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Abstract The selection and validation of reference genes
constitute a key point for gene expression analysis based on
gPCR, requiring efficient normalization approaches. In this
work, the expression profiles of eight genes were evaluated
to identify novel reference genes for transcriptional studies
associated to the senescence process in sunflower. Three
alternative strategies were applied for the evaluation of
gene expression stability in leaves of different ages and
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exposed to different treatments affecting the senescence
process: algorithms implemented in geNorm, BestKeeper
software, and the fitting of a statistical linear mixed model
(LMModel). The results show that geNorm suggested the
use of all combined genes, although identifying o-TUBI as
the most stable expressing gene. BestKeeper revealed
o-TUB and B-TUB as stable genes, scoring ;-TUB as the
most stable one. The statistical LMModel identified
o-TUB, actin, PEP, and EF-1o as stable genes in this order.
The model-based approximation allows not only the esti-
mation of systematic changes in gene expression, but also
the identification of sources of random variation through
the estimation of variance components, considering the
experimental design applied. Validation of «-TUB and
EF-1a as reference genes for expression studies of three
sunflower senescence associated genes showed that the first
one was more stable for the assayed conditions. We
conclude that, when biological replicates are available,
LMModel allows a more reliable selection under the
assayed conditions. This study represents the first analysis
of identification and validation of genuine reference genes
for use as internal control in qPCR expression studies
in sunflower, experimentally validated throughout six
different controlled leaf senescence conditions.
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Introduction

Gene expression analysis requires sensitive, precise, and
reproducible measurements against reference genes (RGs).
RGs, usually miscalled as housekeeping genes (Bustin et al.
2009), have been used to standardize the relative amount of
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mRNA in a sample and used as controls for sample loading,
blot transfer and probe hybridization under traditional RNA
analysis methods (Szabo et al. 2004). Advanced gene
expression techniques such as qPCR require accurate nor-
malization approaches to be informative (Bustin 2002;
Czechowski et al. 2004; Quackenbush 2002). In this con-
text, RGs must fulfill two main requirements: to be stably
expressed in target tissues and cells, and to have an
expression level above background (Andersen et al. 2004).
However, multiple reports demonstrate that genes exten-
sively used as RGs were not stable enough along different
experimental conditions (Barsalobres-Cavallari et al. 2009;
Brunner et al. 2004; Coker and Davies 2003; Dombrovski
and Martin 2008; Paolacci et al. 2009) and consequently,
normalization with multiple genes is becoming a standard
strategy (Guenin et al. 2009; Remans et al. 2008). Thus, it
has been recommended to use at least three different RGs
for wide gene expression analysis (Vandesompele et al.
2002). Highly expressed genes having fundamental roles in
the cell are commonly selected as RGs (Spanakis 1993;
Suzuki et al. 2000). Even though actin, tubulin, and ubig-
uitin have been reported as highly variant among treatments
in different plant species (Czechowski et al. 2005; Jian et al.
2008; Kim et al. 2003; Martin et al. 2008; Nicot et al. 2005;
Wan et al. 2009), they are still widely used as RGs in
condition-specific experiments (Guenin et al. 2009),
including functional studies in response to abiotic stresses
in sunflower (Fernandez et al. 2008; Hewezi et al. 20006).
Till now, several studies have reported evaluations of can-
didate RGs in plants such as potato (Nicot et al. 2005), rice
(Jain 2009; Kim et al. 2003; Narsai et al. 2010), Arabidopsis
thaliana (Czechowski et al. 2005), soybean (Jian et al.
2008; Libault et al. 2008), perennial ryegrass (Martin et al.
2008), poplar (Brunner et al. 2004), tomato (Exposito-
Rodriguez et al. 2008; Lovdal and Lillo 2009), grape berries
(Reid et al. 2006), the parasitic plant Orobanche ramosa
(broomrape) (Gonzalez-Verdejo et al. 2008), wheat
(Paolacci et al. 2009), coffee (Barsalobres-Cavallari et al.
2009), Darnel ryegrass (Dombrovski and Martin 2008),
forage grass Brachiaria brizantha (Duarte Silveira et al.
2009), maize (Scholdberg et al. 2009), peach (Tong et al.
2009), cucumber (Wan et al. 2009), chicory (Maroufi et al.
2010), longan tree (Lin and Lai 2010), garden Petunia
(Mallona et al. 2010), tobacco (Schmidt and Delaney 2010),
Salvia miltiorrhiza (Yang et al. 2010), cotton (Artico et al.
2010), faba bean (Gutierrez et al. 2010), flax (Huis et al.
2010), and water lily (Luo et al. 2010). In spite of all these
preceding antecedents, specific RGs have not been identi-
fied in Asteraceae and more specifically in sunflower, yet.

Sunflower (Helianthus annuus L.) is the third most
important source of edible vegetable oil worldwide and
the second one in Argentina. It is also considered as an
important source of biodiesel (Sunflower Statistics NSA
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2007-2009, USA) (Fernandez et al. 2008). Biotic and
abiotic stresses represent serious limitation in sunflower
production and both stresses induce senescence (Buchanan-
Wollaston et al. 2003; Gan 2003). Leaf senescence occurs
during the last stage of leaf development. It is characterized
by dramatic changes in cellular metabolism and sequential
degeneration of cellular structures. Despite the fact that
senescence is a genetically programmed process, its pro-
gress could be modulated by either environmental or plant
endogenous conditions. Environmental factors such as light
(Borras et al. 2003; Weaver and Amasino 2001), extreme
temperatures, nutrient limitations (Borras et al. 2003;
Pommel et al. 2006), drought (Lechner et al. 2008; Pic
et al. 2002), level of CO,, pathogens and plant endogenous
effects such as hormonal levels and reproductive devel-
opment stages (Sadras et al. 2000) might be involved in
leaf senescence progression. Several genes regulating
the whole process have been identified in Arabidopsis
(Lim et al. 2003), including genes for hormonal and pro-
teosomal regulation. These changes are accompanied by, or
perhaps driven by changes in gene expression (Gan and
Amasino 1997; Lim et al. 2007). Identifying suitable RGs
is a prerequisite when investigating changes in gene
expression profiles for genes potentially involved in leaf
senescence.

The reliable identification of senescence-associated
genes (SAGs) (Buchanan-Wollaston and Ainsworth 1997)
involved in leaf senescence depends on an accurate selec-
tion of RGs. Therefore, the use of suitable statistical
methods seems mandatory for obtaining meaningful results
(Pabinger et al. 2009). Many algorithms have been devel-
oped to identify RGs, among them geNorm (Vandesompele
et al. 2002), followed by BestKeeper (Pfaffl et al. 2004),
are the most frequently used software for this purpose. On
the other hand, statistical linear models were also applied
for selecting RGs from a wide range of candidate stable
genes (Andersen et al. 2004; Chervoneva et al. 2010; Reid
et al. 2006; Szabo et al. 2004).

The aim of this work was to identify reliable candidate
sunflower RGs adequate for leaf senescence expression
studies under different experimental conditions. Expression
profiles of eight genes of H. annuus L. were evaluated using
three alternative approaches for selection of genuine RGs:
application of the geNorm algorithm (Vandesompele et al.
2002), the BestKeeper algorithm (Pfaffl et al. 2004), and the
fitting of a statistical linear-mixed model (LMModel).
Three SAGs previously reported for Arabidopsis thaliana
(Gepstein et al. 2003), a vacuolar processing enzyme
involved in maturing and activation of vacuolar proteins
(AN At4g32940) (D3 gene); an aleurain protease, belong-
ing to cystein-proteases family (AN At5g60360) (D4 gene),
and a third SAG gene with a calcium binding function,
acting mainly in signaling regulation (AN Atlg18210) (R2
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gene) were then validated by qPCR analysis normalized
against the two most stable RGs detected.

Materials and methods
Plant materials and experimental conditions

Field experiments were carried out at INTA Balcarce
Experimental Station (37°45'S, 58°18'W) during the 2003/
2004 crop season. Sunflower hybrid VDH 481 (Advanta
Seeds) was sown at a 7.2 plants/m> density and seeds
emerged 11 days later. Diseases, weeds, and insects were
adequately controlled. Soil fertility assured maximum
yields under adequate water conditions. Rainfall was
complemented with irrigation when necessary to avoid
water deficit, except for the case of water deficit treatment.
Volumetric humidity of the soil was measured periodically
by the Time Domain Reflectometry method, with a mois-
ture measuring system (Trase System, Model 6050X1,
Soilmoisture Equipment Corp., Santa Barbara, CA, USA).
Leaves 15 and 25 (numbered from the bottom to the top of
the plant) were considered as initiated when their primordia
were visible (about 40 um long) on the apical meristem
under a microscope.

The following experimental conditions were applied to
either accelerate or delay leaf senescence in comparison
with control plants:

Water deficit (D). A mild water deficit was achieved by
covering the soil with a 200 um plastic mesh to avoid
rainfall penetration into the soil. The mesh was installed
10 days before flowering, and the volumetric humidity of
the soil was reduced about 40%. Controlled irrigation
helped to maintain the deficit level from treatment appli-
cation till the sample harvest day.

Head excision (FE). The head of several plants was cut
with a fine scalpel 4 days before flowering to suppress the
reproductive sink.

Control (C). Untreated plots were kept as controls.

A total of six treatments were considered to evaluate
gene stability: water deficit—leaf 15 (D.L1), water deficit—
leaf 25 (D.L2), head excision—leaf 15 (FE.L1), head
excision—leaf 25 (FE.L2), control—leaf 15 (C.L1), and
control—leaf 25 (C.L2).

The experiment was conducted as a randomized com-
plete block design with three replicates (plant—plots). Each
experimental unit was integrated by three randomly
selected plants from each plot.

RNA isolation and quality controls

The analysis was performed on healthy green leaf samples
from 63-day-old plants to assure RNA integrity. Samples

were immediately frozen in liquid nitrogen and conserved
at —80°C until their processing. High-quality total RNA
was isolated and reverse transcribed. The same cDNA
sample was used for qPCR of each of the eight studied
genes. RNA was extracted using the RNeasy plant mini kit,
including DNase treatment according to manufacturer’s
instructions (Qiagen, Germany).

RNA concentration was measured using a Nanodrop
ND-100 spectrophotometer (NanoDrop Technologies,
USA). Purity and integrity of total RNA were determined
by 260/280 nm ratio and the integrity was checked by
electrophoresis in 1% agarose gel.

Primer design for RGs and SAGs

Eight plant genes commonly used as internal control for
expression studies (Brunner et al. 2004; Czechowski et al.
2005; Jain et al. 2006; Kim et al. 2003; Nicot et al. 2005)
were selected for RG evaluation in sunflower; a-tubulin
(a-TUB), p-tubulin (B-TUB), 18S rRNA, 26S rRNA, actin,
ubiquitin (UBQI13), plastid-encoded RNA polymerase
(PEP) and elongation factor 1-a (EF-10).

Sunflower EST Gene Index Project was queried to
detect sunflower homologous of genes commonly used as
internal control for gene expression analysis. The evaluated
sunflower RGs with the corresponding accession numbers
and gene function are listed in Table 1.

Specific primer pair sets for gPCR were designed based
on selected sequences using Primer Express 2.0 software
(PE Applied Biosystems, USA) under default parameters
(Table 1). Expression stabilities of these genes were
assessed by qPCR for 18 tissue samples including three
experimental conditions, two leaf ages and three biological
replicates. The same cDNA sample was used for real-time
PCR of each of the eight tested genes. In order to validate
suitable RGs, three sunflower genes homologous to
A. thaliana SAGs genes (AN At4g32940, At5g60360,
Atl1gl18210) (D3, D4 and R2 genes) were identified
(Gepstein et al. 2003). Specific primer sets for gPCR were
designed as described before and are listed in Table 2.

gPCR analysis with SYBR green

Two-step qPCR was performed. cDNA was synthesized
from 500 ng DNase treated RNA using Superscript first-
strand synthesis system for reverse transcription (Invitro-
gen, USA) with random hexamer primers according to
manufacturer’s instructions. cDNAs were diluted 1:5 with
nuclease-free water, except for the /8 and 26S rRNA
reactions for which the samples were diluted 1:10. The
reaction was carried out in a 25-pl reaction mix containing
200 nM of each RG primer, 1 p of cDNA sample and
Ix QuantiTect SYBR Green PCR master mix (Qiagen,
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Product size (bp)/ Temperature
O

Primer sequence 3'-5'
efficiency (%)°

Primer sequence 5'-3’

Organism

Gene
description

Homolog
GenBank
AN®

b

H. annuus

public
EST AN

Table 1 Primer sequences of eight RGs, product size, and melting temperature of the amplified product

Gene name®
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122/100
113/92
107/95

AGGGCGGTCTTTCCAAGTAT ACATACATGGCGGGAACATT

S. Iycopersicum ACCGAGTGGTGGGTATTCAG TCAACGCTTGATCACACC

H. annuus

DY915068 AF282624.1 Actin

Actin

64
64

DY910258 AF308938.1 Elongation factor

BQ976519 AF107577.1

EF-la

TTTTAGGCCACGGAAGTTTG GTACAAAGGGCAGGGACGTA

H. annuus

18S ribosomal

18S rRNA

RNA gene

BQ969069 AF479183.1 26S ribosomal

66

151/90

GCTTCCGATTCACGGAATAA AGAATCAGCGGGGAAAGAAG

H. annuus

26S rRNA

RNA gene
o-tubulin gene

68
68
67

175/92
153/92
105/88

TGAAGGTGGAGAGACCAACC ACTGGTGCCAATGAGGAAAG

H. annuus

GE504647 AF401481.1

a-TUB
B-TUB

AAGCAATTGCCTCCGTAAGA TGTTGCTCAACAAGGCTACG

A. rosea

f-tubulin gene

DY921120 AF276945.1

DY914108 L05401

AAACCTTGACAGGCAAGACA GCTAAAGTCCTACCATCCTCCA

A. thaliana

Polyubiquitin

UBQI3

gene sequence
Plastid-encoded RNA

66

126/85

H. annuus TTTGTGGTGCACAATTTCGT ACACGCCGAGCATAAATACC

DY912398 QIKXX0

PEP

polymerase subunit beta

# All sunflower ESTs were named based on similarity to protein sequences by using BLAST

b .
Accession number

¢ gPCR efficiency was determined according to previously reported work (Radonic et al. 2004)

Table 2 Oligonucleotides of three sunflower genes homologous to
A. thaliana SAGs previously reported (Gepstein et al. 2003)

R2F 5" GTTCATTTTCCTGTGTTTAGTGT 3’
R2R 5" CTCCAAATTGTTCTAGGTTCATA 3
D3F 5 TCTCCTCATAGTATTTAGGTCCA 3
D3R 5 TATCTAATATACAAACGCGGGTA 3’
D4F 5" ATGAATTGAAGCATGCAGTAG 3/
D4R 5" ATGAGTTCTTTATCAGCCAGTAT 3

Germany). Control PCRs with no template and minus
RT-PCR were performed for each primer pair. qPCRs
were performed using a 96-well plate machine (ABI Prism
7000 Sequence Detection System and software, PE
Applied Biosystems, USA). The thermal profile was set to
60°C for 2 min, 95°C for 10 min, and 40 cycles of 95°C
for 15 s, and 60°C for 1 min. Specificity of amplicons was
verified by melting curve analysis (60 to 95°C) after 40
PCR cycles and by agarose gel electrophoresis. Three
biological replicates for each treatment and two technical
replicates for each biological replicate were used for gPCR
analysis. qPCR efficiency was determined for each gene
and each stress treatment with the slope of a linear
regression model (Pfaffl 2001). For this test, each cDNA
sample was bulked and then used as the PCR template in a
range of 50, 25, 10, 5 and 2 ng. The corresponding qPCR
efficiencies were calculated according to (Radonic et al.
2004): E = (101711°pel _ 1) % 100. All PCRs displayed
efficiencies between 85 and 100% according to this
formula.

Measurement of gene expression stability

Gene-stability was evaluated by geNorm (Vandesompele
et al. 2002), BestKeeper software (Pfaffl et al. 2004), and
by application of LMModel.

Normalized Cq values of the biological replicates were
the input data for geNorm (Bustin et al. 2009), to assess
stability among treatments and replicates. Cq values were
previously transformed to relative quantities using the
comparative Cq method (Livak and Schmittgen 2001;
Supplementary Table 1). The highest relative quantity
within each gene, across treatments and replicates, was set
to 1. Software default values were applied.

In BestKeeper, the input data to evaluate gene stability
was the biological replicate average value of each
treatment.

Regarding the analysis by LMModel, Cq values of
every gene in each condition were considered as input data.
The model included the stress factor (D, FE, and C), the
leaf-age factor (L1, L2), the interaction between them and
the blocks and plots-within-blocks random effects. The last
factor was included considering a possible correlation
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between the observations of leaves 15 and 25 within plots.
Subsequently, using the Akaike Information Criterion
(Akaike 1974), the model was reduced eliminating the
plots-within-blocks random effect. The effects of fixed
terms of the model were summarized by their associated
P values. A P value that is lower than a given significance
level is indicative of the presence of systematic changes in
gene expression among treatments. Considering that the
purpose of the assay was to identify candidate RGs, a
significance level of 0.10 was set, instead of the standard of
0.05. The reason for using a higher significance level was
to tighten up the criterion to declare a gene as a RG.

The uncontrolled variability of Cq (not explained by
the fixed terms of the model) was reported as CV value

calculated as follows: CV = y/op + ag/éq where a? is

the between blocks variance, ag is the residual variance,
and Cgq is the overall mean.

Results
Identification of sunflower candidate RGs

BLAST algorithm (Altschul et al. 1990) was performed
against the Sunflower EST Gene Index Project to detect
sunflower homologous to RG genes that are commonly
used as internal control for gene expression analysis in the
literature. Gene name, accession number, gene description,
primer sequences, and amplicon length are provided in
Table 1. All sunflower unigenes were named based on
similarity to known proteins or nucleotide sequences using
BLAST with a score value higher than 80 and E value
lower than 0.01.

In order to verify that the selected genes were suitable
for sunflower gene expression studies, a qPCR assay based
on SYBR green detection was designed for transcript
profiling. Considering that normalization with multiple
references is now becoming a standard procedure (Lovdal
and Lillo 2009), we applied two of the most widely used
softwares for RG selection (geNorm and BestKeeper) and a
statistical analysis using LMModel in order to rank the
potential RG genes according to their inner stability along
treatments.

geNorm results

Gene stability was estimated by the M value using geNorm.
This software calculates M (a gene stability value) and the
pairwise variation V between two sequential normalization
factors containing an increasing number of genes (Vande-
sompele et al. 2002). M value is defined as the average
pairwise log2-transformed expression ratios of a certain

30

25

20

average expression stability (M)

26SRNA  UBQ13 tTUB-B-TUB
most stable genes >>>

18SfRNA  Actin  EF1a PEP
<<< less stable genes

Fig. 1 Expression stability and ranking of RGs as calculated by
geNorm in all 18 cDNAs samples series The lower value of average
expression stability (M values) indicates more stable expression

gene respect to all other candidates RGs, whereas V is used
to select the minimum number of RGs needed for an
accurate normalization.

Data were transformed to relative quantities of Cq val-
ues for each gene and their calculated M value is presented,
showing the output results by geNorm (Fig. 1; Supple-
mentary Table 1). Besides, to evaluate the optimal number
of genes required for accurate normalization, pairwise
variations (V,/V, ) between consecutively ranked nor-
malization genes were calculated (Fig. 2). Hence, accord-
ing to the geNorm stepwise elimination procedure, the
most stable genes among the tested ones were o-TUB and
p-TUB, both with a final M value below 1.5 (default
geNorm cut-off value). However, according to the 0.15 cut-
off for the V value proposed by geNorm in the pairwise
variation analysis (Vandesompele et al. 2002), the eight
genes should be included as RGs along the experiment
(V7,8 = 0.229) for normalizing gene expression (Fig. 2).

BestKeeper results

BestKeeper estimates gene expression stability for all
individual reference genes by performing pairwise corre-
lation analyses using raw Cq values of each gene. RGs are
combined into an index that is (BestKeeper index, BKI)
used to rank the best control genes according to their
correlations with BKI (Pfaffl et al. 2004).

Supplementary Table 2 summarizes the descriptive
statistics given by BestKeeper for the eight candidate RGs.
The table shows mean deviations of six RGs in bold letters.
According to this software, genes having mean deviations
of Cgs over 1 are inconsistent and consequently they
should not be chosen as RGs. Then, o-TUB and f-TUB
were evaluated in a subsequent step of BestKeeper
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Fig. 2 Determination of the

D etermination of the optimal number of control genes for normalization

optimal number of RGs 0.500
pairwise variation analysis 0.448
(V) of selected RGs. Each bar 0.450 4
represents change in
normalization accuracy when 0.400
stepwise adding more RGs o
: o 0.350 - :
according to the ranking in
Fig. 1 0289
0.300 : 0276 0.275
0.250 - 0229
0.200
0.150 -
0100 -
0.050 -
0.000 -
Va3 V34 Va5 VS5 VBI7 VT8

algorithm. This step consists in calculating the BKI and its
correlation with selected genes. The correlation between
BKI and «-TUB was 0.745 (P = 0.001) while BKI and
p-TUB was 0.773 (P = 0.001). Thus, according to Best-
Keeper, p-TUB should be selected considering that it
showed the highest correlation to BKI.

LMModel analysis

Analyzing candidate RGs expression stability by
LMModel, we found that results were quite different to
geNorm or BestKeeper output scorings, except for a-TUB
(Table 3). The P values for 26S rRNA, UBQI3, and f-
TUB were indicative of systematic variations among
treatments, making them not appropriate for RGs. Con-
sidering the remaining genes, o-7UB showed the higher
stability according to CV value. Under the same criteria,
actin, PEP and EF-lo transcripts may also be used as
RGs. It has to be pointed out that the CV values for actin,
PEP and EF-]o transcripts are larger than the CV for o-
TUB. 18§ rRNA showed the highest CV value and a
border-line P value. Figure 3 illustrates the changes in
gene expression (Cq) among treatments, confirming that o-
TUB, actin, PEP and EF-1o were the best candidate RGs,
in this order.

The scoring of each gene according to the three RG
selection methods (geNorm, BestKeeper and LMModel) is
shown in Table 4. A score of 1 implies more stability in
gene expression. For each selection method, the score was
calculated leaving one replicate out at a time (“—r”
implies that replication “r” was omitted from calculations).
It is possible to visualize the stability of the scoring system
provided by each of the methods and easily compare their
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results. In general, scoring was quite stable within methods
and o-TUB was top-positioned across all methods. How-
ever, there are important discrepancies regarding f-TUB,
UBQI3 and actin. For LMModel, -TUB should not be
recommended; meanwhile geNorm and BestKeeper sug-
gest the opposite. In the same way, a discussion may be
held regarding the performance of the other genes.

Considering the contrasting results among scoring sys-
tems, we decided to further validate two potential RGs for
experimental validation: one scored by the three methods
and the other one scored only by the LMModel.

Validation of selected RGs for SAGs expression
studies in sunflower

Considering that normalization with a single reference
gene can lead to significant errors (Vandesompele et al.
2002), two RGs, «-TUB, and EF-la, showing different
stability scores (Tables 3, 4), were selected for SAGs
expression studies normalization.

The expression of three sunflower putative genes
homologous to A. thaliana SAGs (Gepstein et al. 2003) are
as follows: a vacuolar processing enzyme (AN At5g60360)
(D3 gene); an aleurain protease, belonging to cystein-pro-
teases family (AN Atlgl18210) (D4 gene); and a calcium
binding function (AN At4g32940) (R2 gene) was analyzed
by qPCR using «-TUB and EF-1a as RGs.

Average Cq of both selected RGs versus target SAGs
are listed in Table 5. Cq values for a-TUB showed less
variation than EF-I«. Consistently with this observation
when o-TUB was used as RG, no significant difference was
observed among treatments whereas a slight difference was
detected between D4 expression data and D3 or R2 values
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Table 3 qPCR statistics for the evaluated RGs by LMModel

Gene name Mean Cq Cv Fixed effects
P value

o-TUB 33.82 32 0.9227

Actin 33.41 7.7 0.4179

EF-lo 28.10 10.2 0.2582

PEP 29.14 7.7 0.2608

18§ rRNA 19.29 16.1 0.1102

p-TUB 35.82 2.3 0.0426

UBQ13 31.51 43 0.0190

268 rRNA 18.94 8.2 0.0035

when EF-la was used as RG, reemphasizing the better
reliability of using multiple reference genes as normaliza-
tion factor (Figs. 4, 5).

Fig. 3 RNA transcription

O—TUB (p-value=0.9227)

Discussion

Gene expression analysis using qPCR requires efficient
normalization approaches to be informative. Thus, selec-
tion of RGs should be carefully evaluated for differential
expression assays. When data from large scale transcrip-
tional studies are available, such as in the case of
Arabidopsis (Czechowski et al. 2005) and rice (Narsai et al.
2010), RGs can be directly chosen from those data sets.
Alternatively, the species for which these tools are not
available, selection of candidate genes relies on the eval-
uation of genes widely described as more stably expressed
in different systems. For the present study, eight tradi-
tionally considered RGs were evaluated in sunflower for
identification of true RGs for senescence transcriptomic
profiling assays. Selection of RGs by geNorm and

Actin (p-value=0.4179)
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Table 4 Gene scoring according to RG-selection methods: geNorm, BestKeeper and LMModel

o-TUB Actin EFlo PEP 18S rRNA p-TUB UBQI13 26S rRNA
GeNorm-1 2 5 7 6 8 1 3 4
GeNorm-2 2 7 8 1 6 3 4 5
GeNorm-3 2 5 7 6 8 1 3 4
GeNorm average 2.0 5.7 7.3 4.3 7.3 1.7 33 43
BestKeeper-1 1 5 7 4 8 2 3 6
BestKeeper-2 1 5 7 2 8 3 4 6
BestKeeper-3 1 5 7 4 8 2 3 6
BestKeeper average 1.0 5.0 7.0 33 8.0 2.3 33 6.0
LMModel-1 2 3 1 4 5 6 8 7
LMModel-2 1 2 7 3 4 5 6 8
LMModel-3 1 3 4 2 6 5 7 8
LMModel average 1.3 2.7 4.0 3.0 5.0 53 7.0 7.7

The table shows the scoring of each gene according to the three RG-selection methods: GeNorm, BestKeeper and LMModel being a score of one
(“17) the best score. For each method the score was calculated leaving aside one of the three replicates at a time (“—r” indicates that replication
“r” was omitted from calculations). The average of score for each method is shown for each gene as a summary

Table 5 Average Cq and CV value for R2, D3 and D4 genes and the two best ranked RGs for three biological replicates per treatment

Treatment Samples SAGs genes (Gepstein et al. 2003) RGs genes

R2 (AN At4g32940) D3 (AN At5g60360) D4 (AN Atlgl8210) o-TUB (AN GE504647) EF-1o (AN DY910258)

Cq (6\% Cq (6\% Cq Ccv Cq CvV Cq (6\%
C.L1 3 30.49 2.5 31.06 5.0 28.74 3.9 33.69 1.7 30.08 2.6
CL2 3 30.00 0.8 30.19 3.8 27.42 45 34.20 1.9 25.57 72
FE.L1 3 30.46 39 28.96 43 26.42 6.6 33.52 29 27.16 1.7
FE.L2 3 29.28 0.6 29.13 1.1 24.84 2.7 33.32 2.6 26.73 12.9
DL1 3 30.45 2.1 30.31 1.7 26.10 5.1 33.67 0.2 27.80 6.7
D.L2 3 29.75 2.0 29.12 5.5 24.98 1.5 33.38 4.5 30.07 5.7
Fig. 4 Average Cq of analyzed «-TUB R2 D3 D4
SAGs genes normalizing 36.00 = U] O O
against o-TUB as RG. Error 2444 -

bars show standard deviation
32,89
31,33 I I

i I
20,78 I I o

28,22 A

Cq

26,67

25,11 A

23,56

22,00 - T T T
cL1 cL2 DL1 DL2 FE.L1 FEL2

BestKeeper algorithms is commonly used in relative gene  widely used method, but it requires a minimum of eight

expression studies (Duarte Silveira et al. 2009; Guenin  samples per group to obtain reliable results (Andersen et al.
et al. 2009; Tong et al. 2009). NormFinder is another = 2004). Both, geNorm and BestKeeper methods are often
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Fig. 5 Average Cq of analyzed 36,00
SAGs genes normalizing
against EF-1a as RG. Error 34,44 1 W EFlc W R2 @03 [J D4
bars show standard deviation. ©
a R2 gene in C.L1 over- s
expressed respect to C.L2 and a 3133 - ®
FE.L1, b R2 gene in D.L2 over- ' I T
expressed respect to C.L2, ¢ D3 29,78 - I ® @ I
gene in C.L1 over-expressed =2 I 4
respect to C.L2, d D3 gene in L 28,22
D.L2 over-expressed respect to
C.L2, e D4 gene in D.L2 over- 26,67 P
expressed respect to C.L2 and
DL1 2511 1
23,56 A
22,00- T T T 1
c.L1 c.L2 D.L1 DL2 FE.L1 FE.L2

applied even in situations where no biological replicates
are available. In contrast, when biological replicates are
available, a statistical model can be fitted. LMModel not
only allows the estimation of systematic changes in gene
expression, but also takes into account the details of
experimental design and the sources of random variation
through the estimation of variance components. Moreover,
LMModel not only measures the stability of relative gene
expression but also tests its significance in a well-estab-
lished theoretical framework. This is also the reasoning
behind the application of linear models in other RG’s-
identification studies (Andersen et al. 2004; Olbrich et al.
2008; Szabo et al. 2004).

When applied to sunflower leaf senescence system,
geNorm suggests o-TUB and f-TUB as the best RGs,
although, according to the 0.15 pairwise variation cut-off
(V value), it encourages to include all eight genes to sup-
port gene expression studies. Even though the optimal cut-
off V number could be around 0.15 (Vandesompele et al.
2002), other works consider a higher V value, depending on
the dataset tested (De Ketelaere et al. 2006; Kuijk et al.
2007). geNorm software is strongly dependent on the
assumption that none of the analyzed genes are co-regu-
lated which would lead to erroneous selection of RGs
(Andersen et al. 2004). Hence, in order to revise the effect
of gene co-regulation in the geNorm ranking of stable
genes, each gene was stepwise eliminated from the panel
before running geNorm, resulting in the selection of a-TUB
or f-TUB as the more stable genes, followed by UBQ13.
BestKeeper also selects o-TUB and -TUB in the first step
according to the CV value, and suggests f-TUB as the best
RG candidate. It is clear that both software-based strategies
lead to similar gene scorings. On the other hand, the pre-
dictive model-based approach concluded that «-TUB, actin,
EF-lo and PEP were stably expressed among the different
experimental conditions. However, except for o-TUB that
was selected as RG by all the three methods, there are

important differences between model-based approach and
software-based approach. LMModel classifies f-TUB as a
non-stable gene while actin, EF-Ia, and PEP were pre-
dicted as appropriate RGs (Fig. 3; Table 3). These con-
trasting results emphasize the need to standardize and
normalize qPCR by a common language and statistical
method (Bustin et al. 2009; Pabinger et al. 2009). Con-
sidering RGs validation and normalization in other orphan
and/or model plants, ubiquitine was suggested to be an
appropriate internal control for qPCR studies in rice (Jain
2009) but was ranked as unstable in soybean (Jian et al.
2008). However, in Arabidopsis (Czechowski et al. 2005)
and tomato (Lovdal and Lillo 2009), ubiquitine showed
highly stable expression levels. In the present study, results
from three methodologies showed that this gene underwent
variation according to experimental conditions. On the
other hand, tubuline showed an unacceptable variable
expression in peach (Tong et al. 2009), perennial ryegrass
(Martin et al. 2008), in the forage grass Brachiaria bri-
zantha (Duarte Silveira et al. 2009), wheat (Paolacci et al.
2009), grape berry (Reid et al. 2006), and flax (Huis et al.
2010), but was found to be an appropriate RG in cucumber
(Wan et al. 2009), longan tree (Lin and Lai 2010), and in
our report on sunflower. Similarly, caution should be taken
in the case of 78S or 28S rRNA RG selection. The reference
gene status of ribosomal proteins lacks a trustable perfor-
mance because they demonstrated to be more highly
expressed in tissues with faster cell division and by
showing profound differences between conditions due to
expression of tissue-specific isoforms or transcript variants
(Thorrez et al. 2008) In spite of this, 28§ rRNA was
selected as the most stable RG in rice, being widely used
until a recent study based on a Oryza sativa microarray
reported new reliable RGs (Narsai et al. 2010). In chicory,
actin, EF-1a, and 18S rRNA were found as the most stable
RGs, however, rRNA was excluded as a potential RG due
to its high rate level of cellular expression, as previously
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discussed (Maroufi et al. 2010). In addition, EF-Io kept
stable in the apomictic and sexual grass Brachiaria bri-
zantha (Duarte Silveira et al. 2009), perennial ryegrass
(Martin et al. 2008), grape berry (Reid et al. 2006), potato
(Nicot et al. 2005), and also in cucumber (Wan et al. 2009),
whereas, interestingly, we reported this gene as variable
under salinity conditions in a cDNA microarray analysis
for sunflower (Fernandez et al. 2008).

Besides the discrepancies regarding the stability of
B-TUB, UBQ13, and actin genes (Tables 3, 4) by means of
the three evaluated procedures, other differences emerged
regarding the differential performance of remaining genes
evaluated. Considering these results, we decided to bio-
logically validate two of the recommended RGs for SAGs
expression studies. In this context, we selected a-TUB
based on its high stability profile under the three statistical
methods applied, and EF-1a as a second RG which, in
contrast, addressed different score values according to the
selection approach used. The model-based approach was
applied to analyze three sunflower genes homologous to
A. thaliana SAGs (Gepstein et al. 2003) using o-TUB and
EF-lo. for an experimental design that included three
treatments, two leaf ages, and three biological replicates.
This study confirmed that o-7TUB was more stable than
EF-1o within different senescence related treatments,
demonstrating that «-7UB shows a good hit independently
of which RG selection method is applied.

LMModel not only accurately estimates systematic
changes in gene expression, but also tests their significance
in a well-established theoretical framework (Szabo et al.
2004). It also allows the quantification of sources of ran-
dom variation and the inclusion into the model of the
details of the experimental design. This may be the rea-
soning behind the application of linear models in other RGs
identification studies (Andersen et al. 2004; Olbrich et al.
2008; Szabo et al. 2004). According to these considerations
and following the results obtained through the experi-
mental validation of three sunflower putative SAGs genes,
the selection of a-TUB by the three methods emerge as the
most suitable for our experimental conditions. Neverthe-
less, it is worth noting the importance of the validation of
more than one RG out of the list of recommended RGs
derived from either selection method. In the present work,
even when «-TUB and EF-1o were both selected as stable
by LMModel, the first one proved to be much more stable
for SAGs expression studies than the second.

It should be pointed out that information derived from
an ongoing large-scale sunflower transcriptomic analysis
based on highly dense oligonucleotide microarray analysis
designed by our group, which was technically and experi-
mentally validated, may provide identification of other RGs
that will be suitable for different tissues and/or growing
conditions of this important crop in the near future.

@ Springer

Conclusions

In this work we demonstrate that gene expression of
commonly used RGs is highly variable along different
treatments affecting leaf senescence in sunflower. Com-
parisons of three RG selection methods based on qPCR
data analyses showed different results, being only «-TUB
selected as stable RG by either method. According to
LMModel, four reference genes were identified: «-TUB,
actin, PEP and EF-la, for the tested experimental condi-
tions. Wet lab validation for sunflower putative SAGs
expression studies using two of these RGs, «-TUB and
EF-lo, emphasized the need of normalization using mul-
tiple genes. Therefore, these results open new insights
about carefully selecting organ-specific and stress-specific
RGs for functional genomics in this relevant oil crop.

This study represents the first analysis of identification
and validation of genuine reference genes to be used as
internal control in qPCR expression studies in sunflower,
under leaf senescence conditions.
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