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LETTER TO THE EDITOR

Towards a Systematic Validation of References in

Real-Time RT-PCR

Real-time RT-PCR (also known as quanti-
tative RT-PCR [qRT-PCRY]) is a powerful tool
for quantifying gene expression, combining
both high sensitivity and specificity with
efficient signal detection. It has relatively
recently begun to be used to monitor gene
expression in plants (reviewed in Gachon
et al., 2004) and remains underused, con-
sidering its ability to discriminate between
the expression of closely related genes and
to quantify transcript levels of very weakly
expressed genes (Czechowski et al., 2004).
This may be due in part to a lack of con-
fidence in real-time RT-PCR, arising from
disappointments in the contradictory re-
sults sometimes obtained when using this
technique without a robust normalization
strategy. Toaccount for between-sample var-
iations in the amounts of starting material and
the efficiency of the quantification process,
determinations of MRNA species in real-time
RT-PCR analysis should be normalized ac-
cording to the total amounts of MRNA present
in the samples. For this purpose, the expres-
sion levels of target genes are described in
terms of the ratios of target mMRNA levels to
the level of a reference mMRNA species, which
should be the product of a stably expressed
gene whose abundance is strongly correlated
to the total amounts of MRNA present in each
sample (Huggett et al., 2005).

In December 2006, a detailed discussion
(inter alia) of factors affecting the reliability
of real-time RT-PCR was published in
Nature Protocols (Nolan et al., 2006). The
authors mentioned that the key measure for
ensuring that the technique delivered highly
accurate results was to apply a robust nor-
malization strategy (i.e., to normalize using a
reference gene that has been shown spe-
cifically to be stably expressed under rele-
vant experimental conditions). Owing to the
near-infinite diversity of possible experi-
mental conditions and the inability of
controlling all experimental parameters, a
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reference gene should be considered as
being valid solely when validated under the
same conditions as those used to assess
expression of the target gene. This issue has
also been addressed in several other arti-
cles (Dheda et al., 2005; Huggett et al.,
2005), which focused on the merits of using
one of several algorithms that have been
developed to identify the best reference genes
to use under given experimental conditions
(Pfaffl et al., 2002, 2004; Vandesompele et al.,
2002; Andersen et al., 2004). Use of these
algorithms allows for easy systematic vali-
dation (i.e., assessment of the expression
stability of candidate genes under a variety of
conditions to find specific references appro-
priate for each real-time RT-PCR analysis).
Efforts to adopt such systematic validation
procedures are growing, especially in the
medical field, as illustrated by the rapid in-
crease during 2007 in the use of geNorm
(Vandesompele et al., 2002), one of the most
commonly used algorithms. geNorm soft-
ware has been cited hundreds of times and
downloaded thousands of times (http://
medgen.ugent.be/~jvdesomp/genorm/).
Unfortunately, however, the increased
awareness of the importance of systematic
validation has not permeated fully through-
out the community of molecular biologists,
and although the potentially highly mislead-
ing effects of using inappropriate references
for normalization are widely known, they are
also still widely disregarded. Consequently,
real-time RT-PCR data are being normal-
ized alarmingly poorly in many molecular
analyses, especially in the plant sciences.
For instance, genes that had been validated
as references were used in only 3.2% of 188
real-time RT-PCR analyses published dur-
ing a 6-month period from July through
December 2007 in The Plant Cell, Plant
Physiology, and The Plant Journal (the three
leading primary research journals in plant
biology according to the ISI Web of Knowl-
edge), mainly using geNorm software.

In all of the remaining analyses, putative
housekeeping genes were used as refer-
ence genes. While many, if not most, of the
conclusions in these studies likely are still
valid, it is impossible to say which are and
which are not without data that validates the
choice of the reference gene in each study.
The choice of such genes as references
may be inappropriate since their status as
housekeeping genes is generally based on
methods known to be mainly qualitative
(e.g., RNA gel blotting or histochemical anal-
ysis) and is inconsistent with (indeed under-
mines) the high accuracy associated with
real-time RT-PCR. It is generally assumed
that housekeeping genes encoding proteins
required for basal cell activities, such as
central carbon metabolism, protein transla-
tion, cytoskeleton maintenance, and pro-
tein turnover, are expressed uniformly in
different tissues and organs. However, it
has been found that the expression of a
number of such housekeeping genes, al-
though constant in some experimental con-
ditions, varies considerably in other cases
(Volkov etal., 2003; Czechowski et al., 2005;
Nicot et al., 2005; Remans et al., 2008).
Therefore, their systematic use as reference
genes may result in the misinterpretation of
results. In addition, such genes are often
used as references in experimental condi-
tions that differ from those in which their
stability of expression was tested.

We have recently shown that genes com-
monly used as references may be ex-
pressed unstably during the development
of Arabidopsis plants (Gutierrez et al., 2008).
Using validated and nonvalidated refer-
ences, we illustrated the extent to which
the use of arbitrarily chosen genes could
affect the quantification of target gene
expression levels. Up to 100-fold variations
were found in the expression of a target
gene, which could be attributed only to
variations in the expression of the reference
genes, with consequently huge potential



scope for misinterpretation of the results.
Therefore, there is an urgent need to regard
the systematic validation of reference genes
as an essential component of real-time RT-
PCR analysis to improve the reliability of
published results and retain the accuracy of
this powerful technique, which may be lost
owing to inappropriate normalization.

An important point for identifying suitable
references is the choice of the initial subset
of genes used in the validation procedure,
which should consist of genes already as-
sessed as being good candidates regard-
ing their expression stability. As suggested
in our recent article (Gutierrez et al., 2008),
the database published by Czechowski et al.
(2005) is a good starting point for choosing
reference genes for analyses, not only in
Arabidopsis but also other model plants,
since it provides a list of suitable candidate
genes for tests under specific experimental
conditions using one of the available algo-
rithms developed for this purpose. Recently,
Rieu et al. (2008) performed a real-time
RT-PCR analysis of outstanding quality. By
testing the stability of candidate genes from
the database published by Czechowski et al.
(2005), they identified suitable references
to be used for each one of their four sets of
experimental conditions. Thanks to this ro-
bust normalization strategy, they avoided
introducing a bias in their analysis and ob-
tained highly accurate real-time RT-PCR
results. Notably, the genes found to be the
most stably expressed varied between dif-
ferent sets of experiments, illustrating the
specificity of the valid references and, thus,
the necessity for the validation procedure to
be systematic (i.e., to be performed for each
experiment being conducted).

Such systematic validation will only be
applied consistently and universally if and
when all reviewers start to regard its use as
essential when evaluating the validity of real-
time RT-PCR analyses prior to publication.
Given the importance of the issue, we believe it
would be advisable to start insisting on the use
of appropriate, robust validation in all published
transcription analyses as soon as possible.
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