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Abstract
Identifying those genes that are expressed and at what
levels is an essential part of almost any biological
inquiry at the cellular level. Techniques such as
Northern blot have been in existence for decades to
perform this task, but advances in molecular biology
and bioinstrumentation have led to the development
of a variety of new techniques with a range of
sensitivities, throughputs and quantitative capabilities.
This review focuses on the latter issue. For several
commonly used gene expression techniques, the
extent and range of quantitative applicability are
reviewed, and approaches for maximizing the accuracy
and precision of these measurements are discussed.
Introduction
With the genomes of a number of organisms fully
sequenced and a rough draft of the human genome recently
completed, the need for understanding gene expression
is at an all-time high. Among the tens of thousands of
human genes, only a small fraction are expressed in a
given cell type at a particular time. Gene expression levels
are dynamic, and patterns of gene expression change are
integral to understanding biological processes ranging from
development to inflammation to aging (Cao et al., 2001;
Hoffmann et al., 2001; Livesey et al., 2000; Weindruch et
al ., 2001). Moreover, gene expression patterns are
beginning to be viewed as useful diagnostics in areas such
as classifications of tumors (Golub et al., 1999; Khan et
al., 2001). Given recent successes in this area, it is likely
that gene expression will increasingly constitute the basis
for diagnostic assays that identify the onset of a disease
and monitor its progression or remediation. Furthermore,
it is envisioned that gene expression data, in conjunction
with corresponding information on proteins and
metabolites, will lead to the creation of realistic in silico
models of cell behavior, which could be used in a wide
variety of applications, such as design of antibiotics, drug
target identification, and proliferation of stem cells for
therapeutic implantation.
In all of these existing and emerging applications, the
quality of the gene expression data is critical to its
interpretation. However, different criteria of quality may be
important, depending upon the application. For this reason,
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the newest techniques, such as DNA microarrays and
quantitative PCR, are not in every instance preferable to
more established techniques such as the Northern blot.
Moreover, each technique can be made more or less
quantitative through the appropriate use of controls and/
or standards. It is the aim of this review to discuss the
inherent quantitative capabilities of several techniques for
measuring gene expression levels, and to provide
guidelines to make their application more quantitative.
There are more techniques and variations than can be
comprehensively discussed in a reasonable amount of
space; the focus here is placed on techniques that are
well developed to directly measure mRNA levels, rather
than those that are designed to select differentially
expressed genes from different sample populations.
General Principles
The essential components to detecting and quantifying the
amount of a specific mRNA in a biological sample are a
sufficient quantity of total or messenger RNA, sequencespecific probes, a sensitive detection method, and the
proper controls and/or standards for interpreting the results.
For Northern blots, ribonuclease protection assays,
and DNA microarray analysis, a sequence-specific probe
is used to hybridize with the mRNA of interest (or a cDNA
copy thereof). The probe sequences may either be long
stretches of cDNA, in vitro transcribed RNA (riboprobes),
or relatively short oligonucleotides of DNA, RNA or synthetic
(e.g. peptide nucleic acid, PNA) chemistry. In any case,
the affinity and specificity of the probe depend on its
sequence, the temperature and the solution chemistry
(especially, salt type and concentration). Frequently, probes
in these applications are long (hundreds of bases), in which
case selection of the sequence is not critical, so long as it
is complementary to the target. For assays utilizing
oligonucleotide probes, however, several variables must
be considered, including probe length, GC content,
hybridization temperature, and hybridization buffer
(particularly magnesium concentration).
Because individual mRNA species are expressed in
extremely small quantities, detection can be difficult. Partly
for this reason, PCR-based approaches are becoming
increasingly widespread for identifying and quantifying
individual mRNAs. Usually, these employ reverse
transcription (RT) as a first step, after which a gene-specific
pair of oligonucleotide primers amplifies a region (hundreds
of base pairs) of the resulting cDNA. The great advantage
of PCR is the exponential growth of product, during cycles
in which reagents are in excess and cross-reactions are
minimal. Primer design is critical, though, in ensuring
specific amplification of the gene of interest without nonspecific product formation (primer-dimers and/or
amplification of cDNAs from other genes). One method of
improving specificity is to perform a BLAST search of the
target regions for primers to eliminate sequences expected
to cross-hybridize (Jayaraman et al., 2000; Kang et al.,
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1997). Since many organisms, such as mouse or rat, have
not been fully sequenced, this is not exhaustive, so product
specificity should be verified, e.g., by gel electrophoresis.
Most measurements of gene expression provide
relative quantities of each mRNA, i.e., the ratio of an mRNA
species between treated and control samples, although
occasionally knowledge of the absolute amount is desired.
The detection methods used for gene expression assays
are almost universally based on fluorescence or
radioactivity, neither of which can be directly related to
quantities without the use of standards; thus, standards
are needed for absolute quantification. In vitro transcribed
RNAs added into the isolated RNA pool are useful because
they can be carried through any processing (e.g., reverse
transcription steps) with the sample; on the other hand,
they must be handled and stored carefully to avoid
ribonuclease contamination.
In both relative and absolute quantification, equal
loading of samples to be compared is a critical issue,
because of variability in the efficiency of RNA extraction
and the processing of low volume quantities of sample.
The total amount of RNA can be quantified by optical
density reading at 260 nm and the purity assessed by the
A260/A280 ratio and by gel electrophoresis. In addition,
pipetting variance is an issue in the actual gene expression
assay. Consequently, mRNA levels of a gene of interest
are often normalized with respect to a housekeeping gene,
one whose expression is not expected to vary in the
samples under study. However, it is now known that two of
the most commonly used housekeeping genes – β-actin
and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) – vary considerably in expression over a wide
variety of conditions including development and
tumorigenesis (Goidin et al., 2001; Warrington et al., 2000).
Ribosomal RNAs, such as 18S rRNA, have been found to
be present as a consistent fraction of total RNA and thus
serve as better housekeeping standards (Schmittgen and
Zakrajsek, 2000), although the necessity of using total RNA
rather than poly(A) RNA may be a disadvantage in some
protocols.
Electrophoretic Techniques
The conventional approach to mRNA identification and
quantitation is through a combination of gel electrophoresis,
which provides information on size, and sequence-specific
probing. The Northern blot is the most commonly applied
technique in this class and is still the benchmark against
which other techniques are measured. The great advantage

of the Northern blot is that the size of the transcript is
obtained by gel electrophoresis, providing a crude
verification of the accuracy of the probe; furthermore, it
also allows for the identification of splicing variants that
may be present in the RNA sample. Furthermore, a number
of samples are electrophoresed and probed
simultaneously, minimizing the variance in those steps. On
the other hand, Northern blots are labor intensive, their
sensitivity is limited by the capacity of the gel, and the
number of steps involved creates more opportunity for the
accumulation of experimental errors.
The ribonuclease protection assay (RPA) was
developed as a more sensitive, less labor-intensive
alternative to the Northern blot. Hybridization is performed
with a labeled ribonucleotide probe in solution, after which
non-hybridized sample and probe are digested with a
mixture of ribonucleases (e.g., RNase A and RNase T1)
that selectively degrade single-stranded RNAs.
Subsequent denaturing polyacrylamide gel electrophoresis
provides a means for quantitation and also gives the size
of the region hybridized by the probe. Multiple probes can
be used to simultaneously track a small number of genes
of interest, including a housekeeping gene as a control.
For both Northern blot and RPA, the accuracy and
precision of quantitation are functions of the detection
method and the reference or standard utilized (as discussed
above). Most commonly, the probes are radiolabeled with
32P or 33P, in which case the final gel is exposed to X-ray
film or phosphor screen and the intensity of each band
quantified with a densitometer or phosphor imager,
respectively. In both cases, the exposure time can be
adjusted to suit the sensitivity required, but the phosphorbased technique is generally more sensitive and has a
greater dynamic range. As an alternative to using
radioactivity, probes can be labeled with an antigen or
hapten, which is subsequently bound by a horseradish
peroxidase- or alkaline phosphatase-conjugated antibody
and quantified after addition of substrate by
chemiluminesence on film or a fluorescence imager (Roda
et al., 2000). In all of these imaging applications, subtraction
of the background from a neighboring region of gel without
probe should be performed. The great advantage of the
gel format is that any reference standards can be imaged
simultaneously with the sample. Likewise, detection of a
housekeeping gene is performed under the same
conditions for all samples. As discussed above, the greatest
issue in use of a housekeeping gene for relative quantitation
is ensuring that its expression is truly conserved for all of
the sample types being compared.

Table 1. Characteristics of oligonucleotide vs. cDNA microarrays. Here, “probe” designates the immobilized molecules representing genes of interest and
“target” designates molecules of interest in the samples of extracted RNAs.
Property

Oligonucleotide arrays

cDNA microarrays

Need known sequence?
Need physical clone?
Probe length (nucleotides)
Internal control
Maximum elements/array
Target form
Detection

Yes
No
30-40
Mismatched probes
106
cRNA
One-color fluorescence

No
Yes
500-1000
Background subtraction
104-105
cDNA
Two-color fluorescence
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Figure 1. A cDNA microarray experiment. RNA is extracted from control and test samples, reverse transcribed and fluorescently labeled, and co-hybridized
to a microarray. After background correction the fluorescence intensities are normalized and reported as ratios of test/control expression for each gene.

DNA Microarrays

Construction of Microarrays
Two technologies have emerged for the construction of
DNA microarrays (Table 1). Generally, the starting point in
each case for the design of an array is a set of sequences
corresponding to the genes or putative genes to be probed.
In the first approach, oligonucleotide probes are
synthesized chemically beginning from a glass substrate.
Because of the variable efficiency of oligonucleotide
hybridization to cDNA probes, multiple oligonucleotide
probes are synthesized complementary to each gene of
interest. Furthermore, for each fully complementary

oligonucleotide on the array, an oligonucleotide with a
mismatch at a single nucleotide position is constructed and
used for normalization. Oligonucleotide arrays are routinely
created with densities of 104-105 probes/cm2; the upper
limit with currently used photolithographic techniques would
be 106 probes/cm2 (Roth and Yarmush, 1999).
The second major technology for DNA microarray
construction is the robotic printing of cDNA probes directly
onto a glass slide or other suitable substrate. A DNA clone
is obtained for each gene of interest, purified, and amplified
from a common vector by PCR using universal primers.
The probes are generated and checked computationally
for non-redundancy; however, within this constraint, longer
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probes are preferred as they improve the kinetics of
hybridization and the final signal intensity (Stillman and
Tonkinson, 2001). The probes are robotically deposited in
spots on the order of 50-200 µm in size. At this spacing, a
density of approximately 103 probes/cm2 can be achieved
(Roth and Yarmush, 1999).
In a cDNA gene expression profiling experiment, a
control and a treatment (or disease) sample are hybridized
to the same microarray simultaneously (Figure 1). RNA is
extracted from each sample and reverse transcribed to
obtain cDNA. Either poly(A) RNA (i.e., mRNA) or total RNA
may be obtained in the extraction; researchers have been
successful with each approach. Typically, one sample is
labeled with Cy3 and the other with Cy5, although other
dyes (e.g., Alexa) are being developed to improve signal
intensity and stability (Wildsmith et al ., 2001). After
hybridization and washing, the fluorescence is measured
by laser scanning confocal microscopy.
In an oligonucleotide array experiment, RNA is
extracted and reverse transcribed to produce cDNA, as
with a cDNA microarray, except without label incorporation.
In this case, the cDNA is transcribed in the presence of a
label (e.g., biotin or fluorescein) to produce cRNA. The
labeled cRNA is hybridized to an oligonucleotide array, also
under conditions of elevated temperature. In this case,
normalization is conducted by subtracting from the
observed binding (as measured by fluorescence or
otherwise) the binding of the cRNA to a mismatched control
oligonucleotide. Furthermore, about 25 different
oligonucleotides are used for each gene, and the results
reported for each gene are an average over the normalized
intensities of the 25 different probes.

Quantifying Microarray Data
Microarray hybridization is clearly a very powerful method
to obtain entire gene expression profiles in a single
experiment. However, the nature of the technique and the
large amount of data produced result in a situation where
quantitation is difficult, and the rules governing quantitative
analysis of microarray experiments are still unfolding. There
are two major, interrelated issues in microarray quantitation.
First, it is desirable to have the overall signal/noise ratio
be as large as possible, because of the sensitivity needed
for detecting low abundance transcripts. Second, careful
normalization and statistical analysis are necessary to be
able to accurately and quantitatively describe differences
in gene expression among genes and/or samples. In this
discussion, we focus on cDNA arrays, although many of
the same issues apply to oligonucleotide arrays as well.
The raw data from microarray experiments are digital
images of the fluorescent intensities of each channel (e.g.,
red and green from Cy5 and Cy3 respectively) over the
entire slide. These are translated into expression ratios of
treatment/control for each gene under one or more
experimental conditions. The overall quality of these images
is a function of the sample preparation technique,
fluorescent dye coupling method, probe immobilization,
hybridization conditions and detection method.
Once the fluorescence images are obtained, the major
challenges of data analysis begin. The raw image
represents total fluorescence intensity on a pixel by pixel
basis, and this needs to be transformed as accurately as

possible to measures of specific binding of targets to each
probe. Image processing software programs are widely
available to register the image with respect to the original
arraying grid and to perform adjustments for slight
deviations that occur in the actual printing process. Next,
the background is subtracted; this can be done either via
a global or local subtraction method. Local background
subtraction is generally preferred, as it is felt that the
background varies over different regions of a slide (Hess
et al ., 2001). However, local subtraction leads to a
significant number of negative intensity values, indicating
that the intensity in the spot is actually slightly lower than
in the immediately surrounding area used to determine the
local background (Brown et al ., 2001). The local
background in these areas is typically higher than the
overall slide background, so use of the latter can avoid the
generation of negative intensities. A related issue is the
fact that spot intensities represent an integral over a number
of pixels, which individually may have highly varying
intensity values. The variance in pixel intensities may prove
a useful metric in assessing the significance of measured
spot intensities and their corresponding ratios, and in fact
for evaluating the quality of an entire slide (Brown et al.,
2001).
After image processing and background subtraction,
fluorescence intensities are normalized to account for
differences in intensities between dyes (e.g., Cy3 vs. Cy5),
which can change with time due to storage conditions or
photodegradation. Furthermore, the extent of dye
incorporation varies according to gene sequence, and slide
to slide variability in hybridization exists for a variety of
reasons. Several approaches to normalization are
available. By analogy with conventional gene expression
measurements, the fluorescence of housekeeping genes
can be used as a standard. In the microarray format, whole
sets of housekeeping genes can be used, which allows
better evaluation and accounting of the possibility of
differential expression of house keeping genes under
experimental conditions of interest. Alternatively, sets of
housekeeping genes can be inferred directly from the data
using a rank invariant analysis (Tseng et al., 2001). The
other major approach to normalization is to add consistent
quantities of exogenous mRNA molecules, from a species
different than that being studied, to each sample and to
also incorporate probes for these standards on the array
(Eickhoff et al., 1999). Even after these normalization steps,
spot-to-spot variation in hybridization intensity is not
necessarily proportional to variation in expression levels,
because of differences in dye incorporation and in
probe:target binding affinity. Thus, the normalized
fluorescence values are always reported as expression
ratios of a treatment sample to a control. The absolute
values of intensity are important, nonetheless, as they
impact on the reliability of the expression ratio. That is,
lower intensity values vary more on a percentage basis
due to experimental noise; consequently, deviations from
unity are less significant when they are ratios of small
numbers than of large numbers.
Since expression ratios, even after rigorous image
analysis and normalization, will still have variable quality
associated with them, replicates are needed for both
assessment and improvement of the data quality.

Quantifying Gene Expression 97

Depending on the number of genes in the probe set,
multiple copies of each probe may be printed in different
locations on each slide. The coefficient of variation of ratios
over the slide then provides a “quality index” for each slide,
and can be used to establish criteria for filtering out data
points of unacceptable quality (Tseng et al., 2001). If data
are removed due to poor quality or obvious artifacts (e.g.,
scratches on slides), matrix-based methods for clustering
genes or conditions (e.g., hierarchical clustering or principal
components analysis) cannot be used; hence, statistical
methods for estimating missing data values are under
consideration (Troyanskaya et al., 2001). The cost, effort,
and lab-to-lab variability of microarray experiments has thus
far precluded any consensus on how many replicates are
needed for statistical confidence; nonetheless, tests on
model samples with known variations in target content
suggest that three replicates may be appropriate (Lee et
al., 2000). Because the number of replicates is low,
standard statistical techniques, such as t-tests, may need
to be modified to be valid (Baldi and Long, 2001). Ultimately,
each researcher will have to find the number of replicates
appropriate to the experimental question being asked. For
example, the data quality required to identify confidently
novel genes would be higher than that required to be used
in a data reduction classification of states, such as with
principal components analysis.
PCR-Based Methods
While DNA microarrays and display-based screening
methods are powerful tools for identifying genes that are
differentially regulated under certain conditions, there is a
need for more quantitative techniques, both to verify
findings from the former techniques as well as to provide
more accurate and precise measurements that will be
needed in applications ranging from medical diagnostics
to the creation of in silico cellular models. Following reverse
transcription of a target mRNA to cDNA, PCR amplification
can generate enough material to be measured by staining
with DNA-binding dyes. However, the conventional RTPCR technique is not considered to be quantitative, as the
final amount of PCR product is related not just to the initial
template concentration but also to primer-dimer
accumulation, PCR product re-annealing, and DNA
polymerase binding to primers (Brownie et al., 1997;
Wittwer et al., 1997a). Furthermore, densitometry of bands
obtained by gel electrophoresis typically results in a limited
dynamic range of one to two orders of magnitude (Halford
et al., 1999; Schmittgen et al., 2000). The most quantitative
end-point PCR assays are based on competition between
the sample and an in vitro transcribed RNA with the same
primer binding site but different length (for distinction in an
electrophoretic gel) (Gilliland et al., 1990; Raeymaekers,
1993). With careful controls and standards, these methods
can provide accurate quantitation of transcript abundance
but still are rather limited in sensitivity and dynamic range.
A promising alternative that has emerged in the last
few years is the use of kinetic PCR (kPCR; now often called
real-time PCR) to provide a more accurate representation
of starting template levels. In kPCR, the accumulation of
PCR products is monitored at the end of each cycle by
fluorescence. During early cycles, the fluorescence is

indistinguishable from background, and after many cycles
the amount of product reaches a plateau; in between, a
region where the fluorescence increases exponentially is
observed. The PCR cycle number at which the
fluorescence crosses a threshold, which is within the
exponential phases, can be related to the amount of starting
material; samples with more starting template will achieve
the threshold fluorescence level more rapidly than those
with less starting template. Instruments that are able to
combine rapid thermal cycling with on-line fluorescence
detection have emerged to capitalize on this approach (e.g.,
(Wittwer et al., 1997b)).
Fluorescence detection of PCR product can be
achieved in any one of several different approaches. Then
simplest approach is to use a dye that binds to doublestranded DNA, such as SYBR Green. While the sensitivity
is usually quite good, such dyes bind to any double
stranded DNA and thus do not distinguish between the
PCR product of interest and alternate products, primerdimers, etc. The product of interest should therefore be
validated in assay development by stopping the kinetic PCR
reaction after various numbers of cycles and performing
electrophoresis on the products in an agarose gel.
A more specific approach is afforded by the use of
hybridization probes, consisting of two oligonucleotides that
bind to adjacent sites on the PCR product. The 3’-end of
one oligonucleotide is labeled with a donor probe (e.g.,
fluorescein) and the 5’-end of the other oligonucleotide is
labeled with an acceptor probe (e.g., rhodamine); thus,
specific binding of both probes results in acceptor
fluorescence upon excitation of the donor. Another specific
technique is the use of the fluorogenic 5’-nuclease assay,
in which a specific probe for PCR product is labeled with a
reporter dye at the 5’-end and a quencher dye at the 3’end. The Taq DNA polymerase exhibits endonucleolytic
activity and cleaves the quencher dye after first binding to
and unlinking the amplified DNA (Wilhelm et al., 2001). In
both of these cases, probe design is more complicated
but potentially rewarded by improved specificity.
In practice, any of the fluorescence probes can be used
to achieve excellent performance. In one study, assays
using either SYBR Green or TaqMan probes were able to
provide 4-5 orders of magnitude in dynamic range with
much greater sensitivity than ribonuclease protection assay
or end-point RT-PCR with densitometric detection
(Schmittgen et al., 2000; Wang and Brown, 1999). The
lowest coefficients of variation were achieved using SYBR
Green, despite its lower specificity as compared to
fluorogenic hybridization probes (Schmittgen et al., 2000).
In quantifying the results of a kPCR assay, an
overlooked but potentially important step is the reverse
transcription. In this step, a cDNA copy is made of the target
RNA; in principle, a resulting cDNA concentration equal to
the concentration of RNA target could be obtained. In
practice, the resulting quantity of cDNA template, N0, is
less than the amount of mRNA, i.e.

No = MoεRT

(1)

where εRT is the fractional efficiency of the RT step. It has
been reported that εRT may vary between 5% and 90%,
because of the high sensitivity of reverse transcriptase
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well tolerated, as this level of precision is less than that for
the PCR phase of the assay.
During the exponential phase of PCR, the amount of
product grows exponentially at each cycle, until a plateau
regime is reached (Figure 2a). Before the plateau region,
the number of copies of PCR product, N , grows
exponentially from its initial value, N0, over the course of n
cycles according to:

N = No(1+ε)n

(2)

where ε is the efficiency of the PCR reaction, which is
usually between 0.8 and 1.0 and often assumed to be
identically unity. The measured fluorescence should be
directly proportional to the amount of product, but only after
background fluorescence is subtracted (Figure 2b). Thus
(again, before the plateau region is reached), the corrected
fluorescence is related to the amount of starting template
and the number of cycles by:

F = αNo(1+ε)n

Figure 2. Kinetic PCR dilution series using 18S cDNA. A: Raw fluorescence
data for dilutions of a stock solution of 18S cDNA, ranging in relative
concentration from 1 to 1x10-5. B: Background corrected fluorescence
showing parallel curves passing a threshold (arbitrarily set within the regime
of exponential growth of fluorescence with respect to cycle number) at
equally spaced intervals of roughly 3.3 cycles/10-fold change in
concentration. C: Standard curve of threshold cycle number (n) vs. log(c).
Dotted line represents a best logarithmic fit (n = 3.21 - 3.51 log(c); r2 =0.999)
to the data.

enzymes to salts and organics that may be residual from
mRNA extraction protocols (Freeman et al ., 1999);
however, with consistent protocols the variation can be
made significantly less. Errors on the order of 10% will be

(3)

where α is a proportionality constant. In analyzing a series
of samples, standards and/or unknowns, a threshold
fluorescence level is chosen such that all of the samples
are in the exponential phase when their fluorescence
crosses the threshold (Figure 2b). The cycle number, n, at
which the fluorescence crosses the threshold is recorded
for each sample, and the mRNA level of the sample can
then be quantified in one of two ways.
It is common in real-time PCR, as in other mRNA
quantification methods, to employ a housekeeping gene,
the choice of which requires judicious consideration, as
discussed earlier. The number of copies of transcript from
the gene of interest, Ng, is then always expressed relative
to the number of copies of the housekeeping gene, Nhk.
Even so, a normalization between treatment and control
samples is necessary for quantitation, as the variable
efficiency of the PCR reaction leads to an error that is
amplified at each cycle. The ratio Ng/Nhk calculated from
Eq. (3) is quite sensitive to the exact value of the efficiency
(Table 2, Column 2). Assuming that the efficiencies are
equal to unity can lead to large errors in the values for
expression of the gene of interest relative to the
housekeeping gene (Table 2, Column 3). However, if the
efficiency of each gene (target and housekeeping) is
constant between the treatment and control samples (i.e.,
determined principally by the primer-template hybridization
rather than by sample variation), then the error is largely
compensated and only linear in the difference of efficiencies
between the housekeeping gene and the gene of interest
(Table 2, Column 4). The most rigorous method would be
to use the individual efficiency for each sample, which can
be directly calculated from the slope of log (Fluorescence)
vs. cycle number plots such as Figure 2b, in which case
the expression ratio is calculated from:
(N g/Nhk)treatment
(N g/Nhk)control

=

(1+εhkt)nhkt/(1+εgt)ngt
(1+εhkc)nhkc/(1+εgc)ngc

(4)
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Table 2. Effects of PCR efficiency on expression calculations*

εg

(Ng/Nhk)actual

(Ng/Nhk)actual / (Ng/Nhk)apparent

0.95
0.90
0.85
0.80
0.75
0.70

0.035
0.060
0.102
0.176
0.309
0.551

1.135
1.908
3.253
5.626
9.883
17.648

(Ng/Nhk)treatment/ (Ng/Nhk)control
1.95
1.90
1.85
1.80
1.75
1.70

*Example simulated based on actual values εhk = 0.95, nhk = 15, ng = 20. (Ng/Nhk)apparent is the value obtained using Eq. (3) and assuming 100% efficiency, i.e.,
εhk = εg = 1.0. For the last column, threshold cycle numbers of (ng)treatment = 18 and (ng)control = 20 are simulated.

where the subscripts t and c are appended to indicate
treatment and control samples, respectively.
Alternatively, a series of mRNA or cDNA dilutions can
be used to construct a standard curve (Figure 2c). Setting
the threshold fluorescence constant for a sample of starting
concentration N vs. a standard of concentration N0 gives
the form of the standard curve plot (Jayaraman et al., 2001):

n - nref

= -

1
log(1+ε)

log(N /Nref)

(5)

Here, a constant or average value of ε is assumed, which
can be extracted from the slope of the plot (Figure 2c); the
linearity of the plot suggests that the condition is likely well
enough satisfied.
Summary
Quantitative measurements of gene expression are
important for a wide range of research and diagnostic
applications. A number of approaches to measuring gene
expression are available, all of which center around the
use of a sequence-specific probe to identify the target of
interest. While the technical considerations in each
approach differ markedly, the most important features in
quantitation are common among them: specificity of the
probe and the proper use of housekeeping genes and/or
exogenous standards as controls. An important
consideration in the use of housekeeping genes is to ensure
that they are expressed at constant levels under the
conditions of interest; therefore, ribosomal RNAs may be
superior to mRNA species, and the use of multiple
housekeeping genes where possible is preferred. The use
of standards is possibly the most quantitatively accurate
approach, though doing so adds to the number of samples
that must be processed and, in that regard, can actually
add to experimental error. With these concepts and modern
equipment developments, gene expression levels can now
be monitored with high accuracy and an increasing level
of throughput.
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