expression patterns in LPB were not significantly shared with other genotypes, validating the unique trend 

in LPB at booting stage. C-control, S-Drought stress. 
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Figure 2.10 Patterns among the Positive-propensity genes in LPB at vegetative stage, based on propensity selection at cut-off 

of ≥0.3 in LPB). The expression patterns in LPB were significantly shared with other genotypes. C-control, S-Drought stress. 
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Figure 2.11 Patterns among the Negative-propensity genes in LPB at vegetative stage, based on propensity selection at cut-off 

of ≥0.3 in LPB). The expression patterns in LPB were significantly shared with other genotypes. 

 

Vegetative stage 
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Figure 2.12 Patterns among the Positive-propensity genes in LPB at grain filling stage, based on propensity selection at cut-off 

of ≥0.3 in LPB). The expression patterns in LPB at grain-fill stage were significantly shared with other genotypes. 
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Figure 2.13 Patterns among the Negative-propensity genes in LPB at grain filling stage, based on propensity selection at cut-

off of ≥0.3 in LPB). The expression patterns in LPB were significantly shared with other genotypes. 
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Table 2.2 Analysis of Positive-propensity and Negative-propensity genes in LPB relative to the other genotypes in the 

comparative panel. (a)Number of significantly Positive-propensity and Negative-propensity genes in LPB (Propensity ≥0.3 and 

≤ -0.3). (b) Number of Positive-propensity and Negative-propensity genes in LPB showing similar trend in other genotypes; 

HP-High Penalty BIL, WR-Way Rarem, IR64, at each developmental stage. 

  

 

Developmental stage Expression in LP 

line 

aNo. of 

genes in 

LPB 

bNumber of genes shared by LPB with other 

genotypes 

  LP HP WR IR64 

Vegetative  Positive-propensity  946 405 165 304 

 Negative-propensity  7360 4425 3473 894 

Booting Positive-propensity  2997 251 271 754 

 Negative-propensity  5218 1413 703 1413 

Grain-filling Positive-propensity  6875 618 1003 876 

 Negative-propensity  4562 2213 926 1354 
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Figure 2.14 Hierarchical clustering of Positive-propensity genes in LPB at booting stage (Propensity ≥0.3 in LPB-shared in 

control and stress) using absolute transcript abundance values expressed as FPKM. The unique high patterns in LPB re-iterate 

the uniqueness of the global network configurations in LPB at booting stage relative to its parents and sibling HPB. 
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Figure 2.15 Hierarchical clustering of Negative-propensity genes in LPB at booting stage based on absolute transcript 

abundances expressed as FPKM. Patterns in LPB validated configurations in LPB at booting. The uniqueness of the global 

network configurations in LPB at booting stage relative to its parents and sibling HPB.
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DISCUSSION 

 The current investigation sought to characterize the genetic underpinnings of a 

superior germline that up to this point has been designated as LPB (Low yield Penalty 

BIL). LPB is a backcross introgression line carrying a homozygous introgression for 

the qDTY12.1 in the genetic background cv. IR64. This line exhibited an ability to 

maintain much of its grain yield potential when exposed to continuous drought 

conditions (Yadav et al. 2019) beginning at the early reproductive stage in comparison 

to a sibling BIL (HPB) and the two parents (cv. IR64 and Way Rarem) (Figure 2.2). 

To better understand the contrasting phenotypes exhibited by these two sibling 

backcross derivatives, a closer look at the dynamics of this QTL in the context of the 

global transcriptomic landscape was not only necessary, but vital. This study was an 

effort to examine the transcriptomic signatures of these two siblings at the highest 

resolution possible. To accomplish this goal, the global patterns in the transcriptome 

were profiled and compared across of the sibling backcross derivatives (LPB and 

HPB) and compared to the qDTY12.1 donor parent (Way Rarem), and the recurrent 

parent (cv. IR64) under both control and drought stress environments. The coverage of 

the RNA-Seq libraries used in these comparative investigations were at a minimum of 

12 million reads per technical replicate and ~45x sequence coverage. The RNA-Seq 

datasets were then mined   for different patterns of expression that could relate to the 

establishment of the superior yield potential under drought in LPB. 

 The analysis focused on examining three layers of the transcriptome at three 

developmental stages (vegetative, booting, grain-fill) at both control and stress 

conditions within and among all genotypes in our comparative panel. This type of 

analysis allowed us to sift carefully through the transcriptome data in order to reveal 

possible explanations for the drastic differences in the yield maintenance capacities of 

the four genotypes particularly the LPB. 

Global landscape of LPB is distinct from HPB at the booting stage 

The first layer consisted of the analysis of the expressed transcription factors 

which would give an indication of how extensive the regulatory landscape of LPB and 
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HPB had been altered relative to each other and to their two parents (cv. IR64, Way 

Rarem/Vandana).  Several striking trends emerged from this analysis. Transcription 

factors exhibited conserved expression patterns within each sibling line (LPB, HPB) in 

all three developmental stages. This conservation of transcriptomic profiles was not 

always exhibited by the two parental lineages (Figure 2.4, 2.5, 2.6). In other words, 

there were no drastic differences in transcription factor signatures between control and 

stress in both LPB and HPB indicating that expression was not induced by stress. It 

appeared that the physiological mechanisms and metabolic adjustments driven by 

these regulatory elements (transcription factors) at each developmental stage were 

constitutive in nature. 

Although constitutive patterns of expression existed in both LPB and HPB, 

comparison of HPB and LPB at each developmental stage revealed both random 

similarities as well as distinct dissimilarities between both sibling lines. Both sibling 

lines were significantly similar in their overall transcriptomic patterns at the vegetative 

and grain fill stages. This indicated that the biological mechanisms in play during 

these two stages of development are common to both siblings and may not necessarily 

translate into the observed difference in yield penalty potential under drought. The 

vegetative stage is defined by active growth and the accumulation of biomass 

(photosynthetic assimilates) which serves as the source for the accumulation of 

carbohydrates in the grains during the grain-filling stage (Moldenhauer and Slaton 

2001). The current results suggested that the normal global regulatory networks 

involved in vegetative growth as well as grain-filling stage were equivalent in both 

sibling BILs. Taken together, these global networks that appeared to be specific at 

vegetative and grain-filling stage are likely responsible for the yield maintenance 

phenotype of LPB or loss of yield maintenance in HPB. 

A most striking result emerged when the patterns of the transcription factors of 

LPB and HPB were compared to each other at the booting stage. LPB displayed a 

singularly unique expression profile in comparison to HPB (Figures 2.4, 2.5, 2.6). 

Because LPB has the superior phenotype (low yield penalty) under drought, it 

appeared that perhaps these distinct transcriptomic signatures, could be responsible for 
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explaining the phenotypic contrasts between the two sibling BILs. It is known that the 

booting stage marks a significant shift in the overall metabolic, physiological, and 

morphological state of the rice plant. At this stage of development, the dynamics of 

the photosynthate source flag leaf and photosynthate sink developing panicle) are 

being established, which in turn lead to the proper partitioning of sugars towards grain 

yield (Moldenhauer and Slaton 2001). Given that the flag leaf was chosen to be 

sampled for generating the transcriptomic profiles and that the flag leaf serves as the 

primary source of assimilates for the developing reproductive organs at booting (X.-G. 

Zhu and Chang 2017), it is therefore evident that regulatory network configurations 

responsible for determining sink size and partitioning of photosynthate towards yield 

components are efficiently if not optimally functioning in LPB, but not in HPB. 

Consistent with the expression patterns that were revealed during the analysis 

of transcription factors, the dominant and unique functional signatures at the booting 

stage in LPB were re-iterated in the second layer; global transcriptome (transcription 

factors + non-transcription factors). This is not surprising given the fact that 

transcription factor expression is intimately tied to their downstream targets (i.e., non-

transcription factors). 

Survival and yield are harmonized in LPB 

To complete the comparative analysis (third layer), the transcriptomic trends in 

a cohort of stress-related loci were compared. This analysis would give a glimpse of 

the basal drought-stress response of each genotype. Similar to the expression trends 

seen in the transcription factors and in the global transcriptome at the vegetative and 

grain-fill stages, trends among the putative stress-related genes also revealed random 

similarities between LPB and HPB. These trends indicated that the basal stress 

response are clearly shared features of the genetic mechanisms in the two siblings at 

vegetative and grain-fill stages.  

An interesting observation emerged from the LPB expression profile that was 

unique to the booting stage. At this stage of development, LPB exhibited an 

attenuation in the expression of putative stress-related genes in comparison to its 
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counterpart, HPB. Given that the field study was designed to capture the effects of 

drought stress during the reproductive stage of development, the occurrence of 

attenuated expression signatures indicated that perhaps LPB had a well-modulated 

stress response relative to HPB’s more hyper-active response. This result implies that 

downwardly modulating the expression of stress-related genes provides a more 

harmonized and efficient source-sink balance in LPB that focuses resource 

expenditures (at this critical stage) towards the maintenance of yield under drought.  

Validation of novel transcriptomic configuration in LPB at booting stage 

 The discovery of the booting stage as critical to the phenotype exhibited by the 

LPB sibling prompted the comparison of the general transcriptomic signatures defined 

by propensity transformation, across the LPB, HPB, Way Rarem, and cv. IR64. The 

propensity thresholds selected (≥ +0.3, ≤ -0.3) represented non-random, significant 

upward and downward alterations in expression that would be indicative of the most 

modulated and therefore biologically relevant changes in the transcriptome. 

Previously, we identified that there was a large level of conservation in the overall 

transcriptomic patterns between control and stress. Using this finding, we selected a 

subset of candidates in LPB that shared the propensity magnitude above and below the 

established thresholds in both control and stress at each developmental stage. The 

cohort of genes that were identified in LPB were subsequently analyzed for their 

expression trends in the other genotypes (HPB, Way Rarem, cv. IR64). Upon 

comparison, the results once again echoed LPB’s singular and coherent signature of 

expression when compared to HPB, Way Rarem, and IR64 (Figure 2.7-2.15) at 

booting stage. In summary, all of the layers of evidence presented thus far indicate that 

LPB has a distinctive transcriptomic signature at the booting stage, and perhaps that 

unique signature provides important clues for hypothesis-driven investigation of the 

precise genetic mechanisms involved in yield maintenance under drought. 

Unforeseen contributions by the donor parent (Way Rarem) 

In 2015, Dixit et al. fine-mapped qDTY12.1 to a region of 1.5 Mbp of 
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choromosome-12. Additionally, the same study attempted to describe the action of 

qDTY12.1 within the context of cis-acting intra-QTL gene clusters (Dixit et al. 2015). 

The authors reported that the genetic backgrounds of the NILs were greater than 90% 

similar to the recurrent parent (Vandana). A recent study (Yadav et al. 2019) reported 

that, through marker assisted selection, the genetic background of lines used in our 

study, as well as introgression lines with other qDTY, were essentially a reprint of the 

recurrent parental background (cv. IR64) with 85 to 93% of the background recovered 

among the NILs. The study also reported that the introgression lines that were 

considered “low-yielding” under drought stress, similar to the HPB used in this study, 

had few interactions with marker loci outside the qDTY region and, further, that these 

interactions were epistatic. The lines considered as ‘high-yielding’ under drought 

stress, similar to the LPB used in this study, were reported to have no interactions with 

marker loci outside the qDTY region. 

The findings of the current study showed that both parent s IR64 and Way 

Rarem significantly contributed towards the expression trends of both LPB and HPB 

at vegetative and grain-filling. This conclusion was drawn from the comparison of 

expression patterns gene-by-gene or locus-by-locus across all genotypes throughout 

the global transcriptome (Figures 2.4, 2.5, 2.6). These results were further solidified 

in the analysis of the expression of robust-positively and robust-negatively expressed 

genes (Figure 2.8). The contribution towards expression trends by IR64 was not 

surprising since the backcross breeding scheme was designed in order to select for the 

recurrent parental background (Kumar et al. 2014; Yadav et al. 2019). However, 

significant contribution by Way Rarem in the current results clearly suggested that 

background selection of recurrent parent using limited markers does not provide 

insightful details about the global background of the progeny, as genotypic data based 

on marker profile do not always reveal the allelic composition in the context of 

function as would gene expression data would reveal. 

The contribution of alleles from both parents was also observed at booting in 

HPB line. In contrast, the expression patterns exhibited by LPB at booting stage were 

unique and, by virtue of dissimilarity in expression signature, did not seem to be 
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directly contributed by any of the two parents. The unique transcriptomic profile of the 

LPB at booting supports that novel global regulatory network configurations were 

created in LPB, but not in HPB. This could be the consequence of virtually any large 

number of permutations by which the genomes of two parents could be re-shuffled 

through genetic recombination leading to a rare phenotype. These shuffled genomes 

could create novel global regulatory network configurations that are neither of the two 

parents. The possibility exists that recombination between IR64 and Way Rarem 

and/or between Vandana and IR64 resulted in coupling and uncoupling of different 

attributes of the parental landscapes and that this phenomenon could explain the 

unique and biologically important expression signatures in LPB at booting stage.  

In their report, Yadav et al. made the following statement “…in future drought 

NIL advancement, donor segment can be further minimized by using the recombinant 

selection markers and generation of whole genome profiling data through SNP-chips 

of respective DTY QTLs” (Yadav et al. 2019). The use of whole genome profiling 

would be beneficial for selecting lines with minimum contribution from the donor 

parent. However, the elimination of the non-targeted donor genomic segments from 

the genetic background of the progeny could in fact prove counter-productive to 

achieving the full potential of qDTY. This is because, as we have shown with our 

results, the donor, could in fact be contributing alleles outside of the qDTY region that 

establish beneficial and optimal regulatory networks.  

While whole genome profiling would provide a higher resolution genomic 

image and thus give a more detailed representation of the composition of each parental 

genome in question, genome composition alone would not be sufficient in uncovering 

the novel regulatory networks present in backcross derivatives or recombinants with 

superior phenotypes. This assertion has already been proven time and again by the fact 

that the mere presence of qDTY in the genetic background of progeny does not 

translate to superior phenotypes. So, we are left with more questions than answers if 

we rely only on whole genome sequencing as genome sequencing alone would not 

necessarily reveal the complex nature of genetic interactions and synergies that 

configure a novel phenotype.  
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We assert that the need to better profile the backgrounds into which the qDTY 

was introgressed is necessary. However, we also assert that in order to discover the 

allelic combinations that are resulting in the superior network configurations hence 

superior phenotypes, a whole transcriptomic analysis needs to be performed so as to 

dive deeper into the causal alleles that could in fact be converging to form a tight 

regulatory cluster. This cluster would inevitably be composed of alleles within the 

qDTY region as well as of alleles across the entire genome that were not necessarily 

part of the qDTY. These alleles might be complementing the effect of the qDTY genes 

by trans-effects. That many loci are intricately intertwined to bring about novel and 

superior as well as inferior phenotypes has been recently highlighted by Boyle et al. 

(Boyle, Li, and Pritchard 2017) in their Omnigenic Theory for quantitative traits. This 

theory postulates that complex quantitative traits are not only driven by a few sets of 

core loci, but in fact all the genes in the genome that are expressed in the same spatio-

temporal manner as the main causal gene contribute to the full potential of a 

quantitative trait. The findings of this study provide strong evidence for this new 

theory. 
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CHAPTER 3 

Probing of qDTY12.1 for candidate genic components that may explain the 

superior yield under drought phenotype of IR64+qDTY12.1 Low Penalty BIL 

 

Specific Objective 1 – To perform a detailed analysis of expression of all loci within 

the boundaries of qDTY12.1 across the comparative panel so as to select a candidate 

gene from within qDTY12.1 that will serve as the foundational network component for 

yield maintenance under drought 

 

Specific Objective 2 – To generate a biological network that is comprised of the 

selected qDTY12.1 gene and peripheral elements from outside the QTL region that 

together interact synergistically thereby demonstrating functional QTL × genetic 

background interplay 
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INTRODUCTION 

 In rice, large-effect QTLs, termed qDTY, have been identified that confer yield 

maintenance potential under severe drought conditions. These qDTY have 

subsequently been introgressed into elite genetic backgrounds with the goal of 

improving the drought tolerance (within the context of yield maintenance) of modern 

high-yielding varieties such as IR64. While the introgression of these qDTY by 

marker-assisted selection has been successful, their presence within the backgrounds 

of the recipients has only been able to explain a portion of the entire phenotypic 

variance that is attributed to genetic effects.  

In previous efforts to characterize the qDTY, breeders have focused on single-

gene ‘master switches’ within the QTL region or intra-QTL interactions as the only 

sources that could explain the entire phenotypic variance for this complex quantitative 

trait, namely, yield maintenance under drought. A recent example of this narrow view 

is the study by Dixit et al. (Dixit et al. 2015) wherein the authors attempted to 

characterize qDTY12.1 by partitioning the qDTY into sub-QTLs and, further, selecting 

the NAM transcription factor as a master switch to explain yield stability under 

drought. This narrow focus completely ignored the contribution of the genetic 

background and how the QTL functions in terms of interactions with the genetic 

background (de los Reyes et al. 2018). In order to better understand the dynamics that 

occur upon introgression of these large-effect QTLs (qDTY), and therefore 

maximizing the full potential of these qDTY, a critical re-evaluation of how these 

qDTY are interacting with the genetic background is necessary. It is not only plausible, 

but very likely, that specialized circuits of gene regulation whose composition is 

comprised of qDTY loci and loci from the genetic background are responsible for the 

superior phenotypes being displayed by the qDTY-introgression lines. 

 This section of the thesis will attempt to establish a direct link between 

qDTY12.1 and the overall genetic landscape using transcriptome data as window. The 
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transcriptomes generated from the comparative panel described in Chapter-2 will be 

deployed to accomplish this task. This comparative panel consisted of two sibling 

lines with contrasting phenotypes under drought (LPB and HPB) as well their parental 

lineages (Way Rarem and cv. IR64). The first objective will be to characterize the 

QTL by defining the known loci within the QTL boundaries and subsequently 

determining their transcriptomic activity and signature within all genotypes across the 

comparative panel (i.e., LPB, HPB, Way Rarem, IR64) and across three 

developmental stages: vegetative, booting, and grain-filling. Within this objective, 

candidate gene(s) will be selected that will subsequently serve as the foundation for 

establishing a genetic circuit that could be critical for the maintenance of grain yield 

under severe drought.  

 In Chapter-2, key findings showed that genome reshuffling resulted in a novel 

expression signature at booting in LPB. The alleles present in this signature, while also 

common to HPB, formed global network configurations in LPB that were not seen or 

only occurring partially in HPB. It was hypothesized that other genes or loci outside 

the QTL region, through unique expression patterns, are in fact synergistically 

interacting with qDTY12.1 genes in LPB, and these interactions are resulting in the 

formation of a biological circuit that is contributing to the superior phenotype. 

Absence of these expression signatures in HPB results in the uncoupling of this 

circuit. To test this hypothesis, the second objective of this chapter will be to generate 

a biological network in LPB in context of its superior yield under drought phenotype 

due to the potential effects of the qDTY12.1 candidate gene and trans-effect genes in 

the genetic background, which may be of either parental origin. The configuration of 

this network will be tested in the other genotypes to determine if it is unique to LPB. 
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MATERIAL AND METHODS 

Rice-FREND analysis 

The expression level and spatio-temporal signatures (FPKM and Propensity, 

respectively) of all annotated genes within the boundaries of qDTY12.1 were 

investigated in order to identify unique patterns of co-expression specifically at the 

booting stage, i.e., critical stage for yield maintenance under drought stress. The Rice-

FREND database (Rice Functionally Related Gene Expression Network Database) 

was used to examine potential functional relationships among the qDTY12.1 encoded 

genes as well as those genes outside qDTY12.1 boundary (Sato et al. 2013). The Rap-

DB Locus ID (The Rice Annotation Project) (Sakai et al. 2013; Kawahara et al. 2013) 

was used as query in the Rice-FREND search domain. This database utilizes the co-

expression profiles based on the micro-array data (available in the public domain) to 

generate a network of genes.  

Based on the results of expression analysis and Rice-FREND co-expression 

network along with literature search, a candidate gene from within the boundary of 

qDTY12.1 was selected for the functional characterization on the basis of its likely 

significance to a cellular process important in the expression of reproductive growth 

and yield potential. This candidate gene was hypothesized to be one of the major 

contributors towards maintenance of yield under drought. 

Hierarchical Clustering 

 For functional characterization of the candidate gene, a cohort of genes (named 

as Putative Panel) was generated based on biological, biochemical, and molecular 

function keywords relevant to the hypothesized cellular activities of the selected 

qDTY12.1 candidate gene. For co-expression analysis of the Putative Panel, 

hierarchical clustering was performed using propensity data using JMP® (JMP®, 

Version 14.0.0. SAS Institute Inc., Cary, NC, 1989-2019.). This allowed for initial 

baiting of a group of genes with expression signatures similar to qDTY12.1 candidate 
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or bait gene. This group of genes was further refined by hierarchical clustering 

utilizing FPKM data for the selection of core as well as other elements of primary 

network in the LPB. This dual refinement of the data based on both trend and magnitude 

of expression allowed for identification of the primary network of qDTY12.1 candidate 

gene, in which genes appeared to be coupled based on similarity of expression as well as 

biological function.  

Knetminer network modeling 

After establishing the primary network forqDTY12.1 candidate gene, which 

revealed potential interacting partners outside of the qDTY12.1 boundary, such 

primary network was validated using the Knetminer (Knowledge Network Miner) 

(Hassani-Pak 2017), an open source software tool for associating a candidate gene and 

its regulatory and eco-expression networks to likely biological or physiological 

functions. The Rap-DB locus ID (The Rice Annotation Project) (Sakai et al. 2013; 

Kawahara et al. 2013) was used as query in the search domain of Knetminer in order 

to fish out for relevant biological processes. This tool utilizes all the information 

available in public domains related to our query (E.g. gene function, GWAS, Protein, 

Phenotype, Pathways, etc.) to generate a model of the functional network.  
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RESULTS 

Identification of genes within the boundaries of qDTY12.1  

For systematic linking of qDTY12.1 with its putative biological function within 

the context of yield maintenance under severe drought, we first investigated what 

cohort of genes were present within the boundaries of qDTY12.1. The boundaries 

were defined based on the SSR markers used for the fine mapping of qDTY12.1 in 

Vandana (Dixit et al. 2012), namely, RM28099 and RM511. The location of these 

markers was investigated in the reference genome of Nipponbare using the Gramene 

Marker database (Ware et al. 2002). It was found that these markers flank a region of 

1.554 Mbp at chromosome 12, with physical co-ordinates starting from 15,848,736 bp 

to 17,401,530 bp. The cohort of genes residing inside the boundaries of qDTY12.1 was 

extracted from the reference genome of Nipponbare IRGSP-1.0 available in RAP-DB 

(The Rice Annotation Project database) (Sakai et al. 2013). We found that there were 

50 annotated genes residing inside the qDTY12.1 region (Table 3.1). 

Expression versus non-expression of the 50 annotated qDTY12.1 genes in 

the transcriptome across the comparative panel 

Once the cohort of genes within qDTY12.1 was identified, expression data for 

each of the genes was analyzed to determine which were expressed and which were 

not expressed. Expression versus non-expression was determined based on the criteria 

that the gene must show expression (FPKM > 0) in at least one genotype, at any 

developmental stage (vegetative, booting, grain fill), and in either the control or stress 

condition. Of the fifty (50) genes located within the qDTY12.1 boundary, only 

eighteen (18) met the criteria to be designated as expressed while thirty-two (32) did 

not and were designated as non-expressed (Table 3.1). An interesting pattern of 

expression emerged among the cohort of genes present within qDTY12.1. That is, the 

expressed genes formed small sub-clusters that spanned the whole region of qDTY12.1 

with interspersion of small sub-clusters of the non-expressed genes (Figure 3.1).  
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Table 3.1 Predicted functions of the expressed gene loci located within the boundaries of qDTY12.1. 

 

Locus ID Description 

Os12g0456400 Conserved hypothetical protein. 

Os12g0459300 Nucleic acid-binding, OB-fold domain containing protein. 

Os12g0460100 Protein of unknown function DUF761, plant domain containing protein. 

Os12g0460800 LAMMER kinase-type protein, Positive regulator of disease resistance 

Os12g0464400 Similar to Oxidoreductase, short chain dehydrogenase/reductase family protein, expressed. 

Os12g0465000 Hypothetical conserved gene. 

Os12g0465700 
Plant-specific protein containing a glutamine-rich region and a conserved motif, Controls of phyllotaxy 

by affecting cytokinin signaling 

Os12g0468300 Similar to NB-ARC domain containing protein, expressed. 

Os12g0468550 Hypothetical protein. 

Os12g0468600 Amidohydrolase 1 domain containing protein. 

Os12g0471100 Similar to ATPase 2. 

Os12g0472300 Conserved hypothetical protein. 

Os12g0472366 Hypothetical protein. 

Os12g0472500 
Homolog of the Arabidopsis TAPETUM DETERMINANT1 (TPD1) protein, Regulation of early 

anther cell differentiation 

Os12g0472800 B repeat unit of collagen binding surface protein (cna) containing protein. 

Os12g0472900 Hypothetical protein. 

Os12g0476200 Sucrose transporter, TAL effector PthXo2-dependent disease susceptibility to bacterial pathogen 

Os12g0477400 No apical meristem (NAM) protein domain containing protein. 
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Figure 3.1 Expression patterns of the annotated qDTY12.1 gene cohort across the three developmental stages that were 

sampled from the drought experiment station of IRRI. 
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Analysis of the qDTY12.1 expressed cohort at booting stage in the genetic 

background of the low-yield penalty genotype (LPB) 

Within the context of the importance of qDTY12.1 to yield maintenance under 

drought and in order to begin establishing a link between the genotype of the low 

penalty introgression line (IR64+qDTY12.1; LPB line) and its phenotype (i.e. superior 

yield maintenance under drought), a qualitative comparative analysis of the expression 

levels (FPKM) of all eighteen expressed genes within qDTY12.1 at booting stage 

was performed (Figure 3.2a, Figure 3.2b and Table 3.2). Various reproductive 

events (related to yield components) that occur during the booting stage include 

internode elongation, panicle initiation, floral meristem cell division, and flower organ 

development (Inukai et al. 2005). Biologically, a severe drought stress event during 

the booting phase (such as the one applied in our field trials) will adversely affect 

grain yield (Peleg et al. 2011; D’Aloia et al. 2011; Bartrina et al. 2011; Murai 2014; 

Zahir, Asghar, and Arshad 2001; Jameson and Song 2016; Reguera et al. 2013). 

Additionally, global transcriptome analysis (Chapter-2) showed that unique expression 

trends were exhibited by LPB at booting. As such, our analysis centered on the 

expression dynamics at the booting stage. Out of the eighteen expressed qDTY12.1 

gene cohort, our analysis showed that three genes in particular (Os12g0460100, 

Os12g0465700, Os12g0476200) showed increase in expression at the booting stage in 

comparison to the vegetative stage whether under control or stress conditions alike 

(Table 3.2). Upon the identification of these three genes, a comparison of their 

expression levels (again at the booting stage) between the control and stress conditions 

showed that only one gene (Os12g0465700) had an increase in its level of expression 

under drought stress conditions compared to the fully-irrigated control. Finally, to 

determine if the expression of this gene was unique to the LPB (Low Penalty BIL) line 

at booting, we compared its expression at booting among all of the genotypes (Figure 

3.2). Interestingly, we found that only the LPB line had significantly higher levels of 

expression at the booting stage in both control and stress conditions. Taken together, 

these results allowed us to focus on Os12g0465700 as a putatively critical gene within 
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the qDTY12.1 QTL in relation to the superior drought phenotype that was seen in the 

IR64+qDTY12.1 low-penalty (LPB) germline. 

Os12g0465700 as a putative regulatory hub for the genetic network 

associated with superior drought phenotype of LPB  

Given that Os12g0465700 exhibited higher levels of expression under both 

control and stress conditions as well as during the booting stage in the superior LPB, 

co-expression analysis was performed across all eighteen (18) cohort genes using the 

RiceFREND database, in order to determine which genes formed important co-

expression alliances related to reproductive capacity. Only twelve (12) of the 

qDTY12.1 expressed cohort formed co-expression alliances (Figure 3.3), and only 

Os12g0465700 proved to be unique in its co-expression network alliances. That is, 

Os12g0465700 showed a co-expression alliance with two transcription factors (Figure 

3.4) indicating possible regulatory cohesion and further substantiating the importance 

of Os12g0465700 in revealing a gene circuit putatively responsible for the superior 

reproductive drought phenotype of the LPB germline. Indeed, a closer look at the two 

transcription factors with which Os12g0465700 showed co-expression, namely 

Os05g0509400 and Os08g0159800, resulted in the finding that both transcription 

factors have orthologs in Arabidopsis thaliana (At2g20110; At3g22760 and 

At1g32360, respectively), which are involved in reproductive functions and floral 

organ development. At2g20110 and At3g22760 were shown to be involved with the 

regulation of cell division and expansion in the floral apical meristem and their 

expression was mainly in stamens, pollen mother cells and immature ovules. 

Similarly, At1g32360, was shown to be expressed most highly in pollen and the 

developing pollen tube. (Andersen et al. 2007; Wang et al. 2008; Hauser et al. 2000; 

Sijacic, Wang, and Liu 2011; Klepikova et al. 2016). Additionally, a previous study by 

Itoh et al. showed that Os12g065700, also known as ‘decussate’, regulates phyllotaxy 

as well as cell division in the SAM (shoot-apical meristem) and RAM (root-apical 

meristem) through cytokinin signaling. The same study revealed that a mutation in the 

decussate gene led to defective cell division and compromised cytokinin signaling 
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(Itoh et al. 2012). Various published studies also showed that multiple cytokinin 

biosynthesis and signaling pathway genes could directly affect grain yield by 

regulating various aspects of reproductive growth and development (Peleg et al. 2011; 

D’Aloia et al. 2011; Bartrina et al. 2011; Murai 2014; Zahir, Asghar, and Arshad 

2001; Jameson and Song 2016; Reguera et al. 2013). Taken together, these results re-

iterated the validity of Os12g0465700 as a foundational candidate for the organization 

of a genetic network that provides for yield maintenance under drought in rice.  

Selection of putative biological network of Decussate gene from a 

biologically relevant cohort 

Building on the previous result that decussate (Os12g0465700) could be a key 

hub for the phenotype in question (i.e., yield maintenance under severe drought), we 

focused our attention on the genes within the transcriptome of the LPB whose 

biological function was related to reproductive mechanisms. Cytokinin, growth, floral, 

and meristem were dominant keywords in our results which emerged repeatedly in the 

biological function of decussate. It was hypothesized that genes related to these four 

keywords would be part of a biological network containing decussate that was 

intimately involved in the maintenance of grain yield under drought stress. Thus, a list 

of genes related to flowering was generated from published literature. In addition, 

genes whose biological function contained these four keywords were extracted from 

the transcriptome. A total of 195 genes were compiled from both lists. These genes 

will heretofore be referred to as the Putative Panel. 
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Figure 3.2(a) Expression of eight genes residing within boundaries of qDTY12.1 in all 

genotypes. Comparison of absolute expression (FPKM) across LPB line, HPB line, 

Way Rarem, IR64, across all developmental stages; Vegetative, Booting, Grain-filling, 

and under different growth condition; control and drought stress 
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Figure 3.2(b) Expression of ten genes residing within boundaries of qDTY12.1 in all 

genotypes. Comparison of absolute expression (FPKM) across LPB line, HPB line, 

Way Rarem, IR64, across all developmental stages; Vegetative, Booting, Grain-filling, 

and under different growth condition; control and drought stress.
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Table 3.2 Qualitative scoring (+/-) based on transcript abundance by FPKM for all of 

the 18 (expressed) qDTY12.1 genes in LPB at the booting stage. 

 

Locus ID 

∆FPKM  

(Expression at Booting in 

relation to Vegetative) ☨ 

∆FPKM Booting 

(Expression under Stress 

in relation to Control) ☨ 

  Control Stress   

Os12g0456400 - - - 

Os12g0459300 ND + + 

Os12g0460100 + + - 

Os12g0460800 - - + 

Os12g0464400 NE + + 

Os12g0465000 NE NE NE 

Os12g0465700 + + + 

Os12g0468300 NE NE NE 

Os12g0468550 - + + 

Os12g0468600 - - + 

Os12g0471100 - - ND 

Os12g0472300 - NE - 

Os12g0472366 - NE - 

Os12g0472500 - - + 

Os12g0472800 NE NE NE 

Os12g0472900 NE NE NE 

Os12g0476200 + + - 

Os12g0477400 - - - 

☨ (+) increase in expression (-) decrease in expression; (NE) no expression; 

(ND) no difference 

 

  



Texas Tech University, Pushpinder Pal Kaur, May 2019 

 

66 

 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3 The eighteen expressed genes within qDTY12.1 were used as ‘gene 

guides’ in the RiceFREND database to extract functionally relevant co-expression 

alliances with each other or with loci external to qDTY12.1. The large ovals represent 

the qDTY12.1 expressed loci, smaller ovals represent loci outside qDTY12.1, and 

orange rectangles represent transcription factors. Hi-lighted in red are the 

Os12g0465700 alliances
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Figure 3.4 RiceFREND expanded view of the co-expression alliances constructed between Os12g0465700 (Decussate), two 

transcription factors (Os05g0509400 and Os08g0159800), and other loci external to qDTY12.1.  
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Hierarchical clustering of the Putative Panel genes in LPB at booting stage 

converging with Decussate gene  

With a functionally relevant gene cohort in hand, our next level of analysis 

centered on the clustering pattern of this cohort during the booting stage of the LPB 

line. This hierarchical clustering of the Putative Panel (195 genes including decussate) 

was done using normalized expression values (Propensity) at the booting stage in both 

control and stress conditions (Figure 3.5; Decussate Clade). Similar to the absolute 

expression analysis (FPKM) which showed decussate exhibited increase in expression 

at booting (under both control and stress conditions) compared to the vegetative and 

grain fill stages, a propensity analysis of decussate expression at the booting stage 

showed the same result (Figure 3.6). The unique expression trend of decussate at the 

booting stage under both control and stress provided the basis for the extraction of 

genes from within the Putative Panel with similar expression trends. The resulting 

hierarchical clustering showed the presence of thirteen clades of which decussate clade 

contained thirty genes that tightly co-clustered with decussate (Figure 3.5). 

Additionally, genes exhibiting an opposite trend to decussate (i.e., decrease in 

expression at booting in control and stress conditions; propensity < 0) also formed two 

separate clades (Figure 3.5).  

Is the composition of the Decussate clade unique to the booting stage of the 

LPB? 

Because the hierarchical clustering analysis that led to the discovery of the 

Decussate clade (i.e., similar trend) was performed based on propensity values (i.e., 

transformed global relative expression), it would follow that clustering with Decussate 

would be dependent on similarity of expression with the same. As such, a question 

arose that concerned the composition of the Decussate clade at the vegetative and 

grain fill stages. Namely, would the same Decussate clade, in part or in whole, also 

form at the vegetative and grain fill stages? To answer this question, a hierarchical 

clustering analysis of the Putative Panel plus decussate was performed individually 

(based on normalized expression values; propensity) for both the vegetative (control 
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and stress) and grain fill (control and stress) stages of the LPB line. The resulting 

clades containing Decussate in each of the individual analyses were compared to the 

Decussate clade at the booting stage (Figure 3.5). The resulting comparison showed 

that the vegetative stage Decussate-containing clade shared five genes with the 

booting clade (Figure 3.7, Table 3.3) while the grain fill clade had no overlapping 

genes with the same. In addition, only two genes, including Decussate, were shared by 

the clades from all three developmental stages. 

Comparison of the Putative Panel clusters at the booting stage across 

genotypes 

Via hierarchical clustering analysis of the Putative Panel, it was established 

that the LPB line had a very well-organized clade around the Decussate gene at the 

booting stage. Additionally, it was observed that the other clades that comprised the 

Putative Panel were also well-ordered (Figure 3.1) in the LPB. Together, these results 

demonstrated that the LPB possessed a cohesive expression profiles across the 

Putative Panel genes.  

It is generally assumed that there would be similarities between the expression 

profiles of IR64 BILs (LPB line and HPB line) and the recipient parent (cv. IR64) 

because of the obvious fact that they all possess the same genetic background. To 

investigate whether trends in the hierarchical clustering of the Putative Panel at 

booting control and stress conditions were unique to the LPB line in comparison to the 

other three genotypes in the comparative panel, expression patterns of the Putative 

Panel were investigated in the other three genotypes, namely the HPB line, the 

recipient parent (cv. IR64), and the donor parent (Way Rarem). The results of the 

analysis showed that the expression profile of the entire Putative Panel of genes in the 

other genotypes was very disorganized and dissimilar to the LPB line (Figure 3.8). 

The unique clustering of expression of the Putative Panel at the booting stage (control 

and stress) in the LPB line suggested that a network circuit containing Decussate that 

could be responsible for yield maintenance under drought was likely unique to the 

booting stage of the LPB line.  
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Identification of the core genes comprising the primary Decussate network 

in the LPB  

Within the expression profile of the Putative Panel genes in the LPB, Clade-1 

consisted of 30 genes including the Decussate gene. This clade was dominated by 

genes related to cytokinin biosynthesis, functional keywords such as floral organ, 

meristem, flowering, and the presence of various transcription factors (NAM and 

MADS-box). Since, the decussate gene is highly expressed at the booting stage, all the 

other genes within Clade-1 followed a similar trend at booting in either the control or 

stress condition. To refine this thirty (30) gene clade and thus begin the identification 

of the core or main drivers of the network, a threshold analysis was performed to 

select those genes whose normalized expression value was  +0.5; considered a very 

stringent propensity cutoff. Eleven out of the 30 genes (including decussate) were 

extracted based on the above criteria. Decussate had a maximum propensity value of 

+0.4 but was included in the above selection based on the similarity of its biological 

function to the other genes as well as the fact that it was the only gene within 

qDTY12.1 that comprised the initial well-organized sub-cluster. In conjunction with 

Decussate, the selected genes consisted of three cytokinin biosynthesis genes, two 

cytokinin signaling genes, three transcription factors, and two flowering pathway 

related genes (Table 3.4). 

Once the eleven putative drivers were identified using a propensity threshold 

analysis, a second level of selection was performed also using hierarchical clustering. 

Since co-expressed genes (similar in trend and level of expression) are likely to belong 

to the same network (guilty by association), hierarchical clustering of the eleven genes 

was done based on the absolute FPKM values (Figure 3.9). These eleven genes 

formed three clades which were further sub-divided by their expression levels. Clade 3 

had the highest level of expression followed by Clade-2 and Clade-1, respectively.  

The genes in Clade-2 exhibited expression patterns similar to Decussate (i.e., 

high expression at the booting stage in control condition and further up-regulation in 

the stress condition). Because genes with similar expression pattern and level are 

assumed to have similar biological function, we further looked at the functional 
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description of the genes in each clade (Table 3.4; Figure 3.9). Clade-1 consisted of 

five genes; two NAM protein domain containing genes, two cytokinin biosynthesis 

genes (IPT and LOG10), and one cytokinin signaling gene (Type-A RR3). Clade-3 

consisted of only one gene; APETALA-like MADS box transcription factor and this 

clade was more closely related to Clade-2 as compared to Clade-1. Clade-2 consisted 

of five genes; three genes in this clade were directly related to flowering (Decussate, 

APETALA (AP1)-like MADS transcription factor, and a gene regulating flower organ 

number). The remaining two genes were related to the cytokinin pathway; one 

biosynthesis pathway gene (LOG3) and one signaling pathway gene (PHP3). The 

direct association of flowering related genes with Decussate increased our confidence 

in the selection criteria used for selecting Decussate as a putative candidate, from 

within the boundaries of qDTY12.1, for exerting a strong influential role on the 

superior phenotype in the LPB line, namely rescue of grain yield under drought 

conditions. Based on the clustering patterns of the three clades, we suspected that 

Clade-2 contained the main genetic drivers of the primary biological Decussate gene 

network while Clade-1 and Clade-3 could contain the components of an associated 

secondary network. 
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Figure 3.5 Hierarchical clustering of the Putative Panel in the low penalty line (LPB) 

at the booting stage based on propensity values. Clade-1 contains 30 genes including 

the Decussate gene. This cluster was further refined for selection of core or Decussate 

biological network (C-control, S-Drought stress) (Supplementary Table 1). 
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Figure 3.6 Propensity analysis of Decussate gene at three stages of development 

across all genotypes in the comparative panel: vegetative (V); booting (B); grain-

filling (G); Low Penalty line (LPB); High Penalty line (HPB); Way Rarem (WR); 

IR64 (IR). 

 

Figure 3.7 Venn diagram showing gene overlap between vegetative, booting, and 

grain fill after hierarchical clustering of the Putative Panel with Decussate was 

performed separately for each stage. Numbers represent the total genes shared in each 

overlapping region and number of genes unique to each stage in the non-overlapping 

regions.  
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Table 3.3 List of genes shared among the Decussate-containing clades from hierarchical clustering of the Putative Panel across 

the three developmental stages in the LPB. 

 

 

 
Locus ID Description/Functional annotation 

Shared between Vegetative and Booting: 

Os01t0616400-01 Similar to Floral homeotic protein HUA1. 

Os03t0109300-01 LOGL3.LOG-like genes, Cytokinin biosynthesis 

Os03t0752800-02 APETALA1 (AP1)/ FRUITFULL (FUL)-like MADS box transcription factor 

Os07t0568700-02 Inhibitor of fungal polygalacturonase, Regulation of floral organ number 

Os12t0190100-01 Similar to Auxin-independent growth promoter-like protein. 

Shared between Vegetative, Booting and Grain filling: 

Os06t0583400-01 Class-I type histone deacetylase, Seedling root growth 

Os12t0465700-01 Decussate, Plant-specific protein containing a glutamine-rich region and a conserved 

motif, Controls of phyllotaxy by affecting cytokinin signaling 
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Figure 3.8 Hierarchical clustering based on propensity values of the Putative Panel in 

control and stress conditions at booting across the four genotypes comprising our 

comparative panel. Low Penalty - LPB (IR64+qDTY12.1); High Penalty - HPB 

(IR64+qDTY12.1); Way Rarem; and IR64 (IR64-qDTY12.1). Highlighted in red is the 

Decussate-containing clade. 
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Table 3.4 List of candidate genes for identification of the core network drivers. 

 

Gene 

No.☨ 

 

Locus ID 

 

Description/Functional annotation 

1 Os02t0555300-01 No apical meristem (NAM) protein domain containing protein. 

2 Os02t0830200-01 RR3.Type-A RRs. cytokinin signaling 

3 Os03t0109300-01 LOGL3.LOG-like genes. cytokinin biosynthesis 

4 Os03t0752800-02 APETALA1 (AP1)/ FRUITFULL (FUL)-like MADS box transcription 

factor 

5 Os03t0810100-01 IPT4.IPT genes. cytokinin biosynthesis 

6 Os05t0521300-04 PHP3 Phosphotransfer proteins, Cytokinin signaling 

7 Os07t0108900-02 APETALA1 (AP1)/ FRUITFULL (FUL)-like MADS box transcription 

factor 

8 Os07t0568700-02 Polygalacturonase-inhibiting protein, Regulation of floral organ number 

9 Os08t0115800-01 No apical meristem (NAM) protein domain containing protein, 

SECONDARY WALL NAC DOMAIN PROTEIN 2 

10 Os10t0479500-01 LOGL10.LOG-like genes, cytokinin biosynthesis 

11 Os12t0465700-01 Decussate, Plant-specific protein containing a glutamine-rich region and a 

conserved motif, Controls of phyllotaxy by affecting cytokinin signaling 

   

☨ Gene No. – Reference Figure 3.9 
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Figure 3.9 Identification of core network drivers (Clade-2). The five core genes were selected to generate the primary network 

of decussate in LPB at booting stage. The genes in Clade-1 and Clade-3 were removed from putative panel as these genes 

might mask the clustering of genes (peripheral elements) from putative panel with core network genes. (C-control, S-Stress). 
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Identification of the Primary Decussate Network in the LPB  

In the previous analysis, the genes that were likely the main drivers of the 

primary Decussate network were identified (Figure 3.9; Clade-2). This result then 

allowed the identification of other loci that would comprise the final Decussate 

network. To identify other components of the primary network, the Putative Panel was 

reexamined since this panel was chosen based on functional key words and related 

mechanisms involved in reproduction. The compiled set of genes which would be 

subsequently clustered based on absolute FPKM values was comprised of the five loci 

in Clade-2 as well as one-hundred-eighty-four loci from the Putative Panel (out of a 

total of 195). The resulting one-hundred-eighty-nine loci will heretofore be referred to 

as the Integral Putative Panel (IPP). The five loci from Clade-1 and the single locus 

from Clade-3 were excluded from the IPP. Their exclusion was contingent on the fact 

that they had already been identified as belonging to a secondary network (Section 2.5 

above) and that their presence in the IPP would interfere with the extraction of loci 

that were more closely related in expression level to the foundational five loci of 

Clade-2.  

As mentioned above, the hierarchical clustering of the IPP (Integral Putative 

Panel) was done based on the expression data (absolute FPKM) of the LPB line at the 

booting stage in both control and stress conditions. The resulting clustering profile 

showed the presence of 13 clades (Figure 3.10A). The clade that contained Decussate 

gene was comprised of thirty-six (36) gene loci which were grouped to form the final 

Decussate primary network. 

 To further define and refine the final cohort of thirty-six loci, an FPKM 

hierarchical clustering was repeated exclusively on these loci. Removing the 

remaining one-hundred-fifty-three loci present within the IPP from the hierarchical 

analysis allowed for a more definitive refinement of the final cluster. That is, the 

presence of loci that were peripheral to the foundational thirty-six would inevitably 

create noise in the analysis and thus prevent the level of refinement sought in the final 

clustering. The result of the clustering showed that the thirty-six genes were clustered 

into 7 clades (Figure 3.10B). The clade that contained the founder core (which 
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included Decussate) consisted of three genes; Decussate and two MADS-like 

transcription factors, both related to flowering. Thus, we hypothesized that the 

MADS-like transcription factors along with Decussate gene were the foundational 

drivers of the primary biological network of Decussate in the LPB at the booting stage. 

Is the primary network of Decussate unique to the booting stage of LPB? 

 To answer the question of whether the primary network was unique to the 

booting state of the LPB line, hierarchical clustering of the thirty-six genes in the 

primary network panel was done at the vegetative and grain fill stages in both control 

and stress conditions based on absolute FPKM values. The genes clustered into seven 

(7) clades (Figure 3.11).  

Because the expression of Decussate was much lower at the vegetative and 

grain-filling stages as compared to the booting stage, this lower expression resulted in 

its clustering with genes of similar expression levels. Thus, the clustering pattern of 

the primary network of Decussate during the vegetative and grain fill stages of 

development diverged from that of the booting stage in terms of the composition of 

the founder core and its nearby elements. This re-iterated the clustering results from 

the analysis of the entire Putative Panel of genes across the same developmental stages 

(Section 2.3 above). Taken together, these two hierarchical results showed that the 

LPB line has a unique expression profile at the booting stage, and that this unique 

expression profile is dependent on the expression of a qDTY12.1 gene, namely 

Decussate (Os12g0465700). 

What is the configuration of the primary Decussate network at the booting 

stage in the other genotypes? 

Having re-established the specificity of the primary Decussate network to the 

booting stage of development in the LPB line, we sought to determine the 

organizational structure of this network in the other three genotypes tested. Once 

again, hierarchical clustering of the thirty-six genes using absolute FPKM values was 

performed on the HPB line, Way Rarem, and IR64 at the booting stage in both control 
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and stress conditions. The results showed divergent patterns of organization and 

composition around Decussate among these three genotypes in comparison to the LPB 

line (Figure 3.12). Indeed, the foundational loci (core) and the nearby elements of the 

network were very different among the four genotypes (Table 3.5). Because the LPB 

line contained the superior drought phenotype, it is likely that the composition and 

organization of the decussate network present in the LPB line could be key to the 

acquisition of this relevant trait. 

Biological validation of the primary Decussate network 

Based on our co-expression data analysis, we found the primary Decussate 

network consisted of thirty-six genes from within the Integral Putative Panel. 

Decussate and two MADS-box like transcription factors were identified as major 

drivers (founder core) of the network while the other thirty-three genes were major 

nearby elements from outside qDTY12.1. Further validating our hypothesis that this 

network could be responsible for the yield maintaining phenotype under drought, we 

used the online tool Knetminer (Hassani-Pak 2017) to find the very relevant links 

among these thirty-six genes based on available biological information such as gene 

structure, biological pathways, phenotypic traits, QTL, and publications. We were able 

to identify a biological pathway that linked thirty of the thirty-six loci. These thirty-six 

genes formed network associations via related traits which were highly enriched for 

yield related attributes. (Table 3.6; Figure 3.13) 
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Figure 3.10 Selection of the Primary Decussate Network from the Integral Putative Panel. (A) The core genes were re-

clustered with putative panel to identify peripheral elements of Decussate network in LPB at booting (left) (B) Decussate 

network consisted of a total of 36 genes; three core genes and 33 peripheral genes in the network (C-control, S-Stress). 
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Figure 3.11 Comparative evaluation of the Primary Network of Decussate across three phenological stages in LPB (Core-loci 

highlighted in red). Hierarchical clustering was performed using absolute transcript abundance expressed as FPKM at each 

developmental stage. The different composition of core of the network at each developmental stage suggests that Decussate 

network is unique to booting stage in LPB (C-control, S-Stress). 
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Figure 3.12 Comparative evaluation of primary Decussate network across all genotypes. The Core (highlighted in red) as well 

as other components of Primary Network of decussate was not similar to LPB in other genotypes, suggesting the decussate 

network is unique to LPB (C-control, S-Stress). 

 



Texas Tech University, Pushpinder Pal Kaur, May 2019 

 

84 

 

Table 3.5 Comparison of Decussate network of LPB at booting stage across other 

developmental stages. The composition of core and peripheral element genes observed 

in LPB was different in the other developmental stages of the LPB or at booting stages 

of the other genotypes. 

 

 

1˚ Network in LP line  

1˚ Network 

Across Genotypes 

Gene 

No 

Clade Locus ID B V G HP WR IR64 

1 1 Os01t0708500-03 E E E E C E 

9 1 Os03t0112700-02 E E E E E E 

16 1 Os03t0793500-01 E C C E E E 

12 1 Os03t0669000-01 E E E E E E 

17 1 Os04t0615000-01 E E E E E E 

29 1 Os07t0418700-01 E C E E E E 

19 1 Os05t0521300-04 E E E E E C 

35 1 Os10t0578000-01 E C C C E E 

32 1 Os08t0557700-01 E E E E C C 

22 2 Os06t0211200-01 E E E C E C 

2 3 Os01t0769700-01 E C E E E E 

10 3 Os03t0143600-01 E E C E C E 

34 3 Os10t0359500-01 E C E E E E 

23 3 Os06t0211200-02 E E E E E C 

6 3 Os02t0625000-02 E E C C E E 

24 3 Os06t0622300-01 E C E E E E 

11 3 Os03t0309200-01 E C E E E E 

21 3 Os06t0142600-01 E E E E E E 

5 4 Os02t0610500-01 E C E E E E 

28 4 Os07t0247100-01 E C C E E E 

14 4 Os03t0752100-01 E C E E E E 

33 4 Os09t0422500-01 E E E E E E 

8 4 Os03t0109300-01 E E E C C C 

13 4 Os03t0748200-01 E C C E E E 

3 5 Os01t0922800-01 E E E E E E 

26 5 Os07t0108900-02 C E E E E E 

36 5 Os12t0465700-01 C C C C C C 

4 6 Os02t0554000-02 C E E E E E 
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Table 3.6 Continued 

1˚ Network in LP line 1˚ Network 

Across Genotypes 

Gene 

No 

Clade Locus ID B V G HP WR IR64 

15 6 Os03t0762000-02 E E E E E E 

27 6 Os07t0222300-01 E C E E E E 

18 6 Os05t0426200-02 E E E E E E 

7 7 Os02t0787300-01 E E E E E E 

20 7 Os05t0541200-01 E E E E C E 

25 7 Os06t0664300-01 E E E E E E 

30 7 Os07t0592200-02 E E E E E E 

31 7 Os08t0162100-01 E E E E E E 

 

E – peripheral elements (loci); C – core loci
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Figure 3.13 The putative biological network of controlled by the Decussate gene. The thirty-six loci comprising the primary 

Decussate network were entered into Knetminer and biological traits associated with each locus were extracted. The 

connections among the thirty-six loci were also determined by Knetminer analysis. Over-representation of yield-related 

components among all the loci can be observed.  
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Table 3.6 Enrichment of yield-related traits in the Primary Decussate Network.  

 

Functional Traits Associated with Genes Comprising the Primary Decussate Network 

Yield-related Other 

1000 grain weight Yield Root fresh weight 

Amylose content Yield per plant Root length 

Biomass yield Days to 50% flowering Root number 

Carbon isotope discrimination Days to flowering Root penetration index 

Chlorophyll content of leaf Days to heading Root thickness 

Chlorophyll degradation speed Days to maturity Root to shoot ratio average 

Coleoptile length Days to wilt Root volume 

Number of tillers Flag leaf angle Seed setting 

Overall evaluation Flag leaf length Seedling height 

Panicle length Flattened shoot meristem Shoot generation from mature calli 

Panicle number Plant height Shoot length 

Panicle number m-2 Plot yield Shoot regeneration from mature seed  

Panicle number per hill Ratio of culm length reduction Allelopathy 

Panicle size Relative root elongation Awned 

Panicles per plant Relative shoot dry weight Bacterial blight resistance 

Panicles/m2 Reduction in chlorophyll content Cd concentration in brown rice 

Peduncle top diameter Relative germination rate Chlorate sensitivity 

Percentage of exerted stigmas Relative root dry weight Dead leaf rate at 27 days 

Percentage of exerted stigmas Relative water content Dead leaf rate at 34 days 

Head rice Flowering delay Disease severity 

Heading date Flowering duration Disease severity index  

Hybrid breakdown Grain l/w ratio Field resistance to leaf blast 

Leaf rolling Grain length Field resistance to neck blast 
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Table 3.6 Continued 

Functional Traits Associated with Genes Comprising the Primary Decussate Network 

Yield-related Other 

Leaf rolling of culturing Grain shape Cool paste viscosity 

Leaf rolling score Grain thickness Ratooning ability 

Length of heading period Grain width Gel consistency 

Length of top second internode Grain yield Gelatinization temperature 

Lowest elongated internode Grains per panicle Glossiness 

Male sterility Grains/plant Root elongation under P-deficiency 

Mesocotyl length Green plantlet yield frequency Stele transversal area 

Number of filled grain per panicle Harvest Index Stickiness 

Number of new roots average Spikelet number per panicle Tolerance to ferrous iron toxicity 

Number of primary branches per panicle Spikelet sterility White belly 

Spikelet density Taste Alkali spreading value 

Spikelet fertility Tillers/plant Cold response vigor of germination 

Total root number Total no. Of spikelet per panicle Phospholipase D 

Vigor of germination (14 days Plant height at maturity Photoperiod-sensitive male sterility 
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DISCUSSION 

In rice, the discovery and deployment of large-effect QTLs (qDTY) has 

ushered in a new source of genetics for the improvement of rice yield stability when 

grown under drought conditions. The introgression of the qDTY has had mixed and 

confounding results. That is, instances wherein the qDTY was effective in conferring 

the drought phenotype as well as those when the qDTY was not effective in conferring 

the expected phenotype. This phenomenon has been reported to occur in siblings from 

the same introgression population (Yadav et al. 2019). To date, attempts have been 

made to explain this phenomenon, but a comprehensive explanation has not been 

given until this study. 

 Complex quantitative traits in organismal systems have been properly 

described as polygenic nature. The recent works by Boyle et al. (Boyle, Li, and 

Pritchard 2017) posited a new theory (the Omnigenic Theory) that better 

conceptualizes the complex genetic networks that underpin complex traits. According 

to this theory, the fundamental assumption is that complex traits are the result of 

intricate and optimized alliances between a core and peripheral set of loci present in 

the organismal genomes. Along this emerging thought, we sought to study the 

function of qDTY12.1 and its interaction with the cv. IR64 genetic background. Our 

analysis centered on comparing the transcriptomic signatures of two phenotypically 

distinct back-crossed introgression lines of qDTY12.1 from a population of siblings 

that contained cv. IR64 as the recurrent parental background and Way Rarem as the 

original donor of the qDTY. 

Initial characterization of qDTY12.1 revealed a candidate component gene 

involved in reproductive capacity 

 Initial examination of qDTY12.1 revealed that fifty open reading frames or loci 

were present within the mapped boundaries of the QTL. However, only eighteen (18) 

of these genes had their transcripts detected with statistical significance in the 

transcriptome libraries across the comparative panel. This result can be explained in 
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two parts. First, the flag leaf was used for generating the transcriptome libraries and 

this in turn narrows the pool of expressed genes to a very specific spatial scale, i.e., 

flag leaf only. It is very possible that some of these genes are expressed in the roots 

only and therefore would not be captured in transcriptome libraries used in this study. 

Second, while our approach was restrictive in that it only captured the genes being 

expressed in the flag leaf, this approach makes biological sense since the flag leaf is 

the primary source of photo-assimilates that are being generated and translocated to 

the developing sink, i.e., the panicles. Indeed, the candidate gene that we identified as 

being relevant to the phenotype and, therefore would serve as the founder of a gene 

circuit, had been previously described as being related to cytokinin signaling (Itoh et 

al. 2012). The biological importance of this phytohormone towards yield 

determination has been documented extensively in the literature (Murai 2014; Bartrina 

et al. 2011; Peleg et al. 2011; Zahir, Asghar, and Arshad 2001; Jameson and Song 

2016). The candidate component gene identified within qDTY12.1 was the Decussate 

(Os12g0465700). Analysis of the LPB transcriptome through a battery of tests, the 

Decussate gene emerged as the only locus that was significantly upwardly-expressed 

at both control and stress conditions during the booting stage and the only locus that 

formed co-expression alliances with two known transcription factors whose biological 

functions have been associated reproductive capacity (determined by comparison of 

function to three orthologs in Arabidopsis thaliana, At2g20110; At3g22760 and 

At1g32360). 

The relatively high expression of decussate gene at the booting stage in both 

control and stress conditions coincides with the overall findings from the global 

transcriptome analysis described in Chapter-2 as follows: (1) booting stage was 

previously hi-lighted in LPB as the stage where unique allelic combinations had been 

formed, and (2) there was a conserved expression of a significant number of alleles in 

LPB between control and stress conditions. These results are quite important because 

booting is the stage where the yield of the rice plant is established and that the robust 

and constitutive nature of the decussate gene, and the myriad of other alleles, suggests 

that LPB would be ‘stress-prepared’ before the onset of drought stress. This status 
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appears to allow the LPB to have a more organized and harmonic response, which 

would make the plant to better utilize its resources towards maintaining integrity in its 

stress response systems while at the same time continuing to divert assimilates to the 

developing reproductive organs (i.e., sinks). The harmonization of these two systems 

would lead to yield maintenance during a drought event. 

Previously characterized gene from qDTY12.1, a NAM transcription factor 

(Os12g0477400) was shown to be involved in enhancement of root growth during 

vegetative stage. Results from this study showed that the NAM transcription factor 

(Os12g0477400) had a decreased expression at booting stage compared to vegetative 

stage in both control and stress (Dixit et al. 2015). Decrease in expression at booting 

further validated that its major role is confined to growth at vegetative stage. Root 

related-traits have been previously characterized as secondary phenotypic traits and 

thus, has contribution in plant survival, but not in yield maintenance (Sandhu and 

Kumar 2017; Kumar et al. 2014). It would be safe to say that NAM has major 

contribution in plant survival, but not in the maintenance of yield. 

Decussate is a part of a stage-specific genetic network that involve other 

components beyond the boundaries of qDTY12.1 

 A major theme of this thesis has been to test our hypothesis that in fact the 

driving forces (i.e., loci and their expression signatures) behind the superior phenotype 

of LPB do not reside merely within the boundaries of qDTY12.1, and therefore in 

isolation from the genomic landscape of the recipient parent (in this case, cv. IR64). 

This narrow and simplistic view of complex traits has been prevalent in the rice 

breeding community for many years now. The approach that we took towards 

revealing that genetic interplay is present when two distinct genomes collide (i.e., 

genomic shock) was that of mining for a genetic circuit, with Decussate as the bait, 

within the transcriptome of the superior line (LPB) with the expectation that the circuit 

would indeed contain alleles that resided outside of the qDTY12.1 boundaries but with 

expression linkages or connections to Decussate.  

 Knowing the reported biological function of Decussate gene from the 
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literature, we constructed a list of biologically relevant alleles from which to mine for 

genic components that would form alliances with Decussate. This cohort was 

determined by performing a GO (gene ontology) search within the description of the 

entire transcriptome of LPB for the following key terms: cytokinin, growth, floral, and 

meristem. The search returned a total of one-hundred-ninety-five (195) alleles. 

Hierarchical clustering of these genes with Decussate at the booting stage under 

control and stress revealed a very unique and organized clustering pattern. The pattern 

was that of loci whose expression signatures mirrored those of Decussate. When we 

clustered the same 195 alleles at vegetative and grain-fill with Decussate, we found 

that the same organized clustering was not present at these two stages signifying that 

the cluster was unique to booting. A final clustering analysis of these same loci at 

booting within the other genotypes in our comparative panel revealed that the 

clustering pattern was unique to LPB. The cluster that formed in the transcriptome of 

LPB, not surprisingly, was dominated by loci whose functions were related to 

cytokinin signaling, cytokinin biosynthesis, floral organ number, and flowering. After 

several rounds of refinement via the use of hierarchical clustering, the final Decussate 

network finally coalesced. We found the primary Decussate network consisted of 

thirty-six loci. Decussate and two MADS-box like transcription factors were identified 

as major drivers (founder core) of the network while the other thirty-three genes were 

major peripheral elements from outside qDTY12.1. This network was unique to 

booting stage in LPB NIL. Knetminer generated a model network of decussate that 

was enriched and inter-linked through yield related-attributes. Thus, the discovery of 

this booting stage-specific and yield-related network circuit serves to prove our 

hypothesis that the genetic dynamics that occur post- qDTY12.1 introgression are 

driven by significant interactions between the resident genome and the introgressed 

qDTY12.1. 

Decussate primary network: Critical to yield potential 

Previous studies have shown that the decussate gene is involved in regulation 

of phyllotaxy through cytokinin signaling. Decussate mutant showed sensitivity to 
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cytokinin signaling (Itoh et al. 2012). It is well known that cytokinin is the major 

phytohormone regulating flowering and reproductive development mechanisms at 

booting stage (Werner et al. 2001; Bartrina et al. 2011). 

 This study has established that Decussate gene possibly has major 

contributions to yield maintenance under drought through a genetic network operating 

at booting stage that is unique to the phenotypically superior LPB. This network 

consists of two MADS-box transcription factors (Os07g0108900, Os01g0922900) as 

foundational core genes along with the Decussate gene. The Os01g0922900 

(OsMADS51) encodes a cytokinin mediated promoter of flowering in rice. 

Os07g0108900 (OsMADS15) is involved in the specification of inflorescence 

meristem identity. Biological function of both MADS-transcription factors have been 

very well characterized. Both genes, OsMADS15 and OsMADS51 are involved in 

cytokinin-mediated Ghd1-Hd1-HD3a flowering pathway (D’Aloia et al. 2011; S. L. 

Kim et al. 2007). Cytokinin has major roles in source-sink partition of photo-

assimilates during reproductive growth (Jameson and Song 2016; Roitsch and Ehneß 

2000; Albacete, Martínez-Andújar, and Pérez-Alfocea 2014). Recent studies have 

shown that stress induces cytokinin biosynthesis to enhance drought tolerance 

(Reguera et al. 2013). Based on previous information, results of this study showing 

unique expression of the decussate gene at booting as well as the primary network of 

decussate being unique to booting, it was assumed that cytokinin biosynthesis 

promotes the expression of the decussate gene. This further regulates cytokinin 

signaling, Ghd1-Hd1-HD3a flowering pathway, and source-sink balance and 

ultimately controls the maintenance of yield under drought stress. 

Abscisic acid (ABA) suppresses bud formation through the suppression of 

cytokinin signaling (Yao and Finlayson 2015). ABA is the major phytohormone that is 

responsible for regulating the expression of multiple stress response pathways (Shen et 

al. 2017). The second assumption is that decussate gene suppresses ABA signaling at 

booting stage in order to enhance the cytokinin signaling. Downregulation of stress-

related genes at booting further supports the assumption that the decussate gene 

modulates the expression of stress-related genes at booting stage by suppressing the 
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ABA pathway so as to focus the photo-assimilates towards cytokinin mediated 

flowering pathway and ultimately maintenance of yield. 
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Figure 3.14 Hypothetical model of the yield maintenance genetic network controlled by the decussate gene in LPB at booting 

stage. Highlighted genes are core of decussate primary network in LPB.  
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CHAPTER 4 

INTRODUCTION  

The results of the analysis of the decussate-mediated regulatory and functional 

networks in rice led to several important findings that advanced our understanding of 

the genetic and physiological mechanisms of how genes and alleles contained with the 

qDTY12.1 contribute to the maintenance of yield potential under drought. Based on 

the outcome of such study, it has been established that one of the many important 

genes that contribute to the overall function of qDTY12.1 (i.e., decussate gene) appears 

to be controlling a critical cellular process during transition from vegetative to 

reproductive growth through the cytokinin signaling pathway. Results showed that the 

Decussate (Os12g0465700) is one of the main drivers of genetic network and strongly 

indicated that this gene from qDTY12.1 could be one of the major contributors towards 

yield maintenance under drought stress in the Low Penalty BIL by serving as a 

potential hub of a network that involves many other genes in the genetic background 

outside of qDTY12.1, hence evidence for QTL-component gene-by-genetic 

background interaction. 

These interesting results established the baseline to perform additional genetic 

studies on the Decussate gene that would generate corroborating biological evidence 

for validating and further strengthening the significance of the transcriptomic data 

generated from the rice comparative panel. Results from this project (Chapter-3) as 

well as limited information from the literature all pointed to a likely important role of 

decussate protein in cytokinin signaling but its direct significance to yield maintenance 

under drought stress has not been investigated in the past. The two and a half years 

duration of this research was very short to generate homozygous transgenic 

overexpression lines for the Decussate gene in rice, given the relatively long 

generation time to generate such transgenic lines (i.e., minimum of three generations, 

hence 1.5 years to generate homozygous T1 or T2 transgenic lines). To test the 

hypothesis on the biological significance of the Decussate gene as a critical 

contributor to yield maintenance under drought stress, the project took advantage of 



Texas Tech University, Pushpinder Pal Kaur, May 2019 

 

97 

 

available resources for reverse genetics in a plant genetic model such as Arabidopsis 

thaliana in order to perform additional heterologous confirmatory experiments. The 

intention was to generate preliminary data that would contribute to strengthening the 

importance of the Decussate gene to the overall function of qDTY12.1, and to establish 

strategic and hypothesis-driven dissection of its biochemical and molecular functions 

in rice in the future, as the project moves to its next phase. Therefore, the aim of this 

chapter was to test if the disruption of the decussate gene(s) in Arabidopsis that are 

homologous to the Decussate gene encoded by the rice qDTY12.1 will result in 

significant compromise in yield under drought stress.  

For this study, two closest orthologs of the qDTY12.1-encoded decussate gene 

in rice were identified in Arabidopsis thaliana (Col-0 ecotype). The T-DNA insertion 

lines (Mutant lines) for both the orthologs and the wild-type Col-0, were tested for 

penalty in seed yield, under drought stress conditions in controlled environment in the 

laboratory. The drought stress protocol was previously established in our lab through a 

separate pilot experiment conducted on Col-0 in order to design an experimental 

approach that mimics the drought conditions employed for testing the differential 

responses across the comparative genotypic panel performed in 2016 and 2017 at the 

IRRI facilities. The specific objectives are: (1) To establish a robust laboratory 

drought stress experimental system in Arabidopsis that mimics the drought stress 

experimental system used in rice; (2) Identify and maintain homozygous T-DNA 

knock-out or knock-down mutants in Arabidopsis for the closest orthologs of the rice 

decussate gene (Os12g0465700); (3) To compare the responses of Arabidopsis mutant 

and wild-type plants to reproductive-stage drought stress in order to test the effects of 

loss of functions or compromised gene functions to seed yield maintenance and 

harvest index maintenance under drought stress.  
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MATERIAL AND METHODS 

Optimization of the reproductive-stage drought stress in Arabidopsis 

heterologous system 

Growth Conditions  

Viable Arabidopsis seeds (Arabidopsis thaliana ecotype Columbia-0) were 

imbibed in 0.1% (w/v) agarose (in deionized water) at 4˚C for 7 days. The seeds were 

then sown onto moistened peat pellets (Jiffy-7® – Peat Pellets) for germination and 

emergence. The moistened pellets were then placed into a 32-cell growth tray 

(Growers Solution) and covered with a plastic dome to retain humidity during 

germination and post-emergence growth for a period of 7 days. Germination, seedling 

establishment and vegetative growth of the experimental wild-type plants were 

performed in controlled temperature chambers (Percival Scientific) at constant 22˚C 

with 16 hours of light (100 µmol m-2 s-1) and 60-70% relative humidity. The plants 

were allowed to grow for 18 days before the drought regimen was initiated. 

Pilot Study to Optimize the Drought Experiments  

 Drought stress treatment was conducted according to the protocol of Harb et 

al. (Harb and Pereira 2011)with only slight modification. Briefly, ten peat pellets were 

dried in a forced-air drying oven set to 70˚C for 7 days, and the weights of each peat 

pellets were monitored, and dry weight was calculated for each of the ten pellets. The 

weight was used to calculate the percent field capacity to be used for the experiment ( 

according to published protocol), namely 30% and 35% field capacity (F.C.) (Harb 

and Pereira 2011). The 30% field capacity treatment required that the peat pellets 

receive daily water input to maintain a total weight (peat pellet plus plant plus water 

input) of 33 grams during the duration of the drought treatment, while the 35% field 

capacity treatment required a water input to maintain the total weight at 36 grams. The 

control pellets received water input to maintain the total weight at 70-75 grams during 

the entire growth period. Daily weights of each of the pellets in the three regimes 

(30% F.C., 35% F.C., and Control) were taken and the amount of water to be added on 
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each day was calculated using the following formula: 

 

Volume of water to add (ml) = Required weight – Daily weight 

 

The required amount of water was applied to each pellet by injecting the 

calculated amount at the base of the plant through a 20 ml syringe fitted with an 18-

gauge hypodermic needle. The water was applied at the same location for each of the 

peat pellets on each day of the drought stress treatment to avoid potential extensive 

damage to the root system. A total of eight individual plants per treatment (30% F.C., 

35% F.C., Control) were subjected to drought stress at8, 7, 6, 5, and 4 days to bolting 

(DTB) (Figure 4.1, Figure 4.2). These time points were selected so as to capture the 

transition from vegetative stage to reproductive stage. The number of days to bolting 

was determined from several previous growth trials of Arabidopsis thaliana ecotype 

Col-0 under the same conditions, and in the same growth chambers (data not shown). 

Once initiated at 8 days before bolting, the drought condition was continued for 17 

days, upon which each of the pellets was saturated with water to full capacity and kept 

in that condition until maturity.
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Figure 4.1 Pilot study description: (Left) a representative photo of a hydrated peat pellet with plant before initiation of drought 

stress. (Right) The color-coded worksheet displays the layout of the experimental trays used in the experiment by treatment 

(30% F.C., 35% F.C., and Control). Each of the eight-stress initiation time-points contained eight (8) individual plants. 

(Center) Legend of growth tray layout. (Below Legend) Water content in each pellet per gram of dry soil for each of the two 

drought treatments applied (30% F.C. and 35% F.C.). 
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Figure 4.2 Experimental timeline for the pilot stress study in the Col-0 genotype. Stress- I, II, III, IV, V represents five time-

points of stress initiation: 8, 7, 6, 5, 4 days before bolting, respectively. Each time-point consisted of eight (8) individual plants 

which were sampled at harvest to measure dry biomass and seed yield. TW – total weight of peat pellet plus plant plus water 

input.
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Figure 4.3 Conditions in growth chamber during the pilot study. During the last five days of stress, the relative humidity 

(orange line) was decreased to approximately 50% and temperature (blue line) was increased to (27˚C) so as to mimic drought 

stress conditions seen in the rice experiment
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Data collection and analysis for the drought optimization and pilot study  

The following metrics were recorded for each of the drought treatment 

regimes: days to bolting, days to first bloom, and days to first silique. Upon maturity, 

seed was collected from each of the plants and the weight (mg) was recorded. 

Additionally, the total shoot biomass was collected from each plant and subsequently 

dried in a forced- air drying oven set to 70˚C for 7 days. Upon full drying, the weight 

of the biomass was recorded. A HOBO® temperature data logger (Onset Computer 

Corp.) was maintained in the chamber to monitor temperature, light intensity, and 

relative humidity (Figure 4.4). Statistical analysis was conducted via one-way  

ANOVA using SPSS® followed by post-hoc comparisons with Tukey HSD at the 

0.05 significance level. 

Identification and Characterization of T-DNA Mutants 

Selection of the Rice Decussate Orthologs in Arabidopsis thaliana  

Two putative orthologs of the rice decussate gene in Arabidopsis thaliana 

(At3G03460, At5G17510)had been identified previously by Itoh et al. (Itoh et al. 

2012). The homology of these two genes with the Rice decussate gene 

(Os12g0465700) was re-confirmed by sequence alignment and phylogenetic analysis 

using Ensemble (Kersey et al. 2018). The SALK T-DNA insertion mutant lines for 

both orthologs were identified via the use of the Salk Institute database (SiGnal T-

DNA Express, signal.salk.edu) by querying the locus ID against the database (Alonso 

et al. 2003) (Table 4.1). Putative T-DNA mutagenized seed stocks were obtained from 

the Arabidopsis Biological Resource Center at Ohio State University (Alonso et al. 

2003).  

Plants of all the five SALK mutant lines were grown to full vegetative stage 

and their leaf samples were used to extract DNA for genotyping using the procedure 

established by SIGnAL (Salk Institute Genomic Analysis Laboratory); (Alonso et al. 

2003) to verify the insertion of the T-DNA tag within each gene and also for 

homozygosity (Alonso et al. 2003). DNA was isolated using a published single step 
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DNA extraction method (Berendzen et al. 2005). To verify the T-DNA insertion, 

genomic primers for T-DNA insertion locus were designed using Signal iSect Tools 

(http://signal.salk.edu/tdnaprimers.2.html) (Alonso et al. 2003). 

PCR reaction cocktail of 15 µl was prepared using ThermoFisher Scientific 

PCR master mix – 7.5 µl (Life Technologies Corporation, Grand Island, USA), 1.5ul 

FP and RP (5µM), genomic DNA (1ul) and dH2O (5ul). Reactions were run in 

T100TM Thermal Cycler PCR system (BIO-RAD, Hercules, USA) at the following 

amplification conditions: initial denaturation at 94°C for 3 min; 40 cycles of 

denaturation at 94°C for 30 sec, annealing at 55°C for 45sec and Extension at 72°C for 

60 sec; final extension for 7 min at 72°C. The amplified products were visualized on a 

1.0% agarose gel stained with SYBR-SAFE (Invitrogen, Carlsbad, USA) to identify 

plants containing the homozygous t-DNA insertion tag based on the expected size of 

the amplified product band. Six (6) plants identified as being homozygous for the T-

DNA insertion from each SALK line were grown until maturity for seed increase. 

Bagged seeds were harvested at maturity and stored at room temperature. 
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Figure 4.4 Orthologs of Rice Decussate (According to phylogenetic analysis in 

Ensemble). Two orthologs are identified in heterologous model system, Arabidopsis 

thaliana: At3G03460 and At5G17510. 
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Table 4.1 Representative SALK t-DNA insertion mutant lines for two orthologs of decussate in Arabidopsis thaliana, 

At3G03460 and At5G17510 ordered from the ARBC Stock Center.  

 

Salk Line ID Gene ID Annotation 

Salk_133464C 

At3G03460 mediator of RNA polymerase II transcription subunit-like protein 

Salk_024532C 

Salk_094393C 

At5G17510 mediator of RNA polymerase II transcription subunit-like protein Salk_067624C 

Salk_024270C 
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qRT-PCR analysis of mutants  

Tissue sampling and RNA extraction: Approximately 7 milligrams of seed 

from six plants in each mutant line selected from the previous experiments were 

pooled into a single vial. The pooled seeds within each of the mutant lines 

(At3G03460M and At5G17510M) and Col-0WT were planted using standard procedure 

(see section 4.2.1). Sampling of leaf tissues from 10 plants in each line was performed 

at reproductive stage (3-4 siliques formed) and stored in -80C freezer. Total RNA 

was extracted from frozen leaf tissues with the mirVana RNA kit (Ambion-

ThermoFisher Scientific, USA). RNA concentration and quality was determined using 

nanodrop (machine). Double standard cDNA was synthesized from 50ng/l of total 

RNA using iScript cDNA Synthesis Kit (BIO-RAD, Hercules, USA) as per 

manufacturer’s protocol. 

Primer design: Primers for each target gene (At3G03460 and At5G17510) 

were designed using Primer-BLAST tool (Ye et al. 2012) with following parameters: 

Max product size- 150 bp, Tm- 60C  2 and GC content >40 (Supplementary Table 

1.1). 

Analysis of the expression of putative T-DNA insertion loci by qRT-PCR: The 

reaction of 10ul was prepared using 5l of iTaq™ Universal SYBR®Green One-Step 

Kit (BIO-RAD, Hercules, USA) and 10 l of 5mM primer of each primer pair. The 

reactions were run in three technical replicates in a CFX Connect Real-Time System 

(BIO-RAD, Hercules, USA) under the following amplifications conditions: 95C for 2 

min; 39 cycles of denaturation at 95C for 5 sec, combined with annealing at 54˚C and 

extension at 65C for 30 min and followed by a dissociation stage from 65C to 95C 

(melting curve analysis). The data was analyzed by the comparative CT method with 

the amount of target given by the calibrator 2- CT (Schmittgen and Livak 2008).  

 

http://www.bio-rad.com/en-us/sku/1725150-itaq-universal-sybr-green-one-step-kit-100-x-20-ul-rxns-1-ml?ID=1725150
http://www.bio-rad.com/en-us/sku/1725150-itaq-universal-sybr-green-one-step-kit-100-x-20-ul-rxns-1-ml?ID=1725150
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Comparative analysis of yield potential under drought between wild-type 

and mutant Arabidopsis 

Growth Conditions and Drought Stress Treatment  

Seeds of Arabidopsis wild-type and T-DNA insertion mutants from 

homozygous plants (Col-0WT, At3G03460M, At5G17510M); were germinated 

following the same protocol as described in section 4.2.1. Plants were grown inside a 

controlled temperature chambers (Percival Scientific) at constant 22˚C with 16 hours 

of light (100 µmol m-2 s-1) and 60-70% relative humidity. The chamber containing the 

control plants was maintained at the above growth parameters during their entire life 

cycle. However, the plants in the drought stress chamber were allowed to grow in 

similar conditions (control conditions) during the first 20 days before the drought 

regimen began and after the stress ended. Additionally, the growth conditions in the 

drought stress chamber were modified to a relative humidity of 40  5 and a day 

temperature of 26˚C  1 relative to the pilot experiments, and night temperature of 

22˚C. Stress was initiated eight days before bolting (8 DTB or days to bolting). Plants 

were subjected to drought stress for total of 13 days (eight days before bolting and five 

days after bolting), after which they were returned to full-irrigation. Stress was 

imposed using the same protocol as the pilot study (section 4.2.2) by maintaining the 

water content of the peat pellets at 35% field capacity.  
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Figure 4.5 Experimental layout of mutant drought study. Each box represents each individual plant. (orange- first sampling (8 

plants, dry biomass), blue- second sampling (16 plants, dry biomass), green- third sampling (16 plants , dry biomass and seed 

yield). 

 



Texas Tech University, Pushpinder Pal Kaur, May 2019 

 

110 

 

 

 

Figure 4.6 Protocol of mutant drought study (Growth conditions and sampling time-points). 
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Data Collection and Statistical Analysis for the mutant experiments 

Biomass Sampling: A total of 16 individual plants per genotype per treatment 

(control and stress) were collected at three time-points: 1st sampling= immediately 

prior to stress application (8 DTB), 2nd sampling= immediately after termination of 

stress, and 3rd sampling= at harvest. All samples were oven dried for 7 days at 70˚C 

and weighed. 

Seed Yield: Seeds were harvested from a total of 16 individual plants per 

genotype per treatment (control and stress), pooled and weighed. 

Partition Index: Based on dry biomass and seed yield results, the partition 

index was calculated for each genotype under both both control and stress conditions 

using the following equation:  

Partition Index: Seed Yield / Total Dry Biomass (total shoot biomass + seed 

yield biomass) (Ismail 1993) 

 

Flowering related metrics: Days to bolting, days to 1st bloom, and days to 1st 

silique were recorded for the plants from which seed yield was collected. 

A HOBO® temperature data logger (Onset Computer Corp.) was maintained 

in both the control and stress chambers to monitor temperature, light intensity, and 

relative humidity. Statistical analysis was conducted via one-way ANOVA using 

SPSS® with significance at 0.05. 
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Figure 4.7 Conditions of growth chamber in mutant drought study. The relative humidity (R.H. %) was decreased and 

temperature during day (˚C) was increased in stress chamber. 
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RESULTS  

Drought Stress Pilot Study on wild-type plants 

Physiological Characterization 

 Standard growth and developmental parameters established from earlier 

studies on Columbia-0 (unpublished) were used to estimate the approximate number 

of days from planting to reach the bolting stage. Previous data showed that Coulmbia-

0 initiated bolting at approximately twenty-six days after planting. Based on these 

results, we decided to apply stress at five time-points (8, 7, 6, 5, 4 days to bolting) to 

determine the critical time-point prior to bolting when drought could have maximum 

impact on seed yield.  

To determine if drought stress application affected the development of the 

plants, the time (days from sowing) required to reach bolting, first bloom and first 

silique among the time-points tested (8, 7, 6, 5, 4 days to bolting) were compared for 

each stress treatment (30% and 35% F.C.). Results showed that there was no 

significant difference in any of these parameters among all the time points at either 

30% or 35% stress treatments. 

 Further, the same parameters were compared for each time-point across stress 

treatment and control. Again, there was no significant difference between the control 

and stress conditions for days to bolting, days to first bloom and days to 1st silique. 

(Figure 4.8). Finally, this study showed that Columbia-0 initiated bolting at 28 days 

from planting, which was used in subsequent studies. Thus, the estimated time-points 

for stress initiation (8, 7, 6, 5, 4 days to bolting) were shifted accordingly to 10, 

9,8,7,6, days to bolting. 
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Figure 4.8 Developmental Parameters evaluated in the pilot drought study: A-bolting, 

B-first bloom, C-first Silique. Unstressed- Control (Mean) is the average of no. of 

days taken by control plants to reach each developmental stage: bolting; first bloom; 

first silique. 

 

A B 

C 
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Biomass and Seed Yield Analysis  

 In addition to the developmental parameters mentioned above, biomass and 

seed yield data at maturity for each of the time-points was evaluated in order to 

optimize stress application. Comparison of dry biomass across time-points for each 

stress treatment (30% F.C. and 35% F.C.) showed that there was no significant 

difference in dry biomass. However, there was a significant difference in dry biomass 

between 30% F.C. at the four days to bolting time-point, and 35% F.C. at the 7, 6, 5, 4 

days to bolting time-points. Next, the dry biomass of each stress treatment (30% and 

35% F.C.), at each time-point, was compared with the control. The dry biomass at all 

time-points of 30% F.C. were significantly different from control while only the 8 

DTB time-point of 35% F.C. was significantly different from the control (Figure 4.9). 

The final analysis involved comparing the seed yield among all time-points of 

each stress treatment (30% F.C. and 35% F.C.). There was no significant difference in 

seed yield among all the time-points at 30% F.C. stress treatment. Seed yield at 4 DTB 

was significantly different from 8 DTB time-point of the 35% F.C stress treatment. 

Seed yield of each stress treatment (30% and 35% F.C.), at each time-point, was 

compared with the control. Results showed that seed yield for all time-points for both 

30% F.C. and 35% F.C. were significantly different from control (Figure 4.9).  

Based on the results of this pilot study, we selected 35% field capacity stress 

treatment at the 4DTB time-point. Because there was a shift in days to bolting by two 

days, we decided the 8 DTB time-point would we sufficient for capturing the critical 

period when application of drought stress could significantly reduce seed yield.
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Characterization of T-DNA Insertion Mutants 

Genotyping with PCR primers flanking the T-DNA insertion  

PCR analysis of the mutant and wild-type plants for the presence/absence of 

the T-DNA tag showed that only two mutants were homozygous for the insertion 

(Table 4.2, Figure 4.10). Six plants of each homozygous mutant line were grown to 

maturity and seeds were collected. 
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Figure 4.9 Comparison of Dry biomass and Seed Yield data in pilot drought study. 

Unstressed- Control (Mean) is the average of no. of days taken by control plants to 

reach each developmental stage: bolting; first bloom; first silique. 

 

Table 4.2 Homozygous mutants’ plants identified by PCR based genotyping 

(*Homozygous mutants). 

 

Salk Line Number of plants 

Salk_133464C* 23 

Salk_094393C 21 

Salk_067624C* 10 

Salk_024270C 3 

Salk_024532C 6 

A B 



Texas Tech University, Pushpinder Pal Kaur, May 2019 

 

118 

 

 

 

 

 

A 

B 

C 



Texas Tech University, Pushpinder Pal Kaur, May 2019 

 

119 

 

  
 

Figure 4.10 (a, b, c, d) Validation of T-DNA insertion in mutant lines through PCR 

based genotyping. LP – Left genomic primer; RP – Right genomic primer; LBb1 – 

Left border primer of the t-DNA insertion. LP vs RP will yield a WT band if no 

insertion is present; LBb1 vs RP will yield a band if T-DNA insertion is present. The 

presence of both a WT band and mutant band signifies a heterozygous genotype. The 

presence of only T-DNA insertion band (~600 bp) signifies homozygous mutant 

genotype (*) (Cross-reference Figure 4.11).  

 
Figure 4.11 Graphical representation of primer locations and expected PCR amplicons 

for determining the presence of T-DNA tag insertion within Arabidopsis loci of 

interest (http://signal.salk.edu/tdnaprimers.2.html). 

D 

http://signal.salk.edu/tdnaprimers.2.html
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Transcript abundance analysis on the T-DNA insertion loci 

 Quantitative analysis of expression in mutant lines, At3G03460M and 

At5G17510M showed that there is null expression of the specific T-DNA-affected 

gene in each mutant genetic background (Figure 4.12). This indicated that both 

mutants are knock-out mutants. However, expression by At5G17510 specific primers 

in At3G03460M indicate non-specific binding of At5G17510 primers with fully 

functional At3G03460 gene in the background. 

Yield potential of the Decussate mutants under drought 

Developmental attributes 

 The developmental attributes of the mutants and wild-type were recorded for 

from planting, which included days to initiation of bolting, 1st bloom, and 1st silique. 

Results showed that there was no significant difference in bolting time between 

controls and stress of all three genotypes. Comparison of the number of days to the 

appearance of the 1st bloom between control and stress across wild-type and mutants 

showed that there was significant difference for the time to 1st bloom between control 

and stress of wild-type Col-0WT and At3G03460M, respectively, but not in the 

At5G17510M. 

 Comparison of the number of days to the formation of the 1st silique between 

control and stress across control and mutants showed that there was a significant 

difference in the time to 1st silique between control and stress of At5G17510M, and 

At3G03460M, respectively, but not in the wild-type Col-0. (Figure 4.13). 

Collectively, the results showed that drought stress did not affect the bolting 

time of any genotype. However, the time to 1st bloom was affected by drought in Col-

0 and At3G03460M, while time to 1st silique was affected in At3G03460M and 

At5G17510M only. Interestingly, the At5G17510M bolted earlier than the other 

genotypes both in control and stress condition indicating that the At5G17510M 

hastened its flowering time. 
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Biomass and Seed Yield Analysis  

 Similar to the pilot study, biomass and seed yield were collected at harvest. 

First, the dry biomass at harvest among control and stress treatments were compared 

across the wild-type and mutant plants. There was no significant difference in dry 

biomass at harvest between control and stress in Col-0WT and At5G17510M. However, 

there was significant difference in dry biomass at harvest between control and stress in 

the At3G03460M (Figure 4.14A).  

Comparison of seed yield was also done between control and stress treatments 

across Col-0WT, At5G17510M, and At3G03460M. The results showed that there was no 

significant difference in seed yield between control and stress in Col-0WT. However, 

there was significant difference in seed yield between control and stress in both the 

mutants, At5G17510M and At3G03460M (Figure 4.14B). The non-significance in seed 

yield between the Col-0WT control plants and the Col-0WT stressed plants suggested 

that the drought stress that was applied (i.e., 35% field-capacity) perhaps was a mild 

drought stress or that the plants acclimated to the stress. Nevertheless, the drought 

stress was sufficient to affect seed yield in At3G03460M and At5G17510M. 

Photosynthate Partition Index 

Having established the total dry biomass and seed yield dynamics between the 

three genotypes in question, the ability of the plants to partition stored photosynthate 

in the biomass portion towards seed yield was investigated. This analysis is commonly 

referred to as Harvest Index in crop plants (Ismail 1993). The context of ‘partition 

index’ is used to more functionally describe the calculated parameter. Based on dry 

biomass and seed yield, the partition index was calculated for each genotype under 

both control and stress treatment. The results showed that partition index was not 

significantly different between control and stress in Col-0WT and At3G03460M mutant 

while there was significant difference in the partition index between control and stress 

in the At5G17510M (Figure 4.15). This pointed to a functioning or ‘normal’ 

partitioning machinery in Col-0WT and At3G03460M while ‘altered’ or less functional 

in the At5G17510M mutant
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Figure 4.12 Investigation of the expression of the orthologous Decussate genes, 

At3G03460 and At5G17510 in wild-type and T-DNA insertion mutants in 

Arabidopsis thaliana (a) Expression of At3G03460 gene in Col-0, At3G03460M and 

At5G17510M (b) Expression of At5G017510 gene in Col-0, At3G03460M and 

At5G17510M. 
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Figure 4.13 Comparison of developmental properties between wild-type and T-DNA 

insertion mutants: A - days to bolting, B - days to first bloom, C - days to first silique. 

3G – At3G03460M; 5G – At5G17510M. 
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Figure 4.14 Comparison of dry biomass (A) and seed yield (B) data between control and stress within each genotype: 3G - 

At3G03460M, 5G – At5G17510M, and Col-0WT. ns – no significant difference; *** - significant difference at p < 0.001; 

percentages shown in figure represent % change from Control. 

 

A B 
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Figure 4.15 Comparison of Partition index between control and stress of each genotype: 3G - At3G03460M, 5G – 

At5G17510M, and Col-0WT. ns – no significant difference; ** - significant difference at p < 0.01; percentages shown in figure 

represent % change from Control. 
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DISCUSSION  

In chapter-3, the expression of the rice decussate gene (Os12g0465700) encoded 

by the yield-penalty under drought QTL, qDTY12.1, showed a unique pattern of 

upregulation at booting stage relative to vegetative stage under both control and drought 

stress conditions in the phenotypically superior BIL that exhibited the lowest yield 

penalty under drought (LPB). By using this gene as a bait, a subset of yield-related genes 

was identified based on co-expression patterns in the genetic background of the LPB 

outside qDTY12.1. This analysis along with the results of the biological network analysis 

by Knetminer, coupled the decussate and this cohort of genes, generating a model of a 

primary regulatory network with configuration and composition unique to the booting 

stage of the LPB with introgression for the qDTY12.1. Interestingly and coincidentally, 

the functional descriptors linking the genes within the decussate co-expression network 

were dominated by yield related traits. By discovering an interactive network circuit 

composed of the decussate gene and other interacting genes outside the qDTY12.1, a 

hypothesis was established that this genetic network is likely playing a critical role in the 

maintenance of grain yield under drought in LPB.  

A previous study in rice by Itoh et al. linked the decussate gene product to the 

cytokinin signaling pathway and in the regulation of SAM (shoot-apical meristem) and 

RAM (root-apical meristem) growth, but its role or contribution to the regulation of 

yield-related physiological processes under drought condition has not been investigated 

in the past (Itoh et al. 2012). Thus, this reverse genetic study in Arabidopsis heterologous 

genetic system (Col-0 ecotype) was motivated by the need to rapidly generate a data that 

corroborates the results in the rice genetic system in order to functionally validate the role 

of the QTL-component decussate gene in yield maintenance under drought in the future. 

The main objective was to investigate how seed yield could be affected by drought stress 

during the early reproductive stage if the function of decussate gene(s) is disrupted 

through a loss-of-function mutation. 

A rate-limiting phase in the context of seed yield has to do with the sensitivity of 

the reproductive stage of development to drought stress. Indeed, many of the major crops 

cultivated around the world show the highest sensitivity to drought at the reproductive 

stage (Brouwer, Prins, and Heibloem 1989). As such, in order to maintain, a myriad of 
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mechanisms must be in place for homeostasis at all levels of growth, but particularly in 

the establishment of the source-sink mechanisms. 

Mechanisms by which plants ensure the capacity for reproductive growth involves 

complex hormonal signaling. These include ABA, cytokinin, ethylene, brassinosteroids, 

and auxins. Cytokinin is known to play significant roles in the determination of seed 

yield (Murai 2014; Reguera et al. 2013; Peleg et al. 2011; Jameson and Song 2016). More 

importantly, hormone balance plays an integral role in maintaining the myriad of 

processes properly aligned for maximal and efficient use of resources towards seed 

development. In this respect, cytokinin is antagonistic to ABA and the proper balance of 

these two hormones provides for proper respiration, delayed senescence, and source-sink 

dynamics (Davies et al. 2012). Many studies have shown the large effects of cytokinin on 

yield maintenance under drought (Reguera et al. 2013; X. Zhu et al. 2018; Kuppu et al. 

2013; Qin et al. 2011). 

 The forward genetic study on two Arabidopsis mutants (At3G03460 and 

At5G17510) that are orthologous to the rice Decussate gene within the qDTY12.1, 

showed that a mutation in a cytokinin signaling gene significantly reduces the ability of 

the plants to undergo normal seed development hence affecting seed yield under drought. 

Analysis of seed yields conclusively showed that mutation in the At3G03460 and 

At5G17510 loci led to a significant yield penalty under drought compared to control. 

Though both mutants exhibited similar large yield penalties under drought, the partition 

indices of all three genotypes under control and drought conditions, especially between 

the At3G03460M and Col-0 wild-type displayed very similar results with respect to their 

ability to partition photo-assimilates towards yield, while the At5G17510M showed a 

drastic inability to do the same. This result implicated At5G17510M as vital for source-

sink balance with respect to yield maintenance under drought. A plausible reason that 

At3G03460M is more similar to the wild type with respect to resource allocation could be 

due to the presence of a fully functional At5G17510 locus in the At3G03460M as well as 

in the wild-type. Conversely, a fully functional At3G03460 locus in the At5G17510M 

background was ineffective in providing for normal source-sink function resulting in 

severe compromise in seed development hence yield loss under drought stress in the 

At5G17510M. This result indicated that At3G03460 and At5G17510 could be involved in 
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divergent biological mechanisms associated with normal seed development under 

drought and that the At3G03460 genetic circuit could have a lesser role in this regard. 

Taken together, the At5G17510 locus seemed to be more related in function to the rice 

decussate gene thus bolstering our hypothesis that decussate is pivotal for yield 

maintenance under drought as seen in the LPB.  
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CHAPTER 5 

CONCLUSIONS  

To fully explicit the full potential of QTL in rice breeding, elucidating their 

functional aspects is necessary in the context of the mechanisms of intra-QTL genic 

interaction as well as QTL by genetic background interaction. Analysis of gene 

regulatory networks could provide intricate details of mechanisms behind the expression 

of QTL and the many trans-acting genes in the genetic background. While far from a 

complete understanding of intricacies of QTL × genetic background interactions, this 

study has established a relevant wiring connection between qDTY12.1 i.e., large effect 

yield maintenance QTL under drought stress in rice and genetic background in the 

superior phenotype, Low Penalty BIL i.e., IR64 backcross introgression line 

(IR64+qDTY12.1). The entire study revolved around the hypothesis that the heritability of 

complex trait associated with yield maintenance under drought is contributed by gene 

regulatory networks comprised of qDTY12.1 gene(s) and its many component core genes, 

and numerous peripheral genes from the genetic background. To elucidate important gene 

regulatory networks behind all of the qDTY12.1 interaction contributing towards yield 

maintenance phenotype under drought stress observed in Low Penalty BIL (LPB), 

transcriptomic data was used as the main window to investigate the nature of gene co-

expressions, which provide a means to assess the degree of similarities and differences 

across the comparative panel.  

The first objective was to characterize sibling backcross derived lines with 

contrasting phenotypes under drought stress, the Low penalty BIL (LPB) and High 

Penalty BIL (HPB), in terms of global transcriptome profiles at three stages of 

development that were initially hypothesized to be critical to the functions of QTL 

component genes (Chapter-2). The nature of expression signatures observed in both 

sibling lines showed that they have similar global regulatory landscape at vegetative and 

grain-filling stage. Unique expression signatures at booting stage in the Low penalty BIL 

(LPB), but not in the High Penalty BIL (HPB) indicated that yield maintenance networks 

are distinctively active in LPB at booting stage. Thus, not only did this method elucidated 

the random similarities between sibling BILs, it also revealed global transcriptome 
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signatures that are unique to LPB and could be responsible for trans-effects on the 

qDTY12.1 genes. Comparison of transcriptomic profiles across recurrent and donor 

parents of qDTY12.1 and their BILs revealed interesting patterns that could shift the 

current paradigm of marker-assisted backcross breeding. The current backcross breeding 

focuses on retrieving genetic background of recipient parent by attempting a series of 

backcrosses so as to remove the negative alien introgression from donor parent outside 

the QTL (i.e., non-targeted introgression). Results of this study showed that the 

expression signatures in both the BILs were contributed by both the parents, indicating 

the significant contribution of positive alleles by donor parent in superior phenotype. 

Additionally, the unique signatures in LPB at the early stages of reproductive 

development (booting) indicated that various recombination events resulted in allelic re-

shuffling that resulted in generation of distinct Low Penalty BIL. This validated our claim 

that ‘Near-Isogenic Lines’ are in-fact different ‘Recombination Backcross Lines’, and 

how limited DNA markers used to characterize the genetic background has minimal 

resolution, and thus, unable to capture these minute details in global landscape within 

genotype in question. Thus, it raised an important issue of the need to adopt better 

approach to select a superior phenotype containing both unique allelic combinations 

generated by genome re-reshuffling as well as inherited from both parents in the global 

landscape, and this can be achieved by genomic selection and modeling based on 

comprehensive genomic sequence and transcriptome data. 

The second part of the study addressed the question of how genes residing in the 

genetic background exhibiting unique expression profile in LPB effect the expression of 

genes inside qDTY12.1 or vice-versa (Chapter-3). To accomplish this objective, we 

generated a genetic circuit unique to LPB exhibiting optimal alliances between a 

candidate gene known as “Decussate” from qDTY12.1 and trans-acting genes from 

genetic background. This network circuit consisting of 36 genes, was comprised of 

decussate from qDTY12.1 and two MADS-box transcription factors as core genes, and 33 

peripheral genes from genetic background. The configuration of this network was unique 

to LPB at booting stage, which further re-iterated the unique allelic combination in LPB 

revealed from the global comparison of the transcriptome. The network model of 

Decussate gene in LPB that is specific to booting stage was inter-linked through yield 
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related-attributes and is assumed to play important roles in yield maintenance by 

regulation mechanisms involved in flowering and source-sink balance through the 

cytokinin signaling. 

We also validated the contribution of the qDTY12.1 component, Decussate gene in 

yield maintenance under drought stress by conducting a separate study in heterologous 

model system, Arabidopsis thaliana (Chapter-4). The loss of yield was tested in mutants 

of two orthologous genes (At3G03460, At5G17510) of the rice Decussate gene 

(Os12g0465700) in Arabidopsis thaliana under drought stress experiment that mimic the 

temporal design of the rice drought experiment under field conditions. The objective was 

to investigate how seed yield is affected by drought stress if the function of Decussate 

genes is disrupted. The results showed significant loss in yield under drought in one of 

the decussate mutants, AT5G17510M, validating that that the Decussate gene is crucial 

for yield maintenance under drought as seen in the LPB of rice.  

Taken together, this study revealed yield-related, early flowering-stage specific 

transcriptional network mediated by the Decussate gene in the superior phenotype, LPB 

as well as validation of decussate role in yield maintenance under drought stress is 

evidence for genomic-regulatory synergistic interplay between qDTY12.1 component 

gene and the genetic background.  

Finally, through this study, we have begun to unravel genetic mechanisms of QTL × 

genetic background interactions responsible for the optimal yield maintenance effect of 

qDTY12.1 under drought. We have also demonstrated that unique expression signatures 

exhibited by both qDTY12.1 component gene and cohort genes in the genetic 

background, could result in coupling and uncoupling of genes in the gene regulatory 

network, as seen in Decussate primary network. Further elucidation of the changes in the 

genomic and epigenomic landscapes will lend to understand the contribution of core 

(qDTY) and peripheral elements (genetic background) in the novel gene regulatory 

networks and how they contribute towards heritability of very complex quantitative trait 

such as yield maintenance under drought. To our knowledge, this is the first example of 

trans-regulation of qDTY12.1 function, and further work is needed to further substantiate 

these results and expand our view upon the mechanisms of yield maintenance under 

drought. 
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PERSPECTIVES FOR THE FUTURE 

The elucidation of qDTY × genetic background interaction resulting in the formation of 

unique global genetic regulatory networks and their role in yield maintenance under 

drought is demonstrated in this study. The results of this study just exposed the general 

view of a complex mechanism and there are still many low hanging questions that need 

to be addressed in order to fully elucidate the contribution of each gene regulatory 

network towards the heritability of this complex quantitative trait. We have also raised an 

issue of the need for establishment of better methods for investigation of backcross 

introgression lines. Through use of whole genome sequencing could provide some insight 

into allelic composition of each genotype in question, our results have strongly indicated 

that transcriptomic data could be best to unravel the causal alleles in the background 

trans-affecting the qDTYs or vice-versa, resulting in synergistic genetic interactions in 

novel phenotype. With this new vision of QTL dynamics in mind, combined with 

appropriate scientific approach, we can shift the paradigm of investigation of complex 

quantitative traits and selection of better rice varieties for the future.
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APPENDIX 1 

List of primers used in Arabidopsis thaliana study 

 

Primer ID Sequence Description 

SALK133464_3G_F1 CAAGCAAGGGCAGAAGAGTC qRT-PCR primers 

SALK133464_3G_R1 GTTCATGTTACGCCCCTGTT qRT-PCR primers 

SALK067624_5G_F2 CCAATGATGGTTCCAAGTTCACA qRT-PCR primers 

SALK067624_5G_R2 GACGGTTCGTTGGTATGCTT qRT-PCR primers 

Ref _NP2_F1 TTACTGTTTCGGTTGTTCTCCATTT qRT-PCR primers 

Ref _NP2_R1 CACTGAATCATGTTCGAAGCAAGT qRT-PCR primers 

SALK_133464_F1 TTATGGTAGGAGAAATGGGCC Genotyping primer 

SALK_133464_R1 AAACAATTGGGGGAAAAACAG Genotyping primer 

SALK_024532_F1 ACACAACAAGCCAGACGCTAC Genotyping primer 

SALK_024532_R1 CATAGCCTACGAGACGTCCAC Genotyping primer 

SALK_067624_F1 GTAACCAGCCTCTCCATCTCC Genotyping primer 

SALK_067624_R1 TTTCTGGTTTACTGCGGTCAC Genotyping primer 

SALK_024270_F1 TCTTCTCTCGAAGATGCTTGC Genotyping primer 

SALK_024270_R1 TCTGACTGTTGTTTCCCCATC Genotyping primer 

SALK_094393_F1 TAATTTGGGACAGCAGACACC Genotyping primer 

SALK_094393_R1 GTTATCCCATTGTTGAGAGCG Genotyping primer 
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APPENDIX 2 

Supplementary Table 1 The list of genes in Putative Panel and their expression 

(Absolute FPKM and Propensity) in each lines of comparative panel (LPB, HPB, 

Way Rarem, IR64). The hierarchical clustering of putative panel resulted in 

grouping of genes into 13 clades.  
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