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ABSTRACT. The use of appropriate reference genes is essential for
the generation of accurate and biologically meaningful results from
quantitative real-time PCR (qRT-PCR) analysis. However, studies have
found that the expression of most commonly used reference genes is not
always independent of the tissues, treatments, or developmental stages
studied. geNormPlus, NormFinder, and BestKeeper, were applied
and the expression stability of nine candidate genes was evaluated in
different data sets during wheat grain development. Varying degrees
of diversity in either single or multiple reference genes were observed
among the results generated from the different computer programs,
parameters, and data sets. Therefore, the reliability of identified
reference genes in the flag leaf and the complete set of samples was
estimated by monitoring the expression dynamics of three NAM genes
(TaNAM-A1, TaNAM-B1, and TaNAM-B?2). The results suggest that a
single control gene identified by geNormPlus for use with the complete
set of samples, and multiple reference genes selected by geNormPlus
and NormFinder exclusively for the flag leaf outperformed others owing
to the consistent results with previous analyses of these genes, which
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were normalized against a verified single control gene. Given the limit
of NormFinder in gene numbers of multiple reference genes, robust
quantification can be achieved by normalizing against 727922 or
multiple reference genes chosen by geNormPlus for individual tissues.

Key words: Triticum aestivum L.; Quantitative real-time PCR;
Grain filling; Endogenous control gene

INTRODUCTION

Owing to its higher sensitivity and specificity in contrast to reverse transcription-
polymerase chain reaction (RT-PCR), northern blotting and microarray (Kriegova et al.,
2008), qRT-PCR has become a widely used method to quantify the dynamic expression of
genes of interest, especially those expressed at low levels (Kumar et al., 2011). Nevertheless,
normalization is required during qRT-PCR analysis to control for variations introduced
throughout the experimental process. A preferred technique used for normalization is the use
of endogenous control genes (Argyropoulos et al., 2005). Several studies have demonstrated
that different reference genes can change the outcomes of a quantitative study (Dheda et al.,
2005; Barsalobres-Cavallari et al., 2009). Therefore, an accurate result can only be achieved
if the normalization standards used are abundant and stably expressed genes. Commonly
used reference genes, or housekeeping genes (HKGs), include those encoding actin, rRNA,
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), elongation factor (EF), a-tubulin, and
ubiquitin, which are necessary for maintaining basic cellular processes and thus assumed not
to be differently regulated under different experimental conditions. However, some of these
genes are far from ideal. For example, the rRNA and mRNA contents are not balanced in rat
(Solanas et al., 2001), and rRNA transcription is variable under different biotic treatments
(Johnson etal., 1995; Warner, 1999). This is also true in plants. Numerous studies have revealed
that these “HKGs” are not sufficiently stable under some treatments (Thellin et al., 1999),
during development (Bustin, 2002), or even in different tissues (Czechowski et al., 2005) due
to the variable nature of plant genes. In wheat, /8S rRNA showed uniform expression in P
graminis f. sp. tritici-infected cultivars compared with P. triticina- and P. striiformis-infected
cultivars (Scholtz and Visser, 2013). GAPDH was constitutively expressed throughout the
whole developmental process in chickpea and sugarcane, whereas it was the most unstable
gene during wheat development (Czechowski et al., 2005). Additionally, the expression of
P-actin fluctuated in yellow mosaic virus-infected wheat (Liu et al., 2013). Accordingly,
previous reports have emphasized that an ideal all-purpose inner control gene does not exist,
and that the screening of proper reference genes under certain experimental condition is
crucial. Paolacci et al. (2009) retrieved 26 research articles published from January 1996 to
March 2008, which utilized qRT-PCR to quantify gene expressions or to confirm the results
of screening technologies of differentially expressed genes in wheat. However, almost three
quarters of these articles used genes encoding 18S rRNA (eight times, 30%), actin (seven
times, 27%), and a-tubulin (five times, 19%) for normalization purpose, and moreover, 15 of
these were conducted without their expressions being verified as stable. Even more recently,
quantitative analyses have seldom been carried out with verification of the endogenous control
gene. Furthermore, although an accumulating number of studies have involved reference gene
mining, these fail to meet the needs of diverse kinds of experiments.
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The grain-filling period is critical in the production of high yields of wheat. Approxi-
mately 70-90% of the final grain dry weight is determined at this stage (Wang et al., 2008).
However, the genetic regulation of dry weight accumulation during grain filling is complex
and highly coordinated, and the knowledge of genes involved in this process is far from suf-
ficient to shed light on the underlying molecular mechanisms. There is no doubt that gene ex-
pression profiling could provide valuable information, whereas inaccurate outcomes of qRT-
PCR analysis would result in bias or errors. Accordingly, the present study aimed to evaluate
the global expression stability of nine candidate reference genes and to define the optimal
single and multiple reference genes for ten data sets (different tissues and the complete set
of samples) during wheat grain filling using three freely available computer programs. These
results should provide normalization standards for further gene expression assessments that
are carried out during this developmental stage.

MATERIAL AND METHODS
Plant materials

The seeds of bread wheat cultivar Chinese Spring were grown at the Wheat Breeding
Center of Northwest A&F University in Yangling, Shaanxi Province (34°26'N, 108°14'E). The
flag leaf, flag leaf sheath, penultimate leaf, penultimate leaf sheath, peduncle, glume, palea,
and lemma, rachis, and kernel were collected every five days from the date of first bloom until
30 days after anthesis (DAA). Each tissue was harvested from three tillers at each time point.

RNA extraction and cDNA synthesis

RNA was extracted using an RNA extraction kit (Bioteke, Beijing, China), following
the manufacturer protocol. The integrity of RNA was examined by formaldehyde polyacryl-
amide gel electrophoresis. The DNA was removed using DNase [ (Takara, Shiga, Japan) and
the RNA was subsequently quantified by Agilent 2100 Bioanalyzer (Agilent Technologies,
CA, USA). RNA (1 pg) was used for cDNA synthesis with M-MLV reverse transcriptase (Ta-
kara). A total of 20 pL reverse transcription products were diluted with 80 uLL. ddH,O. A pair
of primers specifically targeting an intron region of the protein disulfide isomerase (PDI) gene
was applied to detect any DNA contamination in the cDNA. The primer sequences were listed
as followed: PDI-F: 5'-CTTATGCAATCCAATGATGG-3' and PDI-R: 5-TCTATGGTTCTG
AAGAGGACC-3' (Paolacci et al., 2009).

Quantitative real-time PCR

The DNA-free cDNA was used to perform quantitative analyses. The reaction was
run on a CFX96™ Real-Time PCR Detection System (Bio-Rad, CA, USA) following the pro-
gram: initial denaturation at 95°C for 30 s, 40 cycles at 95°C for 5 s, 55°C for 30 s, and 72°C
for 30 s. The reaction mixture (20 pL) contained 1 uL cDNA, 10 uL SYBR® Premix Ex Taq™
II (TaKaRa), and 0.6 pL of each primer at a final concentration of 300 nM. Each reaction was
performed in duplicate, and the average threshold cycle (Ct) value was used for subsequent
analysis. Nine genes were chosen as candidate genes, all of which were previously verified as
being highly stable under different research conditions in wheat (Paolacci et al., 2009; Long
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et al., 2010; Giménez et al., 2011). The specificity of each primer pair was confirmed by melt-
ing curve analysis and sequencing of qRT-PCR amplicons. The amplification efficiencies of
all primer pairs were estimated using five 10-fold dilutions and validated as being between 90
and 105% (Ginzinger, 2002). Information about reference candidate genes is listed in Table 1.

Table 1. Information relating to the candidate reference genes (Paolacci et al., 2009; Long et al., 2010;
Giménez et al., 2011).

Gene Annotation Primer Pair (5' to 3")
Ta54227 Cell division control protein, AAA - superfamily of ATPases F: CAAATACGCCATCAGGGAGAACATC
R: CGCTGCCGAAACCACGAGAC
Ta2291 ADP- ribosylation factor F: GCTCTCCAACAACATTGCCAAC
R: GCTTCTGCCTGTCACATACGC
Ta2776 RNase L inhibitor-like protein F: CGATTCAGAGCAGCGTATTGTTG
R: AGTTGGTCGGGTCTCTTCTAAATG
Ta27922 Unknown EST, most likely a cyclin-like protein F: CAGGTGCTTGTTTGCCTATG
R: GCAGCCTCTTTCCTATCGTTCC
Ta53967 Vacuolar-H*-pumping ATPase 16-kDa proteolipid subunit 2-like protein F: AGTGCTCGGTATCTACGG
R: TGCGAAGATGAGGATGAGG
Ta54171 Superoxide dismutase [Cu-Zn] F: TGAGCAAGAGCACTGGAAAC,
R: CGTTGGTCGGCGAAGATG
Ta35284 Protein transport protein F: AGCAATTCGCACAATTATTACAAG
R: CTCACAGAAGACCTGGAAGC
EF Elongation factor 1 alpha-subunit F: CAGATTGGCAACGGCTACG
R: CGGACAGCAAAACGACCAAG
Ta53919 S-adenosylmethionine decarboxylase precursor F: GGCTGGACAAGAAGAAG

R: ATGGATGGTGGAGACG

Stability of reference candidate genes

Three widely used software programs-geNormPlus (http://www.biogazelle.com/
geNormPlus), BestKeeper (http://www.gene-quantification.de/BestKeeper.html) and Norm-
Finder (http://www.multid.se/genex/hs410.htm)-were employed to assess the expression sta-
bility of candidate genes.

The relative quantity was imported as raw data for both geNormPlus and NormFinder,
which was calculated according to the 22 method using the lowest Ct value as the calibrator
(Livak and Schmittgen, 2001). geNormPlus, with a minor change in the algorithm of geNorm,
identifies optimal reference genes by determining the standard deviation (SD) of the logarith-
mically transformed expression ratios of a gene to other candidate genes (Vandesompele et al.,
2002; Maroufi et al., 2010). The M value, which is the average pair-wise variation of a particu-
lar gene with all other genes, is hence set to evaluate the stability. The threshold M value for
stable genes depends on the heterogeneity of the sample set. Normally, 0.5 is considered to be
a strict threshold for homogeneous samples, and 1 applies to more heterogeneous sample sets.
The candidate genes with the lowest M values can be regarded as the most stable. geNormPlus
also evaluates the optimal gene numbers for multiple reference genes (Hellemans et al., 2007),
the pair-wise variation (Vn/Vn+1) between two sequential normalization factors is hence cal-
culated (Vandesompele et al., 2002). This process starts from the top two genes on the ranking
list of expression stability and proceeds until the Vn/Vn+1 drops below 0.15, which means
that an additional gene is unnecessary to attain a robust and reliable normalization factor.

NormFinder assesses the expression stability using an ANOVA-based model and also
takes the inter- and intra-group expression variations of the genes tested into consideration.
Therefore, misinterpretations caused by co-regulated genes can be avoided (Andersen et al.,
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2004). A lower stability value indicates higher expression stability with less intra- and inter-
group variation (Andersen et al., 2004).

BestKeeper employs a pair-wise correlation analysis to identify the optimal reference
gene based on the Ct value (Pfaffl et al., 2004). BestKeeper determines variation in gene ex-
pression based on the SD and Pearson correlation coefficient (r) between each gene. The most
stable gene exhibits the lowest SD value (usually less than 1) and higher correlations with other
genes at significant levels (Pfaffl et al., 2004). The BestKeeper index (BI) is the geometric
mean of Ct values of genes that are considered stable for a respective sample set, and genes that
composed multiple reference genes normally have significantly higher correlations with BI.

Evaluations of reference genes identified

Single and multiple reference genes that were identified for the complete sample set
and from the flag leaf by different programs and indexes were evaluated.

The expression dynamics of 7TaNAM-A1 (KM820886), TaNAM-B1 (KM820887), and
TaNAM-B2 (KM820888) were analyzed in the flag leaf only, the orthologs of which were pre-
viously studied using actin as the reference gene and its constitutive expression was confirmed
by a transcriptome analysis (Uauy et al., 2006). In a previous study, the transcripts of their or-
thologs increased slightly before 10 DAA, and then rose significantly towards 25 DAA (Uauy
et al., 2006). Information relating to the specific primers is listed in Table S1.

RESULTS
Expression levels of reference candidate genes

According to the Ct values, the expression levels of nine candidate genes are shown
across all samples (Figure 1). In general, all of the Ct values ranged from 18 to 30 cycles, in
which 7a54171 (20.92 + 1.30) and 7027922 (26.98 = 1.09) had the highest and the lowest aver-
age Ct values, respectively. Based on the coefficient of variation (CV) of the Ct value, 7027922
exhibited less Ct dispersion than other genes in the complete set of samples, penultimate leaf, flag
leaf, and the peduncle, and that in the flag leaf sheath, rachis, palea, and lemma was EF (Table
S2). Additionally, the genes with the lowest CV values in the remaining tissues included those in
the penultimate leaf sheath (722291), glume (7a54227), and the kernel (7a2776) were indistinct.

Estimation of the stability of candidate reference genes
geNormPlus analysis

The results indicated that all of the candidate reference genes were stably expressed
(0.5 <M < 1) in the complete set of samples during grain filling, in which 7a27922 was the
most constant. Furthermore, the best combination of genes (BCTG) for multiple reference
genes was 1a27922, Ta2291, Ta2776, and EF (data not shown).

Optimal inner control genes were also estimated for the respective tissues (Figure
2). The results showed that the stability rankings of candidate genes and the BCTGs differed
greatly between tissues. None of the candidate genes in the flag leaf and the sheaths showed
relatively steady expression. 72291 was identified as a suitable reference gene in the penulti-
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mate leaf, while that for the rachis, palea, and lemma was 7a53919. In the remaining tissues,
Ta53967 outperformed others.
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Figure 1. Expression levels of reference candidate genes across all of the samples. The genes were sorted based
on the average Ct values. The average (crosses), median (horizontal lines), 25 to 75th percentile (boxes), and
expression ranges (whiskers) are shown for each gene.
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Figure 2. Stability rankings of reference candidate genes based on the M value calculated by geNormPlus. A strict
threshold M value for homologous tissues is 0.5. The lower the value, the more stable the gene expression.

BCTG was the combination of the top 7 genes on the ranking list in terms of expres-
sion stability (Figure 3), and n was the optimal gene numbers determined by the V value. The
geometric average of relative expression levels of 7053967, EF, and Ta2291 can be applied to
normalization of quantitative analysis in wheat kernel, and that of 722291, Ta2776, EF, and
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1027922 can be used in the penultimate leaf sheath. Furthermore, only two genes were neces-
sary for normalization-based quantification in the peduncle (7053919 and 7a53967), glume
(Ta54171 and Ta53967), and the rachis (7027922 and Ta53919), while three genes were re-
quired for the flag leaf (7a2291, Ta27922, and Ta53967), its sheath (EF, Ta2291 and Ta54171),
penultimate leaf (7027922, Ta2776, and Ta2291), as well as the palea and lemma (7a35284,
102291, and Ta53919).
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Figure 3. Optimal gene numbers of multiple reference genes identified by geNormPlus. An additional gene is
unnecessary to attain robust and reliable multiple reference genes when the V value drops below 0.15. The genes in
the table below the histogram were the optimal genes to be combined. PL: Penultimate leaf; PLS: Penultimate leaf
sheath; FL: Flag leaf; FLS: Flag leaf sheath; P: Peduncle; PAL: Palea and lemma; G: Glume; R: Rachis; K: Kernel.

NormFinder analysis

The results from NormFinder also changed among different data sets to some extent
(Table 2). Specifically, EF showed the highest stability in the complete set of samples. 722291
was the most constantly expressed gene in the penultimate leaf, flag leaf sheath, and the ker-
nel, while in the penultimate leaf sheath, glume, palea, and lemma it was 7a2776. Ta53967,
Ta53919, and Ta27922 ranked first in the flag leaf, peduncle, and the rachis respectively. The
two most stable genes were usually selected as the optimal BCTG for each tissue; however,
102291 (2nd) and Ta2776 (4th) were indicated as the best pair of genes for the complete set of
samples. Ta2291 and EF were the optimal BCTG shared by the flag leaf sheath and the kernel.
Furthermore, unique BCTGs were identified for the penultimate leaf (702291 and 7a27922),
its sheath (7a2776 and Ta35284), flag leaf (7Ta53967 and Ta27922), peduncle (7a2291 and
1a53919), and the rachis (7a2776 and Ta27922).
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Table 2. Stability rankings of reference candidate genes and the optimal multiple reference genes identified by
NormFinder. The genes are listed in ascending order based on the expression stability value. AT: All samples.

Ranking AT PL PLS FL FLS P G PAL R K
1 EF Ta2291 Ta2776 Ta53967 Ta2291 Ta53919 Ta2776 Ta2776  Ta27922  Ta2291
0.0983 0.0103 0.0160 0.0272 0.0417 0.0286 0.0422 0.0244 0.0109 0.0182
2 Ta2291 Ta27922 Ta35284  Ta27922 EF Ta2291 Ta2291 Ta2291 Ta2776 EF
0.0985 0.0267 0.0231 0.0322 0.0448 0.0326 0.0523 0.0279 0.0264 0.0416
3 Ta27922 Ta35284 Ta27922 Ta2291 Ta27922  Ta54227 Ta53967  Ta35284 Ta2291 Ta2776
0.1011 0.0300 0.0232 0.0349 0.0468 0.0361 0.0530 0.0288 0.0269 0.0548
4 Ta2776 Ta2776 Ta53919  Ta35284 Ta2776 Ta53967 Ta54171 EF Ta53919  Ta35284
0.1011 0.0344 0.0360 0.0362 0.0480 0.0390 0.0599 0.0316 0.0315 0.0558
5 Ta53919 Ta54227 EF Ta2776 Ta54227 EF EF Ta53919  Ta35284  Ta53919
0.1033 0.0669 0.0397 0.0366 0.0500 0.0419 0.0609 0.0320 0.0367 0.0562
6 Ta54171 EF Ta54227 EF Ta54171 Ta27922 Ta27922  Ta27922 EF Ta54227
0.1033 0.0704 0.0426 0.0391 0.0507 0.0689 0.0675 0.0336 0.0437 0.0696
7 Ta35284 Ta54171 Ta53967  Ta54227  Ta53919 Ta2776 Ta54227  Ta54227  Ta54171  Ta53967
0.1143 0.0748 0.0451 0.0393 0.0579 0.0707 0.0741 0.0552 0.0618 0.0879
8 Ta54227 Ta53967 Ta2291 Ta53919  Ta35284  Ta54171 Ta35284  Ta54171  Ta53967  Ta54171
0.1205 0.0767 0.0595 0.0700 0.0695 0.0750 0.0795 0.0742 0.0793 0.0984
9 Ta53967 Ta53919 Ta54171 Ta54171 Ta53967  Ta35284 Ta53919  Ta53967  Ta54227  Ta27922
0.1205 0.0772 0.0835 0.0736 0.0749 0.1123 0.0863 0.0789 0.0868 0.1164
BCTG! Ta2291 Ta2291 Ta2776 Ta53967 Ta2291 Ta53919 Ta2776 Ta2776  Ta27922  Ta2291
Ta2776 Ta27922 Ta35284  Ta27922 EF Ta2291 Ta2291 Ta2291 Ta2776 EF

'"BCTG: best combination of genes.

BestKeeper analysis

The stability of candidate gene expression varied among different data sets and index-
es (Table S3). Based on the SD value, EF was the gene most frequently ranked first on the lists
of stability, followed by 7a2291, which was expressed stably in the complete set of samples,
flag leaf sheath, rachis, paleo, and the lemma. Other than that, the abundance of 7a27922,
Ta53919, and Ta54227 transcripts remained more constant in the penultimate leaf, peduncle,
and the glume respectively. According to the r value, 722776 (penultimate leaf sheath, flag leaf
sheath, palea and lemma, complete set of samples) and 722291 (peduncle, glume, penultimate
leaf, and the kernel) all showed the least variation in four subsets of samples. 7027922 and
Ta53967 were expressed at a constant level in two different tissues, namely the rachis and the
flag leaf. Furthermore, significant correlations of the most stable gene with other genes in each
data set were observed except for 7a54227, which showed no good correlation (r=0.463) at a
lower level of significance (P = 0.295) in the glume.

Evaluations of identified reference genes

The expression dynamics of three NAM genes were analyzed to show the effect of
different reference genes on the calculated relative expression. As shown in Figure 4, similar
patterns of 7TaNAM-B1 expression (Figure 4B) were obtained after normalization with either
single or multiple reference genes (Figure 5), which largely agreed with the former results but
with a minor difference (e.g., a decrease during the first five days after anthesis). Inconsisten-
cies were frequently observed when different single reference genes were utilized to analyze
the expression dynamics of 7TaNAM-A1 (Figure 4A) and TaNAM-B?2 (Figure 4C). Specifically,
abundance of the TaNAM-B2 transcript did not continuously rise but decreased after 15 DAA
when 7253967 (NormFinder, and BestKeeper based on 1, flag leaf) and 722291 (BestKeeper
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based on SD, flag leaf) were used as control genes. In contrast to results obtained in a previous
study, expression of TaNAM-A1 and TaNAM-B?2 declined earlier (since 10 DAA) when 7a2776
(BestKeeper based on r, all samples) was applied. Furthermore, a slight decrease in the level
of the TaNAM-A1 transcript was detected at 15 DAA using EF (NormFinder and BestKeeper
based on SD, all samples) to calculate the normalization factor. Notably, patterns of TaNAM-
Al and TaNAM-B2 expression were consistent with those obtained previously when normal-
ized against 7a27922 (geNormPlus, all samples).

307 A v A 1027922 B9 Ta53967 EF M Ta2776 £ Ta2291

Normalized fold expression

Normalized fold expression
s
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N e
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%/% SIEISISIEI= III.“lmIII“lI-.

0 510152530 0 5 10152530 0 5 10152530 0 5 10152530 0 5 10 15 25 30

Normalized fold expression

0 510152530 0 5 10152530 0 5 10152530 0 5 10152530 0 5 10 15 25 30
Days after anthesis (DAA)

Figure 4. Expression dynamics of three NAM genes in the flag leaf using different single reference genes. A.
TaNAM-Al; B. TaNAM-B1; C. TaNAM-B2.

Multiple reference genes exhibited higher reliabilities than did single ones since the
results were universally consistent with those obtained previously (Figure 5), in which those
identified by geNormPlus and NormFinder for the flag leaf (Figure 5B and D) outperformed
the results for the complete set of samples (Figure SA and C).
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Figure 5. Expression dynamics of three NAM genes in the flag leaf using different multiple reference genes. A.
T1a27922+1a2291+Ta2776 + EF (geNormPlus, all samples); B. 7a53967+7a27922+Ta2291 (geNormPlus, flag
leaf); C. Ta2291+Ta2776 (NormFinder, all samples); D. 7053967+ 7227922 (NormFinder, flag leaf).

DISCUSSION

The identification of diagnostic genes is required to elucidate the signaling pathways
that underlie kernel development, and the dynamics of gene expression are a valuable re-
source to achieve this goal. However, the accurate and reliable monitoring of gene expression
relies on the correct use of single or multiple reference genes to eliminate variation. To our
knowledge, this study represents the first effort to comprehensively identify reference genes
with highly uniform expression during wheat grain filling. The results showed that identical
results were not produced by all programs, and moreover, either the selected single or multiple
reference genes differed among data sets. In practice, gene expression is heterogeneous and
complex, and to some extent depends on the tissue, developmental stage, and environmental
condition studied (Tenea et al., 2011). In addition to variations in experimental conditions, the
diverse results were most likely caused by the different mathematical algorithms employed
or distinct development processes underway in tested tissues during the sampling period in
which late developmental stages were included for some tissues or cell types.

Several algorithms and freely available software, from simple to advanced, have been
developed to assist in identifying stably expressed reference genes; however, no universally
and univocally accepted methods exist. Furthermore, considering the different results that
each algorithm may deliver, the choice of a suitable method is a crucial yet difficult task (Mac-
coux et al., 2007; Hibbeler et al., 2008).

geNormPlus calculates variation in the expression of a candidate gene in a pair-wise
manner; therefore, it is sensitive to the presence of co-regulated genes and tends to select
the genes with the highest similar but possibly unstable expression (Hibbeler et al., 2008).
Although the absence of co-regulations among some candidate genes has been previously
confirmed (Paolacci et al., 2009), particularly noteworthy was the possibility that 7227922
(Cyclin-T1 protein) and 7a54227 [Cell division control protein 48 homolog C (cdc48)] might
be involved in related biological processes. It has been speculated that 7a54227 is a cyclin-
dependant kinase in Saccharomyces cerevisiae; however, it was reported that cdc48 was
specifically associated with G1 cyclin2 but not Cyclin-T1 (Archambault et al., 2004). Since
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co-regulated genes might show similar expression patterns (Yeung et al., 2004), the expres-
sion dynamics of their homologs (AT4G19600 for 7027922 and AT5G03340 for Ta54227)
in Arabidopsis thaliana were assessed by exploiting the EST expression profiles in the GEO
datasets (http://www.ncbi.nlm.nih.gov/geoprofiles). In most cases, no obvious similarity was
observed. Considering that the relationships between co-regulated genes are complex (Yu et
al., 2003), each data set underwent further verification. It has been shown that the remaining
candidate genes were placed in a different order after the high-ranking stable gene defined by
geNorm was eliminated, if there was no co-regulation (Ransbotyn and Reusch, 2006). The
same changes were also detected in all subsets of samples (data not shown); therefore, no
evident relationship among candidate genes existed.

The most stable reference gene defined by BestKeeper should exhibit high similarity
in expression with all other candidate genes; hence the r value was the default standard for the
evaluation of expression stability in most studies. However, the SD value was also utilized for
the preliminary assessment of each candidate gene, since the r value depends on sets of chosen
candidate genes and is invalidated by heterogeneous variance between genes (Pfaffl et al.,
2004). In the present study, both SD and r were applied. The results showed that uniform out-
comes were not obtained by either of two parameters in all subsets of samples except for the
kernel. Furthermore, less variable genes did not always show higher correlations with other
genes. It is therefore proposed that if any of these values was used alone, it would probably
result in biases or even errors.

Normalization against the geometric mean of the relative expression of multiple
reference genes has been preferred as it outperforms the use of a single gene in terms of
accuracy and having a low error rate (Vandesompele et al., 2002; Andersen et al., 2004;
Gu et al., 2011). Compared with multiple reference genes, 25% of studies using a single
reference gene resulted in a 3.0-fold error and 10% had a 6.4-fold error (Vandesompele
et al., 2002). The multiple reference genes (identified by geNormPlus and NormFinder)
were also estimated by the outcomes of BestKeeper. In the complete set of samples, SD
values of Ta54227 (1.05), Ta53919 (1.12), Ta53967 (1.18), and Ta54171 (1.03) were be-
yond the threshold (SD < 1), in which Ta54771 (0.560 <t < (0.711) also showed lower
pair-wise correlations with other genes. Therefore, these candidate genes were all ex-
cluded, and r values for the remaining genes increased (from 0.883 <r < 0.941 to 0.914
<1 < 0.945), and the significant correlations between each gene of multiple reference
genes (as defined by geNormPlus and NormFinder) and BI proved that 7227922 (0.930),
Ta2291 (0.945), Ta2776 (0.930), and EF (0.917) were suitable multiple reference genes
for the complete set of samples. In this way, multiple reference genes were reassessed, and
all showed higher correlations with BI (data not shown). As expected, multiple reference
genes outperformed the single reference genes when they were used to calculate normal-
ization factors to assess the expression of three NAM genes.

To summarize, 7a27922 can be utilized as the single reference gene for gene expres-
sion analysis conducted during wheat grain filling. Given the limit of NormFinder in gene
numbers of multiple reference genes, the multiple genes determined by geNormPlus in indi-
vidual tissues can also be used for further quantification analysis.
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