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Considerable time and effort can be saved
by simultaneously amplifying multiple se-
quences in a single reaction, a process re-
ferred to as multiplex polymerase chain
reaction (PCR). Multiplex PCR requires that
primers lead to amplification of unique re-
gions of DNA, both in individual pairs and in
combinations of many primers, under a
single set of reaction conditions. In addition,
methods must be available for the analysis
of each individual amplification product from
the mixture of all the products. Multiplex
PCR is becoming a rapid and convenient
screening assay in both the clinical and the
research laboratory. The development of an
efficient multiplex PCR usually requires stra-
tegic planning and multiple attempts to op-
timize reaction conditions. For a successful
multiplex PCR assay, the relative concen-
tration of the primers, concentration of the
PCR buffer, balance between the magne-
sium chloride and deoxynucleotide concen-
trations, cycling temperatures, and amount
of template DNA and Taq DNA polymerase
are important. An optimal combination of an-
nealing temperature and buffer concentra-
tion is essential in multiplex PCR to obtain
highly specific amplification products. Mag-
nesium chloride concentration needs only

to be proportional to the amount of dNTP,
while adjusting primer concentration for
each target sequence is also essential.
The list of various factors that can influ-
ence the reaction is by no means com-
plete. Optimization of the parameters
discussed in the present review should
provide a practical approach toward re-
solving the common problems encoun-
tered in multiplex PCR (such as spurious
amplification products, uneven or no am-
plification of some target sequences, and
difficulties in reproducing some results).
Thorough evaluation and validation of
new multiplex PCR procedures is essen-
tial. The sensitivity and specificity must
be thoroughly evaluated using standard-
ized purified nucleic acids. Where avail-
able, full use should be made of external
and internal quality controls, which must
be rigorously applied. As the number of
microbial agents detectable by PCR in-
creases, it will become highly desirable
for practical purposes to achieve simul-
taneous detection of multiple agents that
cause similar or identical clinical syn-
dromes and/or share similar epidemiologi-
cal features. J. Clin. Lab. Anal. 16:47–51,
2002. © 2002 Wiley-Liss, Inc.
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INTRODUCTION

Multiplex polymerase chain reaction (PCR) is a variant of
PCR in which two or more target sequences can be amplified
by including more than one pair of primers in the same reac-
tion. Multiplex PCR has the potential to produce consider-
able savings of time and effort in the laboratory. Since it was
first described in 1988 (1), this method has been successfully
applied in many areas of DNA testing, including gene dele-
tion analysis (1), mutation and polymorphism analysis (2,3),
quantitative analysis (4), and reverse-transcription (RT)-PCR
(5). In the field of infectious diseases, multiplex PCR has
been shown to be a valuable tool for identification of viruses
(6–10), bacteria (11), and parasites (12).

The optimization of multiplex PCR can pose several diffi-

culties, including poor sensitivity and specificity, and/or pref-
erential amplification of certain specific targets. The pres-
ence of more than one primer pair in the multiplex PCR
increases the chance of obtaining spurious amplification prod-
ucts, primarily because of the formation of primer dimers.
One of the most important concepts in PCR is that of the
optimal primer-to-template ratio. If the ratio is too high,
primer-dimers are formed, as also occurs in conditions of very
dilute template or excess primer. Primers must usually be in a
107 molar excess with respect to template. For most applica-
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tions, regardless of template concentration, the primer con-
centration cannot be raised much higher than 0.5 µM because
of primer-dimer formation. Therefore, what determines the
primer-to-template ratio is the amount and complexity of the
template provided to the reaction. If the primer-to-template
ratio is too low, product will not accumulate exponentially,
since newly synthesized target strands will renature after de-
naturation (which reduces the yield considerably), or inhibit
the formation of PCR product. Thus, primer dimers may be
amplified more efficiently than the desired target, consuming
reaction components and producing impaired rates of anneal-
ing and extension (13). When more than a single target is to
be amplified from the template, as is the case for multiplex
PCR where multiple targets are amplified simultaneously with
multiple primer pairs, it is necessary to adjust the primer-to-
template ratio to avoid the formation of primer dimers. The
optimization of multiplex PCR should aim to minimize such
nonspecific interactions. Special attention to primer design
parameters, such as homology of primers with their target
nucleic acid sequences, length, GC content, and concentra-
tion, have to be considered (14). Hot start PCR often elimi-
nates nonspecific reactions (production of primer dimers)
caused by primer annealing at low temperature (4–25°C) be-
fore commencement of thermocycling (15). Ideally, all the
primer pairs in a multiplex PCR should enable similar ampli-
fication efficiencies for their respective target. This may be
achieved through the utilization of primers with nearly iden-
tical optimum annealing temperatures (primer length of 18–
28 bp and a GC content of 45–60%) and should not display
significant homology either internally or to one another (8,16).

Preferential amplification of one target sequence over an-
other is a known phenomenon in multiplex PCRs (17). Two
major classes of processes that induce this bias have been
identified: PCR drift and PCR selection (18). PCR drift is a
bias assumed to be due to fluctuation in the interactions of
PCR reagents, particularly in the early cycles, which could
arise in the presence of very low template concentration (17).
PCR selection, on the other hand, is defined as a mechanism
which favors the amplification of certain templates due to the
properties of the target, the target’s flanking sequences, or
the entire target genome. These properties include interregion
differences in GC content, leading to preferential accessibil-
ity of targets within genomes due to secondary structures and
the gene copy number within a genome.

The alteration of other PCR components, such as PCR
buffer constituents, dNTPs, MgCl2, and enzyme concentra-
tions in multiplex PCR greater than those reported for most
uniplex PCRs usually results in considerable improvement
in the sensitivity and/or specificity of the test (8). Increasing
the concentration of these factors may increase the likeli-
hood of mispriming, with subsequent production of nonspe-
cific amplification products. However, optimization of those
components in multiplex PCRs that are designed for simul-
taneous amplification of multiple targets is usually benefi-

cial. Variation in concentrations of reaction components
greater than those used in uniplex PCR reflects the competi-
tive nature of the PCR process.

Prior to application in a clinical setting, multiplex PCRs
must be evaluated for their sensitivity and specificity as com-
pared with their corresponding uniplex PCRs (8–10).

Wherever possible, multiplex PCRs should avoid the use
of nested primers requiring a second round of amplification.
The latter is a major contribution to false-positive results due
to carryover contamination, although protocols against con-
tamination, including PCR controls (reaction and specimens
extraction controls), must be implemented in all PCR proto-
cols. Likewise, precautions and methodologies to avoid false-
negative results due to reaction failure have to be considered.
Multiplex PCRs that amplify target sequences along with the
presence of external or internal control target nucleic acids to
indicate reaction failure have been developed (9,10).

Annealing temperature is one of the most important pa-
rameters. Although many individual loci could be specifically
amplified at 56–60°C, our experience showed that lowering
the annealing temperature by 4–6°C was required for the same
loci to be coamplified in multiplex mixtures. When many
specific loci are simultaneously amplified, the more efficiently
amplified loci will negatively influence the yield of product
from the less efficient loci. This is due to the fact that PCR
has a limited supply of enzyme and nucleotides, and all prod-
ucts compete for the same pool of supplies.

OPTIMIZATION OF MULTIPLEX REACTION
COMPONENTS

Amount of Primer

Initially, equimolar primer concentrations of 0.1–0.5 µM
each are used in the multiplex PCR. When there is uneven
amplification, with some of the products barely visible even
after the reaction was optimized for the cycling conditions,
changing the proportions of various primers in the reaction is
required, with an increase in the amount of primers for the
“weak” loci and a decrease in the amount for the “strong”
loci. The final concentration of the primers (0.04–0.5 µM)
may vary considerably among the loci and is established
empirically (8). For low copy number or high-complexity
DNA, the primer concentration should be 0.3–0.5 µM. For
high copy number or low-complexity DNA, the primer con-
centration should be 0.04–0.4 µM.

dNTP and MgCl 2 Concentrations

dNTP

MgCl2 concentration is kept constant (2 mM), while the
dNTP concentration is increased stepwise from 0.5–1.6 mM.
The best results are between 200 and 400 µM each dNTP
values, above which the amplification is rapidly inhibited.
Lower dNTP concentration (100 µM each dNTP) allowed
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PCR amplification but with visibly lower amounts of prod-
ucts (8). dNTP stocks are sensitive to thawing/freezing cycles.
After three to five such cycles, multiplex PCRs often did not
work well. To avoid such problems, small aliquots of dNTP
can be made and kept frozen at –20°C. This “low stability” of
dNTP is not so obvious when single loci are amplified.

MgCl2

Optimization of Mg2+ is critical since Taq DNA polymerase
is a magnesium-dependent enzyme. In addition to Taq DNA
polymerase, the template DNA primers and dNTPs bind Mg2+.
Therefore, the optimal Mg2+ concentration will depend on the
dNTP concentration, specific template DNA, and sample
buffer composition. If primers and/or template DNA contain
chelators such as EDTA or EGTA, the apparent Mg2+ opti-
mum may be shifted. Excessive Mg2+ concentration stabilizes
the DNA double strand and prevents complete denaturation
of DNA, which reduces yield. Excessive Mg2+ can also stabi-
lize spurious annealing of primer to incorrect template sites,
decreasing specificity. On the other hand, inadequate Mg2+

concentration reduces the amount of product.

dNTP/MgCl 2 Balance

To work properly, Taq DNA polymerase requires free mag-
nesium (besides the magnesium bound by the dNTP and the
DNA). This is probably why increases in the dNTP concen-
trations can rapidly inhibit the PCR, whereas increases in
magnesium concentration often have positive effects. By com-
bining various amounts of dNTP and MgCl2, it was found
that 200 µM of each dNTP work well in 1.5–2 mM MgCl2.
The threshold for the reaction was roughly 0.5–1 mM MgCl2

over the total dNTP concentration, with reduced PCR ampli-
fication below this MgCl2 concentration (8–10).

PCR Buffer Concentration

Raising the buffer concentration to 2X improves the effi-
ciency of the multiplex reaction. This was more effective than
any of the adjuvants tested [dimethyl sulfoxide (DMSO), glyc-
erol, and bovine serum albumin (BSA)]. Primer pairs with
longer amplification products work better at lower salt con-
centrations, whereas primer pairs with short amplification prod-
ucts work better at higher salt concentrations (16).

Amount of Template DNA and Taq DNA
Polymerase

When the amount of template DNA is very low, efficient
and specific amplification can be obtained by further lower-
ing the annealing temperature. Different concentrations of Taq
DNA polymerase were tested. The most efficient enzyme
concentration seems to be around 2.5 U/50 µl reaction vol-
ume. Excessive enzyme quantity, possibly due to the high
glycerol concentration in the stock solution, resulted in an

unbalanced amplification of various loci and a slight increase
in the background. The extension rate of specific primer-tar-
get hybrids depends on the activity of the enzyme, availabil-
ity of essential components such as MgCl2 and dNTPs, and
the nature of the target DNA. Thus, the majority of modifica-
tions to improve PCR performance must be directed to the
factors affecting annealing and/or extension rates.

Use of Adjuvants: DMSO, Glycerol, BSA

The most difficult multiplex PCR reactions can be signifi-
cantly improved by using a PCR additive, such as DMSO,
glycerol, formamide, and betaine, which relax DNA, thus
making template denaturation easier.

In the multiplex PCR, DMSO and glycerol gave conflict-
ing results. Therefore, the usefulness of these adjuvants needs
to be tested in each case. BSA, in concentrations up to 0.8
µg/µl increased the efficiency of the PCR much more than
did DMSO or glycerol (16).

DISCUSSION

The optimal combination of annealing temperature and salt
(buffer) concentration is essential in any PCR to obtain highly
specific amplification products. Magnesium chloride concen-
tration needs only to be proportional to the amount of dNTP,
and these values can be constant for any reaction. Although
gradually increasing magnesium chloride concentrations may
further influence the reaction, the other two parameters men-
tioned seem to be much more important in obtaining specific,
high yields of PCR products. In multiplex PCR, adjusting
primer amount for each locus is also essential. The list of
factors that can influence the reaction is by no means com-
plete. Nevertheless, optimization of the parameters should
provide a basic approach to some of the common problems
of multiplex PCR (such as spurious amplification products,
uneven or no amplification of some target sequences, and dif-
ficulties in reproducing some results). While there is no clear
theoretical limit to the number of sequences that can be am-
plified simultaneously, the constraints on establishing condi-
tions for specific and interpretable reactions generally limit
the useful number of target sequences. A multiplex PCR re-
action to amplify as much as nine segments of the human
dystrophin gene has been reported (1,16).

Thorough evaluation and validation of new multiplex PCR
procedures is essential. The sensitivity and specificity must
be thoroughly evaluated using standardized, purified nucleic
acids. Where available, full use should be made of external
and internal quality controls, which must be rigorously ap-
plied (9,10).

As the number of microbial agents detectable by PCR in-
creases, it will become highly desirable for practical purposes
to achieve simultaneous detection of multiple agents that cause
similar or identical clinical syndromes and/or share similar
epidemiological features (19,20).
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PCR has revolutionized the field of infectious disease
diagnosis. To overcome the inherent disadvantage of cost
and to improve the diagnostic capacity of the test, multi-
plex PCRs for the detection of viral, bacterial, and/or other
infectious agents in one reaction tube have been developed.
Efforts to enhance sensitivity and specificity, and to facili-
tate automation have resulted in numerous publications re-
garding the application of multiplex PCR in the diagnosis
of infectious agents, especially those which target viral
nucleic acids (21).

Multiple techniques, including RT-PCR (20), PCR (1,9–
12), real-time PCR (22), ligase chain reaction (23,24), and
transcription-mediated amplification (24), have been devel-
oped to amplify and detect genes in a manner similar to mul-
tiplex assays.

Specific gene fusions observed in solid tumors are extremely
useful diagnostic markers. An assay based on multiplexing of
primers and probes using real-time PCR, which enables the
detection (under identical PCR conditions) of the different
fusions, was reported for the routine genetic diagnosis of small
round cell tumors (22). The advantage of this multiplex fluo-
rescent analysis of chromosome translocations is that this
method diminishes the manipulation of PCR products and low-
ers considerably the risk of cross-contamination linked to
carryover of RT-PCR products. It also constitutes an impor-
tant step towards the automation of cancer-specific gene fu-
sion detection. The ligase chain reaction (LCR) involves
repetitive cycles of ligation of two adjacent pairs of oligo-
nucleotides to form longer ligated products in a template-de-
pendent manner. Multiplex LCR was reported for the
simultaneous determination of the normal and mutant alleles
causing cystic fibrosis. Discrimination of mutations was
achieved using competitive LCR with six oligonucleotides and
with multiplex-competitive LCR using 12 oligonucleotides to
detect both alleles for two mutations in a single tube (23).
Although equipment providing various degrees of automation
has been adapted to these techniques, full automation is not
yet available. As the processes become more refined, auto-
mated, and standardized, nucleic acid detection methods will
displace current methods for rapid clinical laboratory diagno-
sis. Analogies between immunoassay development and
progress in nucleic acid detection methods are appropriate.
The first immunoassays were research-laboratory methods that
were subsequently transferred to clinical laboratories. The ul-
timate automated DNA analyzer would combine a multiplex
diagnostic assay with DNA array technology, which would
offer a fundamentally new approach to routine DNA diagnos-
tics (25). Microarrays require specialized robotics and imag-
ing equipment that are currently only commercially available
from a few companies. However, miniaturization and auto-
mation are the keys to high-throughput applications. Genomic
microarray technology allows the assessment of multiple gene
targets that bind amplified products; this has many applica-
tions, including cancer, microbiology diagnostics, genotyping,

gene expression, pharmacogenomics, and environmental con-
trol (25–27).

The future of automation of DNA diagnostic methods holds
much exciting promise.
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