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Root transcriptomes of two acidic soil adapted Indica rice
genotypes suggest diverse and complex mechanism of low
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Abstract Low phosphorus (P) tolerance in rice is a biologi-
cally and agronomically important character. Low P tolerant
Indica-type rice genotypes, Sahbhagi Dhan (SD) and
Chakhao Poreiton (CP), are adapted to acidic soils and show
variable response to low P levels. Using RNAseq approach,
transcriptome data was generated from roots of SD and CP
after 15 days of low P treatment to understand differences and
similarities at molecular level. In response to low P, number of
genes up-regulated (1318) was more when compared with
down-regulated genes (761). Eight hundred twenty-one genes
found to be significantly regulated between SD and CP in
response to low P. De novo assembly using plant database
led to further identification of 1535 novel transcripts.
Functional annotation of significantly expressed genes sug-
gests two distinct methods of low P tolerance. While root
system architecture in SD works through serine-threonine ki-
nase PSTOL1, suberin-mediated cell wall modification seems
to be key in CP. The transcription data indicated that CP relies
more on releasing its internally bound Pi and coping with low
P levels by transcriptional and translational modifications and
using dehydration response-based signals. Role of P trans-
porters seems to be vital in response to low P in CP while
sugar- and auxin-mediated pathway seems to be preferred in

SD. At least six small RNA clusters overlap with transcripts
highly expressed under low P, suggesting role of RNA super
clusters in nutrient response in plants. These results help us to
understand and thereby devise better strategy to enhance low
P tolerance in Indica-type rice.
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Introduction

Phosphorus (P) deficiency occurs widely in soils with a high
native P-fixing capacity such as acid soils, acidic sulphate soils,
and alkaline soils. In rice, P deficiency adversely affects general
plant metabolism (Wasaki et al. 2003) that leads to low crop
productivity. Previous studies on genetics of phosphorus defi-
ciency tolerance in rice were primarily based on the analysis of
genes involved in response to low levels of P (Richardson 2009),
including a few studies on mapping populations derived from
parents of contrasting level of P deficiency tolerance (Wissuwa
et al. 1998; Koide et al. 2013). However, the association of most
of the previously reported genes with tolerant and susceptible
germplasm is lacking. The biparental studies have generated
only limited information on the genes involved in tolerance to
phosphorus deficiency. P deficiency tolerance is a complex
quantitative trait and understanding of genetically diverse toler-
ance mechanism is limiting. Therefore, there is a need to gener-
ate genomic resources from different tolerant germplasm and
understand the functional role of genes identified.

One important aspect for understanding low P tolerance is
the response of root growth and development to low-P condi-
tions (Lynch 2007). Roots are important for maintaining crop
yields, vital when plants are grown in soils containing insuf-
ficient supplies of water or nutrients (Bengough et al. 2011).
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They are the primary sites for stress signal perception in re-
sponse to low P that initiates a cascade of gene expression
(Gamuyao et al. 2012). Furthermore, root architecture is a
key trait for dissecting the genotypic differences in rice re-
sponses to P deficiency (Richardson 2009). A number of stud-
ies were carried out on the gene expression patterns of roots in
rice under low P stress (Richardson 2009; Li et al. 2010).
However, these studies focused on comparing gene expres-
sion profiles of genotypes at seedling stage in response to
short duration stress condition using cDNA microarrays con-
taining cDNA clones from Japonica rice cultivar Nipponbare.
Major drawback using such array include: (1) study of gene
expression will be limited to set of genes spotted on the array
plate and (2) the probes on the array are designed from the
sensitive variety, Nipponbare. This may result in the failure to
identify genes essential for the phosphorous tolerance. A pre-
vious study by Heuer et al. (2009) has clearly demonstrated
limitations of using probes designed from a low P susceptible
genotype like Nipponbare for identification of low P tolerant/
responsive genes.

Despite being poorly characterized at molecular level,
Sahbhagi Dhan (SD) is a released Indian variety, showing
good performance in poor soils of eastern India. Under acidic
field conditions of North Eastern India, the performance of
this genotype is as good as the local check (unpublished data).
On the other hand,Chakhaou Poreiton (CP) is an old landrace
from North eastern state of Manipur, with purple aleurone
layer, unique taste and aroma.

In this study, seedling stage root-specific transcriptome
profiling using RNAseq was carried out for both SD and CP
Indica-type rice varieties grown under normal and long-term
low P levels. It has been reported that plants respond to phos-
phorus deficiency with a typical sigmoid growth curve and
showed phosphorus deficiency symptoms after 12–13 days
(Postma and Lynch 2010). Therefore, to obtain maximum
representation of genes involved in signalling and adaptation
response under low P stress, a time point of 15 days stress was
selected in our study. The 30-day old root tissue collected after
15 days of low P treatment has allowed us to target the crucial
stage in low P response in roots, making this transcriptome
dataset first of its kind to be generated in Indica-type rice. The
analysis of transcriptome has led to identification low P re-
sponsive genes and pathways associated with long-term P
deficiency tolerance, which will help in devising strategies
to enhance low P tolerance in rice.

Materials and methods

Hydroponics experiment and measurement of P content

Seeds of both the genotypes were pre-germinated on wet filter
paper at 30 °C for 3 days and were transferred to Yoshida

solution for growth. After 15 days, the seedlings were divided
into two groups: control seedlings, grown in the full strength
Yoshida solution (0.31 mM Pi) (Yoshida et al. 1976), and
treated seedlings, grown in Yoshida solution with 0.015 mM
Pi (Yi et al. 2005). After 15 days of growth, plants were har-
vested. For half of the harvested samples (both control and
treatment), fresh weight was taken and immediately frozen
with liquid nitrogen and stored at −80 °C. The other half
was dried; dry weight taken and P content in the leaves and
roots of seedlings are determined by the phosphovanadate
method (Hanson 1950) after digestion in a mixture of HNO3

and HClO4 (3:1). Three independent replicates were used per
genotype. After harvesting, the roots were frozen in liquid
nitrogen and stored at −80 °C.

Illumina GAIIx sequencing and mapping of Illumina
reads

All the four samples were sent to the commercial service pro-
vider, Xcelris Genomics Ltd., Ahmedabad, India for sequenc-
ing. The extraction of total RNAwas followed by RNA qual-
ity and quantity analysis using 1% denaturing agarose gel and
Bioanalyzer (Agilent Technologies, Singapore). Libraries
were generated using standard library preparation (Bagnaresi
et al. 2012). Mapping of Illumina reads was done using stan-
dard Illumina pipeline (Garg et al. 2013). Only reads passing
the quality criteria were used for downstream processing
(Bowtie). The spliced read mapper TopHat version 1.4.1
was used to map reads to Nipponbare (MSU release 6.1) ge-
nome. Mapped paired end reads were de-duplicated with
Picard 1.63, and read counts were collected with HTSeq ver-
sion 0.5.3 (http://www-huber.embl.de/users/anders/HTSeq) in
the paired end and ‘union’mode using Oryza sativaMSU 6.1
GTF file. De novo transcriptome assembly was performed
using the CLC Genomics Workbench using default
parameters, and assembled consensus sequences were
exported into a fasta file (Fig. S1).

Differential gene expression

Raw read counts obtained were normalized to reads per kilo-
base per million (RPKM), and genes above the 0.1 RPKM
threshold were considered expressed. The RPKM values
(RPKM_control and RPKM_treated) were further used to cal-
culate the log fold change as log2 (RPKM_treated/
RPKM_control). The categorization of differentially
expressed genes (DEG) was done as mentioned previously
by Bagnaresi et al. (2012). Based on the statistical significance
(p value greater than the false detection rate (FDR) after
Benjamin-Hochberg correction for multiple-testing), a set of
expressed genes were identified. Genes having a log2-based
ratio ≥2 were considered differentially expressed genes
(DEG). Heat maps showing expression profiles (log2 fold
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change) were generated using the MultiExperiment Viewer
(MeV, v4.8).

Analysis of metabolic pathway and gene ontology

To characterize the metabolic pathway involved in P deficien-
cy in rice adapted to acidic soils, the statistically significant
genes were classified into different categories based on the
RiceCyc database and the Plant Metabolic Network (Garg
et al. 2013). Using the locus search tool of Rice Genome
Annotation Project, GO Classification was determined.

GO enrichment analyses

For identifying terms that were present in significant numbers,
goseq analyses were performed (Bagnaresi et al. 2012).
Briefly, gene lengths from Nipponbare cDNA (O. sativa
MSU6.12) were retrieved with BiomaRt queries using FDR
cutoff of 0.05. Gene ontology terms for biological processes
and molecular functions were retrieved.

QRT-PCR analysis for confirmation of expression
of selected differentially expressed genes

To validate the results from the transcriptome experiment, 10
randomly selected differentially expressed genes (DEGs)
were analyzed using qRT-PCR. Total RNAwas extracted from
roots using Trizol reagent (SIGMA) according to the manu-
facturer’s protocol. The first strand cDNA synthesis was car-
ried out as previously described by Dkhar et al. (2014). The
rice ubiquitin gene (Jain et al. 2006) was used as reference
gene for normalization. Amplification was confirmed by melt
curve analysis and threshold values (Ct) for each of the genes
calculated. Three technical replicates were performed. The
correlation between expression profiles of selected genes ob-
tained from qPCR and RNA-seq data analyses was deter-
mined using MS Excel.

1Kb upstream analysis

Upstream sequences (1 kb) of highly up-regulated genes were
extracted and analyzed for cis-acting elements using PLACE
database.

Results

Differential response of rice genotypes SD and CP to low P
and transcriptome sequencing

The growth of rice genotypes, SD and CP after 30 days under
control (+P; 0.031 mM) and low P (−P; 0.015 mM) conditions,
resulted in variation in root length and biomass (Fig. 1a; b). In

SD, low P conditions led to more root biomass while the root
biomass decreased in case of CP (Fig. 1c). In both CP and SD,
the P content in the seedlings grown under low P conditions
was comparable to the seedlings grown under +P conditions
(Fig. 1d). Both the rice genotypes show features of low P tol-
erance, but the physiological approach and, thereby, underlying
molecular mechanism responsible for low P tolerance seem to
be significantly different. Therefore, we investigated the effects
of low P treatment in roots of these two Indica-type rice geno-
types. The approach usedwas generation of cDNA library from
root tissues of both control and treated samples of SD and CP
genotypes followed by next-generation sequencing.

The size range of RNA-seq libraries was 250 to 400 bp
(Fig. S2). A total of more than 131 million reads from above
four samples were generated. After quality filtering, about 121
million high-quality reads (ranging from about 8 to 22 million
reads for each sample) were obtained (Table 1).

Transcriptome assembly and differential gene expression
analysis

The annotated cDNA sequences ofNipponbare (Japonica rice)
are available (MSUv6.1; http://rice.plantbiology.msu.edu/) and
were used as reference. Nipponbare is by far one of the most
accurately assembled and annotated genomes. The same
approach of using Japonica rice genome for assembly of
RNA seq data generated on Bindica^ has also been reported
previously (Garg et al., 2013). The genome assembly led to
mapping of 53–59% of the high-quality reads (Fig. S1) obtain-
ed from the four different samples (Table 1) with about 56 % of
rice proteins represented in the assembly. More percentage of
SD reads (58.61 %) mapped to reference genome compared
with CP (54.64 %). After mapping of reads, 38,653 expressed
genes were identified for SD and 41,126 for CP respectively
(Fig. S3). A total of 5571 (14.4 %) and 4536 (11 %) transcripts
for SD and CP, respectively, were identified as low P respon-
sive based on p value. A set of 1620 and 1051 genes were
differentially expressed (showing ≥2-fold changes) under low
P conditions in SD and CP, respectively (Fig. 2a) (Table S1).

The results obtained from differential gene expression anal-
ysis were validated by qRT–PCR analysis for 10 randomly
selected genes. The analysis revealed similar expression pat-
tern for all the selected genes in qPCR analysis as observed
from RNA-seq data. The statistical analysis also showed sig-
nificant association (r2=0.673) between the results of qPCR
and RNA-seq data analyses (Fig. 2b).

To assign functional categories to the stress-responsive
genes, gene ontology (GO) enrichment analysis was per-
formed. In the case of SD, the largest number of transcripts
belonged to biosynthetic response (19.4 %), response to stress
(17.5 %), metabolic activity (16.5 %) and response to abiotic
stress (12 %) among the biological function GOSlim terms
(Fig. 2c). In CP, in response to low P levels, majority of
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enriched biological function GOSlim terms belonged to bio-
synthetic response (26.4 %), metabolic activity (18.4 %) and
response to endogenous stimulus (14 %). Among the molec-
ular function terms, the transcripts related to enzyme regulator
activity (16.1 %), nucleotide binding (11.3 %), ion binding
(11 %), DNA binding (10 %) and transporter activity (10 %)
were the largest in number (Fig. 2d) in SD. In CP, transcripts
related to nucleotide binding (17 %), DNA binding (15 %),
enzyme regulator activity (14.2 %) and ion binding (14 %)
were the largest in number. Terms associated with various
metabolic processes (GO:0008152; GO:0044237) and bio-
synthetic processes (GO:0006633; GO:0046949) were most
enriched in the genes up-regulated under stress conditions

(Table S2). In addition, the GO terms associated with chroma-
tin changes (GO:0006333) were also found enriched in low P
conditions. CP showed enrichment for GO terms associated
with transport (GO:0015031; GO:0006857) and signal trans-
duction (GO:0007165) in low P conditions (Fig. 2c) while GO
terms associated with response to stress (GO:0009651;
GO:0009737) were enriched in SD. Enzyme regulatory activ-
ity (GO:0050662) was enhanced in both SD and CP (Fig. 2d).
Terms enriched with ion-binding activities (GO:0008270;
GO:0046872) were found more in CP. Although transport
activity was enhanced in CP under low P conditions, the ac-
tivity of transporters was more in SD (Fig. 2c, d).
Interestingly, under low P conditions in SD, we detected

Fig. 1 Growth and P analysis of 30-day-old seedlings of two rice
genotypes (SD and CP) grown under low P conditions for 15 days. a
Biomass of roots and shoots in SD. bBiomass of roots and shoots in CP. c

Length of rice roots in SD and CP. d Total P concentration in roots and
shoots of rice genotypes. Significancewas defined asP< 0.05. Error bars
indicate standard deviation. SD, Sahbhagi Dhan; CP, Chakhao Poreiton

Table 1 Summary of sequencing
data generated and mapping to
Oryza genome

Description Raw reads Filtered reads Mapped readsa Percentage of reads mapped

SD control 41,691,208 38,990,069 22,571,951 57.89 %

SD treatment 17,225,515 14,051,746 8,335,957 59.33 %

CP control 37,045,119 34,817,517 19,552,394 56.16 %

CP treatment 35,555,189 33,279,140 17,681,734 53.13 %

Total 131,517,031 121,138,472 68,142,036 56.63 %

SD Sahbhagi Dhan, CP Chakhao Poreiton
a Number of high-quality reads mapped using CLC Genomics workbench
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enrichment of GO terms implicated in freezing stress response
(GO:0042309). GO terms associated with cell wall modifica-
tion (GO:0042545), cutin biosynthesis (GO:0010143) and
cellulose biosynthesis (GO:0030244) were also found up-
regulated in low P conditions.

In response to low P, number of genes up-regulated (1318)
was more when compared with downregulated genes (761). To
further characterize the DEGs, a t test (assuming equal variance
andα (overall threshold p value)=0.01)was performed. This led
to identification of 821 genes which were significantly different
between the two genotypes, SD and CP (Fig. S4). Furthermore,
K-means clustering analysis was performed and 5 clusters with
different gene expression patterns across two genotypes were
identified (Fig. S5). Among the clusters generated, 3 groups of
genes showed distinct pattern of expression (Fig. 3). Cluster I
genes were SD specific. Cluster II genes were CP specific.
Cluster III genes were upregulated in low P conditions.

Identification of unannotated transcripts in response
to low P

Bacterial artificial chromosome (BAC) clones for an indica-
type rice genotype, Kasalath, which is known to carry several

favourable alleles for performance under poor soils (Gamuyao
et al. 2012), are available. To find similarities between the
three indica cultivars for response to low P, raw reads from
treated samples of SD and CP were mapped onKasalathBAC
clones (Fig. S1), resulting in identification of an additional set
of genes (16 %) which had previously remained undetected in
Nipponbare reference genome (Table S3).

Fifty-three to 59 % rice proteins showed a significant
hit with the reference genome-based assembly generated
from high-quality reads, suggesting that the assembly
was optimal. As SD and CP are indica-type rice and
Nipponbare is japonica-type rice, the possibility of increas-
ing the number of mapped reads exists. Therefore, de
novo assembly of unused reads from treated tissues of
both genotypes in the first step of reference-based assem-
bly was done. Using the CLC Genomics Workbench, a
total of 7069 and 26,115 contigs for SD (T) and CP
(T), respectively, was identified using non-redundant data-
base (Tables S4–S5). The minimum and maximum contig
length varied from 200 to 7938 bp. Based on the acces-
sion hit with functionally annotated transcript contigs, a
total of 1533 annotated transcript contigs were identified
(Fig. S3) (Table S6).

Fig. 2 Functional annotation of differentially expressed genes under low
P condition. a The number of up- and down-regulated genes under low P
conditions in the two rice genotypes Shahbhagi Dhan (SD) and Chakhao
Poreiton (CP). The total number of genes differentially expressed under
each condition is given on the top of each bar. b The correlation of gene
expression results obtained from quantitative-PCR analysis and RNA-seq

for 10 selected genes. c Characterization of SD and CP transcripts
expressed in low P conditions using GO Slim term assignment based
on biological process. d Characterization of SD and CP transcripts
expressed in low P conditions using GO Slim term assignment based
on molecular function. Transcripts having p < 0.05 were considered
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Characterization of de novo assembled reads expressed
under low P conditions

One of the genes playing role in low P tolerance under field
conditions is PSTOL1 (Gamuyao et al. 2012). The expression
of PSTOL1 was up-regulated under low P stress in SD, con-
sistent with previous findings (Tyagi et al. 2012).

The de novo assembly led to identification of: (a)
expressed novel transcripts and (b) transcripts showing
alignment to other species of Oryza, like Oryza minuta,
Oryza rufipogon, Oryza officianalis, etc. We found that
many transcripts in SD and CP showed similarity with
other plant species like Vitis, sorghum, Arabidopsis, etc.
More number of contigs (1116) were obtained from SD
and included transcripts associated with sugar transport,
transcription factor, etc. These contigs from SD and CP
which were not identified in the reference genome,
Nipponbare, may be specifically transcribed and function
only in tolerant genotypes under low P conditions or these
transcripts could be Indica-type specific.

Functional annotation of highly up-regulated transcripts
under low P conditions for SD and CP roots

In response to low P, highly up-regulated (more than 20-fold
increase) genes in SD and CP roots were identified and func-
tionally annotated (Fig. 4, Table S7). In SD and CP, 18 and 7
transcripts respectively were highly up-regulated (Fig. 4b, c).
A common set of eight transcripts enriched in GO terms as-
sociated with phosphate starvation (phosphate transporter ac-
tivity) and alteration in lipid processes (glycolipid synthesis)

were found to be highly up-regulated in roots of both geno-
types (Fig. 4a).

The highly expressed genes include high-affinity phos-
phate transporter, OsPT6 (Os08g45000), members of SPX
domain containing protein (Os02g10780, Os03g29250). A
set of uncharacterized but expressed proteins (Os09g26670,
Os03g51350, Os04g45510, Os01g67364, Os01g02450 and
Os05g08830) were also identified. Different protein phospha-
tases were up-regulated under low P conditions. A member of
phosphoethanolamine/phosphocholine phosphatases
(Os10g52230) was up-regulated in both SD and CP, though
the level of up-regulation was more in CP than in SD roots.
Member of ser ine/ threonine phosphatase family
(Os10g02750) was highly up-regulated in CP. Jacalin-related
lectin (JRL) domain containing protein (Os01g25160) was
highly up-regulated only in CP roots under low P conditions.
Members of dehydrin family (Os11g26570, Os11g26790 and
Os11g26750), LEA proteins (Os3g07180), MYB
(Os5g50350), WRKY19 (Os05g49620) and AP2 transcrip-
tion family (Os09g35010) are highly up-regulated in SD.
Topoisomerase 6 subunit Awas up-regulated in low P condi-
tions in SD.

The regulation of gene expression can be affected by non-
coding RNAs including microRNAs (miRNAs). An in silico
analysis (http://sundarlab.ucdavis.edu/cgi-bin/smrna_browse/
rice2/) to identify role of small RNAs in regulating the highly
expressed genes led to identification of seven genes
(Os01g04920, Os01g67364, Os05g31670, Os06g18820,
Os03g51350, Os08g20420 and Os09g15240) being part of
small RNA supercluster (Fig. S7), while most of the other
highly up-regulated genes (31) show small RNA clusters of
3–12 (Fig. S7).

Fig. 3 K-means clustering of differentially expressed genes under low P
conditions. The clustering was performed on log2 fold change for each
gene under low P condition (T) when compared with control condition

(C). Genes exhibiting similar pattern have been grouped in distinct
groups. The scale at the bottom shows log2 fold change
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Expression pattern of known genes/factors for low P
response in SD and CP

A number of signalling molecules play a role in development
of root system architecture in response to low P (reviewed by
Niu et al. 2013). Transcript abundance for genes involved in
signals like auxins, sugar and metals like Al, Fe and copper in
response to low P in roots was investigated. Our analysis of 30
early auxin-responsive Aux/IAA genes of rice revealed up-
regulation of 16 out of 25 genes in SD (Fig. 5). Five out of
eight auxin response factors were up-regulated in SD. From a
total of 15 trehalose biosynthetic genes, 7 were up-regulated in
SD and 4 in CP. Suberin is a primary constituent of cell wall,
and it has been suggested that changes in the degree of suber-
ization may result in improved stress tolerance in plants (Garg
et al. 2013). All the 5 genes (Os01g63540, Os01g70025,
LOC_Os05g38350, Os10g34480 and Os11g31090) reported
for suberin biosynthesis were highly up-regulated in CP, sug-
gesting an important role in root response to low P (Fig. 5). It
has been demonstrated that P deficiency leads to higher accu-
mulation of metals like Fe, Al and copper in Arabidopsis and
rice (Ohkama-Ohtsu andWasaki 2010; Rouached et al. 2010).
For Al homeostasis, 3 out of 4 genes (Os01g65080,
Os05g02750 and Os06g50910) were up-regulated under low
P conditions in CP and SD. When transcript level of genes
involved in Fe homeostasis was checked, all the 4 transcripts
(Os04g36720, Os06g47910, Os11g01530 and Os12g01530)
showed at least 2-fold or higher expression in roots of CP
under low P conditions (Fig. 5). Up-regulation of copper ox-
idases was also observed under stress conditions. Fifty percent
of copper oxidase genes were up-regulated only in SD in

response to low P and remaining genes were only up-
regulated in CP (Fig. 5; Table S8).

In roots, onewould not only expect genes involved in internal
P utilization, but also genes involved in effective P uptake to be
up-regulated by long-term P deficiency to account for uptake of
P against concentration gradient. In fact, in plants, two P uptake
systems with multiple P transporters of each system have been
identified—a high-affinity system that is either increased or de-
repressed under P deficiency and a low affinity system that is
constitutively expressed (Rausch and Bucher 2002). Our data
suggests that at least three P transporters (OsPT3, OsPT5 and
OsPT10) show genotype-specific variation. Our study is first
reported, in our knowledge, to implicate a correlation between
activities of P transporters with genotype in P acquisition effi-
ciency. The up-regulated transcripts include many Pi-related
genes such as PHR, WRNKY75, LTN, etc. (Richardson 2009)
(Fig. 5). Increase in lateral roots in response to P deficiency is a
desirable trait as it leads to better foraging of limited nutrient in
the top soil. We found significant enrichment of the genes in-
volved in the lateral root development under stress conditions in
CP and SD (Fig. 5).

Several miRNA, like osa-miR399 and osa-miR169, have
been reported in low P stress. Analysis of expression levels of
predicted target genes of miR399 and miR169 in treated roots
revealed that while both the targets of miR399 (Os05g48390,
Os04g55230) are down-regulated, four of the seven predicted
targets of miR169 (including Os03g29760, Os03g44540,
Os03g48970 and Os07g41720) were up-regulated at 15 days
after low P stress in both SD and CP (Fig. 5). In addition,
Os07g06470 is up-regulated only in SD and Os02g19970
and Os02g18064 only in CP after low P stress.

Fig. 4 Heat map representation
of genes highly expressed under
low P conditions across two
different rice genotypes (CP and
SD). The RPKM values obtained
from RNA-seq data were used to
calculate fold change and heat
map generated using TIGR MeV
v4.1.1 software. a Genes highly
expressed in both SD and CP. b
Genes highly expressed only in
SD. c Genes highly expressed
only in CP. The highly expressed
genes were identified based on
fold values. Bar at the top
represents fold values; thereby
values 0, 20 and 40 represent low,
high and very high expression,
respectively
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Cis-regulatory elements in the 5′UTR of highly expressed
genes suggests cross-talk between signalling pathways

To investigate whether the similar or differential expression
pattern observed for genes between the two genotypes was
due to similarity or differences, respectively in the cis regula-
tory elements, individual 5′ untranslated regions (5′UTR) of
highly expressed genes were analyzed using the database of

plant promoters (PLACE) (http://www.dna.affrc.go.jp/
PLACE), which searches for common motifs in putative
promoters. Putative cis-acting regulatory elements were
examined in the genes up-regulated or down-regulated under
P stress condition using Nipponbare as genome reference.
Due to large number of motif counts identified and a large
number being significant (p<0.01), a cutoff of 20 % was set
for short-listing the putative motifs. From this set of motifs,
the level of occurrence was calculated under P stress for both
SD and CP.

A set of 154 common motifs were observed in the 5′UTR
of genes expressed under P stress in both rice genotypes
(Fig. 6; Table S9). After using a cutoff of 6-mer (most of the
transcription binding sites are less than 8-mer in length), 53
motifs in genes over-expressed under treatment conditions
were identified (Table S9). Twenty-seven motifs were differ-
entially represented in low P conditions in SD and CP
(Fig. 6a).

The motifs could be divided into seven categories (Fig. 6b).
These 7 categories (A to G) have different number of cis-
acting elements with maximum (17 occurrences) found in
category A. Noticeably, the abiotic stress and auxin-related
motifs were highly represented in genes under treatment con-
ditions, suggesting that genes regulated in this two categories
are most common. This is followed by over-representation of
motifs related to biotic stress, sugar-response, tissue-specific
as well as response to light. This analysis suggests a complex
cross-talk among different abiotic stresses and auxin and sugar
response in P limiting conditions and also a more global role
by different genes having similar transcriptional regulation.
The cis-regulating element analysis revealed motifs related
to dehydration (A3, A13 and B3) and abiotic response (A6
and B3) were more abundant in CP, whereas motifs related to
Myb transcription factor (A10), sugar (C1, C3) and SAUR
(Small Auxin Up RNA) (B2) were present in more number
in SD (T). This data along with set of highly expressed tran-
scripts suggest diverse mechanism of tolerance in the two rice
genotypes.

Discussion

Importance of understanding low P tolerance
in Indica-type genotypes adapted to poor soils

Considerable efforts have been made to understand the mo-
lecular mechanism of low P tolerance/adaptation in plants
(Wasaki et al. 2003, 2006; Li et al. 2006; Cai et al. 2012).
However, only a few studies have focused on difference in
tolerance mechanism due to diverse genetic backgrounds. It is
known that Indica-type genotypes possess greater diversity in
terms of response to low P (Rose et al. 2011). So far, Kasalath
(a traditional landrace growing in poor soils of Eastern India)

Fig. 5 The relative expression of reported genes under low P conditions
in SD and CP genotypes. Selected genes (P< 0.05) related with metal
homeostasis (aluminum and iron homeostasis and copper oxidases),
lateral root development; root morphology; auxin response; trehalose,
callose and suberin biosynthesis; genes induced by micro RNAs; and Pi
transporters in SD and CP genotypes are shown. Bar at the top represents
log2 transformed values; thereby values 0, 5.6 and 11.25 represent low,
intermediate and high expression, respectively
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is the only Indica-type genotype in which low P tolerance
mechanism has been studied extensively. Genotypes adapted
to poor soils (soils lacking phytoavailability of macro and/or
minor nutrients) harbour tolerant genes/alleles for various abi-
otic stresses including low P tolerance (Wissuwa and Ae
2001; Lynch 2011). The acidic soils of eastern and north east-
ern India due to high levels of Pi fixation cause P deficiency
symptoms in the plants. Therefore, we identified two Indica-
type genotypes (SD and CP) adapted to acidic soils of eastern
and north eastern India to study the mechanism of low P
tolerance. SD is a released variety performing well in the
acidic soils and carries the PSTOL1 gene. CP, a short-
grained traditional variety, is known for its purple grain and
aroma and lacks the entire PUP1 region (Tyagi et al. 2012).
We now know that SD carries a different allele across PupK20
gene (Yumnam et al. 2015), suggesting that though sequence
of SD is exactly same as Kasalath for PSTOL1 gene, it har-
bours differences for at least one other gene reported for low P
tolerance. Genome-wide marker study using SSRs has also
suggested that SD is genetically distinct and diverse from
Kasalath (Tiwari et al. 2015) and CP (Challam et al. 2013).
Therefore, SD and CP were selected to study response to low
P stress. Root tissues after 15 days of low P treatment from
both control and treated samples were taken for studying gene
expression. Roots are primary sensors of low P levels and
there are only a few studies performed on effect of long-term
low P response in roots. The importance of long-term low P
deficiency study is now recognized as an appropriate physio-
logical system to study molecular biology of stress tolerance
and to utilize the important genes for the improvement of rice

via molecular breeding/biotechnological approaches (Lynch
2011).

RNA-seq transcriptome-based approach was used for data
generation so as to capture transcripts unique to these two
tolerant genotypes. The assembly of significant transcripts
was made using: (1) the reference Japonica genome,
Nipponbare; (2) alignment to available BAC clones in
Kasalath; and (3) de novo assembly using green plants data-
base. This three-tier approach enabled us to identify a large
number of transcripts from the two Indica-type rice geno-
types. Our study, therefore, provides a gene expression dataset
which can be used to identify potential targets for functional
studies of genes involved in low P tolerance in Indica-type
rice.

Differences in response to low P in SD and CP genotypes

Physiological response of SD and CP to low P conditions is
very different. While SD shows increase in root length and
root biomass, CPmaintains its root length and shows decrease
in root biomass. The increase in root biomass requires the
investment of nutrients, and the time taken by roots for nutri-
ent acquisition to compensate for these investments increases
with decreasing soil fertility (Postma and Lynch 2010). The
plant is more nutrient deficient during this period, which may
have detrimental effects on shoot growth. However, a study on
14 Brassica cultivars, grown at a range of P levels in hydro-
ponics, showed that P-efficient cultivars produced most shoot
and total biomass and had the lowest shoot P concentrations
(Akhtar et al. 2008).

Fig. 6 cis-element enrichment
within 1000 bp from the
transcription start sites for
differentially expressed genes in
response to low P levels in SD (T)
and CP (T). Seven categories (A
to G) of cis-elements were
identified. Motifs that were
significant (P< 0.01) and had at
least 20 % occurrence are shown.
Bar at the top represents
percentage occurrence; thereby,
values 0, 22430 and 9000
represent low, intermediate and
high occurrence, respectively
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Upon analysis of significantly regulated genes (Fig. 7), it
was found that there appears to be distinct difference between
SD andCPwith respect to response to low P.While root system
architecture changes in SD may be due to a cellular serine-
threonine kinase, PSTOL1, suberin-mediated root cell wall
modification seems to be key in CP. The role of OsPSTOL1
in P deficiency tolerance is well known (Gamuyao et al. 2012).
However, further investigations are required to find the exact
mechanism of P deficiency tolerance in different rice genotypes
to unravel novel pathway(s). Suberin is a primary constituent of
cell wall, and it has been suggested that changes in the degree
of suberizationmay result in improved stress tolerance in plants
(Garg et al. 2013). The up-regulation of genes (Os01g63540,
Os01g70025, Os05g38350, Os10g34480 and Os11g31090)
associated with cell wall metabolism and suberin (Fig. 7), es-
pecially in CP, suggests that these genes may be key players in
response to low P stress.

Metal homeostasis is affected during low P conditions,
leading to an increase in accumulation of cations like Al, Fe
and Cu. These metal ions in turn affect primary root growth
(Niu et al. 2013). In both SD and CP, there is similar up-
regulation for both Al and Cu levels but genes involved in
Fe homeostasis are differentially regulated in CP (Fig. 5).

Increasing P uptake from environment and/or releasing
bound Pi from internal cellular pools are keys to better

adaptation to low P levels. The gene set identified in our study
suggests that genetically diverse genotypes employ different
mechanism for stress adaptation (Fig. 7). This study indicated
that CP copes with low P levels predominantly by: (a) releas-
ing its internally bound Pi as suggested by up-regulation of
phosphatases and high-affinity transporters; (b) by transcrip-
tional and translational modification as suggested by enrich-
ment of molecular GO terms related to nucleotide, DNA and
RNA binding and protein modification (Fig. 2c); and (c) by
using dehydration response-based signals (enrichment of
DRE/CRT motifs; Fig. 6).

In contrast, SD appears to rely more on: (a) signalling com-
ponents like Myb factors (enrichment of MYBZBM motif,
Fig. 6) and (b) sugars like trehalose (Fig. 5; enrichment of
sugar responsive motifs like SURE and SREATMSD,
Fig. 6) to trigger increased root growth (enrichment in vascu-
lar response motifs, Fig. 6 and Fig. 1c) in response to low P.

Protein phosphatases are important component of P signal-
ling pathway and play a vital role in P homeostasis (Chiou and
Lin 2011). Members of phosphatases family were preferen-
tially highly up-regulated in CP under low P conditions. Most
probably, these phosphatases are involved in release of inor-
ganic phosphate from intracellular sources especially under
phosphate-deprived conditions. The role of Pi transporters in
P uptake appear to be vital for CP to cope for low P stress.

Fig. 7 Schematic diagram
showing proposed mechanism of
low P response. Preferred
response mechanism in SD and
CP (significant up-regulation
under stress condition) are
highlighted with box and circles,
respectively. Solid lines indicate
connections between low P
levels, regulatory or molecular
components. Dashed lines
represent still undefined
mechanisms. Arrows denote
positive effects, whereas flat-
ended lines indicate negative
effects. Open arrowheads
indicate an increase in metal ions
upon P deficiency. PHTstands for
P uptake transporters. References
for proposed pathway are
Rouached et al. 2010; Chiou and
Lin 2011
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These genes include high-affinity phosphate transporter,
OsPT6. Members of SPX domain containing protein
(Os02g10780 and Os03g29250) were also found to be highly
up-regulated. SPX domain-containing proteins have been im-
plicated in phosphate homeostasis (Rouached et al. 2010).
Members of dehydrin family, LEA proteins, MYB,
WRKY19 and AP2 transcription family are highly up-
regulated under low P conditions in SD. Dehydrin, LEA,
MYB and AP2 transcription family members are reported to
play role in conferring tolerance to abiotic stresses like salt,
dehydration and freezing stress in transgenic rice and
Arabidopsis (Su et al. 2010; Hanin et al. 2011; Lata and
Prasad 2011). Role of members of WRKY and MYB family
like WRKY71 and MYB3S2 are well elucidated in low P
stress (Rouached et al. 2010). However, role of dehydrin and
LEA members is not reported in low P stress. These transcrip-
tion family members appear to be genotypic specific in terms
of their role in P stress as they are not differentially expressed
in CP roots (Fig. 4). Topoisomerase 6 subunit A is up-
regulated in SD and can be a putative target for designing
strategy for low P tolerance. Members of this family from rice
have been reported to confer stress tolerance in rice (Jain et al.
2006). A protein family (jacalin-related lectin (JRL) contain-
ing domain) unique to CP roots has been identified. It has been
suggested that plant JRLs are critical for plant adaptation to
stressful environments (Song et al. 2014) with wheat JRLs
showing gene level induced expression mainly in response
to biotic and abiotic stresses. Whether a similar role is played
by JRL rice ortholog in CP needs to be investigated.

Our analysis revealed that early auxin-responsive genes are
up-regulated under P stress (Fig. 5). It has been reported that
auxin induces glucanases, and the degradation of polysaccha-
rides in the cell wall leads to cell elongation (Kotake et al.
2000). Previously, changes in expression of various genes
involved in cell wall metabolism by Pi deficiency have been
observed (Misson et al. 2005). Other components of plant cell
wall have also been shown to alter stress tolerance. Expansins
form a large gene family in cereal genomes and are involved
in expansion of cell walls as the tissue grows. A beta-expansin
precursor (Os09g29710) is one of the highly up-regulated
genes in both SD and CP.

Though an average of 56.6 % similarity with reference
Nipponbare rice proteins was obtained, 821 transcripts appeared
genotype-specific. Clustering analysis revealed 3 distinct clusters
based on gene expression profiles, and these can be targeted to
further understand low P tolerance response in rice. De novo
assembly led to identification of genes showing similarity to
other species of rice and other plant species. This might prove
to be a rich source of putative novel low P tolerant genes. A
significant number of genes of unknown function were also
differentially expressed under low P conditions, which might
also play a crucial role in stress adaptation. An up-regulation of
freezing stress tolerance genes under P deficiency stress was

observed. Although the exact function of these freezing stress
genes in P stress tolerance is unclear, their probable contribution
to osmolyte accumulation may help in water balance, ion trans-
location and stress tolerance. A set of uncharacterized but
expressed proteins (Os09g26670, Os03g51350, Os04g45510,
Os01g67364, Os01g02450 and Os05g08830) were identified
among the highly up-regulated gene set. These proteins could
be studied in greater detail to identify new protein domains/
families involved in low P stress tolerance.

The regulation of gene expression can be affected by non-
coding RNAs including microRNAs (miRNAs). miRNAs oper-
ate mainly at the level of translation but can influence transcrip-
tion indirectly by regulating translation of protein transcription
factors. An important example is regulation of Hox genes in
animal development. Seven genes in current study were found
to be part of small RNA super clusters. This suggests that there
are genic regions in rice which are regulated by non-coding
RNAs. MiRNAs like miR399 and miRNA169 have been impli-
cated in low P response in plants (Richardson 2009; Cai et al.
2012). Analysis of expression levels of predicted target genes of
osa-miR399 and osa-miR169 in roots of SD and CP revealed
differential regulation under low P stress. In addition, genotype-
specific response for miRNA targets was detected as well. In our
understanding, this is the first report suggesting the role of super
clusters in regulation of nutrient response genes in plants. This
study, therefore, opens door for better understanding of signalling
pathway and its various components involved in low P stress.

In conclusion, we have obtained a transcript dataset using
RNA seq approach from indica rice adapted to low P condi-
tions prevalent in acidic soils. It will be interesting to investi-
gate the precise role of genes involved in the two distinct
pathways enriched during P deficiency stress. This rice dataset
will provide a strong basis for future research on the response
to P deficiency. In addition, a new set of candidate targets for
functional studies on genes involved in P deficiency tolerance
has been generated. Further work focusing on characteriz-
ing these genes could lead to a better understanding of
the genetic basis of the rice response to this important
environmental stimulus and would be essential for im-
proving performance of rice in P deficient conditions.
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