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Approximately 94% of patients with spinal muscular
atrophy lack both copies of SMN1 exon 7, and most
carriers have only one copy of SMN1 exon 7. We
described previously the effect of SMN1/SMN2 hetero-
duplex formation on SMN gene dosage analysis,
which is a multiplex quantitative PCR assay to deter-
mine the copy numbers of SMN1 and SMN2 using
DraI digestion to differentiate SMN2 from SMN1. We
describe herein the quantification of PCR bias be-
tween SMN1 exon 7 and SMN2 exon 7, which differ by
only one nucleotide that is not present in either
primer binding site. Using samples from 272 individ-
uals with various SMN genotypes, we found that the
amplification efficiency of SMN2 was consistent only
approximately 80% that of SMN1. Thus, even a single
nucleotide polymorphism, not in primer binding
sites, can cause reproducible PCR bias. The precision
and accuracy of our SMN gene dosage analysis are
high because our assay design and controls take ad-
vantage of the consistency of the PCR bias. As addi-
tional clinically significant single nucleotide poly-
morphisms (SNPs) are discovered, assessment of PCR
bias, and judicious selection of standards and con-
trols, will be increasingly important for quantitative
PCR assays. (J Mol Diagn 2002, 4:185–190)

Spinal muscular atrophy (SMA: type I, MIM no. 253300;
type II, MIM no. 253550; type III, MIM no. 253400) is an
autosomal recessive disorder associated with loss of mo-
tor neurons in the anterior horn of the spinal cord and
caused by mutations in the Survival Motor Neuron 1 gene
(SMN1; MIM no. 600354) on 5q13.1 Coding regions of
SMN1 and its centromeric homologue, SMN2 (MIM no.
601627), differ in only one base.2 This C-to-T substitution
in SMN2 exon 7 affects the activity of an exonic splice
enhancer and alters the splicing pattern of SMN2
mRNA,3 resulting in a lower level of full-length SMN tran-

script from SMN2 than from SMN1.4–6 SMN2 was shown
to be unique to Homo sapiens.7

Approximately 94% of clinically typical SMA patients
lack both copies of SMN1 exon 7.8 SMN gene dosage
analysis, a method to determine the copy number of
SMN1, can be used to identify SMA carriers. Exon 7 of
SMN1 and SMN2 are co-amplified with genomic and
internal standards. The PCR products are then digested
with DraI, which cuts only SMN2 exon 7 PCR products,
followed by quantification of the PCR products.9–11 Other
methods for SMN gene dosage analysis have been de-
scribed.12–14 A single copy of SMN1 by gene dosage
analysis confirms carrier status; this analysis is therefore
of clinical importance. A single-copy result also supports
the diagnosis of SMN1-related SMA in an affected indi-
vidual, who may have one deleted allele and one allele
with a small intragenic mutation. However, the final diag-
nosis depends largely on the index of clinical suspi-
cion.15 This is because the frequency of single-copy
carriers in the general population (�2%) approaches the
frequency of individuals affected with SMN1-related SMA
who have a single-copy test result (�3.6%12).16

The copy number of SMN2 correlates inversely with
disease severity.9,10,12–14 Feldkötter et al14 found that
SMN2 copy number also correlates directly with length of
survival. Potential therapies for SMA include approaches
to increase the expression of full-length transcripts from
SMN2. Full-length SMN2 transcripts are increased in vitro
and in vivo by sodium butyrate,17 and in vitro by aclaru-
bicin.18 Hence, in the future, accurate determination of
SMN2 copy number may have both prognostic and ther-
apeutic significance.

We described previously the effect of SMN1/SMN2
heteroduplex formation on SMN gene dosage analysis.11

We calculated that unless SMN2 is absent, apparent
SMN1 peaks contain between approximately 2.9% and
approximately 14% SMN2 PCR products (depending on
the genotype) due to DraI-undigestable SMN1/SMN2 het-
eroduplexes.11 However, in our experience, there
seemed to be less SMN2 PCR product than SMN1 PCR
product in almost all samples, even after correcting for
heteroduplex formation. The hypothesis that incomplete
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DraI digestion falsely increased the SMN1 signal and
decreased the SMN2 signal seemed unlikely because of
assay controls lacking SMN1, in which undigested SMN2
signal has never been detected.11 We hypothesized that
there might be a considerable difference in PCR effi-
ciency (PCR bias) between SMN1 and SMN2. Using a
large number of samples in our SMN gene dosage anal-
ysis, a robust quantitative PCR assay, we quantify herein
consistent PCR bias caused by the single nucleotide
polymorphism (SNP) between SMN1 exon 7 and SMN2
exon 7. We also validate methods to determine SMN2
copy number. The precision and accuracy of our SMN
gene dosage analysis are high because our assay de-
sign and controls take advantage of the consistency of
the PCR bias.

PCR bias caused by an SNP, not in primer binding
sites, can significantly affect the accuracy and precision
of quantitative PCR assays. To assure high precision and
accuracy of quantitative PCR assays, standards and con-
trols must be chosen judiciously, and the signal intensi-
ties of the PCR products must be calculated and normal-
ized appropriately. In addition, close monitoring of results
on clinical samples and controls/standards is essential
for quality assurance in any clinical molecular diagnostic
laboratory that performs quantitative PCR. As additional
clinically significant SNPs are discovered, assessment of
PCR bias will be increasingly important.

Materials and Methods

Sample Collection and DNA Extraction

Using Puregene reagents (Gentra Systems, Minneapolis,
MN), genomic DNA was extracted from peripheral blood
specimens that were received with informed consent by
the Molecular Pathology Laboratory of the Hospital of the
University of Pennsylvania for SMN1 copy number deter-
mination on a clinical basis. Results from a sequential
series of 272 samples were selected retrospectively and
anonymized for this study.11

SMN1 and SMN2 Copy Number Assay (SMN
Gene Dosage Analysis)

SMN1 gene dosage analysis was originally developed by
McAndrew et al9 and modified as a non-radioisotopic as-
say as described previously.10 The assay has since been
modified further, using 23 cycles of PCR and the ABI Prism
310 Genetic Analyzer (Applied Biosystems, Foster City,
CA).11 All test samples were analyzed in duplicate using the
same PCR master mix. The assay takes advantage of the
SNP in exon 7 to distinguish SMN1 from SMN2 after DraI
digestion. The copy number of SMN1 per cell (or, more
precisely, per diploid genome) was determined as de-
scribed previously.11 Briefly, we first normalize the SMN1
signal of each sample, using both a genomic standard
(CFTR exon 4), as well as internal standards for SMN1 and
CFTR that are added to the PCR reaction. We then normal-
ize the result to the mean of five control samples, each with
two copies of SMN1, to obtain the SMN1 value designated

as “C(SMN1),” (Table 1) which stands for “calculated
SMN1,”11 as described in the Appendix. Theoretically,
C(SMN1) should be close to an integer number, and should
indicate the copy number of SMN1. The use of control
samples with two copies of SMN1 were validated as de-
scribed.10,11

We determined SMN2 copy number by comparing the
SMN2 signal to the SMN1 signal, assuming that the
SMN2 signal is approximately 70% of the SMN1 signal for
equivalent copy numbers, as described previously.11 As
described in Results, we verified SMN2 copy number de-
termination by calculating a normalized SMN2 signal, which
we refer to as “N(SMN2)” (see Appendix). N(SMN2) for
each sample should be close to an integer number, and
should indicate the copy number of SMN2. We refer to a
genotype of SMN1 and SMN2 by indicating the SMN1 copy
number and the SMN2 copy number separated by a colon.
For example, “2:1” stands for a genotype with two copies of
SMN1 and one copy of SMN2.

The coefficient of variation (CV) between the two
C(SMN1) values for each sample in the duplicate testing
of our 272 samples ranged from 0% to 12%, with a mean
of 2.5% and a median of 1.9%.11 The CV between the two
N(SMN2) values for each sample in the duplicate testing
of our 259 samples (excluding the 2:0 genotype) ranged
from 0% to 20%, with a mean of 3.4% and a median of
2.6%. The average values of C(SMN1), C(SMN2) (see
below) and N(SMN2) from the two runs for each sample
were used for further analyses.

Quantification of PCR Bias between SMN1 and
SMN2

To quantify PCR bias between SMN1 and SMN2, we
calculated the SMN2 signal relative to that of SMN1
[“C(SMN2)”], using the same set of external quantifica-
tion standards as C(SMN1) (see Appendix for details). To
calculate PCR bias between SMN1 and SMN2 accurately,
we normalized the SMN1 and SMN2 signals to the same
standards. We refer to the means of C(SMN1), C(SMN2),
and N(SMN2) for a given SMN1:SMN2 genotype X:Y as
MC(SMN1)X:Y, MC(SMN2)X:Y, and MN(SMN2)X:Y, respec-
tively. Because SMN1/SMN2 heteroduplexes cannot be
digested by DraI, they falsely increase the SMN1 signal
and falsely decrease the SMN2 signal.11 Thus, we first

Table 1. Definitions of Abbreviations

Abbreviation Definition

X:Y (SMN1 copy number):(SMN2 copy number)
C(SMN1) Calculated SMN1 signal
N(SMN2) Normalized SMN2 signal
C(SMN2) Calculated SMN2 signal relative to SMN1
MC(SMN1)X:Y Mean of C(SMN1) in an X:Y genotype
MN(SMN2)X:Y Mean of N(SMN2) in an X:Y genotype
MC(SMN2)X:Y Mean of C(SMN2) in an X:Y genotype
%SMN2X:Y Average fractional contribution of SMN2 to

total MC(SMN1)X:Y

PBX:Y (SMN2 PCR efficiency)/(SMN1 PCR efficiency)
in an X:Y genotype in average
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needed to correct our values of MC(SMN1)X:Y and
MC(SMN2)X:Y for the false increase of the SMN1 signal,
and the false decrease of the SMN2 signal, caused by
SMN1/SMN2 heteroduplex formation. Because SMN1/
SMN2 heteroduplexes cannot form in samples of the 2:0
genotype, we quantified SMN1/SMN2 heteroduplex for-
mation by comparing the MC(SMN1)X:Y to the MC-
(SMN1)2:0.11 The amount of SMN1/SMN2 heterodu-
plexes is expressed as the percentage of the SMN1
signal MC(SMN1)X:Y that is contributed by SMN2 (which
we refer to as “%SMN2X:Y ” for a genotype X:Y). The
extent of heteroduplex formation depends on the ratio of
SMN1 copies to SMN2 copies, and therefore must be
quantified separately for each genotype.11 We re-ana-
lyzed the data of Ogino et al11 after changing the geno-
type assignments from 1:3 to 1:4 for two samples (see
below), resulting in minor changes in the values for
%SMN2X:Y in these genotypes (Table 2). After taking into
account heteroduplex formation, we quantified PCR bias
between SMN1 and SMN2 (referred to as “PBX:Y ” for a
given genotype X:Y) for each genotype, by dividing the
corrected value for SMN2 per SMN2 copy by the cor-
rected value for SMN1 per SMN1 copy. Our methods for
calculating the PCR bias (PBX:Y) are described in detail in
the Appendix.

Results

Validation of SMN2 Copy Number
Determination

MN(SMN2)X:Y values, which should be close to integer
numbers and should indicate SMN2 copy numbers, are
shown in Figure 1 and Table 2. There was no overlap of
MN(SMN2)X:Y � 2 SD between genotypes of one copy
(0.734 to 1.21), two copies (1.63 to 2.37) and three cop-
ies (2.73 to 3.81) of SMN2. Therefore, assigning the in-
teger number of SMN2 copies was straightforward,
though the power to discriminate between three and four
copies was somewhat less than between the other pair-
ings. The MN(SMN2)X:Y � 2 SD of the 1:3 genotype (2.78
to 3.58; N � 16) did not overlap with that of the 1:4
genotype (3.69 to 4.42; N � 4). The MN(SMN2)X:Y � 2
SD of the 2:3 genotype (N � 3) was 2.73 to 3.81. The

upper limit (�2 SD) of 3.81 was high, but we lack sam-
ples of the 2:4 genotype (which may not even exist) to
compare with. More samples are necessary to validate
fully the power of our assay to discriminate between three
and four copies of SMN2. One sample with a value of
2.49 for N(SMN2) could not be excluded from the 2:3
genotype or from the 2:2 genotype by the Grubbs-Smir-
nov test (both P � 0.1). The precise SMN2 copy number
of this sample was therefore undetermined. When we
included the sample with a value of 2.49 for N(SMN2) in
the 2:2 genotype (making N � 82) or in the 2:3 genotype
(making N � 4), the MN(SMN2)2:2 was 2.01 with an SD of
0.19, or the MN(SMN2)2:3 was 3.07 with an SD of 0.45.
Two other samples with values of 3.98 and 3.93 for
N(SMN2) were previously considered to be in the 1:3
genotype11 but were included in the 1:4 genotype in this
study.

Quantification of PCR Bias between SMN1 and
SMN2

To quantify PCR bias between SMN1 and SMN2, we
performed SMN gene dosage analysis on samples from
272 individuals. The calculated PCR bias (PBX:Y), ie, the

Table 2. Measurement of PCR Bias

Genotype
(X:Y) N* MC(SMN1)X:Y MN(SMN2)X:Y SD† of N(SMN2) MC(SMN2)X:Y %SMN2X:Y PBX:Y

2:0 13 1.902 0 0 0 0 N/A‡

1:1 27 1.018 1.028 0.088 0.724 6.6% 0.832
2:1 53 1.973 0.962 0.109 0.678 3.6% 0.788
3:1 11 2.938 0.948 0.107 0.668 2.9% 0.792
1:2 57 1.034 2.045 0.156 1.440 8.0% 0.801
2:2 81 2.033 2.001 0.184 1.409 6.5% 0.810
3:2 6 2.999 2.069 0.071 1.457 4.9% 0.843
1:3 16 1.063 3.181 0.199 2.241 10.0% 0.822
2:3 3 2.234 3.269 0.271 2.302 14.9% 0.923
1:4 4 1.097 4.057 0.184 2.857 13.3% 0.790

Each symbol is described in Table 1. Note that PBX:Y (SMN2 PCR efficiency relative to SMN1 PCR efficiency) is approximately 0.8, regardless of
SMN genotype, except for the 2:3 (N � 3).

Footnotes: *number of cases; †standard deviation; ‡not applicable.

Figure 1. The normalized SMN2 signal, N(SMN2), in various SMN genotypes.
The x axis represents SMN genotypes designated as “(SMN1 copy number):
(SMN2 copy number)” as in the text. The y axis represents the normalized
SMN2 signal, N(SMN2). The mean N(SMN2), MN(SMN2)X:Y, is represented
by a column. The vertical line across the top of each column represents �
1 SD. Note that N(SMN2) values are clustered around integer numbers, which
indicate SMN2 copy numbers.
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ratio of the corrected values for C(SMN2) per actual copy
number of SMN2, to the corrected values for C(SMN1)
per actual copy number of SMN1, was consistently less
than 1 (Table 2), indicating a PCR bias in favor of SMN1
amplification. The PBX:Y ranged from 0.788 to 0.843 for all
genotypes except for the 2:3 genotype (N � 3) with the
PB2:3 value of 0.923 (Table 2). PCR bias was reproduc-
ible between samples and between runs. When we in-
cluded the one sample with a value of 2.49 for N(SMN2)
in the 2:2 genotype or the 2:3 genotype, PB2:2 was 0.813
or PB2:3 was 0.867, respectively.

To determine the consistency of SMN1/SMN2 hetero-
duplex formation and PCR bias between SMN1 and
SMN2, we calculated the uncorrected ratio of C(SMN2)/Y
to C(SMN1)/X for each sample in a given genotype X:Y.
The mean ratios for each genotype were (mean � SD):
0.651 � 0.083 for 2:3, 0.729 � 0.016 for 3:2, 0.723 �
0.061 for 1:3, 0.694 � 0.065 for 2:2, 0.681 � 0.067 for 3:1,
0.698 � 0.056 for 1:2, 0.687 � 0.075 for 2:1, and 0.712 �
0.050 for 1:1. Thus, heteroduplex formation and PCR bias
were reproducible between samples.

Discussion

PCR bias has been described previously.19–25 Because
all PCR is biased in the sense that specific and non-
specific targets can be discriminated, we only consider
herein PCR bias in the setting of identical primer binding
sites. PCR bias may be caused by differences in tem-
plate lengths, random variations in template number (es-
pecially with very small initial numbers), and random
variations in PCR efficiency in each cycle. Liu et al24

reported PCR inhibition due to a point mutation not in
primer binding sites. However, Liu et al24 analyzed only
three samples with the mutation; they did not use com-
petitive, quantitative PCR; and primers that did not show
PCR bias annealed at sites distinct from the (overlapping)
primers that did, raising the possibility of a primer-site
polymorphism. Warnecke et al21 measured the effects of
PCR bias on the quantification of methylation status using
bisulphite-treated DNA. They found approximately 30-
fold and 20-fold differences in amplification efficiency
favoring the unmethylated alleles of the human Rb and
p16 genes, respectively. However, the effects of hetero-
duplex formation were not considered in their restriction
fragment length polymorphism (RFLP) analyses.21 Bar-
nard et al19 found striking differences in the amplification
efficiency of wild-type and mutant clones of the p53 and
k-ras genes in favor of wild-type sequences, either in a
single reaction tube or in different reaction tubes. Al-
though based on a limited number of samples, the data of
Bernard et al19 indicate that a point mutation, not in
primer binding sites, can cause PCR bias. In addition,
their data suggest that wild-type sequences derived from
normal cells in a clinical sample can potentially mask
mutant sequences in a PCR-based assay for mutation
detection. However, their use of cloned DNA precluded
the normalization of template input with a genomic refer-
ence sequence for the most accurate quantification of
PCR bias.19

Quantification of PCR bias due to an SNP is compli-
cated by heteroduplex formation between the two se-
quences, and by the need to quantify nearly identical
PCR products independently. We present herein meth-
ods to overcome these difficulties. We describe the quan-
tification of PCR bias due to an SNP using a large number
of samples in our robust SMN gene dosage analysis. The
consistency of our PCR bias measurements between
samples and between genotypes reinforces the validity
of our results. We used samples with various copy num-
bers of SMN1 and of SMN2, which were present in pre-
cise integer ratios. In addition, the simultaneous amplifi-
cation of a genomic reference sequence (CFTR exon 4)
allowed us to normalize initial template input.

We also evaluated the effect of PCR bias on our SMN
gene dosage analysis,10,11 which is based on the method
of McAndrew et al9 A priori, we assumed that the ampli-
fication efficiencies for SMN1 and SMN2 would be nearly
identical since the single nucleotide difference in the
segment amplified is not in the primer binding sites. The
data presented herein demonstrate that this assumption
was incorrect. The PCR bias between SMN1 and SMN2,
and any other PCR bias that may occur between the
various genomic and internal-standard sequences in our
assay, was consistent between samples and between
runs, which allows us to maintain assay precision. Be-
cause SMN2 amplifies approximately 20% less efficiently
than SMN1 in our assay, we normalize SMN2 signals
using SMN2 signals from controls of known SMN2 copy
number. For SMN gene dosage analysis, the laboratory
should verify that the ratio of apparent SMN2 signal to
apparent SMN1 signal is consistent in each SMN geno-
type. In our assay, this ratio is approximately 70% be-
cause both PCR bias and heteroduplex formation cause
an apparent increase in the SMN1 signal and an appar-
ent decrease in the SMN2 signal.

The cause of PCR bias due to an SNP or a point
mutation not in primer binding sites is poorly understood.
Bernard et al19 hypothesized that the sequence CXGG
might cause PCR bias. The segment of SMN1 and SMN2
amplified in our assay contains the sequence . . .
CAGGGTTT(C or T)A(G to A)ACAA. . . (where the reverse-
primer binding site is italicized, “C or T ” refers to the
SMN exon 7 polymorphism, and “G to A ” refers to the
nucleotide change generated by primer mismatch to cre-
ate a DraI site in SMN2 PCR product). The CXGG se-
quence is present, though not at the site of the polymor-
phism. One may hypothesize that a difference in the
exact locations of SMN1 and SMN2 on 5q13 might cause
PCR bias. However, if that were true, converted telomeric
SMN2 (or centromeric SMN1, if it exists) would amplify
with an efficiency similar to that of native telomeric SMN1
(or centromeric SMN2, respectively). Samples in our
study with converted telomeric SMN2 would have had
less or no PCR bias, since at least one SMN2 copy would
have been amplified with a similar efficiency to that of the
native SMN1. The consistency and reproducibility of our
PCR bias data do not support this hypothesis. Moreover,
it seems unlikely that a particular chromosomal structure
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would be present in our purified DNA samples. Alterna-
tively, because the polymorphism lies only one nucleo-
tide from the 3� end of the reverse-primer binding site, it
might affect the initial interaction of the DNA polymerase
with the template and dNTP. The SNP might also affect
initial primer binding.

Heteroduplex formation should diminish as PCR cycle
number decreases because it depends on the amount of
PCR products formed.11 In contrast, PCR bias may be
present even after the initial cycles of amplification, which
could affect quantification in real-time PCR assays. Re-
cently, Feldkötter et al14 described a real-time PCR assay
for the quantification of SMN1 and SMN2 copy numbers.
They used allele-specific PCR, with slightly different
primer pairs for SMN1 and SMN2. In their assay, SMN2
amplified somewhat better than SMN1. The precision and
accuracy of the method of Feldkötter et al14 are similar to,
or slightly lower than, those of our method (10,11 and data
herein), which is a modification of the original method of
McAndrew et al9 All of these methods,9–11,14 in addition
to that of Gérard et al,13 determine SMN1 and SMN2
copy numbers reliably. Gérard et al13 also demonstrated
an efficiency bias in their primer-extension assay, slightly
in favor of SMN2, even though they generated larger
products from SMN2 (27 bp) than those from SMN1 (23
bp). In contrast, they found less or no PCR bias between
the SMN sequence and its 3 bp-smaller SMN internal
standard, and between their genomic reference (PBGD)
and its 5 bp-larger internal standard.13 Thus PCR bias
appears both primer- and template-specific.

In conclusion, even a single nucleotide difference, not
in primer binding sites, can cause reproducible PCR
bias. The precision and accuracy of our SMN gene dos-
age analysis are high because our assay design and
controls take advantage of the consistency of the PCR
bias. As additional clinically significant SNPs in the hu-
man genome are discovered, assessment of PCR bias,
and judicious selection of standards and controls, will be
increasingly important for quantitative PCR assays.

Appendix

1. Calculation of SMN1 and SMN2 copy
number

To quantify SMN1 and SMN2 copy number, we defined
signal intensity as the relevant peak area on an ABI Prism
310 electropherogram. The signal intensities of the rele-
vant peaks are designated as follows:

A1, SMN internal standard PCR product;
A2, SMN2 PCR product;
A3, SMN1 PCR product;
A4, CFTR internal standard PCR product;
A5, CFTR PCR product.

As described previously by Ogino et al,11

�A3/A1� � �A5/A4� � k3 �SMN1 copy number per cell�,
(1)

where k3is constant in a single batch of runs using the
same PCR master mix, and,

k3 � 	�A3/A1� � �A5/A4�
 � �SMN1 copy number per cell�
(2)

We obtained a mean of k3, designated as k3*, from Equa-
tion (2) in five control samples with two copies of SMN1,
comprising three with the 2:2 genotype and two with the
2:1 genotype.

From Equation (1)

�SMN1 copy number per cell� � 	�A3/A1� � �A5/A4�
 � k3*
(3)

Equation (3) is designated herein as the “calculated
SMN1 signal” or C(SMN1).

Similarly,

�A2/A1� � �A5/A4� � k4�SMN2 copy number per cell�,
(4)

where k4 is constant in a single batch of runs.

	�A2/A1)�(A5/A4)] is normalized as follows:

k4 � 	�A2/A1� � �A5/A4�
 � �SMN2 copy number per cell�
(5)

We obtained a weighted average of k4, designated as
k4*, from Equation 5 in seven control samples comprising
three with the 2:2 genotype, two with the 2:1 genotype,
one with the 1:2 genotype, and one with the 1:1 geno-
type: ie, the sum of [(A2/A1) � (A5/A4)] was divided by 11,
the total number of copies of SMN2 in the seven samples.
From Equation 4

�SMN2 copy number per cell� � 	�A2/A1� � �A5/A4�
 � k4*
(6)

Equation 6 is designated herein as the “normalized
SMN2 signal” or N(SMN2).

2. Measurement of PCR Bias between SMN1
and SMN2 (PBX:Y)

We defined the “calculated SMN2 signal relative to
SMN1” or “C(SMN2)” as follows {using k3*, which is de-
fined above for the calculation of C(SMN1)}:

C�SMN2)�[(A2/A1� � �A5/A4�] � k3* (7)

We define the mean C(SMN1) values and the mean
C(SMN2) values for each genotype X:Y as MC(SMN1)X:Y

and MC(SMN2)X:Y, respectively. We quantified the frac-
tion of SMN2 products derived from SMN1/SMN2 hetero-
duplexes in an SMN1 signal in the genotype X:Y as
described previously,11 and designate this fraction as
%SMN2X:Y. The corrected (for heteroduplex formation)
signal intensity for SMN1, per copy of SMN1, is:

��1 � %SMN2X:Y�MC�SMN1)X:Y}/X (8)

Likewise, the corrected (for heteroduplex formation) sig-
nal intensity for SMN2, per copy of SMN2, is:

��%SMN2X:Y�MC�SMN1)X:Y � MC�SMN2)X:Y
/Y (9)
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Thus, the difference in amplification efficiency (PCR bias)
between SMN1 and SMN2 in a genotype X:Y, which we
designate as “PBX:Y”, is defined as the corrected (for
heteroduplex formation) SMN2 signal intensity per copy
of SMN2, divided by the corrected (for heteroduplex
formation) SMN1 signal intensity per copy of SMN1, or
(from Equations 8 and 9):

PBX:Y � 	��%SMN2X:Y�MC�SMN1)X:Y � MC�SMN2)X:Y
/Y


� 	�1 � %SMN2X:Y�MC�SMN1)X:Y/X
 (10)
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