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Abstract RT-qPCR is a widely used method in gene

expression and transcriptome studies. Normalization based

on reference genes is necessary to accurately analyze RT-

qPCR data. Thus, an accurate and systematic evaluation of

these reference genes before experiments are conducted is

necessary. In this study, 18 candidate reference genes were

evaluated under various experimental conditions covering a

range of tissue types and cultivars, NaCl, CaCl2 and tem-

perature treatments, hormones (6-BA, ABA and NAA) and

a set of osmotic stress (mannitol and PEG6000) treatments.

Gene expression across 48 pear samples was evaluated

using geNorm, NormFinder and BestKeeper statistical

algorithms. Actin2/7 (ACT2/7), ubiquitin extension protein

(UBI) and Yellow-leaf-specific gene 8 (YLS8) exhibited the

most stable expression across all the pear samples tested.

While in the other experimental groups, different sets of

samples had their own best reference genes. In addition, the

gene expression of PbCBL7, a member of the calcineurin

B-like protein, was measured across all the 48 samples

using the best three reference genes, it displayed variation in

gene expression across different tissues and cultivars, and

exhibited diverse up- or down-regulated expression patterns

under various treatments, which indicate that PbCBL7 may

play a role in response to specific abiotic stress in pear.

These results are valuable for future research on gene

expression and abiotic stress tolerance in pear.
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Abbreviations

ABA Abscisic acid

bp Base pair

NAA 1-Naphthaleneacetic acid

PEG6000 Polyethylene Glycol 6000

RT-qPCR Quantitative real-time polymerase chain

reaction

6-BA 6-Benzylaminopurine

Introduction

Gene expression analysis could improve our understanding

of various biological processes and has become much more

prevalent. RT-qPCR is a powerful tool widely used on gene

expression analysis due to its high specificity, reproduc-

ibility, sensitivity, broad dynamic range and no post-PCR

processing. These advantages allow a straightforward

comparison and make it become the most appropriate

choice for gene expression analysis (Garson et al. 2005; Li

et al. 2010; Martin et al. 2008). Despite its numerous

advantages, several serious flaws have been reported,

including the lack of reliable reference genes for normal-

ization (Obrero et al. 2011). To obtain reliable results,

normalization is crucial for RT-qPCR studies to control for

sample differences (Tong et al. 2009). Since the reference
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genes are exposed to the same preparation steps as the gene

of interest, they are most frequently used among a set of

methods proposed to normalize RT-qPCR data and to

avoid the possible errors caused by the minor variations of

the experimental conditions (Gutierrez et al. 2008; Han

et al. 2013; Huggett et al. 2005; Schmidt and Delaney

2010; Zhu et al. 2013).

Ideal reference genes such as actin (ACT), glycer-

aldehyde-3-phosphate dehydrogenase (GAPDH), a- or b-

tubulin (TUA, TUB) and ubiquitin (UBQ) are considered to

be constitutively expressed and unaffected by experimental

conditions. Thus, these genes are commonly used for

normalization without any validation (Brunner et al. 2004;

Chi et al. 2012; Marum et al. 2012). However, a few recent

studies have shown that the widely used reference genes

vary considerably in response to some specific experi-

mental conditions (Marino et al. 2008; Morgante et al.

2011; Nicot et al. 2005), that if not chosen properly, the

reference genes may be unsuitable for normalization pur-

poses owing to large measurement errors (Dekkers et al.

2012; Obrero et al. 2011). Therefore, to ensure proper

normalization, it must be demonstrated that the reference

genes of choice have high expression stability independent

of the varying experimental conditions.

In the recent decades, several studies on validating the

importance of the reference genes for each particular

experimental condition have been performed mainly on

plants species including Arabidopsis thaliana, tobacco,

tomato, chicory, peanut, potato, peach, soybean, cucumber,

litchi, flax and zucchini (Chi et al. 2012; Czechowski et al.

2005; Expósito-Rodrı́guez et al. 2008; Huis et al. 2010;

Jian et al. 2008; Maroufi et al. 2010; Nicot et al. 2005;

Obrero et al. 2011; Remans et al. 2008; Schmidt and

Delaney 2010; Tong et al. 2009; Wan et al. 2010; Zhong

et al. 2011). To identify the suitable reference genes in a

range of samples, statistical analysis procedures including

geNorm, NormFinder and BestKeeper have been devel-

oped and applied (Andersen et al. 2004; Pfaffl et al. 2004;

Vandesompele et al. 2002).

The pear (Pyrus L.), which belongs to the subfamily

Pomoideae in the Rosaceae family, is a popular and com-

mercial crop. It is also the third most important fresh fruit

species which has been widely cultivated in the world (Wu

et al. 2013). The birch-leaf pear (Pyrus betulifolia Bunge)

originated in China and is one of the most widely used

rootstock in pear production. It has a strong adaptability and

is tolerant to cold, drought, waterlogging and infertility.

Increasing the stress resistance of pear will improve its

production and quality (Chang et al. 2012b). However,

studies on plant stress resistance have focused on crops

including Arabidopsis, tomato and barley (Jakab et al. 2005;

Jiang et al. 2012; Pandey et al. 2011; Visioni et al. 2013).

Understanding the expression patterns of some key genes in

the stress tolerance pathway of the pear would give insight

into the mechanisms that underlie the processes from ger-

mination to harvest, and may help to reveal the changes in

gene expression under various conditions. In addition, with

the release of the pear genome sequence, functional

genomics research on the pear based heavily on gene

expression analysis is becoming more popular and will

facilitate the understanding of pear development (Wu et al.

2013). Recently, RT-qPCR has always been reported in gene

expression analyses in pear (Zhang et al. 2011, 2013), but up

to now, no comprehensive or systematic evaluation of can-

didate housekeeping genes has been undertaken in pear.

In the present study, the expression profiles of 18 can-

didate reference genes, including Actin2/7(ACT2/7), a-

tubulin (TUA), translation elongation factor 2 (TEF2), 18S

ribosomal RNA (18SrRNA), ubiquitin extension protein

(UBI), glyceraldehyde-3-phosphate dehydrogenase (GAP-

DH), elongation factor 1 alpha (EF-1a), Glyceraldehyde-

3-phosphate dehydrogenase C subunit 1 (GAPC1), Actin

11 (ACT11), ubiquitin-conjugating enzyme 8 (UBC8),

Yellow-leaf-specific gene 8 (YLS8), TIP41-like family

(TIP41), Protein phosphatase 2A subunit A2 (PP2A),

F-box family protein (F-box), Pentatricopeptide repeat

superfamily protein (PPR2), Sand family protein (SAND),

ubiquitin-conjugating enzyme 21 (UBC21) and ubiquitin

10 (UBQ10) were evaluated using RT-qPCR analysis to

determine the optimal reference genes across 48 pear

cDNA samples. The expression levels of these internal

control genes were tested in different pear tissues and

cultivars, and within a range of abiotic stress and hormone

treatments. To evaluate the expression stability of refer-

ence genes, three common statistical methods, geNorm,

NormFinder and BestKeeper, were used.

In addition, our previous work on PbCBL7 gene, a

member of calcineurin B-like protein, has revealed that this

gene can enhance E. coli tolerance towards a variety of

stresses (data not shown). Given that the newly identified

PbCBL7 gene may play an important role in anti-adversity

stress in pear, the newly identified reference gene combi-

nation in this study was further used to examine and nor-

malize its expression profiles. The results obtained will

provide guidelines for reference gene selection for gene

expression analysis under different experimental conditions

in pear and also provide reference for future analysis on

suitable RT-qPCR normalization conditions in other crops.

Materials and methods

Plant materials

We obtained the birch-leaf pear (Pyrus betulifolia Bunge),

an important rootstock that is highly resistant to salt, from
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the national germplasm orchard of Institute of Horticulture

of Jiangsu Academy of Agricultural Sciences, Nanjing,

Jiangsu, China. Pear samples of varying genotypes and

tissues and from various conditions (hormonal treatments

(ABA, 6-BA and NAA), stress treatments (low and high

temperature, NaCl, PEG6000, CaCl2 and mannitol)) were

obtained.

For the experimental group comprising different culti-

vars, the flesh of ‘Yuanhuang (YH)’, ‘Sucui1 (SC1)’and

‘Cuiguan (CG)’ pears was collected at a stage equivalent to

commercial ripeness, which is at about from 11.9 to 14.4 %

soluble solids concentration (SSC) for the selected fruits

from 8-year-old trees and free from visual symptoms of

any disease or blemishes. These samples were directly

stored at -80 �C for further use. The peel and leaves were

collected from the fruits and 8-year-old trees, respectively,

of ‘YH’, ‘SC1’, ‘CG’ ‘Xizilu (XZL)’ and ‘Cuilu (CL)’. For

the experimental group comprising different tissue types,

young leaf, old leaf, petiole, peel and flesh samples were

taken from 8-year-old ‘Sucui2 (SC2)’ trees growing under

natural conditions. For the experimental group comprising

samples subjected to a range of abiotic stress including

NaCl, Mannitol, CaCl2, PEG6000 and temperature treat-

ments, seedlings of P. betulifolia Bunge were grown in 1/2

MS nutrient solution containing NaCl solution at varying

concentrations (0, 100, 200, 300 and 400 mM at room

temperature for 6 h), mannitol solution at varying con-

centrations (0, 100 and 200 mM at room temperature for

6 h), 100 mM CaCl2, or 10 % (w/v) PEG6000 solution at

varying time points (2 h, 6 h, 12 h, 24 h). Seedlings were

also exposed to high (42 �C) and low temperatures (4 �C)

for 6 h, and seedlings which were exposed to room tem-

perature (24 �C) are used as the control. The leaves were

collected following these experimental treatments. For the

experimental group comprising samples subjected to dif-

ferent hormone treatments, seedlings of P. betulifolia

Bunge were grown in 1/2 MS nutrient solution containing

different concentrations of hormones (6-BA (20 lM), ABA

(50 lM), NAA (10 lM)) at various duration (2 h, 6 h, 12 h

and 24 h). Leaves harvested at 0 h for each treatment were

treated as controls. Plant materials were collected in trip-

licate, frozen in liquid nitrogen, and stored at -80 �C until

total RNA extraction.

Total RNA extraction and cDNA synthesis

Total RNA was isolated from 100 mg of samples using an

EASYspin Plus Plant RNA mini kit (Aidlab Biotech,

China). DNase I (TaKaRa, Japan) was added to eliminate

any trace of genomic DNA contamination, according to the

manufacturer’s procedures. The integrity of the RNA

samples was evaluated by 1.2 % (w/v) agarose gel elec-

trophoresis, and the A260/280 and A260/230 nm absorption

ratios were determined using a BioPhotometer Plus (Ep-

pendorf, Germany) to estimate RNA concentration and

quality. Clear bands corresponding to 28S and 18S rRNA

and the absence of a smear indicate minimal degradation of

total RNA. For cDNA synthesis, the RNA has to have an

optical density absorption ratio A260/280 of more than 1.8.

First-strand cDNA was synthesized using a cDNA ampli-

fication kit (TaKaRa) according to the user manual. Briefly,

1 lg RNA, 50 lM oligodT (18) and 10 mM dNTP mix

were added together to incubate at 65 �C for 5 min, then

placed on ice for 5 min. After that, 4 ll 5 9 RT buffer,

20 U RNase Inhibitor and 200 U Prime Script RTase were

added and then incubated at 42 �C for 60 min. Finally, the

RT reaction was terminated by incubating at 70 �C for

15 min. Each RNA sample was controlled for genomic

DNA contamination without reverse transcriptase addition

into cDNA synthesis mixture. All samples were diluted

1:10 with RNase-free water, prior to its use as a template in

RT-qPCR. Samples were stored at -20 �C.

Primer design and RT-qPCR amplified product

verification

18 candidate reference genes were chosen for further

investigation to be able to find the most stably expressed

reference genes to be used in RT-qPCR analysis (Table

S1). This group of genes comprised several classical

internal control genes which are most commonly used as

reference for expression analysis and the others based on

previous reports (Han et al. 2013; Tong et al. 2009). The

nucleotide sequences of pear genes were found in the pear

genome database (http://peargenome.njau.edu.cn:8004/),

and the chosen pear genes were then used to query against

the Arabidopsis protein database using BLASTX to obtain

the homologous genes. The functional annotations of these

pear reference genes were also based on Arabidopsis tha-

liana. Primers were designed using Beacon Designer 7.0

(Premier Biosoft International, USA) with the following

criteria to ensure optimal polymerization efficiency and to

reduce the impact of RNA integrity on gene expression in

RT-qPCR: primers were selected with a melting tempera-

ture of 56–60 �C, optimal primer length of 17–24 bp, and

GC content of 45–55 %. Primers were designed to amplify

products within the range of 76–199 bp (Table S2). Spec-

ificity of the amplification product for each primer pair was

verified by the presence of a single band at the expected

size with agarose gel electrophoresis, and by the presence

of a single peak in RT-qPCR melting curve products.

Quantitative RT-PCR

RT-qPCR was carried out in 96-well plates with an

ABI7500 Real-Time PCR Detection System (Applied
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123

http://peargenome.njau.edu.cn:8004/


Biosystems, USA) using SYBR Green Master ROX

(Roche, Japan), following the manufacturer’s instructions.

Reaction mixtures and conditions used in this

study according to the method reported by Xu et al.

(2012). At the end of the reactions, a melting curve analysis

was performed to evaluate primer specificity. Controls

without template and a reverse transcription negative were

included for each primer pair to detect possible reagent

contamination and to ensure that there was no potential

genomic DNA contamination. Each real-time PCR reaction

was performed in triplicate (technical replicates) on three

individual plants (biological replicates).

Data analysis

The expression level of each selected reference gene was

determined by the number of amplification cycles (Ct)

needed to reach a specific threshold level of the detection.

The PCR efficiency showed in Table S2 was calculated for

each gene with LinRegPCR program from raw fluores-

cence data taken from the ABI7500 detection system

(Ramakers et al. 2003; Tong et al. 2009). Various analysis

tools including geNorm, NormFinder and BestKeeper were

used to estimate gene expression stability. The expression

stability as well as the optimal combination of candidate

genes to be used for normalization was determined by

geNorm software. It provides a stability measure (M),

excludes the least stable gene, and creates a line graph by a

stepwise method to show stability of the selected genes

(Vandesompele et al. 2002). NormFinder uses an ANOVA-

based model to estimate intra- and inter-group variations

and provides a direct measure for integrating all consistent

results (Andersen et al. 2004). BestKeeper estimates the

expression stability of reference genes by calculating the Ct

value, and provides a comparative analysis based on pair-

wise correlations of all candidate reference genes (Pfaffl

et al. 2004).

Expression of PbCBL7 gene under different abiotic

stresses

To evaluate the expression profiles of PbCBL7 gene under

various experimental conditions, its relative transcript

levels were normalized by the geometric average of the

three most reliable reference genes selected in all the

sample pools in this study through the equation of relative

ratio target gene/control = ðE�Ct Target gene
Target gene Þ=ðE�Ct Control

Control Þ
(Pfaffl 2001; Shi et al. 2012). Calculations were carried out

with Microsoft Excel software. The data were statistically

analyzed with DPS Version 7.55 software (DPS Institute,

Hangzhou, China) using Duncan’s multiple range test at

the P \ 0.05 level of significance.

Results

Verification of the amplified product

To select the best reference genes for pear gene expression

profiling, the primers of the 18 common reference genes

(Table S2) were designed for RT-qPCR analysis. Melting

curves and agarose gel electrophoresis results revealed that

there were no primer dimers or other non-specific ampli-

fication (Fig. 1a, b). In addition, no signals were detected

from the controls of template lacking reverse transcriptase,

indicating no genomic DNA contamination.

Ct value analysis

In an RT-qPCR assay, a positive reaction is measured by

accumulation of a fluorescent signal. The number of cycles

required for the fluorescent signal to cross the threshold is

called the Ct value, which is used to evaluate the tran-

scriptional levels of the reference genes. The results would

provide an overview of the abundance of all the selected

genes in the samples. In this study, the Ct values of the 18

reference genes showed a relative wide range, with the

lowest (14.30) in 18SrRNA to the highest (34.14) in PPR2,

while the majority of these values ranged from 18.2 to 27.4

in all tested pear samples (Fig. 2). It took only 14.30

amplification cycles to reach the threshold fluorescence for

18SrRNA, indicating that it was highly expressed compared

with the other genes. The individual reference genes

showed different expression levels across all samples used

in this study. 18SrRNA showed the smallest expression

variation (below 7 cycles), while PPR2 and TUA showed

the highest gene expression variation (about 12 cycles)

among all the selected genes. The wide expression ranges

of the 18 tested reference genes indicated that no single

reference gene had a constant expression under all exper-

imental conditions in pear samples. Therefore, it is neces-

sary to select a relatively reliable reference gene to

normalize gene expression profiling under certain

conditions.

GeNorm analysis

Figure 3 shows the 18 candidate reference genes with

M values that are less than 1.5. This is usually regarded as

acceptable in terms of expression variability. Interestingly,

the most stable reference gene was not identical among

different sample pools. For all the 48 samples, ACT2/7 and

UBI were the most stably expressed genes, and TUA was

the least stable gene (Fig. 3a). The least stable gene in the

group under different CaCl2 and hormonal treatments was

also TUA, which was consistent with the findings above.

The most stably expressed genes were ACT11/UBQ10 and
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ACT2/7/EF-1a under different CaCl2 and hormonal treat-

ments, respectively (Fig. 3e, g). In the experimental group

comprising different tissues, geNorm identified TIP41 as

the unstable gene, whereas PP2A and GAPDH were

regarded as the best reference genes (Fig. 3b). In the

experimental group comprising different cultivars, UBI and

UBC8 were considered as the best genes, while PPR2 was

thought to be the least stable (Fig. 3c). In the experimental

group comprised of samples subjected to different con-

centrations of NaCl, ACT2/7 and UBQ10 were the most

stable genes, and GAPC1 was the least stable gene

(Fig. 3d). In the experimental group comprising of samples

subjected to different temperatures, TEF2 and UBC21 were

the most stably expressed genes, and 18SrRNA was the

least stable gene (Fig. 3f). In the experimental group

comprising different degrees of osmotic stress, YLS8 and

PP2A were the most stably expressed genes, and UBQ10

was the least stable gene (Fig. 3h).

We considered the average expression stability (M) and

the pairwise variation (V) when using geNorm to evaluate

gene expression stability. To determine the necessity of

adding the next internal control gene and the optimal

number required for effective normalization, the pairwise

variations Vn/Vn?1 between two sequential normalization

factors NFs (NFn and NFn?1) were introduced. According

to the cut-off value of 0.15 reported by Vandesompele et al.

(2002), in the groups for all the samples analyzed together

and different tissues and cultivars comparison, three ref-

erence genes should be selected (V3/4 \ 0.15), while in

the rest groups, two reference genes were sufficient (V2/

3 B 0.15) (Fig. 4).

NormFinder analysis

A more stable gene expression is indicated by lower

average expression stability values. Table 1 shows the

results calculated by NormFinder. The output of Norm-

Finder with different sample pools was highly variable.

When all 48 samples taken together, ACT2/7, UBI and

UBC8 showed remarkable stability in their expression

levels and were always highly ranked; while 18SrRNA,

TUA and TIP41 exhibited unstable expression profiles and

were always included among the unstable genes.

When analyzed for the established groups with Norm-

Finder separately, YLS8 was calculated to be the most

stable single gene in the group of different cultivars,

whereas PPR2 was the most variable one. NormFinder

revealed ACT2/7 to be the most stable in the experimental

group of different tissues, which was consistent with the

results obtained from the groups under different NaCl,

CaCl2 and osmotic stress treatment. In this context, the

least stable genes were TUA in NaCl and CaCl2 treatment

groups and UBQ10 in osmotic stress treatments groups. In

groups involving exposure to various hormones and tem-

peratures, TIP41 was the most stable gene with the stability

value of 0.174 and 0.034, while TUA and 18SrRNA were

the most unstable with the stability values of 0.709 and

1.399, respectively (Table 1).

BestKeeper analysis

Stable reference genes always showed a strong correlation

with the BestKeeper Index. The results analyzed by this

ACTIN
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Fig. 2 Expression levels of

candidate reference genes

across all samples. A line across

the box depicts the median. The

box indicates the 25 % and

75 % percentiles. Whiskers

represent the maximum and

minimum values
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method are presented in Table 2. High coefficients of

correlation always indicate that these gene pairs exhibit

similar expression patterns. When all samples were taken

together for analysis, ACT2/7, UBI, YLS8 and SAND

showed strong correlation with the BestKeeper Index

(r [ 0.96), and ranked among the top four positions. These

Fig. 3 Gene expression stability and ranking of the 18 reference genes as calculated by geNorm

Acta Physiol Plant (2015) 37:40 Page 7 of 16 40
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results were consistent with that derived from geNorm and

NormFinder. ACT2/7 was consistently stably expressed,

except in the groups involving different cultivars and

temperature treatments wherein YLS8 and TEF2 were the

most stable reference genes, respectively. 18SrRNA con-

sistently ranked poorly in almost all series, becoming the

least reliable reference gene.

Expression profile analysis of PbCBL7

To investigate the effect of different cultivars and tissues as

well as abiotic stress on gene expression in pear, the

transcript level of PbCBL7 in 48 pear samples was assessed

by RT-qPCR. The expression level of PbCBL7 showed

varied according to context after being normalized to

ACT2/7, UBI and YLS8, which were the best reference gene

combination selected by geNorm, NormFinder and Best-

Keeper algorithm across all tested samples. The results

showed that PbCBL7 was expressed abundantly in petiole,

leaf and peel and weakly in flesh (Fig. 5a). In the leaves of

different cultivars, PbCBL7 exhibited the highest expres-

sion level in ‘CL’, but in peel and flesh, PbCBL7 was

expressed the highest in ‘YH’ (Fig. 5b–d). PbCBL7 level

was down-regulated under salt and mannitol stress,

exhibiting the lowest expression at 200 mM of NaCl

(Fig. 5f, g). We speculated that the 100 or 200 mM NaCl

stress treatment may not initiate the defense system in pear

plant and at this time the expression of PbCBL7 is nega-

tively regulated by salt stress, but with the increase of

concentration, the defense system began to engage and this

resulted in enhanced transcription of PbCBL7 gene. The

transcript level was higher under cold- or heat stress than at

room temperature which indicates that PbCBL7 gene was

regulated by high or low temperatures (Fig. 5e). Since the

CBL protein family is mediated by calcium ions, we

measured the transcript level of PbCBL7 upon exposure to

CaCl2. PbCBL7 was up-regulated in response to CaCl2,

reached maximum at 12 h then decreased, similar to what

was observed under PEG6000 treatment. Furthermore,

different hormone treatments were also carried out, and

interestingly, PbCBL7 was consistently up-regulated under

6-BA treatment, while under ABA treatment, PbCBL7 was

induced in a transient way and reached a maximum at 2 h,

then consistently decreased. With NAA treatment, PbCBL7

level reached the maximum at 2 h, thereafter reached the

minimum at 6 h then consistently increased after treatment

for 12 h and 24 h (Fig. 6).

Discussion

RT-qPCR is verified to be a sensitive and accurate tech-

nique for gene expression analysis (Guénin et al. 2009; Li

et al. 2010). Ideal reference genes whose transcription

levels remained invariable under varying experimental

conditions will greatly improve the reliability of RT-qPCR

data when evaluating the expression levels of genes of

interest (Klie and Debener 2011; Schmidt and Delaney

Fig. 4 Determination of the optimal number of reference genes.

Every bar represents change in normalization accuracy upon stepwise

addition of more reference genes according to the ranking in Fig. 3.

The pairwise variation (Vn/Vn?1) was calculated from the normal-

ization factors NFn and NFn?1, with a recommended cut-off

threshold of 0.150
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2010; Zhu et al. 2013). Several common candidate refer-

ence genes are currently being used as internal controls

regardless of their instability and variance. If not chosen

properly, the internal control genes would not fulfill its role

as a standard in gene expression analysis, leading to a

wrong conclusion (Dekkers et al. 2012; Obrero et al. 2011).

The present study is the first systematic survey on the

expression stability of 18 genes used as internal controls

for RT-qPCR analysis under different experimental con-

ditions in 48 different pear samples. The expression sta-

bilities of the 18 selected reference genes showed

fluctuations and discrepancies across the different sample

groups, indicating that none of the internal controls have

invariable expression levels across varying conditions.

The expression levels of the reference genes for RT-

qPCR are determined by Ct values (Klie and Debener

2011; Martin et al. 2008; Zhu et al. 2013). Ct values that

are too high (Ct [ 30) or too low (Ct \ 15) are generally

considered to be unsuitable as reference genes (Wan et al.

2011). Evaluation of Ct values, however, lacks sensitivity

and reliability. Thus, to choose the best reference genes for

RT-qPCR analysis, we used various statistical approaches

including geNorm, NormFinder and BestKeeper to mini-

mize bias in the quantification of gene expression (Tong

et al. 2009; Wan et al. 2010; Zhu et al. 2013).

ACT2/7, UBI and YLS8 consistently ranked as most

stable by the three algorithms when all the samples were

considered. With the different experimental conditions,

different sets of samples had their own best reference

genes. For example, ACT2/7/UBQ10 is the best reference

gene combination when studying samples exposed to NaCl,

whereas PP2A/GAPDH did better than ACT2/7/UBQ10

when studying samples of different tissues. UBI/UBC8 was

the best combination for different cultivars.

ACT2/7, the most frequently used reference gene, is one

of the major components of cytoplasmic microfilaments in

eukaryotic cells (Hu et al. 2009). ACT2/7 expression is

rather variable in peach and A. thaliana, but mostly stable

in soybean and radish (Jian et al. 2008; McDowell et al.

1996; Tong et al. 2009; Xu et al. 2012). In this study,

ACT2/7 consistently ranked as most stable, and thus con-

sidered as a suitable reference gene. However, compared

with ACT2/7, another candidate reference gene ACT11 in

the actin gene family showed most stability under CaCl2
treatment, as determined by geNorm. UBI was evaluated as

the most stable reference gene in the group of different

cultivars by geNorm. These findings are consistent with the

results obtained from cucumber (Wan et al. 2010). UBQ10

was determined as an unsatisfactory reference gene in

soybean and rice (Jain et al. 2006; Jian et al. 2008), but

displayed stable expression in A. thaliana and tomato

(Czechowski et al. 2005; Løvdal and Lillo 2009). However,

in this study, UBQ10 ranked well under both NaCl and

temperature treatment, but ranked poorly under different

osmotic treatments. TEF2 is needed for elongation and

mRNA transcription in eukaryotes (Xu et al. 2012). In the

group exposed to varying temperatures, TEF2 exhibited

stable expression patterns and was abundantly and con-

stantly transcribed, consistent with previous studies in

peach samples (Tong et al. 2009). In previous studies,

TIP41 showed stable expression level across tissues and

during development in tomato, but performed poorly dur-

ing development of grape berry and in the leaves and roots

of A. thaliana under copper or cadmium exposure

(Czechowski et al. 2005; Expósito-Rodrı́guez et al. 2008;

Reid et al. 2006). In the present study, TIP41 was the most

unstable in groups involving different tissues. Among the

members of the ubiquitin-conjugating enzyme gene family,

it was reported in Ammopiptanthus mongolicus that UBC5

and UBC1 represent the best combination for normaliza-

tion of differentially expressed genes under cold stress,

UBC2 under salt stress, and UBC4 and UBC5 under heat

stress (Shi et al. 2012). In this study, UBC8 showed the

most stable expression in groups of different cultivars and

UBC21 was the most suitable gene in samples exposed to

different temperatures, as analyzed by geNorm. PP2A,

another novel reference gene, was reported to be stably

expressed in rabbiteye blueberry (Vashisth et al. 2011),

while in this study, PP2A showed the most stable expres-

sion in groups involving different tissues and samples

exposed to osmotic stress, as assessed by geNorm. On the

other hand, EF-1a was the least reliable control in Arabi-

dopsis, Salvia miltiorrhiza and barley (Czechowski et al.

2005; Jarošová and Kundu 2010; Yang et al. 2010), but in

this study, this gene was the most stable in groups exposed

to different hormones, as assessed by geNorm. TUA is

stably expressed during development in soybean and in

different tissues in poplar (Brunner et al. 2004; Jian et al.

2008). In this study, TUA level was highly unstable under

conditions involving different cultivars and exposure to

NaCl, CaCl2, temperature and hormones. GAPDH,

involved in basic cellular functions, is one of the most

stable genes in barley and grapevine (Jarošová and Kundu

2010; Reid et al. 2006), but unstable in tobacco (Schmidt

and Delaney 2010), as evaluated by geNorm, this gene

showed poor expression stability except for the group

involving different tissues. 18SrRNA has failed to be

selected as an ideal reference gene because it displayed

poor stability in most cases in this research, consistent with

findings in broomrape tissues (Gonzalez-Verdejo et al.

2008).

There is some discrepancy among the results obtained

by geNorm, NormFinder and BestKeeper, which may be

due to differences in algorithms and analytical procedures

(Andersen et al. 2004; Pfaffl et al. 2004; Vandesompele

et al. 2002). Taken together, these results indicate that a
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reference gene with consistent expression under certain

conditions may not be suitable for normalization of gene

expression under other experimental conditions. Variability

in the expression of reference genes may partly be

explained by the fact they may not only involve in basal

cell metabolism but also join in other cellular functions

(Mafra et al. 2012; Wan et al. 2011).

The combination of two or more stable genes represents

the ideal internal control for RT-qPCR analysis, which

would improve the accuracy significantly (Silveira et al.

2009). Therefore, to get an accurate expression profiling

among multiple samples, more than one reference genes

should be used (Brunner et al. 2004; Coito et al. 2012;

Nicot et al. 2005; Xu et al. 2012; Zhong et al. 2011).

The results obtained from the three algorithms were

comprehensive in determining suitable reference genes for

qPCR normalization (Chang et al. 2012a; Klie and Debener

2011). Thus, we can conclude that expression levels of all

the 18 genes were variable to some extent, but that of ACT2/

7, UBI and UBC8 were in general the most stable. Thus, a

combination of ACT2/7, YLS8 and PP2A would be appro-

priate as a reference panel for normalizing gene expression

data among different tissues, whereas the combination of

YLS8, UBC8 and UBC21 would be most suitable for

different cultivars. Compared with others, ACT2/7 and

UBQ10 represented the most suitable reference gene com-

bination when the samples were treated with NaCl, and

ACT2/7 and YLS8 represented the most suitable combina-

tion when samples were treated with CaCl2. TEF2 and YLS8

represented the most suitable combination when the tem-

perature was altered. ACT2/7 and EF-1a were the most

favorable genes in samples exposed to different hormones,

and ACT2/7 and GAPDH were stably expressed under

osmotic stress. In contrast, TUA, 18SrRNA and TIP41 were

the most unstable under several experimental conditions

and should generally not be used as reference genes.

In addition, the three best reference genes, ACT2/7, UBI

and YLS8, were used to normalize the expression level of

PbCBL7 in the 48 different pear samples. Calcineurin

B-like proteins (CBLs) is a class of calcium-binding pro-

teins which play an important role in the regulation of

responses of plant to environmental stress (Gu et al. 2008;

Kudla et al. 1999; Luan 2009; Zhang et al. 2008). Condi-

tions that could adversely impact pear production include

cold stress, heat stress, drought stress, flooding and salt

stress. The expression profiles of CBLs in different culti-

vars and tissues as well as in samples exposed to various

abiotic stresses would provide a preliminary understanding

of the complicated stress tolerance mechanisms in pear.

In Arabidopsis, 10 CBL genes have been characterized,

and several CBLs have been shown to function in an abiotic

stress-specific signaling cascade (Pandey et al. 2004; Shi

et al. 1999). While in Populus, PeCBL1, 9, 2, 5 and 3 may

play a role in response to specific abiotic stress (Zhang

et al. 2008). Our previous study on PbCBL7 has revealed

that this gene can enhance E. coli tolerance towards a

variety of stresses.

b Fig. 5 Expression analysis of PbCBL7 by RT-qPCR. Different

experimental conditions including different tissues (a) and cultivars

(b–d) and varying treatments [temperature (e), NaCl (f) and Mannitol

(g)]. The data show the relative transcript levels of the target gene as

normalized to the best reference gene combination, ACT2/7, UBI and

YLS8. Mean values and standard errors (bars) were obtained from

three real-time quantitative PCR reactions. Different letters indicate

significant differences at P \ 0.05 according to Duncan’s multiple

range tests

Fig. 6 Expression analysis of

PbCBL7 using qPCR in

response to Ca2? signal,

PEG6000 and hormones

stresses. The results were shown

in relative transcript levels of

the target genes normalized with

the best reference gene

combination, ACT2/7, UBI and

YLS8. CK control, h hour.

Significant up-regulation with

respect to control was shown by

*P\0.05 or ** P\0.01. Error

bars indicate standard errors
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In this study, PbCBL7 was expressed in different culti-

vars and tissues of pear as well as in samples exposed to

various stress conditions. Interestingly, expression level

varied in different tissues and cultivars, and also exhibited

diverse up- or down-regulated expression patterns under

various treatments, which further indicate that PbCBL7

may also play a role in response to specific abiotic stress in

pear.

In summary, this present study provides new evidence

for the importance of appropriate reference genes in RT-

qPCR analysis under given experimental conditions in

pear. All 18 candidate reference genes selected showed

different expression stabilities in each group, and among

them, ACT2/7, UBI and YLS8 exhibited the most stable

expression across all the tested pear samples, while in the

other experimental groups, different sets of samples had

their own best reference genes. The results of the present

study provide useful guidelines for further studies on gene

expression analysis using RT-qPCR in pear.
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