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Abstract Due to its reproducibility and sensitivity, real-

time quantitative reverse transcription polymerase chain

reaction (RT-qPCR) has become the method of choice for

quantifying gene expression. However, the accuracy of RT-

qPCR is prone to bias if proper precautions are not taken,

e.g. starting with intact, non-degraded RNA, considering

the PCR efficiency and using the right reference gene(s) for

normalization. It has been reported that some of the well-

known reference genes are differentially regulated under

certain experimental conditions suggesting that there is no

gene that could be used as a universal reference. This paper

aims at selecting the most suitable reference gene(s) out of

six putative genes to be used as normalizer(s) for quanti-

fication of gene expression in the grapevine-downy mildew

interaction as well as upon induced resistance with chem-

ical elicitors. Moreover, the paper aims at determining the

optimal number of reference genes to be used in normali-

zation, since it has been emphasized in the literature that

using multiple reference genes increases accuracy. Two

different software tools, geNorm and Normfinder, were

used to identify the most stable reference genes in grape-

vine under the aforementioned conditions. The importance

of the choice of adequate reference genes is highlighted by

studying chitinase expression.

Keywords Quantitative real-time PCR � Housekeeping

genes � Reference genes � Normalization � Chitinase �
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Introduction

Plants are continuously facing stresses or constraints. On

one side, they are exposed to biotic stresses, e.g. viral,

bacterial, fungal infections as well as competition with

other plants. On the other side, plants face many abiotic

stresses, e.g. temperature, water availability and salinity.

The main and economically relevant consequence of these

stresses is yield loss. Indeed, abiotic stresses represent the

primary cause of crop loss worldwide (Boyer 1982), while

biotic stresses reduce the yield by around 10–20% (Kreps

et al. 2002).

Studies on the defense responses of plants to these

stresses are numerous and many are based on gene

expression (Collinge and Boller 2001; Bezier et al. 2002;

Dean et al. 2002). It is important to know the expression

patterns of genes differentially expressed under stress

(biotic and abiotic) conditions to better understand the

complex interactions between genes. Moreover, in combi-

nation with functional tests, they allow the identification of

genes involved in biological processes (Vandesompele

et al. 2002).

Real-time RT-PCR (RT-qPCR) is considered to be

an accurate technique for measuring the gene expression

due to its reproducibility and sensitivity (Bustin 2000).

Communicated by W. Harwood.

M. Selim (&) � S. Legay � D. Evers

Department of Environment and Agro-Biotechnologies (EVA),

Centre de Recherche Public, Gabriel Lippmann,

Belvaux, Luxembourg

e-mail: selim@lippmann.lu

M. Selim � B. Berkelmann-Löhnertz
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However, the use of RT-qPCR in gene expression analysis

might be biased if normalization is not adequate. House-

keeping genes are needed for pivotal functions during the

organism’s life cycle and therefore are expected to have a

stable or slightly fluctuating expression even under stress

conditions. This is the reason why they are also called

reference genes and are used as endogenous controls being

subjected to the same conditions (Huggett et al. 2005) (e.g.

treatments—RNA extraction—cDNA synthesis and qPCR)

as the genes of interest. Unfortunately, there is no ideal,

universal reference gene for all experiments as some well-

known reference genes may be differentially expressed

under specific experimental conditions (Radonic et al.

2004). Therefore reference genes must be validated for

each experimental condition (Schmittgen and Zakrajsek

2000). Ideally, for accurate normalization, geometrical

averaging of multiple internal control genes is used

(Vandesompele et al. 2002). The method relies on the use

of several reference genes to remove any variation in the

expression of these genes.

Downy mildew, caused by the oomycete Plasmopara

viticola, is one of the most destructive grapevine diseases

in Europe and in the eastern half of the United States. In

2006, 54% of the global sales of fungicides for downy

mildews were for grapevine (Gisi and Sierotzki 2008).

Induced resistance is considered to be an alternative to

fungicides for the control of this disease. Defense respon-

ses can be induced in plants by the application of elicitors

prior to actual pathogen infection. As an example, Aziz

et al. (2003) have reported regarding the elicitation of

defense responses and increased protection against the

necrotrophic fungus B. cinerea and the biotrophic P. viti-

cola on grapevine cell suspensions and detached leaves

using laminarin. Elicitors induce the defense reaction of the

plant by activating genes involved in the defence mecha-

nisms such as, e.g. pathogenesis-related proteins (Aziz

et al. 2006). Chitinase has been shown to have direct

activity against fungal pathogens (Robert et al. 2002)

induced under host and non-host pathogen conditions.

After inoculation with Pseudoperonospora cubensis, a non-

host grapevine oomycete pathogen, the cell wall of which

is not composed of chitin, chitinases are largely accumu-

lated (Gomès and Coutos-Thévenot 2009). Moreover,

Uncinula necator, the causal agent of grapevine powdery

mildew, induces expression of chitinases in leaves and

berries in various grapevine cultivars, including susceptible

ones (Gomès and Coutos-Thévenot 2009).

For grapevine, validated reference genes have been

reported only in grape berries (Reid et al. 2006). The

present paper aims at (a) searching for and selecting the

most stable reference gene(s) to be used in gene expression

studies in grapevine leaves especially under the grapevine-

downy mildew pathosystem and at (b) determining the

optimal number of reference genes to be used. Several

experimental conditions are compared: control, downy

mildew inoculated and elicited plants. The expression of a

gene of interest known to be induced by the pathogen,

chitinase, is quantified using various combinations of ref-

erence genes suggested by geNorm (Vandesompele et al.

2002) as well as by Normfinder (Andersen et al. 2004) in

order to demonstrate the impact of the type and number of

reference genes used. Results indicate the most stable and

therefore suitable set of reference genes in elicited and

downy mildew inoculated grapevine leaves.

Materials and methods

Plant cultivation

Two-eye cuttings of Vitis vinifera cv. Riesling (a white grape

variety commonly planted in the Rhein region in Germany)

were collected from the mature shoots after the first frost, i.e.

after being stratified. They were disinfected by soaking them

in 0.5% Chinoplant� solution (active ingredient: 8-hy-

droxychinoline) for 12 h. Thereafter, they were stored at 4�C

and 95% humidity until use. Before cultivation, cuttings were

soaked in lukewarm water for half an hour in order to gain

sufficient moisture. Cuttings were then reduced (by cutting

their edge) at both ends by about an inch to remove the dried

edges. The lower eye was removed and the cuttings were put

in boxes filled with a mixture of 50% perlite and 50% standard

soil mixture. Cuttings were cultivated for 10–12 weeks at an

average temperature of 24:22�C day:night and irrigated twice

a week. Plantlets were fertilized during irrigation (fertigation)

once a week (after the emergence of the first leave) with 1 g/l

Flory 3 Mega (18 g N, 12 g P, 18 g K, 2 g Mg). Thereafter

plantlets were potted in MCI-17 pots filled with standard soil

ED 73. Plantlets were fertilized once a week. Young vine

plants are best suited for inoculation trials when they have six

to eight leaves unfolded.

Inoculation with Plasmopara viticola

Sporangia of the oomycete Plasmopara viticola were col-

lected from previously inoculated plants (about 1 week

incubation period) in demineralised (de-ionized) water and

used for inoculation at a concentration of 5 9 105 spo-

rangia/ml. Sporangia suspension was sprayed on the

abaxial (lower) leaf surface. The control plants were nei-

ther inoculated nor elicitor-treated. After spraying, potted

vines were immediately covered with a dark plastic wrap

that was previously moistened with tap water for 24 h to

create an ideal microclimate (liquid water conditions and a

very high relative humidity) for the infection process.

Inoculation was carried out in three biological replicates.
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Elicitor treatments

Two different elicitors were used to induce the plant0s
defence response, namely Algin Biovital� (TILCO

Biochemie GmbH, Germany) and Frutogard� (TILCO

Biochemie GmbH, Germany). The elicitors Frutogard� and

Algin are mainly used in organic farming and consist of the

following substances: algae extract, plant extracts and

phosphate derivatives. The former contains Brown algae

extract (Ascophyllum nodosum, Laminaria spp.), plant

amino acids, phosphonate (phosphonic acid) and phos-

phate, while the latter contains algae extract (Ascophyllum

nodosum, Laminaria spp.), sugar beet extract and phos-

phate solely. They were applied separately, at a concen-

tration of 1%, and evenly on both, abaxial (lower) and

adaxial (upper) surface of the leaves, using an airbrush gun.

The control plants were neither elicitor-treated nor inocu-

lated. Treatments were carried out in three biological

replicates.

Greenhouse growth conditions and sampling

During the sampling period, potted vines were grown in a

greenhouse cabin with a day–night rhythm of 16 h:8 h and

at a temperature of 22�C. Young leaves (the first apical

three leaves) were collected at intervals of 24 h for 5 days

and immediately flash-frozen in liquid nitrogen. Leaf

samples were then stored in the freezer at -80�C until

RNA isolation.

Total RNA extraction

RNA was extracted from 100 mg of frozen leaves

according to Wielgoss and Kortekamp (2006), and modi-

fied according to Chang et al. (1993). RNA was purified

and treated with DNase I (on column digestion) (Qiagen,

RNeasy cleanup kit, Hilden, Germany) to remove DNA

contamination. RNA was washed (according to the manu-

facturer guidelines) using two washing buffers to get rid of

DNase I and eluted in RNase-free water.

RNA purity and concentration were measured at

260/280 nm using a spectrophotometer (NanoDrop-1000,

Thermo Scientific, Villebon sur Yvette, France) after RNA

cleaning while RNA integrity was measured on the Agilent

2100 Bioanalyzer with the RNA 6000 Nano LabChip kit

(Agilent, Diegem, Belgium). RIN (RNA Integrity Number)

was calculated using an algorithm adapted for plant RNA

profiles. All RIN values were between 7.0 and 7.8.

Two-step real-time RT-PCR

cDNA was synthesized from 1 lg of total RNA using

MultiScribe� Reverse Transcriptase (Applied Biosystems,

USA) and random hexamers (Invitrogen, Carlsberg, USA).

cDNA synthesis was performed using the following

parameters (incubation: 25�C for 10 min, RT: 48�C for

30 min, enzyme inactivation: 95�C for 5 min). cDNAs

were stored at -20�C for short periods.

PCR reactions were performed on an ABI PRISM�

7500 fast Sequence Detection System (Applied Biosys-

tems, USA) using SYBR�. Reactions were made in 25 ll

containing 100 nM of primers (forward and reverse), 5 ll

cDNA (10 ng cDNA equivalent RNA), and 12.5 ll

29 SYBR MESA GREEN MasterMix Plus, Low ROX

(Eurogentec, Liège, Belgium). A dissociation curve was

done at the end of each run to check the specificity of the

primers.

To ensure reliability of the results, PCR efficiency was

determined (Radonic et al. 2004). To this end, 5 ll were

taken from each cDNA sample and pooled. Five serial

tenfold dilutions of pooled cDNAs were made starting from

10 to 0.001 ng/ll using DNase free water. These dilutions

were used with the corresponding primer pairs and real-

time RT-Mix. The raw Ct values were plotted against log-

transformed concentrations of the serial dilutions to obtain

the slope from the following equation (E = 10(-1/slope) - l).

All PCRs displayed efficiencies between 90 and 97%

(Table 1).

Aliquots from the same cDNA sample were used with

all primer sets in each experiment. Reactions, performed

on three biological replicates, were run in duplicates using

the manufacturer’s recommended cycling parameters of

[holding stage: 95�C for 10 min, cycling stage: 40 cycles

of 95�C for 15 s (denaturation), and 60�C for 1 min

(annealing and extension)]. No-template controls were

included for each primer pair.

Six housekeeping genes were selected: Elongation fac-

tor 1 (EF1) (Trouvelot et al. 2008), Cyclophilin, Ubiquitin-

conjugating enzyme (UBQ), SAND family protein (SAND)

(Reid et al. 2006), Actin and glyceraldehyde-3-phosphate

dehydrogenase (GAPDH) (Heibertshausen, personal com-

munication). Chitinase (Trouvelot et al. 2008), a PR-3, was

selected as gene of interest (Table 1).

Statistical analysis

geNorm was used to determine the stability of expression

as well as the optimal number of reference genes to be

used for normalization. Normfinder allowed to assess the

stability of expression as well as the combination of

the two best reference genes. A normalization factor

based on the best housekeeping genes was used to cal-

culate the chitinase gene expression. For statistical

analysis of these data, a two-tailed t test with unequal

variance was performed on log-transformed datasets

(PASW 18 software).
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Results and discussion

Variations in the transcription of housekeeping genes

Gene expression of the six housekeeping genes and the gene

of interest, chitinase, was monitored by qPCR. To study the

variations in the transcription of the housekeeping genes,

the Ct values of all treatments combined (control, inocu-

lated, Algin and Frutogard) were used as input. The boxplot

in Fig. 1 shows the variations in the expression values

(represented by the Ct) for all data for each of the six

housekeeping genes and the gene of interest individually.

Chitinase had the most variable Ct range. This is not sur-

prising since it is an inducible PR gene with an anticipated

role in the plant defence against pathogens (Robert et al.

2002). Levene’s test (PASW18 software) indicated no sta-

tistically significant difference in the variance between all

housekeeping genes investigated; a statistically significant

difference in the variance was only observed between chi-

tinase Ct values and the housekeeping genes.

Expression stability of the housekeeping genes

To decide which are the best reference genes for normal-

ization, geNorm and Normfinder were used. geNorm cal-

culates the gene expression stability measure (M) for each

gene based on the average pairwise (V) expression ratio

between this gene and each of the other genes being

compared. Moreover, it performs a stepwise exclusion of

the least stable gene and recalculates M until only the two

most stably expressed genes are left. Normfinder ranks the

candidate genes according to their expression stability. The

input data for both software tools were the relative

expression values based on the Ct values obtained from the

samples across the time course (1–5 days). These values

were obtained from the equation (RQ ¼ E ðmin Ct�sampleCtÞ).
This formula transforms Ct values into relative quantities

with the highest expression level set to 1. The method

involves the choice of a calibrator sample having the

lowest Ct value (minCt) obtained for each gene. The gene

expression stability as well as stability value was calculated

separately for the datasets ‘control’, ‘inoculation’, ‘elici-

tation’ and the combined data from ‘control and elicitation’

and ‘control and inoculation’, to evaluate the stability and

the ranking of the housekeeping genes in each experi-

mental setup.

Table 1 Primer sequences used for amplification of housekeeping gene cDNAs, amplicon length and PCR efficiency

Gene Identification* Primer Sequence 50–30 Amp. length (bp) PCR efficiency (%)

EF1 EC959059* For GAA CTG GGT GCT TGA TAG GC 164 97

Rev AAC CAA AAT ATC CGG AGT AAA AGA

Actin AY847627 For GCC TGA TGG GCA AGT CAT 244 97

Rev GCT GGG AGC AAG AGC AGT

GAPDH EF192466 For TCA AGG TCA AGG ACT CTA ACA CC 226 90

Rev CCA ACA ACG AAC ATA GGA GCA

Cyclophilin EC969926* For GGA GCC TGA GCC TAC CTT CTC 66 94

Rev GTG TTC GGC CAG GTG GTA GA

UBQ EC922622* For GAG GGT CGT CAG GAT TTG GA 75 92

Rev CTT AAA GAT GGT AAG TGC AGG GC

SAND CF405409* For CAA CAT CCT TTA CCC ATT GAC AGA 76 99

Rev CTT ATC TGC AAG TGG ATC AAA TGC

Chitinase Z54234 For CCCAAGCCTTCCTGCCATA 96 92

Rev TGTGATAACACCAAAACCGGG

* NCBI accession number or TC TIGR number

Fig. 1 Boxplot depicting absolute Ct values. Boxes indicate 25/75

percentiles. Whisker caps represent 10/90 percentiles. The median is

depicted by the line and all outliers are indicated by dots
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Expression stability using geNorm

As expected, the order of the housekeeping genes was not

the same when comparing the different datasets within the

same software tool and/or between the two software tools

(Fig. 2a–f). According to the geNorm software, SAND and

UBQ were the most stable genes in all treatments (Fig. 2a–f),

while EF1 was the least stable gene in all treatments, except

in the Algin treatment, where GAPDH was the least stable

gene (Fig. 2c). The order of the housekeeping genes was the

same for the datasets ‘control’ and ‘control and elicitation’

(Algin and Frutogard) (Fig. 2a, f): SAND and UBQ were the

most stable genes followed by GAPDH, actin, cyclophilin

and EF1. Both ‘inoculation’ and ‘control and inoculation’

also had the same order of the housekeeping genes (Fig. 2b,

e): SAND and UBQ were the most stable genes followed by

actin, GAPDH, Cyclophilin and EF1. Inoculation had little

effect on the order of the housekeeping genes (Fig. 2a, b)

where Actin and GAPDH switched the positions between

3rd and 4th. In the elicitor treatments, both for Algin and for

Frutogard, SAND and UBQ had the first rank but the order of

the rest of the housekeeping genes differed (Fig. 2c, d).

Indeed, for the elicitor treatment Algin, EF1 had the second

position after SAND and UBQ (Fig. 2c); for the elicitor

treatment Frutogard, EF1 was the least stable (Fig. 2d) while

the rest of the housekeeping genes were differently ordered.

Fig. 2 Average expression

stability (M) and stability value

in different data sets obtained

from the softwares geNorm and

Normfinder, respectively. a No

treatment ‘control’,

b inoculation, c elicitor

treatment ‘Algin’, d elicitor

treatment ‘Frutogard’, e control

and inoculation, f control and

elicitation (Algin treatment and

Frutogard treatment)
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To conclude, in the present experimental system, SAND and

UBQ were the most stable reference genes according to

geNorm.

Expression stability using Normfinder

According to Normfinder, GAPDH and Actin were the most

stable genes in ‘control and inoculation’ as well as in ‘control

and elicitation’ (Fig. 2e, f), while in the separate treatments

(control, inoculation, Algin and Frutogard), the two most

stable genes were different in each case (Fig. 2a–d). It is

worth mentioning that according to Normfinder, EF1 was the

least stable gene in four conditions out of six (Fig. 2a, d–f),

while in the Algin treatment, GAPDH had the last ranking as

in geNorm (Fig. 2c). The order of the housekeeping genes

was more varied. GAPDH was the most stable housekeeping

gene in three treatments out of six: ‘control’ ‘inoculation’ and

‘control and inoculation’ (Fig. 2a, b, e). For the treatments

‘Algin’, ‘Frutogard’ and ‘control and elicitation’ Actin,

SAND and UBQ were the most stable genes (Fig. 2c, d, f).

The selection of the optimal reference gene(s) has been

investigated in several plants under stress. In a study of

Fig. 2 continued
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potato, Nicot et al. (2005) reported EF1 to be the most

stable housekeeping gene under both abiotic and biotic

stress (late blight infection). Recently, Mascia et al. (2010)

showed in different tomato tissues that GAPDH and

ubiquitin were the most stable reference genes. In a sun-

flower leaf senescence transcript analysis, a-TUB1 was the

most stable gene as determined by geNorm (Fernandez

et al. 2011). Moreover, it was reported that GAPDH used

together with actin or SAND was the most stable reference

gene(s) for grape berry development studies (Reid et al.

2006). While the involvement of GAPDH in metabolic

functions is well known, it has been recently reported that

it is involved in several non-metabolic processes such as

transcription activation and initiation of apoptosis (Hu

et al. 2009). Our study showed that under Algin treatment,

GAPDH was the least stable gene, according to both

softwares, indicating that Algin treatment strongly affects

the GAPDH expression. On one hand, it was suggested that

GAPDH might have a role in defence; indeed, it was shown

that cytosolic GAPDH, one of three forms of GAPDH in

plants, transcripts accumulated in potato plants infected by

P. infestans (Laxalt et al. 1996). However, the possibility

Fig. 2 continued
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that this accumulation is simply due to an increase in

metabolic turnover of the protein, and not a specific stress

response, should not be overlooked (Amey et al. 2008).

The above-mentioned information from the literature

together with our results suggests that identification of the

reference genes depends not only on the treatments or the

type of stress but also on the plant species. It also supports

the notion that there is no ideal housekeeping gene that

could be used as a universal reference gene under all

conditions.

Determination of the optimal number of reference

genes for normalization by geNorm

It was suggested that normalization using multiple refer-

ence genes gives more accurate results (Vandesompele

et al. 2002). geNorm calculates the optimal number of genes

to be used as reference genes. M value (average expression

stability) is important to determine which gene has a stable

expression, while V value (pairwise variation) is used to

determine the optimal number of reference genes to be used.

A cutoff value of 0.15 was proposed for the pairwise vari-

ation below which the inclusion of an additional reference

gene is not required (Vandesompele et al. 2002).

V values were determined for the experimental datasets

‘control’, ‘inoculation’, ‘elicitation’, ‘control and elicitation’

and ‘control and inoculation’ individually. Interestingly, the

optimal number of reference genes to be used for normali-

zation differed from one dataset to another (Fig. 3; Table 2).

In the control, the V value for using two genes was below the

cutoff value 0.15 (0.144); thus the use of a third housekeeping

gene was not required. For the dataset ‘inoculation’, using

three housekeeping genes was sufficient for normalization

(0.148). As for the datasets ‘elicitors’ (Algin and Frutogard),

the V value did not reach the cutoff value; thus six house-

keeping genes would be needed for accurate normalization.

In the case of the dataset ‘control and inoculation’, using three

housekeeping genes was sufficient for normalization (0.137).

In the dataset ‘control and elicitation’, the V value of using

five housekeeping genes was 0.143 and therefore a sixth

housekeeping gene was not needed.

The elicitor treatments seem to have an important effect

on the stability of the housekeeping genes indicating high

metabolic impacts. These elicitors are phosphate deriva-

tives. Algin contains phosphonate (phosphonic acid) and

phosphate, while Frutogard contains phosphate. Phosphate

derivatives are usually used as fertilizers but it was

reported that they improve the resistance status of plants

when they are used as a foliar spray. KH2PO4 and K2HPO4

have shown efficacy against powdery mildews on tomato

and cucumber (Ehret et al. 2002; Orober et al. 2002). It has

not been proven that phosphates are toxic to pathogens or

have a direct effect on pathogens, which might indicate that

the observed resistance is due to the activation of plant

defence. Other phosphate derivatives, the phosphites have

already been used in plant protection against downy mil-

dews and Phytophthora species for 30 years (Cohen and

Coffey 1986). Although the mode of action of phosphites is

not yet fully understood, there is evidence that phosphites

have direct antimicrobial activity on oomycetes (Smillie

et al. 1989). Besides their direct activity, phosphites act

indirectly by reinforcing defence reactions in plants.

Phosphite treatments induce oxidative burst, hypersensitive

response, PR proteins and accumulation of phenolic com-

pounds (Bécot et al. 2000; Daniel and Guest 2006; Andreu

et al. 2006). Phosphonates are also known to possess

powerful antifungal activity against some Phytophthora

species (Ouimette and Coffey 1989). Moreover, the

Fig. 3 Optimal number of reference genes for normalization by

geNorm analysis. The horizontal line at 0.15 represents the cutoff

value for the pairwise variation below which the inclusion of an

additional control gene is not required

Table 2 V values of reference

genes for normalization by

geNorm analysis

* V value indicating the optimal

number of reference genes

Control Inoculation Algin Frutogard Control and

inoculation

Control and

elicitation

V2/3 0.144* 0.170 0.195 0.265 0.199 0.248

V3/4 0.127 0.148* 0.208 0.215 0.137* 0.179

V4/5 0.152 0.158 0.165 0.158 0.165 0.169

V5/6 0.149 0.137 0.158 0.172 0.142 0.143*
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fungicide Fosetyl-Al, marketed as Aliette� (active ingre-

dient O-ethyl phosphonate), is known to have both a direct

effect on the pathogen and an indirect effect via stimulation

of defense responses in resistant and susceptible tobacco

cultivars infected with Phytophthora nicotianae var.

nicotianae (Nemestothy and Guest 1990).

Fig. 4 Chitinase expression after inoculation, elicitation and in the

controls. The normalized gene expression using the optimal number,

the two best and the four best reference genes is shown. Asterisks
indicate significant differences between control and inoculated/

elicited plants at the following P values: *0.05 [ P [ 0.01;

**0.01 [ P [ 0.005; ***0.005 [ P [ 0.001. HKG housekeeping

gene, GN geNorm, NF Normfinder
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Chitinase expression

Chitinases (EC 3.2.1.14) are ubiquitous enzymes in bac-

teria, fungi and plants. They hydrolyze the b-1,4-linkage

between N-acetylglucosamine residues of chitin, a struc-

tural polysaccharide of the cell wall of many fungi. Chi-

tinase induction upon pathogen infection has been reported

in many plants (Bowles 1990; Collinge et al. 1993; Graham

and Sticklen 1994). Although Plasmopara viticola is an

oomycete and contains glucan in its cell wall and not

chitin, chitinase is thought to be co-regulated with other PR

proteins. Indeed, the expression of PR genes in general and

of PR-1 in particular is used as a molecular marker for a

successful induction of systemic acquired resistance (SAR)

(Durrant and Dong 2004).

To validate the results obtained by geNorm and Norm-

finder, chitinase expression was calculated using the best

reference genes (the best two) according to the average

expression stability (M) and stability value suggested by

geNorm and Normfinder, respectively. Chitinase expression

was also calculated using the optimal number of reference

genes according to the pairwise variation (V) analysis

obtained from geNorm (Fig. 3). Thus, chitinase expression

was normalized using four different sets of reference genes:

‘four best reference genes suggested by both softwares’

(SAND, UBQ, Actin, GAPDH), ‘two best reference genes

suggested by geNorm’ (SAND, UBQ), ‘two best reference

genes suggested by Normfinder’ (Actin, GAPDH), ‘three

best genes as the optimal number of reference genes sug-

gested by geNorm’ (SAND, UBQ, Actin) in the dataset

inoculation and ‘five best genes as the optimal number of

reference genes suggested by geNorm’ (SAND, UBQ,

Actin, GAPDH, Cyclophilin) in the dataset elicitation.

After inoculation, chitinase expression significantly

increased to reach a maximum on the first and the second

day and decreased thereafter, while in the control plants

(not infected) changes in chitinase expression were small

(Fig. 4a). When comparing the differences in chitinase

expression with the four different normalizations, using

four different sets of reference genes in each case, chitinase

expression level did not differ significantly (Fig. 4a).

After elicitation with Algin (Fig. 4b), chitinase tran-

script abundance was low as compared to inoculation.

Chitinase expression was only slightly affected by Algin

treatment. There was no significant difference when com-

paring chitinase expression with the different normaliza-

tions (Fig. 4b). Similar results were obtained for the

elicitation with Frutogard (Fig. 4b).

Induction of chitinase genes in grapevine depends on the

infecting pathogen (Robert et al. 2002). In V. vinifera

cultivars susceptible to P. viticola such as Riesling, but

inoculated with Pseudoperonospora cubensis (downy

mildew of cucumber), a non-host pathogen in grapevine,

chitinases (PR-3) are more induced than in the compatible

interaction (Gomès and Coutos-Thévenot 2009). U. neca-

tor, the causal agent of grapevine powdery mildew, induces

expression of chitinases in leaves and berries in various

grapevine cultivars, including susceptible ones. Jacobs

et al. (1999) showed that the hydrolytic activity of chitinase

was directly related to the severity of infection at the

pathogen location. In V. vinifera, most of the data regard-

ing chitinases are related to their activity in leaves (Robert

et al. 2002). There are 13 chitinase isoforms detected in

grapevine tissues, 6 of which were found in untreated

leaves and 4 new isoforms appeared in wounded leaves or

leaves treated with salicylic acid after wounding (Derckel

et al. 1996). Among these four wound-induced iso-

forms, three were also induced in leaves inoculated with

B. cinerea (Derckel et al. 1999). Busam et al. (1997) have

reported high transcript accumulations of class I and class

III chitinase genes in leaves infected with P. viticola. Their

accumulation was also observed in leaves infected with

U. necator (Jacobs et al. 1999). Chitinase activity was also

reported in healthy grapevine tissues, e.g. in mature healthy

berries and in healthy leaves. Interestingly, in this report,

the activity in mature healthy berries was ten times higher

than in the healthy leaves (Derckel et al. 1996). Further-

more, expression of a rice chitinase in grapevine plants

enhanced the resistance to fungal diseases, namely pow-

dery mildew and anthracnose (Yamamato et al. 2000).

Our results indicate that using four reference genes,

suggested by both softwares, the two most stable reference

genes, or the optimal number of reference genes did not

significantly affect the final results. Therefore, in the

present experimental system, it could be acceptable to

normalize expression results with the two most stable

housekeeping genes, especially if labor cost and time are to

be taken into account. It can, however, be assumed that the

use of the optimal number of reference genes will result in

more accurate results.

Conclusion

Our results support the notion that there is no universal

reference gene for all experimental conditions. Therefore,

housekeeping genes have to be tested under each experi-

mental condition to ensure the stability of the selected

genes. According to the results from both software, four

reference genes were considered the best (SAND, UBQ,

Actin, GAPDH). More specifically, geNorm suggested

SAND and UBQ under all selected conditions, while

Normfinder suggested different reference genes for differ-

ent treatment. geNorm results also showed that the optimal

number of reference genes to be used varied from one

condition to another. However, normalization of the gene

214 Plant Cell Rep (2012) 31:205–216

123



of interest, chitinase, with different sets of reference genes

did not lead to significantly different results, though they

are expected to be more accurate. Thus, the number of

genes used for geometric averaging is a trade-off between

practical consideration (time and labour cost) and accuracy

(Vandesompele et al. 2002). It is also worth mentioning

that EF1 and Cyclophilin were considered the least stable

housekeeping gene under the selected conditions according

to both programs used.
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