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Generation of Competitor 
DNA Fragments for 
Quantitative PCR 

Klaus Oberla, Cornelia Platzer,* Tibor Diamantstein, and 
Thomas Blankenstein 

Institute of Immuno lo~ ' ,  Universit~itsklinikum Steglitz, Freie Universitat Berlin, 
D-IOO0 Berlin 45, FRG 

A convenient and generally ap- 
plicable method for the generation 
of competitor DNA fragments for 
quantitative PCR is described. 
Using mouse-specific primers, frag- 
ments are amplified from DNA of 
an evolutionarily distantly related 
species under low-stringency anneal- 
ing conditions. Because these artifi- 
cially created fragments contain 
the mouse primer specific ends, 
they can be used for the quantifica- 
tion of the mouse DNA amplified by 
these primers. Competitor DNA 
fragments that differ in size from 
the corresponding mouse DNA are 
selected to distinguish both frag- 
ments visually by gel electro- 
phoresis. Competitor DNA frag- 
ments were generated for mouse I~- 
actin, interleukin-1, and tumor 
necrosis factor (TNF). Co-amplifica- 
tion of 13-actin cDNA for adjustment 
of equal amounts of input cDNA 
and subsequently TNF cDNA from 
lipopolysaccharide (LPS)-activated 
and nonactivated spleen cells with 
serial dilutions of the respective 
competitor DNA fragments allowed 
a semiquantitative comparison of 
the ratio of TNF mRNA present in 
both cDNA samples. Under certain 
conditions, the competitor DNA 
fragments can be used to deter- 
mine the approximate molar con- 
centration of a mRNA. 

*Present address: Institute of Medical Immunology, 
Charite, Humboldt Universitat Berlin, FRG. 

D u e  to its high sensitivity, the 
polymerase chain  reaction (PCR) al- 
lows the detection of rare mRNA 
species. Because the amplif icat ion of 
reverse-transcribed mRNA usually does 
not allow the amount  of a given 
mRNA species to be deduced, methods 
must be developed to quant i fy  the 
level of transcription. The most reliable 
approach for quant i fying specific 
mRNA species by PCR consists of co- 
amplif icat ion of the target cDNA and a 
control fragment, which is flanked by 
the primer-specific sequences of the 
target cDNA. Ilt Co-amplification of an 
internal  standard serves as a control for 
comparing the efficiency of the PCR in 
different reactions. Since the target 
cDNA and the control fragment com- 
pete for the same primers, the amount  
of amplif icat ion product of either frag- 
ment  reflects the ratio of input  DNA. 
During the amplification,  the molar 
ratio of the target cDNA and the com- 
petitor DNA fragment of known con- 
centration should remain constant. To 
determine the weight ratio and, there- 
fore, to deduce the molar ratio of the 
amplif ied products on an agarose gel, 
the amplif ied cDNA and the competi- 
tor DNA fragment must differ in size. 
Such competitor DNA fragments can 
be obtained by mutagenesis of cloned 
cDNA fragments, (11 by isolation of 
in t ron-conta ining genomic frag- 
ments,  I1) or by synthesis of appropriate 
DNA fragments.! 2) This paper describes 
a convenient  alternative approach for 
the generation of competitor DNA 
fragments and their application. 

METHODS 
DNA and RNA extraction 
Genomic chicken liver DNA was isola- 

ted by standard procedures. (3) Cyto- 
plasmic RNA was extracted from non- 
st imulated or l ipopolysaccharide (LPS)- 
st imulated BALB/c spleen cells (1 x 106 
cells/ml, 10 ~g LPS/ml, for 4 hr in 
Click's RPMl-1640 conta in ing  10% 
FCS, 2 mM glutamin,  100 units of 
penici l l in/ml,  and 100 ~g strepto- 
mycin/ml) .  A total of 5 x 106 to 2 x 107 
cells were lysed in a solution contain- 
ing 10 mM Tris (pH 7.5), 10 mM NaC1, 
1.5 mM MgC12 in the presence of 50 ~l 
of ribosyl complexes (prepared as de- 
scribed in ref. 3), and 0.5% Triton X- 
100 in a volume of 1 ml. Nuclei were 
pelleted by centrifugation at lO,OOOg 
for 5 min  at 4°C. SDS and EDTA were 
added to the supernatant  at final con- 
centrations of 0.5% and 5 mM, respec- 
tively. Proteins were removed by 
phenol,  phenol /chloroform,  and chlo- 
roform extraction. Subsequently, the 
RNA was ethanol-precipitated and re- 
suspended in 500 ~l H20. The RNA was 
precipitated by LiCl at a final con- 
centration of 2 M at -20°C for 12 hr. 
After centrifugation (10,OOOg, 5 rain at 
4°C), the RNA was resuspended in 500 
~1 of H20 , ethanol-precipitated, and 
resuspended in 20 ~1 of H20, and an 
aliquot was analyzed on an agarose gel. 
RNA (2.5 ~g) was reverse-transcribed in 
a volume of 50 ~l using Superscript 
Reverse Transcriptase (GIBCO/BRL) 
and oligo(dT) as primer following the 
supplier 's recommendat ions .  When-  
ever possible, reagents were DEPC 
treated. 

PCR 
For the generation of the competitor 
DNA fragments, the PCR was perform- 
ed in a volume of 1OO ~l conta in ing  1× 
reaction buffer (Perkin-Elmer, Norwalk, 
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CT), 1 jag of genomic chicken DNA, 0.5 
jam primers, 200 jaM of deoxynu- 
cleotides (dATP, dCTP, dGTP, d'Iq'P), 
and 2 units of Taq polymerase (Perkin- 
Elmer). The mouse interleukin-1 (IL-1), 
tumor  necrosis factor (TNF), and 6- 
actin primer sequences were taken 
from ref. 4. Amplif ication occurred at 
the following condit ions in a Perkin- 
Elmer Thermal Cycler: (1 min,  94°C; 2 
min,  37°C; 2 min,  72°C) for three 
cycles followed by 35 cycles (1 min,  
94°C; 2 min,  60°C; 2 min,  72°C). After 
agarose gel electrophoresis, fragments 
of appropriate size were excised and 
the gel slices were dissolved in NaJ in a 
final concentrat ion of 4.5 M. A 1-jal 
amoun t  of a 1:10,000 dilut ion was 
amplif ied again, size-separated by gel 
electrophoresis, and purified by Gene 
Clean (Bio 101 Inc., La Jolla, CA). DNA 
concentrat ions were determined by 
e th id ium bromide staining in com- 
parison to dilutions of DNA of known 
concentration.  The IL-1 cDNA frag- 
ment  was generated by amplif icat ion 
of cDNA de-rived from LPS-stimulated 
spleen cells with the IL-1 primers and 
purified as described above. 

Competitive PCR 
The competit ive PCR was performed in 
a volume of 50 ttl conta ining lx reac- 
tion buffer, 5-10 ng of reverse- 
transcribed RNA, different amounts  of 
competitor DNA fragment, 0.2 ~tM of 
primers, 200 jam deoxynucleotides 
(dATP, dCTP, dGTP, dTTP), and 1 unit  
of Taq polymerase. Amplification oc- 
curred during 35 cycles (1 min,  94°C; 2 
min,  60°C; 2 min,  72°C). One-fifth of 
the PCR products were analyzed on 
1.5% agarose gels conta in ing  0.1 ~tg/ml 
e th id ium bromide. Size markers were 
the 1-kb ladder or the 123-bp ladder 
from GIBCO BRL. 

RESULTS 
Generation of Competitor DNA 
Fragments 
Amplification of mouse IL-1 cDNA 
with the IL-l-specific primers results in 
a 308-bp PCR product.(4) As a competi- 
tive template, we wished to obtain a 
fragment differing slightly in size from 
that of the cDNA amplif icat ion pro- 
duct. Therefore, the genomic DNA of a 
distantly related species (in our case 
chicken) was amplif ied by the mouse 

IL-1 primers. During the first three 
cycles of the PCR, the low anneal ing  
temperature (37°C) allowed multiple, 
presumably unspecific, priming,  which  
became visible after a further 35 cycles 
(anneal ing temperature 60°C) (Fig. 1, 
lane 2). A fragment of about 240 bp 
was excised from the gel and amplif ied 
further, yielding a fragment of the 
same size. The fragment was purified 
(Fig. 1, lane 3) and, subsequently, it 
could be used as a competit ive tem- 
plate, since the amplif ied chicken DNA 
fragment is flanked by the mouse IL-1 
primers. To exclude the possibility that 
the competi tor DNA fragment is flank- 
ed by one of the primers at both ends, 
the competit ive template was either 
amplified by both primers (Fig. l, lane 
4), or each primer alone (lanes 5 and 
6). Similarly, competitor DNA frag- 
ments  were prepared for mouse I~-actin 
and mouse TNF cDNA. 

Semiquantitative Analysis 
To demonstrate the usefulness of the 
competitor DNA fragments for deter- 

min ing  the relative amount  of a mRNA 
within two cell populations, we 
wanted to compare the TNF mRNA 
levels in nonst imula ted  versus ac- 
tivated spleen cells. Therefore, RNA 
was extracted from untreated spleen 
cells and from spleen cells st imulated 
for 4 hr with l ipopolysaccharide (LPS). 
Similar amounts  of RNA were reverse- 
transcribed. To compare identical 
amounts  of cDNA, the cDNAs were ad- 
iusted to equal concentrat ions using 
the 6-actin cDNA for calibration. For 
this purpose, the amount  of cDNA re- 
quired to obtain equal amounts  of PCR 
products for the 13-actin control frag- 
ment  and 6-actin cDNA in the 
presence of the same amount  of input  
control fragment was determined in a 
competi t ive PCR for both cell popula- 
tions. Tenfold serial di lutions of the 
competitor 6-actin fragment were co- 
amplif ied with equal amounts  of 
cDNA. After identifying the order of 
magni tude  of the amoun t  of 6-actin 
competi tor DNA fragment needed to 
obtain roughly equal amounts  of the 
amplif ied fragments, a second PCR 
with 2- to 2.5-fold dilutions of the 
cDNA in the presence of identical 
amounts  of the competi tor DNA frag- 
ment  was carried out to determine 
carefully the amount  of cDNA required 

FIGURE 1 Analysis of amplification prod- 
ucts obtained by cross-species PCR with 
mouse II.-1 primers and genomic chicken 
DNA. (Lane 1) 1 ug 123-bp ladder size 
marker; (lane 2) equivalent of 0.2 pg of 
genomic chicken DNA amplified under low- 
stringency annealing conditions; (lane 3) 
purified IL-1 competitor DNA fragment (IL- 
1-c.f.); (lanes 4-6) PCR in the presence of 1 
fg of competitor DNA fragment and either 
both primers (lane 4), or sense (lane 5) and 
anti-sense (lane 6) primers alone. 

to obtain equal amounts  of PCR prod- 
ucts. A twofold higher  concentrat ion 
of the cDNA from LPS-induced cells as 
compared to the control cDNA is 
needed to achieve equal band  in- 
tensities of the PCR products (Fig. 2A, 
arrows). Thus, this analysis allows 
comparison in subsequent experiments  
of precisely the same amounts  of 
cDNA. For quantif icat ion of the TNF 
mRNA, serial lO-fold dilutions of the 
TNF competi tor DNA fragment were 
co-amplified with equal amounts  of 
the adjusted cDNAs. The TNF-cDNA of 
the LPS-stimulated cells competes for 
amplif icat ion with the control frag- 
ment  at a lO-fold higher concentrat ion 
of TNF control fragment as compared 
to the TNF-cDNA of nons t imula ted  
cells. Therefore, LPS induces approxi- 
mately a lO-fold increase of TNF- 
mRNA in spleen cells. 

Quantitative Analysis 
Although in most experimental  situa- 
tions the knowledge of the relative 
amount  of a mRNA compared between 
two cDNAs may be sufficient, some- 
times the number  of mRNA molecules 
wi thin  a defined cell populat ion may 
be of interest. The control fragment 
may be used for this purpose, once it 
has been shown that during amplifica- 
tion the molar ratio of competi tor 
DNA fragment and target DNA remains 
constant. 

To analyze whether  IL-1 cDNA and 
control fragment are stoichiometrically 
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FIGURE 2 Determination of TNF mRNA levels in LPS-stimulated versus nonstimulated spleen 
cells by semiquantitative PCR. (A) Adjustment of cDNA concentrations of LPS-stimulated and 
nonstimulated cells by co-amplification of ~-actin cDNA and ~-actin control fragment. The 
equivalent of 50, (lanes 1), 100 (lanes 2), 250 (lanes 3), 500 (lanes 4), 1000 (lanes 5), 2500 
(lane 6), and 5000 (lanes 7) pg of reverse-transcribed mRNA were co-amplified with 0.5 pg of 
~-actin competitor DNA fragment. The dilutions resulting in equal band intensities of 
amplified ~-actin cDNA (a-cDNA) and amplified 15-actin competitor DNA fragment (a-c.f.) are 
indicated by arrows. (B) TNF competitor DNA fragment in the amounts of 0.02 ag (lane 1), 
0.2 ag (lane 2), 2 ag (lane 3), 20 ag (lane 4), 200 ag (lane 5), and 2 fg (lane 61 was co-amplified 
with the equivalent of 10 ng of reverse-transcribed RNA of the LPS-stimulated ceils (+LPS) or 
with the equivalent of 5 ng of reverse-transcribed RNA of nonstimulated cells (-LPS). The 
dilutions resulting in equal band intensities of amplified TNF eDNA (TNF-cDNA) and 
amplified TNF competitor DNA fragment (TNF-c.f.) are indicated bv arrows. The size marker 
is 1 ~g of DNA of the 1-kb ladder. 

amplified, 0.5 fg of competi tor  DNA 
fragment  was co-amplified with 0.05, 
0.5, and 5 fg of IL-1 cDNA amplifica- 
t ion product (Fig. 3A). Equal amounts  
of input  competi tor  DNA fragment  and 
IL-1 cDNA resulted in the same 
amoun t  of PCR products (Fig. 3A, ar- 
row), whereas a change in the amoun t  
of the IL-1 cDNA resulted in a bias of 
the two PCR products. Therefore, we 
conclude that  during amplification the 
weight ratio and consequent ly  the 
molar ratio of both fragments remains 
constant.  To determine the absolute 
a m o u n t  of IL-1 cDNA molecules pres- 
ent  in the cDNA of LPS-stimulated 
cells, 0.O05, 0.05, and 0.5 fg of compe- 
titor DNA fragment  were co-amplified 
with equal amounts  of cDNA. Equal 
band intensities of the amplified frag- 
ments  were obtained at an input  of 
0.05 fg of competi tor  DNA fragment  
(Fig. 3B, arrow). Therefore, the cDNA 
used for PCR was determined to con- 

tain approximately  0.05 fg of the 
single-stranded 308-bp IL-1 cl)NA, cor- 
responding to 270 molecules (4.5 × 
10 -22 mole). 

DISCUSSION 

We have described a convenient  meth- 
od for the generat ion of PCR competi- 
tor DNA fragments by cross-species 
PCR. As demonst ra ted  in three cases 
with mouse-specific primers and 
genomic chicken DNA (]3-actin, IL-1, 
TNF), it is easily possible to isolate frag- 
ments  of defined size with mouse 
primer-specific ends allowing competi- 
tive condit ions during co-amplification 
experiments.  Since appropriate anneal- 
ing condit ions during the initial PCR 
cycles usually yielded multiple prim- 
ing, fragments that  differ only slightly 
in size from the target sequence can be 
selected. Therefore, elongation times 
for cDNA and competi tor  f ragment  
should be similar and, additionally, 

both fragments should stain approxi- 
mately proport ionally to their molar  
amount .  

Several approaches for generating 
control fragments for competit ive PCR 
have been described. These include the 
use of genomic regions containing 
short introns,/1~ the engineering of 
restriction sites into the control frag- 
ment  (ll to distinguish cDNA and con- 
trol f ragment  by restriction enzyme di- 
gestion, or to mutagenize the control 
f ragment  site-specifically, allowing the 
separation of both PCR products by 
temperature  gradient gel electropho- 
resis. ~s) Since these methods  are either 
rather laborious or may  not  be suitable 
for all genes, the generat ion of control 
fragments by cross-species PCR might  
be advantageous because it does not  re- 
quire any further genetic manipula-  
tions such as subcloning or the use of 
additional primers. 

The competi tor  DNA fragments 
generated by cross-species PCR most  
likely have no internal homology to 
the target sequence. This may  be useful 
because heteroduplex format ion be- 
tween the two PCR product  molecules 
is prevented. On the other hand,  the 
two fragments may have different re- 
anneal ing behavior and/or  different 
amplification rates. This can be dis- 
regarded if the competi tor  DNA frag- 
ment  is used for semiquanti tat ive PCR, 
that  is, the determinat ion of the ratio 

of a given mRNA between two differ- 
ent cell populations.  If, in contrast,  
determinat ion of the precise molar  
a m o u n t  of a mRNA within a defined 
cell populat ion is desired, then the 
competi tor  DNA fragment  must  be 
characterized further. We provide one 
example each for the two applications 
of the control fragments.  

For semiquanti tat ive PCR, two 
cDNAs first are adjusted to equal 
amounts  of input  cDNA by co- 
amplifying constant  amounts  of cDNA 
with lO-fold serially diluted competi tor  
DNA fragment  and, subsequently, vice 
versa, by co-amplifying constant  
amounts  of the control fragment  at the 
appropriate concentrat ion and twofold 
dilutions of the eDNA. Equilibration of 
cDNA amounts  may  be done by 
amplifying 6-actin cDNA or any other  
gene that  may  be considered as non- 
inducible and being transcribed at a 
similar rate in different cells. The fact 
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FIGURE 3 Quantitative PCR analysis. (A) Demonstration of stoichiometrical amplification of 
IL-1 cDNA and IL-1 competitor DNA fragment. A 0.5-fg amount of IL-1 competitor DNA frag- 
ment was co-amplified with 0.05 (lane 1), 0.5 (lane 2), and 5 fg (lane 3) amplified IL-1 cDNA 
fragment (IL1-cDNA). (B) Determination of IL-1 cDNA derived from LPS-activated spleen 
cells. The equivalent of 5 ng of reverse-transcribed RNA of LPS-stimulated cells was co- 
amplified with 0.5 (lane I), 0.05 (lane 2), and 0.005 (lane 3) fg of IL-1 cDNA competitor DNA 
fragment (ILl-c.f.) The dilution resulting in equal band intensities of amplified IL-1 cDNA 
and amplified IL-1 competitor DNA fragment is marked by an arrow. The size marker is 1 ug 
of the 1-kb ladder DNA. 

tha t  a small change  in the  a m o u n t  of 
inpu t  cl)NA results in a bias of the two 
PCR products  shows tha t  the  results 
ob ta ined  by compet i t ive  PCR are no t  
falsified by the  "saturating" na ture  of 
PCR. 

Thus, the  d e t e r m i n a t i o n  of the  
a m o u n t  of cDNA required to ob ta in  
equal  band  intensi t ies  in the  presence 
of the  same a m o u n t  of compe t i t o r  
DNA f ragment  allows compar i son  in 
later exper iments  of equal a m o u n t s  of 
"amplifiable" cDNA for the  a b u n d a n c e  
of o the r  mRNA species. Other  efforts to 
de t e rmine  the  relative a m o u n t  of 
mRNA, e.g., by Nor the rn  blot  or dot- 
blot  analysis  are far less sensitive. The 
careful equi l ibra t ion  of cDNAs enab led  
us to measure,  again by co-ampl i fy ing  
cDNA and  compe t i to r  f ragment ,  the  
approx ima te ly  10-fold i nduc t ion  of 
TNF mRNA in LPS-stimulated versus 
n o n s t i m u l a t e d  spleen cells. 

To quan t i fy  IL-1 mRNA in LPS- 
s t imula ted  spleen cells, the  artificially 
genera ted  IL-1 compe t i t o r  f ragment  
first was shown  to be ampl i f ied  
s to ich iomet r ica l ly  wi th  the  IL-1 cDNA, 
a l t h o u g h  this  may  no t  ho ld  true for all 
compe t i t o r  DNA fragments  genera ted  
by cross-species PCR. Appropr ia te  PCR 
cond i t i ons  (e.g., p ro longed  ex tens ion  
t imes or changes  in the  r eannea l ing  
tempera ture)  may  lead to equal  
ampl i f i ca t ion  rates. This can be con- 
t rol led by co-ampl i f ica t ion  of k n o w n  
a m o u n t s  of bo th  cDNA and compe t i t o r  
DNA, as demons t r a t ed  in Figure 3A. 
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