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Abstract

Key message The stability of candidate reference

genes was evaluated in maize landrace varieties and

during multiple grain developmental stages to evaluate

the expression of carotenoid-related genes by RT-qPCR

for application to maize biofortification.

Abstract Vitamin A deficiency affects millions of chil-

dren worldwide; therefore, increasing the content of vita-

min A precursors in maize grains is of interest. The study

of the expression of genes involved in the carotenoid bio-

synthetic pathway in maize grains has provided useful

information for metabolic engineering approaches. How-

ever, reliable results using real-time quantitative polymer-

ase chain reaction (RT-qPCR) experiments are dependent

on the use of the appropriate reference genes. In this study,

we utilized geNorm and NormFinder softwares to identify

the most stably expressed candidate reference genes in

samples from seven stages of grain development and from

eight landrace varieties. The results of the analysis

performed using geNorm indicated that tubulin (TUB) and

actin (ACT) were the most suitable reference genes among

all experimental conditions, while glyceraldehyde-3-phos-

phate dehydrogenase gene (GAPDH) showed the least

stability. The same result was obtained with the Norm-

Finder software. The minimum number of genes required

in each experimental condition to normalize the gene

expression data was also determined by geNorm. The

expression of phytoene synthase gene (PSY1), the first

enzyme in the carotenoid biosynthetic pathway, was

overestimated when the least stable candidate gene

(GAPDH) was used as the internal control instead of the

most stable gene pair (ACT ? TUB), thus highlighting the

importance of validating reference genes before conducting

a RT-qPCR experiment to obtain accurate results. This

study is the first survey of the stability of genes for use as

reference genes to normalize RT-qPCR data from maize

landraces during multiple stages of grain development.

Keywords Reference genes � Zea mays L. �
RT-qPCR � GeNorm � NormFinder

Introduction

Carotenoids are a class of isoprenoid pigments that provide

nutritional and functional values as provitamin A and non-

provitamin A compounds (Berardo et al. 2009). Several

efforts have been made to specifically address increasing

the levels of vitamin A precursors in food (Aluru et al.

2008; Naqvi et al. 2009; Vallabhaneni and Wurtzel 2009)

because vitamin A deficiency affects millions of children

worldwide (Fraser and Bramley 2004). Maize has been

considered an important target for biofortification with

vitamin A precursors because it is an important staple food,
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especially in developing countries (Berardo et al. 2009).

The study of the expression of genes involved in the

carotenoid biosynthetic pathway during maize grain

development and in different varieties has provided useful

information regarding metabolic engineering approaches

for the biofortification of the maize crop (Aluru et al. 2008;

Naqvi et al. 2009; Vallabhaneni and Wurtzel 2009). One of

the most studied genes for this purpose is PSY1, which

encodes phytoene synthase, the first enzyme in the carot-

enoid biosynthetic pathway. The PSY enzyme has been

considered a rate-controlling step in carotenoid accumu-

lation because the PSY1 expression profile showed 96 %

correlation with the carotenoid content in grains of maize

varieties at 20 days after pollination (DAP) (Vallabhaneni

and Wurtzel 2009).

Real-time PCR (RT-qPCR) has been widely used to

analyze gene expression in different organisms and tissues

and under multiple conditions because it allows sensitive,

specific, and reproducible quantification of nucleic acids

(Bustin 2002; Derveaux et al. 2010). However, substantial

variations exist in the quality, stability and input of RNA as

well as in the efficiency of the cDNA synthesis step and the

polymerase chain reactions (PCR); therefore, reliable

results are dependent on the accuracy and precision under

the experimental conditions used to perform RT-qPCR

(Derveaux et al. 2010; Fleige et al. 2006). In an attempt to

improve the quality of expression results, the MIQE

guidelines (minimum information for publication of

quantitative real-time PCR experiments) have been pro-

posed, which include the standardization of experimental

design, the quality of RNA isolation, reverse transcription,

the design and optimization of oligonucleotides, and data

normalization and analysis (Bustin et al. 2009). The

selection of a suitable reference gene to normalize the data

is an absolute requirement to minimize non-biological

variation between samples and obtain accurate results

(Derveaux et al. 2010; Gutierrez et al. 2008). Furthermore,

comparisons between different studies may be improved by

the use of the same reference gene.

A suitable reference gene should be expressed at a

constant level in samples, and its expression is assumed to

be unaffected by the experimental conditions. Moreover,

the reference gene and the target genes should have similar

ranges of expression in the samples (Bustin 2002). Usually,

they include genes that encode products with functions in

maintaining cell wall structure and primary metabolism

such as 18S ribosomal RNA (18S), actin (ACT), tubulin

(TUB), ubiquitin (UBI) and glyceraldehyde-3-phosphate

dehydrogenase (GAPDH). Nevertheless, the stability

among several of these commonly used reference genes is

relative, and no single gene shows constant stable expres-

sion under all conditions (Radonic et al. 2004; Czechowski

et al. 2005). Thus, to ensure appropriate normalization of

RT-qPCR experiments, the validation of reference genes

under specific experimental conditions is of great impor-

tance. Therefore, several reference genes were recently

evaluated for stable expression under specific conditions in

various plant species, including A. thaliana (Czechowski

et al. 2005), soybean (Kulcheski et al. 2010), rice (Qian-

Feng et al. 2010), wheat (Paolacci et al. 2009), tomato

(Lovdal and Lillo 2009), and others. Currently, only two

recent studies have reported the stability of putative ref-

erence genes in maize (Chen et al. 2012; Manoli et al.

2012); however, neither of these studies included samples

from maize ear developmental series or from different

genotypes, which limits further studies involving the

transcriptional profile of carotenoid-related genes on these

samples and the biofortification of maize grains through

metabolic engineering or conventional breeding.

The goal of this study was to examine the stability of

five candidate reference genes (GAPDH, ACT, TUB, 18S

and UBI) in grains of eight different maize varieties col-

lected at 22 DAP and in the seven stages of maize grain

development to suggest a suitable reference gene for gene

expression studies in maize.

Materials and methods

Experimental conditions and sampling

Eight landrace varieties (accessions from Embrapa Tem-

perate Agriculture, Pelotas, Brazil) with large variations in

grain color, hardness and shape and the hybrid maize

variety 30F53 (Pioneer) were grown in a field in triplicate

in 10-m plots in four rows from November 2010 to April

2011. Cobs were covered at the beginning of their forma-

tion and were manually pollinated to avoid cross pollina-

tion. Grain samples of different landrace varieties were

collected at 22 DAP. Grain samples of commercial maize

hybrid were collected at 0, 10, 13, 16, 19, 21 and 25 DAP.

The samples were immediately frozen in liquid nitrogen

and stored at -80 �C until analysis.

Total RNA extraction and first strand cDNA synthesis

The total RNA of maize grains was isolated using the

CTAB (hexadecyltrimethylammonium bromide) protocol

described by Chang et al. (1993) with several modifica-

tions, including reduction of the milled sample amount to

100 mg and, consequently, reduction in the volume of

extraction buffer (without spermidine) to 1.25 mL and a

proportional reduction in the volumes of the other reagents,

thus allowing all the steps to be performed in microcen-
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trifuge tubes. The samples were incubated with � of 10 M

LiCl for 1 h at -70 �C instead of an overnight incubation

at 4 �C; RNA was further precipitated with sodium acetate

and ethanol, and washed with 70 % ethanol to remove

residual contaminants. Three replicates of RNA extraction

were performed. The RNA quality was evaluated using a

1 % agarose gel after electrophoresis and by spectrometry

using the A260/A280 and A260/A230 ratios. RNA concen-

tration was measured in a Qubit� fluorometer (Invitrogen).

Total RNA (1 lg) was digested with 1 U DNase I and

DNase 19 reaction buffer and reverse transcribed using

the M-MLV enzyme and oligo-dT primers according to the

manufacturer’s instructions (Invitrogen).

Primer design

Five candidate reference genes, GAPDH (Magneschi et al.

2009), ACT (Maroufi et al. 2010; Qian-Feng et al. 2010),

TUB (Wan et al. 2010; Coker and Davies 2003), 18S (Jain

et al. 2006) and UBI (Lei et al. 2011), which have been

reported to be good potential candidates in previously

published studies, were selected for the present study.

Primers for the amplification of maize candidate reference

genes and the gene coding for phytoene synthase (PSY1)

were designed based on the sequences extracted from

GenBank using the Vector NTI10 software (Invitrogen)

(Table 1). Primers were selected with Tm of 58–62 �C and

GC content of 45–55 %, and all of the amplicons were

designed to be \150 bp. The specificity of the amplicons

was verified by the presence of a single peak in the RT-

qPCR melting curve products and a single band of

expected size in a 3 % agarose gel after electrophoresis.

Quantitative real-time PCR

The cDNAs were amplified by RT-qPCR in a final volume

of 20 lL containing 1 lL cDNA, 10 lL of Platinum Sybr

green UDG (Invitrogen), and 2–5 qmol of each primer.

Amplification was standardized in a 7,500 Real-time Fast

thermal cycler (Applied Biosystems) using the following

conditions: 50 �C for 20 s, 95 �C for 10 min followed by

45 cycles of 15 s at 95 �C and 60 s at 60 �C. The PCR

products for each primer set were subjected to melting

curve analysis to verify the presence of primer dimers or

non-specific amplicons. The melting curve analysis ranged

from 60 to 95 �C, with an increase in the temperature

stepwise by 1 %. No-template controls and a reverse

transcription negative control were included to ensure that

no reagent or genomic DNA contamination occurred. The

efficiency of the primers was verified in RT-qPCR using

serial dilutions of a reference cDNA synthesized using a

RNA sample previously quantified as described above. T
a
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Data analysis

To estimate the expression stability of the five candidate

reference genes, all amplification plots were analyzed with

a threshold fluorescence value of 0.2 to obtain amplifica-

tion cycle (Cq) values using SDS version 1.1 software

(Applied Biosystems). The raw Cq data were processed on

a linear scale using the DCq method, and expression sta-

bility was evaluated using the geNorm (Vandesompele

et al. 2002) and NormFinder (Andersen et al. 2004) soft-

ware packages for Microsoft Excel. The geNorm software

calculates the average of the pairwise variation for a can-

didate reference gene with all other genes tested, express-

ing the result as the M value (Vandesompele et al. 2002).

Genes with highly variable results have a high M value,

which indicates a low stability of expression, and vice

versa, when using a cutoff of 1.5. GeNorm also calculates a

normalization factor for each sample and suggests the

optimal number of reference genes necessary to normalize

the experiment. NormFinder software uses an ANOVA-

based model to consider intra- and inter-group variations of

the candidate reference genes to evaluate the expression

stability and provide a direct measure of the variation.

Impact of using inappropriate reference genes

on the expression studies of PSY1

Expression analysis of the PSY1 gene was used to verify

the impact of the use of inappropriate reference genes on

the gene expression analysis. To this end, the most stable

and the most unstable genes as determined by geNorm and

NormFinder were used to determine the gene expression

levels of PSY1 using samples from grain development

stages and six varieties. The PCR amplification conditions

were the same as described above. The relative expression

data were calculated according to the 2-DDCt method and

were presented as the fold change (Livak and Schmittgen

2001). Samples at 0 DAP and variety V5 were used as the

reference samples to calculate the PSY1 expression levels

during different stages of grain development and in the

different varieties, respectively. Pearson’s test (P B 0.01)

was used, and the analyses were conducted on Systems

Analysis Software (SAS).

Results

Specificity of the amplified product

The results of electrophoresis in the agarose gel showed

that all genes were amplified with a single band of expected

size (Fig. 1a). The RT-qPCR products showed a single

peak in the melting curve, confirming the specificity of the

amplifications (Fig. 1b). The melting temperatures of all

PCR products are shown in Table 1. No primer dimers or

other non-specific amplification products were observed. In

addition, no RT-qPCR detection signals were observed in

the no-template controls and reverse transcription negative

control reactions. The efficiency of the PCR analyses

varied from 1.88 to 1.95 (Table 1).

Fig. 1 Specificity of qRT-PCR amplification products. a Agarose gel

(3 %) showing amplification of a specific PCR product of the

expected size of five reference genes in maize grains. Line 1, ACT;

Line 4, TUB; Line 7, GAPDH; Line 10, 18S; Line 13, UBI, Lines 2, 5,

8, 11, 14, 9, reverse transcription negative control; Lines 3, 6, 9, 12,

15, no-template control; M 1 kb plus (Invitrogen). b RT-qPCR

melting curve analysis calculated by SDS version 1.1 software in a

7500 Real-time Fast thermocycler (Applied Biosystems)
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Expression profiling of candidate reference genes

The Cq values for the genes studied showed a wide range

from 10 to 27 in the maize grain developmental stage

samples and from 6 to 26 in the samples from maize

landrace varieties, and the majority of these values were

between 23 and 26 (Fig. 2). The expression level of the

individual reference candidate genes was similar among

grains of different maize landraces at the same develop-

mental stage; however, the expression level was affected in

grains at different developmental stages (especially GAP-

DH). The gene encoding 18S rRNA was highly expressed

compared to the other genes, reaching threshold fluores-

cence after only 6 amplification cycles.

Expression stability of candidate reference genes

The expression stability of candidate reference genes was

evaluated in the geNorm software, which calculates the

average pairwise variation of a particular control gene with

all other control genes. The program recommends using

candidate genes with an M value below the threshold of

1.5. As shown in Table 2, all candidate genes showed

M values lower than 1.5. According to the M value, the

most stable gene in the samples from maize grain devel-

opment and maize landraces is TUB (M = 1.043 and

0.466, respectively), followed by ACT (M = 1.162 and

0.472, respectively). GAPDH showed the highest M value

(M = 1.499 in the samples from maize grain development

and 0.774 from maize landraces), which implies the lowest

stability in both evaluated conditions, indicating that it was

not suitable for expression analysis under these experi-

mental conditions. The same result was observed when all

samples were considered in the analysis; therefore, GAP-

DH was excluded by the software for further analysis

regarding the optimal number of reference genes to nor-

malize expression data using these maize samples.

The Normfinder software was also applied to evaluate

the stability of the candidate reference genes. According to

this approach, TUB, followed by ACT, showed the best

stability using both experimental conditions (Table 3).

GAPDH showed the least stability among candidate ref-

erence genes evaluated; therefore, NormFinder provided

the same result as geNorm.

Determination of the optimal number of reference

genes

GeNorm also calculated the pairwise variation (Vn/

Vn ? 1) between the normalization factors for each

sample, suggesting the optimal number of reference genes

necessary to normalize the experiment. Vandesompele

et al. (2002) suggest that a stepwise inclusion of genes

until the (n ? 1)th gene has no significant contribution to

the calculated normalization factor, and the software

suggests a cutoff threshold of V = 0.15. According to

these criteria, the use of two reference genes was suffi-

cient to normalize the results of gene expression using

maize landraces because the value of V2/3 was 0.112 and

the V3/4 was 0.121 (Fig. 3d). The V2/3 value in the

samples from maize grain development was 0.36, which

dropped to 0.267 in the V4/5, and therefore was still

higher than the suggested cutoff value of 0.15. However,

0.15 is not an absolute cutoff value but rather a suggested

Fig. 2 RT-qPCR quantification cycle (Cq) values for the candidate

reference genes. Cq data obtained from maize grains from different

developmental stages (a) and from maize landraces at 22 DAP (b).

The line crossing the box represents the median. The box indicates the

25 and 75th percentiles. Whiskers represent the maximum and

minimum values

Table 2 The expression stability values (M) of the candidate refer-

ence genes estimated by geNorm algorithm

Gene

name

Maize grain

development

Maize

landraces

All samples

TUB 1.043 0.466 0.755

ACT 1.162 0.472 0.799

UBI 1.322 0.558 0.901

18S 1.471 0.586 0.983

GAPDH 1.499 0.774 1.075

Plant Cell Rep (2013) 32:1869–1877 1873
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value for the study performed by Vandesompele et al.

(2002); therefore, the use of four reference genes is

suggested to normalize samples for maize grain devel-

opment. The results confirmed that no single reference

gene had a constant expression in the samples evaluated.

GeNorm establishes a rank order of gene stability via

stepwise exclusion of the least stable gene. According to

this software, TUB and ACT was the best combination to

use in the normalization of RT-qPCR data for all condi-

tions evaluated (Fig. 3a–c).

Expression analysis of PSY1 with the most

stable/unstable reference genes

The relative expression of PSY1 in seven stages of maize

grain development and from six maize landraces was used

to detect the effect of using different reference genes in the

data normalization (Fig. 4). The most stable (TUB ? ACT)

and the least stable (GAPDH) reference genes, according to

geNorm and NormFinder, were used as internal controls.

PSY1 was expressed at a higher level at the end of maize

Table 3 Ranking of candidate reference genes in order of their expression stability calculated by NormFinder

Rank Maize grain development Maize landraces All samples

Gene name Stability value Gene name Stability value Gene name Stability value

1 TUB 0.051 TUB 0.130 TUB 0.173

2 ACT 0.449 ACT 0.158 ACT 0.323

3 UBI 0.655 UBI 0.159 UBI 0.428

4 18S 0.858 18S 0.340 18S 0.605

5 GAPDH 0.879 GAPDH 0.463 GAPDH 0.660

Fig. 3 Average expression stability (M value) and pairwise variation

(V) analysis of the five candidate reference genes using the geNorm

software. Expression stability was evaluated in samples from maize

grain developmental stages (a), maize landraces (b) and all samples

(c). The most stable reference genes were measured during stepwise

exclusion of the least stable reference genes. A lower average

expression stability M value indicates more stable expression.

d Pairwise variation (V) calculated by geNorm to determine the

minimum number of reference genes for accurate normalization in

samples from maize grain development, from maize landraces and

from all samples
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grain development (from 19 to 25 DAP), and its expression

varied among the varieties. However, PSY1 was shown to

have a higher expression level at 13, 19, 22 and 25 DAP

(Fig. 4a) and in varieties V4 and V6 (Fig. 4b) when using

the least stable reference GAPDH compared to when

TUB ? ACT were used as internal controls. Thus, the use

of unsuitable references leads to differences in the relative

expression profile. These results further confirmed the

importance of validating reference genes prior to experi-

mental applications.

Discussion

The use of non-validated reference genes for qPCR data

normalization may generate unreliable results (Derveaux

et al. 2010; Bustin et al. 2009; Radonic et al. 2004), which

implies that studies regarding the expression stability of

candidate reference genes must be performed to select the

most suitable reference genes to normalize the RT-qPCR

data in each species and under different conditions. The

present study tested the stability of five candidate reference

genes in grain samples from eight maize varieties and

seven developmental stages. As far as we know, this study

is the first survey on the stability of genes to use as ref-

erence genes to normalize RT-qPCR data from maize

landraces and grain developmental stages.

Assessing the stability of a specific gene expression is

challenging because it has to be performed without using

any other references. In an attempt to solve this problem,

several statistical algorithms have been developed to

evaluate the stability of candidate reference genes, such as

NormFinder (Andersen et al. 2004), geNorm (Vande-

sompele et al. 2002), the ‘Stability index’ (Brunner et al.

2004), the DCt approach (Livak and Schmittgen 2001), and

BestKeeper (Pfaffl et al. 2004). In this study, we used

geNorm and NormFinder. GeNorm software is one of the

most commonly used algorithms because of its robustness

and convenience. However, if several of the candidate

reference genes are co-regulated, they will occupy closed

positions in the ranking provided by the analysis because

geNorm software assumes that none of the genes being

analyzed are co-regulated (Vandesompele et al. 2002).

According to geNorm, TUB followed by ACT was the most

stable reference gene to normalize the expression of genes

in maize samples in the present study. The genes are

involved in cell structure maintenance and may be regu-

lated by similar conditions; therefore, NormFinder was also

used to assess whether this result reflects the co-regulation

of these genes. NormFinder ranks the set of candidate

reference genes according to the least of their estimated

intra- and inter-group variations; therefore, this software is

not affected by co-regulation (Andersen et al. 2004). Using

this software, the same results as geNorm were obtained.

Interestingly, the same genes were considered the most

stable under all experimental conditions, corroborating that

TUB and ACT are suitable to normalize the expression data

using maize grains. ACT also had the highest expression

stability across leaf and root tissues in chicory (Maroufi

et al. 2010), banana (Lei et al. 2011) and during rice grain

development (Qian-Feng et al. 2010), and TUB was con-

sidered appropriate to normalize expression in different

cucumber sample pools (Wan et al. 2010) and tomato

(Coker and Davies 2003). However, Manoli et al. (2012)

demonstrated that the gene expression stability of ACT,

TUB and 18S rRNA was significantly lower than most

other genes evaluated using the roots, leaves and stems of

maize under different stress conditions. Furthermore, Chen

et al. (2012) showed that during the priming and germi-

nation of maize seeds, actin depolymerizing factor and

ubiquitin were the most stable genes, as calculated by

geNorm, and that ACT, 18S, aTUB and bTUB were less

Fig. 4 Expression profile of PSY1 during maize grain development

(a) and in different varieties (b). The best stable combination of

reference genes (TUB ? ACT) and the least stable (GAPDH) were

used to normalize the expression data. A grain sample at 0 DAP

(a) and variety V5 (b) were used as reference samples. The error bar

shows the mean standard error calculated from three biological

replicates
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stable, confirming that no single gene should be used as a

reference gene under all conditions and with all tissues

from the same species.

One of the most commonly used genes as an internal

control in RT-qPCR studies is GAPDH (Magneschi et al.

2009). In the present study, GAPDH was the gene with the

lowest stability value because it was the lowest ranked

gene averaged across all the samples and is therefore not

considered suitable to use as a reference gene in maize

samples. Similarly, the M value of 18S was lower than 1.5

under all evaluated conditions, but it was the third gene in

the geNorm rank for maize grain development and the

fourth gene for maize landraces, suggesting that it is not the

most appropriate for use under these conditions. Further-

more, the Cq values of 18S were much lower than the other

candidate genes; therefore, it is not adequate to normalize

the expression of genes with low expression levels, such as

those from the carotenoid metabolic pathway, as suggested

by Bustin (2002).

According to geNorm, in this study, the use of two genes

was sufficient to normalize gene expression when com-

paring different varieties using grains in the same devel-

opmental stage (22 DAP). In contrast, the use of four genes

to normalize transcript levels during the development of

the grain (from 0 to 25 DAP) did not reach the cutoff value

of 0.15 suggested by the geNorm software. These results

suggest that the reference genes are differentially affected

among samples under different experimental conditions

and further confirm the importance of validating the ref-

erence gene stability for each experimental setting.

To evaluate the effect of using the appropriate reference

genes to normalize transcript levels, the expression profiles

of PSY1 were assessed at different stages of maize grain

development and in different varieties. The relative tran-

script abundance was overestimated in three of the seven

stages of grain development and in some of the varieties

evaluated when the most variable reference gene GAPDH

was used as an internal control (Fig. 4) instead of the most

stable genes (ACT ? TUB). The expression of GAPDH most

likely varies because it may not only play a role in the gly-

colytic pathway but may also participate in other cellular

processes (Muñoz-Bertomeu et al. 2010). These results

suggest that the use of inappropriate reference genes may

introduce bias in the analysis and affect the interpretation of

the RT-qPCR data. For example, if the result of gene

expression obtained using GAPDH in Fig. 4b was taken into

account, the V4 maize variety would be considered a

promising target for studies involving the biofortification of

maize grains with carotenoids because the expression of

PSY1 is highly correlated with the content of carotenoids in

maize grains (Vallabhaneni and Wurtzel 2009).

In conclusion, TUB and ACT were the most stable genes

according to geNorm and NormFinder in all maize grain

samples tested and are thus considered reliable reference

genes; however, GAPDH should be avoided because it

performed poorly in both statistical packages. The use of

appropriate reference genes significantly improved the

accuracy of the PSY1 expression profile determination,

which emphasizes the need to accurately validate candidate

internal control genes before use in RT-qPCR studies. The

results obtained in the present study will provide infor-

mation to further evaluate the expression of carotenoid-

related genes in maize grains to biofortify this crop through

metabolic engineering.
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