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Evaluation of appropriate reference genes for gene
expression studies in pepper by quantitative real-time PCR
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Abstract Quantitative real-time polymerase chain
reaction (qQRT-PCR) has been extensively used in
several plant species as an accurate technique for gene
expression analysis. However, the expression level of
a target gene may be misconstrued due to unstable
expression of the reference genes under different
experimental conditions. Therefore, it is necessary to
systematically evaluate these reference genes before
experiments are conducted. Recently, more and more
studies have focused on gene expression in pepper
(Capsicum annuum L.). In this study, ten putative
reference genes were chosen to identify expression
stability by using geNorm and NormFinder statistical
algorithms in ten different pepper sample pools,
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including those from different plant tissues (root,
stem, leaf and flower) and from plants treated with
hormones (salicylic acid and gibberellic acid) and
abiotic stresses (cold, heat, salt and drought). EF /o
and UEP exhibited the most stable expression across
all of the tested pepper samples. For abiotic stress or
different hormone treatment, the ranking of candidate
reference genes was not completely consistent, except
for EF 1o which showed a relatively stable expression
level. For different tissues, the expression of Actinl
was stable and it was considered an appropriate
reference gene. It is concluded that EF /o, UEP and
Actinl are suitable reference genes for reliable qRT-
PCR data normalization for the tissues and experi-
mental conditions used in this experiment.

Keywords gRT-PCR - Gene expression -
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Introduction

Due to its high sensitivity and specificity, real-time
quantitative (QRT-PCR) has become one of the most
widely used methods for gene expression analysis in a
number of biological areas, including biotechnology,
microbiology, and the diagnosis of infections (Bustin
et al. 2005; Ginzinger 2002; Giulietti et al. 2001; Weis
et al. 1992; Gachon et al. 2004). However, many
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variables must be considered when using qRT-PCR to
analyze gene expression, including the amount of
starting material, RNA quality, cDNA sample loading,
amplification efficiencies, and the selection of endog-
enous reference genes. Of these, the use of suitable
reference genes for the normalization of gene expres-
sion is an elementary prerequisite for reliable results in
any qRT-PCR analysis.

Generally, a suitable reference gene for gene
expression analysis should be defined as a gene which
is stably expressed among the different samples used
and unaffected by any experimental treatment. Mean-
while, it should not be associated with any pseudogene,
to avoid genomic DNA amplification, while its stabil-
ity should be equivalent to that of the target gene
transcript (Lland et al. 2006). Currently, many kinds of
endogenous reference genes such as tubulin (alpha- or
beta-), ribosomal units (18 or 28 s rRNA), and
ubiquitin (UBQ) (Huggett et al. 2005; Yusuke et al.
2006) are widely used to normalize data in gene
expression analysis. However, a large number of recent
studies have demonstrated that some of the most well-
known and frequently used reference genes are inap-
propriate for normalization in qRT-PCR analysis due
to expression variability (Czechowski et al. 2005;
JaroSova and Kundu 2010; Remans et al. 2008;
Schmittgen and Zakrajsek 2000). Theoretically, refer-
ence genes should be essential for the maintenance of
cellular function and vitality and should be stably
expressed in tissues and cells, but in practice their
expression levels are dependent on tissue types,
developmental stages, organisms, and experimental
conditions (Yoo et al. 2009; Sturzenbaum and Kille
2001). Furthermore, no single reference gene can be
used under different experimental conditions. It is also
known that single reference genes are inadequate for
normalization purposes in gene expression analyses.
Thus, it is necessary to perform systematic validation
of reference genes as an essential component of qRT-
PCR analysis to improve the reliability of results.

Recently, several statistical analysis methods, such
as geNorm (Vandesompele et al. 2002) and Norm-
Finder (Andersen et al. 2004), have been proposed for
evaluating the expression stability of reference genes
and selecting the most suitable reference genes. These
methods are based on different statistical algorithms,
using multiple reference genes as the best strategy for
normalization of qRT-PCR results. The geNorm applet
provides a measure of gene expression stability (M),
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which is the mean pair-wise variation between an
individual gene and all other tested control genes
(Vandesompele et al. 2002). The most and least stable
reference genes are indicated by lowest and highest
values of M, respectively. In addition, geNorm per-
forms a stepwise exclusion of the gene with the highest
M value, resulting in the best combination of two
reference genes with the most stable expression
profiles. The NormFinder approach focuses on finding
the two genes with smallest intra- and inter-group
expression variation, where groups are defined as
different experimental conditions (Andersen et al.
2004). Since the stability value is a combination of
intra- and inter-group variation parameters, Norm-
Finder ranks the genes that present minimal variation
instead of candidates with correlated expression.

Hot pepper (Capsicum annuum L.) is one of the most
important vegetables worldwide. Recently, more studies
have focused on its gene expression (Kim et al. 2007,
Dilger et al. 2003; Narasimha et al. 2009). However, there
are very few studies of gene expression analysis using
gqRT-PCR in pepper or on appropriate reference gene
selection in this species. The aim of this study was to
evaluate appropriate reference genes for gqRT-PCR gene
expression studies in pepper. We evaluated ten pepper
candidate reference genes (Actin, Actinl, Actin2, 18S
rRNA, PPRI, GAPDH, TEFIA, EFla, UEP, and CYC)
and their expression stabilities were subsequently tested
in two hormone treatments (salicylic acid and gibberellic
acid), four abiotic stress treatments (cold, heat, salt, and
drought), and four different pepper tissues (root, stem,
leaf, and flower) using geNorm and NormFinder.

Materials and methods
Plant material

CMS 21A, a strict cytoplasmic male sterile pepper
line, was studied (Zhao et al. 1995). In the spring of
2009, seeds of CMS 21A were germinated and grown
in the greenhouse for 12 hlight at 30 °C and 12 h dark
at 20 °C. The relative humidity was kept at 65-75 %.

Abiotic stress treatments
For salt- and drought-stress treatments, pre-flores-

cence seedlings were transferred into pots containing
300 mM NaCl or 300 mM mannitol for 12 h. For
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cold- and heat-stress treatments, the seedlings were
kept for 12 h at 4 £ 1 °C and 42 £ 1 °C, respec-
tively. The seedlings that were kept in water for the
same duration at 25 + 1 °C served as control. After
the prescribed treatment duration, leaves were har-
vested for RNA extraction.

Hormone treatments

The seedlings at the four true-leaf stage were sprayed
using solutions of salicylic acid (SA, 100 puM) and
gibberellic acid (GA, 100 pM), respectively, and the
leaves sampled after 10 h. Plants were sprayed with
sterile water for control.

Different tissues

Roots, stems, leaves, and flowers were harvested from
CMS 21A in florescence. All samples were immedi-
ately frozen in liquid nitrogen, and stored at —70 °C
until needed for RNA extraction.

Total RNA isolation and cDNA synthesis

Total RNA was isolated from the roots, stems, leaves,
and flowers of CMS 21A using RNAsimple total RNA
kit (Takara, Japan) and was treated with DNase I
(Takara) to remove any traces of genomic DNA,
according to the manufacturer’s instructions. RNA
concentration and purity were determined using a
NanoDropTM spectrophotometer ND-1000 (Thermo
Scientific), and RNA integrity was verified in 1 %
agarose gel electrophoresis.

The first-strand cDNA was synthesized by adding
2 plof 10 uM random primer, 2 pl of 2.5 mM dNTPs,
and 2.5 pg of total RNA to sterile distilled water in a
total volume of 13.5 pl. This mixture was incubated at
70 °C for 5 min and briefly chilled in ice for 2 min.
Then 4 pl 5 x First Strand Buffer, 1 pl 0.1 M dithi-
othreitol (DTT), 0.5 ul 20 U/pl RNasin, and 1 pl 200
U/pl TIANScript M-MLV were added to the previous
mixture and incubated at 25 °C for 10 min, then at
42 °C for 50 min. The reverse transcriptase was
inactivated to stop the reaction at 95 °C for 5 min,
following the manufacturer’s instructions. RNA
extraction and cDNA synthesis from all of the
different samples were performed for two biological
replicates.

Primer design, qRT-PCR, and data analysis

A total of ten pairs of specific primers for reference
genes were designed using Beacon Designer 2.06
(Primer Biosoft International), and details of these
primers are provided in Table 1. qRT-PCR reaction
was carried out in a total volume of 25 pl containing
12.5 ul 2 x SYBR Premix Ex Tag™ (Takara), 1 pl
10 pM of each primer, 2 pl template (10 x diluted
cDNA from samples), and 8.5 pl sterile distilled
water. Reaction mixtures were incubated for 30 s at
95 °C, followed by 40 amplification cycles for 5 s at
95 °C and 30 s at 60 °C. All reactions were carried out
on 96-well reaction plates with the iQ5 machine (Bio-
Rad) in triplicate. qRT-PCR analysis was performed
by the comparative Ct method, which mathematically
transforms the threshold cycle (Ct) into the relative
expression level of genes (Perkin-Elmer User Bulle-
tin). Primer efficiencies were calculated with Lin-
RegPCR v11.0 software. Relative expression levels of
these genes were imported to geNorm v3.5 and
NormFinder analysis tools, which were used as
described in their manuals. Data of three biological
replicates were analyzed separately in the two
programs.

Results

High variation in expression levels of pepper
reference genes under different experimental
conditions

To select a set of reliable pepper reference genes for
gene expression analysis, the qRT-PCR analysis
method based on SYBR Green detection was used to
evaluate the stability of expression of ten reference
genes in different experimental conditions (Table 1).
Melting curve analysis of amplification products
confirmed that, at the expected melting temperature
(Tyn), the primers amplified a single product (Elec-
tronic Supplementary Material). All the PCR assays
were done in triplicate in order to confirm the
reliability of the results. The Ct values of each
reference gene in different experimental conditions
were used to compare the various degrees of their
expression levels. Figure 1 shows a relatively wide
range of Ct values for the ten reference genes
evaluated. The highest Ct value reached 34.36
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length (bp)

number

58

154
231

GCAAAGCATAACCCTCATAG
TACTTTCTCTCTGGTGGTGC
CATCCTTTTGACCCATCCCT
TGTGGTAGCCGTTTCTCAG

CCCAGATTATGTTTGAGACC
GTCCTCTTCCAACCATCCAT
TGGATTTGCTGGTGATGATG
TTCTGCCCTATCAACTTTCG

Actin gene

GQ339766

Actin

60
58/60

Actin gene

GQ339766

Actinl

96
108
127

AYS572427  Actin mRNA

EF564281

Actin2

58

18S ribosomal RNA

PPRI protein

185 rRNA
PPRI

60
60
60
60

AGGGAAAGTTGAAGATGCCG CTCCTTGCTCTATCCACTTG

CATTGGGTCGTTTTGCTGTG

GQ365708
AF242732

146
132
207

ACTCCAGCATTACACAGCAC
GACAACACCAACAGCAACAG
CACACTCAGCATTAGGACAC
ACCCAACCCAACCAAACAGT
CCAGTGTAGGAGTGTGTAG

Translation elongation factor la

TEFIA
EFlo

TGAAGAATGGTGATGCTGGC

Elongation factor 1-alpha

AY496125
Q975458

CCGACTACAACATCCAGAAG

ACTGTGGTCAACTCTGCTAG
ACCGCAACCCCATCAATCT

Ubiquitin extension protein

UEP
cyc

60
58

136
314

Cyclophilin

EU401723
AJ246009

Glyceraldehyde-3-phosphate dehydrogenase

GAPDH

(GAPDH), while the lowest was 8.16 (I8S rRNA).
Most of the remaining Ct values were distributed
between 23 and 28. In addition, each individual
reference gene had different Ct values in all of the
applied conditions.

Evaluation of expression stability of putative
reference genes

Expression profiles for each reference gene were
analyzed using two different software methods,
geNorm and NormFinder.

geNorm analysis

Expression stabilities (M values) of the ten candidates
reference genes were calculated using the geNorm
software and the reference genes were listed in
descending order (most stable to least stable) of their
stability according to their M values (Table 2).
However, the ranking of the ten candidate reference
genes was not consistent among individual pepper
samples, as shown in the output from the geNorm
analysis. The most stable reference gene varied
according to the tissue used or experimental condition
employed.

For cold- and heat-stress treatments, expression
levels of the Actinl and CYC genes were the most
stable. Actinl and GAPDH exhibited the most stable
expression levels in all of the ten reference genes
under salt- and drought-stress treatments, while EF /o
and UEP were the most stable reference genes under
the different hormone treatments and Actin and EF 1o
were the most stable genes in different plant tissues.
Generally, our study revealed that Actin and Actinl
were the most stable reference genes in all the sample
pools tested. They may therefore be useful in multiple
reference experimental conditions. GAPDH was the
least stable of the reference genes evaluated.

The results described above indicate that the
expression levels of the ten genes varied according
to the experimental conditions. For example, the CYC
gene was one of the two most stable genes in cold- and
heat-stress treatments, whereas it was the least stable
in salt- and drought-stress treatments; this was also the
case with the GAPDH gene between salt- and drought-
stress treatments and different plant tissues. Therefore,
it is necessary to choose one or more appropriate
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Table 2 Candidate reference genes ranked according to their expression stability values (M) as calculated by geNorm

Rank  Total Cold/heat stress Salt/drought stress Different hormones Different tissues
Gene Stability ~ Gene Stability ~ Gene Stability ~ Rank Stability ~ Gene Stability

1 Actin 0.302 Actinl 0.014 Actinl 0.028 EFla 0 Actin 0.164
2 Actinl 0.302 cYc 0.014 GAPDH 0.028 UEP 0 EFlo 0.164
3 EFla 0.588 Actin2 0.024 Actin 0.080 Actin2 0 crc 0.246
4 UEP 0.788 185 rRNA  0.060 EFla 0.348 cYc 0.067 Actinl 0.317
5 Actin2 0.942 TEFIA 0.071 Actin2 0.571 18S rRNA  0.095 UEP 0.391
6 TEFIA 1.059 GAPDH 0.122 18§ rRNA  0.736 GAPDH 0.123 8S rRNA  0.443
7 PPRI 1.139 Actin 0.199 PPRI 0.785 PPRI 0.195 Actin2 0.523
8 18S rRNA  1.214 UEP 0.267 UEP 0.983 TEFIA 0.229 TEFIA 0.578
9 CcYc 1.286 PPRI 0.329 TEFIA 1.149 Actinl 0.287 PPRI 0.647
10 GAPDH 1.800 EFlo 0.465 cyc 1.430 Actin 0.322 GAPDH  1.585

Higher M values indicate genes that have low transcriptional stability while low M values indicate genes with high transcriptional

stability

reference gene(s) before performing experiments to
obtain reliable target gene results.

In order to determine the optimal number of
reference genes in each experimental condition, pair-
wise variation (V,/V,, ;) was calculated by geNorm.
The cut-off value usually used for determining the

optimal number of reference genes is 0.15, below
which the inclusion of additional reference genes is
not required (Vandesompele et al. 2002). It should be
noted that 0.15 is not an absolute cut-off value but an
ideal value. Whether 0.15 is used as a cut-off value
or not will depend on the data. Figure 2 shows the

@ Springer
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Fig. 2 Pair-wise variation
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(V) analysis of the ten 0.6
candidate reference genes.
The pairwise variation (V,,/
V,.+1) was analyzed between
the normalization factors
NF,, and NF,,, | by geNorm
software to determine the
optimal number of reference
genes required for qRT-PCR
data normalization. Arrows
indicate the best-suited pair-
wise comparisons

0.4

(Auoneriea asiniied
o
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Cold/Heat

pair-wise variation values in each experimental set.
Analysis of the pair-wise variation in cold- and heat-
stress treatments revealed that the V3 value was 0.009
(significantly <0.15), indicating that these two refer-
ence genes, Actinl and CYC, were sufficient for
normalization of gene expression. Similarly, in salt-
and drought-stress treatments, Actinl] and GAPDH
were the optimal normalization genes for gene
expression analysis. In addition, evaluation of differ-
ent hormones and different tissues experimental data
sets showed that EF]o/UEP and Actin/EF lo. were the
top reference genes and are suitable for normalization
of gene expression, respectively. However, evaluation
of all the samples tested gave a V3,4 value of 0.145,
which was below the cut-off value of 0.15, indicating
that three reference genes were sufficient for gene
expression studies.

NormFinder analysis

NormFinder is another algorithm for identifying the
optimal normalization gene among a set of candidate
reference genes (Andersen et al. 2004). It ranks the set
of candidate normalization genes according to their
expression stability in a given sample set and given
experimental design. According to NormFinder,
TEFIA was the most stable reference gene in cold-
and heat-stress treatments. PPRI exhibited the most
stable expression levels in salt- and drought-stress
treatments. For different hormone treatments and
tissues, UEP was the most appropriate reference gene.
Meanwhile, when all the results of the tested samples
were jointly evaluated, UEP and PPRI were the two
most stable reference genes, followed by EF/o and
Actinl (Table 3).

@ Springer

Salt/Drought

Hormone Tissue Total

The results obtained from NormFinder were not
identical with those of geNorm except for hormone
treatments, where the least stable gene was the same in
every experimental set. However, GAPDH showed
opposite results between geNorm and NormFinder in
drought- and salt-stress treatments. The differences
noted between the two methods were expected since
the two programs are based on different statistical
algorithms. geNorm relies on the principle that the
expression ratio of two ideal reference genes is
constant in all the samples, independent of the
experimental conditions, while the algorithm of
NormFinder uses a solid statistical framework to
estimate not only the overall expression variation of
the candidate reference genes but also the variation
between subgroups of the sample sets. Notably, it
provides a stability value for each gene, which is a
direct measure of the estimated expression variation.

Discussion

qRT-PCR is currently one of the most widely used
methods for gene expression analysis in different
species (Piston et al. 2004; Doshi et al. 2007; Fang
et al. 2009). However, it is essential to select stable
reference genes for accurate normalization of gene
expression. The ideal reference gene should have
constant expression stability regardless of experimen-
tal conditions. However, no single gene has a stable
expression under every experimental condition.
Numerous studies have shown that the expression of
even the housekeeping genes also varies considerably
with different experimental conditions (Thellin et al.
1999). This may partly be explained by the fact that
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Table 3 Candidate reference genes ranked according to their expression stability values (M) as calculated by NormFinder

Rank  Total Cold/heat stress Salt/drought stress Different hormones Different tissues
Gene Stability ~ Gene Stability ~ Gene Stability ~ Rank Stability ~ Gene Stability

1 UEP 0.378 TEFIA 0.032 PPRI 0.007 EFlo 0.003 UEP 0.101

2 PPRI 0.413 GAPDH 0.053 18S rRNA  0.007 UEP 0.003 Actinl 0.101

3 EFla 0.431 185 rRNA  0.060 Actin2 0.117 18§ rRNA  0.011 cYc 0.164

4 Actinl 0.524 Actin2 0.072 EFla 0.428 cYc 0.011 PPRI 0.166

5 Actin 0.644 UEP 0.156 UEP 0.659 Actin2 0.036 EFla 0.180

6 TEFIA 0.650 Actinl 0.165 Actin 0.891 GAPDH 0.098 Actin 0.222

7 cyc 0.858 cyc 0.184 TEFIA 0.945 Actinl 0.289 18§ rRNA  0.394

8 Actin2 0.880 PPRI 0.275 Actinl 0.968 PPRI 0.292 Actin2 0.715

9 18§ rRNA  0.893 Actin 0.424 GAPDH 0.995 TEFIA 0.294 TEFIA 0.800

10 GAPDH 2.582 EFla 0.687 cYc 1.754 Actin 0.314 GAPDH 3.693

Higher M values indicate genes that have low transcriptional stability while low M values indicate genes with high transcriptional

stability

housekeeping genes are not only implicated in the
basal cell metabolism but also participate in other
cellular functions (Singh and Green 1993; Ishitani
et al. 1996). In this present study, the feasibility of
using ten putative reference genes as internal controls
for gene expression studies in pepper was studied
using geNorm and NormFinder, and the results
showed that there were certain differences between
the two programs with regard to identification of the
best sets of reference genes for each experimental
condition.

The data obtained showed that each experimental
condition had a most suitable reference gene. We also
demonstrated the significance of choosing suitable
reference genes in gene expression studies for specific
experimental conditions or different tissues. For
example, EFlo and UEP were considered the most
stable genes for gene expression normalization by
both algorithms in different hormone treatments, but
they were not the most stable genes in other experi-
mental sets. However, the results were similar when
all samples together were analyzed by both geNorm
and NormFinder. Actin, Actinl, EF 1o, and UEP were
the most stable genes when calculated by geNorm.
Whereas, when calculated by NormFinder, UEP,
PPRI, EFlo, and Actinl were the most stable genes.
The calculation of V3,4 by geNorm was 0.145, which
was below the cut-off value of 0.15, indicating that
three reference genes were sufficient for gene expres-
sion studies. Therefore, we recommend the use of

EFlo, UEP, and Actinl as suitable reference genes for
normalization of gene expression in a wide range of
samples tested in the present study. Although the use
of the combination of EF 1o, UEP, and Actinl genes as
an internal control may be sufficient for gene expres-
sion studies in pepper, a more accurate normalization
can be performed if Actin is added, but the use of more
than three control genes is unnecessary for the
analyses (Erkens et al. 2000).

In conclusion, based on the results of the two
methods, geNorm and NormFinder, EF o, UEP, and
Actinl can be considered as suitable reference genes
under all of the conditions tested in this study. These
genes will enable more accurate and reliable normal-
ization of qRT-PCR results for gene expression studies

in pepper.
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