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Abstract. Eight candidate housekeeping genes were examined as internal controls for normalizing expression analysis of durum
wheat (Triticum durum L.) under drought and salinity stress conditions. Quantitative real-time PCR was used to analyse gene
expression of multiple stress levels, plant ages (24 and 50 days old), and plant tissues (leaf and root). The algorithms BestKeeper,
NormFinder, GeNorm, the delta Ct method and the RefFinder were applied to determine the stability of candidate genes. Under
drought stress, the most stable reference genes were glyceraldehyde-3 phosphate, ubiquitin and B-tubulin2, whereas under salinity
stress conditions, eukaryotic elongation factor 1-a, glyceraldehyde-3 phosphate and actin were identified as the most stable reference
genes. Validation with stress-responsive genes NAC29 and NAC6 demonstrated that the expression level of target genes could be
determined reliably with combinations of up to three of the reference genes. This is the first report on reference genes appropriate for
quantification of target gene expression in 7. durum under drought and salt stresses. Results of this investigation may be applicable
to other Triticum species.
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Introduction conditions have been found to reduce yield and yield

components of wheat (Araus ez al. 2002). It has been shown

Durum wheat (7riticum durum; 2n = 4x = 28 AABB)
is one of the most significant agricultural products in
the Mediterranean, mostly in central and west Asia and
north Africa (Brennan et al. 2002). It is a small part
of the global wheat industry, accounting for about 5%
of agricultural land and 10% of total wheat produc-
tion (Mohammadi et al. 2015). Drought and salt stress

that a high level of salinity can decrease important agro-
nomic traits such as leaf area, plant height, crop growth,
dry matter, net assimilation rate and seed yield (Joshi and
Nimbalkar 1983). Drought stress is another critical factor
that limits agricultural production, and the improvement
of wheat yield under drought stress is an important target
of plant breeding (Cattivelli et al. 2008; Mir et al. 2012;

Electronic supplementary material: The online version of this article (https:/ldoi.orgl10.1007/s12041-018-1042-5 ) contains supplemen-
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1433


http://crossmark.crossref.org/dialog/?doi=10.1007/s12041-018-1042-5&domain=pdf
http://orcid.org/0000-0002-5351-3577
https://doi.org/10.1007/s12041-018-1042-5

1434

Tuberosa 2012). In Iran, a significant decrease in wheat
production has resulted from the shortage of rainfall in
recent years (Abdolshahi ez al. 2013).

Plants react to environmental stress through
physiological, morphological, and metabolic changes in all
of their organs (Dudley and Shani 2003). At the genetic
level, stress tolerance involves multiple mechanisms for
regulating gene expression (Knight and Knight 2001).
Plant engineering approaches to abiotic stress tolerance
often take advantage of regulatory genes that control
biochemical and physiological responses. Stress-tolerant
genotypes can be valuable for evaluating resistance genes
in functional studies to understand the molecular basis of
adaptation to abiotic stresses (Zhang et al. 2016).

Methods for investigating gene expression, such as
microarrays and quantitative real-time PCR (qRT-PCR),
have played a critical role in biology research (Kavousi ez al.
2009). qRT-PCR is a technique used to analyse gene
expression quantitatively (Gachon et al. 2004; Bustin et al.
2009). Factors that play an important role in qRT-PCR
include the initial sample size, RNA concentration, cDNA
synthesis and the differences in the overall transcription
activity in the analysed tissues and cells (Chen et al. 2006).
To obtain the precise results, the target gene expression
levels must be normalized by internal reference genes.
Housekeeping genes are often applied as reference genes
because of their stable expression (Vandesompele et al
2002). These genes are commonly involved in vital pro-
cesses of cell metabolism and architecture, such as the
formation of the cytoskeleton, protein folding and riboso-
mal subunit synthesis (Huggett ez al. 2005; Gutierrez et al.
2008). Precise normalization is essential for obtaining bio-
logically significant expression data, therefore qRT-PCR
analysis greatly depends upon accurate selection of the
reliable reference genes that are expressed stably across
various tissue samples, experimental conditions and devel-
opmental stages (Bustin ez al. 2009). The use of unsuit-
able or unstable reference genes can affect the transcript
quantification results and lead to erroneous conclusions
(Gutierrez et al. 2008; Guénin et al. 2009). In addition,
the stability of reference gene expression has been found
to vary with environmental conditions, such as abiotic
stress (Wei et al. 2013; Galli et al. 2015) and biotic stress
(Scholtz and Visser 2012).

Over the past decades, housekeeping genes such as actin
(ACT), glyceraldehyde-3 phosphate (GAPDH), 18SrRNA,
B-tubulin 2 (8-TUB?2) and cukaryotic elongation factor 1«
(eEF-1a) have been evaluated as suitable reference genes
for the qRT-PCR (Mittler 2006). The expression of house-
keeping genes has been reported to change under the
various conditions, indicating that the optimal reference
genes may vary (Volkov et al. 2003). To perform qRT-PCR
precisely, it is essential to optimize internal control genes
in various experimental conditions for a plant species. The
factorsinfluencing the variation in the expression of house-
keeping genes are the plant life stage, the sample tissue
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and the environmental stress applied to the plant (Fis-
cher et al. 2005; Goossens et al. 2005; Sinha et al. 2015). A
set of multiple reference genes will be more accurate, with
the geometric mean of multiple control genes minimizing
variation in expression (Vandesompele ez al. 2002). Stable
reference genes have been validated for some economically
important cereal crops, including bread wheat (Jain et al.
2006; Paolacci er al. 2009; Manoli et al. 2012), but not
durum wheat. Therefore, this study was performed to
assess the stability of the expression of the reference genes
GAPDH, ACT, 18SrRNA, 25SrRNA, eEFla, B-TUB2,
eukaryotic initiation factor 4a (elF-4a), and ubiquitin
(UBQ) in durum wheat. Two stress-responsive transcrip-
tion factors, TuNAC29 and TaNAC6 were used in the vali-
dation of reference genes under conditions of drought and
salt stress. To our knowledge, this is the first investigation
of reference gene stability in durum wheat under abiotic
stress.

Materials and methods
Plant materials, growth conditions and treatments

Seeds of T. durum cv. ‘Shabrang’ were sterilized with 2.5%
sodium hypochlorite for 15 min and washed thrice with
deionized water. Seeds were then exposed to 70% ethanol
for 1 min, washed thrice with deionized water, and placed
on 0.8% agar medium in a 90 mm Petri dish for two
days in an incubator at 28°C and 55% relative humid-
ity. Germinated seeds were transferred to the new Petri
dishes containing sand supplemented with half-strength
Hoagland solution for two days, followed by full-strength
Hoagland solution for 16 days. The seedlings were then
transferred to 200-mL Hoagland solution containing dif-
ferent concentrations of osmoticum (0%, 10% and 20%
PEG6000) or salt (0, 75 and 150 mM NacCl), with aera-
tion provided by an aquarium pump. After four days of
osmotic or salt stress treatment, leaves and roots of the
seedlings were harvested, frozen in liquid nitrogen, and
stored at —80°C until RNA isolation. To examine mature
plants, plants were maintained in 200-mL Hoagland solu-
tion for 46 days and then were exposed to the six stress
treatments as described above. After four days of stress
treatment, leaf and root samples were harvested, frozen
in liquid nitrogen, and stored at —80°C. The tissue sam-
ples used for qRT-PCR analysis are presented in table 1 in
electronic supplementary material in http://www.ias.ac.in/
jgenet/.

Total RNA extraction and cDNA synthesis

Total RNA was extracted using RNX-Plus solution
(CinnaGen, Tehran, Iran) and treated with DNase
(Thermo Fisher Scientific, USA) according to the man-
ufacturers’ instructions. The integrity of isolated RNA was
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Figure 1. Ct values of candidate reference genes tested under
drought stress conditions. The box demonstrates the 25th and
75th percentiles and the whiskers caps show the maximum and
minimum values. A centre line across the boxes represents the
median.
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Figure 2. Ctvalues of candidate reference genes tested under salt
stress conditions. The box shows the 25th and 75th percentiles
and the whiskers caps demonstrate the maximum and minimum
values. A centre line across the boxes represents the median.

tested on 1% agarose gel -electrophoresis. The
concentration and purification of each sample was checked
using NanoDrop-1000 spectrophotometer. High-quality
RNA with OD 260/280 and OD 260/230 > 2 was utilized
for the subsequent steps. RNA, 2 ug was used for first-
strand cDNA synthesis using the Prime-Script RT reagent
kit (Takara, Japan) following the manufacturer’s guide-
lines.

Selection of housekeeping genes, target genes, PCR primer
design and amplification efficiency test

Sequence information for eight housekeeping genes
(B-TUB2, ¢eEFla, elF-4a,25SrRNA, UBQ, GAPDH, ACT
and /8SrRNA) and two stress-responsive genes (TaNAC29
and 7uNAC6) was obtained from the National Center
for Biotechnology Information (NCBI) database (table 1).
Gene-specific primers were designed using Gene Runner
software v. 6.0.28 and Primer3. Dilutions of cDNA (10—,
1072, 1073, 107#, 10~°) were made to develop standard

Table 2. Stability values and ranking order of housekeeping genes tested for drought stress conditions, based on results from BestKeeper, GeNorm, NormFinder, Delta Ct and

RefFinder.
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RefFinder

Delta Ct

NormFinder

GeNorm

BestKeeper

Geomean of ranking values (GM)

Average of stdev ~ Gene

Stability value (pjg /0;)  Gene

Gene  M-value  Gene

Std. dev. [£CP]

Gene

Ranking

1.00
1.68
3.46
3.66
5.23
6.09
6.45
7.74

GAPDH
eEF-la
UBQ
18SrRNA
ACT
25SrRNA
B-TUB2
elF-4a

0.55
0.58
0.66
0.70
0.79
0.83
0.91
0.97

GAPDH
UBQ
eEF-la
18SrRNA
ACT
B-TUB2
25SrRNA
elF-4a

0.240
0.243
0.308
0.314
0.322
0.385
0.468
0.584

B-TUB2
UBQ
GAPDH
eEF-la
25SrRNA
18SrRNA
elF-4a
ACT

0.682
0.684
0.724
0.769
0.795
0.827
0.948
1.046

GAPDH
B-TUB2
UBQ
eEF-1a
25SrRNA
18SrRNA
elF-4a
ACT

0.36
0.56
0.66
0.72
0.82
0.89
1.03
1.04

F-la
18SrRNA
25SrRNA

GAPDH
UBQ
ACT
B-TUB2

e
elF-4a

— NN <t n» O~
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Figure 3. Reference gene ranking for drought stress conditions. (a) Gene expression stability of housekeeping genes using GeNorm
program based on an average expression stability value. (b) Gene expression stability using NormFinder algorithm based on stability

value.
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Figure 4. Heat map of candidate genes for drought stress samples. The heat map was derived from normalized Ct mean values of
the reference genes in different tissues (root and leaf), stress levels (0%, 10% and 20% PEG 6000) and harvesting time (24 and 50 days

old).

curves for the targeted genes. PCR amplification of the
cDNA was conducted in a Rotor-Gene 3000 Real time Fast
Thermocycler (Sydney, Australia) using 95°C for 30 s, then
40 cycles of 95°C for 5 s and 30 s of annealing at the ampli-
con Ty, (table 1), followed by a melting curve analysis.
No-template controls were used to ensure that no reagent
or genomic DNA contamination existed. The presence of
a single peak in qRT-PCR melting curve products and a
single band of the expected size in the 2% agarose gel after
electrophoresis verified the specificity of amplicons (fig-
ures 1 and 2 in electronic supplementary material). The
correlation coefficient (R%) and amplification efficiency
(E) of the primers were calculated from the slope of the

standard curve based on the following equation
(Radonic et al. 2004):

1
E (%) = 10(51013

)—1 x 100

Gene expression analysis

Reference gene expression was analysed by the programs,
BestKeeper, GeNorm, NormFinder, delta Ct method, and
RefFinder, a web-tool (https://omictools.com/reffinder-
tool) that integrates these programs. The transcription
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Determination of the optimal number of control genes for
normalization
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Figure 5. The optimum number of control genes for precise normalization counted by GeNorm algorithm.

factors TaNAC29 and TaNAC6 were used as
stress-responsive genes to examine reference gene relia-
bility. Through BestKeeper software (Pfaffl et al. 2004),
reference genes were compared by repeated pairwise cor-
relation and regression analysis of each gene with the
other remaining candidate reference genes. The statisti-
cal algorithms GeNorm (https://genorm.cmgg.be/) and
NormFinder (https://moma.dk/normfinder-software)
were applied to identify and rank the most stable house-
keeping genes. Reference genes were also examined using
the delta Ct method to compare the relative expression of
"pairs of genes’ in each sample (Silver et al. 2006). Corre-
spondence between the programs GeNorm, NormFinder,
BestKeeper, delta Ct method, and RefFinder was evalu-
ated by Pearson’s correlations (P <0.01) and calculated
using SPSS software v. 24.0. A heat map was created
from normalized Ct means using the web server ClustVis
(http://biit.cs.ut.ee/clustvis/).

Results

Housekeeping genes expression profile

qRT-PCR analysis of the cDNA dilution series determined
that amplification efficiencies of the gene targets ranged
from 92.34% to 109.17% (table 1). All PCR reactions
had efficiencies within the acceptable level of 80-120%
(Bustin et al. 2009) and they produced a single product
(figures 1 and 2 in electronic supplementary material). The
mean Ct values of the candidate genes ranged from 6.1 to
26.6 under drought stress conditions and 6.1 to 24.9 for
salinity stress conditions (figures 1 and 2). Under both
stress conditions, /8SrRNA is the most expressed gene
(lowest mean Ct) and UBQ is the least expressed gene.

Determination of the most stable housekeeping genes for drought
stress conditions

To identify reference genes under drought stress
analysis, the expression of eight reference genes was
examined in leaves and roots from plants of two ages (24
and 50 days old) exposed to different levels of osmotica
(0%, 10% and 20% PEG 6000). The programs BestKeeper,
GeNorm, NormFinder, delta-Ct, and RefFinder were
used to rank the reference genes by expression stability
(table 2). Through analysis of standard deviation (SD),
BestKeeper identified GAPDH, EF-1o, and 18SrRNA as
the most stable genes and e/F-4a and B-TUB?2 as the least
stable genes.

The GeNorm and Normfinder results for drought
conditions are shown in figure 3. The GeNorm algo-
rithm ranked the reference genes by measuring the average
expression stability value (M value; Vandesompele et al.
2002). This analysis determined that the most stable genes
were GAPDH, B-TUB2 and UBQ, based on M-values
of 0.682, 0.684 and 0.724, respectively). The least stable
genes identified by GeNorm were ACT (M 1.046), elF-4a
(M 0.948) and 18SrRNA (M 0.827). NormFinder calcu-
lated the stability values (SV) for candidate reference genes
using linear mixed-effects modelling. Based on this algo-
rithm, 8-TUB2, UBQ, and GAPD H were determined to be
the most stable housekeeping genes. Similar to the results
of GeNorm analysis, the least stable genes for drought
stress conditions were identified to be ACT, elF-4a, and
18SrRNA.

The delta Ct and BestKeeper analyses both ranked
GAPDH as the most stable reference gene and elF-4a
as the least stable gene (table 2). This is consistent with
results from the RefFinder analysis, which integrated the
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four computational programs. The geomean values deter-
mined by RefFinder were 1.00 and 7.74 for GAPDH and
elF-4a, respectively.

A heat map was produced from normalized Ct mean
values for all candidate genes in all samples (figure 4). The
heat map analysis demonstrated stable levels of expression
of eEF-la and GAPDH across the tissues and drought
conditions, whereas other genes showed variable levels of
expression across samples. The heat map results correlated
with the stability ranking of the reference genes (table 2).

Determination of the optimal number of control genes in abiotic
stress conditions

To estimate the optimal number of reference genes for
gRT-PCR data normalization, a pairwise variation
(Vn/Vn+1) was calculated by the GeNorm algorithm. The
V2/3 values for drought stress conditions (0.167) and salin-
ity stress conditions (0.175) were above the cut-off value
(0.15). This indicates that three reference genes are suf-
ficient for gene expression data normalization in these
samples (figure 5). The addition of more reference genes
had no significant effect on the normalization of gene
expression.

Determination of the most stable reference genes for salt stress
conditions

Reference genes under salinity stress were analysed by the
same approach used above for drought stress conditions
(table 3; figure 6). The GeNorm, NormFinder, delta-Ct,
and RefFinder programs all ranked e/F-1a, GAPDH and
ACT as the most reliable reference genes and elF-4a to
be least reliable. The BestKeeper algorithm identified the
most stable genes for salinity stress to be UBQ, GAPDH
and elF-1a and the least stable genes to be /8SrRNA, elF-
4a and B-TUB2. Heat map analysis (figure 7) showed that
eEF-1a and GAPD H had the most stable expression across
tissues and salinity stress levels.

Correlation of the candidate reference gene analyses

A comparison of the reference gene analysis programs
was conducted using Pearson’s correlations. As shown in
table 4, Pearson’s correlations were positive and signifi-
cant for all pairwise comparisons of BestKeeper, GeNorm,
NormFinder, the deltaCt method and RefFinder. The
most significant correlations for drought stress were
between RefFinder vs GeNorm (r = 0.992), RefFinder
vs Delta Ct (r = 0.991), and NormFinder vs GeNorm
(r = 0.991). For salinity stress, the most significant cor-
relations were with BestKeeper vs RefFinder (r = 0.977)
and delta Ct vs GeNorm (r = 0.975).

Table 3. Stability values and ranking order of candidate reference genes obtained from all the analyzed samples from salinity stress conditions.

RefFinder
Geomean of ranking values (GM)

delta-Ct

NormPFinder

geNorm

BestKeeper

Average of std. dev.  Gene

Stability value (pjg /0;)  Gene

Gene  M-value  Gene

Std. dev. (£CP)

Gene

Ranking

1.19
2.59
2.63
3.72
4.30
5.44
6.45
7.44
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Figure 6. Housekeeping genes ranking for salinity stress conditions. Gene expression studies for determination of most stable
housekeeping genes under salinity stress condition using two programs. The direction of arrow shows the most and least stable
housekeeping genes in graphs. (a) Gene expression stability graph of housekeeping gene using GeNorm algorithm based on an
average expression stability value (M). (b) Gene expression stability graph using NormFinder algorithm based on stability value.
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Figure 7. Heat map of candidate genes for salt stress samples. This figure shows a heat map based on normalized Ct mean values
of candidate genes. Genes were clustered based on the Ct mean values of single candidate genes among tissues (root and leaf), stress
levels (0, 75 and 150 mM NaCl) and harvesting times (Twenty-fourth day and Fiftieth day).

Validation of reference genes for abiotic stress conditions

Reference genes for drought stress conditions were
validated with two stress-responsive transcription factors,
TaNAC29 and TuNACG6, in roots and leaves (figure 8).
Housekeeping genes with the most stable expression
(B-TUB2, GAPDH, UBQ), combinations of these genes
(B-TUB2+ GAPDH, B-TUB2+ UBQ, GAPDH + UBQ,
B-TUB2+ GAPDH+UBQ), and the least stable gene (elF-
4a) were examined. The relative expression of TuNAC29
and TaNAC6 was similar when the three most stable genes
and their combinations were used as internal controls,
in contrast to e/F-4a. For example, for drought stress
in root, relative expression of the target gene TauNAC29

showed induction of 2.0-2.5 fold using 8-TUB2, GAPDH,
UBQ, and their combinations as controls (figure 8a). With
elF-4a as a reference gene, TuNAC29 expression was cal-
culated to increase 5.5-fold. Similar patterns of expression
using B-TUB2, GAPDH, UBQ, and their combinations
as controls were also found for TaNAC29 expression in
leaves (figure 8c) and TaNAC6 in roots (figure 8b) and
leaves (figure 8d), in contrast variable results with eEF-
4a.

For salinity stress conditions, the stable reference genes
e¢EF-la, GAPDH, ACT and their combinations (eEF-la
+ GAPDH, GAPDH + ACT, eEF-la + ACT, eEF-la
+ ACT + GAPDH) were validated using TaNAC29 and
TaNAC6 (figure 9). EIF-4a was used for comparison as
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an unstable reference gene. The levels of induction of the
stress-responsive genes with NaCl treatments were consis-
tent with stable reference genes and their combinations, but
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the unstable reference gene eEF-4a gave different results.
For example, for the late moderate salinity stress treat-
ment in root (LMSSR), TaNAC29 expression was found

Table 4. Correlation matrix of the obtained values of
the five different mathematic algorithms (GeNorm,
NormFinder, BestKeeper the delta Ct method and
the RefFinder web-based tool) used for reference
gene evaluation. R, Pearson’s correlation coefficient;
**P<0.01 (for drought and salinity stress conditions).

to increase 2.5-3.0 fold when using stable reference genes,
but 4.2 fold when using eEF-4a (figure 9a).

Discussion

gRT-PCR is a useful method for studying the change
in gene expression profiles in plants subjected to abiotic
stress (Kumar et al. 2013). The optimal type and num-
ber of reference genes for accurately normalizing target

Correlation . . .
Drought _ Salinity gene expression need to be determined for different exper-
imental conditions (Vandesompele et al. 2002; Bustin et al.
NormFinder vs GeNorm 0.991%%  (.897** 2009). To select the appropriate reference genes for durum
Delta Ct vs GeNorm 0.958**  0.975** wheat under abiotic stress, we analysed eight housekeep-
IéefFIi(nder vs GéNIi])fm 8335:: 8232:: ing genes in different tissues (leaves and roots) of plants of
estiseeper vs GelNorm : ' different ages (24 and 50 days-old) that had been exposed
Delta Ct vs NormFinder 0.957**  0.881** to diff %d ( ht and ly it 1) ) P
RefFinder vs NormFinder ~ 0.932%*  0.970** o ditierent drought and sainity 1evels.
BestKeeper vs NormFinder ~ 0.911%  0.956** The five programs used to compare reference gene
RefFinder vs Delta Ct 0.991**  0.935** expression, BestKeeper, geNorm, NormFinder, delta Ct
BestKeeper vs Delta Ct 0975:: 0919:: and RefFinder, generally produced the same results, with
BestKeeper vs RefFinder 0.975 0.977 some exceptions. Under drought stress conditions, all algo-
rithms identified GAPDH as the best housekeeping gene
(a) | ®) o ,
o ‘] T EEMDSR 7.5 1 , sEMDSR
1 1
%ﬁ4.8 1 : SESDSR 6 : WESDSR
5 3.6 1 | sLMDSR 45 ] ' . T - b "LMDSR
% 24 4 i =LSDSR 34+ T ¥ i = LSDSR
= 1.2 ' 1.5 !
0 1 0 4 1
\ ¥
() . d .
7 1
% as | i SEMDSL 7.5 i [
g i 5 ESDSL 6 ! s ESDSL
6 nl ) : LMDSL 4.5 :
T T - - T . L] o T - T T 1 mLMDSL
% uar 7 I' i i i : = LSDSL 3|7 i [ | = LSDSL
B 1.2 A ! |
! 15 !
! 1
0
& & P & &P > o RN
ISERAEENAER S EP P FFTE S S
¥ SR P N ¥y & F o K& e
F & 4 N I M
&y F & & & K F
g X < ¥ (€ <€)
X Qq;“ ¥ ‘b'»x
< O
¥ <

Figure 8. Validation of housekeeping genes under drought stress conditions. Expression profiling of target genes (a): TaNAC29 in
root, (b): TaNAC6 in root, (¢): TaNAC29 in leaf and (d): TuNAC6 in leaf) droughty imposed tissues and normalized with (i) 8-TUB (ii)
GAPDH (iii) UBC (iv) B-TUB+GAPDH (v) GAPDH+UBC (vi) B-TUB+UBC and (vii) B-TUB+GAPDH+UBC (left of the vertical
dash line) and (viii) e/F-4a as the least stable gene (right of the vertical dash line). The analysis was completed in two different stages
and tissues with three various drought levels.
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Figure 9. Validation of reference genes under salinity stress conditions. Expression profiling of candidate genes (a): TaNAC29 in
root, (b): TaNAC6 in root, (c): TaNAC29 in leaf and (d): TaNAC6 in leaf) salinity imposed tissues and normalized with (i) eEF-Ia
(i) GAPDH (iii) ACT (iv) eEF-lo + ACT (v) eEF-1a + GAPDH (vi) GAPDH + ACT and (vii) eEF-la + ACT + GAPDH (left of the
vertical dash line) and (viii) e/F-4a as the least stable gene (right of the vertical dash line). The analysis was completed in two different

stages and tissues with three various salinity levels.

except NormFinder, which ranked GAPDH as the third
most stably expressed gene. For salinity stress, eEF-1a
and GAPDH were identified as the most stable reference
genes by all programs except BestKeeper. Conversely, the
least stable reference gene for salinity stress was identi-
fied as e/F-4a by all programs but BestKeeper. EIF-4a was
also ranked as the least stable reference gene for drought
by BestKeeper, delta Ct and RefFinder, but not GeNorm
or NormFinder. The discrepancies observed between the
results of these programs are likely due to differences
between algorithms (Mallona ef al. 2010; Mafra et al
2012). BestKeeper specifies the optimum number of house-
keeping gene by analysing the pair-wise correlation of all
pairs of candidate genes (Pfaffl et al. 2004). GeNorm ranks
reference genes by using a normalization factor based of
the geometric mean of their expression level (Vandesom-
pele et al. 2002). The NormFinder algorithm can identify
candidate genes in large datasets because it can differen-
tiate intragroup variation from intergroup variation (De
Spiegelaere et al. 2015). The delta Ct method compares
the relative expression of ’pairs of genes’ in each sample
to determine the ideal reference genes (Silver ez al. 2006).

RefFinder is a comprehensive tool that ranks reference
genes according to the geometric mean of the individual
gene weights calculated by the other four algorithms. Over-
all, we found significant, positive correlations (r > 0.88)
between the results of the five programs. A comparison
of GeNorm, Norm Finder and Bestkeeper found that the
most and least stable genes identified by these programs
were similar to human cell lines (De Spiegelaere et al.
2015).

Our results are in accordance with recent findings that
identified eEF-1« as an accurate reference gene for sugar-
cane (Guo et al. 2014), soybean (Ma et al. 2013) under
drought and salinity stress and Bermuda grass under
drought stress (Chen et al. 2015). GAPDH was identified
as a stable gene in different tissues and genotypes in sugar-
cane (Iskandar et al. 2004). Our results also found g-TUB
and UBQ to rank highly as drought reference genes and
ACT to be highly ranked under salinity stress conditions.
B-TUB and UBC are widely applied as reference genes and
demonstrated high stability under different environmental
stresses in several species (Shivhare and Lata 2016). ACT
is one of the housekeeping genes most commonly used
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as an internal control (Li ef al 2010; Sun et al 2016).
GeNorm analysis found that, for durum wheat, a combi-
nation of three reference genes was sufficient accurately
normalize gene expression during drought (GAPDH, -
TUB2, UBQ) and salinity (eEF-1a, GAPDH, ACT) stress
conditions. Combinations of reference genes gave the most
accurate normalization for qRT-PCR of tall fescue (Fes-
tuca arundinacea) under abiotic stress (Vandesompele et al.
2002; Huggett et al. 2005) and in human tissues (Yang et al.
2015).

Validation of the most stably expressed housekeep-
ing genes and their combinations was conducted using
the stress-responsive genes TaNAC6 and TaNAC29. NAC
genes are transcription factors that play a significant role in
the response to stress by plants, including wheat (Xia et al.
2010; Baloglu et al. 2012). Our results demonstrated that
combinations of GAPDH, 8-TUB2 and UBQ (for drought
stress) or eEF-1a, GAPDH and ACT (for salt stress) are
appropriate for transcript normalization in durum wheat.

In conclusion, this study identified GAPDH, 8-TUB2,
UBQandeEF-1a, GAPDH, ACT as the most stable house-
keeping genes for durum wheat under drought and salt
stress conditions, respectively. The rankings of reference
genes by programs BestKeeper, NormFinder, GeNorm,
delta-Ct method and RefFinder were highly correlated.
This is the first investigation of appropriate reference genes
for durum wheat under abiotic stress.
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