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A 
n important task in genetics research is to be able 

to generate a set of candidate genes causal to-

wards expression of a particular trait. In this pa-

per, a partial regression coefficient analysis 

framework to infer candidate genes causal to a 

trait, particularly for recombinant inbred lines, is proposed. The 

framework integrates marker data, quantitative trait loci data, 

phenotypic data, and gene expression and location data to gener-

ate the set of candidate genes. The framework was applied to 

infer candidate causal genes to salt tolerance in rice. Results sug-

gest 91 genes to be potentially causal to salt tolerance in rice. 

Review of the literature substantiated the results in mentioning 

the role of genes related to cell wall and membrane-related func-

tion, signal transduction, and gene expression-related functions 

to salt tolerance in rice.  
 

INTRODUCTION 

 

An important utility of computational sciences in biology, 

apart from building models of biological organisms and systems, 
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is to generate hypotheses, which could then be tested later using 

wet laboratory experiments. In genetics, a crucial hypothesis 

generation task is to identify candidate genes potentially causal 

to the expression of a phenotypic trait. This is essential to nar-

rowing down genes that most likely constitute the genetic archi-

tecture of certain traits. Traditional genetic studies would usually 

rely on one type of data set to be able to infer a set of candidate 

genes. There is a fairly recent shift though from relying on one 

specific type of data for candidate gene set generation to inte-

grating several types of data to be able to perform the aforemen-

tioned task. 

 

Integrative genomics and inferring genes causal to pheno-

typic traits 

 

Integrative genomics (Schadt et al. 2005), or sometimes 

termed as systems genetics (Druka et al. 2008, Lusis et al. 2008), 

has steadily gained ground over the past couple of years as a 

means of conducting genetics and genomics research. Integrative 

genomics, in a nutshell, aims to integrate several types of genetic 

and genomic data sets such as gene expression, sequence, and 

phenotypic data using mathematical, statistical, and computa-

tional techniques. The goal of integrative genomics is to gain a 

more or less holistic view of the underlying mechanisms of a 
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biological process that cannot be obtained via analysis of only 

one type of data. It has been utilized, among others, to build and 

fine tune genetic network models (Chu et al. 2009, Druka et al. 

2008), to improve the resolution of genetic mapping (Degnan et 

al. 2008), and to find associations between genetic and molecular 

functions with certain phenotypic traits (Al-Shahrour et al. 

2005). 

 

An interesting application of integrative genomics is infer-

ring which genes are causal towards the expression of a pheno-

typic trait. Inferring candidate genes using integrated genetic and 

genomic data sets provides a multi-faceted approach to the 

analysis leading to better inference and even the elucidation of 

finer details not apparent when only one kind of data is used 

(Lusis et al. 2008, Schadt et al. 2005). The typical strategy for 

such analysis is the integration of sequence data, gene expression 

data, and phenotypic data (Kang et al. 2012, Schadt et al. 2005).  

 

One of the earliest works involving integrative genomics-

based gene inference was done by (Schadt et al. 2005) to infer 

genes causal towards mice obesity. The work involved integra-

tion of genetic marker data, phenotypic data, and microarray 

gene expression data via a Bayesian framework. The method 

hinged on the premise that proximity of quantitative trait loci 

(QTLs) of mice obesity and QTLs to gene expression traits 

(termed expression QTLs or eQTLs) is considered evidence that 

the expression of a gene causes the expression of a trait.  

 

The same framework was used in a later work in identifying 

candidate genes for type 2 diabetes (Kang et al. 2012). Genome 

wide association studies (GWAS) were leveraged to generate 

sequence related data sets in this work. It should be noted that as 

GWAS was used, the researchers thus had disease-specific single

-nucleotide polymorphisms (SNPs) as the kind of sequence data 

used in the analysis. This is the difference from the previous 

work of Schadt et al. (2005) wherein QTLs were used. 

 

Recombinant inbred lines 

 

In genetics and genomics, and especially in plant biology 

(Druka et al., 2008, Thomson et al. 2010, Walia et al. 2005), 

recombinant inbred lines (RILs) are very popular subjects for 

study. RILs are organisms that were bred by mating two inbred 

strains, then repeatedly performing sibling cross or selfing 

(Broman 2005). The resulting genome of such organisms can be 

described as a mosaic of the original genomes of the parents. 

  

One of the reasons RILs are popular is that the genomic 

structure of a RIL is preserved (Broman 2005). This means that 

replicates of a RIL would have the same genotype as the original 

RIL. This reduces the cost, time, and resource needed since 

genotyping on the replicates is no longer necessary, given that 

once the genotype of a RIL is known, then the replicates would 
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then share the same genotype as that of the original.  

 

Another advantage of using RILs is that the strains almost 

always have homozygous alleles, i.e., the allele at a genetic locus 

is inherited purely from one of the parents (Collard et al. 2005). 

This is especially a favorable property in QTL mapping, wherein 

the locus/loci causing significant changes to the expression of a 

trait is/are being identified (Broman 2005, Collard et al. 2005). 

The idea is that a QTL is a locus where the mean trait values of 

individuals having a particular allele at the QTL differ signifi-

cantly from those of individuals having another allele. Hence, 

the basic idea of QTL mapping is that given a locus, individuals 

are grouped together based on the allele at that particular locus, 

and the mean trait value of each group is thus computed and 

evaluated. Some problems arise when the allele at a locus is het-

erozygous, i.e., the locus allele is inherited in part from one par-

ent, and in part from the other. RILs therefore provide a clear 

delineation from which parent did the RIL inherit the allele at a 

particular locus, and would thus provide a relatively easier 

means to perform QTL mapping.  

 

Sufficiency of gene expression dataset samples to integrative 

genomics framework 

 

There is an abundance of publicly accessible gene expres-

sion data sets from several repositories online. However, there is 

scarcity of data sets with sufficient samples for analysis of very 

specific traits, e.g., salt tolerance in rice. For instance, the rice 

salt stress gene expression data set from Walia et al. (2005) con-

tains microarray gene expression data from 11 individuals. How-

ever, the individuals only come from 2 cultivars: FL478 and 

IR29, both of which are RILs. If one were to apply the frame-

work used in (Schadt et al. 2005) to infer genes causal to rice salt 

tolerance, then the number of individuals that can be used for 

analysis is effectively cut down to only 2. Thus, this would make 

the data set unsuitable for further analysis using the given frame-

work. One possible workaround would be to generate more gene 

expression data particularly for individuals not covered by the 

available data set, although this might prove costly1. A challenge 

would then be to infer candidate causal genes given the available 

data without resorting to generating additional gene expression 

data.  

 

Partial regression coefficient framework for inferring candi-

date genes potentially causal to traits in RILs 

 

A partial regression coefficient analysis framework is pro-

posed to infer candidate causal gene expression to phenotypic 

traits on RILs. The proposed framework integrates marker and 

QTL data, phenotypic data, and gene expression and location 

data to generate the set of candidate genes. The highlight of the 

proposed framework is that the inference of candidate genes 

does not rely heavily on gene expression data, but instead on the 

1Price per array for rice from Affymetrix as of December 2008 is US$400. In rice data set scenario, this is multiplied by 30 arrays needed for de facto bare minimum in 

statistical analyses, total cost would be around US$12,000  
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inferred allelic state of the genes based on the states of the near-

est markers. This particular property of the framework avoids the 

pitfall of having the number of individuals for the whole analysis 

be based on the effective number of individuals used in gene 

expression analysis, as mentioned earlier. The number of indi-

viduals will now rely on the sample size of the marker and QTL 

data sets. It should be noted that gene expression values would 

still be used although as part of a filtering step, which will be 

shown in a later section. Figure 1 shows the flowchart of the 

steps done in the proposed framework  

 

The proposed framework has a premise similar to that of 

QTL mapping techniques: that the states of particular loci of the 

genome affect the expression of a trait. The difference is that in 

QTL mapping, the loci are generic locations within the genome, 

while in the proposed framework, the loci are necessarily coordi-

nates of the genes. It should be noted, though, that the proposed 

scheme analyzes the effect of the state of gene sequences on top 

of the state of trait QTLs. The effect of QTL on a trait is thus 

still considered in the analysis and that the effect depending on 

the state of the genes is treated as an additional effect towards 

the expression of a trait.  

 

The proposed framework thus assumes that QTL and gene 

expression, through its inferred allelic state, have a causal rela-

tionship to phenotypic trait. Borrowing the notations from 

(Schadt et al. 2005) and (Lusis et al. 2008), the underlying model 

of the framework is L → C ← R, where L is the QTL, R is the 

gene expression, and C is the phenotypic trait. The framework, 

however, does not aim to establish a causal relationship (or lack 

thereof) between QTL and gene expression, as was done in 

(Schadt et al. 2005). 

 

Interpolating the allelic state of a gene 

 

The first step in the framework, assuming all pertinent data 

sets were already gathered, is to interpolate the allelic state of 

each gene, per individual. While the allelic state of the genetic 

markers are known, that may not be the case for a gene. To this 

end, the value of the variable representing the allelic state of a 

particular gene is thus interpolated employing the genetic mark-

ers used in QTL mapping. This is done by first identifying the 

markers near the 5' and 3' ends of a gene's sequence. Using these 

markers and the data on their allelic states, the allelic state at 

each end of a gene sequence, and subsequently the whole gene 

itself, can thus be interpolated. A simple two-point probability 

formula for selfed RILs (Broman 2005) can be used to infer the 

allelic state of one end of the gene sequence based on the score 

of the nearest marker. For example, in 2-way selfed RILs, the 

two-point probability is computed as follows: given two points/

loci in the genome of a RIL, xi and xj, the probability that the 

allelic score/state of the two points/loci are different is given by: 

 

Figure 1. The steps in the proposed partial regression coeffi-

cient analysis framework. 

𝑃  𝑔𝑥𝑖
≠ 𝑔𝑥𝑗

 =  
2𝑟

1 + 2𝑟
 

where gx and gj are the are the (target) allelic states of points/loci 

xi and xj, respectively, and r is the recombination rate of xi and 

xj.  
 

If P (gx ≠ gx ) is greater than 0.5, then the allelic state of the 

5' or 3' end of the gene sequence should be different from the 

score of the nearest marker. Otherwise, the 5' or 3' end's allelic 

state is the same as the nearest marker's score. To finally infer 

the allelic state of the gene sequence, the inferred allelic states of 

both 5' and 3' ends are checked. If the allelic states of both ends 

are the same, then the probe set assumes that allelic state. If the 

allelic states of both ends are different, then the gene can be 

thought of as having a heterozygous allelic state. Such genes are 

not included in the analysis, as with QTL analysis in RILs. 

 

Filtering step using gene expression data and interpolated alle-

lic state of the genes 

 

As a means of data reduction, a filtering step is applied us-

ing the gene expression values and inferred allelic states as dis-

criminants. The main idea in this filtering step is to look for 

genes whose (mean) expression values have statistically signifi-

cant differences when segregated according to the inferred allelic 

state of their respective sequences. An outline of how this is 

done is as follows:  

 

1. For each gene, expression values are grouped according 

to the inferred allelic states of the sample for that gene.  

2. A two-sample mean test (e.g., Student’s t-test) can be 

i 

i  j 
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trait and xjk is the coded variable representing the allelic state of 

the jth QTL in individual k. The values for αj and xjk can be ob-

tained/derived from prior QTL mapping endeavors, as will be 

shown later in the implementation. The value of q (i.e., the num-

ber of QTLs included in the model) depends on the focus of the 

analysis. This implies that the analysis may include all the 

known QTLs for the trait, or may include just a subset of the 

known QTLs.  

Dealing with multicollinearity in the inferred allelic states of 

genes 

 

Incorporating the genes as regressors by using their inferred 

allelic states as the representative variables causes the resulting 

linear model to become susceptible to what is termed as the 

dummy variable trap. This is the condition wherein multicollin-

earity, i.e., several variables having significant linear depend-

ence, is present and thus may significantly bloat the standard 

errors of the regression model and, in some cases, would hinder 

the solvability of the linear model (Suits 1957). Multicollinearity 

may hold in the inferred allelic state genes especially when ge-

netic linkage is present or when two or more genes are located 

proximal to each other. The two cases would mean that such 

genes would share the same inferred allelic state in most, if not 

all, samples, as those genes would be near the same set of mark-

ers used in inferring their allelic states. In the context of select-

ing candidate genes using the linear model, this might mean that 

the selection among those genes with (almost) similar states 

across samples might be done arbitrarily since they would have 

almost similar effects. Hence, there is a need to handle multicol-

linearity within the inferred allelic states. 

 

Handling multicollinearity in the framework is a 2-phase 

process: the first phase is by creating clusters of highly corre-

lated variables and the second is by removing linearly dependent 

variables. In the first phase, a correlation coefficient/statistic is 

computed between each gene using their inferred allelic states 

across samples. A cluster can then be established by grouping 

together certain genes such that pairwise correlation values of 

any two genes within the group exceed (or are at least equal to) a 

certain threshold. A gene from the cluster is used as a representa-

tive for the whole group. The choice of the representative gene 

may be done arbitrarily if the correlation coefficient threshold is 

high enough (e.g., > 0.99) or by choosing the gene whose set of 

inferred allelic states across samples is nearest to the centroid of 

the cluster. The idea now is that if the representative gene is se-

lected or eliminated in the succeeding phase and in the gene se-

lection step, the same will be done to the other members of the 

cluster to which the representative gene belongs. It is expected 

that some genes will not be included in any cluster, but nonethe-

less are directly used as input to the succeeding steps of the 

framework together with the cluster representatives. The result 

of the first phase would be a reduced set of genes where genes 

with highly correlated allelic states across samples are collapsed 

into one representative gene. 

 

performed on the two groups to check if there is a sta-

tistically significant difference on the expression value 

of the gene subject to a difference in its inferred allelic 

state.  

3. A gene is most likely affected by allelic state change if 

there is a significant difference between the means of 

the two groups, as per the statistical test. 

4. If there is only one group after segregation (i.e., only 

one state inferred for the gene for all samples), a gene 

can still be considered most likely affected by allelic 

state change if there is no significant difference be-

tween the mean expression values of each RIL. 

 

The last item is actually a weaker notion of the premise of the 

filtering step in that a gene whose allelic state is the same across 

all samples implies that there is no significant change in the ex-

pression values across samples. It might seem counterintuitive or 

even contrary to the purpose of this step, but it is meant as a 

measure to maximize usage of the data set. This is especially 

true if there is a significantly few number of individuals included 

in the gene expression data set, and will be evident in the discus-

sion of the application of the framework to rice salt stress data. 

The genes, with their inferred allelic states per sample, whose 

expression values were found to be significantly affected by 

changes in allelic state, comprise those which are to be subjected 

to partial regression coefficient analysis. 

 

Linear model for determining candidate causal genes 

 

The basis model for determining causal gene expression is 

the linear model: 

 

 

 

 

 

where Yk is the value of the phenotypic trait for individual k, µ is 

the intercept (e.g., midparent, or mean value) for the phenotypic 

trait, ϱk is the effect of QTL/s for the phenotypic trait, βm is the 

contributory effect of the mth gene, and zmk is the coded variable 

representing allelic state of the mth gene in individual k. q is the 

number of QTLs included in the model, while g is the number of 

candidate causal genes. 

 

In the model, ϱk is treated as a constant and is always in-

cluded during the gene selection/regression analysis step. Since a 

trait may have a number of QTLs, ϱk can thus represent the ag-

gregated effects of a number of QTLs, and be expressed as a 

summation:  

 

 

 

where αj is the additive effect of the jth QTL for the phenotypic 

𝑌𝑘 =  𝜇 + 𝜚𝑘 +  𝛽𝑚𝑧𝑚𝑘

𝑔

𝑚=1

 

𝜚𝑘 =   𝛼𝑗𝑥𝑗𝑘

𝑞

𝑗=1

 



The second phase would be to eliminate linear dependency 

from the reduced set of genes. This can be done via linear alge-

braic methods such as the Gaussian elimination and the Gauss-

Jordan reduction methods. The main idea is to create a matrix 

wherein the columns consist of the inferred allelic state of genes 

across samples. Afterwards, an attempt is made to convert the 

matrix into the identity matrix, or as close to it as possible, using 

row operations. A linearly dependent column, which represents a 

gene, is one whose entries do not consist of almost entirely 0’s 

with a solitary 1. Such columns are thus eliminated from consid-

eration in the gene selection phase detailed in the next section.  

 

Partial regression coefficient analysis  

 

Now that the allelic states of the genes have been inferred, 

genes filtered, and multicollinearity handled, partial regression 

coefficient analysis can proceed. As mentioned in the previous 

section, QTL effects are held constant and the phenotypic trait is 

thus regressed on the genes using the genes’ inferred allelic 

states. For the analysis, regression-based subset selection is done 

to select the genes to be included in the set of candidate genes.  

 

There are several modes of regression-based subset selec-

tion: the forward selection method, the backward elimination 

method, Efroymson’s algorithm, subquential replacement, and 

exhaustive search (Miller 2002). The forward method starts with 

a model with no regressors and adds a variable to the model that 

best fits the model. The backward method starts with a model 

consisting of all regressors and then eliminates one variable at a 

time. The Efroymson’s algorithm is a bidirectional method with 

two versions: one is using forward selection with possible elimi-

nation of a variable already included in the model done at each 

step, and another is using backward elimination with possible 

inclusion of a variable not present in the model done at each 

step. Sequential replacement performs selection in the same 

manner as the forward version of Efroymson’s algorithm, but 

performs replacement of variables instead of removing them. 

Exhaustive search essentially involves generating all possible 

subsets of regressors and finding the subset that gives the best-fit 

model.  

 

The number of regressors to be considered in the selection 

will affect the computational demand of the search. Hence and in 

the context of the framework, the choice of regression mode 

would depend on the number of genes from which the candidate 

causal genes will be selected. Given a significantly large number 

of genes for consideration, the forward selection, the forward 

version of Efroymson’s algorithm, or sequential replacement 

may be employed. If there is a fairly small number of genes, then 

backward elimination, the backward version of the Efroymson’s 

algorithm, or exhaustive search may be used. 

 

Determining the candidate genes potentially causal to a trait 

 

The main goal in the partial regression coefficient analysis 

step is to check which genes should be considered candidate 
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causal to the trait by checking which linear model best fits the 

data at hand. Since regression-based subset selection is used in 

the framework to do this, finding the best-fit model is tanta-

mount to determining how many variables/genes should ulti-

mately comprise the linear model.  

 

To determine the appropriate number of genes, penalized 

statistics such as information criteria (e.g., BIC, AIC) and ad-

justed scores (e.g., adjusted R2, Mallows Cp) computed at each 

step of the regression-based subset selection are taken note. 

Apart from checking a model’s goodness of fit, a model is penal-

ized based on the number of variables it contains. This particular 

feature thus avoids model over-fitting by exacting a heavy pen-

alty on those models with significantly large number of variables 

in spite of the goodness of fit.  

 

The appropriate number of genes is thus the number of 

genes included in the model whose penalized statistic value is an 

extremum (maximum or minimum, depending on the statistic 

used). Furthermore, the genes contained in that model comprise 

the set of candidate genes potentially causal to a trait. Note that a 

representative gene from a cluster of correlated genes deter-

mined prior may be included in this set, in which case the other 

members of that cluster are also treated as candidate causal 

genes. 

 

MATERIALS AND METHODS 

 

Rice salt stress markers, phenotype, and QTL 

 

The framework was applied to rice salt stress response data 

to check the efficacy of the method. Marker and phenotypic data 

on salt tolerance were acquired from the Supplemental Data of 

(Thomson et al. 2010). 140 Pokkali x IR29 RILs constitute the 

aforementioned data set. Additional raw trait data were also re-

quested from the authors of the aforementioned literature. Shoot 

sodium-potassium (Na-K) ratio was used as the representative 

trait for salt tolerance. The QTLs for shoot Na-K ratio identified 

in the article were also used in the analysis. There were 2 QTLs 

identified for shoot Na-K ratio: qSNK1 and qSNK9. qSNK1 is 

located in chromosome 1 with peak marker location at 41.2 Mb, 

while qSNK9 is located in chromosome 9 with peak marker at 

52.8 Mb. In the analysis, the peak markers were used as the rep-

resentative locations for both QTLs. 

 

Rice salt stress gene expression 

 

Rice salt expression microarray data were obtained via the 

NCBI Gene Expression Omnibus (GEO) site, under series entry 

reference ID GSE3053. The data set consists of 57,381 probe 

sets and has a total of 11 samples: 5 control and 6 salt-stressed. 

Two cultivars make up the data set: the salt-sensitive IR29 and 

the salt-tolerant FL478. The data set being microarray data, 

probe sets are thus used as representatives for the genes that will 

make up the list of candidates in the implementation of the 

framework. 



A previous work applied differential expression analysis on 

the data set, of which part of the results were used in the frame-

work’s implementation (Walia et al. 2005). In the aforemen-

tioned endeavor, 958 probe sets were found to be significantly 

differentially expressed. Significantly differentially expressed 

probe sets were those whose expression values changed at least 2

-fold, at α = 0.05, between the control and the salt-stressed sam-

ples. Additionally, the significantly differentially expressed 

probe sets were also characterized and grouped based on whether 

they are up- or down-regulated, and whether the up- or down-

regulation was observed in the FL478 or IR29 cultivar. Of the 

958 probe sets, 620 were up-regulated (448 in IR29, 164 in 

FL478, 8 in both cultivars), while 338 were down-regulated (182 

in IR29, 162 in FL478, 2 in both cultivars). This grouping was 

maintained in the succeeding steps of the framework’s imple-

mentation. 

 

Assigning allelic states and effects of the QTLs 

 

To designate the allelic states of the Na-K ratio QTLs, the 

score of the peak markers was used. Allelic states were coded as 

either 0 (IR29) or 1 (Pokkali). This is to be consistent with the 

observation of Thomson et al. (2010) that the QTLs have 

“increased tolerance effect from Pokkali”. Hence, Pokkali mark-

ers are assumed to have a contribution to whatever additive ef-

fect there is towards the phenotype, while IR29 markers are as-

sumed to contribute nothing. QTL effects are represented by the 

additive effect/s of the QTL/s multiplied by the corresponding 

coded allelic score/s for an individual. As mentioned in the de-

scription of the framework, the QTLs (via their additive effects 

and allelic scores) were treated as constants in the model, i.e., 

they were always present in the model formed by regression 

analysis at each step. The additive effect of qSNK1 is 0.32 while 

that of qSNK9 is 0.31 (Thomson et al. 2010). 

 

Assigning allelic states of the probe sets 

 

Allelic states of the probe sets were inferred via the process 

mentioned in a previous section on gene allelic state interpola-

tion of the framework. The 2-way RIL formula from Broman 

(2005) as mentioned in the similar section was used to compute 

the allelic state probabilities. Marker locations were provided 

with the obtained marker data in the Supplementary Data of 

Thomson et al. (2010). Probe set locations were obtained from 

the Supplemental Data of Walia et al. (2005). No probe sets had 

heterozygous inferred allelic states, hence all probe sets were 

included in the next step of the framework. 

 

Filtering for genes significantly affected by inferred allelic 

state change 

 

For the filtering step, only significantly differentially ex-

pressed probe sets identified in Walia et al. (2005) were included 

in the analysis as a means for data reduction. In the filtering step, 

only the salt-stressed FL478 and IR29 samples were used to 

check the (significance of) differences in expression values be-
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tween the cultivars under salt stress, instead of under normal 

conditions. Thus, the analysis was further focused on the salt-

stress response. The two-sample t-test of means was employed 

for the analysis, using α = 0.05 as the threshold.  

 

There were cases in the processing of the data set wherein 

all samples were included in only one group because the inferred 

allele of those genes in all samples is from IR29. The work-

around in this scenario is, given a gene, to divide the samples 

based on their RIL/cultivar, i.e., if the sample is IR29 or FL478. 

Afterwards, t-test was performed between the mean expression 

values of the two cultivar-based groups and then the computed p

-value was checked if it is above the α threshold, i.e., there is no 

significant difference in the mean expression values between the 

two cultivars. Probe sets that satisfy the given condition were 

thus included. 

 

After the filtering step, 33 FL478 down-regulated, 29 FL478 

up-regulated, 37 IR29 down-regulated, and 87 IR29 up-regulated 

probe sets were identified for inclusion in the next step of the 

framework. Tables 1-4 contain the list of identified probe set IDs 

in the filtering step, together with the inferred allelic state per 

cultivar, and the corresponding t-test p-values. 

 

Forming the clusters of correlated genes  

 

Pearson’s correlation was performed on the inferred allelic 

states to create the correlation matrix. The correlation coefficient 

value threshold used in creating the clusters was 1. This means 

that those probe sets contained in a cluster have the same in-

ferred allelic states across all samples, considering that the allelic 

state is a binary variable (0 or 1). Table 5 presents the clusters 

formed with 2 or more elements. Note that only the representa-

tive probe set per cluster will be used and hence there was a re-

duced number of probe sets as regressors. 22 FL478 down-

regulated, 24 FL478 up-regulated, 27 IR29 down-regulated, and 

43 IR29 up-regulated probe sets were used as input in the 

method used for regression-based subset selection. 

 

Removing linear dependency and partial regression coeffi-

cient analysis 

 

The regsubsets function of the leaps R package (Lumley 

2009) was utilized for the regression analysis. On top of its re-

gression capabilities, the function also removes linearly depend-

ent columns in the matrix of regressors prior to performing re-

gression and hence performs the second phase of the multicollin-

earity-handling step. Additionally, regsubsets also performs vari-

able reordering to ensure that the inclusion of variables in the 

linear model at each step is not dependent on the sequence by 

which they were analyzed. Considering the reduced number of 

probe sets used as regressors, exhaustive search was chosen as 

the mode of subset-selection regression used in the experiment. 

 

Three linear model variations were used in the analysis: one, 

where 2 shoot Na-K ratio QTLs were included, and two, where 



Table 1. FL478 down-regulated probe sets identified in the filtering step to be those whose 

expression values are affected by allelic state change.  

Probe Set ID  
Inferred Allelic State 

t-test p-value  
IR29 Cultivar FL478 Cultivar 

Os.34782.1.S1_at 0 1 0.048220049 

OsAffx.21835.1.S1_x_at 0 1 0.048278309 

Os.46481.3.S1_at 0 1 0.024080793 

OsAffx.13586.2.S1_at 0 0 0.504924175 

Os.29814.1.S1_at 0 0 0.612129626 

OsAffx.25967.2.S1_at 0 0 0.514388775 

OsAffx.25968.1.S1_at 0 0 0.764776992 

OsAffx.15286.1.S1_at 0 0 0.765241418 

OsAffx.32296.1.A1_at 0 0 0.207319058 

OsAffx.15397.1.S1_x_at 0 0 0.194018833 

Os.53094.1.S1_at 0 0 0.136979391 

Os.17112.1.S1_at 0 0 0.561178322 

OsAffx.7216.1.S1_at 0 0 0.382948358 

OsAffx.15760.1.S1_at 0 0 0.741147719 

Os.6345.1.S1_at 0 0 0.140163674 

Os.1503.1.S1_at 0 0 0.349865497 

OsAffx.5111.1.S1_x_at 0 0 0.429477841 

Os.23216.2.S1_x_at 0 0 0.706845127 

Os.7449.2.S1_x_at 0 0 0.468800225 

OsAffx.16888.1.S1_at 0 0 0.484777346 

OsAffx.5782.1.S1_at 0 0 0.625206568 

OsAffx.8550.1.S1_at 0 0 0.862743685 

OsAffx.18135.1.S1_at 0 0 0.894490707 

OsAffx.22071.1.S1_at 0 0 0.11318583 

OsAffx.30032.2.S1_at 0 0 0.177235457 

Os.10765.1.S1_at 0 0 0.758092816 

OsAffx.30986.1.S1_at 0 0 0.068943352 

OsAffx.31017.1.S1_at 0 0 0.107246971 

Os.5354.1.S1_at 0 0 0.396482824 

OsAffx.19547.1.S1_at 0 0 0.856316082 

Os.57108.1.S1_at 0 0 0.464299402 

Os.51000.1.S1_at 0 0 0.115116004 

OsAffx.19880.1.A1_at 0 0 0.882548696 

For the second and third columns, 0 means the inferred allele of the gene is from IR29, while 1 means the inferred 
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Table 2. FL478 up-regulated probe sets identified in the filtering step to be those whose 

expression values are affected by allelic state change.  

Probe Set ID  
Inferred Allelic State 

t-test p-value  
IR29 Cultivar FL478 Cultivar 

Os.57128.1.S1_at 0 0 0.770772149 

OsAffx.27871.1.S1_at 0 0 0.331682546 

OsAffx.15353.1.S1_at 0 0 0.484170594 

OsAffx.7652.1.S1_at 0 0 0.658950405 

OsAffx.17017.1.S1_at 0 0 0.163855492 

Os.4291.1.S1_at 0 0 0.053467683 

OsAffx.7539.1.S1_at 0 0 0.32870849 

OsAffx.25844.1.S1_at 0 0 0.291752435 

OsAffx.30227.1.S1_at 0 0 0.331875218 

OsAffx.18144.1.S1_at 0 0 0.453407364 

OsAffx.29212.1.S1_at 0 0 0.129092325 

OsAffx.15672.1.S1_at 0 0 0.98102065 

OsAffx.7116.1.A1_at 0 0 0.317104819 

OsAffx.28239.1.S1_at 0 0 0.099215222 

OsAffx.30860.1.S1_at 0 0 0.815084779 

OsAffx.15322.1.S1_x_at 0 0 0.256169484 

OsAffx.25794.1.S1_at 0 0 0.313581107 

Os.39552.1.A1_s_at 0 0 0.609705215 

OsAffx.20772.1.S1_at 0 0 0.482043826 

OsAffx.30282.1.S1_at 0 0 0.156963763 

OsAffx.448.1.S1_at 0 0 0.232068028 

OsAffx.4165.1.S1_at 0 0 0.566484262 

Os.18257.1.S1_at 0 0 0.242854193 

OsAffx.5351.1.S1_at 0 0 0.182443535 

OsAffx.1477.1.A1_at 0 0 0.902707673 

Os.51641.1.S1_x_at 0 0 0.069184218 

OsAffx.25987.2.A1_at 0 0 0.581916752 

Os.50556.2.S1_at 0 0 0.351108871 

OsAffx.30030.2.S1_at 0 1 0.028848379 

For the second and third columns, 0 means the inferred allele of the gene is from IR29, while 1 means the inferred 

allele of the gene is from Pokkali. 
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Table 3. IR29 down-regulated probe sets identified in the filtering step to be those whose 

expression values are affected by allelic state change.  

Probe Set ID  
Inferred Allelic State 

t-test p-value  
IR29 Cultivar FL478 Cultivar 

OsAffx.15084.1.S1_at 0 1 0.014385517 

Os.53892.1.S1_at 0 1 0.031444633 

OsAffx.31005.1.S1_at 0 0 0.398196464 

OsAffx.24637.2.S1_x_at 0 0 0.247596911 

OsAffx.15917.1.S1_at 0 0 0.051376154 

OsAffx.5780.1.A1_at 0 0 0.483256756 

OsAffx.13705.1.S1_at 0 0 0.066775643 

OsAffx.4989.1.S1_at 0 0 0.319412789 

OsAffx.25807.1.S1_at 0 0 0.700190395 

OsAffx.5047.1.S1_at 0 0 0.89923966 

OsAffx.8723.1.S1_at 0 0 0.415466989 

OsAffx.9449.1.S1_at 0 0 0.520945327 

Os.40417.1.A1_at 0 0 0.814044764 

OsAffx.24436.1.S1_at 0 0 0.715538157 

OsAffx.29285.1.S1_at 0 0 0.270987802 

OsAffx.5019.1.S1_at 0 0 0.981152996 

OsAffx.31859.1.S1_at 0 0 0.713489157 

Os.23264.1.A1_at 0 0 0.523076135 

OsAffx.29742.2.S1_x_at 0 0 0.448601362 

OsAffx.15417.1.A1_at 0 0 0.813113113 

Os.15521.2.S1_at 0 0 0.078847728 

OsAffx.28377.1.S1_at 0 0 0.22492827 

OsAffx.8455.1.S1_at 0 0 0.700168202 

OsAffx.25958.1.S1_at 0 0 0.195298756 

OsAffx.30902.1.S1_at 0 0 0.895322758 

OsAffx.31890.1.S1_at 0 0 0.325716079 

OsAffx.18890.1.S1_at 0 0 0.625635603 

OsAffx.19518.1.S1_at 0 0 0.993708278 

Os.12750.1.S1_x_at 0 0 0.3727254 

Os.52357.1.S1_at 0 0 0.887413344 

Os.8082.1.S1_at 0 0 0.471736654 

OsAffx.4155.1.S1_at 0 0 0.809219186 

OsAffx.4851.1.S1_x_at 0 0 0.447940315 

OsAffx.4918.1.S1_at 0 0 0.588004384 

Os.47942.1.A1_at 0 0 0.395965119 

OsAffx.31668.1.S1_at 0 0 0.153503646 

OsAffx.19862.1.S1_at 0 0 0.461571583 
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For the second and third columns, 0 means the inferred allele of the gene is from IR29, while 1 means the inferred allele of the gene is from Pokkali. 



Table 4. IR29 up-regulated probe sets identified in the filtering step to be those whose ex-

pression values are affected by allelic state change.  

Probe Set ID  
Inferred Allelic State t-test p-value  

IR29 Cultivar  IR29 Cultivar FL478 Cultivar 

Os.53710.1.S1_at 0 1 0.0144259 

Os.2558.1.S1_a_at 0 1 0.007896554 

Os.35288.1.S1_at 0 1 0.001736393 

Os.17491.1.S1_at 0 1 0.022198848 

Os.51602.1.S1_at 0 1 0.023252334 

Os.27143.1.S1_at 0 1 0.02358489 

Os.52577.1.S1_x_at 0 1 0.001374542 

Os.11330.1.S2_at 0 1 0.017373274 

Os.8413.2.A1_at 0 1 0.015308532 

Os.320.2.S1_a_at 0 1 0.018416527 

Os.8413.2.A1_x_at 0 1 0.023903438 

Os.49855.1.S1_at 0 1 0.04316882 

Os.8413.2.A1_a_at 0 1 0.010786621 

Os.28427.1.S1_x_at 0 1 0.035514625 

Os.11469.1.S1_at 0 1 0.008253926 

Os.24865.1.A1_at 0 1 0.016274039 

Os.456.3.S1_s_at 0 1 0.015402546 

Os.49997.1.S1_at 0 1 0.049816598 

Os.2957.1.S1_at 0 1 0.042830264 

Os.52577.1.S1_at 0 1 0.011078716 

Os.26486.1.S1_at 0 1 0.02848959 

Os.52211.1.S1_at 0 1 0.034406095 

Os.50024.1.S1_at 0 1 0.009045332 

OsAffx.25340.1.S1_at 0 1 0.004521062 

OsAffx.26914.1.S1_at 0 1 0.007987203 

Os.16903.1.A1_at 0 1 0.015957801 

Os.24471.1.S1_at 0 1 0.029015162 

Os.37729.1.S1_s_at 0 1 0.025754135 

OsAffx.7680.1.S1_at 0 0 0.211706677 

OsAffx.13585.1.S1_at 0 0 0.792685661 

Os.55786.1.S1_at 0 0 0.93413792 

Os.17906.1.S1_at 0 0 0.060829831 

OsAffx.27821.1.S1_at 0 0 0.774454345 

Os.46053.2.S1_x_at 0 0 0.129304619 

OsAffx.29090.1.S1_at 0 0 0.520664883 

OsAffx.13758.1.S1_at 0 0 0.789505027 

OsAffx.5120.1.S1_x_at 0 0 0.402419114 

continued on the next page 
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continuation of Table 4 

Probe Set ID  
Inferred Allelic State t-test p-value  

IR29 Cultivar  IR29 Cultivar FL478 Cultivar 

OsAffx.7131.1.S1_at 0 0 0.565901963 

Os.20817.5.A1_at 0 0 0.618089277 

Os.51533.1.S1_at 0 0 0.062292644 

OsAffx.16866.1.S1_at 0 0 0.568947835 

Os.17419.1.S1_at 0 0 0.058752545 

OsAffx.5111.1.S1_x_at 0 0 0.429477841 

OsAffx.25822.1.S1_at 0 0 0.345043512 

OsAffx.27824.1.S1_at 0 0 0.965373727 

Os.37062.2.S1_at 0 0 0.46554832 

Os.12415.1.S1_at 0 0 0.775053478 

Os.53553.1.S1_at 0 0 0.148861367 

OsAffx.4896.1.S1_at 0 0 0.361435214 

Os.14214.1.S1_at 0 0 0.328052615 

OsAffx.29191.1.S1_at 0 0 0.157593172 

Os.46555.1.S1_at 0 0 0.716216226 

Os.27247.1.S1_at 0 0 0.059931061 

Os.8098.1.S1_at 0 0 0.055104057 

OsAffx.18881.1.S1_at 0 0 0.549868171 

Os.2371.1.S1_at 0 0 0.050342281 

OsAffx.10020.1.S1_x_at 0 0 0.51149931 

Os.55116.1.S1_at 0 0 0.079045802 

OsAffx.19559.1.S1_at 0 0 0.454767547 

Os.49830.1.S1_at 0 0 0.116671523 

Os.31468.2.S1_at 0 0 0.848824815 

Os.21957.1.S1_at 0 0 0.241743187 

OsAffx.27747.1.S1_at 0 0 0.090710245 

Os.48441.1.S1_at 0 0 0.116492623 

OsAffx.450.1.S1_at 0 0 0.738349843 

Os.15058.2.S1_at 0 0 0.770736849 

OsAffx.5283.1.S1_at 0 0 0.084739515 

Os.51775.1.S1_x_at 0 0 0.883892866 

Os.25570.1.S1_at 0 0 0.433604145 

Os.21635.1.S1_at 0 0 0.434529589 

OsAffx.5122.1.S1_at 0 0 0.150233345 

Os.5265.1.S1_x_at 0 0 0.271687021 

Os.8511.1.S1_s_at 0 0 0.178389816 

Os.4449.2.S1_at 0 0 0.559763445 

Os.27205.1.S1_at 0 0 0.219334317 

continued on the next page 
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continuation of Table 4 

Probe Set ID  
Inferred Allelic State t-test p-value  

IR29 Cultivar  IR29 Cultivar FL478 Cultivar 

OsAffx.16161.1.S1_x_at 0 0 0.591168512 

OsAffx.31987.1.S1_x_at 0 0 0.569121725 

Os.38806.1.A1_x_at 0 0 0.193035871 

OsAffx.27513.1.S1_s_at 0 0 0.830153116 

OsAffx.15765.1.S1_at 0 0 0.706640435 

Os.27155.1.S1_at 0 0 0.100786574 

OsAffx.15535.1.S1_at 0 0 0.218314203 

OsAffx.25790.1.S1_at 0 0 0.209051657 

Os.27790.1.A1_at 0 0 0.28299876 

OsAffx.15364.1.S1_at 0 0 0.231010952 

Os.4631.1.S1_at 0 0 0.166231296 

Os.8956.1.S1_at 0 0 0.70638654 

For the second and third columns, 0 means the inferred allele of the gene is from IR29, while 1 means the inferred 
allele of the gene is from Pokkali. 
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only one of the QTLs was included. The idea behind varying the 

included QTLs was to cover as much ground as possible, as in-

clusion of some probe sets may be dependent on the configura-

tion of QTLs included in the linear model.  

 

Regarding the choice of penalized statistics, it should be 

first noted that there are several measures of goodness of fit 

computed by the regsubsets function: BIC, adjusted R2, and Mal-

lows Cp. In the implementation, the Mallows Cp statistic was 

used to determine the best-fit model with the appropriate number 

of genes. The measure was chosen because the behavior of the 

plot of the values presents a definitive extremum, or in this case 

minimum, which the plot of the values of the other two statistical 

measures did not show. Mallows Cp thus allows for decisive 

determination on the appropriate number of genes for this ex-

periment. Figure 2 shows the Mallows Cp plots obtained in the 

experiment. 

  

RESULTS 

 

91 probe sets were inferred potentially causal to salt toler-

ance based on the causality modeling result. Of the 91 probe 

sets, 20 were from the FL478 down-regulated set, 12 were from 

the FL478 up-regulated set, 17 were from the IR29-down regu-

lated set, 41 were from the IR29 up-regulated set, and 1 probe 

set (OsAffx.5111.1.S1_x_at) in both FL478 down-regulated and 

IR29 up-regulated sets. In the analysis where the 2 QTLs are 

included in the model, 13 probe sets were included from the 

FL478 down-regulated set (Mallows Cp = 1.4878057), 10 probe 

sets from the FL478 up-regulated set (Mallows Cp =  -

3.014615), 13 probe sets from the IR29 down-regulated set 

(Mallows Cp = -3.544527), and 38 probe sets from the IR29 up-

regulated set (Mallows Cp = -14.11369). In the case where only 

qSNK1 was included in the model, 17 FL478 down-regulated 

genes (Mallows Cp = 4.168814), 9 FL478 up-regulated genes 

(Mallows Cp = 2.659841), 14 IR29 down-regulated genes 

(Mallows Cp = -3.194516), and 38 IR29 up-regulated genes 

(Mallows Cp = -12.53976) were included in the model. In the 

model where only qSNK9 is included, 15 FL478 down-regulated 

genes (Mallows Cp = 2.544221), 10 FL478 up-regulated genes 

(Mallows Cp = 21.23064), 4 IR29 down-regulated genes 

(Mallows Cp = 21.9653), and 24 IR29 up-regulated genes 

(Mallows Cp = 13.47789) were determined as the number of 

genes for inclusion. 

  

There were genes that were included in multiple scenarios 

according to which of the QTLs were included in the regression 

model. For example, the FL478 down-regulated probe set with 

Affymetrix ID OsAffx.13586.2.S1_at, FL478 up-regulated probe 

set OsAffx.27871.1.S1_at,  IR29 down -regulated 

O s Af fx . 4 1 5 5 . 1 . S 1 _ a t ,  a n d  I R2 9  u p - r e gu l a t e d 

Os.52577.1.S1_x_at were included in all three scenarios. Other 

examples of genes included in multiple scenarios are FL478 up-

regulated OsAffx.30227.1.S1_at (model with both qSNK1 and 

qSNK9 included, and with qSNK9 only), IR29 down-regulated 

OsAffx.24637.2.S1_x_at (model with both qSNK1 and qSNK9 

included, and with qSNK1 only), and IR29 up-regulated 

Os.20817.5.A1_at (model with qSNK1 only and with qSNK9 

only included). Tables 6-9 give the summary of the inclusion of 

the causal genes based on the QTLs included in the model. 
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Table 5. Clusters formed after the first phase of multicollinearity handling. 

  Clusters 

FL478 Down 

Os.34782.1.S1_at*, OsAffx.21835.1.S1_x_at 

OsAffx.13586.2.S1_at*, Os.29814.1.S1_at 

OsAffx.25967.2.S1_at*, OsAffx.25968.1.S1_at 

OsAffx.15286.1.S1_at*, OsAffx.32296.1.A1_at 

OsAffx.15397.1.S1_x_at*, Os.53094.1.S1_at 

OsAffx.15397.1.S1_x_at*, Os.17112.1.S1_at 

OsAffx.7216.1.S1_at*, OsAffx.15760.1.S1_at, Os.6345.1.S1_at 

Os.1503.1.S1_at*, OsAffx.5111.1.S1_x_at 

OsAffx.16888.1.S1_at*, OsAffx.5782.1.S1_at 

OsAffx.30986.1.S1_at*, OsAffx.31017.1.S1_at 

Os.34782.1.S1_at*, OsAffx.21835.1.S1_x_at 

FL478 Up 

OsAffx.27871.1.S1_at*, OsAffx.15672.1.S1_at 

OsAffx.15353.1.S1_at*, Os.4291.1.S1_at, OsAffx.15322.1.S1_x_at 

OsAffx.17017.1.S1_at*, OsAffx.29212.1.S1_at 

OsAffx.25844.1.S1_at*, OsAffx.25987.2.A1_at 

IR29 Down 

OsAffx.31005.1.S1_at*, OsAffx.18890.1.S1_at 

OsAffx.24637.2.S1_x_at*, OsAffx.8723.1.S1_at, OsAffx.15417.1.A1_at, OsAffx.4851.1.S1_x_at, OsAffx.4918.1.S1_at 

OsAffx.15917.1.S1_at*, OsAffx.5047.1.S1_at 

OsAffx.13705.1.S1_at*, OsAffx.25958.1.S1_at, Os.8082.1.S1_at 

OsAffx.4989.1.S1_at*, OsAffx.5019.1.S1_at 

OsAffx.25807.1.S1_at*, Os.47942.1.A1_at 

IR29 Up  

Os.2558.1.S1_a_at*, Os.17491.1.S1_at 

Os.52577.1.S1_x_at*, Os.8413.2.A1_at, Os.8413.2.A1_x_at, Os.8413.2.A1_a_at, Os.11469.1.S1_at, Os.52577.1.S1_at 

Os.11330.1.S2_at*, Os.2957.1.S1_at 

Os.28427.1.S1_x_at*, Os.456.3.S1_s_at, Os.49997.1.S1_at, Os.50024.1.S1_at, OsAffx.26914.1.S1_at 

Os.24865.1.A1_at*, Os.16903.1.A1_at 

OsAffx.13585.1.S1_at*, OsAffx.25790.1.S1_at 

Os.55786.1.S1_at*, Os.14214.1.S1_at, Os.31468.2.S1_at, Os.5265.1.S1_x_at, Os.4449.2.S1_at, Os.38806.1.A1_x_at,     
     OsAffx.27513.1.S1_s_at 

OsAffx.27821.1.S1_at*, OsAffx.4896.1.S1_at, OsAffx.27747.1.S1_at, Os.27155.1.S1_at, OsAffx.15535.1.S1_at, Os.27790.1.A1_at,  
     OsAffx.15364.1.S1_at, Os.4631.1.S1_at 

OsAffx.29090.1.S1_at*, OsAffx.16866.1.S1_at, Os.49830.1.S1_at 

OsAffx.13758.1.S1_at*, OsAffx.25822.1.S1_at, Os.8511.1.S1_s_at 

OsAffx.5120.1.S1_x_at*, OsAffx.5111.1.S1_x_at, Os.27247.1.S1_at, Os.55116.1.S1_at, OsAffx.5122.1.S1_at, Os.27205.1.S1_at 

OsAffx.7131.1.S1_at*, Os.8098.1.S1_at, OsAffx.18881.1.S1_at, OsAffx.10020.1.S1_x_at, Os.48441.1.S1_at 

Os.51533.1.S1_at*, OsAffx.27824.1.S1_at, Os.53553.1.S1_at, OsAffx.15765.1.S1_at, Os.8956.1.S1_at 

Os.37062.2.S1_at*, OsAffx.29191.1.S1_at 

Probe sets marked with * are used as the representative probe set for the cluster in the succeeding processes in the framework. 
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Figure 2. Plots of Mallows Cp values from the regression analysis. The y-axis represents the Mallows Cp values, while the x-axis 
represents the number of genes included in the regression model. The minimum of each plot is indicated by the red dot. A, B, and C 
represent Mallows Cp plots from regression analysis done on FL478 down-regulated genes where the linear model includes both QTLs, 
includes qSNK1 only, and includes qSNK9 only, respectively. D, E, and F are for FL478 up-regulated genes. G, H, and I are for IR29 
down-regulated genes. J, K, and L are for IR29 up-regulated genes. 
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Table 6: FL478 down-regulated probe sets included in the linear model with varying pre-included QTLs. 

Probe Set ID 
Included in Model with: 

qSNK1 Only qSNK9 Only qSNK1+qSNK9 

OsAffx.13586.2.S1_ata YES YES YES 

Os.29814.1.S1_ata YES YES YES 

OsAffx.15286.1.S1_atb YES YES YES 

OsAffx.32296.1.A1_atb YES YES YES 

OsAffx.7216.1.S1_atc YES YES YES 

OsAffx.15760.1.S1_atc YES YES YES 

Os.6345.1.S1_atc YES YES YES 

Os.1503.1.S1_atd YES YES YES 

OsAffx.5111.1.S1_x_atd YES YES YES 

OsAffx.16888.1.S1_ate YES YES YES 

OsAffx.5782.1.S1_ate YES YES YES 

Os.10765.1.S1_at YES YES YES 

OsAffx.15397.1.S1_x_atf YES NO NO 

Os.53094.1.S1_atf YES NO NO 

Os.17112.1.S1_atf YES NO NO 

OsAffx.18135.1.S1_at YES NO NO 

OsAffx.19547.1.S1_at YES NO NO 

Os.34782.1.S1_atg NO YES NO 

OsAffx.21835.1.S1_x_atg NO YES NO 

OsAffx.30032.2.S1_at NO YES NO 

OsAffx.22071.1.S1_at NO NO YES 

Probe sets with the same letter superscript indicate that they belong to the same cluster formed during the first phase of multicollinearity handling.  

Table 7: FL478 up-regulated probe sets included in the linear model with varying pre-included QTLs. 

Probe Set ID 
Included in Model with: 

qSNK1 Only qSNK9 Only qSNK1+qSNK9 

OsAffx.27871.1.S1_ata YES YES YES 

OsAffx.15672.1.S1_ata YES YES YES 

OsAffx.15353.1.S1_atb YES YES YES 

Os.4291.1.S1_atb YES YES YES 

OsAffx.15322.1.S1_x_atb YES YES YES 

OsAffx.30860.1.S1_at YES YES YES 

Os.39552.1.A1_s_at YES YES YES 

OsAffx.25794.1.S1_at YES NO YES 

OsAffx.18144.1.S1_at YES NO NO 

OsAffx.30227.1.S1_at NO YES YES 

continued on the next page 



Vol. 7 | No. 1 | 2014 260 Philippine Science Letters 

continuation of Table 7 

Probe Set ID 
Included in Model with: 

qSNK1 Only qSNK9 Only qSNK1+qSNK9 

OsAffx.30030.2.S1_at NO YES YES 

OsAffx.1477.1.A1_at NO YES NO 

Probe sets with the same letter superscript indicate that they belong to the same cluster formed during the first phase of multicollinearity handling.  

Table 8: IR29 down-regulated probe sets included in the linear model with varying pre-included QTLs. 

Probe Set ID 
Included in Model with: 

qSNK1 Only qSNK9 Only qSNK1+qSNK9 

OsAffx.4155.1.S1_at YES YES YES 

OsAffx.24637.2.S1_x_ata YES NO YES 

OsAffx.8723.1.S1_ata YES NO YES 

OsAffx.15417.1.A1_ata YES NO YES 

OsAffx.4851.1.S1_x_ata YES NO YES 

OsAffx.4918.1.S1_ata YES NO YES 

OsAffx.15917.1.S1_atb YES NO YES 

OsAffx.5047.1.S1_atb YES NO YES 

OsAffx.4989.1.S1_atc YES NO YES 

OsAffx.5019.1.S1_atc YES NO YES 

OsAffx.25807.1.S1_atd YES NO YES 

Os.47942.1.A1_atd YES NO YES 

OsAffx.8455.1.S1_at YES NO YES 

OsAffx.5780.1.A1_at YES NO NO 

Os.23264.1.A1_at NO YES NO 

OsAffx.30902.1.S1_at NO YES NO 

Os.12750.1.S1_x_at NO YES NO 

Probe sets with the same letter superscript indicate that they belong to the same cluster formed during the first phase of multicollinearity handling. 

Table 9: IR29 up-regulated probe sets included in the linear model with varying pre-included QTLs. 

Probe Set ID 
Included in Model with: 

qSNK1 Only qSNK9 Only qSNK1+qSNK9 

Os.52577.1.S1_x_ata YES YES YES 

Os.8413.2.A1_ata YES YES YES 

Os.8413.2.A1_x_ata YES YES YES 

Os.8413.2.A1_a_ata YES YES YES 

Os.11469.1.S1_ata YES YES YES 

Os.52577.1.S1_ata YES YES YES 

Os.26486.1.S1_at YES YES YES 

continued on the next page 
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continuation of Table 9 

Probe Set ID 
Included in Model with: 

qSNK1 Only qSNK9 Only qSNK1+qSNK9 

Os.55786.1.S1_atb YES YES YES 

Os.14214.1.S1_atb YES YES YES 

Os.31468.2.S1_atb YES YES YES 

Os.5265.1.S1_x_atb YES YES YES 

Os.4449.2.S1_atb YES YES YES 

Os.38806.1.A1_x_atb YES YES YES 

OsAffx.27513.1.S1_s_atb YES YES YES 

OsAffx.5120.1.S1_x_atc YES YES YES 

OsAffx.5111.1.S1_x_atc YES YES YES 

Os.27247.1.S1_atc YES YES YES 

Os.55116.1.S1_atc YES YES YES 

OsAffx.5122.1.S1_atc YES YES YES 

Os.27205.1.S1_atc YES YES YES 

Os.20817.5.A1_at YES YES NO 

OsAffx.450.1.S1_at YES YES NO 

Os.11330.1.S2_at YES NO YES 

Os.2957.1.S1_at YES NO YES 

Os.320.2.S1_a_at YES NO YES 

OsAffx.27821.1.S1_atd YES NO YES 

OsAffx.4896.1.S1_atd YES NO YES 

OsAffx.27747.1.S1_atd YES NO YES 

Os.27155.1.S1_atd YES NO YES 

OsAffx.15535.1.S1_atd YES NO YES 

Os.27790.1.A1_atd YES NO YES 

OsAffx.15364.1.S1_atd YES NO YES 

Os.4631.1.S1_atd YES NO YES 

Os.51533.1.S1_ate YES NO YES 

OsAffx.27824.1.S1_ate YES NO YES 

Os.53553.1.S1_ate YES NO YES 

OsAffx.15765.1.S1_ate YES NO YES 

Os.8956.1.S1_ate YES NO YES 

Os.49855.1.S1_at NO YES NO 

Os.24471.1.S1_at NO YES NO 

Os.17906.1.S1_at NO NO YES 

OsAffx.31987.1.S1_x_at NO NO YES 

Probe sets with the same letter superscript indicate that they belong to the same cluster formed during the first phase of multicollinearity handling. 



 

DISCUSSION 

 

A previous research (Walia et al. 2005) has already provided 

annotations as well as detailed discussion of the role of some of 

those genes included in the analysis. In addition to the annota-

tions and descriptions provided by the literature, other informa-

tion on the inferred causal genes was sought using the RiceChip 

site (http://ricechip.org) and the Rice Genome Annotation Pro-

ject site (http://rice.plantbiology.msu.edu/). Tables 10-13 provide 

a summary of the annotations from the literature and from the 

aforementioned sites. 

 

Varied selection of genes depending on QTLs included in the 

model 

 

One interesting observation from the results is the selection 

of several genes as seemingly dependent on the QTLs included 

in the linear model. For instance, there were several genes that 

were chosen in multiple model scenarios based on the QTLs 

included during regression. Inclusion of those genes in multiple 

scenarios might connote that they affect salt tolerance invariant 

of the state of the QTLs. On the other hand, there were also 

genes that were included in specific regression model scenarios. 

This might suggest that certain genes react to a specific configu-

ration of states of the QTLs. However, as mentioned in a previ-

ous section, the framework does not aim to establish causal de-

pendence, or lack thereof, between QTLs and genes. Another 

test, or series of tests, e.g., eQTL mapping and pleiotropy tests as 

done in Schadt et al. (2005), may be done in order to establish 

such causal relationship. 

 

Characterization of inferred candidate causal genes 

 

Characterization of the role of such genes to salt tolerance 

warrants a look into the annotations of those genes. For this par-

ticular study, the main basis for characterizing the inferred can-

didate causal genes would be the gene ontology (GO) terms in-

cluded in the annotations.  

 

The first set of genes to look at would be those which were 

identified to be related to stress response as per their GO terms. 

Genes related to stress response based on their GO terms are 

Os.39552.1.A1_s_at, OsAffx.25794.1.S1_at, Os.47942.1.A1_at, 

Os.23264.1.A1_at, Os.8413.2.A1_at, Os.8413.2.A1_x_at, 

Os.8413.2.A1_a_at, Os.5265.1.S1_x_at, Os.2957.1.S1_at, and 

Os.27155.S1_at. There were genes that were specifically anno-

tated to be associated with response to abiotic stimulus, which 

includes salt stress. OsAffx.30030.2.S1_at, Os.47942.1.A1_at, 

Os.8413.2.A1_at, Os.8413.2.A1_x_at, Os.8413.2.A1_a_at, 

Os.27155.S1_at, and Os.15765.1.S1_at make up the list of those 

genes from the list of candidate causal genes that are related to 

abiotic stimulus response. 

 

Genes pertinent to cell wall- and membrane-associated func-

tions have also been associated with salt tolerance (Negrão et al. 
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2011, Walia et al. 2005, Zhang et al. 2012). In particular, cell 

wall- and membrane-related functions are important in the trans-

port and regulation of Na+ and K+ within and among cells 

(Negrão et al. 2011). Candidate causal genes with cell wall- and 

membrane-associated functions are Os.29814.1.S1_at, 

OsAffx.32296.1.A1_at, Os15760.1.S1_at, Os.39552.1.A1_s_at, 

Os Af fx .3 0 0 3 0 .2 .S1 _ a t ,  Os Af fx .2 4 6 3 7 .2 .S1 _ x_ a t , 

OsAffx.5047.1.S1_at, Os.27205.1.S1_at, Os.11469.1.S1_at, 

Os.26486.1.S1_at, Os.55786.1.S1_at, Os.5265.1.S1_x_at, 

Os.55116.1.S1_at, OsAffx.15364.1.S1_at, Os.8956.1.S1_at, and 

Os.17906.1.S1_at. 

 

Signal transduction-related genes are also of importance to 

salt tolerance (Negrão et al. 2011, Zhang et al. 2012). In fact, 

studies suggest that response to abiotic stimulus in plants begins 

with signal transduction (Bouche et al. 2005, DeFalco et al. 

2010, Negrão et al. 2011). OsAffx.5111.1.S1_x_at, 

OsAffx.5047.1.S1_at, and Os.5265.1.S1_x_at are among the 

candidate genes that are explicitly identified to be related to sig-

nal transduction. Transferases are also considered relevant com-

ponents to signal transduction (Negrão et al. 2011, Zhang et al. 

2012). A transferase is an enzyme that catalyzes transfer of func-

tional groups between molecules. Genes identified to be related 

to transferase activity include OsAffx.32296.1.A1_at, 

Os.10765.1.S1_at, OsAffx.19547.1.S1_at, Os.52577.1.S1_x_at, 

Os.52577.1.S1_at, Os.55786.1.S1_at, OsAffx.27513.1.S1_s_at, 

Os.27205.1.S1_at, Os.27155.1.S1_at, OsAffx.15364.1.S1_at, 

and Os.24471.1.S1_at. A specific type of transferase is kinase, 

which facilitates activation of certain dormant substances. In the 

context of signal transduction, kinases are important in that they 

allow processes along a signaling pathway to proceed. Kinase 

activity-associated genes in the set of candidate causal genes are 

O s A f f x . 1 5 7 6 0 . 1 . S 1 _ a t ,  O s A f f x . 5 1 1 1 . 1 . S 1 _ x _ a t , 

OsAffx.25794.1.S1_at, OsAffx.5047.1.S1_at, Os.23264.1.A1_at, 

and Os.49855.1.S1_at.  

 

Hypothetical, unclassified, and putatively expressed proteins 

 

Finally, there are those genes whose annotations only state 

that they putatively or hypothetically produce proteins. Walia et 

al. (2005) and even the RiceChip and Rice Genome Annotation 

Project search results did not provide additional insight as to the 

nature of such genes. Although no outright value can be drawn 

from these genes due to their lack of detailed annotations, their 

inclusion suggests that these genes might still have some role in 

salt tolerance, compounded by the fact that these genes were also 

found to be significantly differentially expressed, it can thus be 

suggested that further analysis as to the detailed nature of these 

genes be done.  

 

CONCLUSIONS AND RECOMMENDATIONS 

 

Similarly, if not more, essential to identifying genes related 

to a phenotypic trait is to identify those genes which cause the 

expression of the trait. The partial regression coefficient analysis 

framework proposed in this article provides the means for hy-

http://ricechip.org
http://rice.plantbiology.msu.edu/
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pothesis generation in that regard and can thus be a good initial 

step towards identifying genes causal to a phenotypic trait. The 

technique infers a set of candidate causal genes by assessing the 

inferred allelic state of the sequence of the genes, together with 

known QTLs, in relation to the phenotypic trait values, almost 

similar to what is done in QTL mapping techniques.  

 

The use of the technique to infer candidate causal genes to 

rice salt tolerance had interesting results at the very least. Several 

genes related to physiological (cell wall- and membrane-related) 

and biochemical (signal transduction) mechanisms pertinent to 

salt tolerance have been inferred as potentially causal to the trait. 

Characterization of certain candidate causal genes suggests that 

the method can supply relevant prospective causal genes that are, 

at least, indeed related to salt tolerance. 

 

One possible extension of the proposed framework entails 

allowing the methods to handle non-RIL cases, especially data 

sets whose marker score data contain significant numbers of 

heterozygous alleles. However, we must keep in mind that an 

advantage of using RILs is that the allelic states of the samples 

are mostly, if not all, homozygous, something which might not 

be the case in non-RILs. Another possible extension is to be able 

to infer potential causal relationships, or lack thereof, between 

QTLs and genes, as with Schadt et al. (2005), thus further 

strengthening the causality of gene expression to trait. This is 

considered a significant addendum taking into account the possi-

bility that eQTL mapping may not be altogether possible, or the 

results may not be as definitive, due to the small number of gene 

expression data samples.  
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