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BACKGROUND: Structural variation in the human genome is increasingly recognized as being highly prevalent and having relevance to common human diseases.
Array-based comparative genome-hybridization technology can be used to determine copy-number variation (CNV) across entire genomes, and quantitative
PCR (qPCR) can be used to validate de novo variation
or assays of common CNV in disease-association studies. Analysis of large qPCR data sets can be complicated
and time-consuming, however.
METHODS:

We describe qPCR assays for GSTM1 (glutathione S-transferase mu 1) and GSTT1 (glutathione
S-transferase theta 1) gene deletions that can genotype
up to 192 samples in duplicate 5-L reaction volumes
in ⬍2 h on the ABI Prism 7900HT Sequence Detection
System. To streamline data handling and analysis of
these CNVs by qPCR, we developed a novel interactive,
macro-driven Microsoft Excel威 spreadsheet. As proof
of principle, we used our software to analyze CNV data
for 1478 DNA samples from a family-based cohort.
RESULTS:

With only 8 ng of DNA template, we assigned
CNV genotypes (i.e., 2, 1, or 0 copies) to either 96%
(GSTM1) or 91% (GSTT1) of all DNA samples in a
single round of PCR amplification. Genotyping accuracy, as ascertained by familial inheritance, was
⬎99.5%, and independent genotype assignments with
replicate real-time PCR runs were 100% concordant.
CONCLUSIONS: The genotyping assay for GSTM1 and
GSTT1 gene deletion is suitable for large genetic epidemiologic studies and is a highly effective analysis system that is readily adaptable to analysis of other CNVs.
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The advent of microarray-based comparative genomichybridization technologies and whole-genome sequencing has revealed unexpectedly heterogeneous structural
variation (deletions, duplications, inversions, and
translocations) in the human genome (1–3 ). These
variations may have a greater effect on disease susceptibility than previously thought; therefore, it is important for any genetic study to consider the presence of
structural variation in the region of interest and to
have suitable technologies for detecting them (4 ). Current technologies such as microarray-based comparative genomic hybridization and multiplex ligationdependent probe amplification facilitate the detection
of structural variation across the genome and at smaller
chromosomal regions, respectively (5, 6 ). Glutathione
S-transferases (GSTs)6 (EC 2.5.1.18) are phase II detoxification enzymes found free in the cytosol. These
enzymes catalyze the conjugation of glutathione to
many electrophilic substrates (including free radicals,
xenobiotics, and physiological metabolites), producing
stable and more soluble compounds that can then be
excreted or compartmentalized by phase III enzymes
(7 ). The families of genes that encode GSTs are highly
polymorphic in the human population (8 ). Complete
deletion of the GSTM17 (glutathione S-transferase mu
1) and GSTT1 (glutathione S-transferase theta 1) genes
occurs in approximately 50% and 20% of Caucasians,
respectively. Copy-number variation (CNV) has a dosage effect on the concentrations of the GSTM1 (MIM
138350) and GSTT1 (MIM 600436) proteins that affects an individual’s ability to detoxify compounds efficiently and provide protection from oxidative stress
(9, 10 ).
Polymorphisms for GST gene deletion have consequences for the detoxification of xenobiotics (11 ).
Single or combined deletions in GST-encoding genes
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increase the susceptibility to lung cancer in smokers
(12 ) and in nonsmokers exposed to household environmental tobacco smoke (13 ). There is also an increased risk of cardiovascular disease in smokers who
have a GST deficiency (14 ). Polymorphisms for GSTencoding gene deletions and environmental tobacco
smoke contribute to the development of childhood
asthma (15 ) and may make asthmatic children more
susceptible to the deleterious effects of ozone (16 ).
Gross deletions in GSTT1 and GSTM1 genes are created by separate equal or unequal recombination events
involving crossing-over between 2 highly homologous repeat regions that flank each gene (9, 10 ). These separate
recombination events produce deletion-junction regions
of up to several kilobases that have very high homology
(⬎98%) to the flanking repeat regions. This phenomenon severely restricts the design of unique primer sequences for use in standard PCR methods to identify the
presence of a deletion. Sprenger et al. described a multiplex PCR method that uses unique priming sites in the
GSTT1 deletion junction (9 ). This method appears to
have limited suitability for use in large genetics studies
because 2 steps, PCR amplification followed by agarose
gel electrophoresis, are required to visualize the 1.46-kb
deletion junction and the 466-bp gene-specific PCR
products. Furthermore, unbiased coamplification of
products of different sizes can be problematic, especially
when the quality of the DNA is variable, because the
product with the higher PCR efficiency may be preferentially amplified (17 ).
Brasch-Andersen et al. showed that it is possible to
use the increased sensitivity of real-time PCR assays to
provide dosage data for the GSTT1 and GSTM1 genes
(18 ). This method can distinguish between individuals
with 2, 1, or 0 copies of a gene. Because GSTT1 or
GSTM1 CNV correlates with altered enzyme activity
(9, 19 ), analysis in a dose-dependent manner would
best describe any association with disease outcome.
We developed new real-time PCR assays that use
minor groove– binding hydrolysis probe technology on
the 384-well ABI Prism 7900HT Sequence Detection
System (Applied Biosystems) for higher sample throughput, and we used a novel interactive macro-driven Microsoft Excel威 spreadsheet for analyzing the CNV data.
Materials and Methods
QUANTITATIVE PCR DESIGN AND VALIDATION

We used Primer Express v2.0 software (Applied Biosystems) to design novel minor groove– binding hydrolysis probe assays for target genes GSTT1 and GSTM1
and for reference gene ALB (albumin). We subsequently conducted a BLAST search (http://www.blast.
ncbi.nlm.nih.gov) to evaluate the specificity of these
assays. We performed PCR reactions with asymmetric

concentrations of primers (0.3– 0.9 mol/L) and probe
titrations (200 –50 nmol/L) to lower the detection limit
and to increase the cost-effectiveness of the assays, respectively. Triplicate wells of simplex (GSTT1, GSTM1,
or ALB) and multiplex (i.e., GSTT1 plus ALB or
GSTM1 plus ALB) reactions containing a series of
2-fold dilutions of pooled DNA samples (20 – 0.156 ng/
reaction) from the European Collection of Cell Cultures (ECACC) were used to determine the PCR efficiencies of each assay. We performed a melting-curve
analysis of the PCR to assess the specificity of the primers. Each 10-L reaction with SYBR Green I contained
5 mmol/L MgCl2, 0.2 mmol/L of each deoxynucleoside
triphosphate, 30 g/L SYBR Green I (dissolved in
DMSO), 0.25 U of GoldStar Taq DNA polymerase (Eurogentec), 10 ng of pooled control DNA template, and
primers to the final concentrations detailed in Table 1
of the Data Supplement that accompanies the online
version of this article at http://www.clinchem.org/
content/vol55/issue9. To evaluate genotyping accuracy, we used replicate sample wells and conducted
transmission disequilibrium tests with family-based
association test (FBAT) v1.4 (20 ) as an inheritance
check for the family-based cohort.
DNA TEMPLATES

ECACC Human Random Control DNA samples
(HRC-1) (http://www.hpacultures.org.uk/collections/
ecacc.jsp) were used to optimize reaction conditions,
to determine the stability of reaction plate storage, and
to validate subsequent experiments as positive controls. Details of the ECACC HRC-1 DNA samples used
as controls are described in the user manual for CNV
analysis in the online Data Supplement. We conducted
GSTT1 and GSTM1 CNV experiments with 1478 DNA
samples previously collected for an asthma study of
sibling pairs from 341 affected Caucasian families in
the UK (21 ). Samples were obtained with informed
consent after ethics approval from the Southampton
and South West Hampshire Local Research Ethics
Committee and the Portsmouth and South East
Hampshire Local Research Ethics Committee.
PROTOCOL

We transferred 2 L of 1-ng/L genomic DNA in duplicate to a 384-well plate. Each plate also contained 3
positive controls and a minimum of 4 negative controls
(water). Before adding the reaction mixture, we dried
the DNA for 10 min at 80 °C on a PCR thermal cycler.
We used 5 L for each multiplex assay, and each
well contained the following: 2.5 L of 2⫻ Precision-R
MasterMix (PrimerDesign), which contained 5 mmol/L
MgCl2, 200 mol/L of each deoxynucleoside triphosphate, 0.025 U/L Taq polymerase, and 6-carboxy-Xrhodamine reference dye; the necessary volume of
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Fig. 1. CNV analysis spreadsheet.
Real-time PCR data are imported into the analysis spreadsheet, and the macro calculates the difference between the target and
reference Cq values with the indicated formula. ⌬Cq values are displayed in a ranked scatter graph (bottom chart), allowing
assignment of CNV-genotype groupings by moving the vertical dotted lines. The solid vertical line highlights any desired sample
and displays the PCR curves; this feature allows determination of the validity of any genotype assignment within the grouping.
The top 3 graphs display plots of PCR curves for each of the 3 possible CNV genotypes. ⌬Rn, reporter signal normalized to ROX;
Ref, reference; NTCs, no-template controls.

primer/probe mix; and PCR-grade water to volume.
Table 1 in the online Data Supplement lists primer and
probe sequences and reagent concentrations in the reactions. All PCR reaction mixes were prepared in bulk
with 10% extra volume for pipetting and were transferred to the 384-well plate with an electronic multichannel pipettor. Primer/probe mixes were also prepared in advance to reduce the interassay imprecision
attributable to setting up each PCR reaction mix.
The plates were heat-sealed (Thermo-Sealer;
ABgene) to stop any evaporation from occurring during the DNA-rehydration step (30 min at 4 °C protected from light, with periodic mixing) and during
thermal cycling. PCR amplification and collection of
real-time fluorescence data were performed on the ABI
Prism 7900HT Sequence Detection System. The thermal profile consisted of incubation at 95 °C for 10 min
followed by 40 cycles of 95 °C for 15 s and 60 °C for 60 s
1682 Clinical Chemistry 55:9 (2009)

without 9600-emulated temperature ramping. Fluorescence data were collected during the 60 °C annealing/extension cycles, and quantification cycle (Cq) values were calculated with the automatic Cq-analysis
settings on an absolute quantification run (SDS Plate
Utility v2.1; Applied Biosystems).
CNV ANALYSIS SPREADSHEET

We designed a macro-based Microsoft Excel spreadsheet to analyze real-time PCR data for gene dosage
(Fig. 1). The results (Cq values) and files of clipped data
(normalized fluorescence values from the reporter dyes
at the end of each extension phase) generated by the
SDS v2.1 software for each plate run can be imported
into the spreadsheet. Each duplicate data point is visualized in a ranked xy scatter graph (⌬Cq value vs samples ranked by increasing ⌬Cq). The ⌬Cq value
(⌬Cq ⫽ Cqtarget ⫺ Cqreference) for each duplicate can be
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compared directly with the plots of real-time amplification curves generated by each grouping of sample
wells. The interactive sliding windows allow semiautomated assignment of genotype groups and outliers on
the basis of the grouping of ⌬Cq values on the ranked
xy scatter graph. Importantly, interrogation of the plots
of real-time amplification curves permits rapid determination of the validity of any genotype call and allows
manual correction. The spreadsheet automatically calculates CNV and frequencies of a gene present or absent, deviation from the Hardy–Weinberg equilibrium, and several QC parameters (i.e., mean ⌬Cq value
and SD of each CNV group). The interactive and colorcoded 384- and 96-well arrays of the plate layout generated by the macro also allows postanalysis visualization of the well position for any genotype call, water
control, or reaction failure. This utility allows monitoring for any problematic samples or experimental controls. It also identifies any possible effects of the plate
edges on data quality. Finally, the macro exports all
analyzed data to a new sheet in the spreadsheet in a
database-compatible format (Microsoft Access威). The
CNV-analysis spreadsheet is available in the online
Data Supplement.
CALCULATIONS OF THE HARDY–WEINBERG EQUILIBRIUM

These calculations were performed on the parental
genotypes with the online version of the Definetti program (http://ihg.gsf.de/cgi-bin/hw/hwa1.pl). A Pearson  2 P value ⬍0.05 was considered to indicate significant deviation of the genotype frequency from the
Hardy–Weinberg equilibrium.
Results
ASSAY OPTIMIZATION

The detection limits of the quantitative PCR (qPCR)
assays were substantially improved with the use of
asymmetric concentrations of primers (see Table 1 in
the online Data Supplement). These conditions reduced Cq values by up to 1.38 Cq. Titrations of the
probe concentration revealed that a final probe concentration of 150 nmol/L for each assay could be used
without decreasing the signal strength (lower signalto-noise ratio) or the detection limit (increase in Cq
value). An analysis of the SYBR Green I melting curve
revealed single melting peaks for all assays (see Fig. 1 in
the online Data Supplement).
Under multiplex conditions and the optimized
asymmetric primer concentrations and probe concentrations described above, the calibration curves (see
Fig. 2 in the online Data Supplement) demonstrated
that the multiplex amplification reactions were linear
over the entire range of DNA template concentrations
(20 – 0.156 ng); all values for PCR reaction efficiency

Table 1. ⌬Cq values for GST CNV genotypes.a

CNV
genotype

GSTM1

2

5

⫺1.25 0.09

1

64

⫺0.22 0.16

0

112

12.90 1.14

2

54

⫺1.67 0.15

1

90

0.61 0.18

0

30

15.66 0.49

GSTT1

a

Samples,
n

Mean
⌬Cq

⌬Cq
SD

Gene

Mean
difference:
⌬Cq2 copies ⴚ
⌬Cq1 copy

1.03

1.06

Mean ⌬Cq values for each genotype group for 176 DNA samples.

(E ⫽ 101/s, where s is the slope of the calibration curve)
were between 1.95 and 1.99, values close to the theoretical maximum value (i.e., E ⫽ 2.0, in which 1 Cq is
equivalent to a doubling of the PCR product with each
PCR cycle). The interassay variation in PCR efficiency
was ⬍1% in both multiplex reactions (EGSTM1 and
EALB, 0.65%; EGSTT1 and EALB, 0.01%), confirming that
both PCR products in the multiplex were amplifying
at nearly the same rate.
The SD for the mean ⌬Cq (⌬Cq ⫽ Cqtarget ⫺
Cqreference) determined at each DNA dilution along the
calibration curve was used to estimate the experimental
variation in the ⌬Cq value used to determine the copy
number for the gene of interest. Over the range of DNA
dilutions (20 – 0.156 ng), the mean (SD) ⌬Cq was
⫺0.72 (0.1) for the GSTM1 assay and ⫺0.54 (0.08) for
the GSTT1 assay.
The initial genotyping results for the 2 genes
obtained for 176 DNA samples (Table 1) demonstrated
that the sensitivity of the qPCR assay was sufficient so that
⌬Cq values could be used to distinguish a change in gene
copy number. The mean difference in ⌬Cq between samples assigned a 2-copies or 1-copy genotype was 1.03 for
GSTM1 and 1.06 for GSTT1. These values were very close
to the theoretical 1 Cq value for a doubling in concentration (i.e., 1 extra copy of the gene). In practice, this value
varied slightly between plate runs (0.85–1.20), although
this variation did not affect genotyping accuracy because the data from each plate were analyzed independently in the analysis spreadsheet.
GENOTYPING RESULTS

Genotyping accuracies for the GSTM1 (99.9%) and
GSTT1 (99.5%) assays were determined by dividing the
number for non-Mendelian inheritances detected with
the FBAT program by the number of child genotypes
(n ⫽ 770 for GSTM1; n ⫽ 735 for GSTT1). All of the
results indicating non-Mendelian inheritance (n ⫽ 1
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Table 2. Genotype frequencies.a
CNV frequency, n (%)

Group

Gene

2
Copies

1
Copy

0
Copies

HWE
P

Entire cohort

GSTT1

415 (31)

690 (51)

247 (18)

NA

GSTM1

98 (7)

534 (38)

786 (55)

NA

GSTT1

193 (31)

321 (52)

103 (17)

0.117

GSTM1

42 (6)

250 (39)

356 (55)

0.831

Parents only

a

Calculations of the Hardy–Weinberg equilibrium (HWE) were not performed on the full family cohort because the individuals are related; the
parents’ frequencies were analyzed separately as a surrogate of that of the
general population and found to be in HWE. NA, not applicable.

for GSTM1; n ⫽ 4 for GSTT1) were due to child “2
copies” genotype calls when the parental genotype
combination permitted only 0- or 1-copy offspring. To
test the interassay reproducibility of genotype assignments, we re-genotyped 92 DNA samples for both
CNVs in a separate qPCR run; comparison of the 2
independent genotype calls demonstrated 100% concordance. Table 2 shows the full cohort and parent genotype frequencies for both gene CNVs and a lack of
statistical significance in Pearson tests for deviation
from the Hardy–Weinberg equilibrium. The rates for
undetermined CNV calls (i.e., 2, 1, and 0 copies) were
4% for GSTM1 and 9% for GSTT1, and 2% and 3%,
respectively, for the gene absent/present call.
ASSAY PLATE STABILITY

Testing performed at the 24-h, 48-h, and 72-h time
points with the ECACC HRC-1 DNA panel showed
that sealed reaction plates could be stored protected
from light at room temperature for 24 h before the
real-time PCR run without any degradation in data
quality (data not shown).
Discussion
This new methodology enhances the study of gene
CNV in the large sample sizes required in geneticassociation studies. This study is not the first application of real-time PCR to assay GSTM1 and GSTT1
CNV; several other protocols have been described in
the literature (18, 22 ). These methods are not effective,
however, for processing the large sample sizes required
in genetic-association studies, because the low sample
density on reaction plates caused by the use of triplicate
wells and larger reaction volumes (10 L) result in a
high genotyping cost per sample. With our method, 96
samples can be genotyped for 2 CNVs in duplicate wells
on a single reaction plate (or 192 samples for 1 CNV) in
⬍2 hours with a proportional 66% savings in the costs
1684 Clinical Chemistry 55:9 (2009)

for 2⫻ Precision-R MasterMix (5 L vs 15 L), primers, and probe. The small amount of DNA template
used in the assay conserves DNA template (4 ng DNA
per CNV). Diluting the template also dilutes any potential PCR inhibitors present in the sample, and drying the template reduces sample cross-contamination.
We determined 2 ng DNA to be optimum in our genotyping experiments because this quantity falls in the
central part of the range of calibrator dilutions where
Cq values have a direct relationship to the log of the
DNA template concentration, thus providing accurate
quantification. Minor groove– binding hydrolysis
probes were used because they permitted smaller reaction volumes than required with standard hydrolysis
probes without compromising the assay’s detection
limit or reproducibility (23 ). The calibration curves
demonstrate that the multiplex PCR reactions are
highly efficient (E ⱖ 1.95) and amplify at nearly the
same rate with a large dynamic range. The calibration
curves cover a DNA template concentration range of 7
“orders of magnitude” (i.e., 20–2⫺7: 20 – 0.156 ng DNA
per PCR reaction).
The combination of assay optimization and use
of a novel analysis spreadsheet enabled these assays to
report 97%–98% of the individuals in our family cohorts with gene present/absent genotype calls and
91%–96% of the individuals with full CNV genotypes
(i.e., 0, 1, or 2 copies) with high accuracy (ⱖ99.5%, as
determined by evaluating inheritance in the family cohort). Success rates for calling full CNV genotypes approached those routinely achieved by standard technologies for calling genotypes for single-nucleotide
polymorphisms (ⱖ95%) (24 ). A subsequent round of
genotyping for the unassigned samples (between 6% and
9% for GSTM1 and GSTT1) increases the genotyping
success rate to the rates achieved with the genotyping
technologies used for single-nucleotide polymorphisms
while still obtaining a greater proportional savings in costs
compared with previously described GST CNV protocols
(18, 22 ). The detection of a small number of nonMendelian inheritances in our cohort of families may reflect a possible limitation of the manual sliding-window
method to determine the end of the 2-copies ⌬Cq grouping and the start of the single-copy grouping (i.e., 1-copy
individuals could be erroneously assigned to the 2-copies
group). The start and end of the 2 groupings of genotypes
on the ranked xy scatter graph are usually distinct, however, and barring any outlying data points (outliers can
easily be distinguished by examining the quality of the
data for real-time PCR plots for the well grouping), the
FBAT-determined inheritance results could simply reflect
the true genotyping error of the technique (i.e., sporadic
contamination not detected by the negative controls and
chance results). In support of this hypothesis, the genotypes of re-genotyped samples were 100% concordant,
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and the lack of any discordant genotypes indicated that
the manual sliding-window method for assigning genotype groups was sound.
The protocol described in this report has advantages
over previously published methodologies (18, 22 ), including a higher sample density per reaction plate, a
smaller reaction volume, and compatibility with liquidhandling robotic platforms for DNA aliquoting, reaction
plate setup, and loading of plates onto the real-time PCR
machine. The analysis spreadsheet provides a complete
analysis, QC, troubleshooting capabilities, and a datahandling solution to CNV genotyping on the ABI
7900HT Sequence Detection System. The macro-based
Excel spreadsheet eliminates the considerable bottleneck
involved in processing real-time PCR data and may be
applicable to CNV genotyping of other genes from any
genome.
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