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Abstract

Quantitative real-time PCR represents a highly sensitive and powerful technique for the
quantitation of nucleic acids. It has a tremendous potential for the high-throughput analysis of gene
expression in research and routine diagnostics. However, the major hurdle is not the practical
performance of the experiments themselves but rather the efficient evaluation and the
mathematical and statistical analysis of the enormous amount of data gained by this technology, as
these functions are not included in the software provided by the manufacturers of the detection
systems. In this work, we focus on the mathematical evaluation and analysis of the data generated
by quantitative real-time PCR, the calculation of the final results, the propagation of experimental
variation of the measured values to the final results, and the statistical analysis. We developed a
Microsoft® Excel®-based software application coded in Visual Basic for Applications, called Q-
Gene, which addresses these points. Q-Gene manages and expedites the planning, performance,
and evaluation of quantitative real-time PCR experiments, as well as the mathematical and
statistical analysis, storage, and graphical presentation of the data. The Q-Gene software
application is a tool to cope with complex quantitative real-time PCR experiments at a high-
throughput scale and considerably expedites and rationalizes the experimental setup, data

analysis, and data management while ensuring highest reproducibility.

Introduction

One of the best characteristics for the functional status of a certain cell is its gene expression
pattern. Cells belonging to different tissues, cells in different developmental or metabolic stages,
cells under the influence of specific compounds, or cells within a carcinogenic process differ by
their gene expression patterns and thus by their mRNA pools. Currently, the most important
technique for the accurate quantitation of gene expression is the fluorescent quantitative real-time
RT-PCR (8). Various variants of this technique are currently applied. The fluorescence signal is
either generated by dyes intercalating into dsDNA [e.g., SYBR® Green (13)] or by hybridization
probes [TaqMan® (9) or molecular beacons (6)] relying on fluorescence resonance energy transfer
(FRET). Within the last few years, quantitative real-time RT-PCR has become an important method
for the analysis of gene expression in a vast variety of samples (3,5,8).

The quantitative real-time RT-PCR technique represents a sensitive and powerful method for

the gel-free detection of mMRNA with a tremendous potential for quantitative applications. Typically,
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the expression of the target gene is analyzed (in different reaction tubes or in the same reaction
tube; i.e., multiplex) together with a reference gene to normalize the amount of the PCR template
and, thus, to enable the calculation of the relative expression level of the target gene (ie.,
normalized gene expression) (12). Instead of using a standard curve, the target gene expression
levels are calculated relative to the reference. Therefore, it is critical that the reference is a
housekeeping gene [such as glyceraldehyde-triphosphate dehydrogenase (GAPDH), R-actin, or an
rRNA gene] that is not influenced by the experimental situation. However, it is still a matter of
debate whether the expressions of such housekeeping genes are in fact unaffected by a particular
experimental setup or not (4,7,16). In parallel, the normalized copy number of any genomic DNA
sequence can be determined as well by quantitative real-time PCR. However, in this article, for
practical reasons, we focus on quantitative RT-PCR to quantify gene expression.

Due to the rapid development of reagents and hardware components, the practical realization of
quantitative realtime RT-PCR has become user-friendly and feasible at a high-throughput scale in
basic and applied research. However, the major hurdle is neither the isolation of the mRNA nor the
RT-PCR itself but rather the coordination of the experiments and the efficient management of the
collected data. The main challenge remains the evaluation and the mathematical and statistical
analysis of the enormous amount of data gained by this technology, as these functions are not
included in the software provided by the manufacturers of the detection systems. Nevertheless,
one of the most critical issues for many quantitative PCR applications, reproducibility, cannot be
improved by software tools.

Two important issues arising during the analysis of the normalized gene expression are the way
to calculate (i) the mean value and (ii) the standard error. (i) As nearly all measurements in the
course of quantitative real-time RT-PCR analyses are performed in replicates, preferably in
triplicates, the calculated gene expressions represent mean values. The corresponding mean
value(s) of a certain analysis procedure can be calculated by different methods, depending on
which step of the calculation procedure the actual mean value is calculated. In this work, different
mathematical procedures for the calculation of the mean normalized expression value have been
compared and evaluated. (i) The calculation of standard errors (as a measure for the precision of
the assay) is especially important for all results that are calculated on the basis of mean values of
series of experimental measurements, as the standard errors of these mean values are propagated
to the final results. We derived a formula for the calculation of the standard error of the normalized
expression by applying the differential equation of Gauss for the calculation of error propagation
and developed a Microsoft® Excel®based software application that calculates these standard
errors.

Here we present Q-Gene, a novel and comprehensive software application for the analysis of
quantitative real-time RT-PCR data, which solves the limitations addressed above and automates
the entire evaluation, calculation, and graphical presentation. Q-Gene, provided at no cost from the
BioTechniques Software Library at www.BioTechniques.com, has been developed to manage and

expedite the entire experimental process of quantitative real-time RT-PCR, including the general
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planning of the experiments, as well as the mathematical and statistical analysis, storage, and

graphical presentation of the data.

Materials and Methods

Two Different Ways to Calculate the Mean Normalized Gene Expression

The normalized gene expression is directly proportional to the amount of RNA of a certain target
sequence (i.e., the target gene) relative to the amount of RNA of the reference gene. The
normalized expression is calculated according to Equation 1, which is not based on the assumption
that the PCR amplification efficiencies of the target gene and the reference gene are equal (12).
Based on an example of a triplicate quantitative real-time RT-PCR measurement (well nos. 1-3),
two different ways to calculate the mean of the normalized expression were compared (Table 1).
The mean of the normalized expression was calculated (i) by averaging three independently
calculated normalized expression values of the triplicate (Table 2, Equation 2) and (ii) by averaging
the threshold cycle (CT) values (of the target and of the reference) and subsequent calculation of
the mean normalized expression (Table 2, Equation 3). The corresponding standard errors were
calculated according to the differential equation of Gauss for the calculation of error propagation
(Table 2, Equation 5).

. Mean
Description CT of target  CT of reference Normallged normalized
gene gene expression .
expression
Well #1 24.60 17.10 2.30E-03"
Well #2 24.50 17.20 2.63E-03"
Well #3 24.20 17.50 3.92E-03" )
Mean 24.43 17.27 2.95E-03 @ 2.87E-03°
SE 0.12 0.12 4.95E-04“ 3.26E-04 ©
SE in % 0.49 0.70 16.79 11.35
Table 1 Comparison of two different ways to calculate the mean normalized gene expression.

“ according to Eq. 1; @ according to Eq. 2; @ according to Eq. 3; “ according to Eq. 4;

® according to Eq. 6

Etarget Was chosen to be 2.0 and Ees to be 1.9, respectively
*The difference between the calculation procedures according to Eq. 2 and 3, respectively,
amounts to 2.8 % for the present example.

Basic Formulae for the Calculation of Error Propagation

The standard error is a quantitative value for the precision - not the accuracy - of a series of
individual measurements (Table 2, Equation 4) (2,15).

The propagation of the standard error in the course of any mathematical procedure involving
mean values and their corresponding standard errors is described by the differential equation of

Gauss for the calculation of error propagation (Table 2, Equation 5) (2,15).
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Q-Gene Modules and the Q-Gene Statistics Add-in

Q-Gene, consisting of the Q-Gene Core Module, the Q-Gene Database Module, and the Q-Gene
Statistics Add-in, is implemented on the basis of Microsoft Excel spreadsheet files and has been
programmed in Visual Basic for Applications (VBA) (10,11). Thus, Q-Gene can be run on any
system on which Microsoft Excel (version 97 or later for Microsoft Windows® and version 98 or later
for Apple® Macintosh®) is installed.

Every quantitative real-time RT-PCR experiment is managed by a separate copy of the Q-Gene
Core Module file (qgene96.xls or qgene384.xls) that is structured into four worksheets. Upon
opening the file, an additional custom-made toolbar named “Q-Gene Core Module” appears,
enabling the user to run several VBA programs for a variety of data-import procedures. Every
worksheet contains cells shaded in blue for data entry (input variables provided by the user) and
white cells containing output values calculated by Q-Gene (output variables). Because of the
modular assembly of Q-Gene, every worksheet can be used and modified on its own, providing the
highest flexibility. In addition, the VBA source code of all Q-Gene components can be edited to
modify or extend Q-Gene or to develop related VBA applications.

The Q-Gene Database Module (qgenedb.xIs) represents a central database- like depository for
any kind of expression data. The normalized expression values can be directly imported from any
Q-Gene Core Module file using an integrated VBA program.

The Q-Gene Statistics Add-In (gstats. xla) is a collection of several VBA programs for the rapid
and menu-guided performance of frequently used parametric and nonparametric statistical tests
(14). To have permanent access to the Q-Gene Statistics Add-In, it is recommended to copy the
file to the local hard drive and to activate it as an add-in file (Menu Tools, Add-Ins). All statistical
programs can then be launched from a custommade toolbar, named “Q-Gene Statistics Add-In”. To
be able to run Q-Gene in Microsoft Excel 2000 and to maintain the macro-virus protection for
unknown documents in parallel, it is recommended to activate the “Trust all installed addins and
templates” checkbox (Tools/ Macro/Security/Trusted Sources) and to set the “Security Level” to

“Medium” (Tools/Macro/Security/Security Level).

Table 2. Equations

_ B,

NE = E CT, o

target

Equation 1 Formula for the calculation of the normalized gene expression.
NE, normalized gene expression; Eirget, PCR amplification efficiency of the target gene; Eer,
PCR amplification efficiency of the reference gene; CTiget, threshold cycle of the PCR
amplification of the target gene; CTer, threshold cycle of the PCR amplification of the reference
gene. The CT is defined as the cycle at which the fluorescence rises appreciably above the

background fluorescence.
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CT ef, well CT ef,well2 ( )CTref, well3
(E ref ) + (E ref ) + E ref

CT arger, well ( E )CTr arger, well 2 ( E )CTx arger, well3
targ et targ et

3

MNE = (Et arg et )

Equation 2 Formula for the calculation of the mean normalized gene expression by averaging three
normalized expression values.
MNE, mean normalized expression (by arithmetic mean of three normalized expression values)

\CTref,welll HCT s weti2 ¥ CTher wet3
( E 3 ( E )CTref, mean
MNE'= ref } - ref
\rarger, wettt ¥ Clrarger,weti2 * Clrarger, well3 ( E )CTz arget, mean
( 3 target
target

Equation 3 Formula for the calculation of the mean normalized gene expression by averaging the

three concomitant CT values.
MNE', mean normalized expression (by averaging the three concomitant CT values of the target

gene and of the reference gene, respectively)

Equation 4 Formula for the calculation of the standard error.
Dx , standard error; X, , values of the independent measurements; X, mean value of the

independent measurements; 7, number of independent measurements

DF(x,...x,) = én. ?MD}C 9

i=1

i=

ﬂxi g
Equation 5 Differential equation of Gauss for the calculation of error propagation.
If a result is calculated by the function F' consisting of 7 independent variables, X,...X,, , with

their standard errors X, * Dxl. , the standard error of the result ( DF’ ) is calculated according to

the differential equation of Gauss.

CT arger, mean

(5, 7 :
DN = INCE ) DCT, e+ (I0(E,4y0) XOCT, 1y )

Et arg et)
MNE'(Eq.3)
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Equation 6 Formula for the calculation of the SE of the mean normalized gene expression.
DMNE, SE of mean normalized expression; Eirget, PCR amplification efficiency of the target
gene; Er.r, PCR amplification efficiency of the reference gene; CTiarget, mean, mean threshold
cycle of the PCR amplification of the target gene; CTer, mean, mean threshold cycle of the PCR
amplification of the reference gene; DCTiarget, mean, SE Of mean threshold cycle of the PCR
amplification of the target gene; DCTrei, mean, SE of mean threshold cycle of the PCR

amplification of the reference gene

Results

Mean Normalized Gene Expression

Table 1 contains the results of all steps of two different ways to calculate the mean normalized
gene expression from an example of three repeated quantitative real-time RT-PCR measurements
(well nos. 1-3). The calculation was performed on the basis of Table 2, Equation 1, which does not
assume that the PCR amplification efficiencies of the target gene and the reference need to be
equal (12). The mean of the normalized expression was calculated (i) by averaging three
independently calculated normalized expression values of the triplicate (Table 2, Equation 2) and
(i) by averaging the CT values (of the target and of the reference) and subsequent calculation of
the mean normalized expression (Table 2, Equation 3). The mean normalized expression values
calculated on the basis of the sample values in Table 1, according to Table 2, Equations 2 and 3,

respectively, led to two different results that differed by 2.5%.

Error Propagation

Based on the equation of Gauss (Table 2, Equation 5), calculations of error propagations were
performed with regard to the data analysis requirements of quantitative real-time RT-PCR
experiments. If the mean normalized expression is calculated according to Table 2, Equation 2
(i.e., by averaging three independently calculated normalized expression values), the standard
error can be calculated as depicted in Table 2, Equation 4. On the other hand, if the mean
normalized expression is calculated according to Table 2, Equation 3 (i.e., by averaging the CT
values of the target and of the reference), then the equation of Gauss (Table 2, Equation 5) needs
to be applied for the calculation of the standard error. The reason is that the mean CT values used
in Table 2, Equation 3, represent mean values and, thus, include a standard error (?CT), which can
be calculated as depicted in Table 2, Equation 4. Nevertheless, the overall standard error of the
mean normalized expression (?MNE) can only be obtained by applying the equation of Gauss.
Table 2, Equation 6, shows the overall standard error of the mean normalized expression

(calculated according to Table 2, Equation 3) based on the equation of Gauss.
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Structure, Features, and Characteristics of Q-Gene

The Q-Gene Core Module file exists in two versions, one preformatted for 96-well microplates
(qgene96.xls) and the other preformatted for 384-well microplates (qgene384.xls). However, due to its
flexible structure, it is also possible to apply any other numbers and sizes of wells. The quantitative
realtime RT-PCR measurements are intended to be performed in triplicates, which represents the
standard operation mode of the Q-Gene Core Module. Nevertheless, it is also possible to use the Q-Gene
Core Module for single measurements, as the normalized expressions are calculated independently for
each well. In the Core Module, the description of the individual wells, the input variables, and the
calculated output variables are in distinct columns. The worksheets of the Core Module are organized in a
logical and streamlined fashion, enabling a fast and structured performance of the experiments. In each
worksheet, all variables, either asked to be entered by the user (blue cells) or calculated by the software
(white cells), are explained by pop-up windows, making Q-Gene easy to use and self-explanatory.

In the “Setup” worksheet, it is possible to assign a number or short description to every well of the 96-
or 384-well microplate. These numbers or descriptions are then automatically taken over to all other
worksheets and charts, as well as to the Q-Gene Database Module, to keep track of the samples.

The worksheet “Q-PCR Reaction” enables the calculation of the composition of the PCR mixture. On
the basis of the user-defined final and stock concentrations of all reagents and the total volume of the
reaction mixture (1), Q-Gene calculates the volumes of all individual reagents to be added to the reaction
mixture.

The worksheet “Ampl. Efficiency Plot” is used for the generation and evaluation of the amplification
efficiency plots of the target gene and the reference gene. These plots yield the amplification efficiencies
of the target and the reference (Etarget and Eref), which are both crucial parameters for the calculation of
the normalized gene expression. The calculation of the normalized expression in the “Data Analysis”
worksheet is supported by any amplification efficiency values that are directly taken over from the
worksheet “Ampl. Efficiency Plot”.

The evaluation of the raw data and the calculation of the normalized gene expression are performed in
the worksheet “Data Analysis”. Here, the CT values of the target gene and of the reference gene either
can be entered manually by the user or be imported, guided by four different VBA programs, from data
files generated by the software of the detection system. The normalized expression values are
represented by a 3-D chart reflecting the outline of a 96- or 384-well microplate. Subsequent calculations
performed by Q-Gene comprise the mean of the normalized expression values (according to Table 2,
Equation 2, or likewise according to Table 2, Equation 3) of the triplicates and their standard errors.
These values are represented in a 2-D chart with the corresponding error bars. Furthermore, standard
errors of triplicates exceeding a certain percentage, specified by the user, are automatically highlighted in
bold red.

The Q-Gene Database Module enables the user to perform a variety of (cross-experiment)
comparisons of the expression data. The expression values can be directly imported from any Q-Gene
Core Module file using an integrated VBA program. The expression values can be compared between
two matched groups, namely A and B. These two groups can be interpreted as two different tissues, the

absence or presence of an inhibitor or inducer, two timepoints, two concentrations of compounds, etc. In
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an alternating mode, every first sample of an experiment is automatically assigned to group A and every
second sample to group B, respectively. This enables the calculation of ratios A divided by B. In addition,
the expression relative to a calibrator (i.e., the expression value of any sample divided by the mean
calibrator’'s expression value) is automatically calculated for every sample in the database. As a
calibrator, any value of choice or the mean of several values can be assigned (guided by a VBA
program).

Statistical analysis can be performed using the corresponding menu item from the “Q-Gene Statistics
Add-In” toolbar. To assess the significance level of difference between any two groups of expression
values, it is possible to perform a paired or an unpaired Student’s t test, a Mann-Whitney U-test, or a
Wilcoxon signed-rank test (14). In addition, the Pearson’s correlation analysis can be applied between
two matched groups of expression values. Furthermore, all statistical programs calculate the mean values

of both groups analyzed and their difference in percent.

Discussion

Quantitative real-time RT-PCR is a sensitive and powerful technique for the gel-free quantitation of mMRNA
with minimal demands on the quantity of template material and with a tremendous potential for high-
throughput applications. During the past two years, the range of available detection systems for
quantitative real-time RT-PCR has increased rapidly. However, the softwares delivered with these
systems hardly offer any features for sophisticated automated analysis and calculation of the data
generated by quantitative real-time RT-PCR experiments. Furthermore, these softwares usually lack the
possibilities of cross-experimental comparison, graphical presentation, and statistical analysis.

Although the detailed analysis requirements of quantitative real-time RT-PCR experiments vary
depending on the particular application, a thorough evaluation of the raw data is crucial. Analysis of
quantitative real-time RT-PCR experiments, particularly if performed at a high-throughput scale, is
therefore challenging. Usually, in the case of microplate-based (96 or 384 wells) detection systems [e.g.,
ABI PRISM® 7900HT (Applied Biosystems, Foster City, CA, USA), iCycler™(Bio-Rad Laboratories,
Hercules, CA, USA), and Mx4000 (Stratagene, La Jolla, CA, USA)], the individual measurements are
performed in triplicates. This procedure is, at least from a practical point of view, recommended and
provides high reproducibility

The calculation of the mean normalized gene expression (Table 2, Equations 2 and 3) can be
performed in at least two different ways. As shown in Table 1, these calculation procedures do not yield
the same results. In the present example, which represents a typical data set, the results differed by
2.8%. Table 2, Equation 3, as compared to Equation 2, yielded the lower mean normalized expression
(2.87E-03 vs. 2.95E-03) and a lower standard error in percent (11.35% vs. 16.79%). This example also
demonstrates the increase in the standard errors when proceeding from the CTean to the mean
normalized expression (0.49%, 0.70% vs. 16.79% and 11.35%, respectively). The more the CT values of
the triplicates scatter, the more the results of the two calculation procedures will differ, with Table 2,
Equation 3, always yielding the lower value. Therefore, it is mandatory to use the same calculation

procedure for all experiments if expression data have to be compared across experiments. Furthermore,
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it needs to be declared which procedure has been applied. In our opinion, the calculation procedure
outlined in Table 2, Equation 3, should be preferred for expression analyses, as the mean values are
calculated on the basis of the values that are really measured (i.e., the CT values). The Q-Gene Core
Module supports both calculation procedures (Table 2, Equations 2 and 3), leaving the final decision of
which procedure is to be used up to the user, as the scientific community currently uses both procedures.

Typically, the mean normalized gene expression represents a mean value calculated on the basis of
triplicate quantitative real-time RT-PCR measurements. Its precision, in terms of the standard error, is
crucial for the evaluation of results of gene expression measured by quantitative real-time RT-PCR.
Applying the differential equation of Gauss (Table 2, Equation 5), it is possible to determine the standard
error of any result calculated on the basis of mean values of series of experimental measurements and
their standard errors, as the standard errors are propagated to the final result (2,15). The standard error
of the mean normalized expression is represented by error bars in the charts of the Q-Gene Core Module.
To identify outliers quickly and conveniently, standard errors exceeding a user-specified percentage are
automatically underlined and highlighted in bold red.

Furthermore, the Q-Gene Core Module provides the possibility to evaluate an important control
experiment needed during optimization of quantitative realtime RT-PCR conditions - the amplification
efficiency plot. As many PCRs do not have an ideal 100% amplification efficiency (i.e., E < 2), it is
important to assess the exact amplification efficiencies of the target and the reference genes before any
calculation of the normalized gene expression. Typically, the relationship between CT and the logarithm
of the starting copy number of the target sequence should remain linear up to five orders of magnitude.

As the data import procedure for the Q-Gene Core Module is flexibly organized and explained in detail
by four independent VBA programs, the Q-Gene Core Module can be used together with the software of
any detection system for quantitative real-time RT-PCR. The raw data (i.e., the individual CT values) can
be arranged either in distinct columns or according to the outline of a 96-well or even a 384-well
microplate. If any CT values arranged in this format are copied into the clipboard (from any program
application), the user needs just to launch the appropriate VBA program from the toolbar to import the
data into the Q-Gene Core Module.

The Q-Gene Database Module, a central database for the depository of expression data, enables the
user to perform a variety of cross-experiment comparisons of any kind of expression data. The data can
be directly imported from the Q-Gene Core Module by launching a VBA program. Hence, after the
evaluation and analysis of the raw data and the calculation of the expression values, a centralized
storage file contains all the expression data generated by numerous individual experiments. The
expression values are automatically annotated with the name of the gene they were measured from and
with the description of the respective well (imported from the Q-Gene Core Module). The Q-Gene
Database Module supports the assignment of any phenotypic data to the expression values, a
prerequisite for a possible grouping and/or sorting procedure. These procedures can easily be performed
by using the standard commands of Microsoft Excel.

The Q-Gene Statistics Add-In enables the user to perform a variety of important statistical tests not
included in Microsoft Excel as standard procedures. The user can rapidly perform the most frequently

used statistical tests for the comparison of two groups of expression values directly in Microsoft Excel.
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For all statistical tests, the expression values can be selected with the mouse pointer. To assess the
significance level of difference between any two groups of expression values, the Q-Gene Statistics Add-
In supports the paired or unpaired Student’s t test, the Mann-Whitney U-test, and the Wilcoxon signed-
rank test. In case of small sample sizes that are too small to reliably follow a Gaussian distribution, the
nonparametric tests of Mann-Whitney and Wilcoxon, which are distributionindependent and thus more
conservative, should be preferred (14). To assess whether two genes (e.g., target-genes belonging to the
same signaling pathway) are expressed in a coordinate fashion, Pearson’s correlation analysis between
two matched groups of expression values can be performed.

The Q-Gene software application described here is a tool to manage complex quantitative real-time
RT-PCR experiments at a high-throughput scale and is an achievement towards a more sophisticated
data analysis environment, as no other generally applicable tools are freely available. Q-Gene
considerably expedites and rationalizes the experimental setup, data analysis, and data management

while ensuring highest reproducibility.
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