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A Commentary on the Practical 
Applications of Competitive PCR 

Luc Raeymaekers 1 

Laboratorium voor Fysiologie, K.U. Leuven, Campus Gasthuisberg O/N, B3000 Leuven, Belgium 

O n e  of the applications of PCR is the 
quantitative analysis of specific nucle- 
otide sequences. The main advantage of 
this method, as compared with other 
methods based on probe hybridization, 
is its extreme sensitivity and specificity. 
However, PCR by itself is not an accurate 
quantitative assay. Because of the many 
amplification steps, small differences in 
amplification efficiency result in dra- 
matic differences in product yield. Fur- 
thermore, the exponential phase of the 
reaction is of limited duration because 
of the accumulation of product. If the 
PCR is run beyond the exponential 
phase into the saturation phase, initial 
differences in the amount of template 
will be obscured. To compensate for 
these intrinsic difficulties, a number of 
controls have been introduced, as will 
be summarized below. Recently, how- 
ever, based on theoretical consider- 
ations and practical experience, we and 
others have issued warnings of specific 
pitfalls in quantitative PCR, particularly 
in one of its variants which uses an ex- 
ternal standard sequence, known as 
competitive PCR. (1-3) 

One of the prerequisites for reliable 
quantification in competitive PCR is the 
proper shape of the standard curve, a 
fact that has been overlooked in the 
original description of the method. Al- 
though an amendment to the method 
of competitive PCR has been pub- 
lished, (1) a survey of the literature re- 
veals that in many cases this necessary 
condition has not been met as yet. The 
purpose of this commentary is to discuss 
these and other problems and possibili- 
ties of quantitative PCR. 

CONTROLS USED IN QUANTITATIVE 
PCR 

Two different types of controls have 
been used for the standardization of PCR 
results. One form of control consists of 
performing preliminary experiments to 
gain information on the amplification 
efficiency and on the duration of the ex- 
ponential phase. For valid comparison 
of the amount of product in different 
PCR tubes, the amplification factor 
should be the same in the whole range 
of conditions used in the assays. There- 
fore, it is obligatory that the amount of 
template in the preliminary control ex- 
periment is chosen at the extreme upper 
end of the range that will be used in the 
assays. The reason for this is that the am- 
plification efficiency starts to decrease 
when the amount of product exceeds a 
certain level. This stage will be reached 
sooner in PCR tubes containing a greater 
initial amount of template. 

The second type of control is the use 
of an internal standard. The amount of 
PCR product obtained from a specific 
mRNA species is compared with that 
amplified from a reference sequence in 
the same PCR tube. The internal stan- 
dard is either an mRNA species, which 
is constitutively expressed and the 
amount of which is considered to be in- 
variant (e.g., housekeeping genes such 
as actins or glyceraldehyde phosphate 
dehydrogenase; for reviews, see Volk- 
enandt et al. and Sugimoto et al.), (4's) or 
an exogeneously added standard se- 
quence (for review, see Siebert and Lar- 
rick). (6) Such coamplification may allow 
compensation for tube-to-tube variation 

in amplification efficiency. In the case 
of the coamplification of sufficiently 
similar templates, it may allow exten- 
sion of the PCR beyond the exponential 
phase. 

The coamplification of the target se- 
quence with housekeeping genes im- 
poses several constraints on the PCR 
conditions in which reliable quantifica- 
tion can be achieved: It requires the ad- 
dition of two primer pairs that should be 
compatible; in addition, the difference 
in the initial amount between target and 
standard should not be too great. The 
difference should be sufficiently small 
such that the amount of product of both 
templates will exceed the detection limit 
before the end of the exponential phase 
is reached. If the initial amounts differ 
too much, it is likely that the efficiency 
of amplification of the product present 
in the largest amount will start to de- 
crease faster than that of the other one, 
resulting in an apparent change of the 
ratio of both templates. 

Instead of housekeeping genes, many 
investigators have used exogenously 
added standards. The conditions for re- 
liable quantification are much less strin- 
gent if the standard and the target se- 
quences possess identical primer 
binding sites. The use of an exoge- 
neously added standard that contains 
the same sequences for primer binding 
as the target was first described by Wang 
et al., (7) by Becker-Andr6 and Hahl- 
brock (s) (who named the method PATTY 
PCR-aided transcript titration assay), 
and by Gilliland et al., (9) who intr-o- 
duced the term "competitive PCR." This 
latter name has prevailed in the litera- 

1 E-MAIL Luc.Raeymaekers@med.kuleuven.ac.be; FAX 32-16-345991. 

5:91-94 ©1995 by Cold Spring Harbor Laboratory Press ISSN 1054-9803/95 $5.00 GENOME RESEARCH ~ 91 

 Cold Spring Harbor Laboratory Press on June 24, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


RAEYMAEKERS ET AL. 

ture. Because only  one primer pair is 
needed in this approach, it can be as- 
sumed that  the amplif icat ion efficiency 
is always identical  for both  sequences if 
the region in  between the primer-bind- 
ing sites also is very similar. Therefore, 
the PCR can be extended into the later 
phase where a decrease of the efficiency 
occurs, if this decrease occurs with an 
identical t ime course for bo th  se- 
quences. (The possibility of extending 
the PCR into the nonexponen t ia l  phase 
is very useful in practice as it avoids 
m a n y  addit ional  controls and allows ac- 
curate quantif icat ion of the PCR prod- 
ucts.) However, as will be explained in 
the next  section, there are m a n y  exam- 
ples in the literature of a nonparal le l  de- 
crease of the amplif icat ion efficiency 
that  apparent ly have escaped notice. 

A related quanti tat ive application of 
PCR coamplif icat ion is the determina- 
t ion of the relative mRNA levels of mem- 
bers of gene families. A proper name  for 
this me thod  could be "ratio PCR" (see 
below). 

COMPETITIVE PCR 

The name  "competi t ive PCR" refers to 
the fact that  the PCR is allowed to pro- 
ceed into the saturation phase in which  
compet i t ion occurs between target and 
standard templates for available sub- 
strates: Because the sum of the masses of 
bo th  products cannot  exceed some max- 
i m u m  value, the amoun t  of product 
formed from one template will decrease 
with the increasing quant i ty  of the 
other template. 

The products of target and standard 
sequences are discr iminated either by a 
difference in length or by  a specific re- 
striction site in the region between the 
primer templates. In practice, a series of 
PCR tubes conta in ing  the same but  un- 
known amoun t  of target sequence is 
spiked with a di lut ion series of defined 
quanti t ies of the standard. If the ampli-  
fication factor is the same for both  se- 
quences, their ratio will remain  constant  
during the amplif icat ion and the 
amoun t  of the u n k n o w n  template can 
be quant i ta ted from the ratio of the two 
products. In the practical application of 
the method,  it was recommended  that  a 
curve be constructed relating the loga- 
r i thm of the ratio of PCR products stan- 
dard/target to the logari thm of the 
initial  amoun t  of standard cDNA 

added. (6'9) The amoun t  of initial  target 
template can be read easily from the 
point  on  the curve where the amounts  
of target (T) and standard (S) are equal 
[the equivalence point  where S/T = 1, or 
log(S/T) = 0]. 

Although competit ive PCR has been 
used in several examples for reliable 
quantification,  also m a n y  incorrect re- 
sults have been publ ished also, as is ap- 
parent  from the shape of the log-log cal- 
ibration curve, which  in m a n y  cases is 
not  as predicted from the basic assump- 
tion that  the amplif icat ion factor should 
be identical  for T and S. Theory predicts 
that  this calibration curve should be lin- 
ear and have a slope of 1. (1) Whereas it 
is mathemat ica l ly  obvious why  this 
should be so, it is less straightforward to 
explain in a few words the causes of 
standard curves that are either curved or 
rectilinear but  do not  have a slope of 1. 
However, it can be easily seen from the 
prerequisite that  the ratio SIT should be 
the same at the start and at the end of 
the PCR, that  an invalid standard curve 
must  be caused by a difference in the 
amplif icat ion factor between T and S, 
and by the fact that  this difference was 
not  identical  in all of the PCR tubes of 
the di lut ion series. A computer  simula- 
t ion of such a si tuation has been 
made. °) It has been shown that  

1. The part of the calibration curve 
used for quant if icat ion should be recti- 
l inear and have a slope equal to 1. 

2. A significant deviat ion from the 
linearity and/or  the slope of the curve 
cannot  be explained by a difference in 
the amplif icat ion efficiency between 
standard and target if this difference is 
identical  in  all of the PCR tubes of the 
di lut ion series. If there is a difference in 
the amplif icat ion factor and this differ- 
ence is the same in all of the PCR tubes, 
theory predicts a parallel shift of the 
standard curve. This shift results in a dis- 
p lacement  of the point  of equivalence 
and in a faulty quantification.  In prac- 
tice, this displacement  cannot  be de- 
tected because a reference point  is not  
available. Therefore, the slope=l charac- 
teristic is in theory no proof that  the 
amplif icat ion efficiency is the same for 
target and standard. The equal amplifi- 
cation of target and standard can be as- 
sumed for very similar sequences or oth- 
erwise it has to be demonstrated in 
separate experiments.  In practice, how- 
ever, correct standard curves can be con- 

sidered as a good indicat ion for equal 
amplif icat ion (see point  3). 

Standard curves of slope=l obtained 
for templates with a different amplifica- 
t ion factor can in theory be used for rel- 
ative quantification,  that  is, the compar- 
ison of the amoun t  of target template 
among  different PCR tubes. In practice, 
however, such a situation may  seldom 
or never occur. 

3. To obtain incorrect standard 
curves it is necessary to postulate (a) that 
the amplif icat ion factor for target and 
template was not  the same, and in addi- 
tion, (b) that  the differences among  the 
amplif icat ion factors are not  identical  in 
all the PCR tubes of the di lut ion series. It 
is easy to imagine how such a situation 
might  originate, considering that  any 
difference in the amplif icat ion effi- 
ciency between target and standard will 
more likely show up if there is competi- 
t ion between both  templates for sub- 
strates, that  is, when  the PCR reaches 
the saturation phase. Because the total 
quant i ty  of template at the start of the 
PCR varies among  the tubes of the dilu- 
t ion series, the saturation phase of the 
PCR will be reached sooner in the tubes 
conta in ing  more template. The differ- 
ence in amplif icat ion efficiency will 
then  be greater in PCR tubes spiked with 
more standard, causing a greater devia- 
t ion of the ratio S/T in these tubes, re- 
sulting in a change of the slope. A con- 
sequence of this conclusion is that  a 
rectilinear log-log calibration curve of 
slope=l,  which  includes points  obtained 
from PCR tubes that  have reached the 
saturation phase as well as points  ob- 
tained from the exponent ia l  phase, rep- 
resents a strong argument  for equal am- 
plification. Discrepant amplif icat ion 
will be most prone to show up in the 
later phases of the PCR when  the con- 
centration of PCR components  de- 
creases below the saturation level re- 
quired for opt imal  amplification. 
Therefore, if a calibration curve of in- 
valid format is obtained, a possible rem- 
edy is to reduce the number  of PCR cy- 
cles and/or  the initial  amoun t  of 
template.  

The fact that  incorrect calibration 
curves m a y  be obtained despite the fact 
that  the target and the standard tem- 
plates possess the same sequences in 
their pr imer-binding sites indicates that  
the chances of different kinetics of prod- 
uct accumulat ion in the nonexponen-  

92 ~ GENOME RESEARCH 

 Cold Spring Harbor Laboratory Press on June 24, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


tial phase, even for some of the sequences 
containing the same primer templates, 
may  be greater than  often assumed. 

It should be noted that  acrylamide 
gels have been shown to be superior to 
agarose gels for the quantif icat ion of 
e th idium bromide-stained DNA prod- 
ucts. (1°) Possibly, some apparent ly  
anomalous  s tandard curves are not  
caused by unequal  amplif ication but  by 
the use of agarose. An underes t imat ion 
or overest imation of faint gel bands 
could cause a tilting of the s tandard 
curve wi thout  shifting the point  of 
equivalence, in which  case the quantifi-  
cation would be valid if, and only if, the 
point  of equivalence is used for quanti-  
fication. In our experiments,  preferably, 
we use labeled deoxynucleotides,  and 
quantif icat ion of the bands on dried 
polyacrylamide gels wi th  a PhosphorIm- 
ager scanner and ImageQuant  software 
(Molecular Dynamics,  Sunnyvale, CA). 

RATIO PCR 

For some types of problems it is not  nec- 
essary to measure absolute levels of 
mRNA. Especially in the case of multi- 
gene families, useful informat ion  can be 
obtained from the comparison of the 
relative expression level of the members  
of a gene family in different cells or tis- 
sues. Obtaining this kind of informat ion  
is much  easier, in principle, t han  obtain- 
ing absolute quanti tat ive data. In this 
approach,  all members  of the gene fam- 
ily are amplified simultaneously and 
with equal efficiency using primers in 
conserved regions. Because in principle, 
the PCR can be run into the saturation 
phase, it can be considered a form of 
competi t ive PCR. This me thod  was used 
first by Buck et al. ~11) to study the ex- 
pression of the GABA A receptor family. 
However, from our own experience, sev- 
eral improvements  to this me thod  can 
be suggested. The first concerns the 
choice of the primer templates.  Whereas 
Buck and colleagues chose conserved re- 
gions for primer anneal ing wi thout  
stressing the impor tance  of complete 
identi ty of the sequences of the primer 
templates,  it is clear from the consider- 
ations of competit ive PCR that  all possi- 
ble prerequisites for equal amplification 
efficiency should be fulfilled. The se- 
quences for primer anneal ing should 
therefore be identical in all members  of 
the gene family to assure equal amplifi- 
cation efficiency. 

Another  improvement  concerns the 
strategy of discrimination among  the 
different sequences in the PCR product  
if the sequences do not  differ in length 
(which is the case most  of the time). 
Buck et al. (~1) used Southern blott ing 
and isoform-specific probes to discrimi- 
nate and quant i ta te  the PCR products. 
In our applications, a more  convenient  
way to achieve this discriminat ion 
proved to be the use of specific restric- 
t ion sites in the region between the 
c o m m o n  primer sequences. Using re- 
striction analysis to discriminate bo th  
products has several advantages over 
isoform-specific probes. It is technically 
simpler, and it allows the discrimination 
of highly conserved sequences that  can- 
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not  be discriminated by hybridizing 
probes. As examples of ratio PCR, Figure 
1 shows the relative expression level of 
the highly conserved actin gene family 
in smooth  muscle cells and the expres- 
sion of the mult idrug resistance genes 
MDR1 and MDR2 in h u m a n  lympho-  
cytes. The fact that  the discrimination of 
the PCR products is still possible even if 
they are very similar in sequence has ad- 
ditional advantages.  There is a better 
chance of f inding primer templates of 
identical sequence in all the targets to be 
amplified, a prerequisite for equal am-  
plification efficiency; also the similarity 
of the region in between the primer se- 
quences increases the probabili ty of 
equal amplification efficiency. 

A Mbo, 
contr Mbol  Banll Banll 

, o  

¸ ,  

B ssp i 
Hha I 

contr SsDI Hhal Msel Msel 

m Q  

bp 

~1- 264 

4 2 2 6  

4 174 

4 90 

-.11-144 

4 92 

~1- 82 

~1- 62 

FIGURE 1 Digitized images (using the Phos- 
phorlmager) of 32p-labeled PCR products and 
their restriction fragments, separated on a 6% 
polyacrylamide gel. (A) The ratio of P-glycopro- 
tein messengers MDR1 and MDR2/3 in MM 
(from multiple myeloma patients) lympho- 
cytes in culture. A 265-bp fragment was ampli- 
fied from reverse-transcribed poly(A) ÷ mRNA 
using the sense primer TGCCTATGGAGACAA- 
CAGCCGGGT and the antisense primer GTC- 
CAGGGCTTCTTGGACAACCTT, correspond- 
ing to the 100% conserved regions in both 
P-glycoprotein isoforms expressed in humans. 
The 5' base in the sense primer corresponds to 
nucleotide 3817 in the MDR1 messenger 
(GenBank accession no. M14758), 3422 in 
MDR2/3 (GenBank accession no. M23234). The 
temperature of the annealing step was 60°C. 
(Control lane) The combined undigested 
MDRI+MDR2/3 amplification product. Diges- 
tion with MboI yields 39- and 226-bp fragments 
in MDR 1; digestion with BanII gives rise to 175- 
and 90-bp fragments in MDR2/3. The compar- 
ison of the radioactivity in the largest frag- 
ments of each digest, and correcting for the 
difference in the GC content of each band, 
yielded relative values of 15% for MDR1 and 
85% for MDR2/3. The same result was obtained 
by comparing the amount of the largest frag- 
ment with that of the undigested band within 
each digest. (B) The ratio of actin messengers in 

rat aorta. A 144-bp fragment was amplified from reverse-transcribed poly(A) ÷ mRNA using the 
sense primer GCTGACAGGATGCAGAAGGAG and the antisense primer GGAAGGTCGTCTA- 
CACCTAG, corresponding to the 100% conserved regions in the three actin isoforms expressed 
in rat aorta. The 5' base in the sense primer corresponds to nucleotide 976 in m-vascular actin 
(GenBank accession no. X06801), 2810 in the [~-actin genomic sequence (V01217), and 951 in 
?-smooth muscle actin (GenBank accession no. X52815). The temperature of the annealing step 
was 54°C. (Control lane) The combined undigested ~- (vascular), [3-, and ? (cytoplasmic)-actin 
amplification product. The other lanes show the specific digestion of cz-, 13-, and ?-actin respec- 
tively, using, SspI (yielding 82- and 62-bp fragments), HhaI (76- and 68-bp fragments), or MseI 
(52- and 92-bp fragments ), and the combined digestion with all three restriction enzymes. The 
comparison of the radioactivity in the largest fragments of each digest, and correcting for the 
difference in the GC content of each band, yielded relative values c¢-, [3-, and y-actin of, respec- 
tively 47%, 44%, and 8.5%. The same result was obtained by comparing the amount of the 
largest fragment with that of the undigested band within each digest. 
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We found this approach by restric- 
t ion analysis to be applicable in all cases 
examined.  In addit ion to the examples 
shown in Figure 1, the me thod  de- 
scribed here has been applied to the sar- 
coendoplasmic reticulum Ca z+ transport  
ATPases SERCA2/3, (lz) the IP 3 receptor 
family, (13~ to the three MDR genes from 
mouse,  and to C1C-1 and C1C-2 chloride 
channels  of the  rat. (14~ For accurate 
quantif ication,  routinely we carried out 
at least three addit ional  PCR cycles in 
the presence of [~-32p]dCTP. The PCR 
products and their restriction fragments 
were separated on  polyacrylamide gels 
and quant i ta ted  using a PhosphorIm- 
ager scanner and  correcting for the GC 
content  of each band.  

As a control, it was necessary in these 
experiments  to check for complete di- 
gestion of each isoform. The best control  
was to carry out  a digestion of the PCR 
fragment  wi th  all of the isoform-specific 
restriction enzymes, either combined in 
one tube, as in Figure 1, or consecu- 
tively. Alternatively, the a m o u n t  of the 
fragments of each isoform-specific di- 
gest was summed  up. A value _--_100% of 
the undigested band should be ob- 
tained. The latter procedure can be used 
only if the volume of the PCR mixture 
used in each digest and in each corre- 
sponding lane of the gel is accurately de- 
termined.  Incomplete  digestion m a y  be 
caused by format ion of heterodimers,  as 
discussed by Siebert and Larrick (6~ and 
by Becker-Andr6 and Hahlbrock, (8) by 
muta t ion  of restriction sites by mistakes 
of the DNA polymerase, or by the pres- 
ence of u n k n o w n  members  of the gene 
family. 

The publication costs of this article 
were defrayed in part by paymen t  of 
page charges. This article must  therefore 
be hereby marked "adver t i sement"  in 
accordance with 18 USC section 1734 
solely to indicate this fact. 
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