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Abstract Comparative transcriptomics are useful to

determine the role of orthologous genes among Triticeae

species. Thus they constitute an interesting tool to improve

the use of wild relatives for crop breeding. Reverse tran-

scription quantitative real-time PCR (qPCR) is the most

accurate measure of gene expression but efficient normal-

ization is required. The choice and optimal number of

reference genes must be experimentally determined and the

primers optimized for cross-species amplification. Our goal

was to test the utility of wheat-reference genes for qPCR

normalization when species carrying the following gen-

omes (A, B, D, R, Hv and Hch) are compared either

simultaneously or in smaller subsets of samples. Wheat/

barley/rye consensus primers outperformed wheat-specific

ones which indicate that consensus primers should be

considered for data normalization in comparative trans-

criptomics. All genes tested were stable but their ranking in

terms of stability differed among subsets of samples. CDC

(cell division control protein, AAA-superfamily of ATP-

ases, Ta54227) and RLI (68 kDa protein HP68 similar to

Arabidopsis thaliana RNase L inhibitor protein, Ta2776)

were always among the three most stable genes. The

optimal number of reference genes varied between 2 and 3

depending on the subset of samples and the method used

(geNorm vs. coefficient of determination between

sequential normalization factors). In any case a maximum

number of three reference genes would provide adequate

normalization independent of the subset of samples con-

sidered. This work constitutes a substantial advance

towards comparative transcriptomics using qPCR since it

provides useful primers/reference genes.
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Abbreviations

ADP-RF ADP-ribosylation factor

CDC Cell division control protein, AAA-superfamily

of ATPases

NF Normalization factor

RLI RNase L inhibitor-like protein

qPCR Quantitative real-time PCR

Tef-1a Translation elongation factor 1a subunit

Introduction

The Triticeae tribe includes the cereals wheat (Triticum

spp.), rye (Secale cereale L.), barley (Hordeum vulgare L.),

the modern cereal triticale, plus above 350 species

(Barkworth and Bothmer 2009). The main species of this

tribe dominate agricultural landscapes in temperate areas.

However, the progressive narrowing of their genetic base

(Tanksley and McCouch 1997; Warburton et al. 2006) has

promoted a renewed interest in wild relatives such as

Aegilops tauschii, donor of the D genome of common

wheat (van Ginkel and Ogbonnaya 2007) or wild barley
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IAS-CSIC, Apdo. 4084, 14080 Córdoba, Spain
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such as Hordeum chilense (Atienza et al. 2007b; Martin

et al. 2008, 2009, 2010) or Hordeum spontaneum in barley

(Matus et al. 2003; Inostroza et al. 2009) as well as in new

species such as triticale or 9Tritordeum (Villegas et al.

2010). An efficient use of these genetic resources in

breeding requires both the precise introduction of the genes

of interest and the determination of their effect in the crop

genetic background. The limited inputs dedicated to wild

relatives compared to major crops hamper their use in crop

breeding. Comparative genomic studies in cereals have

lead to the generation of genomic tools useful for gene

isolation and genetic studies in these species and, in par-

ticular, in those of the Triticeae lacking a physical map or

genome sequences (Feuillet and Salse 2009). For instance,

the development of conserved orthologous sequences

(COS) markers will help to identify candidate genes in one

species from the knowledge obtained in other (Bolot et al.

2009). Similarly, comparative transcriptomics are experi-

encing a growing interest for a wide range of studies

including abiotic stress response (Campoli et al. 2009),

regulation of developmental processes (Gil-Humanes et al.

2009) or differential regulation between polyploid species

(He et al. 2003; Poole et al. 2007; Salentijn et al. 2009).

In this context, microarrays designed for one species are

being used to determine expression divergence among

species (Becher et al. 2004; Weber et al. 2004; Chain et al.

2008). However, sequence mismatches could cause bias

when expression divergence of two species are compared

using an array designed for only one of them (Chain et al.

2008). As a consequence these studies should validate their

results using microarray-independent approaches such as

quantitative real-time PCR (qPCR). In addition to this,

qPCR would also be useful to test candidate genes in minor

crops or wild relatives where no microarrays are available.

Gene expression analyses methods such as qPCR or

microarray require efficient normalization approaches to be

informative (Bustin 2002; Quackenbush 2002). The most

common way to normalize qPCR data is to use appropriate

internal reference genes which need to be expressed at a

constant level in all samples tested. However, qPCR data

are normalized poorly in many molecular analyses, espe-

cially in plant science, since genes validated as references

are not usually used (Gutierrez et al. 2008; Guenin et al.

2009). For instance, most gene expression studies in wheat

are normalized using reference genes not previously vali-

dated (for a detailed review see Paolacci et al. 2009).

The situation has improved in the last years since ref-

erence genes have been defined for a wide range of plant

species including wheat (Paolacci et al. 2009), soybean (Hu

et al. 2009), coffee (Cruz et al. 2009), Brachypodium dis-

tachyon (Hong et al. 2008), perennial ryegrass (Lee et al.

2010), faba bean (Gutierrez et al. 2010) or peach (Tong

et al. 2009) among others.

Although comparative transcriptomics between grasses

use reference genes for data normalization (Campoli et al.

2009; Gil-Humanes et al. 2009), these genes are selected

on the basis of their good performance in a single species

such as wheat. However, the reference genes should be

stably expressed across species. Besides, the existence of

mismatches between the primers and the target sequences

must be avoided since it may result in detrimental effects

on the quantification of the target genes (Bru et al. 2008;

Ghedira et al. 2009). Consequently, the establishment of a

valid reference set for comparing selected species in the

Triticeae is a crucial pre-requisite to obtain meaningful

expression data.

A set of reference genes has been recently proposed for

common wheat (Paolacci et al. 2009). Among them, the

gene for cell division control protein, AAA-superfamily of

ATPases (CDC, Ta54227), ADP-ribosylation factor (ADP-

RF, Ta2291) and RNase L inhibitor-like protein (RLI,

Ta2776) were more effective than other reference genes

used to normalize gene expression in wheat (Paolacci et al.

2009).

The aim of this work is to establish the basis for com-

parative expression profiling among selected Triticeae spe-

cies by validating the stability of reference genes suitable for

common wheat transcriptomics studies. Besides, we aim to

determine the relative performance of consensus primers

versus wheat-specific primers for qPCR normalization.

Materials and methods

Sample collection

A total of 11 accessions were considered in this work.

Plants of ten different species belonging to the Triticeae

tribe were used (Table 1). Two genotypes of H. chilense

Roem. et Schultz. were included since they are represen-

tatives of two main subgroups within the species. Seeds (all

obtained from GermPlasm Bank of the IAS-CSIC, Cor-

doba, Spain) were germinated in water-saturated filter

paper and kept in the dark at 4�C for 1 week to synchronize

germination. After this seeds were maintained at 25�C for

1 day in the dark. Seedlings were transplanted to pods and

grown at 22/16�C day/night with 12/12 h light/darkness.

The most important items of the MIQE checklist (Bustin

et al. 2009) were considered as described in a practical

approach to RT-qPCR experiments (Taylor et al. 2010).

For each accession, five different plants were cultivated.

The second fully expanded leaf of three plants was har-

vested in the middle of the light period, frozen in liquid

nitrogen and stored at -80�C until RNA extraction. Two

biological replications were arranged for each accession

following the procedure described above.
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Total RNA and genomic DNA isolation

Total RNA was isolated from every leaf sample using

TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according

to the manufacture’s instructions (33 samples/experiment).

For eliminating DNA contamination 50 lL of 8 M LiCL2

was added to the washed pellet diluted in 150 lL of

RNAse free milliQ water, mixed by inversion and incu-

bated overnight at -20�C. After 30 min of centrifugation

at 20,000g upper phases were discarded and the pellets

were washed with 75% ethanol prior to their dilution in

40 lL of RNAse-free milliQ water.

RNA integrity was verified on 2% agarose gel electro-

phoresis and ethidium bromide staining. RNA quantity and

purity was determined using a NanoDrop ND-1000 spec-

trophotometer (Thermo Scientific, Walthman, MA, USA).

All RNA samples were adjusted to the same concentration

for subsequent reverse-transcription reactions.

Leaf tissue of individual plants was harvested, frozen in

liquid nitrogen, and stored at -80�C until DNA extraction.

Genomic DNA was extracted according to Murray and

Thompson (1980) with minor modifications.

Selection of candidate reference gene and primer design

Genes coding for actin (Unigene accession Ta1868),

translation elongation factor 1a subunit (Unigene accession

Ta659, Tef-1a), the cell division control protein, AAA-

superfamily of ATPases (Unigene accession Ta54227,

CDC), the ADP-ribosylation factor (Unigene accessions

Ta45379/Ta2291, ADP-RF) and the RNase L inhibitor-like

protein (Unigene accession Ta2776, RLI) were selected as

candidate reference genes in this study. A set of wheat-

specific primers (Uauy et al. 2006; Paolacci et al. 2009;

A. Distelfeld, University of California at Davis, USA,

personal communication) (Table 2), as well as consensus

primers designed for cross-specific amplification of CDC,

ADP-RF and RLI in wheat, barley and rye, was used for

qPCR analysis (Table 2).

All the sequences of the Unigenes Ta54227 (CDC),

Ta2291 (ADP-RF) and Ta2776 (RLI) were downloaded and

assembled using CAP3 (Huang and Madan 1999) to obtain

their respective contig sequence. These contigs were

exploited to find homeologous barley and rye genes in the

GenBank database using BLAST search (Supplementary

Tables S1–S3). Sequences from the different species were

aligned using ClustalW program (Larkin et al. 2007), and

the more conserved regions were selected as amplification

targets. Primers were designed using the Primer3Plus on-

line application at the 30-end region of these consensus

sequences to ensure equal RT efficiencies (Supplementary

Figs. S1–S3).

Two step real-time RT-PCR

cDNA was obtained by reverse transcription from 2 lg of

total RNA using a M-MLV reverse transcriptase (Invitro-

gen) in combination with oligo (dT)12–18 and random

nonamers in 20 lL of total reaction volume according to

the manufacturer’s instructions. Amplification using either

gDNA or cDNA as template and primers PSY1Fw2/Rev2

spanning an intron (Atienza et al. 2007a) were used

to discard DNA contamination. These primers allowed

discarding DNA contamination in all samples but rye.

Subsequent amplifications with primer pair Tef1-a
(Table 2), also spanning an intron, allowed to fully discard

DNA contamination in all samples.

For each accession, cDNA of three plants was adjusted

to the same concentration and pooled to minimize the

individual plant variation in gene expression. Five serial

dilutions [1:4] were established for each sample for the

qPCR experiment. No template controls (NTC) were also

Table 1 Species and accessions used in this work and their genomic constitution

Scientific name Common name Genotype Genomic constitutiona

Triticum aestivum L. Bread wheat Califa Sur 2n = 6x = 42, AABBDD

T. durum Desf. conv. durum Durum wheat Don Pedro 2n = 4x = 28, AABB

T. urartu Thumanjan ex Gandilyan T. urartu T485 2n = 2x = 14, AA

Secale cereale L. Rye Sc1 2n = 2x = 14, RR

9Triticosecale Wittm. ex A. Camus Hexaploid triticale Titania 2n = 6x = 42, AABBRR

9Triticosecale Wittm. ex A. Camus Tetraploid triticale TS10 (Ballesteros et al. 2007) 2n = 4x = 28, DDRR

9Tritordeum Asch. & Graeb. Hexaploid tritordeum HT621 (Ballesteros et al. 2005) 2n = 6x = 42, AABBHchHch

9Tritordeum Asch. & Graeb. Tetraploid tritordeum HT105 2n = 4x = 28, HchHchDD

Hordeum vulgare L. Barley Betzes 2n = 2x = 14, HvHv

H. chilense Roem. et Schultz H. chilense H1, H7 2n = 2x = 14, HchHch

a The genome A from T. urartu is a near A genome relative. The D genome from both tetraploid triticale and tetraploid tritordeum derives from

Aegilops tauschii, which is a near relative of the D genome
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included. In addition, a serially diluted sample of a bulk

comprising the 22 samples (11 accessions 9 2 biological

repetitions) considered in the experiment was included for

each gene as inter-run calibrator to detect and correct inter-

run variation.

The qPCR was carried out using the SYBR� GREEN on

an ABI PRISM 7500 Real-Time PCR System (Applied

Biosystems, Foster City, CA, USA). The PCR conditions

were 95�C for 10 min followed by 40 cycles at 95�C for

15 s and 60�C for 1 min. For every experiment, 5 lL of

diluted cDNA solution was used for PCR amplification in a

25 lL volume reaction containing 12.5 lL of 29 FastStart

Universal SYBR Green Master (Roche Applied Science,

Mannheim, Germany) and 225 nM of each primer. All

experiments were performed in 96-well optical reaction

plates (P/N 4306737) with MicroAmp optical adhesive film

(P/N 4311971) from Applied Biosystems. The specificity

of the amplifications was confirmed by the presence of a

single band of expected size for each primer pair in agarose

gel (2% w/v, data not shown) and by the single-peak

melting curves of the PCR products (Supplementary Fig.

S4).

Data analysis

PCR efficiency of each primer pair was determined for all

genotypes by the LinRegPCR quantitative PCR data anal-

ysis program (version 11.0) (Ruijter et al. 2009) using raw

normalized fluorescence as input data. Expression of the

reference genes for each sample (N0) was determined using

the equation N0 = 0.2/ECq, where E = PCR efficiency for

each primer, Cq is the number of cycles needed to reach 0.2

arbitrary units of fluorescence. Since LinReg package

allows inspecting the PCR efficiency in each PCR well, the

mean PCR efficiency for each gene and species was

determined on the basis of up to 10 data (five serial dilu-

tions 9 2 biological repetitions).

Bioinformatic analysis

An in silico approach was applied to identify the Unigenes

of wheat and barley amplifiable with our set of primers. In

a first step, the NCBI BLASTn software (http://blast.ncbi.

nlm.nih.gov/) was used to match each primer pair against

sequences of the organisms Triticum (taxid: 4564) and

Hordeum (taxid:4512) included in the GenBank non-

redundant nucleotide database (nr) and in the ESTs data-

base (non-mouse and non-human ESTs collections). The

Unigenes containing the matching sequences and their

homologous Unigenes in both species were selected and

their sequences downloaded. A consensus sequence for

each UniGene was obtained using the EGassembler plat-

form (http://egassembler.hgc.jp/). The second step con-

sisted in matching the set of primers against the sequences

of each Unigene to test for potential mispriming using the

NCBI BLASTn software.

Table 2 PCR primers for the amplification of reference genes, designed using the Primer3Plus software

Primera Unigeneb Annotation Orientation 50–30 Sequence

ADP-RF(m) Ta45379 ADP-ribosylation factor Fw GACCACCATCCTCTACAAG

Ta2291 Rev AGCAGCACAGCATCAC

RLI(b) Ta2776 Similar to A. thaliana RNase L inhibitor protein Fw CGATTCAGAGCAGCGTATTGTTG

Rev AGTTGGTCGGGTCTCTTCTAAATG

CDC(b) Ta54227 Cell division control protein Fw CAAATACGCCATCAGGGAGAACATC

Rev CGCTGCCGAAACCACGAGAC

Actin Ta1868 Actin Fw ACCTTCAGTTGCCCAGCAAT

Rev CAGAGTCGAGCACAATACCAGTTG

Tef1-a Ta659 Translation elongation factor 1 alpha-subunit (TEF1) Fw GCCCTCCTTGCTTTCACTCT

Rev AACGCGCCTTTGAGTACTTG

ADP-RF(a) Ta2291 ADP-ribosylation factor (arf) Fw TCTCATGGTTGGTCTCGATG

Rev GGATGGTGGTGACGATCTCT

RLI(a) Ta2776 Similar to A. thaliana RNase L inhibitor protein Fw TTGAGCAACTCATGGACCAG

Rev GCTTTCCAAGGCACAAACAT

CDC(a) Ta54227 Cell division control protein Fw CAGCTGCTGACTGAGATGGA

Rev ATGTCTGGCCTGTTGGTAGC

a Primer pairs denoted with (a) were designed in this work to maximize cross-species amplification. Primers denoted with (b) and (m) were

designed, respectively, for the amplification of one or two wheat Unigenes by Paolacci et al. (2009)
b Only wheat Unigenes shown. All sequences refer to GenBank database
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Stability analysis

Data were analyzed using geNorm (Vandesompele et al.

2002) as described in its manual. The geNorm software

provides a measure of gene expression stability (M), using

the principle that the expression ratio of two ideal internal

control genes is identical in all tested samples. Genes with

the lowest M values have the most stable expression. The

geNorm program also computes a normalization factor

(NF) based on the geometric mean of the expression levels

of the best-performing reference genes.

Results

Selection of potential reference genes and primer

design for comparative qPCR profiling in the Triticeae

The set of samples used in this work was selected in order

to include different ploidy levels (diploid, tetraploid and

hexaploid) in wild and cultivated species belonging to the

Triticeae tribe (Table 1). Each of the five different gen-

omes considered (A, B, D, Hch and R) are represented by at

least three species. In addition, cultivated barley (genome

Hv) was included for bioinformatics analysis. The set of

candidate genes evaluated in this work was selected on the

basis of their good performance as reference genes in

common wheat since most species used in this work share

at least one genome with it. The Unigenes Ta54227 (CDC,

cell division control protein, AAA-superfamily of ATPas-

es), Ta2291 (ADP-RF, ADP-ribosylation factor) and

Ta2776 (RLI, 68 kDa protein HP68 similar to Arabidopsis

thaliana RNase L inhibitor protein) were selected since

these genes outperformed other traditional reference genes

in wheat (Paolacci et al. 2009). The orthologous of these

genes in barley and rye were identified (Supplementary

Tables S1–S3) and a consensus sequence was obtained and

used to design the PCR primers CDC(a), RLI(a) and ADP-

RF(a) to maximize cross-species amplification within the

Triticeae (Supplementary Figs. S1–S3). The primer pairs

CDC(b), RLI(b) and ADP-RF(m), designed by (Paolacci

et al. 2009) were also used to evaluate the relative per-

formance of wheat-specific versus consensus-specific pri-

mer pairs on the qPCR quantification of selected Triticeae

species. According to their authors, the primer pair ADP-

RF(m) was designed to amplify simultaneously the tran-

scripts of two homologous genes in wheat. On the contrary,

the ADP-RF(a) primer pair is Ta2291-specific (see below).

Primer pairs amplifying both Ta1868 (Actin) and Ta659

(Tef-1a, translation elongation factor 1 alpha-subunit) were

also included as a reference since they are routinely used in

our lab for qPCR in common wheat. All primers used in

this work are listed in Table 2.

Expression profiling of reference genes

Gene-specific amplification of each of the eight candidate

genes was confirmed by the appearance of a single, dominant

peak in the qPCR dissociation curve analyses (see Supple-

mentary Fig. S4). The PCR efficiency of each primer pair for

all genotypes and the bulk samples was determined using

LinReg package as explained in ‘‘Materials and methods’’.

For each primer pair, the mean, range and standard deviation

of qPCR efficiency across species are shown in Fig. 1a.

Significant differences in PCR efficiency were found

between primer pairs amplifying the same locus as follows:

CDC(a) (1.903) versus CDC(b) (1.846) and RLI(a) (1.918)

versus RLI(b) (1.846) (Fig. 1a) and, therefore, both CDC(b)

and RLI(b) primer pairs were excluded for the expression

stability analysis using geNorm as discussed below.

The quantification cycle (Cq) value denotes in a sim-

plified way the level of the gene expression in the samples

when similar qPCR efficiency is found. The Cq values

were determined for each amplicon at the common

Fig. 1 Expression level of candidate reference genes and qPCR

efficiencies. a Mean (square dot), range (whiskers) and standard

deviation (box) of qPCR efficiency across species for each pair of

primers used in this work. b The expression levels (Cq) values of each

candidate reference gene are shown as means (square dot), standard

deviation (boxes) and expression range (whiskers) for the samples

analyzed
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threshold fluorescence value of 0.2. There was a difference

of five cycles from the lowest mean value (20.47) in ADP-

RF(a), to the highest (25.52) in Actin (Fig. 1b). The low

mean Cq value of CDC and ADP-RF suggests that these

genes are highly expressed. On the contrary, Actin had the

lowest RNA levels in all the samples while RLI showed an

intermediate expression (Fig. 1b).

Expression data analysis

The geNorm software was used to determine the expression

stability of the candidate genes across selected species. It

calculates a measure of gene expression stability (M),

under the hypothesis that the expression ratio of two ideal

reference genes is identical in all tested samples. Since a

comparative transcriptomic analysis involving all the spe-

cies considered in this work is not likely, four subsets of

samples were defined as follows: all samples included;

samples carrying Hv genome excluded; samples with either

Hv or R genome excluded; samples carrying Hv or Hch

genomes excluded. Using geNorm, all the six genes ana-

lyzed showed high expression stability and had M values

lower than the default limit of M B 1.5 proposed by the

geNorm program for any of the groups of samples con-

sidered. The ranking of the genes in terms of stability

varied depending on the subgroup of samples considered.

Both CDC(a) and RLI(a) were always among the three

most stable genes with ADP-RF(m), ADP-RF(a) or Tef-1a
completing this trio depending on the analysis (Fig. 2).

Two different approaches were considered to determine

the optimal number of genes. First, the pairwise variation

(Vn/n?1) between two sequential normalization factors NFn

and NFn?1 were calculated using geNorm for each of the

group of samples considered (Fig. 3a). Second, the nor-

malization factor considering the six stably expressed

genes (NF6) was calculated. A stepwise reduction in the

number of reference genes was successively performed to

calculate the resulting NFs (NF5, NF4, NF3 and NF2) by

excluding the least stable gene. Scatter plots between NF6

and each NFi were obtained for each of the subsets of

samples (Fig. 3b). The coefficients of determination were

higher than 95% in all cases but NF6 versus NF2

(R2 = 0.9292) when considering all samples simulta-

neously (Fig. 3b).

In silico approach to identify wheat/barley unigenes

amplifiable with the primers

The candidate reference genes selected in this work belong

to different gene families. Differences in performance of

the primer pairs could be explained in terms of number of

priming targets and sequence mismatches. To check how

many family members are amplified by each primer pair, a

bioinformatics analysis was performed in wheat, barley and

rye but the lower number of rye sequences did not allow

obtaining significant conclusions for this species (data not

shown). The degree of identity (match %) between each

primer pair and the Unigene sequences of its respective

gene family was determined. In wheat, both set of primers

amplifying either CDC or RLI showed a perfect match over

their respective target sequences (Table 3; Supplementary

Table S4). For RLI the Unigenes Ta57374, Ta56294 and

the sequence AK331207.1 would also be amplified

although their relative abundance is low compared to the

Fig. 2 geNorm output charts of

M values for the six selected

reference genes. The x-axis

indicates the ranking of the

primer pair tested according to

their expression stability (M).

Four different analyses were

performed with different subsets

of samples. a All samples

included. b Samples with Hv

genome excluded. c Samples

with either Hv or R genomes

excluded. d Samples with either

Hv or Hch genome excluded
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initial target sequence Ta2776 (based on its EST counts).

Regarding barley, primers CDC(a) and RLI(a) also

showed, as expected, a perfect match over their respective

target sequences since barley sequences were considered in

their design. However, CDC(b) primers and RLI(b) did not

yielded a perfect match in neither case. Both primer pairs

were not considered in geNorm analyses since they showed

a poorer performance in terms of mean PCR efficiency

Fig. 3 Determination of the optimal number of control reference for

normalization. a geNorm pairwise variation (Vn/n?1) analysis between

the normalization NFn and NFn?1. For each subset of samples, a

Vn/n?1 value below 0.15 indicates that ‘‘n’’ is the optimal number of

reference genes. b Scatterplots of normalization factors with the

maximum number of stable genes (NF6, x-axis) and after a stepwise

exclusion of the least stable gene (NF5, NF4, NF3 and NF2, y-axis), for

any subset of samples considered. R2 = coefficient of determination)
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(Fig. 1a), which may result from a poorer match to non-

wheat genomes (Table 3). On the contrary, the bioinfor-

matics analysis demonstrates that both ADP-RF(m) and

ADP-RF(a) primers amplify different loci. In wheat, the

primer pair ADP-RF(a) has two Unigenes targets (Ta2291

and Ta30873) while ADP-RF(m) has four Unigene targets.

Regarding barley, different Unigenes are amplified by each

primer set (Table 3), providing a further justification for its

inclusion in geNorm analyses.

Discussion

For valid qPCR analysis, accurate normalization of gene

expression against an adequate set of reference genes is

needed. Accordingly, the number of studies identifying

reference genes in plant species has increased over the last

years (Hong et al. 2008; Cruz et al. 2009; Hu et al. 2009;

Paolacci et al. 2009; Tong et al. 2009; Lee et al. 2010). For

gene expression comparison among different Triticeae

species, single reference genes, such as actin (T. aestivum

beta-actin, accession number AB181991), have also been

used (Campoli et al. 2009; Gil-Humanes et al. 2009) but a

validation of their stability across species is lacking. It has

been shown that qPCR results may significantly differ

depending on the reference gene used for data normaliza-

tion (Dheda et al. 2005). When amplifying orthologous

genes across different species using wheat-specific primers

the occurrence of mismatches is likely. Although the

identity of the orthologous genes is usually demonstrated

through sequencing of the PCR products, mismatches

between the primers and the templates cannot be discarded

by this mean since, as a result of amplification, the

sequence of the amplicons will be complementary to the

primer.

In this work we have investigated the existence of

mismatches between primer sequences and wheat and

barley Unigenes. Previous studies have demonstrated that

single mismatches between the primer and the target

sequence lead to an underestimation of the target gene

expression (Bru et al. 2008; Ghedira et al. 2009). The

bioinformatics analysis shows that the wheat-specific

primers RLI(b) and CDC(b) do not perfectly match barley

sequences, which would affect the qPCR quantification.

Besides, although the existence of mismatches cannot be

discarded from the bioinformatics analysis for any of the

genomes with no sequence information available, such as

Hch, it is more likely that mismatches would occur with

wheat-specific primers than with consensus-specific ones

as resulted for barley (Table 3). Indeed, the mean PCR

efficiency was lower for wheat-specific primers for CDC

and RLI transcripts. This may reflect the existence of

mismatches between primer pairs and target sequences

although other factors such as the amplicon length may

affect the qPCR results (Gimenez et al. 2010). A different

situation is found for ADP-RF set of primers since they

amplify different loci. The use of primers targeting multi-

ple members of some gene families has been exploited as

an adequate strategy for normalization (Paolacci et al.

2009). Since several Triticeae species with no previous

information were considered in this work, it was possible

that this strategy performs better than using single refer-

ence genes. Therefore, we used the ADP-RF(m) primers

proposed by Paolacci et al. (2009) which were designed to

amplify the wheat Unigenes Ta45379 and Ta2291. Sur-

prisingly, the bioinformatics analysis revealed the lack of a

perfect match to Ta2291 and the amplification of two

supplementary ADP-RF loci, Ta55524 and Ta55119

Table 3 In silico approach to identify the Unigenes of wheat and

barley amplifiable with each pair of primers

Species Primer Unigenea Counts Match Size Position

T. aestivum CDC(a) Ta.54227 714 ? 76 797

CDC(b) Ta.54227 714 ? 226 520

ADP-RF(m) Ta.45379 1,121 ? 275 797

ADP-RF(a) Ta.2291 364 ? 81 776

ADP-RF(m) Ta.2291 364 - 275 746

ADP-RF(m) Ta.55524 614 ? 275 466

ADP-RF(m) Ta.55119 316 ? 275 733

ADP-RF(a) Ta.30873* 2 - 81 652

RLI(a) Ta.2776 161 ? 86 448

RLI(b) Ta.2776 161 ? 241 324

RLI(b) Ta.57374 28 - 283 729

RLI(a) Ta.56294 3 - 86 852

RLI(a) AK331207.1 1 ? 86 793

RLI(b) AK331207.1 1 ? 241 669

B-Actin Ta.1868 123 ? 90 993

EF1-a Ta.659 3,716 ? 91 1095

EF1-a Ta.53964 1,476 - 91 1095

EF1-a Ta.54858 1,022 - 91 1095

EF1-a Ta.58336 5 - 91 1095

H. vulgare CDC(a) Hv.848 214 ? 76 740

CDC(a) Hv.24672 76 ? 76 748

CDC(b) Hv.24672 76 - 300 470

ADP-RF(a) Hv.22835 390 - 81 690

ADP-RF(m) Hv.22876 179 ? 275 697

ADP-RF(a) Hv.3995 109 ? 81 775

RLI(a) Hv.5992 63 ? 86 708

RLI(b) Hv.5992 63 - 239 584

B-Actin Hv.7251 24 - 90 977

EF1-a Hv.22783 1,685 - 90 1200

EF1-a Hv.22866 787 - 90 1168

EF1-a Hv.26096 119 - 90 1203

EF1-a Hv.23981 40 - 90 1146

a All sequences refer to GenBank database

? perfect match, - at least one mismatch
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(Table 3). Since it was not possible to design primers

simultaneously amplifying all these sequences plus the

barley ones, we focused on the most stable gene of the

ADP-RF family in wheat (Ta2291) (Paolacci et al. 2009) in

order to find orthologous sequences in barley and rye and

to design primers.

Although ADP-RF(a) primers are Ta2291-specific, a

second Unigene (Ta30873) consisting of only two

sequences would be amplified as revealed by the bioin-

formatics analysis (Table 3). However, this Unigene is

annotated as similar to ADP-RF from Magnaphorte grisea.

Both sequences included in this Unigene are derived from a

cDNA library dbEST 9984 obtained from spikes inoculated

with Fusarium graminearum. Therefore, it may be possible

that these sequences belong to this pathogen. In any case, it

may be concluded that both ADP-RF(a) and ADP-RF(m)

amplify different Unigenes and therefore they can be

considered for geNorm analyses. This consideration is

important since co-regulated genes must be excluded from

geNorm analyses since it may affect the ranking of stability

of the candidate genes (Maccoux et al. 2007; Hibbeler et al.

2008).

The optimal number of reference genes must be exper-

imentally determined. The original geNorm publication

recommends a minimal use of the three most stable internal

control genes for calculation of the normalization factor

(NF3) (Vandesompele et al. 2002), and stepwise inclusion

of more reference genes until the (n ? 1)th gene does not

significantly contribute to the newly calculated normali-

zation factor (NFn?1) (Vandesompele et al. 2002). In this

work we have followed two slightly different approaches to

estimate the optimal number of genes. Under the hypoth-

esis that the best NF would be obtained when all the stably

expressed reference genes are included, we determined the

effect of a stepwise reduction by discarding the least stable

gene. Indeed, the geNorm procedure to determine the

optimal number of genes is based on the assumption that

‘‘it is waste of resources to quantify more genes than

necessary if all genes are relatively stably expressed and if

the normalization factor does not significantly change

whether or not more genes are included’’. Therefore, we

propose to follow a method of stepwise exclusion from the

maximum number of stably expressed genes instead of a

stepwise inclusion of genes. Thus, starting from the NFn

calculated with the maximum number of stably expressed

genes (n), a stepwise exclusion of the least stable reference

gene would be performed and the subsequent NFn-1,

NFn-2, …, NF2 would be determined. After this, the

coefficient of determination between NFn and each NFi will

be calculated. We propose to select the minimum number

of reference genes (x) with R2 between NFn and NFx over

0.95 since this would imply that the results obtained using

both NF would not be significantly different.

In this work, the reduction from 6 to 3 reference genes

(CDCa, RLIa and ADP-RFm) does not significantly affect

to the NF when all samples are considered since the R2

between NF6 and NF3 is 0.969. We could also consider

three genes according to geNorm since the V3/4 value is

0.169 and the recommended threshold of 0.15 must not be

taken as a too strict cut-off according the geNorm manual.

In any of the subsets of samples considered, according

to the R2 criteria, it would suffice with two reference genes.

Thus, we suggest to choose CDC(a)/RLI(a), ADP-RF(a)/

RLI(a) and CDC(a)/Tef-1a for data normalization of the

subsets excluding Hv, Hv/R and Hv/Hch samples, respec-

tively. Similarly, according to geNorm, a third reference

gene, ADP-RF(a) or CDC(a), should be added when Hv or

Hv/R is excluded, respectively. In any case, a maximum

number of three reference genes would provide adequate

normalization independent of the subset of samples

considered.

In conclusion, the six genes studied in this work are

useful for normalization of qPCR results when compar-

ing different Triticeae species but CDC(a) and RLI(a)

were consistent among the most stable ones and thus

they should be preferably used. The optimal number of

reference genes does not exceed of 3 with independence

of the species being compared or the procedure used

(geNorm or coefficient of determination between NFs).

However, the best choice of the reference genes would

differ upon the species being compared since the ranking

of the reference genes in terms of stability is not iden-

tical in all cases. Finally, the use of consensus primers

should always be considered for comparative transcri-

ptomics since they generally outperformed single-spe-

cies-derived primers.
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