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Abstract: Pup1 is the major quantitative trait locus (QTL) for 
phosphorus deficiency (PD) tolerance in rice. The molecular 
markers linked to Pup1 are available for numerous rice 
genotypes. However, novel haplotypes of Pup1 could be 
detected if specific landraces are subjected to genetic analyses. 
A set of 30 local rice genotypes were assessed for PD tolerance 
and in the present study, they were characterised by sequencing 
K20-1, a co-dominant locus within the Pup1 locus. The DNA 
polymorphism was also checked for the association with PD 
tolerance. A total of 10 SNPs and one INDEL were discovered 
among the 32 genotypes including Kasalath and Nipponbare as 
PD tolerant and sensitive reference rice varieties, respectively. 
Four unique SNPs were discovered in the studied germplasm 
that are not present in either Kasalath or Nipponbare. The SNP 
located at the 209th position was very important as it is unique to 
highly PD tolerant landraces Murungakayan and Suduheenati, 
and varieties H-4, H-7 and H-10. These five genotypes lack the 
INDEL region present in Kasalath highlighting the presence 
of novel Pup1 haplotypes in country specific rice varieties/
landraces, and they can be used as parental genotypes to 
introduce PD tolerance into new varieties in rice breeding 
programmes in Sri Lanka.
            
Keywords: K20-1, marker assisted breeding, OsPupK20-2, 
phosphorus deficiency tolerance, Pup1, rice landraces.

INTRODUCTION

Phosphorus (P) is one of the key limiting nutrients that 
can significantly affect profitable rice farming (Fageria 
et al., 1982; Hedley et al., 1994; Kirk et al., 1998).  The 
application of artificial P fertiliser is very expensive, 
which could also contribute to environmental pollution 
and health hazards (Bennett et al., 2001; Cordell 
et al., 2009; Chandrajith et al., 2010; Jiao et al., 2012). 
The development of improved rice varieties that can 
perform well under low P regimes using marker assisted 
breeding (MAB) is identified as the most promising and 
sustainable solution to tackle these problems (Wissuwa, 
2003). Although MAB programmes for P deficiency 
(PD) tolerance are not yet routinely employed in rice 
breeding, many physiological and genomic studies have 
been carried out. PD tolerant and sensitive rice landraces 
and improved varieties have been identified in countries 
such as China (Li et al., 2009), the Philippines (Heuer 
et al., 2009), Indonesia (Prasetiyono et al., 2010), India 
(Tyagi et al., 2012) and Sri Lanka (Aluwihare et al., 
2016). The genomic basis of PD tolerance has been 
subjected to intense studies and a quantitative trait locus 
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(QTL), Pup1, with a major effect, has been identified on 
rice chromosome 12. Another QTL with a minor effect 
was also identified, which is located on chromosome 6 
(Wissuwa et al., 1998). These QTLs have been initially 
detected using a drought and PD tolerant rice landrace, 
Kasalath and later validated using a PD sensitive 
landrace Nipponbare derived near-isogenic lines (NILs) 
(Wissuwa & Ae, 2001; Wissuwa et al., 2002). It was 
reported that the increasing alleles/haplotypes of Pup1 
could increase the yield by two- to four-fold (Wissuwa, 
2003), which is a significant reward in rice farming if 
put into the practice through MAB. The mechanism 
of PD tolerance conferred by Pup1 has been further 
studied (Wissuwa, 2005; Yi et al., 2005; Gamuyao 
et al., 2012) and the differences of the root surfaces 
were characterised among the tolerant and sensitive rice 
genotypes (Wissuwa, 2003; Wissuwa et al., 2005). It 
was found that Pup1 is co-segregating with the external 
efficiency of P uptake (Wissuwa, 2005). A larger effect of 
Pup1 conferred tolerance is mainly found to act on roots 
and the candidate genes within the Pup1 region were 
also identified (Heuer et al., 2009; Chin et al., 2011). 
In addition to PD tolerance, Pup1 was also reported to 
confer drought tolerance in rice (Ismail et al., 2007; Chin 
et al., 2011). Many attempts have been made to develop 
molecular markers linked to Pup1 region that can be 
used in MAB (Heuer et al., 2009; Chin et al., 2010; 
Chin et al., 2011). Pariasca-Tanaka et al. (2014) have 
developed an allele specific marker to transfer Pstol1 
gene (coding for a Pup1 specific protein kinase present 
only in PD tolerant genotypes) from the donor parent 
Kasalath to PD sensitive African rice varieties. A marker 
haplotype analysis for Pup1 region has been conducted 
using a set of rice germplasm available in India (Tyagi 
et al., 2012). However, the most comprehensive genomic 
analysis of Pup1 was conducted by Chin et al. (2011) 
and they developed molecular markers that could 
be used to detect allelic haplotypes and associated 
sequence polymorphisms. Furthermore, comprehensive 
bioinformatic and functional genomic studies on the 
key genes identified within the Pup1 locus were also 
conducted (Yi et al., 2005; Chin et al., 2011; Gamuyao 
et al., 2012). However, many promising landraces and 
improved varieties were not included as the sources for 
mapping in those studies. 

	 Recently a set of PD screening results of a selected 
panel of germplasm including landraces and improved 
rice varieties in Sri Lanka was published (Aluwihare 
et al., 2016). The present study was conducted to 
identify whether the genotypes studied by Aluwihare 
et al. (2016) contain similar or different haplotypes to 
that of PD tolerant Kasalath or sensitive Nipponbare 
landraces using the co-dominant, easily amplifiable and 
polymorphic K20-1 locus of the Pup1 genomic region 

reported in Chin et al. (2011). The associations between 
DNA sequence polymorphism within the K20-1 region 
and PD tolerance related traits were also examined to 
establish a basis for MAB of rice.  

METHODOLOGY

Rice genotypes and assessment of PD tolerance

A total of 30 rice genotypes (Table 1) including landraces 
and improved varieties obtained from the Rice Research 
and Development Institute (RRDI), Bathalagoda, 
Sri Lanka were used in the present study. The plants were 
grown under P0 [using the ultisol soil (1 mg of P in a kg 
of soil) at RRDI, which has not been fertilised for the 
last 40 years (Kumaragamage & Indraratne, 2011)] and 
P30 [recommended P fertiliser application rate (30 mg of 
P2O5 was added to 1 kg of ultisol soil)] conditions under 
two main annual cropping seasons in Sri Lanka: Yala 
and Maha seasons (DOA, 2006a). The experiments were 
conducted under greenhouse and field conditions in 2012. 

Growth parameters

Plant height (PlH) was measured from the base of the 
plant to its top using a meter ruler. The number of tillers 
(NT) was counted. PlH and NT data were recorded at 
the flowering stage of each genotype. Shoot dry weight 
(SDW) was obtained from the shoots of the plants 
harvested at the same stage. The shoots were briefly 
rinsed with distilled water and oven dried at 60 °C.

Trait related to P deficiency tolerance

Shoot P concentration (SPC)

Finely ground shoot material was liquefied in a solution 
containing 1 HNO3: 3 HClO4: 1 H2SO4 and shoot P 
concentration (SPC) (mg of P /g of shoot dry matter) was 
determined according to the phosphovanadate procedure 
(Hanson, 1950).

Shoot P uptake (SPU)

Shoot P uptake (SPU) was calculated according to the 
formula explained in Fageria et al. (1988) and Gunes 
et al. (2006). The SPU was calculated collectively for 
whole four plants grown in the pot.

P utilisation efficiency (PUE)

P utilisation efficiency (PUE) was calculated as the 
biomass produced per unit P accumulated in the shoot 
tissue. 
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The performance of each genotype to P starvation 
was evaluated and analysed using multiple regression 
procedures to assign overall PD tolerance scores to each 
genotype (Aluwihare et al., 2016) (Table 1). The same 
dataset was used in the current study for association 
analyses. 

PCR and DNA sequencing 

Leaf samples were collected from each rice genotype 
and the DNA was extracted using Dneasy® plant 
mini kit (Qiagen, Solna, Sweden). The DNA was 
PCR amplified using K20-1 locus specific forward 

(5ˊTCAGGTGATGGGAATCATTG3ˊ) and reverse 
(5ˊTGTTCCAACCAAACAACCTG3ˊ) primers (Chin 
et al., 2011) using a thermal cycler (Takara, Japan). The 
PCR cycle consisted of an initial denaturation step at 
94 °C for 5 min, followed by 35 cycles of 94 °C for 30 s, 
55 °C for 90 s, and 72 °C for 2 min, and a final extension 
step of 72 °C for 10 min. PCR products were visualised 
using 1 % agarose gel electrophoresis and purified using 
Wizard SV gel® and PCR clean-up system (Promega 
Corporation, Madison, Wisconsin, USA). The purified 
PCR products were cycle sequenced using a Sanger 
Sequencing based ABI 3500 Series Genetic Analyser 
(Applied Biosystems®).  

Type of cultivar	 Name of the genotype a	 PD tolerance score b

Landrace	 Suwandel	 2
	 Murungakayan	 3
	 Sudubalawee 	 3
	 Suduheenati	 2
	 Hondarawala	 2
	 Marss e	 3
	 Kokuwellai 	 3
	 Kaluheenati	 3
	 Pokkali	 2
	 Rathuheenati	 2
	 Rathel	 3
	 Sudurusamba	 2

Old improved varieties c	 H-10	 3
	 H-4	 3
	 H-7	 3

Newly improved varieties d	 At 353	 2
	 At 306	 1
	 At 362	 3
	 At 354	 1
	 Bg 403	 3
	 Bg 250	 2
	 Bg 358	 2
	 Bg 357	 1
	 Bg 300	 1
	 Bg 450	 2
	 Bg 94-1	 3
	 Bg 352	 2
	 Bg 379-2	 2
	 Bw 364	 2
	 Ld 356	 2

a	Standard rice variety names as given in the Database of Rice Varieties, Department of Agriculture, 
Sri Lanka (2006b)

b	PD tolerance scores are indicated as described in Aluwihare et al. (2016). 3: Tolerant; 
2: moderately tolerant; 1: sensitive

c	Rice varieties developed before 1970 
d	Rice varieties developed after 1970
e	Marss is also known as Mas

Table 1:	 Rice genotypes characterised for the DNA sequence polymorphism in K20-1 locus
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Data analysis

Sequence alignment
 
As reference DNA sequences of K20-1, the GenBank 
entry for Kasalath (AB458444.1) (PD tolerant genotype) 
and Nipponbare (AP014968.1) (PD sensitive genotype) 
(www.ncbi.nlm.nih.gov/genbank/) were used.  The K20-1 
DNA sequences of the 32 rice genotypes (including two 
reference sequences) were aligned using Clustal Omega 
software (http://www.ebi.ac.uk). The SNP and INDEL 
positions were identified and their allelic states were 
recorded for each genotype. The part of the exon 2 in 
OsPupK20-2 gene falling within the K20-1 region was 
translated to amino acid sequence and subjected to 
multiple sequence analysis using Clustal Omega.

Assessment and visualisation of DNA polymorphism

The polymorphic SNPs and INDEL present in 32 
rice genotypes were subjected to cluster analysis and 
dendrogram construction using the statistical package 
Minitab 16 (Minitab Inc., USA). Clustering details of the 
genotypes were compared with the PD tolerance score 
data of the same genotypes published in Aluwihare et al. 
(2016). 

Visualisation of identical by descent haplotypes and PD 
tolerance scores

The K20-1 haplotypes of the genotypes were visualised 
using Pedimap software (Voorrips, 2007) to show the 
inheritance of haplotypes, identical by descent (IBD) 
probabilities and PD tolerance scores. 

Analysis of the association between sequence 
polymorphism and PD tolerance traits

The PD tolerance screening data, PlH, NT, SDW, SPC, 
SPU and PUE, of the 30 rice genotypes were subjected 
to SNP/INDEL association analyses employing the 
GLM procedure in Tassel 5 software (Bradbury et al., 
2007). The mean differences between the phenotypic 
classes of the counter path SNP/INDEL alleles were also 
calculated. 

RESULTS AND DISCUSSION

The identification of QTL and the establishment of 
numerous QTL haplotypes associated with varying 
degrees of the trait value are very important to initiate 
MAB for complex traits (He et al., 2006; Ducrocq et al., 
2009; Li et al., 2012). The Pup1 QTL is molecularly 

characterised (Ni et al., 1998; Wissuwa et al., 1998; 
Lang & Buu, 2006; Prasetiyono et al., 2010) in which 
associated haplotypes (Chin et al., 2011; Tyagi et al., 
2012) and some of the underline genes are characterised 
(Chin et al., 2011; Gamuyao et al., 2012). However, many 
of the country and geographical location specific rice 
landraces and important varieties have not been included 
in genetic and physiological studies on PD tolerance. 
Many studies (Wissuwa & Ae, 2001; Chin et al., 2011; 
Gamuyao et al., 2012) have highlighted the importance 
of using tolerant landraces and hardy varieties to mine 
the interested alleles and haplotypes for MAB. Having 
the broader aim of establishing a comprehensive marker 
assisted rice breeding programme in Sri Lanka, a set of 
30 rice genotypes containing landraces and improved 
varieties were characterised for PD tolerance (Aluwihare 
et al., 2016). 

Sequence alignment and analysis of polymorphism

The studied rice genotypes were characterised for 46 
DNA markers developed for the Pup1 region in previous 
studies (Heuer et al., 2009; Chin et al., 2010; Chin 
et al., 2011). The K20-1 STS region was selected for the 
present study and subjected to DNA sequence analysis. 
The K20-1 region was chosen because of its co-dominant 
nature, easy and non-ambiguous amplification and the 
presence of significant polymorphism (Chin et al., 2011). 
PCR amplification of genomic DNA using K20-1 primers 
yielded a band with an approximate size of 240 bp. When 
K20-1 DNA sequences (Table 2) of all 32 rice genotypes 
were aligned, a biallelic length polymorphism was 
detected where a 240 base long fragment was observed 
in 11 genotypes and a 243 base long fragment was 
observed in the other 21 genotypes. A total 11 nucleotide 
variations detected comprised 10 SNPs (nine transition 
and one transversion mutations) and one INDEL; and all 
of them were biallelic and consistent with the sequence 
information reported in Chin et al. (2011). Six SNPs 
were observed as reported in Chin et al. (2011) where 
either Kasalath-like or Nipponbare-like alleles were 
present (the SNPs found at 56th, 158th, 193rd, 198th, 210th 
and 212th positions). Novel SNP alleles were detected 
for the 64th, 70th, 106th and 209th base positions where 
Kasalath, Nipponbare and some of the Sri Lankan rice 
genotypes shared one SNP allele, and other Sri Lankan 
rice genotypes shared a different allele. The SNP found 
at the 209th position is particularly interesting as highly 
PD tolerant rice genotypes Murungakayan, Suduheenati, 
H-4, H-7 and H-10 have SNP allele ‘A’, whereas Kasalath 
and Nipponbare and other 26 Sri Lankan genotypes 
shared a common allele ‘G’ showing the presence of a 
transition mutation (Figure 1).
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The three-base difference was due to the ‘CAG’ INDEL 
present in the position between 204th to 206th nucleotides. 
According to Chin et al. (2011), this INDEL is present 
in Kasalath and significantly associated with PD 

tolerance. Accordingly the same INDEL was detected 
in nine genotypes in the present study and according 
to Aluwihare et al. (2016) these genotypes are either 
tolerant or moderately tolerant to PD. However, it is 
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interesting to note that this INDEL was absent in the 
PD tolerant genotypes Murungakayan, Suduheenati, 
H-4, H-7 and H-10 implying that PD tolerance was 
not always associated with this INDEL. The two 

restriction sites SduI (Bsp 1286I) and MseI reported 
in Chin et al. (2011) are also observed in the present 
study in 10 tolerant or moderately tolerant genotypes 
(Figure 1).
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Figure 1:  DNA Sequence alignment diagram for K20-1 region of the Pup1 locus for 32 rice genotypes. The 1 
alignment was obtained using Clustal Omega software (www.ebi.ac.uk).  2 
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Figure 2: Protein sequence alignment diagram for the portion of dirigent-like model gene (OsPupK20-2) fallen 7 

within the K20-1 STS region of the 32 rice genotypes. 8 

 

Figure 2:	 Protein sequence alignment diagram for the portion of dirigent-like model gene (OsPupK20-2) fallen 
within the K20-1 STS region of the 32 rice genotypes 

Biallelic polymorphism was detected in all the SNPs and 
INDEL loci showing a limited level of heterozygosity 
present across the 32 rice genotypes tested. K20-1 DNA 
sequences of the 32 rice genotypes (Figure 1) were 
translated to amino acid sequences with the relevant 
reading frame and only two amino acid changes were 
observed, in which valine to methionine mutation was at 
19th position and phenylalanine to leucine mutation was 
at 53rd position (Figure 2).  

Cluster analysis based on sequence polymorphism

Sequence polymorphism detected in the K20-1 region of 
the 32 rice genotypes was subjected to cluster analysis 
and dendrogram construction. At 22.54 % of sequence 
similarity level, two clusters were formed. One of these 

two clusters were further divided into two sub clusters 
named C1 and CK (K stands for Kasalath type) at a 
similarity level of 45.23 %. The other cluster formed 
at 22.54 % similarity got further divided into two sub 
clusters at 55.28 % similarity. Out of these two clusters, 
one cluster was not further collapsed and labelled as CN 
(N stands for Nipponbare type) and the other cluster 
was collapsed at a similarity level of 68.37 % into two 
clear clusters that were labelled as C2 and C3. Unique 
haplotypes were observed for each cluster. The genotypes 
in clusters C2, C3 and CN contained the insertion ‘CAG’ 
and the genotypes in other clusters contained the deletion 
(i.e. ‘CAG’ was missing) (Figure 3).   

	 Cluster CK designates the genotypes, which has 
100 % similarity to the K20-1 region of the Kasalath 
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genotype. The improved variety At 362, PD tolerant 
landraces Sudubalawee, Marss, and the moderately 
tolerant landrace Rathuheenati have identical K20-1 
regions to that of Kasalath. Cluster CN, the Nipponbare 
like cluster, contains two PD tolerant genotypes Bg 94-1 
and Rathel, and moderately tolerant genotypes Bw 
364, Sudurusamba and Hondarawala. However, no 
PD sensitive genotypes were observed within the CN 
cluster indicating the genetic complexity and the fact 
that Nipponbare type haplotype cannot always be used 
in MAB as the indicator haplotype of PD sensitivity. 
It also implies that a different PD sensitive mechanism 
could be present in Sri Lankan rice genotypes than that 
of Nipponbare. The cluster C1 contains three tolerant 
genotypes, Bg 403, Kokuwellai and Kaluheenati, and 
moderately tolerant genotypes Bg 250, At 353 and 
Suwandel. Cluster C2 contains only extremely tolerant 
H-4, H-7, H-10, Murungakayan and Suduheenati and 

could be considered as the PD tolerant cluster in the 
studied germplasm. Cluster C3 has six moderately 
tolerant genotypes and four sensitive genotypes. All the 
sensitive genotypes detected in Aluwihare et al. (2016) 
are stacked within cluster C3 (Figure 3). 

Pedigree analysis

Visualisation of pedigrees with respect to parental 
relationships, trait values and marker genotypes/ 
haplotypes are very important in making decisions 
for breeding and genetic studies. Voorrips (2007) has 
developed a software called Pedimap, which could be 
employed efficiently and meaningfully to display such 
information to be easily used in breeding programmes. 
Pedimap based pedigree displays have been particularly 
used in Rosaceae research community (Rosyara et al., 
2013; Peace et al., 2014) and can be used in rice research 
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Figure 3: The dendrogram constructed for 32 rice genotypes based on the ten SNPs and the INDEL mutation 9 
detected in the K20-1 genomic region. 10 

 

Figure 3:	 The dendrogram constructed for 32 rice genotypes based on the ten SNPs and the INDEL mutation detected 
in the K20-1 genomic region 

Genomic similarity coefficient (%)
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and breeding as well. The K20-1 sequences and their 
identical by descent with respect to the available 
pedigree relationship and overall PD tolerance level 
(Aluwihare et al., 2016) were displayed using Pedimap 
software (Figure 4). Since pedigree relationships are 
not available for most of the genotypes within the 30 
genotypes studied, the identical by descent was shown 
only for a few genotypes. The pedigree structure revealed 
the distribution of the degree of PD tolerance across all 
the genotypes. Brown colour in Kasalath represents 
maximum tolerance, and green colour in Nipponbare 

represents maximum sensitivity. The haplotypes of the 
unrelated individuals in the illustration were assigned 
with unique colours by Pedimap. But the related 
individuals are shown with combined colours and the 
IBD of the haplotypes are also included. For example, 
At 354 has Pokkali and Bg 94-1 as parents but the K20-1 
region of At 354 has been inherited from Pokkali. At 353 
might have received its haplotype from the unknown 
parent while Bg 94-1 is the male parent. H-4, a RIL 
from the cross between Murungakayan and Marss, 
is the highest tolerant variety according to Aluwihare 
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Figure 4: Visualization of the PD tolerance score, K20-1 SNP haplotypes and available pedigree relationships in 11 
32 rice genotypes [Redrawn using the output created by Pedimap software (Voorrips, 2007)]. 12 

13 

14 

15 

16 

17 

 

Figure 4:	 Visualisation of the PD tolerance score, K20-1 SNP haplotypes and available pedigree 
relationships in 32 rice genotypes [redrawn using the output created by Pedimap software 
(Voorrips, 2007)] 
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et al. (2016), and has received its haplotype from the 
female parent Murungakayan. The genotypes At 353, 
H-10, H-7, Bg 357 and Bg 403, which have only one 
parent in the current set clearly displayed the parental 
origin of haplotypes. Although the female parent of H-7 
and H-10 are not included in this study it was a sister 
RIL of H-4 named H-5 that should have received K20-1 
haplotype from the parental landrace Murungakayan. 
The genotypes Bg 357 and Bg 403 received their 
K20-1 haplotypes from the paternal parent. The colour 
depiction of PD tolerance in 32 rice genotypes clearly 
explains the differential tolerance or sensitivity towards 
PD (Figure 4). Attempts are in place to convert the 
conventionally recorded pedigree relationships, trait 
values and available marker and sequence information as 
Pedimap based visual displays to facilitate rice breeding 
in Sri Lanka.

Association analysis

The association analyses conducted using TASSEL 5 
software revealed that SNPs and INDEL alleles are 
associated with PD tolerance related traits. PlH measured 
under P0 and P30 conditions was strongly associated with 
the SNP located at 209th base position (p < 0.05). In this 
SNP, when the allele ‘A’ was in homozygous condition 
(which could only be seen in some Sri Lankan rice 
genotypes), plants were taller than the plants which has 
homozygous ‘G’. The NT was significantly associated 
with the eight SNPs and the INDEL (p < 0.05) (Table 3). 

	 The only significant marker trait association for 
SDW was with the SNP at 209th position (p < 0.05). 
In homozygous ‘A’ class, the mean SDW was 23.82 g 
compared to mean SDW of 14.83 g in homozygous ‘G’ 
class (p < 0.05). Five SNPs and the INDEL were strongly 
associated with SPC and PUE. Only the SNP at 209th 
position was significantly associated with SPU (p < 0.1). 
The overall score of PD tolerance was associated with six 
SNPs (158th, 193rd, 198th, 209th, 210th and 212th positions) 
and the INDEL (p < 0.05) (Table 3).

	 In summary, the classical approach was followed 
in the Pup1 QTL mapping studies in which the linkage 
relationship between markers and traits are considered 
(Wissuwa et al., 1998; Wissuwa, 2003). However, no 
particular attention has been given to find the significant 
association between the SNPs and INDELs with the 
PD tolerance traits. In the present study, we report the 
association between PD tolerance traits and SNPs/
INDEL of the K20-1 region from a selected set of rice 
germplasm. It would be interesting to see an important 
core-collection of rice genotypes with varieties, mapping 
populations, unreleased breeding materials produced 

from the original varieties and landraces are subjected 
to a meta-association analysis of the DNA sequence 
polymorphism and the traits. With the present study, we 
proved that Kasalath type K20-1 haplotype is associated 
with PD tolerance but another haplotype, which is 
probably specific to Sri Lankan germplasm also confers 
a higher tolerance. We propose that these two haplotypes 
could be used in MAB of rice for PD tolerance. However, 
the reliance on K20-1 PCR followed by SduI (Bsp 1286I) 
or MseI digestion to evaluate the polymorphism as a 
CAP maker is doubtful because the highest PD tolerant 
genotypes in the present study (the ones in C2 cluster) 
(Figure 3) do not have these palindromic sequences 
within the K20-1 region. Therefore, we propose an 
alternative strategy of employing an allele specific 
oligonucleotide assay to detect the ‘A’ allele along with 

Name of the genotype	 GenBank accession number

Hondarawala	 KU174163
Rathel	 KU174164
Bg 94-1	 KU174174
Sudurusamba	 KU174175
Bw 364	 KU174176
Bg 352	 KU174169
Pokkali	 KU174166
Bg 357	 KU174170
Bg 358	 KU174171
Bg 450	 KU174173
At 306	 KU174178
Bg 300	 KU174179
Ld 356	 KU174182
At 354	 KU174184
Bg 379-2	 KU174186
Murungakayan	 KU174158
Suduheenati	 KU174159
H-4	 KU174168
H-7	 KU174177
H-10	 KU174181
Marss	 KU174157
Sudubalawee	 KU174162
Rathuheenati	 KU174165
At 362	 KU174185
Kaluheenati	 KU174160
Suwandel	 KU174161
Kokuwellai	 KU174167
At 353	 KU174172
Bg 250	 KU174180
Bg 403	 KU174183

Source : http://www.ncbi.nlm.nih.gov/ 

Table 2:	 GenBank accession numbers of the K20-1 DNA sequences 
of the rice genotypes
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the SduI (Bsp 1286I) and MseI digestion, to discriminate 
the tolerant genotypes from the sensitive ones in MAB 
or marker assisted seedling selection (MASS). These 
kinds of CAP markers and allele specific oligonucleotide 
assays are common in human, mouse and plant genetic 
and breeding studies (Saiki et al., 1985; Hixson & 
Vernier, 1990; Gutierrez et al., 2006). The establishment 
of simple and easier genotyping strategies of MAB is 
essential (Sofi & Rather, 2007; Pérez-de-Castro, 2012) 
and they should not be completely depending on the 
routine DNA sequencing and the hectic downstream 
bioinformatic analysis (Asins, 2002; Collard & Mackill, 
2008). However, more in-depth sequence analyses of 
the entire Pup1 QTL region with a larger germplasm 
panel would provide a deeper insight to mine more novel 
haplotypes that could be used in MAB for PD tolerance.                                                                          

CONCLUSION

The DNA sequence analyses of K20-1 region of the 30 
rice genotypes revealed that PD tolerance is not only 
conferred by the Kasalath type sequence haplotype but 
also by another haplotype, which is present in the landrace 
Murungakayan and some of the old improved varieties 
in Sri Lanka. The DNA sequence polymorphisms within 
the K20-1 region was further expanded by the current 
study compared to what is reported in Chin et al. (2011) 
envisaging the fact that meta-analysis of the DNA 
sequence polymorphism within the entire Pup1 region 
of the important genotypes of the rice germplasm is 
essential to layout a precise and accurate haplotype based 
MAB strategy to produce PD tolerant rice genotypes for 
the diverse requirements in global rice industry.

Trait	 Growing conditiona	 Locus (bp)b	 Allelesc	 Mean LL	 Mean RR	 GS	 P value

PlH 	 P0- GH-Maha	 209	 A/G	 96.17	 69.43	 26.74	 2.28E-04
	 P30- GH-Yala	 209	 A/G	 77.81	 53.17	 24.64	 5.37E-06
	 P0- F-Yala	 209	 A/G	 82.10	 62.95	 19.15	 0.033
	 P30- GH-Maha	 209	 A/G	 91.91	 73.24	 18.67	 0.003
	 P0- GH-Yala	 209	 A/G	 88.04	 58.72	 29.32	 6.70E-05
NT	 P0- F-Yala	 106	 A/G	 2.28	 3.20	 -0.92	 0.004
	 P30- GH-Yala	 106	 A/G	 3.99	 6.44	 -2.45	 0.021
	 P0- F-Yala	 158	 C/T	 3.20	 2.28	 0.92	 0.004
	 P30- GH-Yala	 158	 C/T	 6.44	 3.99	 2.45	 0.021
	 P0- F-Yala	 193	 C/T	 2.28	 3.20	 -0.92	 0.004
	 P30- GH-Yala	 193	 C/T	 3.99	 6.44	 -2.45	 0.021
	 P0- F-Yala	 198	 C/T	 2.28	 3.20	 -0.92	 0.004
	 P30- GH-Yala	 198	 C/T	 3.99	 6.44	 -2.45	 0.021
	 P0- F-Yala	 204-206	 + / - d	 2.28	 3.20	 -0.92	 0.004
	 P30- GH-Yala	 204-206	 + / - d	 3.99	 6.44	 -2.45	 0.021
	 P0- F-Yala	 210	 C/T	 3.20	 2.28	 0.92	 0.004
	 P30- GH-Yala	 210	 C/T	 6.44	 3.99	 2.45	 0.021
	 P0- F-Yala	 212	 A/G	 3.20	 2.28	 0.92	 0.004
	 P30- GH-Yala	 212	 A/G	 6.44	 3.99	 2.45	 0.021
	 P0- F-Yala	 64	 C/G	 3.20	 2.28	 0.92	 0.004
	 P30- GH-Yala	 64	 C/G	 6.44	 3.99	 2.45	 0.021
	 P0- F-Yala	 70	 C/T	 3.20	 2.28	 0.92	 0.004
	 P30- GH-Yala	 70	 C/T	 6.44	 3.99	 2.45	 0.021
SDW	 P0- GH-Maha	 209	 A/G	 23.82	 14.83	 9.49	 3.54E-04
SPC	 P0- F-Maha	 158	 C/T	 0.54	 0.68	 -0.14	 0.071
	 P0- F-Maha	 193	 C/T	 0.68	 0.54	 0.14	 0.071
	 P0- F-Maha	 198	 C/T	 0.68	 0.54	 0.14	 0.071
	 P0- F-Maha	 204-206	 + / - d	 0.68	 0.54	 0.14	 0.071
	 P0- F-Maha	 210	 C/T	 0.54	 0.68	 -0.14	 0.071
	 P0- F-Maha	 212	 A/G	 0.54	 0.68	 -0.14	 0.071
SPU	 P0- GH-Maha	 209	 A/G	 12.96	 9.76	 3.19	 0.059
	 P30- GH-Yala	 209	 A/G	 19.34	 14.83	 4.50	 0.064

continued -

Table 3:	 Association of PD tolerance related traits with the SNPs and the INDEL detected in K20-1 STS region
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Trait	 Growing conditiona	 Locus (bp)b	 Allelesc	 Mean LL	 Mean RR	 GS	 P value

PUE	 P0- F-Maha	 158	 C/T	 1.94	 1.54	 0.40	 0.058
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a The growing condition represent the P level supplied (P0: 1 mg of P in 1 kg of soil and P30: 30 mg of P2O5 was added to 1 kg of Ultisol soil) and 
greenhouse (GH) or field (F) conditions used. Yala and Maha represent the two general cropping seasons in Sri Lanka  
b The base position within the K20-1 STS region which has the total length of 240 or 243 bp (Figure 1)
c The SNP or INDEL alleles detected in each locus. Only biallelic SNPs are detected   
d CAG insertion can be seen in 11 rice genotypes at the position 204 bp to 206 bp

Mean LL represent the mean phenotype when the allele shown in the left side of the SNP column are in homozygous condition. Mean RR 
represent the mean phenotype when the allele shown in the right side of the SNP column are in homozygous condition. GS designates the gain 
of selection which is calculated by subtracting the mean RR by mean LL. P value indicates the probability level for significant mean differences 
calculated using Tassel 5.0 software. Alleles shown with white colour font in black background are present only in Sri Lankan rice germplasm. 
Alleles shown in gray background are present in both Kasalath, Nipponbare and some of the Sri Lankan rice genotypes. Alleles underlined 
are present in Kasalath and some of the Sri Lankan genotypes. Alleles not underlined are present in Nipponbare and some of the Sri Lankan 
genotypes. SDW: shoot dry weight (grams per pot); SPC: shoot P concentration [amount of P (mg) in 1 gram of shoot dry]; SPU: shoot P uptake 
(mg P per pot); PUE: P utilisation efficiency (biomass produced per unit P accumulated in shoot tissue); PDT: P deficiency tolerance score 
assigned in Aluwihare et al. (2016).    
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