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A Simplified Procedure for Developing

Multiplex PCRs

Anthony P. Shuber,' Valerie J. Grondin, and Katherine W. Klinger

Department of Technology Development, Integrated Genetics, Inc., Framingham Massachusetts 01701

We have developed a simplified
method for multiplex PCR based on
the use of chimeric primers. Each
primer contains a 3’ region comple-
mentary to sequence-specific recog-
nition sites and a 5’ region made up
of an unrelated 20-nucleotide se-
quence. lIdentical reaction condi-
tions, cycling times, and annealing
temperatures have been established
for any PCR primer pair comprising
the chimeric motif. Under these con-
ditions, efficient multiplex amplifi-
cation is achieved easily and repro-
ducibly by simple adjustment of the
individual primer concentrations. No
additional modification of either the
reaction components or annealing
temperatures is required. The use of
tagged primers provides a method
for primer design that eliminates the
multiple optimization steps involved
in developing multiplex PCR.
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With the rapid advances in mam-
malian molecular genetics, an ever in-
creasing number of disease genes have
been identified. Accordingly, PCR has
gained widespread use for the diagnosis
of inherited disorders and the suscepti-
bility to disease. Typically, the region of
interest is amplified from either ge-
nomic DNA or its cognate cDNA. Muta-
tions or polymorphisms are then identi-
fied by techniques such as DNA
sequencing,"*® hybridization with al-
lele-specific oligonucleotides,"” oligo-
nucleotide ligation,"* or single-strand
conformational polymorphism (SSCP)
analysis.”® PCR can further be used for
the rapid identification of deletions.'”
For the analysis of small genes and
transcripts, amplification of a single de-
fined region of DNA may be sufficient.
However, when analyzing large genes
and transcripts, multiple PCRs may be
required to identify critical base changes
or deletions. Chamberlain et. al. first
demonstrated the use of multiplex PCR
for the simultaneous analysis of multi-
ple loci in the human dystrophin
gene.'® Since then, multiplex PCR has
been established as a general technique.
However, in general, a number of
considerations and optimization steps
are involved in developing a robust and
efficient multiplex PCR."”” For example,
multiplexing is frequently complicated
by artifacts such as the amplification of
spurious products resulting from an-
nealing of the primers to nonspecific se-
quences. Typically, primers should be
designed so that their predicted melting
temperatures (T,,,) are similar to those of
the other primers used in the multiplex
reaction. Although the annealing tem-

peratures and primer concentrations
may be calculated to some degree, con-
ditions generally must be defined empir-
ically in multiplex reactions. In addi-
tion, as primer sets are added to the
multiplex PCR, reaction components
(e.g., Mg>*, ANTP, polymerase) and cy-
cling conditions (e.g., annealing tem-
perature, extension time, hot start) must
also be adjusted.”’ Therefore, complete
optimization of the reaction conditions
for multiplex PCR can become labor in-
tensive and time consuming. Because
different multiplex PCRs may each have
unique reaction conditions, develop-
ment of new diagnostic tests can be-
come very costly.

The PCR method described in this pa-
per greatly simplifies the establishment
of the conditions for multiplex PCR. Our
method relies on the use of “chimeric”
sequence-specific primers. The chimeric
primers are complementary to the rec-
ognition sequence of the template DNA
and are “‘tagged” on the 5" end with an
unrelated 20-nucleotide sequence (uni-
versal primer sequence). Our results sug-
gest that the PCR conditions that have
been established for the universal
primer sequence can be applied directly
to multiplex PCRs using chimeric prim-
ers. As the same reaction conditions are
used for all primer pairs, we have mini-
mized the number of optimization steps
that are typically required for the devel-
opment of multiplex PCRs.

MATERIALS AND METHODS

Genomic DNA samples

Whole blood samples were collected in
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TABLE 1

Sequences of Amplicon-specific Primers

Primer Sequences
AGG CTT CTC AGT GATCTG TTG
GAA TCATTC AGT GGG TAT AAG CAG

GCC CGA CAA ATA ACC AAG TGA
AGT CTA ACA AAG CAA GCA GTG

TGA TGG TAA GTA CAT GGG TG
CAA AAG TAC CTG TTG CTC CA

CTT CTAATG GTGATGACAGCCT
CCA CTG AAA ATA ATA TGA GGA AAT

AGG TAG CAG CTATTT TTATGG
TAA GGG AGT CTT TTG CAC AA

TGT AGG AAG TCA CCA AAG
CGA TAC AGA ATATAT GTG CC

GGA GTC CAATTITTCACTC ATC TTG
AGA TAC TTC AAT AGC TCA GCC
GGTACATTACCTGTATITTGT 1T

CAG ATT GAG CAT ACT AAAAGT G
TAC ATG AAT GAC ATT TACAGC A

GAG CCT TCA GAG GGT AAA AT
TCACATAGTTTICTTACCTCT

AAG AAC TGG ATC AGG GAA GA
TCC TTT TGC TCACCT GTG GT

GCT GTC AAGCCGTGT TCT A
GTA TAATTT ATA ACA ATAGTG CC

TTGGTT GTGCTGTGG CTCCT
ACA ATA CAT ACA AAC ATAGTG G

GAC TCT CCTTTT GGATAC CTA
GCA TGA GCA TTA TAA GTA AGG

GGC GATGTT TTT TCT GGAGA
ACA AAT GAG ATC CTT ACC CC

CFTR Exon 21 Primer Sequences

CAA GTG AAT CCT GAG CGT GATTT
CAA AAG TACCTG TTGCTC CA

AGT CAA AAG TAC CTG TTG CTC CAG

TGA TGG TAA GTA CAT GGG TG
CAA AAG TAC CTG TTG CTC CA

Cystic Fibrosis Transmembrane Reguiator (CFTR) 15-plex

AGT TAATGA GTT CATAGTACCTGT T

GAA CTT GAT GGT AAG TACATG GGT G

Gauchers (GCR) and Sickle Cell Anemia (SCA) 4-plex
Exon Size (bp) GCR Primer Sequences Exon Size (bp)
Int 19 ~440 GGG TGG GAG GGT GGA GGC TAATGG 6 401
CCA GAA GGT AGA AAG GTG AG
19 410 GAATGT CCCAAGCCTTTG A 2 358
AAG CTG AAG CAA GAG AAT CG
21 381 TGC AACTACTGAGGCACTT 9 319
TAC AAT GAT GGG ACTGTC G
9 335 SCA Primer Sequences
CAT TTG CTT CTG ACA CAACTG 124
CCA ACT TCA TCC ACG TTC ACC
13 295
GCR and Tay-Sachs (TS) 3-plex
GCR
4 267 CCTTGC CCTGAACCCCGA A 9, 10, 11 871
CTG ACT CTG TCC CTT TAA TGC CCA
17b 245 TS Primer Sequences
GTG TGG CGA GAG GAT ATT CCA 11, 127 530
TGG CTA GAT GGG ATT GGG TCT
7 220
GGG TCC TAC AAC CCT GTC ACC CAC 7 190
AAG CTT CAC TCT GAG CAT AAC AAG
11 200
B-thalassemia Primer Sequences
GCT GTC ATC ACT TAG ACC TC 1,2, 3 1612
10 175 GCA AGA AAG CGAGCT TAG TG
WT-1 Primer Sequences Name Size (bp)
20 155 CTG AGT GAA TGG AGC GGC B* 204
GGG TGA ATG AGT AGG TGG
5 132 CGGTGC TGG ACTTTGCG F 186
AAG TGG ACA GTG AAG GCG
14b 110 CCG TCT TGC GAG AGC ACC H* 262
CTAATT TGC TGT GGG TTA GG
12 90 AGT TGT GTATAT TTG TGG TTATG J 167
GTT ACT GTG GAA AGG CAATG
3 70 GAG ATC CCC TTT TCC AG N* 176
CAC AGC TGC CAG CAATG
Name Size (bp) CTC ACTGTG CCC ACATTG o* 211
SS#1 477 CAATTT CAT TCC ACAATA G
* Reported previously by Varanasi et al 1994,
SS#2 389 **Reported previously by Navon & Proia 1989.
***Reported previously by Tanaka et al 1990.
SS#3 381 NOTE:
Amplicon sizes increase by 40bp for chimeric primers.

high glucose ACD Vacutainers (Becton
Dickinson Vacutainer Systems, Ruther-
ford, NJ). Following centrifugation, the
buffy coat was collected and lysed with
two washes of a 10:1 (vol/vol) solution
of 14 mM NH,Cl and 1 mMm NaHCO;.
The lymphocytes were harvested by cen-
trifugation, resuspended in lysis buffer
(10 mm Tris-HCl at pH 8.0, 0.4 M NaCl, 2

mM EDTA, 0.5% SDS, 500 ug/ml of pro-
teinase K) and incubated overnight at
37°C. Samples were extracted with one-
fourth volume of saturated NaCl, and the
DNA was collected by ethanol precipita-
tion. The DNA was washed with 70%
ethanol, air-dried, and dissolved in TE
(10 mM Tris-HCl at pH 7.5, 1 mMm EDTA).

Buccal cell samples were obtained by

brushing the lining of the buccal cavity
for 30 sec with a sterile cytology brush
(Scientific Products no. S7766-1a). DNA
was prepared by immersing the brushes
in 600 ul of 50 mM NaOH in 1.2-ml 96-
well polypropylene tubes (USA/Scien-
tific Plastics, Ocala, FL) and vortexed.
The tubes, still containing the brushes,
were heated to 95°C for 5 min and the
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FIGURE 1 Gel electrophoretic analysis examining primer concentration and annealing temper-
ature for PCR amplification of CFTR exon 21. Primers were serially diluted twofold for each
primer pair (S5#1, S§#2, SS#3, and SS#3 + UPS; see Table 1). Primer pairs SS#1, $$#2, and
§S 3 are sequence-specific primers only; SS#3 + UPS is chimeric with the 5’ UPS sequence. (A)
Annealing temperature of 50°C; (B) annealing temperature of 55°C; (C) annealing temperature
of 60°C; (D) annealing temperature of 65°C. (Lanes 1,4,7,10) Specified primers at 1.0 pM; (lanes
2,5,8,11) specified primers at 0.5 pM; (lanes 3,6,9,12) specified primers at 0.25 pw; (lane M)

0X174 Haelll-digested marker DNA.

brushes were removed carefully. The ly-
sates were neutralized with 60 ul of 1 M
Tris-HCI (pH 8.0) and vortexed. Samples
were stored at 4°C. Sample aliquots of 10
ul were used in a 100-ul PCR.

Primer Design

The sequences of the primer pairs and
the predicted size of the corresponding
amplification products are listed in Ta-
ble 1. Sequence-specific primers were
chosen without regard to hairpin forma-
tion and having a calculated AG for
primer duplexing below -10 kcal/mole.
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The T,, of these primers ranges from
52°C to 68°C as determined by the
A+ T/G + C method. To evaluate poten-
tial primer dimer formation within a
primer set, primers sets were analyzed
using Amplify 1.2 software (University
of Wisconsin, Department of Genetics,
Madison). Primers that have been re-
ported previously in the literature are in-
dicated in Table 1.

The universal primer sequence (UPS)
5-GCGGTCCCAAAAGGGTCAGT-3" is
from bacteriophage M13mp18.®’ The
UPS-tagged primers contain the 20-nu-
cleotide UPS sequence attached to the 5’

end of the individual sequence-specific
primers listed in Table 1. Oligonucle-
otide primers were synthesized by Op-
eron Technologies (Alameda, CA). Olig-
onucleotides were HPLC purified and
quantitated by spectrophotometry.

Amplifications

PCR amplifications were performed us-
ing 4 ul (1-2 pg) and 10 pl (5-50 ng) of
genomic DNA prepared from either
blood or buccal cells, respectively. PCR
amplifications were done using a Perkin-
Elmer 9600 Thermal Cycler (Perkin-
Elmer, Norwalk, CT) for 28 cycles with
ramping (94°C/10-sec hold with 48-sec
ramp, 60°C/10-sec hold with 36-sec
ramp, 72°C/10-sec hold with 38-sec
ramp). Reactions (50 pl) were carried out
in 1 x PCR buffer (10 mM Tris-HCI at pH
8.3, 50 mmM KCI, 1.5 mm MgCl,), 200 um
dNTPs, 2.5 units of Taq polymerase (Per-
kin-Elmer, Norwalk, CT). Multiplex PCR
reactions were performed in a volume of
100 pl under the same conditions except
that 10 units of Taq polymerase per re-
action was used. Primer concentrations
are given in the figure legends.

For PCR product analyses, 8 ul of the
amplification reactions was loaded di-
rectly onto a 2% ethidium bromide-
stained agarose gel and electrophoresed
at 250 V for 90 min. The amplification
products were visualized with a UV
transilluminator (Fotodyne, New Berlin,
WI) and photographed with an Alpha
Innotech IS-500 Digital Imaging System
version 1.97 (Sun Bioscience Inc., Bran-
ford, CT).

RESULTS

To evaluate the use of tagged primers for
multiplex PCR, the 32 primer pairs pre-
sented in Table 1 were employed either
alone or as chimeric primers containing
a 20-nucleotide tag (GCGGTCCCAAAA-
GGGTCAGT) corresponding to the
M13mp18 UPS at the 5" end. The T, for
all of the chimeric primers was calcu-
lated to be >72°C.

Using standard PCR components (see
Materials and Methods), oligonucle-
otide concentrations and cycling pa-
rameters were evaluated for individual
primer pairs. Figure 1 represents the am-
plification results comparing three se-
quence-specific primer pairs, which am-
plify exon 21 of the cystic fibrosis (CF)
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FIGURE 2 CFTR 15-plex amplicon organiza-
tion. (Lanes 1-3) Multiplex amplification of
three different genomic DNA samples iso-
lated from blood. All samples were amplified
with CFTR chimeric 15-plex primers (See Ta-
ble 1) at the following primer pair concentra-
tions: Int 19, 0.5 uM; exon 19, 0.5 uM; exon
21, 1.0 uM; exon 9, 0.75 um; exon 13, 1.0 uMm;
exon 4, 1.0 um; exon 17b, 0.5 pum; exon 7, 0.5
uM; exon 11, 1.0 pM; exon 10, 1.0 uM; exon
20, 0.25 pM; exon 5, 0.5 uM; exon 14b, 0.5 pm;
exon 12, 0.5 um; exon 3, 0.25 uM. (Lane M)
X174 Haelll-digested marker DNA.

gene,® with a primer pair tagged with
the UPS sequence. The results show that
the addition of the UPS tag confers en-
hanced specificity over a fourfold range
of primer concentrations while retain-
ing amplification efficiency at annealing
temperatures from 50°C to 65°C. Based
on this and similar analyses of addi-
tional chimeric primer pairs, an anneal-
ing temperature of 60°C was determined
to be optimal for PCR amplification us-
ing UPS-tagged primers.

To assess the use of chimeric primers
for multiplex PCR, a system was de-
signed using 15 UPS-tagged primer pairs
specific for the CF transmembrane con-
ductance regulator locus (CFTR). An ex-
ample of the gel electrophoretic pattern
of the multiplex PCR products is shown
in Figure 2. As demonstrated for exon 21
(Fig. 1), each chimeric primer pair con-
centration used within the CFTR 15-plex
was determined by performing indepen-
dent amplicon amplifications over a
range of concentrations (Fig. 2). Using
the same amplification conditions that
were originally defined for the individ-
ual chimeric primer pairs, all 15 of the

SIMPLIFIED METHOD FOR MULTIPLEX PCR DEVEOPMENT

predicted CFTR PCR products coampli-
fied with relative ease. It should be em-
phasized that the CFTR multiplex reac-
tions presented in Figure 2 and all
subsequent reactions employed the
same reaction components, cycling
times, and temperatures without modi-
fication from the single amplicon assay
conditions. The only optimization re-
quired was an adjustment of the primer
concentrations for intron 19 and exon
19 to generate comparable band inten-
sities of the coamplified products.

To demonstrate the enhanced speci-
ficity and efficiency conferred by the
UPS sequence in multiplex PCR, parallel
reactions were carried out using UPS-
tagged CFTR primers and the corre-
sponding nontagged primers. Identical
reaction conditions, cycling times, and
primer concentrations were used for
both primer sets. Previously, optimal
primer concentrations were determined
for the individual primer pairs. Coinci-
dentally, the optimal concentrations de-
termined in this manner were identical
for both the UPS- and non-UPS-tagged
primers. As shown in Figure 3, the mul-
tiplex amplification using the standard
sequence-specific primer pairs failed to
generate a clear multiplex PCR profile of
the CFTR locus. Specifically, several of
the expected bands were clearly under-
represented, presumably owing to differ-
ential PCR amplification of their respec-
tive products (Fig. 3, lanes 5-8, 13-16).
In contrast, a clear multiplex profile was

M 1 2 L] 4 5 [+ 7 .

obtained when the CFTR locus was am-
plified with the corresponding UPS-
tagged primer pairs. The expected bands
were clearly prominent and virtually
free of contaminating products (Fig. 3,
lanes 1-4, 9-12). Moreover, equivalent
banding patterns were observed over an
eightfold range of template concentra-
tions when the UPS-tagged primer pairs
were employed. Conversely, the ampli-
fication profile generated using se-
quence-specific primers was sensitive to
variations in the template concentration
as evident by the changes in the inten-
sity of individual bands (Fig. 3, lanes
5-8, 13-16).

To further demonstrate the general
utility of the UPS-tagged primers, 29 dif-
ferent human genomic target sequences
(Table 1) were amplified in a single ther-
mal cycler under identical reaction con-
ditions and cycling parameters. Results
from these amplification reactions using
sequence-specific primer pairs and the
cognate UPS-tagged primer pairs are pre-
sented in Figure 4. By using the tagged
primers, predicted amplification prod-
ucts were generated from 28 of the 29
primer pairs studied.

The banding patterns observed repre-
sent multiplex or single amplicon am-
plifications of sequences associated
with CF,*” Gaucher disease,"'® Sickle
cell anemia,"® Tay-Sachs,***® B-thalas-
semia,"" and Wilms tumor.'® Results
from the multiplex PCR reactions dem-
onstrate that for both single gene mul-

9 10 11 12 13 14 15 I6 M

FIGURE 3 Comparison of chimeric primers with sequence-specific primers for CFTR 15-plex PCR
amplification. (Lanes 1-8) Genomic DNA samples isolated from blood; (lanes 9-16) genomic
DNA samples isolated from buccal cells. Each consecutive sample in the group of four amplifi-
cations represents a twofold serial dilution of genomic DNA. (Lanes 1-4, 9-12) CFTR 15-plex
amplification with chimeric primers; (lanes 5-8, 13-16) CFTR 15-plex amplification with se-
quence-specific primers; (lane M) ¢X174 Haelll-digested marker DNA.
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FIGURE 4 Results from multiple gene loci amplifications performed in a single PCR thermal
cycler under identical reaction conditions and cycling parameters. (4) (Lanes 1-3) Amplification
of CFTR 15-plex with chimeric primers; (lanes 4-6) amplification of CFTR 15-plex with sequence
specific primers; (lanes 7-9) multiplex amplification of GCR 3-plex and single SCA target with
chimeric primers; (lanes 10-12) multiplex amplification of GCR 3-plex and single SCA target
with sequence specific primers; (lanes 13-15) multiplex amplification of single GCR target and
TS 2-plex with chimeric primers; (lanes 16-18) multiplex amplification of single GCR target and
TS 2-plex with sequence specific primers; (lanes 19-21) amplification of single p-thalassemia
target with chimeric primers; (lanes 22-24) amplification of single B-thalassemia target with
sequence-specific primers. All primer pairs were tested on three different genomic DNA samples
isolated from blood. (Lane M) $X174 Haelll-digested marker DNA. (B) Independent amplifica-
tion of six target sequences within the Wilms’ tumor gene. (Lanes 1,2,5,6,9,10,13,14,17,18,
21,22) amplifications performed with chimeric primers; (lanes 3,4,7,8,11,12,15,16,19,20,23,24)
amplifications performed with sequence specific primers. All primer pairs tested on two inde-
pendent genomic DNA samples isolated from blood; (lane M) ¢X174 Haelll-digested marker
DNA.
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tiplexes (Fig. 4A, lanes 1-3) and multi-
plex reactions involving more than one
gene (Fig. 4A, lanes 7-9, 13-15), the
UPS-tagged primers generated only the
desired bands, and the co-amplified
products were more uniform with re-
spect to the band intensities than the
corresponding products generated from
the non-tagged sequence-specific prim-
ers (Fig. 4A, lanes 4-6, 10-12, 16-18).
Amplification of six different regions
within the Wilms’ tumor gene is pre-
sented in Figure 4B. With the exception
of one primer pair (Fig. 4B, lanes 5-8),
which did not generate a detectable
product when the chimeric primer was
employed, the presence of the UPS se-
quence enhanced the yield of the re-
spective PCR products (Fig. 4B, lanes
1-4, 9-12, 13-16, 17-20, 21-24).

DISCUSSION

We have developed an amplification
system for multiplex PCR that is based
on the use of chimeric primers tagged
on the 5" end with an unrelated 20-nu-
cleotide sequence (UPS). Our results
demonstrate that multiple genomic se-
quences can be coamplified under iden-
tical reaction conditions and cycling pa-
rameters with very little optimization of
PCR conditions. Highly specific and ef-
ficient amplification of target sequences
can be achieved easily and reproducibly
by simple adjustment of the individual
primer concentrations, with no addi-
tional modification of either the reac-
tion components or annealing tempera-
tures.

Furthermore, for each of the multi-
plex systems studied, comparable yields
of the individual coamplified products
were obtained when the UPS-tagged
primers were employed (Fig. 4A). The
most significant effect of UPS-tagged
primers is seen when developing very
complex multiplex PCRs. As demon-
strated with the development of the
CFTR 15-plex, in reactions using the
UPS-tagged primers, amplicon banding
patterns were consistent between exper-
iments and over a range of template
DNA concentrations. The UPS-tagged
primers produced clean visibly detect-
able PCR profiles over an eightfold range
of template DNA concentrations (Fig. 3).
In contrast, several of the corresponding
products amplified using the nontagged
primer pairs were either weak or unde-
tectable (Fig. 3 and Fig. 4A, lanes 4-6).
Moreover, the high level of consistency,
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with respect to the relative band inten-
sities, increases the informativeness and
simplifies the interpretation of the re-
sults. In addition to the development of
multiplex PCRs, we have demonstrated
the general utility of the UPS-tagged
primers. For all genomic amplifications,
a single thermal cycler program can be
used because the reaction conditions
and cycling parameters are identical for
all UPS-tagged primers.

We believe the enhanced specificity
and efficiency that is conferred by the
tagged primers is attributable to a nor-
malization of the hybridization kinetics.
During the early rounds of the PCR,
molecules are synthesized that contain
the tagged primers at their 5 ends.
Therefore, in all subsequent rounds of
amplification, the amplicons synthe-
sized will all have identical 20-bp prim-
ing sequences with the predicted hy-
bridization kinetics of the UPS tag. A
significant concern with this approach
is the possible production of spurious
products owing to nonspecific anneal-
ing of the chimeric primers during the
first few PCR cycles. However, by having
an extremely GC-rich region at the 5’
end of the UPS sequence, we believe that
under PCR conditions optimal for the
UPS tag, nucleation is progressing in a
primer-oriented 5" — 3’ direction. In ad-
dition, each chimeric primer pair has a
3’ sequence-specific region with an in-
ternal stability profile (AG) for primer
duplexing lower than the UPS tag.
Therefore, chimeric primers, which have
an overall T,, significantly >72°C serve
as highly efficient yet stringent recogni-
tion sequences for the subsequent
rounds of the PCR. By normalizing the
hybridization Kinetics, we have largely
eliminated the need to evaluate diverse
reaction conditions and cycling param-
eters. Therefore, the use of UPS-tagged
primers provides a less costly method in
terms of polymerase, labor, and time
and should greatly simplify the develop-
ment of complex multiplex PCRs to be
used in new diagnostic tests. Although
we have developed this technique for
the application to human disease genes,
it should be equally applicable to multi-
plex mapping projects and to infectious
diseases designed to detect multiple
pathogens.
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