
ORIGINAL PAPER

Selection of reliable reference genes for expression studies
by reverse transcription quantitative real-time PCR in litchi
under different experimental conditions

Hai-Ying Zhong • Jian-Wen Chen • Cai-Qin Li •

Lei Chen • Jian-Yang Wu • Jian-Ye Chen •

Wang-Jin Lu • Jian-Guo Li

Received: 25 October 2010 / Revised: 10 December 2010 / Accepted: 21 December 2010 / Published online: 8 February 2011

� Springer-Verlag 2011

Abstract Reverse transcription quantitative real-time

PCR (RT-qPCR), a sensitive technique for quantifying

gene expression, depends on the stability of the reference

gene(s) used for data normalization. Only a few studies on

reference genes have been done in fruit trees and none in

litchi. In the present study, seven frequently used candidate

reference genes, including actin (ACTIN), glyceraldehyde-

3-phosphate-dehydrogenase (GADPH), elongation factor

1-alpha (EF-1a), poly ubiquitin enzyme (UBQ), a-tubulin

(TUA), b-tubulin (TUB) and RNA polymerase-II tran-

scription factor (RPII), were evaluated for their expression

stability in litchi. A total of 78 samples, including different

varieties, tissues, organs, developmental stages and treat-

ments, such as NAA, shading and girdling plus defoliation,

were addressed in this analysis. Our results showed that

GAPDH was the most suitable reference gene among all

the tested samples, different organs and NAA treatment.

ACTIN was stably expressed in varieties and fruit devel-

opmental stages. RPII and UBQ exhibited better expression

stability in tissues. EF-1a was the most stable gene in

shading and girdling plus defoliation treatments. Moreover,

using combination of two genes as reference genes might

improve the reliability of gene expression by RT-qPCR

in litchi. A better combination was GAPDH ? EF-1a or

GAPDH ? ACTIN for all the examined samples. In addi-

tion, the validated reference genes were further relied on to

quantify the expression of an interested gene, LcARF13

under different experimental conditions. These results first

provide guidelines for reference genes selection under

different experimental conditions and also a foundation for

more accurate and widespread use of RT-qPCR in litchi.
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Introduction

Litchi (Litchi chinensis Sonn.) is a tropical and subtropical

plant native to southern China and one of the major fruit

crops in Southeast Asia (Wu 1998; Huang et al. 2005).

Litchi fruit is highly attractive in international trade with its

high nutritional value and desirable flavor (Yi et al. 2010).

In addition, litchi fruits have been used to produce various

types of healthy products and foods, e.g., medicinal bev-

erages, drinks or soups (Chyau et al. 2003; Jiang 2000;

Jiang and Li 2003). Studies on litchi have become

increasingly extensive and important due to the con-

tradictions between its low production and low quality, and

between its perishability and high value in the international

trade (Munish et al. 2003; Li et al. 2001; Jiang et al. 2004),
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and gene expression analysis is also being widely

employed in these studies (Lu et al. 2006; Wang et al.

2006; Xiang et al. 2007).

Reverse transcription quantitative real-time PCR (RT-

qPCR) is verified to be a very powerful and accurate

technique used to quantify transcript expression levels for

understanding the biological and molecular mechanisms

(Bustin 2002; Gachon et al. 2004; Li et al. 2010) and is

becoming the first choice for quantitative gene expression

(Martin et al. 2008). RT-qPCR has been widely applied in

clinical diagnostics (Bustin and Dorudi 1998), tissue-spe-

cific gene expression in animals (Terzi et al. 2010) and

humans (Zampieri et al. 2010), and gene expression in

plants (Lin and Lai 2010). However, discrepancies of RT-

qPCR for obtaining reliable results may exist in different

samples, such as the quantity of the initial material, the

quality of the RNA, the efficiency of cDNA synthesis,

primer performance, selection of reference genes and the

methods to be used for statistical analysis, are accounted

for in obtaining reliable results (Vandesompele et al. 2002;

Exposito-Rodriguez et al. 2008; Tong et al. 2009). Therefore,

normalization is predicatively required during RT-qPCR

analysis to get more accurate results.

The most reliable genes are those constitutively

expressed and involved in basic cellular processes, such as

protein and sugar metabolism and cell structure (Silveira

et al. 2009). Until recently, several housekeeping genes,

such as those encoding glyceraldehyde-3-phosphate-dehy-

drogenase (GAPDH), actins, elongation factor 1-alpha (EF-

1a), 18S rRNA and 25S rRNA, had been most frequently

evaluated in different species and tissues as they are sup-

posed to be uniform. Nevertheless, many research findings

indicate that any so-called uniform control gene is relative.

The transcript levels of these genes can vary considerably

under different experimental conditions, making them

unsuitable for normalization of gene expression (Bustin

2002; Jain et al. 2006; Lovdal and Lillo 2009). Hence, the

use of a reference gene as an internal control gene may not

be able to identify small discrepancies in gene expression

and might even cause a wrong conclusion. It has become

obvious that it is necessary to validate the expression sta-

bility of a candidate reference gene in each experimental

system prior to its use for normalization to obtain accurate

and reliable results (Hong et al. 2008).

At the present time, studies on validating the stability of

internal reference genes have been performed in some fruit

trees, including longan (Lin and Lai 2010), peach (Tong

et al. 2009) and grape berry (Reid et al. 2006); however,

no such study has been reported for litchi. In the current

study, seven commonly used reference genes, including

actin (ACTIN), glyceraldehyde-3-phosphate-dehydrogenase

(GADPH), elongation factor 1-alpha (EF-1a), poly ubiq-

uitin enzyme (UBQ), a-tubulin (TUA), b-tubulin (TUB) and

RNA polymerase-II transcription factor (RPII), were

selected to be validated among various samples using two

algorithm methods, geNorm (Vandesompele et al. 2002)

and NormFinder (Andersen et al. 2004), to find out suitable

internal reference gene(s) for litchi RT-qPCR analysis

under different experimental conditions.

Materials and methods

Plant materials and treatments

Plant materials were collected in an orchard located at

South China Agricultural University, Guangzhou, China in

2009. A total of 78 samples were collected as follows:

pericarp samples of different varieties including ‘Hehu-

adahongli’, ‘Chenzi’, ‘Siliangguo’, ‘Longyanben’, ‘Quan-

zhouzaohong’, ‘Maquechun’, ‘Guangxigoubei’ and

‘Feizixiao’ were taken at 63 days after anthesis (DAA).

Ovaries, fruitlets or pericarp samples at eight different

developmental stages of ‘Hehuadahongli’ (female flowers

at 7 days before anthesis, fruitlets at 7 and 21 DAA, and

pericarp at 35, 49, 63, 77 and 91 DAA) were collected.

Young leaf, shoot, fruit and tender root of ‘Hehuadahongli’,

and pericarp, aril and seed at 63 DAA, were also sampled.

The 1-naphthylacetic acid (NAA, Sigma-Aldrich Co.,

USA) treatment was applied to three ‘Heiye’ litchi trees at

30 DAA. Twenty fruit-bearing shoots from each tree were

tagged based on the uniform diameter of the shoots. Ten of

them were sprayed with 100 mg/L NAA, and the other ten

were sprayed with distilled water as control. The pericarp

of ten randomly harvested fruit from ten fruit-bearing

shoots were sampled 7 days after treatment.

Shading and girdling plus defoliation treatments were

carried out to induce carbohydrate starvation stress. For

shading treatment, six ‘Nuomici’ trees with uniform vigor

and moderate initial crop load were selected. Three of them

were randomly selected as untreated controls and the other

three were shaded to 15% of available light with neutral

density, black-polypropylene shade cloth at 30 DAA. The

pericarp of 20 randomly harvested fruit from each tree was

sampled 10 days after treatment. The girdling plus defoli-

ation treatment was done on three ‘Kulin’ litchi trees at 25

DAA. Twenty fruit-bearing shoots from each tree were

tagged based on the uniform diameter of the shoots. Ten of

them were treated by girdling plus defoliation (removing

all leaves above girdling), and another ten were untreated

controls. The pericarp of ten randomly harvested fruits

from ten fruit-bearing shoots was sampled 4 days after

treatment.

All samples mentioned above are summarized in

Table 1. They were frozen in liquid nitrogen immediately

after harvest and stored at -80�C until future use.
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RNA isolation, purification and cDNA synthesis

Total RNA was isolated according to the improved hot

borate method described by Lu and Jiang (2003). Total

RNA from all samples were then treated with DNase I to

remove any genomic DNA contamination according to the

manufacturer’s instructions (TaKaRa). RNA concentration

and purity were evaluated by measuring absorbance at 230,

260 and 280 nm, respectively. Integrity of the RNA was

verified by gel electrophoresis on an ethidium bromide-

stained 1% agarose-TBE gel and denaturing agarose-

MOPS gel. Only the RNA samples with A260/A280 ratios

between 1.8 and 2.1 and A260/A230 ratios higher than 2.0,

as well as both 28S and 18S ribosomal RNA bands with a

density ratio about 2:1 were used for further analysis.

The primary cDNA was synthesized from equal

amounts of purified total RNA (2 lg) using the M-MLV

first-strand synthesis system according to the manufac-

turer’s procedure (Promega). All cDNA samples were

quantified using absorbance at 260 nm with bio-spectro-

photometer to ascertain concentration and diluted to 40 ng/lL

as stock solution for further use.

Cloning of part of the selected reference genes

Seven candidate reference genes were selected for inves-

tigation to identify the most stably expressed reference

gene(s) to be used in RT-qPCR studies; four of them

(ACTIN, GAPDH, UBQ and RPII) were cloned by our

research group using RT-PCR and RACE-PCR. Degener-

ate primers were designed using Primer Premier 5.0 soft-

ware within the conserved region of nucleotide sequences

aligned by DNAMAN 6.0 software from numerous plants

found on National Center for Biotechnology Information

(NCBI) for PCR amplification. Amplicons were sequenced

subsequently. To amplify 30-end fragments, 30-RACE

nested primers were designed according to the sequences

of cDNA fragments. 30-RACE-PCR was performed using

30-Full RACE Core Set Ver.2.0 Kit (TaKaRa) and then the

amplicons were also sequenced. Nucleotide sequences for

litchi TUA and TUB were obtained from their PCR prod-

ucts using the quantitative primer pairs of tomato (Expos-

ito-Rodriguez et al. 2008) and sugarcane (Iskandar et al.

2004), respectively. Nucleotide sequences for six reference

genes mentioned above were listed in the additional file 1.

In addition, nucleotide sequence for litchi EF-1a was

obtained from NCBI (DQ471426.1).

Primer design and RT-qPCR analysis

To facilitate the RT-qPCR analysis of all the investigated

genes under the same reaction conditions, primer pairs of

five genes (EF-1a, ACTIN, GAPDH, UBQ and RPII) were

designed using Primer Premier 5.0 software under default

parameters, while primers for TUA and TUB were referred

to the quantitative primer pairs obtained from tomato

(Exposito-Rodriguez et al. 2008) and sugarcane (Iskandar

et al. 2004), respectively. All the primer pairs were custom

ordered from a commercial supplier (Sangon, Guangzhou).

PCR was performed on cDNA to check the specificity of

all primers. To confirm the sequences of amplification,

PCR products of desired size were analyzed on 1.2%

agarose gel and then sequenced. The primers were further

confirmed with a melting curve analysis after amplification

for the seven reference genes. No further analysis was

performed on any primer that showed non-single product or

product in no template control (NTC). Standard curve

using a dilution series of the mixed cDNA (spanning six

Table 1 Information of different sample series used in the study

Treatments Sampling types Cultivars Biological

replicates

Sampling dates

Different fruit

developmental

stages

Female flower for -7 DAA,

fruitlets for 7 and 21 DAA,

pericarp for the other sampling

dates

‘Hehuadahongli’ 3 -7, 7, 21, 35, 49, 63,

77, 91 DAA

Different varieties Pericarp ‘Hehuadahongli’, ‘Chenzi’, ‘Siliangguo’,

‘Longyanben’, ‘Quanzhouzaohong’,

‘Maquechun’, ‘Guangxigoubei’, ‘Feizixiao’

3 63 DAA

Different organs Leaves, shoot, root, fruitlet ‘Hehuadahongli’ 3 7 DAA

Different tissues Pericarp, aril, seed ‘Hehuadahongli’ 3 63 DAA

Girdling plus

defiliation

Pericarp ‘Kulin’ 3 0, 4 DAT

Shading Fruitlet ‘Nuomici’ 3 0, 10 DAT

NAA Pericerp ‘Heiye’ 3 0, 7 DAT

DAA days after anthesis, DAT days after treatment
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orders of magnitude) was made to calculate the gene-spe-

cific PCR efficiency and regression coefficient (R2) for

each gene.

RT-qPCR was performed on ABI 7500 Real-Time PCR

System and 7500 System Software (Applied Biosystems,

USA) using a SYBR Green based PCR assay. Each reac-

tion mixture containing 6 lL of diluted cDNA (10 ng of

starting amount for ACTIN, EF-1a, GAPDH and UBQ, and

80 ng for TUA, TUB and RPII), 10 lL of SYBR Green

PCR Master Mix (Invitrogen), 250 nM of each primer and

0.1 lL ROX to a final volume of 20 lL was subjected to

the following conditions: 50�C for 2 min, 95�C for 10 min,

followed by 40 cycles of 95�C for 15 s, 55�C for 30 s and

72�C for 30 s in 96-well optical reaction plates (Bio-Rad,

USA). The melting curves were analyzed at 60–95�C after

40 cycles. Each RT-qPCR analysis was performed in

triplicate. The genes amplicon characteristics and their

primer sequences are listed in Table 2.

Data analysis

Expression levels of the tested reference genes were

determined by CT values (Bustin et al. 2009), the number

of amplification threshold cycles needed to reach a specific

threshold level of detection. For each candidate gene,

where the highest relative quantity (the minimum CT

value) was set to 1, the other average CT value of each

duplicate reaction of sample was converted to relative

quantity data. Log-transformed data were then exported

into geNorm (version 3.5) (Vandesompele et al. 2002) and

NormFinder (Exposito-Rodriguez et al. 2008) to analyze

gene expression stability. GeNorm calculates a gene

stability M value, defined as the mean pairwise variation

for a given gene compared to the remaining tested genes,

which relies on the principle that the expression ratio of

two ideal reference genes should be identical in all sam-

ples, regardless of the experimental conditions and cell

types (Huggett et al. 2005; Tong et al. 2009; Zampieri et al.

2010; Lin and Lai 2010). Hence, the lower the M value, the

more stably is the gene expressed. GeNorm can also enable

the exclusion of the most unstable gene, so as to allow

recalculating the M value by setting a cutoff value (Silveira

et al. 2009). We chose 1.5 as the cutoff in this study

according to Vandesompele et al. (2002). NormFinder,

another algorithm for identifying the optimal normalization

gene(s) among a set of candidates, uses a solid statistical

framework to estimate both intra- and inter-group variation

and a separate analysis of the sample subgroups in

expression levels are included into the calculation of a gene

expression stability value. The lowest stability value will

be top ranked according to the analysis (Andersen et al.

2004).

Normalization of an interest gene, LcARF13

ARF gene is a member of the auxin response factors

(ARFs) family, which are unique to plants and bind with

specificity to auxin response elements (AuxREs) in pro-

moters of primary or early auxin response genes (Guilfoyle

et al. 1998). LcARF13 was cloned from litchi pericarp in

our laboratory (data not shown) and used as a target gene

to demonstrate the usefulness of the validated candidate

reference genes in RT-qPCR. Gene expression levels of

LcARF13 were quantified under different experimental

Table 2 Reference gene primer sequences and amplicon characteristics of RT-qPCR

Gene

name

Gene description Primer sequence (forward/reverse primer) Amplicon

Tm (�C)

Amplicon

length (bp)

Regression

coefficient (R2)

Amplification

efficiency (%)

ACTIN Actin 50-ACCGTATGAGCAAGGAAATCACTG-30

50-TCGTCGTACTCACCCTTTGAAATC-30
82.16 160 0.998 91.122

EF-1a Elongation factor 1-alpha 50-CGTGGATTCGTCGCATCTAAC-30

50-CCGCCTGTCAATCTTGGTCAT-30
84.49 183 0.993 89.426

GAPDH Glyceraldehyde-3-phos-

phate dehydrogenase

50-GATACAGTTCCCGTGTTGTTGAC-30

50-CATAAAGACACATAACACCACACTC-30
82.00 121 0.996 93.375

RPII RNA polymerase-II

transcription factor

50-TAAAGGATGATTTCTTGGGTGTGAT-30

50-CGTCCTATCATCAACAAAAGTGAC-30
75.47 168 0.990 91.517

TUA Alpha-tubulin 50-AGCTCATTAGCGGCAAAGAA-30

50-AGTACCCCCACCAACAGCA-30
82.77 164 0.983 94.347

TUB Beta-tubulin 50-CCAAGTTCTGGGAGGTGATCTG-30

50-TTGTAGTAGACGTTGATGCGCTC-30
86.03 103 0.995 91.657

UBQ Polyubiquitin 50-GAAGATTCAAGACAAGGAAGGAT-30

50-GAACACACACAAACAAACCACCAC-30
85.02 218 0.991 89.990
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conditions using the one or two most stable reference genes

and the most unstable gene with the lowest or highest

M values, respectively, as determined by geNorm in the

same RT-qPCR conditions mentioned above. Primer pairs

(forward: 50-AGG GGT TGA ATC CTT AAA TCC AAG-30

and reverse: 50-ATT TTC GTG GGA TTA TGT TAT

GTC-30) of LcARF13 were also verified by melting curve

analysis and sequencing as described for reference genes.

Results

Verification of quantitative amplicons, primer

specificity and gene-specific amplification efficiency

Agarose gel electrophoresis (Fig. 1a) revealed that all

primer pairs amplified a single PCR product with the

expected size. Specific amplifications were also confirmed

A

B
ACTIN GAPDH EF-1  RP

TUA TUB UBQ 

750bp 

250bp 

100bp 

Fig. 1 Specificity of primer pairs for RT-qPCR amplification. a A

1.2% non-denaturing agarose gel electrophoresis showed amplifica-

tion of a single product of the expected size for each reference gene.

b Melt curve showed a single peak for each selected reference gene

and no amplicon was observed in no template control (NTC)

indicated by arrows
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by the presence of a single peak in the melting curve

obtained after 40 cycles of amplification, while no ampli-

con was observed in NTC for each selected reference gene

(Fig. 1b). Furthermore, sequence analysis of cloned

amplicons revealed that all sequenced amplified fragments

were identical or nearly identical to the sequences used for

primer design (data not shown). The gene-specific PCR

amplification efficiency (E) was calculated by the regres-

sion coefficient (R2) of the slope of the standard curve. The

PCR amplification efficiency for the seven reference genes

varied from 89.426% for EF-1a to 94.347% for TUA, and

regression coefficients ranged between 0.983 for TUA and

0.998 for ACTIN, respectively (Table 2).

Expression profiling of candidate reference genes

CT values analyzed using the raw expression data across

all samples varied within a range from 20.96 to 32.10

among the seven reference genes across all tested samples

(Fig. 2). ACTIN, GAPDH, UBQ and EF-1a were highly

expressed compared to the other three genes, TUA, TUB

and RPII. The least transcriptional level was TUA, with CT

values from 23.69 to 32.12. The individual reference gene

had different CT value ranges across all studied samples.

Variation was lower in ACTIN, GAPDH, UBQ, EF-1a and

RPII (below seven cycles), but much higher in TUA and

TUB (above eight cycles). No single reference gene had a

constant expression level in different litchi samples, sug-

gesting that it was extremely important to choose suitable

reference gene(s) to normalize gene expression under given

conditions in litchi.

Expression stability of reference genes

GeNorm analysis

Average expression stability (M) value of the seven refer-

ence genes in all tested samples calculated by geNorm are

presented in Table 3. Among the seven genes used for

analysis, not all of the most stable reference genes were

identical in different sample series. For instance, the

ACTIN gene was most stably expressed (the lowest M val-

ues) throughout the different developmental stages as well

as in different varieties, while the RPII gene had the

highest expression stability in different tissue samples with

an M value of 0.972. For the girdling plus defoliation and

shading samples, the most stable gene was EF-1a with an

M value of 0.822 and 0.236, respectively. GAPDH had the

minimum M value in NAA-treated samples and was also

the most stable gene in organ samples. When all samples

were considered, GAPDH showed most stable expression

and might be widely used as a single reference gene for

multiple samples, while TUA and TUB showed the largest

variations, indicating that these two genes were not suitable

for normalization. In addition, it is noteworthy that ACTIN,

TUA and TUB in different tissues and TUA in different

organs showed an M value higher than the cutoff value of

1.5, indicating less stable expression that was not suitable

for the expression study in these samples.

Fig. 2 RT-qPCR CT values for seven candidate reference genes. The

raw expression data CT values of all tested litchi samples for each

reference gene were analyzed by Origin 6.11. The box represents the

25th and 75th percentiles of data. A line across the box is depicted as

the median. Whiskers represent the maximum and minimum values

Table 3 Candidates genes ranked according to their expression stability values (M) estimated using geNorm algorithm

Rank All samples Different fruit

developmental

stages

Different

varieties

Different

organs

Different

tissues

Girdling plus

defoliation

Shading NAA

1 GAPDH 0.895 ACTIN 0.654 ACTIN 0.549 GAPDH 0.696 RPII 0.972 EF-1a 0.822 EF-1a 0.236 GAPDH 0.133

2 ACTIN 0.939 EF-1a 0.674 EF-1a 0.557 TUB 0.727 UBQ 0.975 TUB 0.881 ACTIN 0.243 ACTIN 0.143

3 EF-1a 0.995 GAPDH 0.677 GAPDH 0.620 UBQ 0.802 GAPDH 1.042 ACTIN 0.894 RPII 0.266 TUB 0.143

4 RPII 1.119 TUA 0.740 RPII 0.710 ACTIN 0.872 EF-1a 1.306 GAPDH 0.936 TUB 0.268 RPII 0.168

5 UBQ 1.137 UBQ 0.785 TUB 0.734 EF-1a 0.922 ACTIN 1.569 UBQ 1.013 GAPDH 0.278 EF-1a 0.185

6 TUB 1.411 RPII 0.955 UBQ 0.859 RPII 0.927 TUA 1.747 RPII 1.091 UBQ 0.385 TUA 0.246

7 TUA 1.429 TUB 1.021 TUA 0.987 TUA 1.511 TUB 2.494 TUA 2.431 TUA 0.643 UBQ 0.250

646 Plant Cell Rep (2011) 30:641–653

123



NormFinder analysis

NormFinder (Andersen et al. 2004) is another tool that

ranks all reference gene candidates based on intra- and

inter-group variations and combines both results into a

stability value for each reference gene candidate. Table 4

shows the results of the NormFinder analysis. It was found

that there were two common features in the NormFinder

output between different sample subgroups and no sub-

groups: (1) GAPDH, ACTIN, EF-1a and RPII were more

stably expressed, indicating lower average expression sta-

bility values, and were always classified as the top four

stable genes with GAPDH and ACTIN ranked as the top

two orders. (2) UBQ, TUB and TUA exhibited unstable

expression profiles and had the same rank order. When the

seven reference genes were analyzed in different sample

series, GAPDH was calculated to be the most stable single

gene in fruit development, organs and NAA-treated sam-

ples. ACTIN ranked the first in varieties and girdled sam-

ples with lower average expression stability values of 0.008

and 0.001, respectively. EF-1a was always located above

average except in organs and NAA-treated sample series.

TUA, TUB, RPII and UBQ presented in unstable positions

more frequently with some exceptions. For example, RPII

and UBQ showed more stable profiles in tissue series with

the same value of 0.001, and TUB was identified as the

more reliable gene in organs and shading series.

Determination of the optimal number and most reliable

combination of reference genes

GeNorm analysis

Although some authors agree on using only one single gene

as an internal control for normalization, it has been sug-

gested that the use of two or more reference genes for

normalization might produce more reliable results (Tricarico

et al. 2002; Lin and Lai 2010). GeNorm performs a step-

wise calculation of the pairwise variation between

sequential normalization factors to determine the optimal

number of reference genes required for accurate normali-

zation. Vn values were calculated by stepwise inclusion of

more reference genes until the (n ? 1) gene had no sig-

nificant contribution to the newly calculated normalization

factor. Vandesompele et al. (2002) proposed 0.15 as a

cutoff value for the variation below which the inclusion of

an additional reference gene is not required. As shown in

Fig. 3, the V2/3 values in most experimental sample series

except for all samples (A) and organs (D) were lower than

the cutoff value (0.15) recommended in the geNorm

manual. The V values for all the samples and different

organs were only slightly higher than the threshold.

Moreover, the inclusion of a third gene did not result in T
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noticeable decrease of their V3/4 from the V2/3 value (from

0.157 to 0.159, and from 0.18 to 0.125, respectively).

Therefore, the inclusion of an additional reference gene

would not be required, implicating that it was unnecessary

to use more than two reference genes in quantitative

analysis in these sample series on litchi.

GeNorm also establishes a rank order of gene stability

via stepwise exclusion of the least stable gene, which

allows identifying the remaining couple of genes having

the lowest M value (Fig. 4). ACTIN and EF-1a showed the

minimum combined M value among the different fruit

development stages (B) and varieties (C), as well as

shading (G) treatment samples. UBQ and RPII were the

most stable reference genes in sample series of different

tissues (E) and girdling plus defoliation (F). For all samples

(A), different organs (D) and NAA treatment (H) sample

series, the best combinations were GAPDH ? EF-1a,

GAPDH ? TUB and TUB ? RPII, respectively. It was

obvious that all combination of multiple reference genes in

each sample series showed a lower M value compared to

the single most stable one calculated by genNorm, imply-

ing that using two reference genes for normalization would

improve the accuracy of the RT-qPCR analysis.

NormFinder analysis

NormFinder analysis can also estimate the variation

between sample groups based on an algorithm of requiring

a minimum of two samples per group. In our seven data

sets, there were not sufficient samples to make subgroup

sets to fully utilize this function. Therefore, only one

analysis was carried out for all samples divided into seven

subgroups to determine the best combination of two

reference genes. For all samples, the best two combination

reference genes were GAPDH and ACTIN (Table 4), with a

stability value of 0.192 lower than the best single one

GAPDH (0.233). These results also indicated that using the

two reference genes in combination would be more accu-

rate than using only the most stable gene, which was the

same as that indicated by geNorm analysis.

Reference genes validation under different

experimental conditions

It has been documented that the use of inappropriate ref-

erences can dramatically change the interpretation of the

expression pattern of a given target gene (Gutierrez et al.

2008; Lin and Lai 2010). To demonstrate the usefulness of

the validated candidate reference genes in RT-qPCR, the

expression patterns of litchi LcARF13 under different

experimental conditions, including different fruit develop-

ment stages, and different organs, tissues and varieties,

were analyzed using the one or two most stable reference

gene(s), and the most unstable gene for normalization,

which had been validated above by geNorm as shown in

Table 3 and Fig. 4. The expression level of LcARF13

decreased progressively during litchi fruit development and

showed similar change in patterns with slight difference

when using ACTIN alone and the combination of ACTIN

and EF-1a as reference genes for normalization (Fig. 5a).

However, normalization using the least stable reference

gene (TUB) led to over-estimation of the LcARF13

expression level during 42–77 DAA (Fig. 5a). Similar

results were also observed in that normalization using the

least stable reference gene led to over-estimation of the

LcARF13 expression level in different organs (Fig. 5b),

different varieties (Fig. 5c) and tissues of ‘Hehuadahongli’

(Fig. 5d), while the expression level of LcARF13 showed

slight difference when one or two most stable reference

gene(s) were used for normalization among these sample

series. These results further confirmed the importance of

validating reference gene stability to ensure that low pre-

cision or misleading results did not occur.

Discussion

RT-qPCR is widely applied for accurate and sensitive

quantification of gene transcript levels, even for those

genes for which transcript levels are low. Quantification of

gene expression is affected by several factors, such as the

quantity of the initial material, the quality of the RNA, the

efficiency of cDNA synthesis, primer performance and the

methods used for statistical analysis. Thus, the reliability of

RT-qPCR data will be greatly improved by inclusion of

reference gene (s), the transcription level of which should
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be invariable in different experimental conditions. The

validity of the conclusion depends highly on the reference

gene applied. Therefore, it is necessary to validate the

expression stability of the reference genes under specific

experimental conditions prior to their use for normaliza-

tion. The present study is the first detailed investigation

on the stability of several housekeeping genes, including

ACTIN, GAPDH, EF-1a, RPII, TUA, TUB and UBQ, used
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NAA (h). A lower average expression stability M value indicates
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as internal controls for RT-qPCR studies in litchi. The

specificity of the RT-qPCR primer pairs was confirmed by

agarose gel electrophoresis (Fig. 1a), melt curve analysis

(Fig. 1b) and amplification sequencing (data not shown).

The PCR amplification efficiency was estimated by a

standard curve. GeNorm has been recently described as one

of the best algorithms to validate the most stable reference

genes for RT-qPCR analysis (Jain et al. 2006; Gutierrez

et al. 2008) and more sensitive to co-regulation as com-

pared to Normfinder. Compared with geNorm, NormFinder

can be applied to evaluate the suitability of any normali-

zation gene candidate in any kind of experimental design

and should allow more reliable normalization of RT-qPCR

data (Exposito-Rodriguez et al. 2008; Hibbeler et al. 2008;

Cruz et al. 2009). In addition, NormFinder can also esti-

mate both intra- and inter-group variation of the test sam-

ples. Thus, the stability of the seven selected genes was

determined using these two methods in the present study.

By calculating the stability value and pairwise variation of

all selected candidate reference genes, the stability rank

and the optional numbers among all kinds of test samples

were obtained. Our results indicated that different suitable

reference genes should be selected according to the dif-

ferent litchi sample types.

GeNorm

Most of the candidate genes with M value lower than 1.5 in

a given sample series were appropriate for normalization

under different conditions. ACTIN was the most stable

internal control gene in samples of different fruit devel-

opmental stages and varieties, which was different from

other plant species (Iskandar et al. 2004; Gutierrez et al.
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Fig. 5 Relative quantification of LcARF13 expression using vali-

dated reference genes for normalization under different experimental

conditions. a The validated reference gene(s) used as normalization

factors were one (ACTIN) or two (ACTIN ? EF-1a) most stable

reference genes, and the most unstable one (TUB) during fruit

development of ‘‘Hehuadahongli’’. b The validated reference

gene(s) used as normalization factors were one (GAPDH) or two

(GAPDH ? TUB) most stable reference genes, and the most unstable
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2008; Hong et al. 2008; Li et al. 2010; Artico et al. 2010).

RPII and UBQ showed better expression stability in dif-

ferent tissues in litchi, unlike tomato (Exposito-Rodriguez

et al. 2008), Brachypodium distachyon (Hong et al. 2008),

Arabidopsis (Gutierrez et al. 2008), sugarcane (Iskandar

et al. 2004) and cucumber (Wan et al. 2010). For different

litchi organs, GAPDH ranked the top and TUB showed the

least stable profiles, which was opposite to cotton (Artico

et al. 2010). EF-1a and GAPDH were the most stable genes

under carbohydrate stress and NAA treatment, respec-

tively. Similar results were also obtained in Brachypodium

distachyon (Hong et al. 2008), while contradictory results

were observed in cucumber (Wan et al. 2010). All of these

results mentioned above indicated that there was no uni-

versal reference gene for all sample types.

Increasing evidences have shown that a single reference

gene cannot be used to accurately normalize RT-qPCR data

and that a combination of multiple reference genes is

preferred. Although increasing the number of reference

genes for normalization will improve the accuracy of the

analysis, as mentioned above, it is expensive due to sample

wastage and being time consuming. Therefore, the number

of internal controls must be taken into account if the

amount of RNA is limited or a large number of samples

need to be analyzed (Lin and Lai 2010). In general, the use

of two stable reference genes is an effective normalization

tactic in most experimental conditions. We also obtained

more accurate and reliable normalization compared to the

use of a single reference gene (Table 3; Fig. 4). Consid-

ering the M value at the same time, it is obvious that all

combination of multiple reference genes in each sample

series showed a lower M value compared to the single most

stable one, implying that using two reference genes for

normalization will improve the accuracy of the analysis.

Two reference genes (combination of ACTIN ? EF-1a for

fruit developmental stages, varieties and shading treatment;

UBQ ? RPII for tissues and girdling plus defoliation;

TUB ? RPII for NAA treatment; GAPDH ? TUB for

organs; and GAPDH ? EF-1a for examining all tested

samples) would be recommended for use in RT-qPCR

analysis of litchi according to our study. Different results

were also found in many other studies. For instance,

UBQ ? EF-1a normalized well in longan fruit (Lin and

Lai 2010) and rice seed development (Jain et al. 2006).

Tong et al. (2009) found that TEF and UBQ was the most

suitable combination for all analyzed samples in peach.

ACTIN and EF-1a was the best combination for normal-

izing in Gossypium hirsutum organs (Artico et al. 2010).

Yang et al. (2010) suggested that ACTIN ? UBQ normal-

ized well in Salvia miltiorrhiza tissues. These results fur-

ther emphasized that it was important to select appropriate

reference gene(s) for accurate gene expression, because

reference genes were regulated differently in different plant

species and different treatment conditions. Thus, it is

suggested that the number of reference genes needed to be

employed depends on the considerations of a researcher’s

purpose. That is, if one requires to show a rough expression

mode of genes, one reference gene may be sufficient if it

was confirmed as a stably expressed gene. However, if the

researcher hopes to compare the expression among differ-

ent samples or to obtain the accurate expression level, more

reference genes (depends on the geNorm threshold of 0.15)

must be taken.

NormFinder

NormFinder algorithm ranked GAPDH as the most stably

expressed gene in all tested litchi samples when the sam-

ples were assembled into one main group or divided into

seven subgroups, unlike in Brachypodium distachyon

(Hong et al. 2008), in which the top ranked reference gene

was ACTIN. In addition, GAPDH and ACTIN were always

ranked at the top two orders in other single sample series.

However, in peach (Tong et al. 2009), the top two most

reliable genes were TUB and RPII. The rank order of ref-

erence genes for different litchi fruit developmental stages

was also out of accord with that of logan (Lin and Lai

2010) and tomato (Exposito-Rodriguez et al. 2008). In

plant organs, TUB ranked at the top in our study, but at the

bottom in Gossypium hirsutum (Artico et al. 2010). UBQ

was the most stable gene in tissue samples, but the most

variable one in NAA treatment, which was in uniformity

partly with peach (Tong et al. 2009) and Brachypodium

distachyon (Hong et al. 2008), and totally different from

cucumber (Wan et al. 2010) and chicory (Maroufi et al.

2010). Lin and Lai (2010) found that EF-1a was the most

reliable gene and ACTIN was the variable one in devel-

opment samples in longan, while in our study ACTIN

revealed a lower value than EF-1a. In summary, most of

our results in litchi show great differences from the pub-

lished results in other plants, implying the importance of

validating the reference gene prior to target gene expres-

sion. NormFinder could determine the best combination of

reference gene only when subgroups were set within a

group. In this study, a combination of GAPDH and ACTIN

was the best as suggested by NormFinder, while geNorm

analysis indicated that GAPDH and EF-1a was the best

combination.

Comparison of geNorm and NormFinder

The results obtained by geNorm for four sample series (for

all samples, organs, varieties and NAA treatment) were

identical with those obtained by NormFinder (Tables 3, 4).
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When seven subgroups were set, the rank order of the top

four genes (GAPDH, ACTIN, EF-1a and RPII) was chan-

ged. For the other sample series, there were no changes in

the top four more reliable genes and the three unreliable

genes except in shading treatment samples, although their

rank orders showed some differences. It suggested that

normalization using the genes defined by geNorm or

NormFinder can produce almost the same result in litchi

plant. In chicory tissue (Maroufi et al. 2010) and cucumber

for hormone treatment (Wan et al. 2010) analysis, the

stability order of candidate genes ranked by geNorm and

NormFinder was absolutely the same. But there were

totally different results using these two software for longan

(Lin and Lai 2010) and cucumber in low- and high tem-

perature treatment (Wan et al. 2010). However, no matter

how the order changed, the most unstable gene almost

always remained the same (Exposito-Rodriguez et al. 2008;

Lin and Lai 2010; Artico et al. 2010; Wan et al. 2010).

These differences in the two methods are expected because

the programs are based on distinct statistical algorithms.

Therefore, both methods could provide a stability value

for each gene and select the best reference gene for

normalization.

Conclusions

To the best of our knowledge, this is the first attempt to

select a set of commonly used candidate reference genes in

litchi for the normalization of gene expression analysis

using RT-qPCR. Our results suggested that different suit-

able reference genes should be selected according to the

different litchi sample types. ACTIN, GAPDH and EF-1a
would be more reliable for normalizing the expression

levels in most sample series. Using a combination of two

genes as reference genes might improve the reliability of

gene expression by RT-qPCR in litchi. The best combi-

nation used to normalize the expression profiles was

ACTIN ? EF-1a for development stages, varieties and

shading treatment; UBQ ? RPII for tissues and girdling

plus defoliation; TUB ? RPII for NAA treatment; and

GAPDH ? EF-1a for all tested samples. The expression

analysis of LcARF13 under different experimental condi-

tions emphasized the importance of validating reference

genes to achieve accurate RT-qPCR analysis. These results

provide a foundation for the more accurate and widespread

use of RT-qPCR in the analysis of gene expression in litchi.
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