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Abstract Drought is the most significant abiotic stress in

agriculture; thus, this area of studies seems to be one of the

most important challenges in plant biology. Data about

gene expression under drought are crucial to study drought

response mechanisms and to select the genes for a trans-

genic approach. Quantitative RT-PCR is a powerful

method for gene expression analysis; however, obtaining

proper data normalization requires internal reference genes

with stable level of expression. In the present paper ten

potential reference genes were examined in two develop-

mental stages of barley for their expression stability during

leaf growth and increasing drought level. The results

indicated that leaf growth per se affects the expression of

studied genes to the similar extent as the drought and

showed that different genes were most stably expressed in

the seedling and the heading stage. As a result, different

sets of reference genes were selected for different appli-

cations. For instance, ADP-ribozylation factor 1 and

ubiquitin encoding genes were most suitable to study

drought-induced changes in gene expression at the seedling

stage, whereas actin and GAPDH genes were useful during

heading, and ADP-ribozylation factor 1 and HSP90

allowed for the comparison between these two stages. Our

data proved the necessity for validation of commonly used

reference genes. The results indicate that expression of

ADP seems to be the least affected by all the factors

studied in the present experiment. However, when the

effect of only one factor among those investigated in this

work will be studied, different genes should be considered

to be used as the references due to the higher stability of

their expression.
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Abbreviations

ACT Actin

ADP ADP-ribosylation factor 1

B-TUB b-Tubulin

Ct (Cycle threshold) the mean number of cycles

required for the fluorescent signal to cross the

threshold

CV Coefficient of variation (calculated in qBase)

EF1 Elongation factor 1-a
GAPDH Glycolitic glyceraldehyde-3-phosphate

dehydogenase

HSP90 Heat shock protein 90

HVA1 H. vulgare Late Embriogenesis Abundant

(LEA) 3 family gene 1

L-TUB a-Tubulin

M Gene expression stability measure of

geNormPLUS

MWC Maximum water capacity

RPL2 Ribosomal protein L2

SAM S-Adenosylmethionine decarboxylase

SD BestKeeper standard deviation

SRG6 Stress-responsive gene 6

SV NormFinder stability value

UBI Ubiquitin
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Introduction

Barley (Hordeum vulgare) is one of the most important

cereal crops grown in many areas where it is often sub-

jected to drought stress which significantly affects yielding

(Ceccarelli et al. 2007). Despite long-term studies it is still

a real challenge to improve crop productivity under water-

limiting conditions. The reason is that in contrast to plant

resistance to biotic stress the response to abiotic stress is a

complex and multigene-controlled mechanism (Vinocur

and Altman 2005). Moreover, a strong interaction is

observed between plant response to drought and environ-

mental as well as developmental factors. Thus, to improve

drought tolerance a better understanding of the genetic

bases and the mechanism of drought response is required

(Cattivelli et al. 2008). To address this issue studies of the

drought-induced changes in the expression of genes

involved in signaling and regulatory pathways or genes

encoding proteins related to stress tolerance are performed

(Vinocur and Altman 2005; Guo et al. 2009; Rapacz et al.

2010). The expression of these genes may be analyzed at

the transcription stage using different techniques. However,

real-time RT PCR is the most recommended method for the

quantitation of mRNA transcripts (Gachon et al. 2004). In

both absolute and relative real-time PCR quantification

internal standards are needed as the most commonly used

normalization method, which enable to exclude the vari-

ability of cDNA quantity deriving from sampling storage

mRNA extraction and RT protocols (Pfaffl 2004; Huggett

et al. 2005). Internal standards or reference genes should

reveal a constant level of the expression in a cell or tissue

studied and the expression should not change under

experimental treatment (Gilsbach et al. 2006). Genes

involved in basic cellular functions known as house-

keeping genes have been used as reference genes; however,

many reports have shown a large variation in their

expression (Singh and Green 1993; Radonić et al. 2004;

Dheda et al. 2004). As a result, new potential internal

standards are prospected. For example, the experimental

verification of SAM, HSP90, EF1 and ADP as reference

genes was suggested in barley on the basis of in silico

analysis (Faccioli et al. 2007). It was widely reported that

the expression stability of plant reference genes may be

differentially affected by environmental stresses (Nicot

et al. 2005; Paolacci et al. 2009; Schmidt and Delaney

2010), the type of tissue (Schmidt and Delaney 2010; Jian

et al. 2008; Mallona et al. 2010; Wan et al. 2010), plant

species or even genotype used in the studies (Mallona et al.

2010). Thus the selection of proper reference gene(s) for

real-time RT-PCR data normalization seems to be one of

the most important steps in each gene expression analysis

and the stability of potential reference genes should be

checked for each environmental factor tissue type and plant

species (Guenin et al. 2009). The identification of the most

stable gene in a set of assumed internal standards is pos-

sible using different softwares based on different statistical

protocols such as geNorm (Vandesompele et al. 2002,

2009) developed into qBase Plus (Hellemans et al. 2007)

NormFinder (Andersen et al. 2004) or BestKeeper (Pfaffl

et al. 2004). As distinct approaches were used in different

methods the final identification may vary between them;

therefore, the use of different programs is recommended

(Schmidt and Delaney 2010; Mallona et al. 2010; Andersen

et al. 2004).

To facilitate the further studies on the genetic basis of

drought tolerance in barley the real-time RT-PCR based

verification of potential reference genes were performed in

barley leaves subjected to drought. The studies included

two developmental stages in which barley is most affected

by drought under Middle-European conditions. To the best

of our knowledge we are the first to examine the effects of

leaf age by means of the dynamic studies of gene expres-

sion during increased drought level and parallel control.

Materials and methods

Plant material and experimental design

The experiments were performed on six-row spring barley

(Hordeum vulgare L.) cultivar Morex. Seeds were obtained

from the genetic bank of the Institute of Plant Genetics

Polish Academy of Sciences in Poznan.

The studies were performed in two independent twice-

repeated experiments. Plants were sown in 6,700 cm3

(37 cm long, 14 cm wide and 13 cm high) pots filled with a

mixture of clay, peat and sand (3:2:1v/v/v) with nine plants

each (three pots for each experimental variant) and grown

in a fully controlled growth room at the temperature

25/17�C (day/night)a 16-h photoperiod Photosynthetic

Active Radiation (PAR) of 450 lmol (quanta) m-2 s-1

(provided by high-pressure sodium lamps 400 W; Philips

SON-T AGRO, Brussels, Belgium) and 40% air humidity.

Pots were weighted and filled with the same amount of soil.

The soil water content was kept at 70% of the maximum

water capacity (MWC) by adding an appropriate amount of

water on a daily basis. Once a week plants were fertilized

with Florovit multipurpose liquid fertilizer (Inco-Veritas,

Gora Kalwaria, Poland). Plants were grown for approxi-

mately 3 weeks to reach the phase of the third leaf (seed-

ling stage Experiment 1) or for approximately 6 weeks to

reach the beginning of heading (Experiment 2). After

reaching the appropriate developmental stage, the watering

was stopped in one part of pots (drought treatment),

whereas in the control plants the watering regime remained

unchanged. In drought-treated plants, water content in the
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soil decreased gradually reaching 60% of the maximum

water capacity (MWC) in the first, 49% in the third, 39% in

the fifth and finally 31% (soil water potential: -2 MPa) on

the seventh day of drought treatment. The same watering

level was maintained until the tenth day. The homogeneity

of soil water content in pots was controlled in different

points of the pot using the Hydro Sense Soil Water Content

Measurement System (Campbell Scientific, Inc., Australia

Pty. Ltd.). Additionally, the soil water potential was mea-

sured with a HR-33T dew point microvoltmeter supplied

with a C-52 thermocouple psychrometer chamber (both by

Wescor Inc., Logan, UT, USA).

Samples (0.03–0.05 g from the middle part of the

youngest but fully developed leaf) were collected on the

first, third, fifth, seventh and tenth day of the drought

treatment, always in the fourth hour of the light period both

in drought-treated and control plants. There were three

biological samples (one from each pot) collected simulta-

neously in each experiment and in each experimental

variant (developmental stage drought treatment/control day

of sampling). Samples were frozen in liquid nitrogen

immediately after collection and stored in -80�C until use.

Genes

Ten candidate genes were selected as potential house-

keeping genes (Radonić et al. 2004; Faccioli et al. 2007).

Barley sequences were found in GenBank: actin (ACT)-

GenBank ID: AY145451; S-adenosylmethionine decar-

boxylase (SAM)-GenBank ID: BE413438.1; glycolitic

glyceraldehyde-3-phosphate dehydogenase (GAPDH)-

GenBank ID: X60343.1; cytosolic heat shock protein

90 (HSP90)-GenBank ID: AY325266.1; alpha tubulin

(L-TUB)-U40042.1; beta tubulin (B-TUB)-GenBank ID:

AM502854.1; elongation factor 1-a (EF1)-GenBank ID:

AJ472912; ubiquitin (UBI)-GenBank ID: M60175.1; ribo-

somal protein L2 (RPL2)-GenBank ID: X78185.1; ADP-

ribosylation factor 1-like protein (ADP)-GenBank ID:

AJ508228.2.

Primers were designed in Primer Express Software v.

2.0 (Applied Biosystems, Foster City, CA, USA). Primers

were optimized and supplied by Applied Biosystems

(Table 1).

Real-time PCR analysis of genes expression

Total RNA was isolated using an RNeasy Plant Mini Kit

(Qiagen, Venlo, The Netherlands) according to the manu-

facturer’s instruction. The removal of genomic DNA con-

tamination and first-strand cDNA synthesis were performed

using QuantiTect Reverse Transcription Kit (Qiagen) in

accordance with the manufacturer’s instructions. The final

concentration and quality of cDNA were determined

spectrophotometrically (Nanodrop 2000c, Thermo Scientific,

Wilmington, DE).

PCR reactions were 25 ll in volume and contained

12.5 ll Power SYBR Green PCR Master Mix (Applied

Biosystems by Life Technologies, Carlsbad, CA, USA)

2.5 ll cDNA solution (equivalent to *10 ng template)

2.5 ll of each primer (final concentration 900 nM) and

5 ll of nuclease-free water (Qiagen). PCR was performed

using a 7500 Real-Time PCR System (Applied Biosys-

tems) in 96-well plates with the following cycling param-

eters: 10 min at 90�C, 40 cycles of 15 s at 95�C, and 1 min

at 60�C (Table 1). PCR reactions containing cDNA or ‘no

template’ control (NTC; *15 ng DNase-treated RNA

only) were run in parallel for each template and primer

combination. The specificity of PCR products was verified

by dissociation curve analysis (60–95�C). Each PCR

reaction was repeated three times; therefore, the final

number of repetition for each experimental variant was

three technical instrumental replicates 9 two repeated

experiments 9 two biological samples (12). Additionally,

the third biological sample was also analyzed when Ct

values varied/differed more than by 10% (approx. 2.5

depending on depending on an experimental object/gene)

between the two biological samples. Either extreme result

was discarded or all the three results were taken into

consideration. Thus the maximum number of total repli-

cates was 18. In order to determine the arbitrary amount of

cDNA template in each sample which is required as an

initial data for most methods used in the determination of

expression stability standard curves were prepared using

five different dilutions of the template (Larionov et al.

2005).

The stability of housekeeping gene expression was ana-

lyzed using qBasePLUS-geNormPLUS and Quality Control

modules (Hellemans et al. 2007) NormFinder (Andersen et al.

2004) and BestKeeper (Pfaffl 2004).

Results

Leaf growth and developmental stage

The analysis of standard curves (r2 values were higher than

0.99 with the exception of B-TUB: 0.966) showed that

amplification efficiency ranged from 1.89 to 2.00 with the

exception of B-TUB where it was estimated for 2.71 (data

not shown). This gene displayed the presence of non-spe-

cific amplification product during melting curve analysis;

thus it was not taken into account in further analysis (data

not shown).

The expression of genes studied in the present experi-

ment was clearly affected by the leaf growth as well as by

developmental stage of plants (Table 2; Fig. 1). According
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to CV analysis the most stable gene at the third leaf stage

was UBI. ACT and GAPDH were recommended to be two

references in one experiment by geNormPLUS. Other

methods, however, classified GAPDH as a rather unstable

gene. NormFinder pointed at ADP and UBI as clearly more

stable than the other genes whereas according to Best-

Keeper RPL2 was the best referencewhile ADP had a rel-

atively small SD value as well. When the values of

M (Fig. 1) CVSV and SD (Table 2) are compared for the

most stable and unstable genes, it is clearly visible that

during the heading stage the stability of the expression was

generally lower than in the seedling stage. In this case

geNormPLUS recommended using three (UBI, GAPDH,

ADP) instead of two genes together as references in one

experiment. At the heading stage UBI and GAPDH were

top ranked by the vast majority of methods (with an

exception of UBI in BestKeeper). BestKeeper ranked ACT

as the best reference but SD value exceeded in this case

that for the most unstable (SAM) at the seedling stage.

Moreover, all the values were higher than one which

might indicate their inconsistency (Pfaffl et al. 2004).

HSP90 appeared to be the most unstable gene at this stage.

GeNormPLUS recommended using as many as four genes

(ADP, UBI, GAPDH and EF1) for the normalization in

search of reference genes for the comparison between two

developmental stages. The M values highly exceeded those

of a single stage analysis (Fig. 1; Table 2). ADP and UBI

showed relatively high stability of NormFinder’s SV. On

the other hand, the values of CV and SD were high for each

gene. RPL2 which was ranked as the most stable according

to BestKeeper was the most unstable in other methods

while SD value for RPL2 was higher than one.

Drought treatment

Studies held in gradually increased drought led to obtaining

different results of gene expression stability for the two

developmental stages (Fig. 2; Table 3). The most con-

stantly expressed gene at the third-leaf stage was UBI. It

was top ranked in qBase CV and NormFinder analysis. In

both methods ADP was selected as the second stable gene.

UBI and ADP were ranked as the third and the fourth most

stable genes in geNormPLUS analysis with M values only

slightly higher when compared with the most stable genes.

However, geNormPLUS analysis suggested the use of two

different genes (RPL2 and EF1) for gene normalization in a

single assay. EF1 was also ranked as the second (after

HSP90) most stable gene by BestKeeper. In the same

method SD value for UBI, top ranked in other methods,

was almost two times higher than that for HSP90. As

shown for the control the overall variation of the expres-

sion in the heading stage was higher than that observed at

the third-leaf stage. GeNormPLUS suggested the use of asT
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many as five references (EF1, L-TUB, UBI, HSP90 and ADP).

According to qBase and NormFinder L-TUB which was bot-

tom ranked in plants stressed at the seedling stage was the

most stable gene when drought treatment was performed

during heading. Among the genes most stable in drought-

treated seedlings, ADP, but not UBI, was also top ranked in

plants stressed at the heading. RPL2 (the only gene with SD

below 1) and HSP90 (as in seedling) were top ranked by

BestKeeper while RPL2 was bottom ranked by other methods.

The most appropriate gene for the comparison of the gene

expression level in barley subjected to drought in both seed-

ling and heading stages seems to be ADP. SAM proved to be

the least stable in every method. According to geNormPLUS

target genes expression analysis in both stages requires four

references (EF1, UBI, HSP90 and ADP).

The overall effect of drought on the expression stability

of potential reference genes was similar to those observed

for leaf growth in the control (Figs. 1, 2; Tables 2, 3).

Coefficient of variation values were always lower in

drought-treated than in control plants. M values in drought-

treated plants were lower than in control for bottom ranked

genes but higher for the top ranked. According to Best-

Keeper the expression of reference genes was generally

more stable in drought-treated than control plants at the

heading stage, but less stable at the seedling stage. On the

other hand SV values of NormFinder were always lower

for the control than drought-treated plants.

In the studies of the drought-induced gene expression its

level is often calculated as the fold changes relative to the

control (well watered plants) (Guo et al. 2009; Atienza

Table 2 Relative stability ranking of potential internal reference genes in growing leaves of barley of two developmental stages

Stage Rank qBase CV analysis (CV) qBase geNormPLUS (Vn/n?1) NormFinder (SV) BestKeeper (SD)

3rd leaf (1) 1 UBI (0.148) *ACT (NA) ADP (0.073) RPL2 (0.30)

2 ADP (0.312) *GAPDH (NA) UBI (0.076) L-TUB (0.39)

3 RPL2 (0.333) SAM (0.117) EF1 (0.267) ADP (0.40)

4 ACT (0.341) ADP (0.153) RPL2 (0.350) EF1 (0.47)

5 EF1 (0.365) UBI (0.124) HSP90 (0.398) UBI (0.53)

6 HSP90 (0.372) EF1 (0.130) ACT (0.398) HSP90 (0.56)

7 GAPDH (0.405) HSP90 (0.107) SAM (0.442) ACT (0.84)

8 SAM (0.408) RPL2 (0.085) L-TUB (0.462) GAPDH (0.80)

9 L-TUB (0.494) L-TUB (0.091) GAPDH (0.466) SAM (0.95)

Heading (2) 1 EF1 (0.344) *UBI (NA) UBI (0.073) ACT (1.45)

2 GAPDH (0.354) *GAPDH (NA) GAPDH (0.098) EF1 (1.51)

3 ACT (0.368) *ADP (0.170) ADP (0.178) GAPDH (1.64)

4 UBI (0.453) L-TUB (0.120) L-TUB (0.271) SAM (1.76)

5 SAM (0.511) RPL2 (0.115) EF1 (0.355) UBI (1.87)

6 ADP (0.609) EF1 (0.900) HSP90 (0.365) RPL2 (1.89)

7 HSP90 (0.692) SAM (0.110) RPL2 (0.409) ADP (2.12)

8 L-TUB (0.817) ACT (0.115) SAM (0.432) L-TUB (2.18)

9 RPL2 (0.849) HSP90 (0.555) ACT (0.519) HSP90 (2.26)

1 ? 2 1 UBI (0.311) *ADP (NA) ADP (0.098) RPL2 (1.16)

2 EF1 (0.358) *UBI (NA) UBI (0.145) EF1 (1.30)

3 ACT (0.376) *GAPDH (0.195) EF1 (0.290) ACT (1.40)

4 ADP (0.447) *EF1 (0.170) HSP90 (0.336) SAM (1.40)

5 GAPDH (0.453) ACT (0.137) L-TUB (0.355) L-TUB (1.53)

6 SAM (0.502) SAM (0.113) SAM (0.412) UBI (1.54)

7 HSP90 (0.513) L-TUB (0.115) ACT (0.431) ADP (1.61)

8 L-TUB (0.737) RPL2 (0.123) GAPDH (0.472) HSP90 (1.64)

9 RPL2 (1.070) HSP90 (0.400) RPL2 (0.560) GAPDH (1.66)

Samples were collected on the first, third, fifth, seventh and the tenth day of the experiment from the youngest but expanded leaf. During this

period no symptoms of aging were observed. Ranking for potential references useful for the comparison between stages were also shown. The

CV analysis by qBase the NormFinder and the BestKeeper rankings of each gene is shown with the associated CV value NormFinder stability

value (SV) or BestKeeper standard deviation values (SD), respectively. Each gene in the geNormPLUS ranking is shown with its Vn/n?1 value

associated with adding that gene to the analysis and reference genes recommended to be used together in one experiment are preceded by asterisk

NA not applicable
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et al. 2004; Abebe et al. 2010); thus the comparison of

potential reference gene expression stability was also per-

formed for both control and drought-treated plants either

separately for each day of the treatment or for all the days

taken together into account (general analysis). The rank-

ings obtained for particular days of treatment were slightly

different and general analysis pointed out huge variation in

every gene expression (data not shown). Finally, we deci-

ded to focus on the tenth day of drought treatment when the

changes in the expression of HVA1 and SRG6 (drought

regulated genes) observed between the control and

drought-treated plants as well as differences between their

relative expression levels in barleys of different drought

tolerance were the highest irrespective of the develop-

mental stage (data in preparation). Here a clear turgor loss

was visible in drought-treated plants; however, all the

plants survived after rewatering. In most cases the observed

variation in the expression level of genes studied here was

the lowest when compared with the variation observed

either during leaf growth in the control or during drought

treatment. All the measures of gene expression stability

(MCVSV and SD) were in this case the lowest for top

ranked genes (Figs. 1, 2, 3; Tables 2, 3, 4). At the third-leaf

stage UBI and ADP were characterized with the most stable

expression between the control and drought-stressed plants

at the tenth day of the experiment. During heading ACT

was the least variable gene (with the exception of Best-

Keeper ranking). Also geNormPLUS recommended ACT

together with GAPDH (which was however the most

unstable in the seedling stage) for normalization of gene

expression at the heading stage. SAM was characterized

with the lowest stability at this stage. For the experiments

in which the drought-induced fold changes in gene

expression should be compared between seedling and

heading stage on the tenth day of drought treatment the use

of ADP and HSP90 should be recommended according to

geNormPLUS although ADP undoubtedly displayed the

highest stability of expression level.

Discussion

Methods for the identification of stable reference genes are

based on distinct models and often produce different results

from the same data set (Paolacci et al. 2009; Schmidt and

Delaney 2010; Mallona et al. 2010). On the other hand

in the present paper rankings created by CV analysis

geNormPLUS (M) and NormFinder (SV) were very similar,

while BestKeeper’s ranking was almost always distinct.

Similar differences between BestKeeper and other methods

were previously reported (Mallona et al. 2010). The most

characteristic feature for BestKeeper’s rankings created in

the present paper was that RPL2 was in vast majority the

most stable in the expression irrespective of the data set

analyzed, whereas other methods classified it with some

exceptions as one of the most unstable genes. We have

found that the mean Ct value for RPL2 was the smallest

among all the genes (20.95 in comparison to 23.76 for all

the other genes). According to the authors of this method

slightly expressed genes with Ct values of about 30–35

certainly show different (higher) variance compared with

highly expressed genes with Cts around 15 or even less

(Pfaffl et al. 2004). The author suggested new versions of

the software in which Spearman and Kendall Tau corre-

lation should be used for ranking purposes. Unfortunately

Fig. 1 The gene expression stability measure (M) calculated with

geNormPLUS for growing barley leaves in two developmental stages.

Samples were collected on the first, third, fifth, seventh and tenth day

of the experiment from the youngest but expanded leaf. During this

period no symptoms of aging were observed. M values for potential

references useful for the comparison between different developmental

stages were also shown

Fig. 2 The gene expression stability measure (M) calculated with

geNormPLUS for barley leaves drought-treated in two developmental

stages. The mean stabilities for both stages were also shown. Samples

were collected from the youngest but expanded leaf on the first (60%

MWC) third (49% MWC) fifth (39% MWC) seventh (31% MWC)

and the tenth (31% MWC) day of the drought treatment
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those versions are not currently available. Additionally, our

study showed the possibility of some problems occurring

when the differences in Ct values are smaller than those

indicated by the authors. Different input data required for

different methods were also suggested as a major source of

the variation between rankings created in different methods

(Jian et al. 2008; Mallona et al. 2010). BestKeeper and

NormFinder examine Ct values whereas qBasePLUS eval-

uates calculated template amount.

In consequence, the differences in PCR efficiency may

affect variation in stability rankings between programs

requiring different input data. In our study rankings created by

qBasePLUS and NormFinder were very similar. This might be

explained by the fact that all amplification efficiencies

observed here were very similar and close to two (100%).

The relative expression instability of the potential ref-

erence genes observed in our experiments during 10 days

of barley leaf growth was comparable or even higher to

those observed during drought treatment. This was rather

surprising especially because in the beginning of the

experiment leaves were expanded and at the end no visual

symptoms of aging were observed. The huge impact of leaf

growth on the expression of genes studied also prompted

some further consequences. The most stable expression of

many genes was observed when control and drought-trea-

ted plants were compared together at the same time point

of the experiment. In this case an important source of the

variation leaf growth was excluded. On the other hand, this

instability impeded the proper selection of internal stan-

dards for dynamic studies of fold (relative to the control)

Table 3 Relative stability ranking of potential internal reference genes in leaves of barley subjected to drought in two developmental stages

Stage Rank qBase CV analysis (CV) qBase geNormPLUS (Vn/n?1) NormFinder (SV) BestKeeper (SD)

3rd leaf (1) 1 UBI (0.116) *RPL2 (NA) UBI (0.112) HSP90 (0.40)

2 ADP (0.136) *EF1 (NA) ADP (0.114) EF1 (0.57)

3 GAPDH (0.294) UBI (0.146) GAPDH (0.270) RPL2 (0.60)

4 RPL2 (0.297) ADP (0.098) ACT (0.286) ADP (0.70)

5 ACT (0.303) HSP90 (0.085) RPL2 (0.289) UBI (0.78)

6 HSP90 (0.330) GAPDH (0.11) HSP90 (0.316) L-TUB (0.78)

7 EF1 (0.391) ACT (0.082) EF1 (0.360) GAPDH (1.10)

8 SAM (0.440) SAM (0.088) SAM (0.423) AKT (1.12)

9 L-TUB (0.560) L-TUB (0.091) L-TUB (0.488) SAM (1.31)

Heading (2) 1 L-TUB (0.266) *EF1 (NA) L-TUB (0.161) RPL2 (0.96)

2 ADP (0.330) *L-TUB (NA) ADP (0.314) HSP90 (1.01)

3 GAPDH (0.365) *UBI (0.204) GAPDH (0.371) EF1 (1.13)

4 EF1 (0.469) *HSP90 (0.190) EF1 (0.375) ADP (1.14)

5 HSP90 (0.489) *ADP (0.165) HSP90 (0.458) L-TUB (1.21)

6 ACT (0.513) GAPDH (0.136) ACT (0.521) UBI (1.44)

7 UBI (0.549) ACT (0.147) UBI (0.570) AKT (1.45)

8 SAM (0.589) SAM (0.148) SAM (0.745) GAPDH (1.69)

9 RPL2 (0.625) RPL2 (0.148) RPL2 (0.807) SAM (1.84)

1 ? 2 1 ADP (0.248) *EF1 (NA) ADP (0.243) HSP90 (0.66)

2 GAPDH (0.312) *UBI (NA) GAPDH (0.303) RPL2 (0.78)

3 UBI (0.357) *HSP90 (0.228) EF1 (0.360) EF1 (0.80)

4 HSP90 (0.412) *ADP (0.155) HSP90 (0.368) ADP (0.88)

5 EF1 (0.416) L-TUB (0.136) UBI (0.408) UBI (1.04)

6 ACT (0.510) GAPDH (0.116) L-TUB (0.427) L-TUB (1.05)

7 L-TUB (0.576) ACT (0.130) ACT (0.441) ACT (1.30)

8 RPL2 (0.594) RPL2 (0.120) RPL2 (0.588) GAPDH (1.34)

9 SAM (0.658) SAM (0.119) SAM (0.642) SAM (1.62)

The mean stabilities for both stages were also shown. Samples were collected from the youngest but expanded leaf on the first (60% MWC), third

(49% MWC), fifth (39% MWC), seventh (31% MWC) and the tenth (31% MWC) day of the drought treatment. The CV analysis by qBase the

NormFinder and the BestKeeper rankings of each gene is shown with the associated CV value. NormFinder stability value (SV) or BestKeeper

standard deviation values (SD), respectively. Each gene in the geNormPLUS ranking is shown with its Vn/n?1 value associated with adding that

gene to the analysis and reference genes recommended to be used together in one experiment are preceded by asterisk

NA not applicable
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changes in accumulation of transcripts during drought

treatment. In this case an additional variation source was

added—different leaf growth rates in drying and well-

watered plants. Changes in gene expression during the

middle period of leaf growth were not studied before while

such changes were widely studied during early stages of

leaf development and during senescence (Atienza et al.

2004; Druka et al. 2006; Gregersen and Holm 2007). The

stability of potential reference gene expression was com-

pared in leaf buds and aging leaves of Petunia hybrida

(Mallona et al. 2010). The observed variation in gene

expression was certainly higher than in the case of our

results (for instance geNorm M values for the most stable

gene was 0.77 whereas in our case 0.36) and EF1 was most

frequently selected as the most stable gene by those authors

(depending on statistics and genotype). In our study EF1

was also found in the group of less variable genes espe-

cially during heading and for the whole control (not sub-

jected to drought) dataset thus in the cases when higher

overall variation was observed. However, on the basis of

our experiment UBI and ADP should be recommended as

the internal standards for real-time RT-PCR studies of gene

expression in developing leaves of barley. Interestingly,

translation products of these both genes are involved in

protein processing which seems to be a process rather

stable during leaf growth (Liu et al. 2008). On the other

hand, three most unstable genes L-TUBRPL2 and HSP90

play rather distinct biological functions (Radchuk et al.

2008; Marty and Meyer 1992; Wang et al. 2004).

The larger variation in the expression levels of nearly all

of the studied genes was observed during heading rather

than in the third-leaf stage. Two possible explanations may

be suggested. (1) The first is a very simple one. As shown

earlier the expression of our potential references changed

during leaf growth; thus leaf developmental age affects the

level of its expression. When sampling is performed at the

third-leaf stage we can be confident that those leaves were

developed approximately at the same time. At the heading

stage due to natural variation in plant growth and devel-

opment rates the leaf developmental age may be much

different in different plants in the beginning of the exper-

iment; thus the level of overall variation observed would be

higher. (2) The second factor that may affect larger vari-

ation in the expression of genes studied here is the devel-

opment of generative organs during heading which affects

the expression of a large set of genes (Druka et al. 2006).

The transcript level of ACT the gene which is very

often used for gene expression normalization in plants

and reported as stably expressed in vegetative tissues of

Arabidopsis (An et al. 1996) was quite stable in seedling

although it can be recommended as internal standard nei-

ther at the heading stage nor for comparisons between

different developmental stages. On the other hand, GAPDH

was the only gene which increased their stability during

heading when compared with the seedling stage where it

was indicated as stable on the basis of M statistics only. It

is likely that the activity of glycolitic GAPDH which

integrated many metabolic pathways in the cells gets more

stable when sink-source relations and leaf metabolism

becomes more stable after flowering induction and heading

(Wardlaw 1990).

The expression of ADP was not only very stable at the

control but also hardly affected by drought treatment both

when the transcript level was studied in subsequent days of

the treatment as well as when the level of the expression

was compared between drought-treated and control plants.

Additionally its stability was not affected by development

stage. Our results confirmed the suggestion based on in

silico studies that ADP may be a good reference gene in

barley (Faccioli et al. 2007). UBI the expression level of

which was quite stable under control conditions still

remained the most stable gene when drought was applied in

the seedling stage; however, it was characterized with

lower stability during heading. The same was observed

when the expression level of this gene between drought-

treated and control plants in the last day of the experiment

was compared. The results of our experiments showed that

transcriptional regulation of UBI seems not to be the ele-

ment of drought response in general although it may be

connected with some interactions between drought signal

and leaf development. As suggested earlier the potential

role of ubiquitination in abiotic stress would be the regu-

lation of the lifetime of rather signaling molecules than

proteins directly connected to stress tolerance (Xiong and

Zhu 2001).

Fig. 3 The gene expression stability measure (M) calculated with

geNormPLUS for drought-induced changes in barley leaves. Data was

calculated for two developmental stages separately as well as the

stability was checked for both stages together to select potential

references suitable for the comparison between drought treated plants

at different stages. Data from the tenth day of both control and

drought-treated plants were used in the calculations
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In the present study ACT was shown to have very good

stability between control and drought-treated plants at the

one time-point; however, only during heading. Thus, the

stability of ACT expression in drought seems to be

dependent on developmental stage. The effects of abiotic

stresses on ACT expression were also previously reported

(Nicot et al. 2005; Paolacci et al. 2009). On the other hand

it was the evidence provided for the stability of ACT in

tobacco exposed to several abiotic stresses including

drought treatment (Schmidt and Delaney 2010). Further-

more, in the previous studies of our team ACT was used as

the reference gene in the studies of drought response at the

seedling stage in barley (Rapacz et al. 2010). According to

the present results ACT seems not to be the best internal

standard for the studies of drought-induced fold increase in

gene expression at that developmental stage. In the paper

mentioned earlier the final results were calculated as rela-

tive to the reference genotype due to the lack of HVA1

expression observed in the control plants (Rapacz et al.

2010). Additionally, that study was performed on the

seventh day of drought treatment when the water deficit in

leaves was not as substantial as in the current study and the

expression of ACT was more stable between drought-

treated and control plants (data not shown).

a-Tubuline is one of the major elements of the micro-

tubules which are involved in several cellular processes

such as cell shape specification cell transport cell motility

cell division and expansion (Radchuk et al. 2008); thus any

changes in its expression triggered by factors affecting

growth rate (as a drought) should be expected. The

Table 4 Relative stability ranking of potential internal reference genes for the studies of drought-induced changes in gene expression in leaves

of barley plants subjected to drought in two developmental stages

Stage Rank qBase CV analysis (CV) qBase geNormPLUS (Vn/n?1) NormFinder (SV) BestKeeper (SD)

3rd leaf (1) 1 UBI (0.083) *ADP (NA) UBI (0.064) RPL2 (0.24)

2 ADP (0.092) *UBI (NA) ADP (0.064) EF1 (0.37)

3 EF1 (0.288) EF1 (0.133) EF1 (0.306) ADP (0.51)

4 HSP90 (0.352) HSP90 (0.108) HSP90 (0.307) UBI (0.55)

5 RPL2 (0.415) L-TUB (0.090) SAM (0.379) L-TUB (0.55)

6 SAM (0.438) RPL2 (0.098) L-TUB (0.445) HSP90 (0.69)

7 L-TUB (0.466) SAM (0.130) RPL2 (0.448) SAM (0.83)

8 ACT (0.552) ACT (0.116) ACT (0.480) ACT (0.93)

9 GAPDH (0.653) GAPDH (0.103) GAPDH (0.558) GAPDH (1.01)

Heading (2) 1 ACT (0.163) *ACT (NA) ACT (0.079) RPL2 (1.13)

2 ADP (0.182) *GAPDH (NA) GAPDH (0.122) EF1 (1.48)

3 GAPDH (0.184) HSP90 (0.111) HSP90 (0.146) ADP (1.76)

4 HSP90 (0.193) ADP (0.104) ADP (0.165) GAPDH (1.85)

5 L-TUB (0.262) L-TUB (0.085) L-TUB (0.204) ACT (1.90)

6 UBI (0.317) UBI (0.083) UBI (0.343) L-TUB (2.00)

7 EF1 (0.528) EF1 (0.098) EF1 (0.453) UBI (2.08)

8 RPL2 (0.633) RPL2 (0.135) RPL2 (0.639) HSP90 (2.09)

9 SAM (0.689) SAM (0.133) SAM (0.730) SAM (2.32)

1 ? 2 1 ADP (0.151) *HSP90 (NA) ADP (0.037) RPL2 (0.87)

2 HSP90 (0.278) *ADP (NA) HSP90 (0.209) ADP (1.34)

3 UBI (0.337) L-TUB (0.139) L-TUB (0.334) ACT (1.37)

4 L-TUB (0.414) UBI (0.129) UBI (0.379) EF1 (1.40)

5 EF1 (0.452) EF1 (0.112) GAPDH (0.388) GAPDH (1.42)

6 ACT (0.486) GAPDH (0.131) EF1 (0.456) HSP90 (1.48)

7 GAPDH (0.544) RPL2 (0.135) RPL2 (0.515) L-TUB (1.51)

8 RPL2 (0.572) ACT (0.134) ACT (0.558) SAM (1.52)

9 SAM (0.802) SAM (0.124) SAM (0.668) UBI (1.66)

The stability was also checked for both stages to select potential references suitable qfor the comparison between stages. Data from the tenth day

of both control and drought-treated plants was used in the calculations. The CV analysis by qBasethe NormFinder and the BestKeeper rankings

of each gene are shown with the associated CV value NormFinder stability value (SV) or BestKeeper standard deviation values (SD),

respectively. Each gene in the geNormPLUS ranking is shown with its Vn/n?1 value associated with adding that gene to the analysis and reference

genes recommended to be used together in one experiment are preceded by asterisk

NA not applicable

Acta Physiol Plant (2012) 34:1723–1733 1731

123



previous report demonstrated variability of L-TUB expression

under drought in cucumber (Wan et al. 2010). In the

present study the effect of drought on the expression level

of L-TUB clearly depends on developmental stage and as

in the case of ACT higher stability was observed at the

heading stage.

SAM, HSP90 and EF1 were suggested as potential

internal standards for qRT-PCR studies in barley (Faccioli

et al. 2007). In our experiments SAM was the least stable

in the vast majority of calculations involving samples

collected from drought-treated plants. It can be expected

since the involvement of S-adenosylmethionine decar-

boxylase in polyamines synthesis and polyamine metab-

olism changes significantly in various abiotic stresses

(Alcazár et al. 2006). Usually HSP90 and EF1 were

ranked under the best references; however, the variation

observed for their expression was lower than that of SAM.

These results are contrary to the results of other studies in

which the stability of EF1 expression under drought and

other abiotic stresses was proved (Faccioli et al. 2007;

Nicot et al. 2005; Wan et al. 2010). In fact this may be

surprising due to large changes in protein metabolism

observed under different abiotic stress conditions (Kos-

mala et al. 2009; Rasoulnia et al. 2010). One of the stress-

induced proteins is HSP90. It was shown that the

expression of encoding gene in Arabidopsis is regulated

by heat cold salt stress heavy metals and light–dark

transitions where management of protein folding seems to

be very important (Krishna and Gloor 2001). In the

present study the variation in HSP90 expression is,

however, more significant during leaf growth (in the

control) than under drought and HSP90 was even selected

as one of the most stable reference for fold change studies

relative to the control. It is possible that protein repair

processes are not indispensable during drought. The

changes observed in HSP90 transcript levels during leaf

growth might be connected with the different functions of

encoded protein (signal-transduction networks cell-cycle

control protein degradation and protein trafficking) (Wang

et al. 2004).

GAPDH was characterized with stable expression level

in barley as well and it was used as the stable reference in

the study of drought-affected gene expression (Faccioli

et al. 2007; Abebe et al. 2010). In the present study, the

stability of GAPDH observed in drought was strongly

connected with the developmental stage and in seedling

this gene was definitely the least stable in its expression

when compared with the control level. However, in the

study cited above the drought treatment lasted just for

4 days (Abebe et al. 2010). Therefore, the differences in

the expression levels between drought-treated and control

plants may be insignificant at that time. It seems to be

possible because on the basis of our results the expression

level of GAPDH seems to be more affected by leaf growth

than drought per se.

RPL2 the last of genes studied was previously indicated

as the best reference gene in potato plants subjected to

abiotic stress treatment (Nicot et al. 2005). This result was

not confirmed in our experiments.

Conclusion

The results indicated that leaf growth per se affects the

expression of studied genes to the similar extent as the

drought. Furthermore the different genes were the most

stably expressed at the seedling and heading stage. As a

result different sets of reference genes were selected for

different applications. The expression level of ADP seems

to be the least affected by all the factors studied in the

present experiment; however, different genes were proved

to be more stable in some instances.
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K. Skorupa ran the experiment, performed qPCR studies and

data analysis and were also involved in paper preparing.

Acknowledgments The authors are indebted to Agata Stajuda

(Edinburgh Napier University) for critical reading of the manuscript.

This work was supported by the European Regional Development

Fund through the Polish Innovative Economy Program 2007–2013

project WND-POIG.01.03.01-00-101/08 POLAPGEN-BD ‘‘Biotech-

nological tools for breeding cereals with increased resistance to

drought’’.

Open Access This article is distributed under the terms of the

Creative Commons Attribution License which permits any use, dis-

tribution, and reproduction in any medium, provided the original

author(s) and the source are credited.

References

Abebe T, Malmaiee K, Berg V, Wise RP (2010) Drought response in

the spikes of barley: gene expression in the lemma, palea, awn

and seed. Funct Integr Genomics 10:191–205

Alcazár R, Marco F, Cuevas JC, Patron M, Ferrando A, Carrasco P,

Tiburcio A (2006) Involvement of polyamines in plant response

to abiotic stress. Biotechnol Lett 28:1867–1876

An YQ, McDowell JM, Huang S, McKinney EC, Chambliss S,

Meagher RB (1996) Strong, constitutive expression of the

Arabidopsis ACT2/ACT8 actin subclass in vegetative tissues.

Plant J 10:107–121

Andersen CL, Jensen JL, Ørntoft TF (2004) Normalization of real-

time quantitative reverse transcription-PCR data: a model-based

variance estimation approach to identify genes suited for

normalization, applied to bladder and colon cancer data sets.

Cancer Res 64:5245–5250

Atienza SG, Faccioli P, Perrotta G, Dalfino G, Zschiesche W,

Humbeck K, Stanca AM, Cattivelli L (2004) Large scale

1732 Acta Physiol Plant (2012) 34:1723–1733

123



analysis of transcripts abundance in barley subjected to several

single and combined abiotic stress conditions. Plant Sci 167:

1359–1365

Cattivelli L, Rizza F, Badeck FW, Mazzucotelli E, Mastrangelo AM,
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