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Rice (Oryza sativa L.) is important to food security and is also an excellent model plant for numerous cereal crops. A functional
genomics study in rice includes characterization of the expression dynamics of genes by quantitative real-time PCR (qPCR) anal-
ysis; this is a significant key for developing rice varieties that perform well in the face of adverse climate change. The gPCR
analysis requires the use of appropriate reference genes in order to make any quantitative interpretations meaningful. Here, the
new potential reference genes were selected from a huge public database of rice microarray experiments. The expression stability
of 14 candidates and 4 conventional reference genes was validated by geNorm™ "® and NormFinder software. Seven candidates
are superior to the conventionally used reference genes in gPCR and three genes can be used reliably for quantitating the expres-
sion of genes involved in abiotic stress responses. These high-quality references EP (LOC_0Os05g08980), HNR
(LOC_0s01g71770), and TBC (LOC_0Os09g34040) worked very well in three indica genotypes and one japonica genotype. One
of indica genotypes including the Jasmine rice, KDML105 developed in Thailand for which no reference genes have been report-

ed until now.

KDML105, microarrays, quantitative real-time PCR, reference gene, rice (Oryza sativa L.), stress responsive gene
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Rice (Oryza sativa L.) is an ancient crop domesticated ca.
9000 years ago and plays its significant roles as a staple
food that feeds almost half of the human population. The
two major subspecies, indica and japonica, are believed to
have diverged several thousand years before domestication.
As a cereal, it is also a model plant that contributes to our
understanding of the other major monocot crops like wheat
and corn. Together these three crops constitute the bulk of
the caloric supply to much of the world population. Climate
change will have an adverse impact on food production and
several options need to be considered in dealing with the
risks [1]. Given the impact on rice productivity, under-
standing how rice copes with abiotic stresses and devising

strategies for developing rice varieties that are capable of
better yield under stress conditions is critical for ensuring
food security. Functional genomic analyses of stress re-
sponses provide information crucial to this process [2—4].
While microarrays and RNASeq are suitable for large-scale
expression analysis, quantitative real time PCR (qPCR) re-
mains the method of choice for measuring expression of
selected gene with higher precision. gPCR analysis is used
as either the primary assay or for validation of high-
throughput expression analyses of microarray hybridization,
it requires reference genes against which genes of interest
are compared. However, as pointed out by Guenin et al. [5],
many qPCR analyses have been done without using suitable
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reference gene(s) for normalization.

Reference genes generally are comprised of the so-called
housekeeping genes whose expression is considered to be
the least variant under different developmental and envi-
ronmental conditions [6]. However, the use of different ref-
erence genes can lead to inconsistent interpretation [5].
There are no universal reference genes whose expression is
invariant under all conditions [7]. In addition to the need for
consistent expression of the reference gene under different
conditions, the expression levels of these genes must also be
in the same range as the target genes under investigation.
Therefore, the identification of new reference genes that do
not have the pitfalls of conventional reference genes is nec-
essary in order to make any quantitative interpretations
meaningful [8-11].

The reference genes used in qPCR are made up of genes
derived from two sources (Table 1): (1) genes selected from
conventionally designated housekeeping genes or their
homologs [12,15,25], and (2) new candidate genes found by
the analysis of transcriptomic data for constitutively ex-
pressed genes across various experimental conditions
[10,11,19,20,22]. Expression stability of these genes is
measured by programs such as NormFinder, BestKeeper, or
geNorm [6,26,27]. The transcriptomic data-based method
has the advantage of identifying novel candidate reference
genes that are more stable than the conventional ones. Val-
idation of reference genes for qPCR has been reported in
many plant species; for example, GAPDH in sugarcane and
chickpea [15,28]; EFla in potato, Arabidopsis, and rice
[22,23,25,29]; RPL2, PP2Acs, ACT and UBI in tomato [21];
and SKIP16, UKNI and UKN?2 in soybean [9] (Table 1). In
rice, UBQS5 and EFla were found to be the most stable
across 25 rice samples which were derived from different
tissues at various developmental stages [22,25]. However,
Wang and co-workers reported that the glycine-rich
RNA-binding protein gene (GBP) was the most stable gene
throughout the growth cycle of rice [11]. The reference
genes used in various rice cultivars are compiled in Table 1.
The most commonly used gene in the literature is EFla
(Table 1).

The two major subspecies of rice, indica and japonica,
are believed to have diverged several thousand years before
domestication. Having reference genes that perform well in
both subspecies is an ideal for rice functional genomics
study under the environmental stresses. In this study, we
aim to validate reference genes which stable expressed in
the samples that differ in stress tolerant ability as well as
broadly usable in both indica and japonica rice. We also
target to validate reference genes in KDML105 or so called
“Thai Jasmine rice” which has been classified as the high-
end traits among the exported traits. Thus, drought tolerant
(indica rice ‘NSG19’ and ‘KDML105’) and drought sensi-
tive (indica rice ‘IR20’ and japonica rice ‘Taipei 309’) cul-
tivars grown under different stress conditions were used as
plant materials. We found new references from the analysis

Chin Sci Bull

June (2013) Vol.58 No.16

of a much larger data set obtained from 936 microarrays.
The three genes discovered in this study outperformed the
conventional housekeeping genes as references and these
genes were able to be used effectively as the sole reference
in both japonica and indica rice types subjected to abiotic
stresses. This study is the first to validate reference genes in
Thai Jasmine rice.

1 Materials and methods
1.1 Plant materials and stress treatments

Oryza sativa L. ssp. japonica cv. Taipei 309 and O. sativa L.
ssp. indica cv. KDML105, NSG19 and IR20 were studied.
Stress treatment of the japonica type was as follows. Seeds
were germinated in pots containing wet soil in a growth
room (20°C day/16°C night, with 16 h day lengths).
Three-week old seedlings were transferred to different
stress conditions. Leaf tissues of rice samples grown under
4 different conditions i.e. no treatment (control), air-dried
for 5 h (drought), treated with 200 mmol L' NaCl solution
for 24 h (salt stress), and incubated at 4°C for 24 h (cold
stress) were used for gPCR and expression stability analysis.
For determining the expressions of SalT (15-kD mannose-
binding lectin protein) and/or TPPI (trehalose-6-phosphate
phosphatase) genes, leaf tissues of rice samples grown un-
der drought, salt, and cold stress for 0, 5, and 10 h were
harvested. In the case of the indica type, seeds were germi-
nated on wet tissue paper and seedlings were hydroponical-
ly grown in Yoshida nutrient solution [30] in a growth
chamber (60% = 5% relative humidity, 25 + 2°C day and
night, at 16 h day). Polyethylene glycol (PEG)-induced os-
motic stress treatment was applied to the two-week old
seedlings by transferring them into a growth media solution
containing 22% (w/v) PEG6000 (about —0.5 MPa). Samples
were harvested at 0, 1, 3, and 9 h after stress.

1.2 RNA and cDNA protocols

An RNeasy Plant Mini Kit (Qiagen) was used for preparing
total RNA according to the manufacturer’s protocol and the
concentrations were measured using a NanoDrop ND-8000
spectrophotometer (NanoDrop Technology). RNA samples
with Ao nm/A280nm > 1.9 were used and their integrity was
determined by gel electrophoresis on a 1% agarose gel. Any
residual contaminating DNA was removed using an Ambi-
on TURBO DNA-free™ Kit (Applied Biosystem), and 2 ug
of RNA was used for cDNA synthesis using an Affin-
ityScript gJPCR cDNA Synthesis Kit (Agilent Technologies).
Additionally, cDNA of the 3 indica cultivars were obtained
from Plant Biotechnology Laboratory, Department of Bio-
technology, Mahidol University, Thailand and the cDNA
were prepared as described by ref. [31]. The concentrations of
all cDNA samples were measured using a NanoDrop ND-
8000 spectrophotometer and adjusted to equal concentrations
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prior to qPCR analysis.

1.3 Selection of reference genes

The potential reference genes were selected from a public
database of rice microarray experiments. The huge micro-
array data including the expressions of rice genes under all
kinds of stressed conditions were mined using Genevesti-
gator (https://www.genevestigator.com/gv/) in order to find
the constitutively expressed genes. The microarray data
(Array type: OS_51K: Rice Genome 51K array) derived
from the Gene Expression Omnibus (765 arrays), ArrayEx-
press (160 arrays), and PLEXdb (11 arrays) were used in
the biomarker search module. The description of the candi-
date genes was identified according to the RICECHIP.ORG
(http://www .ricechip.org/) and the Rice Genome Annotation
Project  (http://rice.plantbiology.msu.edu/analyses_search_
locus.shtml). Data accession of all analyses was performed
in regards to the information presented in web site in June
2011.

1.4 Primer design and quantitative real-time PCR
(qPCR) analysis

All primers, except those for EFla and UBQS5, were de-
signed using Primer3 Input (version 0.4.0; http://frodo.
wi.mit.edu/primer3/); EFla and UBQ5 primer sequences
were as described in [25] (Table 2). The primers were de-
signed to span introns. We designed the primers for use in
both indica and japonica types. Only those primers that
gave a clear single band after 35 cycles of PCR at an an-
nealing temperature of 60°C were retained. Pooled cDNA
samples from 3 biological replicates were used as templates
in determining the expression stability of the candidates.
gPCR was performed in 96-well plates with a
StepOnePlus™ Real-Time PCR System (Applied Biosys-
tems) and analyzed with StepOne Software v2.2. SYBR®
GreenER™ gPCR SuperMix for ABI PRISM® (Invitrogen)
was used according to the manufacturer’s protocol (4 repli-
cates). The PCR conditions were: 95°C for 10 min; 45 cy-
cles of 95°C for 15, and 60°C for 45 s which was followed
by melting curve analysis to determine the specificity of the
amplification. The 10 most stable genes were further se-
lected to define the stability of expression in 15 cDNA
samples (Table S1). The most stable gene in this set was
selected for use in the quantitation of the expression level of
stress responsive target genes including: corona-
tine-insensitive 1 (COI), TPP1, SalT, and putative H-protein
promoter binding factor-2a (Hp2a). Quantitative analysis
was performed according to the 272 method [32)].

1.5 Expression stability of reference genes

The gbasePLUS software (Version 2.1 (20110607-1430))
based on the widely used geNorm [27] and qBase [33]
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software called geNorm™"® was used to analyze the expres-

sion stability of the selected reference genes. The most sta-
ble control genes and the optimum number of control genes
for normalization were determined by the gene expression
stability (M) and pairwise variation (V) values. Moreover,
the stability values of the selected references were deter-
mined by NormFinder software version 0.953 (http://www.
mdl.dk/publicationsnormfinder.htm) as described by ref. [6].

2 Results

2.1 Data mining and functional testing reveals 14 can-
didate genes that are potentially superior to the 4 con-
ventionally used reference genes in qPCR

Microarray hybridization experiments available in the pub-
lic domain collectively provide rich and diverse data on
gene expression. We mined the data from a collection of
936 microarray experiments as outlined in the methods sec-
tion to arrive initially at 25 genes that were considered to be
constitutively expressed (Figure S1). Using Genvestigator,
we determined which genes among this set of genes had
expression levels within the range of our target gene of in-
terest. This was necessary because such genes would be
more appropriate as quantitative references. Our target gene,
Hp2a was found to have a medium level of expression ac-
cording to the signal intensity on the Affymetrix OS_51K:
Rice Genome 51K array (Figure S1; low: 0-10; medium:
11-14; high: >14). Fifteen of the 25 genes were found to
have a medium level of expression. The PCR primers de-
signed for these 15 genes and the 5 conventionally used
genes spanned an intron in order to control for any contam-
ination due to genomic DNA in the RNA samples (Table 2).
The primers were designed such that they would be usable
with both indica and japonica rice types. Among the primer
pairs for each of the 20 genes, 18 primer pairs gave a clean,
single band in RT-PCR reactions. Of these 18 primer pairs,
14 were specific to the new reference genes that we have
identified from the microarray data analysis (data not shown)
and that have not yet been reported in the literature.

The overall variability and the expression levels of 18
candidate reference genes were initially determined by
conducting qPCR analysis of 4 RNA samples from control
plants and stressed plants of the japonica type cultivar Tai-
pei 309. The RNA samples were prepared from leaf tissues
of rice samples grown under control (no treatment), drought
stress (air-dried for 5 h), salt stress (200 mmol L™ NaCl
solution for 24 h), and cold stress (4°C for 24 h) conditions.
We pooled 3 biological replicates of each condition and
performed 4 technical replications for each pool, thus the
experiment presented in Figure 1 evaluates only the stability
of expression between treatment/condition. The threshold
cycle values (C,) thus obtained ranged from 17 to 30 for the
entire data pool, and the expression values for each of the
18 genes are summarized in Figure 1. Among the 4 conven-
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Table 2 Candidate reference genes investigated in this study
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e . . . . . Amplicon
15 2N)
Gene description Affymetrix probe set ID Gene identifier Primer pairs (5'—3') length (bp)
Potential new reference genes
ABP (ATP binding protein) 05.26546.1.S1_at LOC_Os11g43970 AGGACATTCGTCCTCTGACC 120
CGCCATATAGGTCGTTCCAT
APR (Oryza sativa adenosine 0s.22612.1.A1_at LOC_0s02g51850 GGTATCATGGACCACGGACT 96
5'-phosphosulfate reductase-like)
AATGTAGCACGGCCTCTGAC
05.10806.1.S1_at LOC_0s05208980 TGAGCAAAATGGTGGAAAGC 97
EP (Expressed protein)
CAGTTGCAACCCCTGTATGA
EP2 (Expressed protein) 0s5.5180.1.51_at LOC_0s07g26930 CCTCTTCAAGCGAAACTTGG 84
AGTCTCTGCAGCTTGGCACT
EP3 (Expressed protein) 0s.17412.1.S1_at LOC_0s02g09890 CGCCTAGTCTTCCTGTTGGA 97
CCGCTTAAAGAGTCTCCCAGT
GAP (1-acyl-sn-glycerol-3-phosphate 0s.14207.1.S1_at LOC_0s07g34730 CTGAGGGATGGAGAAACAGC 116
acyltransferase zeta precursor)
CTAGGGCGGTTGTGTTTCAG
GRP (Gamma response I protein) 0s.7858.1.81_at LOC_0s09g10930 GGCTGACAATATCGGACACA 85
TGCACGTCCACTTCTCTCAC
HNR (Heterogeneous nuclear 0s.8935.1.S1_at LOC_0s01g71770 GGCAGGTTCTGCAGTGGTAT 95
ribonucleoprotein 27C)
TAAGGTCGGTATCGCCAATC
NBP (Nucleotide binding protein) 0s.11721.1.S1_at LOC_Os12g07450 CGTTTTGGTTCTGTTGGTCA 97
GTGAGCCACTGGAAGGATGT
SKR (Serine/threonine-protein Kinase OsAffx.28150.1.51_x_at LOC_0s06g47530 AGGGATATTGTTGGCTATCTCG 109
receptor precursor)
TCACGGTGCTTTCATATCCA
TRP (Thyroid receptor-interacting OsAffx.11856.1.S1_x_at LOC_0s02g01170 CATGCATTCTGCCAGTTTGT 117
tein 12
protein 12) TGAAGTATTCACCGCACTTGAG
TBC g)TBCl domain family member 05.9589.1.81_at LOC_0s09g34040 TGGTCATGTTCCTTCAGCAC 111
22A
) GACTTGGCGAGCTTTTGAAC
VPS (Vacuolar assembly protein VPS41)  0s.8814.1.S1_at LOC_0s04g11880 GGATCGCCTTGTGAAAATTG 99
ACCAAAAGGTTTACGCAATCA
ZCF61 0s.5183.2.81_at LOC_0s07g45350 AGGATCAATTGGTCTTGGACA 99
AGCAGTTCATACAGCAGCACA
ZF (Zinc finger, C3HC4 type family 0s.5362.1.S1_at LOC_0s08229590 CGGCATTACCACATCTTGAC 116
protein) ATTTTCAGCCGCTCCTCAT
Conventional reference genes
EF1Ia (Elongation factor 1-alpha) 0s.12625.1.51_x_at LOC_0s03g08010 TTTCACTCTTGGTGTGAAGCAGAT 103
GACTTCCTTCACGATTTCATCGTAA
GAPDH (Glyceraldehyde-3-phosphate 0s.12168.2.51_s_at LOC_0s08203290 GTCTGCATCAGAGGGAAAGC 120
dehydrogenase)
AGAGCAATTCCAGCCTTGG
GBP (Glycine-rich RNA-binding 0s.28425.1.51_x_at LOC_Os12g43600 TTGAGTACCGCTGCTTCGT 119
protein 2)
CGTCTCCCGATCGTTGAT
TPI (Triosephosphate isomerise) 0s.12602.1.51_at LOC_0s01g05490 TAACTGGTGCGAACTGCAAG 105
CGGAGTTGATGATGTCGATG
UBQS (408 ribosomal protein S27a 0s.28209.2.51 _at LOC_0s01g22490 ACCACTTCGACCGCCACTACT 69

or ubiquitin 5)”

ACGCCTAAGCCTGCTGGTT

a) Primer sequences showed 100% complementary to Oryza sativa indica (taxid: 39946) and Oryza sativa japonica (taxid: 39947) group; b) the only 2
genes which primer pairs did not span an intron.
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tionally used reference genes tested here, three genes
(UBQS5, TPI, and GAPDH) showed high levels of expres-
sion, whereas EFla showed a lower level of expression. All
other 14 putative reference genes that we had selected
showed lower levels of expression than UBQS5, TPI, and
GAPDH. There were variations in the expression levels of
some of the genes. EFla, GAPDH, and GAP showed the
maximum variation. Notably, GAPDH had the most outly-
ing data points. However, there were genes that had Ct val-
ues less than or equal to 2 cycles (UBQ5, TPI, ABP, HNR,
TRP, NBP, ZCF61, TBC, EP, and SKR). These data, taken
together, indicated that 3 of the 4 conventional genes had
expression levels that were too high. Furthermore, one of
these genes (GAPDH) was also likely too unstable in ex-
pression for use as a control. EFla, although lower in ex-
pression and therefore more appropriate for our target gene,
was also likely too unstable in expression.

2.2 Use of diverse genotypes, as well as variation of
developmental and environmental conditions identifies 3
high-quality references for broader use

Analysis of the expression variation in the compiled data for
control plants and plants subjected to the three stress condi-
tions indicated that some, but not all of the 14 genes we had
selected would be useful as references, and that these genes
should be investigated in depth for their stability. Hence the
expressions of genes shown in Figure 1 were further ana-
lyzed by geNorm™"® and NormFinder software to deter-
mine the expression stability. The M value is a measure
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Figure 1 Expression levels of candidate reference genes in the leaves of
the japonica Taipei 309 line under drought, salt, and cold stress (4 tech-
nical replications). The variability of the C, values of each reference gene is
shown in box-plot graphs. The upper box (white) and the lower box (gray)
indicate the first and third quartile, whisker caps indicate the maximum and
minimum values, the middle line marks the median, and the crosses (x)
mark the outliers. Only the stability of expression between treat-
ment/condition was evaluated. * indicates the new reference genes.
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of stability, with lower M values indicating greater stability
of the gene [27]. Seven of the 14 candidate reference genes
were found to be more stable than the 4 conventional refer-
ences in the NormFinder analysis (Figure 2(b)). The expres-
sion of ABP (0.175) was most stable in contrast to the
two conventional references EFla (0.793) and GAPDH
(0.574). In geNorm™" analysis, EFla (0.751) and GAPDH
(0.667) were also the least stable for expression under abi-
otic stress (Figure 2(a)). Although the two programs differ
in their algorithm for ranking expression stability, both
identified the same 9 genes within a list of the most stable
genes.

The top 10 genes found based on geNorm software
were selected for defining the gene expression stability in
plants subjected to salt-, cold-, or PEG-induced osmotic
stress in comparison to control plants. The source plants
included one japonica type and three indica types, and the
tissues were comprised of young leaf, leaf sheath, mature
leaf, and root (Table S1). The expression stability of the
potential reference genes in these genotypically different
plants under diverse developmental states and conditions of
growth was determined by geNorm™® analysis (Figure 3).
geNorm™ " considers genes with M < 1.5 as suitable for
reference. If we took into consideration the entire genetic,
developmental, and environmental diversity, the top 3 most
stable genes would be EP (0.339), HNR (0.355), and TBC
(0.369) in the indicated order (Figure 3(a)). However, for a
more restricted analysis in terms of genotypic differences or
experimental conditions, it is possible that other references
might be more suitable. This was also examined. As shown
in Figure 3(b), EP and HNR were among the best references
(M < 0.277 for EP and < 0.207 for HNR) for various geno-
types within the Indica type and for all developmental or
environmental conditions tested for both indica and japoni-
ca sub-species. Even though ZCF61, TPI, and GRP fared
better for the japonica type (for all conditions) and EP,
HNR and TBC were better for the indica type (for all condi-
tions), the M value of EP, HNR, and TBC for the japonica
group of experiments were only marginally higher (Figure
3(b)) and we considered this negligible. Thus, we conclude
that EP, HNR, and TBC would serve very well as controls
for both the japonica and indica types of rice.

The impact, if any, of including additional reference
genes for normalization was investigated by pairwise analy-
sis (Figure S2). According to the geNorm handbook (http://
www.rodelab.com/index_archivos/Primer_Design/Housekee
ping_genes/geNorm_SYBRgreen_handbook.pdf), a V-value
< 0.15 is the recommended cutoff for the optimal number of
reference genes. In this analysis, the two most stable genes
(EP and HNR) yielded a V-value of 0.122 (Figure S2), indi-
cating that use of one or both of these would be sufficient
for generating high quality data. Inclusion of the third,
fourth, and fifth genes improved the quality even further;
however, exceeding five genes did not offer any improve-
ments (Figure S2).
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2.3 Conventional reference, EFla, distort the inter-
preted expression dynamics of the SalT gene

SalT is a rice gene that is induced by osmotic stress [34].
We used this gene as a test gene in order to assess the utility
of the reference genes in assaying gene expression. The
expression of the SalT gene in leaf tissue from Taipei 309
cultivar under drought stress was normalized with the EP,
HNR and EFla genes (Figure 4). Descriptive statistics and
expression variation of EP, HNR, and EFla genes in the 3
biological replicates were determined (Figure S4). Accord-
ing to Figure 2(a), EP, HNR and EFla have M values of
0.252, 0.266, and 0.751, respectively. Normalization with
the EP gene gave a high level of induction of SalT expres-

sion occurring over al0-h duration of drought stress (Figure
4(a)). The use of HNR for normalization also resulted in a
qualitatively similar expression pattern of SalT under
drought conditions, but gave a lower level of induction,
particularly at 10 h. Notably, normalization with EFla
(highest M value) gave a peak of expression at 5 h and
showed very little induction at 10 h unlike what was ob-
served with normalization with EP or HNR (Figure 4(a)).
Inclusion of EFla as a reference, along with EP and/or
HNR also distorted the value of the fold increase in SalT
expression over the course of the stress treatment, high-
lighting the pitfalls of using inappropriate reference genes
either alone or in combination with better controls (Figure
4(b)).
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2.4 qPCR with EP as the reference reveals different
expression patterns of stress responsive genes among
rice cultivars

TPPI encodes a key enzyme for the biosynthesis of treha-
lose [35], which accumulates under cold stress [36,37]. The
expression pattern of TPPI and SalT in the leaf tissue of
Jjaponica type Taipei 309 rice plants that were subjected to
increased salinity and cold conditions was determined. The
top-ranking reference, EP, was used as the reference. It was
clear that TPPI expression was induced earlier and to a
higher level by cold conditions, whereas SalT expression
was inducible by salinity stress to a much greater extent
than by cold (Figure 5). These results agree with the expres-
sion behavior of the two genes reported in the literature
[35,38]. For testing the use of EP in indica type rice, we
used the IR20 and NSG19 cultivars and the jasmine rice
cultivar KDML105. In addition to TPP1I and SalT, we tested
the expression levels of COI and Hp2a under PEG-induced
osmotic stress (0.5 MPa). COI functions in jasmonate sig-
naling, defense responses, and stomatal movement [39,40].
Hp2a, a plant-specific transcription factor that is considered
to function in diverse biological processes [41], is known to
be induced by cold stress in Arabidopsis [42]. Interestingly,
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SalT was most dramatically upregulated in the KDML105
and NSG19 cultivars but not in IR20 (Figure 6(b)). Unlike
NSG19 and KDML105, IR20 is sensitive to drought and
salinity, and the enhanced SalT expression levels in the tol-
erant lines may explain the observed difference in pheno-
type. Although the expressions of TPPI, COI, and Hp2a
showed no obviously changes under drought stress, the dif-
ferences in expression over a 9-h period were observed in
the three indica cultivars. These results illustrate the use-
fulness of the EP reference gene in molecular profiling of
selected genes in diverse cultivars.

3 Discussion and conclusions

Quantification of gene expression requires the use of ap-
propriate reference genes and such references have been
developed for some plant species [9,22,25,43-46]. For rice,
a number of genes have been used. These include genes that
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are conventionally considered to be housekeeping genes
[24,25] and genes identified from microarray data
[10,11,22]. It is clearly that EP and HNR have a better per-
formance as a good reference gene(s) in comparison with
EF1a [22] (Figures 2 and 4). These two genes also outper-
form the glycine-rich RNA-binding protein (GBP) [11]
since we could not get a clear single band of its PCR prod-
uct (data not shown). The largest dataset used so far consists
of 373 arrays [10]. In our study, we mined a much larger
dataset consisting of 936 arrays thus the reference genes in
this study could be broadly used in more diverse rice sam-
ples. The use of microarray data in all these studies has
shown that generally, genes other than the traditionally used
housekeeping genes are more stable and useful. Validation
of reference gene using the whole or a subset of all arrays
from databases increases the reliability of the results and
this is applicable to any similar researches in gene expres-
sion analysis.

There are two widely used analysis software for ranking
the stability of reference genes: geNorm [27] and
NormFinder [6]. A good control gene needs to have stable
expression across various internal (e.g. developmental) and
external (e.g. environmental factors) conditions. Determin-
ing whether the expression of a given candidate gene is in-
deed stable requires comparison with gene(s) that are
known to be stable. This circular problem is addressed in
programs designed to evaluate candidate genes: geNorm
uses pairwise comparison of the candidate gene with known
control genes in order to find the genes with the least varia-
tion in the expression (denoted as M value), under various
experimental conditions is considered to indicate stability.
NormFinder does not use pairwise comparison. Instead, it
utilizes a mathematical modeling approach to describe the
expression values of the genes and performs statistical
analyses of intra- and inter-group variations in order to ar-
rive at the stability value for a potential control gene. Be-
cause of the differences in the algorithms, the ranking of
candidates in these two programs can be different
[17,18,20]. Here, we used a modified version of geNorm
called “geNorm™"S” which has more effective analysis than
the old version [27,33] and it allows ranking of candidate
references up to the single most stable gene. Notably, de-
spite the differences in their algorithms, both geNorm™"®
and NormFinder identified almost the same genes as the
top-ten candidates in the qPCR data obtained under diverse
stress conditions (Figure 2). Note that all candidate genes
had an M-values of <1.5 and V-value of <0.15, thus these
genes were able to be used effectively as the sole reference.
The use of EP and HNR for normalization met this criterion,
and the inclusion of five genes (EP, HNR, TBC, ZCF61, and
TPI) reduced the V value of the set of references substan-
tially from 0.122 to 0.073 for our experimental conditions
(Figure S2). Normalization with multiple reference genes
has been reported to give more reliable data [17,47,48].
However, the use of so many reference genes might be
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replicates.

unduly expensive for the analysis of large numbers of ex-
perimental samples and/or conditions, and EP alone or EP
with HNR would suffice. Importantly, these analyses also
showed that some of the conventionally used genes would
not be useful for the experimental questions addressed in
our study (e.g. EFla and GAPDH). The use of EFla with
EP and HNR as references did indeed give an incorrect view
of the expression of SalT in our experiments (Figure 4),
reinstating the cautionary note of Guenin et al. [5] on the
use of incorrect references.

EP encodes an expressed protein that is similar to a bZIP
family transcription factor in Arabidopsis thaliana, Glycine
max, and Vitis pseudoreticulata according to tblastx search-
es. The expression stability of the EP gene indicates that it
likely has a housekeeping function in rice cells. The stable
expression of the EP gene in different cultivars and organs
at different stages of development and under different stress
treatment conditions were analyzed from data from 936 rice
microarrays using the Meta-Profile Analysis module in
Genevestigator software, and it was found that the expres-
sion of this gene is constant broadly amongst rice samples
(Figure S3). HNR (Heterogeneous nuclear ribonucleopro-
tein 27C) is considered to be a component of the RNA-
protein complexes involved in transcript processing in the

nucleus (UniProt ID: B6U275); its exact function is un-
known, but our studies show that it is a very stably ex-
pressed gene in rice. The third reference gene, TBC is simi-
lar in its deduced gene product to the mammalian “TBC1
domain family member 22A” that is involved in signal
transduction; it is a GTPase activating protein (GAP) (Uni-
Prot ID: B6UDP4). The stability of this gene in rice indi-
cates that the expression of this particular gene is not mod-
ulated by different developmental or environmental cues.

It is valuable to have reference genes that work well for
various cultivars. Reference genes have been validated in
the Zhenshan 97, Minghui 63, Cham, DR2, Lua man, and
IR64 cultivars of the Indica group, as well as the Amaroo
and Nipponbare cultivars of the japonica group. Our work
shows that the genes we identified work well for four very
different cultivars of which one is of the japonica type.
KDMLI105 is the elite jasmine rice, whereas NSG19 and
IR20 are the references used as drought-tolerant and
drought-sensitive cultivars, respectively [49]. The indica
and japonica subspecies might have diverged as early as 0.4
million years ago [50]. Thus, finding reference genes suita-
ble for such divergent genotypes under three different stress
conditions suggests that these genes are likely to work well
for other genotypes of O. sativa as well.
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Table S1 Description of 15 cDNA samples used for the validation of reference genes

Figure S1 The 25 potential reference genes were obtained from the analysis of 936 microarrays by using the Biomarker Search module in Genevesti-
gator software (https: //www.genevestigator.com/gv/).

Figure S2 Determination of the optimal number of reference genes for normalization by pairwise variation using geNorm

Figure S3 Stable expression of the EP (Os.10806.1.S1_at) gene under different stress treatments (a), cultivars (b), organs (c), and development (d) an-
alyzed from the data from the 936 rice microarrays.

Figure S4 The variability of EP (a), HNR (b), and EF1a (c) expressions were tested in seedlings of TP309 rice exposed to drought stress for 0 (Cont), 5
(DS5), and 10 h (D10).
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