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ABSTRACT 

Real-time polymerase chain reaction (PCR) multiplex assays are a convenient method for 

detection of multiple target sequences in one reaction.  Multiplexing based on melt curve analysis 

further offers an inexpensive yet accurate method for detection of multiple targets. Standardization 

of a multiplex melting curve assay with an internal amplification control can be a complicated and 

time-consuming process. Here, we compiled the most important factors that should be taken into 

consideration in the standardization of a melting curve real-time PCR assay.  
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INTRODUCTION 

Initially, melt curve analysis served as a way of checking the specificity and presence of primer-

dimer artifacts in a real-time PCR reaction. However, with the diversification of real-time PCR 

applications, melt curve-based multiplex real-time PCR assays were proposed. Multiplex real-time 

PCR melting curve assays are now commonly used for detection of multiple gene targets in a 

single PCR reaction and are an alternative to dual-labeled probe-based multiplex real-time PCR 

assays. In a multiplex melting curve assay, all amplicons generated in the PCR reaction are bound 

to an intercalating dye and emit maximum fluorescence at the end of the PCR amplification step. 

A melt curve is then performed, wherein amplified PCR products are slowly heated and a change 

in the fluorescence signal is recorded with every temperature increment (0.02 – 3°C/s). Depending 

on the GC content and secondary structures, each amplicon denatures at a specific temperature, 

leading to decreases in the fluorescence signals. A melt curve is plotted using the decrease in the 
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fluorescence signal value (negative first derivative of the fluorescence) versus an increase in 

temperature (– df/dT), where each peak corresponds to the melting temperature (Tm) of the 

amplicon. A single amplicon in a PCR reaction generates a melt curve with one peak, whereas a 

multiplex PCR reaction with multiple amplicons generates a melt curve with multiple peaks. 

Melting curve multiplex assays can be used for the development of various real-time PCR-based 

diagnostic assays, such as pathogen detection (Singh & Mustapha, 2014; Souza et al., 2013), 

antibiotic resistance gene identification (Geyer & Hanson, 2014; Monteiro et al., 2012), and 

virus detection (Yeh et al., 2004). A multiplex real-time PCR melting curve assay can also be used 

as a convenient and low cost diagnostic assay. However, there are various factors that should be 

taken into consideration for successful development of these assays. 

 

 

PRIMER DESIGNING 

Primer designing is the first and foremost step in the successful development of a multiplex real-

time PCR melting curve assay. Presently, several complimentary as well as licensed software 

programs are available for primer designing. The Primer3 software (Untergasser et al., 2012) is 

one of the most user-friendly and freely available softwares that facilitates designing suitable 

primers for this assay. When designing primers for standardization of a melting curve real-time 

PCR assay, the following factors are recommended: (1) Designing multiple primers that amplify 

the same target: Designing a higher number of primer-pairs allows flexibility in selecting the best 

primer suitable for multiplexing. An attempt should be made to design multiple primers generating 

amplicons in the Tm range of 70–87°C. Primer-pairs with different primer-binding sites and 

generating amplicons with different GC content should be designed and tested.  (2) Amplicon 
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size: Although a few multiplex melting curve assays with amplicons larger than 300 bp have been 

previously reported, PCR products with a size that are more in the range of 70–300 bp are more 

suitable for a multiplex melting curve assay. Amplicons shorter than 60 bp generate melt peaks 

that can be smaller in height (– df/dT) and are prone to false-positive (high primer concentration) 

and false-negative (low primer concentration) results. On the contrary, amplicons larger than 300 

bp can have a lower amplification efficiency and possess more than one melt domain (due to 

secondary structures), leading to dissociation of the same product more than one time, which 

results in defects in the final melt curve data. (3) NCBI/Primer-BLAST tool: The specificity of 

the designed PCR primers must be tested, using the NCBI/Primer-BLAST tool. (4) Selection of 

the right amplicon Tm estimation tool: Following primer designing, bioinformatics tools can be 

used to estimate the amplicon melting temperatures. Several bioinformatics tools are available for 

calculating the Tm of the amplicon. Based on the prediction model used, the predicted Tm values 

for the same amplicon can greatly vary depending on what software program is used. Based on 

our experience, BioEdit (Hall, 1999) is a reliable tool that can be used for calculating Tm of the 

amplicons at different salt concentrations. Apart from the GC content of the amplicons, the Tm 

values are also affected by the composition of the real-time PCR master mix (intercalating dye, 

MgCl2 concentration and other additives), which lead to variations in the estimated and 

experimentally obtained Tm values.  

 

MASTER MIX 

Although a large number of SYBR® Green dye-based multiplex real-time PCR melting curve 

assays have been previously reported, this dye does have some limitations. For example, the dye 

can inhibit PCR amplification when used at higher concentrations (Nath et al., 2000). Even the 
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degradation product of SYBR® Green generated during a denaturation step of the PCR cycle has 

been reported to be inhibitory to the PCR reaction (Karsai et al., 2002). In addition, it shows 

preferential binding to PCR amplicons with higher Tm or higher GC content in a multiplex reaction. 

Due to this preferential binding, out of multiple targets amplified in a multiplex real-time PCR 

reaction, fewer amplicons can occasionally be seen in the melt curve (Forghani et al., 2016; Giglio 

et al., 2003; Singh & Mustapha, 2013). Further, SYBR® Green also shows the dye-jumping 

phenomenon resulting in a variation in melting behavior of the same amplicon (Reed et al., 2007). 

An alternative to SYBR® Green dye-based master mixes, saturating dyes are another class of 

intercalating dyes that can be used at a much higher concentration without inhibiting the PCR 

reaction.  Examples of saturating dyes include LCGreen® (Idaho Technology Inc., Salt Lake City, 

UT), Syto9® (Invitrogen, Carlsbad, CA), and EvaGreen® (Biotum, Hayward, CA). These dyes do 

not show preferential intercalations and bind equally to all the amplicons, completely saturating 

them, which results in the generation of a melt curve of much higher resolution. Multiplexing using 

high-resolution dye based master mixes, such as the Meltdoctor™ HRM master mix, LightCycler® 

480 High Resolution Melting Master Mix, or LCGREEN® allows for an assay that is much easier 

to standardize and which also generates superior results (Monis et al., 2005).  

 

ASSAY STANDARDIZATION  

The first step towards developing a multiplex melting curve assay is the standardization of the 

PCR condition for each primer-pair, followed by a Tm estimation of each amplicon generated in 

the real-time PCR reaction in singleplex format (Figure 1). Based on the obtained Tm value of the 

amplicons, a multiplex PCR reaction can be standardized in a stepwise manner (increasing Tm or 

decreasing Tm value). PCR primers generating low Tm amplicons (e.g. 70 °C) should first be tested 
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for their ability to work in a multiplex reaction with primer-pairs of another gene generating 

amplicons with Tm values 2–3 °C higher. Other gene targets with increasingly higher Tm are then 

subsequently tested in a step-wise manner (Figure 2). Several primers can be designed for the 

amplification of each gene, out of which more than one primer may work for the multiplex assay. 

A standard curve for those primers can be constructed with a serially diluted DNA sample, which 

can be used to calculate the PCR reaction efficiency. Although a high amplification efficiency in 

a singleplex reaction is not proof of an equally high efficiency in a multiplex reaction, it can be 

considered as a good elimination criteria. The final set of primer pairs for a multiplex assay can be 

selected based on the following criteria: 1) at least a 2–3 °C melting temperature difference 

between neighboring peaks; 2) a larger melt peak formed on the melt curve plot; 3) high PCR 

amplification efficiency in the singleplex reaction, and 4) smaller amplicon size (Singh & 

Mustapha, 2015).   

 

 

Figure 1.  Experimental Tm value of amplicons.  Representation of the actual Tm values of 

amplicons generated in a real-time PCR reaction in singleplex format by different primer-pairs 

designed for the amplification of a gene.   
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Optimization of the primer and MgCl2 concentrations is important for any PCR reaction. However, 

in a multiplex melting curve assay, this step plays additional roles than in a singleplex melting 

curve assay. In some PCR reactions, the melt peak height is dependent on the primer concentration. 

A higher primer concentration of one primer-pair in the multiplex assay will result in the formation 

of a larger melt peak, making all other peaks appear smaller. On the other hand, a lower primer 

concentration will result in the formation of a smaller melt peak, which might look like noise on 

the melt peak plot. Melt peak height is dependent on several factors, and primer concentration is 

one factor that can be optimized. Magnesium concentration is another important factor for 

standardization of any multiplex assay. Real-time PCR master mixes are already optimized for 

MgCl2 concentration to maintain the reproducibility between experiments. An in-house master 

mix with the addition of an appropriate intercalating dye can be prepared and used for multiplex 

melting curve assays. In the latter case, a higher MgCl2 concentration, on one hand facilitates 

multiplexing, and on the other, it also increases the Tm of each amplicon in the assay.  

The total amount of template DNA used in a PCR reaction is another important factor. PCR assays 

are generally standardized using a fixed amount of DNA (10–20 ng per reaction). The DNA 

concentration of different samples vary and these values can be even higher if DNA from an 

enriched sample is used. For example, a DNA sample isolated from ground beef samples that have 

been enriched for 12 h can be in the range of 500–800 ng/µl. Adding an excessive amount of DNA 

to a PCR reaction can inhibit the PCR enzyme and DNA amplification. Based on our experience, 

100–150 ng of DNA can be added to a real-time PCR reaction. But this value can also vary based 

on the real-time master mix used.   
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Figure 2. Standardization of a multiplex melting curve assay. The primer pairs tested for 

multiplexing with increasing Tm values. Primer-pairs for gene 1 that generated amplicons of the 

lowest Tm value were tested for multiplex capabilities with gene 2 primers followed by genes 3 

and 4 primers.   
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INTERNAL AMPLIFICATION CONTROL (IAC) 

An IAC is a separate PCR target that is amplified in the same PCR reaction tube. It is considered 

as the most crucial part of a PCR-based diagnostic assay. It helps to avoid any false-negative PCR 

results due to reaction failure. Primers targeting 16S rDNA, plasmid DNA, phage DNA, and 16S 

rRNA gene of gamma proteobacteria are commonly used as IACs. Alternatively, a single-stranded 

oligonucleotide can be designed and employed as an IAC in a multiplex real-time PCR assay. This 

oligonucleotide can be co-amplified by one of the primer-pairs of a multiplex assay and in the 

process, can generate an amplicon, whose melt peak (Tm) either fits an empty area in the melt 

curve plot or can be detected using a specific dual-labeled probe (Singh & Mustapha, 2013, 

2015). The advantage of using a single-stranded oligonucleotide-based IAC is that it is much easier 

to standardize and cheaper to use when compared to other approaches to add IAC. The following 

considerations can be taken into account while designing the IAC using this approach: 1) 

Designing IAC oligonucleotide: Designing an IAC oligonucleotide should be performed after 

standardization of the multiplex assay is complete. PCR amplicons and Tm generally vary in the 

range of 72–85 °C depending on the type of master mix or intercalating dye used. In the case of a 

highly multiplexed assay, an IAC oligonucleotide can be designed with either a low or high GC 

content, eventually generating amplicons of low Tm (68–70 °C) or high Tm (85–87 °C) values. This 

allows for a maximum space on the melt curve plot for multiplexing a higher number of targets. 

Alternatively, for a multiplex PCR involving fewer targets, an IAC oligonucleotide can be 

designed to target any empty space left on the melt curve. An easier way of designing an IAC 

oligonucleotide with the desired Tm value is to select an amplicon with a known Tm value. Out of 

the multiple primers tested for the development of a multiplex assay, any primer generating an 

amplicon of the desired Tm could be modified for this purpose; 2) Primer-binding site: Following 
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oligonucleotide selection, primer-binding sites can be added to the oligonucleotide. Any primer-

pair with a high amplification efficiency can be added to the oligonucleotide. A four to ten base 

pair overhang before the primer-binding site in the designed oligonucleotide is also recommended 

(Figure 3). This approach to design IACs helps to reduce the total number of primer pairs used for 

the multiplex assay, thus reducing the complexity of the assay; 3) IAC concentration: The 

optimum concentration of IAC oligonucleotides in the multiplex assay should be carefully 

standardized. Primer pairs amplifying an IAC oligonucleotide in a multiplex reaction, amplify at 

a high amplification efficiency (> 100%). If an IAC oligonucleotide is added at a higher 

concentration in a PCR reaction, it will amplify much faster compared to any other amplicons in 

the PCR reaction, consuming all the PCR reagents and forming a higher peak on the melt curve. 

If the IAC is co-amplified using one of the target gene primers, its concentration should be kept as 

low as possible to prevent any possible competition for primers, facilitating the preferential 

amplification of the target genes. Depending on the complexity of the multiplex assay, IACs in a 

concentration range of 10–100 fg per 10 L of reaction volume is recommended. Another way to 

reduce the high amplification efficiency of an IAC is to introduce 2–3 bp variations in the central 

region of the primer binding sites of the IAC oligonucleotides. In our experience, the working 

solution of these oligonucleotides tends to degrade during long storage, necessitating the use of 

higher amounts. Therefore, working with freshly dissolved IAC oligonucleotides helps to avoid 

any inter-assay variations (Singh & Mustapha, 2014, 2015). 
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Figure 3. Schematic representation of IAC design. The DNA sequence of a desired Tm is flanked 

by the forward primer binding and reverse primer binding sites. The primer binding sites are 

followed by 4-10 bp overhangs, which facilitate proper primer hybridization. 

 

 

REAL-TIME PCR INSTRUMENT AND ANALYSIS SOFTWARE  

There is a wide range of real-time PCR instruments presently available and each instrument has 

its own set of capabilities and limitations. Melting ramp-rate is one of the most important factors 

for standardizing a highly multiplexed melt curve assay. Different instruments come with different 

melting ramp rate capabilities, e.g., ABI StepOnePlus™ Real-Time PCR System: 0.1 °C/sec, 

Roche LightCycler®96: 0.04 °C/sec, Bio-Rad CFX Connect Real-Time PCR Detection System: 

0.1 °C/sec, and Rotor Gene Real-Time PCR: 0.02 °C/sec. Melting amplified PCR products at 

lower ramp-rate generates rich data, leading to a melt curve of higher resolution and facilitating 

the separation of two amplicons that have close Tm values. This then allows for multiplexing of a 

higher number of targets.  

Touchdown capabilities in real-time PCR instruments is another useful feature for performing 

multiplex melt curve assays. The majority of real-time PCR-based experiments are performed in 

singleplex format which uses high fidelity master mixes. Hence, only a limited number of 

instruments have touchdown PCR capabilities. When performing a highly multiplexed melting 
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curve real-time PCR assay, a touchdown PCR protocol can generate more specific amplicons, 

resulting in an assay with a higher specificity.  

Data collection time is another important aspect of real-time PCR instruments. Although it does 

not directly influence the assay, data collection time is directly related to the total time required by 

the instrument for completion of the assay. Each real-time PCR instrument manufacturing 

company uses its own proprietary technology for recording the fluorescent data generated in the 

melt curve. Based on the technology used by the instrument, the data collection time at the lowest 

melting ramp rate can vary from 10 min to 2 h.  

Beside real-time PCR hardware specifications and capabilities, the data analysis software also 

plays a vital role in analyzing the data generated by a multiplex melting curve assay. The 

instrument software analyzes minute variations in the fluorescence data and converts them into 

melt peaks. Real-time PCR softwares for analyzing dual-labeled probe-based multiplex assays are 

more evolved and automated, hence, each target is automatically identified and quantified.  

However, for multiplex melting curve assays, each peak needs to be manually analyzed for each 

sample, which is a very time consuming process. Computational softwares, such as MATLAB and 

ORIGIN can also be used for analyzing melt curve data, but they require a user license, which is 

expensive. In order to bridge this gap, a software tool needs to be developed that can analyze the 

melt curve data, automatically annotate each peak based on the standard values, and generate a 

report for the presence and absence of targets in the sample. Therefore, instrument selection based 

on hardware and software capabilities is a very crucial factor for standardizing as well as for 

performing a real-time melting curve assay.  

Multiplex real time melting curve assays are more useful and are one of the most economical real-

time PCR-based assays. With careful assay design, up to five to six target multiplex melting curve 
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assays can easily be standardized without any overlapping peaks and can be performed on a basic 

one channel real-time PCR machine. A higher number of targets can be multiplexed using two-

dimensional melting curve assays. In order to get a better separation of melt peaks, the melt 

behavior of amplicons generated in the multiplex assay can also be manipulated by incorporating 

locked nucleic acid bases in the oligonucleotides. Future research will look into the development 

of an open source analytical software tool that can be used for batch analysis of data from 96 well 

plates and for further converting the obtained melt curve data into a report.   
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