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Abstract
A set of reference genes expressing stably under aerobic and anaerobic conditions in rice is essential to execute omics studies 
relating to aerobic adaptations. Stability of expression of ten rice reference genes, viz. Actin, eEF-1a, eIF-5C, Exp1, Exp2, 
Memp, SKP1A, TF-SUI1, TPH, and UBQ5 was validated across six experimental sets in shoot and root tissues at seedling, 
tillering, and panicle initiation stages. Comprehensively, Memp (Membrane protein), TPH (Tumor protein homolog), and 
Exp1 (Expressed protein) were revealed as the most stable set with acceptable M and V value according to the gold stand-
ards of qRT-PCR using various algorithms/tools. The identified set of reference genes was validated using root trait genes, 
which showed concurrence with the functional expression patterns in the aerobic and anaerobic adapted cultivars. The Memp 
(Membrane protein), TPH (Tumor protein homolog), and Exp1 (Expressed protein) genes are the most stable reference genes 
across the root and shoot at various developmental stages under aerobic and anaerobic conditions in rice. This is the first 
study for accurate and reliable relative gene expression analysis in rice grown in aerobic and anaerobic conditions.
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Abbreviations
qRT-PCR  Quantitative real-time polymerase chain 

reaction
CT  Cycle threshold
CV  Coefficient of variation
DAG  Days after germination
Dro1  Deeper rooting 1
Exp1  Expressed protein
Memp  Membrane protein
PI stage  Panicle initiation stage
SD  Standard deviation

SV  Stability value
TPH  Tumor protein homolog

Introduction

Changing climate along with ever-increasing population 
pose immense challenges to plant biologists for improve-
ment of economic traits and development of climate-smart 
next-generation crop varieties suitable for sustainable agri-
culture. Rice, a major staple food crop, is widely cultivated 
across various eco-systems such as fully anaerobic (irrigated 
rice), temporarily rainfed (lowland rice or floating rice), or 
aerobic (upland rice). Conventionally, rice is puddled trans-
planted and requires standing water which is a major con-
cern with respect to water availability. As an alternative to 
this method, aerobic and dry direct-seeded system of cultiva-
tion has emerged wherein the water requirement is reduced 
to a significant extent with proper management practices. 
This kind of shift in rice cultivation is becoming popular to 
cope up with water scarcity as well as for maintaining the 
ground water table (Pathak et al. 2011). There have been sev-
eral reports on yield, morphological, and adaptability differ-
ences in anaerobic and aerobic systems of cultivation (Kato 
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and Okami 2010; Patel et al. 2010; Sandhu et al. 2013), 
but sparse information is available on the genes responsi-
ble for the traits conferring aerobic adaptation. The mor-
phological and physiological traits are very much essential 
for adaption to such a variation with concomitant changes 
in the molecular mechanism and expression of the genes 
responsible. It has been observed that the genotypes which 
are adapted to anaerobic conditions show reduced yields in 
the aerobic conditions and vice versa (Dixit et al. 2015). 
With limited understanding, it is certain that traits related to 
root architecture, root establishment, uptake and transport of 
macro/micro elements at seedling, vegetative and reproduc-
tive stages of the life cycle are responsible for the desired 
adaptation to aerobic and anaerobic systems of cultivations. 
To accurately estimate expression of various genes under 
such adaptations, there is a need to identify the genes whose 
expression is constant across the conventional anaerobic and 
aerobic systems of cultivation.

The qRT-PCR is a powerful tool for estimation of relative 
expression values in a given set of samples subjected to a 
particular condition at a given time (Bustin et al. 2009). The 
reliable quantification requires the control and normalization 
of a number of variables, such as initial sample size, RNA 
recovery and integrity, the enzymatic efficiency of cDNA 
synthesis and PCR amplification, and transcriptional activity 
of the tissues or cells (Bustin 2002; Ginzinger 2002). Many 
such variables are controlled using reference or internal con-
trol gene(s), whose expression is constant for normalizing 
gene expression (Schmidt and Delaney 2010). Such normali-
zation is thus an essential step in any qRT-PCR assay as it 
takes care of the variations in experimental protocols. The 
Minimum Information for Publication of Quantitative Real-
Time PCR Experiments (MIQE) guidelines impresses that, 
the reliability and reproducibility of the gene expression at 
a given time and space largely depends on the appropriate 
choice of the reference gene(s) (Bennett et al. 2015).

Till date, many reports are available on the reference gene 
validation in rice at different experimental conditions, but 
there are no reports suggesting the suitable reference genes 
for gene expression studies for the aerobic/anaerobic system 
(Moraes et al. 2015; Xu et al. 2015; Pabuayon et al. 2016; 
Zhang et al. 2017). Reference genes such as actin, ubiquitin, 
elongation factor, GAPDH, and 18s rRNA have been tra-
ditionally used for normalization. However, there has been 
observations that above mentioned reference genes are not 
stable regarding expression in all the developmental stages, 
tissues as well as under various stress conditions. Also, to 
analyze the stability and reliability of reference genes, sev-
eral on-line and off-line (excel) statistical algorithms/tools 
deploying Ct values (cycle threshold), standard deviations 
(SD), etc., are available. In the present study, we analyzed 
the expression stability of ten reference genes, viz. Actin, 
eEF-1a, eIF-5C, Exp1, Exp2, Memp, SKP1A, TF-SUI1, 

TPH, and UBQ5 in four genotypes, two each adapted for 
anaerobic and aerobic systems of cultivation for accurate 
assessment of the relative gene expression through qRT-
PCR. The ten genes used in the present study have been 
shown to be relatively stable in microarray experiments 
(Narsai et al. 2010) and thus were thought to be used as 
endogenous genes in rice relative gene expression studies.

Materials and methods

Plant material and treatments

Rice (Oryza sativa L.) genotypes, viz. BPT 5204, MTU 
1010 (flooding mega varieties), CR Dhan 202 (aerobic 
adapted), and Birsa Vikas Dhan 111 (upland) were used 
in this study. The seeds of genotypes were sown in poly-
thene bags containing 15 kg soil under aerobic and anaero-
bic conditions in the greenhouse with 28/20 °C day/night 
temperature. After three days of germination, each plant 
per bag was grown in 12 replications per cultivar in each 
condition. A layer of 2–5 cm water above the soil was main-
tained for 100–120 days for the anaerobic condition. For 
maintaining aerobic condition, moisture at field capacity and 
well-drained soil were retained. Need-based irrigation, i.e., 
water in measured volume as and when required to maintain 
the above said condition was given. The nutrients (NPK) 
equivalent for 15 kg soil in split doses was applied follow-
ing regular recommendations. The shoot and root tissues (48 
samples) were harvested from three different growth stages, 
viz. seedling i.e., 14 days after germination (dag), tillering 
(40–50 dag) and panicle initiation stages (60–70 dag) in 
three replications and stored immediately in liquid nitrogen 
until RNA isolation at -80 °C (Supplementary Table 1). The 
48 samples were grouped and designated as six experimen-
tal sets, viz. (1) all tissues (2) root tissue (3) shoot tissue 
(4) seedling (root and shoot tissues) (5) tillering (root and 
shoot tissues) and (6) panicle initiation (PI) (root and shoot 
tissues).

Total RNA isolation and first strand cDNA synthesis

Total RNA was isolated from rice root and shoot tissues of 
the four genotypes (48) in three replications using Nucle-
oSpin RNA plant kit (Macherey–Nagel, Duren, Germany) 
according to the manufacturer’s protocol with slight modi-
fications. The RNA concentration and purity were assessed 
using ND1000 Spectrophotometer (Thermo Scientific), and 
integrity was checked by 1% (w/v) agarose gel. The total 
RNA samples (800) ng each with 260/280 ratio between 
2.0 and 2.1 and 260/230 ratio between 2.1 and 2.3 were 
used for cDNA synthesis for all the samples (Chomczyn-
ski and Sacchi 1987). First strand cDNA was synthesized 
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(three replicates/sample) using the PrimeScript™ first strand 
cDNA synthesis kit (Takara, Japan), following the manu-
facturer’s instructions in a final volume of 20 µl. The final 
cDNA samples were diluted three folds and used as template 
in qRT-PCR.

Selection of reference genes, target genes, 
and primer designing

The ten reference genes were selected based on the previous 
studies on endogenous genes in rice for various stress con-
ditions, tissues and developmental stages (Jain et al. 2006; 
Narsai et al. 2010) (Table 1). For validation of gene expres-
sion, a total of 27 genes were selected based on root genetic 
traits in rice (Bu 2011; Wu and Cheng 2014; Li et al. 2015; 
Fan et al. 2016) (Supplementary Table 2). For all the genes, 
primers were designed using high throughput qRT-PCR 
tool, QuantPrime (http://quant prime .mpimp -golm.mpg.de/) 
available online using the default parameters. The primers 
were further checked online for secondary structure/hair-
pin/duplex formation using OligoAnalyzer 3.1, IDT (https 
://eu.idtdn a.com/calc/analy zer).

Quantitative real‑time PCR (qRT‑PCR)

The qRT-PCR reactions were performed on a Light Cycler 
96 system (Roche, USA) using the SYBR premix ExTaq™ 
II (Takara, Japan) in 96-well optical reaction Roche plates. 
Each reaction was performed in triplicate containing 5 µl 

SYBR Green Master, 0.8 µl template cDNA, 0.4 µl each 
of the primers (10 µM), and 3.4 µl RNase-free water with 
a total volume of 10 µl. The qRT-PCR profile for reference 
genes was as follows, 95 °C (2 min), 40 cycles of 95 °C (5 s), 
60 °C (30 s) with fluorescent signal recording and 72 °C for 
30 s. The melting curve was obtained using a high-resolution 
melting profile performed after the last PCR cycle, 95 °C 
for 15 s followed by a constant increase in the temperature 
between 65 °C (15 s) and 95 °C (1 s). For root trait-related 
genes, the thermal profiling was similar except melting 
temperature (Tm) of 62 °C (30 s) with fluorescent signal 
recording. All the samples in two biological replicates and 
three technical replicates were repeated for the confirmation 
of results. The primer specificity and amplicon length were 
confirmed by electrophoresis of products on a 2% agarose 
gel with ethidium bromide staining.

Gene expression stability analysis

The stability of ten reference genes under aerobic and anaer-
obic conditions across six experimental sets in shoot and 
root tissues was analyzed using four different algorithms, 
viz. geNorm (Vandesompele et  al. 2002), NormFinder 
(Andersen et al. 2004), BestKeeper (Pfaffl et al. 2004), and 
RefFinder (Xie et al. 2012) (Supplementary Fig. 1). The 
selected most stable reference genes were searched in the 
Rice Genome Annotation Project Database (http://rice.plant 
biolo gy.msu.edu/) for knowing the in-depth function, struc-
tural domains and in silico expression.

Table 1  Primer details of the candidate reference genes

S. no Gene symbol Gene description Accession no./locus  
information

Primer sequence 5′–3′ (forward/reverse) Amplicon 
length (bp)

Tm (°C)

1 ACT Actin – CAG CCA CAC TGT CCC CAT CTA 
AGC AAG GTC GAG ACG AAG GA

80 60

2 eEF-1a Eukaryotic elongation 
factor 1-alpha

AK061464 TTT CAC TCT TGG TGT GAA GCA GAT 
GAC TTC CTT CAC GAT TTC ATC GTA A

103 60

3 eIF-5C Eukaryotic translation 
initiation factor 5C

LOC_Os11g21990.1 CAC GTT ACG GTG ACA CCT TTT 
GAC GCT CTC CTT CTT CCT CAG 

90 60

4 Exp1 Expressed protein LOC_Os06g47230.1 GCC GAG AAG AAG GAG TAC GA
CTT GGC CTT AAG CTC CTT CA

90 60

5 Exp2 Expressed protein LOC_Os07g02340.1 AGG AAC ATG GAG AAG AAC AAGG 
CAG AGG TGG TGC AGA TGA AA

112 60

6 Memp Membrane protein LOC_Os12g32950.1 GAG CGC AAA GTT CCA GAA GAA 
CGC CAC TAG TTG CCG TCC TGAT 

164 60

7 SKP1A SKP1-like protein 1A LOC_Os11g26910.1 GAC GCC GAC TTC GTC AAG 
CAA CCC CTT GAT GTT GAG GT

81 60

8 TF-SUI1 Translation factor SUI1 LOC_Os07g34589.1 GCT GCA ATG GTA CTG TTG TCC 
CCG GCC TGA ACA AGA AAA T

100 60

9 TPH Tumor protein homolog LOC_Os11g43900.1 CAT TGG TGC CAA CCC ATC 
AAG GAG GTT GCT CCT GAA GA

113 60

10 UBQ5 Ubiquitin 5 AK061988 ACC ACT TCG ACC GCC ACT ACT 
ACG CCT AAG CCT GCT GGT T

69 60

http://quantprime.mpimp-golm.mpg.de/
https://eu.idtdna.com/calc/analyzer
https://eu.idtdna.com/calc/analyzer
http://rice.plantbiology.msu.edu/
http://rice.plantbiology.msu.edu/
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Validation of reference genes

Twenty-seven root trait-related genes reported for root 
growth and development were selected for the validation 
of reference gene(s) in root tissue at panicle initiation stage 
in two genotypes viz. BPT 5204  (flooding mega varie-
ties) and CR Dhan 202 (aerobic adapted). The genes were 
selected based on its significance in root growth, develop-
ment, nutrient uptake, and stress tolerance-related functions 
(Wu and Cheng 2014; Mai et al. 2014). Primer designing 
and qRT-PCR thermal profiling were followed as mentioned 
in the above section. The relative expression levels of genes 
in the samples were recorded using stable reference gene(s) 
in root tissues at panicle initiation stage using qBase plus 
software (Hellemans et al. 2007).

Results and discussion

Relative quantification of gene expression through qRT-PCR 
calls for minimum errors in experiment with the selection of 
suitable reference genes (Yang et al. 2014). Various studies 
have reported suitable reference gene(s) in rice (Kim et al. 
2003; Jain et al. 2006; Li et al. 2009; Narsai et al. 2010; 
Maksup et al. 2013; Bevitori et al. 2014; Moraes et al. 2015; 
Xu et al. 2015; Pabuayon et al. 2016) at different develop-
mental stages and under various stress or combined stress 
conditions. Thus, under aerobic and anaerobic conditions it 
is necessary to carefully select the reference gene(s) with 
stable expression in root and shoot tissues (Udvardi et al. 
2008; Bustin et al. 2010).

Expression stability and optimal number 
of reference genes for normalization using geNorm

The geNorm algorithm in qBase plus is widely used for ana-
lyzing candidate reference gene expression (Vandesompele 
et al. 2002). According to the geNorm, genes showing the 
lowest stability value (M value) are considered as the most 
stable, whereas genes showing the highest stability value (M 
value) are least stable (Fig. 1). Based on M values, three best 
reference genes were Exp1, Memp, and TPH and least stable 
was SKP1A in all tissue set across all the experimental sets 
(Table 2 and Supplementary Table 3–7).

Pairwise variation (Vn/Vn + 1) between two normali-
zation factors (NFn and NFn + 1) determined the optimal 
number of genes for precise normalization (Vandesompele 
et al. 2002). The V value cut-off below 0.15 signifies the 
exclusion of any further reference gene (Vandesompele et al. 
2002). The pairwise variation values (V3/4) were less than 
the cut-off value of 0.15, in four experimental sets, viz. all 
tissue, seedling set, panicle initiation set, and root tissue 
set. This indicated that three most stable reference genes 

were optimal for its normalization except at tillering stage 
and shoot tissue set (Fig. 2). The expression of stable genes 
validated by geNorm algorithm correlated with NormFinder, 
BestKeeper, and RefFinder algorithms. Moreover, the coef-
ficient of variation (CV) was observed to be lower than that 
of the most traditionally employed reference genes in rice 
(Jain et al. 2006).

With regards to validation of reference genes viz. Memp, 
TPH, and Exp1, 27 root trait-related genes were selected 
for relative gene expression in root tissues at panicle initia-
tion stage under aerobic and anaerobic conditions. Although 
three genes were selected, only two genes, viz. Memp and 
TPH were taken into consideration on the basis of stability 
value (M < 0.5) and V value of V2/3 reflecting the suffi-
ciency of only two genes, viz. Memp and TPH for relative 
expression.

Stability values of reference genes using 
NormFinder

NormFinder performs a separate analysis of sample sub-
groups and estimates intra and inter-expression variation 
calculating the stability value (SV) for each reference 
gene wherein, lesser average stability value (SV) indi-
cates higher stability of genes (Andersen et al. 2004). 
NormFinder algorithms identified Exp1 (SV values ranged 
from 0.32 to 0.58), Memp (SV values ranged from 0.34 to 
0.66), TPH (SV values ranged from 0.38 to 0.60) as the 
most stable genes, and SKP1A as the least stable in all sets 
coinciding with the results of geNorm algorithm (Table 2 
and Supplementary Table 3–7).

Pairwise co‑relation using BestKeeper

The BestKeeper algorithm evaluates the suitability of 
reference genes based on geometric means of Ct values 
determined as coefficient of correlation (r) (Pfaffl et al. 
2004). Higher coefficient of correlation (r) value indicates 
stable expression of gene (Table 2 and Supplementary 
Table 3–7). First two reference genes were similar to the 
results obtained from geNorm and NormFinder in all six 
experimental sets (Table 2 and Supplementary Table 3–7). 
BestKeeper analysis of the all tissue set revealed the best 
correlation for TPH (r = 0.98), eIF-5C (r = 0.98), Exp1 
(r = 0.97), with p value of 0.001 and SD < 1 (standard 
deviation) (Table 2).

Analysis using RefFinder

RefFinder is a web-based tool (http://150.216.56.64/refer 
enceg ene.php?type=refer ence) that integrates geNorm, 
NormFinder, BestKeeper, and delta (∆Ct) method to com-
prehensively rank reference genes based on its geometric 

http://150.216.56.64/referencegene.php?type=reference
http://150.216.56.64/referencegene.php?type=reference
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Fig. 1  Gene expression stability and ranking of ten candidate refer-
ence genes using geNorm algorithm. Gene expression stability graph 
based on average expression stability values (M value) calculated 

using stepwise exclusion process. The lower the M value indicates 
higher the stability of gene. The direction of the arrow indicates the 
least and most stable candidate reference genes
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Fig. 1  (continued)
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means emanating from each program (Xie et al. 2012). 
The three most stable genes, viz. Exp1, TPH, and Memp 
comprehensively ranked by RefFinder were similar to the 
first three genes by geNorm and NormFinder with varying 
order except BestKeeper in all tissues set. It was observed 

that Exp1, TPH, and Memp were the most stable genes in 
all tissue sets, tillering stage, and all shoot sets. The eIF-
5C, Memp, and TF-SUI1 were the most stable genes at the 
seedling stage. The most stable genes in panicle initiation 
stage set were eIF-5C, Memp, and Exp1 whereas eIF-5C, 
TF-SUI1, and Memp were the most stable genes in all root 

Fig. 1  (continued)
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tissue. The comprehensive ranking in all six experimental 
sets revealed that SKP1A was the least stable gene while in 
tillering stage, Actin was the least stable gene (Table 2 and 
Supplementary Tables 3–7).

Best set of reference genes

The set of best reference genes is expected to be almost sta-
ble across all the developmental stages (seedling, tillering 
and panicle initiation) subjected to aerobic and anaerobic 
systems of cultivation. In our study, in the set consisting of 
all tissues, all shoot set, the most consistent reference genes 
were Exp1, TPH, and Memp on the basis of three algorithms 

Table 2  Stability ranking of 
candidate reference genes in all 
tissues set

Algorithm geNorm NormFinder BestKeeper RefFinder

Ranking Genes Stability 
value (M)

Genes Stabil-
ity value 
(SV)

Genes Coeff. of 
corr. (r)

Genes Geomean of 
ranking values

1 Exp1 0.64 TPH 0.50 TPH 0.98 Exp1 1.41
2 TPH 0.66 Exp1 0.50 eIF-5C 0.98 TPH 1.78
3 Memp 0.68 Memp 0.50 Exp1 0.97 Memp 2.28
4 eIF-5C 0.70 eIF-5C 0.52 Memp 0.97 UBQ5 4.40
5 UBQ5 0.76 UBQ5 0.68 eEF-1a 0.96 eIF-5C 4.43
6 TF-SUI1 0.82 TF-SUI1 0.80 UBQ5 0.95 TF-SUI1 5.63
7 Exp2 0.86 Exp2 0.80 Exp2 0.94 Exp2 6.74
8 eEF-1a 0.92 eEF-1a 0.90 TF-SUI1 0.93 eEF-1a 8.24
9 Actin 0.99 Actin 1.00 Actin 0.91 Actin 9.24
10 SKP1A 1.06 SKP1A 1.14 SKP1A 0.88 SKP1A 9.46
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Fig. 2  Determination of the optimal number of candidate reference 
genes required for accurate normalization in each experimental sets of 
rice. The pairwise variation (Vn/Vn + 1) was calculated between nor-

malization factors NFn and NFn + 1 by geNorm algorithm to deter-
mine (V < 0.15) the optimal number of candidate reference genes
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except BestKeeper which ranked Memp gene at fourth posi-
tion (Table 2 and Supplementary Table 6).

Similarly, in seedling stage set and all root set, Memp, 
eIF-5C, and TF-SUI1 were found to be the most stable genes 
in all the four algorithms, while BestKeeper ranked Memp 
and TF-SUI1 genes at fourth and fifth position (Supplemen-
tary Table 3). In tillering stage set, Exp1 and TPH were 
observed to be the most stable genes, but the gene at third 
position varied in all the four algorithms (Supplementary 
Table 4). The genes, UBQ5, Memp, and eIF-5C were found 
to be the three most stable genes in all four algorithms in 
panicle initiation (PI) stage set (Supplementary Table 5).

It is anticipated that selection of the best genes at all the 
stages would be very much cost-effective, user-friendly, and 
efficient for unveiling the expression of genes in understand-
ing the specific adaptations of rice growing in a different 
system of cultivation. Hence, we have given much atten-
tion to selection of reference genes suitable for studies at 
all the developmental stages across root and shoot tissues. 
Nevertheless, the set of best reference genes at each stage, 
i.e., seedling, tillering, and panicle initiation across root and 
shoot tissues can be selected as per the purpose and experi-
mental design of the study. Comprehensively, the best set of 
reference genes, viz. Memp, TPH, and Exp1 as evidenced 
from our study is expected to suit well for gene expression 
studies under aerobic and anaerobic conditions. Interest-
ingly, all the three genes have functions in membranes of 
mitochondria, cytosol, and endoplasmic reticulum. The 
Memp (membrane protein) belongs to the ribosome-associ-
ated membrane protein (RAMP4) which translocates across 
the endoplasmic membrane; TPH (Tumor protein homolog) 
is involved in calcium binding and microtubule stabilization, 
whereas Exp1 (Expressed protein) is a coiled-coil domain 
containing protein associated with translation machinery. 
The role of TPH protein in rice has been reported for impart-
ing mercury tolerance by Wang et al. (2015) but not yet 
reported as a reference gene in a given set of conditions. 
Wang et al. (2010) reported the Exp1 as one of the most 
stable genes during developmental stages in rice irrespec-
tive of the genetic background. It can be stated that the three 
best reference genes are responsible for maintaining the 
membrane-related functions with basal metabolic activities 
required for growth under aerobic and anaerobic conditions.

Validation of reference genes for relative gene 
expression

Roots are implied to be the most crucial organ responsible 
for initial establishment of the seedling, anchorage, water/
nutrient uptake, and also confer adaptability in various 
stress situations on account of its plastic nature. We criti-
cally selected 27 genes related to root traits (involved in root 
development, root elongation, nutrient uptake, and stress 

tolerance) for expression analysis under aerobic and anaer-
obic conditions using most stable genes, viz. Memp, TPH, 
and Exp1 (average M value of 0.36 and CV value of 0.14) 
in root tissue at panicle initiation stage in BPT 5204 and CR 
Dhan 202. The expression of three most stable reference 
genes remained constant and was in line with the standard 
guidelines prescribed for relative gene expression (Bustin 
et al. 2009). The expression of Dro1 (Deeper rooting 1) was 
comparatively higher in CR Dhan 202 aerobic than CR Dhan 
202 anaerobic. However, the difference was not that notice-
able in BPT 5204 under aerobic and anaerobic conditions 
(Fig. 3). The Dro1, an early auxin response gene is known 
for deeper rooting by inducing cell elongation in the root tip, 
imparts drought tolerance, and contributes to the grain yield 
(Uga et al. 2011). As opposed to the complete absence of 
irrigation in drought, the aerobic condition is substantiated 
by need-based irrigation (water limiting condition) at proper 
intervals and without any standing water. In aerobic condi-
tion, the rice roots may grow deeper into the soil to access 
the available ground water and nutrients. In this process of 
water and nutrient acquisition, it can be postulated that there 
may exist some similarity in the mechanism of drought and 
aerobic conditions. The higher expression of Dro1 gene 
under the aerobic condition compared to the anaerobic con-
dition in the genotype (CR Dhan 202) suggests its role in 
need-based adaptation. Among the root development-related 
genes, CRL2/CRL3 and OsYUCCA1 were highly expressed 
in BPT 5204 under anaerobic condition but in CR Dhan 
202 did not show significant difference under aerobic and 
anaerobic conditions. The genes, OsWRKY31, and OsEXPB5 
were highly expressed under anaerobic condition in both the 
genotypes. The expression OsIAA13 was higher in BPT 5204 
under anaerobic condition and CR Dhan 202 under aerobic 
condition (Supplementary Fig. 2a). The root elongation-
related gene, OsPIN3t, was highly expressed under aerobic 
condition in both the genotypes. The OsARF12 and OsGlu3 
were highly expressed under aerobic condition in CR Dhan 
202 while in BPT 5204 highly expressed under anaerobic 
condition. The OsSPR1 was highly expressed under anaero-
bic condition while OsRR2 was highly expressed under aero-
bic condition in both the genotypes (Supplementary Fig. 2b). 
The genes for crown roots formation, lateral root formation, 
and root hair formation were highly expressed under anaero-
bic condition than aerobic. The relative expression pattern 
corroborated with our root physiological studies wherein 
higher number of roots were recorded under anaerobic con-
dition than in aerobic condition (data not published).

The OsbHLH133 (iron utilization) was highly expressed 
under anaerobic condition in both the genotypes (Sup-
plementary Fig. 2c). Among the nitrogen (N) utilization 
genes, NRR and OsAMT3.3 were highly expressed under 
aerobic condition in both the genotypes. The OsAMT1.1, 
OsAMT2.1, and OsAMT2.3 were highly expressed under 
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anaerobic condition in both the genotypes. The OsAMT3.1 
was highly expressed under anaerobic condition in CR Dhan 
202 while in BPT 5204, it was highly expressed under aero-
bic condition. The OsAMT1.3 and OsNPF2.2 were highly 
expressed under anaerobic condition in CR Dhan 202 while 
in BPT 5204 higher expression was recorded under aero-
bic condition (Supplementary Fig. 2c). The OsNRT2.3 was 
highly expressed under aerobic condition in CR Dhan 202, 
while in BPT 5204, it was highly expressed under anaero-
bic condition. The OsNPF2.2 was highly expressed under 
anaerobic condition in CR Dhan 202, while in BPT 5204 
highly expressed under aerobic condition (Supplementary 
Fig. 2c). The OsNRT2.3 is known to be involved in high-
affinity nitrate transport system and nitrogen acquisition 
(Fan et al. 2016). Under the anaerobic condition, signifi-
cant nitrification on root surface has been observed when 
 NH4+ dominates which may be responsible for its relative 
high expression in anaerobic compared to aerobic condition 
(Singh et al. 2016). Another gene OsNPF2.2 has is known 
to be vascular specific transporter that unloads nitrate from 
xylem affecting root-to-shoot nitrate transport was highly 
expressed in aerobic condition (Li et al. 2015). The uptake, 
transport, and mobilization of macro and micro nutrients are 
highly dependent on plants strategies for acquisition. The 
gene related to phosphorus uptake, viz. Pup1, was highly 
expressed under aerobic condition in CR Dhan 202, while in 
BPT 5204 highly expressed under anaerobic condition. The 
OsSPX1 (P uptake) and OsMGT (Mg uptake) were highly 
expressed under aerobic condition in both the genotypes, 

while OsHKT1.4 (K and Na uptake) was highly expressed 
under anaerobic condition in both the genotypes (Supple-
mentary Fig. 2c). The abiotic stress tolerance genes, viz. 
OsMSR2 and OsNAC9 were highly expressed under anaero-
bic condition in both the genotypes (Supplementary Fig. 2d). 
It was observed that the roots sense its surrounding and 
accordingly respond as a signal relay for growth and devel-
opment of the above ground parts. Thus, under the aerobic 
and anaerobic conditions, the roots adapt and respond by 
upregulating or downregulating certain functional classes 
of genes. It can be established that roots play a critical role 
in response to adaptation to water availability.

Conclusion

The present study comprehensively revealed that three refer-
ence genes, viz. Memp, Exp1, and TPH are ideal for relative 
gene expression studies in rice under aerobic and anaerobic 
conditions in root and shoot tissues at different developmen-
tal stages. The reference genes were validated using genes 
related to root traits at panicle initiation stage which depicted 
the role of root-related genes in adaptation under aerobic 
and anaerobic systems of cultivation. This investigation is 
expected to give boost to molecular studies for exploring 
aerobic adaptations that is gaining momentum in the realm 
of climate change, identification of genes responsible for 

Fig. 3  Validation of stable candidate reference genes (Memp, TPH, and Exp1) using Dro1 under aerobic and anaerobic conditions. Bar on top 
indicates standard error of three technical replicates
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such adaptation, and to accelerate the development of suit-
able rice genotypes for aerobic condition.
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