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ABSTRACT. Drought and rice blast disease caused by Magnaporthe
oryzae are two of the most serious threats to global rice production. To
explore the mechanisms underlying gene expression induced in rice by
stresses, studies involving transcriptome analyses have been conducted
over the past few years. Thus, it is crucial to have a reliable set of reference
genes to normalize the expression levels of rice genes affected by different
stresses. To identify potential reference genes for studies of the differential
expression of target genes in rice under M. oryzae infection and drought
conditions, the present study evaluated five housekeeping genes for the
normalization of gene expression. The stability of the expression of these
genes was assessed using the analytical software packages geNorm and
NormFinder. For all samples analyzed, the stability rank was UBQ5
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> GAPDH > elF-4a. > B-TUB > 18S rRNA. The data showed that the
UBQS5, GAPDH, and elF-40. genes are appropriate, high-performing
reference genes and will be highly useful in future expression studies of
fungal infections and drought in rice.

Key words: Housekeeping genes; Gene expression; Stable expression;
Real-time quantitative reverse transcription polymerase chain reaction;
Normalization

INTRODUCTION

Rice blast disease, which is caused by the ascomycetous hemibiotrophic fungus Mag-
naporthe oryzae, is a major constraint on rice production worldwide, causing yield losses of up
to 100% that are influenced by cultivar susceptibility, environmental conditions, and disease
management systems. Due to the unrestricted public availability of genome sequences, genetic
stocks, and improved research tools, this pathosystem has become the premier model for under-
standing the molecular basis of plant-fungal interactions (Wang et al., 2010). Although signifi-
cant efforts are underway to develop rice varieties with durable resistance to blast, and more than
40 major genes and quantitative trait loci for blast resistance have been identified (Ballini et al.,
2008), the molecular basis of the defense response to rice blast remains poorly characterized.

Rice is also subject to drought stress, which can negatively affect plant growth and
productivity, and drought has become an increasingly severe problem worldwide (Passioura,
2007). Abiotic stress is, therefore, a major constraint on rice production in water-limited envi-
ronments (Bernier et al., 2008). Due to tremendous efforts over the past decade, rice drought
tolerance has been scrutinized using the quantitative trait loci (QTL) mapping approach (Fu
et al., 2007), and the involvement of many genes in the plant responses to drought have been
identified. Understanding the molecular basis of drought stress tolerance will contribute to the
breeding of elite rice cultivars with reduced water requirements.

In plants, as in other organisms, environmental conditions induce the expression of
a variety of genes, and the products of those genes are thought to promote stress tolerance,
regulate gene expression, and activate various pathways (Shinozaki et al., 2003). Candidate
gene identification through rice functional genomics has great potential for the development
of more durable and resistant/tolerant cultivars (Khush and Jena, 2009). Studying alterations
in the expression of candidate genes is important for understanding the mechanisms involved
in plant responses to rice blast disease and drought.

Analysis of gene expression requires sensitive, precise, and reproducible quantification of
specific messenger RNAs (mRNAs). Among the methods commonly used to determine levels of
gene expression, real-time quantitative reverse transcription polymerase chain reaction (QRT-PCR)
is the method of choice, and due to its high sensitivity, specificity, and ability to provide repro-
ducible quantification of nucleic acids, this technique has been considered a useful and available
method for evaluating changes in gene expression (Bustin et al., 2005, 2009; Artico et al., 2010).

However, the accuracy of qRT-PCR is influenced by a number of variables, includ-
ing variability in the RNA samples, the amount of RNA, and the RNA extraction protocol.
For this reason, it is essential to normalize qRT-PCR data using suitable internal reference
genes so that target-gene expression analyses are accurate and reliable (Andersen et al., 2004;
Czechowski et al., 2005). Thus, the particular reference gene acts as a control to which com-
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parisons are made for the validation of changes in the expression of a target gene.

Ideally, the reference gene should be expressed at constant levels in all tissues and at
all developmental stages, regardless of the experimental conditions or treatments (Vandesom-
pele et al., 2002; Radonic et al., 2004). The choice of reference gene(s) for normalization is
critical to ensure the reliability and validity of qRT-PCR assays.

Reference genes that are related to basic and structural cell processes [e.g., albumin,
B-tubulin (TUB), B-actin, glyceraldehyde-3-phosphate dehydrogenase (GAPDH), ribosomal
subunits, ubiquitin, and cyclophilin], called housekeeping genes, have been used as normal-
izers for quantitative assays (Tricarico et al., 2002). However, many studies reported variable
expression levels of these types of genes under different conditions and in different tissues
(Livak and Schmittgen, 2001; Czechowski et al., 2005).

Various studies of different plant species have defined reference genes for different or-
gans (Nicot et al., 2005; Jain et al., 2006; Gutierrez et al., 2008; Hu et al., 2009; Qi et al., 2010;
Manoli et al., 2012) or different environmental conditions (Nicot et al., 2005; Reid et al., 2006;
Barsalobres-Cavallari et al., 2009; Hu et al., 2009). However, few studies regarding the valida-
tion of reference genes in rice have been reported (Kim et al., 2003; Jain et al., 2006; Narsai et
al., 2010; Wang et al., 2010). Most reference genes used for validating gene expression in rice
are genes used in other plants or the orthologs of defined reference genes, such as those of Arabi-
dopsis, including 18S ribosomal RNA (18S rRNA), glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), ubiquitin 5 (UBQ5), and elongation factor 4 alpha (EF-/a) (Kim et al., 2003; Jain et
al., 2006). Recently, novel reference genes for transcript normalization in rice have been identi-
fied by a genome-wide analysis of whole-genome GeneChip data, such as endo-1,4-betagluca-
nase, the AP-2 complex subunit, and SKP1-like protein 1A (Narsai et al., 2010).

The current study assessed the effects of compatible and incompatible M. oryzae iso-
lates, and drought conditions on the performance of five candidate reference genes commonly
used in expression studies via qRT-PCR analyses of rice leaf samples collected over the course
of infection. For this purpose, genes reported to have stable expression in plants grown un-
der various environmental conditions (Jain et al., 2006) such as 18S rRNA, UBQ5, GAPDH,
B-tubulin (B-TUB), and eukaryotic initiation factor 4a (e/F-4a) were used. The data showed
that the UBQS5, GAPDH, and elF-4a genes are high-performing reference genes under both
conditions. This study will benefit future studies on gene expression in rice under fungal infec-
tion and drought stress conditions.

MATERIAL AND METHODS
Candidate reference gene selection and primer design

The reference genes used in this study were obtained through bibliographic reviews
of studies involving rice or related plants under biotic or abiotic stresses and subsequent in
silico analysis using the Basic Local Alignment Search Tool (BLAST) (Altschul et al., 1990)
of the National Center for Biotechnology Information (NCBI) database (http://blast.ncbi.nlm.
nih.gov/Blast.cgi). For example, the BLASTN tool was used to obtain the expressed sequence
tag (EST) homologs in rice of a previously selected EST. Subsequently, we searched the NCBI
non-redundant protein sequence database using the BLASTX tool to confirm the function of
the EST. The name of the gene and gene product, accession number, primer sequences, and
expected size of the amplicon are provided in Table 1.
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The Primer3 web tool (http://frodo.wi.mit.edu/primer3/) was used to design the
primers, with the following parameters: (a) product size range of 100-200 bp, (b) primer size
of 18-22 bp, and (3) primer temperature of 57°-65°C. Amplification of single products of the
expected size was verified by electrophoresis on 2% agarose gel and sequencing.

Plant material and M. oryzae infection

Seeds of the cultivar Metica were grown in plastic trays (15 x 30 x 10 ¢cm) contain-
ing 3 kg field soil fertilized with macro- and micronutrients, and watered as necessary. Py-
435 (avirulent, incompatible reaction) and Py-1059 (virulent, compatible reaction) fungi were
used to induce resistance and susceptibility, respectively. Three trays were planted for each
fungal isolate. For inoculation of the avirulent and virulent isolates of M. oryzae, 22-day-old
plants were sprayed with an aqueous spore suspension at a concentration of 3 x 105 conidia/
mL until run-off using an atomizer connected to an air compressor, as described by Prabhu et
al. (1992). The inoculated plants were incubated at 25°C in a humidified plastic chamber in the
dark to induce and maintain dew formation on the plants for periods of 4 and 24 h. The same
procedure was performed for the control plants. Next, fungus-treated and mock-treated leaves
were collected. The penultimate leaf of each plant from all of the replicates for each treatment
was cut because it is the first leaf to exhibit disease symptoms; each of these leaves was flash-
frozen in liquid nitrogen and stored at -80°C until use for RNA extraction.

Plant material and drought treatment

For the abiotic stress treatment, the Brazilian cultivars BRS Douradao and BRS Pri-
mavera, which exhibit different levels of drought tolerance (Lorengoni et al., 2010; Guimaraes
et al., 2011), were planted in pots containing native soil from the Cerrado, and fertilizer was
applied to adequately nourish the rice plants. The experiment was designed according to Lan-
na et al. (2013) and consisted of a randomized block of split plots with six replicates for each
cultivar. The plants were watered until they reached vegetative stage V3 (the beginning of
tillering, as classified by Counce et al., 2000). Irrigation was discontinued when the plants
reached stage V3 (11 and 12 days after planting for the BRS Primavera and BRS Douradao
cultivars, respectively) and was restarted when the plants reached vegetative growth stage V6
(29 and 31 days after planting for the BRS Primavera and BRS Douraddo cultivars, respec-
tively). To establish the amount of water in the pot for each water treatment, the field capacity
of the soil was determined and used to maintain two water treatments as follows: 1) one set
of plants was watered normally (control), and 2) a second set of plants was subjected to 70%
water restriction (or provided with soil that was 30% water). The leaves from the plants ex-
posed to each water treatment were collected at stage V6, and RNA extraction was performed
as described below.

Total RNA extraction and cDNA synthesis

Total RNA was extracted from the leaves using an RNeasy Kit (Qiagen, Valencia,
CA, USA). The RNA was treated with RNase-free DNase (Qiagen) according to manufacturer
instructions, and the RNA quality was determined using a 2100 Bioanalyzer (Agilent Tech-
nologies, Inc., Santa Clara, CA, USA). The first-strand cDNAs were synthesized using 1 pg
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DNase-treated total RNA, specific primers, and qRT-PCR SuperMix Kit components (Invitro-
gen, Grand Island, NY, USA) according to manufacturer instructions.

Quantitative cDNA amplification by qRT-PCR

The quantitative amplification reactions for the candidate reference genes were per-
formed using a StepOnePlus Real-Time PCR System (Applied Biosystems, Foster City, CA,
USA) with 10-pL one-step reaction mixtures containing 0.4 pM each primer, 6 pL SYBR
Green PCR Master Mix (2X), and 0.2 pL cDNA (1:10 dilution). The reaction conditions were
as follows: 10 min at 42°C and, after an initial denaturation at 95°C for 10 min, 40 cycles at
95°C for 15 s and 60°C for 1 min. To evaluate the specificity of the PCR product, each data
point on the melting curves was analyzed. Three technical replicates were performed. The
cycle threshold (Ct) value was defined as the cycle in which there was a significant increase in
the amount of the PCR product. The relative quantities of each transcript were determined by
interpolation using standard curves. Both the Ct values and relative quantities of each sample
were acquired using the StepOnePlus Real-Time PCR System.

The real-time PCR efficiency (E) was determined for each gene and each stress condi-
tion using the slope of a linear regression model (Pfaffl, 2001). Thus, the cDNA samples were
bulked for use as PCR templates. E was calculated using the formula £ = 10" (Radonic et
al., 2004), and the correlation coefficient (R?) was calculated for each gene. For each gene, the
PCR efficiency was determined using the associated Ct, which was obtained by serially dilut-
ing the bulk cDNA until the detection level reached a particular threshold.

Determination of the stability of the expression of the reference genes

To select a suitable reference gene, the stability of each candidate reference gene
mRNA expression under the two experimental conditions was statistically analyzed using two
programs: geNorm (Version 3.5) (Vandesompele et al., 2002) and NormFinder (Andersen et
al., 2004).

RESULTS AND DISCUSSION
Expression profiling of candidate reference genes

cDNA synthesized from total RNA, which was isolated from the rice leaves under bi-
otic and abiotic stresses, was used to compare the expression levels of five different reference
genes. Amplification of the specific transcript was confirmed by the appearance of a single
peak in the melting curve analysis following completion of the amplification reaction. Ampli-
fication curves for each gene were generated, and all of the samples for the biotic or abiotic
stress conditions were grouped.

The stability of gene expression was determined by quantifying the associated mRNA
levels using qRT-PCR, and the Ct value was calculated. Transcripts of GAPDH, B-TUB, 18S
rRNA, elF-4o0, and UBQ5 were detected in all of the tested samples. 18S rRNA was the
most abundantly transcribed, with Ct values ranging from 18.9 to 22.7. GAPDH, elF-4a., and
B-TUB showed the highest Ct values, and UBQ) yielded moderate Ct values (Figure 1).
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Figure 1. Distribution of the gene expression levels of the candidate reference genes within pooled cycle threshold
(Ct) values. The Ct value for each reference gene is shown as the median (line in box) and mean (box).

The PCR efficiencies for the reference genes tested in this study ranged from 90 to
99%, and the linear correlation values of the five constructed standard curves were all >0.998
(Table 1).

Expression stabilities of the candidate reference genes

Herein, the expression stabilities of five candidate reference genes in rice samples
were evaluated and analyzed using the geNorm program. This software calculates a gene sta-
bility measurement (M) value based on the average pairwise variation among all of the genes
tested. The gene with the lowest M value has the most stable expression, and the gene with the
highest M value has the least stable expression. An average expression stability value (M) of
1.5 indicates that a gene’s expression is relatively stable (Vandesompele et al., 2002).

The geNorm analysis showed that the most stably expressed gene throughout the abi-
otic (Figure 2A) and biotic treatments was the UBQJS gene (Figure 2B). GAPDH and elF-4a
also showed high expression stabilities in samples under biotic and abiotic conditions, respec-
tively. 18S rRNA was the least stably expressed in all of the groups. All of the reference genes
were suitable for expression analysis under these experimental conditions because these genes
all reached M values lower than the recommended cutoff value of 1.5. Therefore, each of these
genes may be used as a single reference gene for multiple treatments.

Furthermore, the same data sets from the geNorm analyses were analyzed using the
NormFinder program (Andersen et al., 2004) to determine the expression stabilities of the can-
didate reference genes. As for the geNorm method, the gene with the lowest M value has the
most stable expression, and the gene with the highest M value has the least stable expression.
NormFinder showed that e/F-4a and UBQS5 were the most suitable reference genes (Figure
3). When the results of the geNorm and NormFinder analyses were compared, minimal differ-

Genetics and Molecular Research 13 (4): 9795-9805 (2014) ©FUNPEC-RP www.funpecrp.com.br



9801

Selection of reference genes in rice

"ds Y3 Jo 9do[s oY} JO JUDIOYJO0I UOHR[ILIO)) . x "UONBIAIP PIEPURIS, "SSAI)S O10Iqe Jopun sajdwes ay) o [[e
10J Kouaroyyo uodrjdwe a3e1dAy, ssans o1j01q 1opun sajdures oyy Jo [[e 103 Aoudroyge uodrjdue a8eI0AY, “suroid sisdopigp.ipy 01 ALIB[IWIS UO PISeq dWeU dUdD),

LLODILIDLOIDVVIIOIDOV
66660  6L50°0 91°06 9666'0  68L0°0 SEv6 9L LOVIOVIIDOIVOOLLOVIOV 8861903V ¢ unmbiqn 04N
IOIVODVIODOVLLIDOVVOHOOY
L6660 ¥S€0°0 79°66 9666'0  ¥€S0°0 ST66 8 DDOLLLODVLOIVOVIOVOLID  TOSTLOAY urnqm-eeyg anit
VOVIVOIVIVOVVOOHILIDVOHOVVDHD
86660 L9100 ¥L'96 6660 9L10°0 8L°06 9L DIVOIDHOVVOHIVODLOOIOLL  0TIELONAV eydie 4 10j0ey UONESUO[Y Laticg
LLLOVDLLOJJVIVVOVIIIVVLOD aseuaBoIpAyap
98660  LTI00 L8'66 66660 L8TO0 90°06 6L LIVOIVOIVLIOOIVOOVIOOVY 0967903V  2reydsoyd-¢-opAyapierddk[n HAdvH
VVILLVOOVODIIVOLLIVOV
76660 9¢10°0 98'86 L866'0 8TTO'0 €76 S9 VOVLOLLLODOOIOOILOOVLD  €8L6SOAV VN [eWOSOqLL S8 VNII S81
Kouaroygo  (9,) Aoudroyjo Kouaroygo (%) Aoudroyjo
Axx JOASx  uoneoyndwy My  Jods.  uoneoyduy
(dq) p38u9p "ON UOISSO90'
,SSo1IS O1OIqY 4SSo1s onorg uoordury (,€-,S) soouonbos Jowly — YuegqUID QUIRU QUOD)  [OQUIAS QUSD)

‘Apmys sy ut sisATeue (YD J-1¥b) uonoear
ureyo aserowk[od uondriosuer) 9SI9A1 dANE)IURND SWIN-[BAT AY) UI Pasn sonsiIjoeIeyd uodrjdwe pue ‘sired Jowrid ‘SousS 90UaIJOI 9)EPIPULD PA)O[S | A[qeL

©FUNPEC-RP www.funpecrp.com.br

Genetics and Molecular Research 13 (4): 9795-9805 (2014)



R. Bevitori et al. 9802

ences in the reference gene rankings were observed, but the UBQS5, GAPDH, and elF-4a genes
were always among the three most stable genes chosen by both algorithms, indicating that the
results were consistent. The most consistent result of the consensus rankings was that under
all of the conditions, 18S rRNA ranked at or near the bottom.
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Figure 2. Average expression stability values (M) of the five reference genes analyzed using the geNorm program.
The greater the M value, the lower the stability. A. Biotic; B. abiotic stresses.
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Figure 3. Gene expression stabilities of the five candidate genes obtained using the NormFinder program.

Average expression stability M

The gene 18S rRNA has been widely used as a reference gene for gene expression
analyses for a number of species (Teste et al., 2009; de Almeida et al., 2010). However, herein,
the data demonstrated that 18S displayed the lowest expression stability, with the lowest aver-
age gene ranking across all of the samples analyzed. Furthermore, the gene Ct value was lower
than the value of the other candidates genes tested, implying that the expression level of this
gene was several orders of magnitude higher than the expression of the other genes. Therefore,
the results of this study suggest that 18S should not be used as a reference in qRT-PCR studies
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of rice under biotic or abiotic stress conditions. The strongest argument against the use of total
rRNA for normalization is the high content of 18S or 28S rRNA molecules in comparison to the
molecules of the target mRNA transcripts (Schmittgen and Zakrajsek, 2000; Kim et al., 2003).

Determination of the optimal number of reference genes

Although most studies use only a single gene as an internal control for normalization,
the use of two or more reference genes for normalization may improve the reliability of the
results (Tricarico et al., 2002; Bustin et al., 2005). In the present study, the optimal number of
internal control genes for normalization was determined using the geNorm program, which
also calculates the pairwise variation, Vn/Vn + 1, to determine the ideal number of reference
genes required for accurate normalization (Vandesompele et al., 2002). The Vn values are cal-
culated by the stepwise inclusion of additional reference genes until the (n + 1) gene makes no
significant contribution to the newly calculated normalization factor. In this study, the paired-
variable V2/3, V3/4, and V4/5 values obtained for both the biotic and abiotic treatments had
V values below the cutoff of 0.15, as suggested by Vandesompele et al. (2002) (Figure 4A,
B). The results suggest that UBQS5 and elF-4a plus the third most stable gene, GAPDH, are
appropriate candidates to produce reliable normalization of the target gene expressions levels
during biotic and abiotic stresses in rice.
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Figure 4. Determination of the pairwise variation (V) for the optimal number of control genes. The cutoff value
for significance was 0.15.
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Similar results have been observed by Kim et al. (2003). These authors reported that
a group of genes, including 18S and 28S rRNA, UBC, UBQJ5, and EF-1a, showed the most
stable expression in rice seedlings grown under a variety of environmental conditions involv-
ing stress and hormone treatments. Furthermore, due to the genes highly stable expression
levels, the use of UBQS or elF-4a as an internal control may be sufficient for gene expression
studies in rice, although the use of both genes is recommended for more reliable results (Kim
et al., 2003).

The present study provides a set of reference genes that can be used to evaluate the
expression of target genes in rice plants cultivated under biotic and abiotic stresses.
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