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Abstract:  

Molecular markers are widely used in agriculture, and have increased the speed and efficiency of crop 
improvement through marker assisted breeding. Central to the success of marker assisted breeding is the 
availability of faster and cheaper marker screening techniques. These techniques have become increasingly 
important as breeding methodologies attempt to manage and manipulate entire genomes by simultaneously 
using large numbers of markers to select and combine the most favorable regions of chromosomes. 
 
Here, we describe a novel multiplex PCR assay for low-cost, high-throughput marker genotyping on an 
automated DNA fragment analyser, such as the ABI3730. This assay allows published markers (e.g. SSRs 
and allele-specific STSs) to be coamplified in a single-step, closed-tube reaction under standardized 
conditions that require no optimization, irrespective of the optimal annealing temperature of each marker. 
The assay also provides several technological advantages that facilitate automated DNA fragment analysis 
including: (a) an ability to label each marker with a fluorescent dye of choice during multiplex PCR 
amplification, and (b) relatively uniform yield of PCR product for each marker, permitting the use of 
standardized protocols to prepare PCR fragments for DNA fragment analysis. The multiplex PCR 
technology is currently deployed in several Australian cereal breeding and research programs. 
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Introduction:  

Molecular markers based on the polymerase chain reaction (PCR) are an important tool in agriculture, and 
are routinely used to improve the speed and efficiency of crop improvement through marker assisted 
breeding. In particular, two classes of molecular markers are used in crop research and breeding: single 
nucleotide polymorphisms (SNPs) and simple sequence repeats (SSRs). The challenge to the deployment of 
these markers has been to develop technology platforms that permit low-cost, high-throughput genotyping. 
This has become an important challenge as breeding methodologies attempt to manage and manipulate entire 
genomes by simultaneously using large numbers of markers to select and combine the most favorable 
regions of chromosomes. For SNPs, methods have typically been developed for dedicated instruments, such 
as microarrays (1,2), matrix-assisted laser desorption/ionization mass spectrometry (MALDI-TOF; 3,4) and 
flow bead coupled cytometry (5). In contrast, methods for SSR analysis have utilized fluorescent-based 
detection on automated DNA sequencers (6,7). 
 
Fluorescent-based SSR detection on a DNA sequencer has traditionally required the dye-labeling of one of 
the primer pairs that flank a SSR locus (7). More recently, tailed primer methods have emerged to reduce the 
cost of primer labeling (8). These methods add a generic nucleotide sequence to the 5’ end of one of the 
primer pair for each marker, such that the “tailed” primer contains two primer sequences on the one 
oligonucleotide. The common nucleotide primer usually corresponds to a standard sequencing primer, such 
as the M13 forward primer, and is referred to as the “tag” primer. By adding a dye-labeled tag primer in the 
PCR, the amplification products become fluorescently labeled following the participation of the tag primer 
after the first few cycles of amplification. Multiplexing strategies have also been developed to increase 
genotyping throughput and further reduce assay costs on DNA sequencers. These approaches allow several 
markers to be analysed in each lane, and rely on the separation of DNA fragments by size and fluorescent 
labeling (9,7). Multiplexing can be achieved by including several primer pairs in a single reaction (multiplex 
PCR;  10), by pooling single PCR amplifications (post-PCR pooling), or by combining these approaches 
(11). 



 
The development of multiplex PCR assays in crop-species with large genomes, such as barley and bread 
wheat, is difficult and requires tedious experimental optimization to achieve a high multiplex level (12). One 
reason for this difficulty is the increased probability of undesirable primer-primer interactions, which lead to 
poor PCR sensitivity or specificity and/or preferential amplification of non-target loci (13). Several strategies 
have been developed to overcome some of the difficulties of multiplex PCR. One approach, and common to 
several SNP genotyping methods, is to reduce the genomic complexity of a DNA sample prior to multiplex 
PCR (14,15). Another approach, yielding relatively uniform amplification of all PCR products, uses two 
rounds of PCR amplification (16,17). The first round employing multiplex PCR is performed with a 
relatively low concentration of locus-specific primers, each of which is tagged at their 5’ end with a generic 
primer sequence. This PCR generates DNA fragments having the generic primer sequence at each end. In the 
second PCR, a high concentration of primer complementary to the generic tag sequence is used to further 
amplify the first round PCR fragments under single-plex conditions. This two-step approach reduces 
problems associated with undesirable primer-primer interactions, and has been used to achieve high levels of 
multiplex amplification for genotype determination (16,14) and to quantify the level of transgenic maize in 
food and stock feed (18). 
 
Here, we describe a technique to facilitate the low-cost, high-throughput analysis of SSRs and STSs on an 
automated DNA fragment analyser. The technique, called the multiplex-ready marker technology, comprises 
a single-step closed-tube multiplex PCR assay that combines the principles of the M13-tailed primer method 
(8) and two-step multiplex PCR amplification (16). The technology is compatible with all types of 
instrumentation for the fluorescent detection of DNA fragments, requires only the synthesis of published 
primers in the multiplex-ready format for its deployment, and provides several technological advantages over 
similar types of marker genotyping methods. The advantages of the multiplex-ready marker technology are 
discussed in the context of a typical laboratory attempting to achieve low-cost, high-throughput automated 
marker genotyping to support cereal genetic research and breeding programs. 
 
Methods:  

Primer synthesis 
 
PCR primers for published SSRs and allele-specific STSs were synthesized with generic non-complementary 
nucleotide sequences at their 5’ end. Primer aliquots for each marker were prepared by mixing equimolar 
amounts of appropriate forward and reverse primer in 1x TE (1 mM EDTA, 10 mM Tris-HCl, pH 8.0), and 
are hereafter referred to as locus-specific primers. The tag primers, tagF and tagR, were synthesized with 
sequences complementary to the generic nucleotide sequences at the 5’ ends of the locus-specific primers. 
The tagF primer was dye-labeled at its 5’ end with VIC, FAM, NED or PET (Applied Biosystems). 
 
Primer optimization  

The optimal concentration of locus-specific primer required for marker amplification was determined 
empirically using 20, 30, 40 and 80 nM of locus-specific primer. PCR products were separated on a 
GelScan2000 instrument (see Single-plex and multiplex PCR amplification), and the optimal primer 
concentration was determined by visual inspection of the yield of target amplicon and PCR specificity. The 
optimal concentration of locus-specific primer was defined as the primer concentration producing a strongly 
amplified target fragment(s) with a high level of PCR specificity.  
 
Single-plex and multiplex PCR amplification 
 
The amplification of markers by single-plex and multiplex PCR was performed under identical reaction 
conditions. PCR was performed in a 6 µl reaction mixture containing 0.2 mM dNTP, 1x ImmoBuffer 
(Bioline) (16 mM (NH4)2SO2, 0.01% Tween-20, 100 mM Tris-HCl, pH 8.3), 1.5 mM MgCl2, 100 ng/µl 
bovine serum albumin, 75 nmol each of dye-labeled tagF and unlabeled tagR primer, 50 ng genomic DNA, 
0.15 U Immolase DNA polymerase (Bioline) and an appropriate concentration of locus-specific primer (see 
Primer optimisation). For multiplex PCR, locus-specific primers for several markers were added to each 
reaction at the optimal concentration determined using single-plex amplification. Following an initial 
denaturation step of 10 min at 95°C to heat activate the DNA polymerase, PCR was performed for a total of 



55 cycles with the profile: 60 s at 92°C, 90 s at 50°C, 60 s at 72°C for five cycles. The next 20 cycles were 
with 30 s at 92°C, 90 s at 63°C, and 60 s at 72°C, followed by 40 cycles with 15 s at 92°C, 60 s at 54°C, and 
60 s at 72°C, and a final extension step of 10 min at 72°C.   
  
Electrophoresis and visualization of PCR products was performed on a GelScan2000 (Corbett Research) or 
ABI3730 instrument (Applied Biosystems). For analysis on the GelScan2000, the PCR products were mixed 
with an equal volume of gel loading buffer (98% formamide, 10 mM EDTA, and 0.5% basic fuchsin as 
tracking dye), heated for 3 min at 95°C, chilled quickly on ice and separated on a 4% sequencing gel (19). 
For analysis on the ABI3730, PCR products for each set of markers were mixed together in a ratio of 3:4:2:4 
for VIC:FAM:NED:PET, desalted by ultrafiltration on an AcroPrep 384 filter plate (PALL Life Sciences, 
cat# 5077), and resuspended in an appropriate volume of sterile water to give a final dilution factor of 1:100. 
The diluted PCR products were separated by capillary electrophoresis on the ABI3730 using LIZ-labeled 
GeneScan500 as an internal size standard (Applied Biosystems). PCR fragment sizes were determined using 
GeneMapper v3.7 software (Applied Biosystems). The pooling of PCR products with different dye-labels at 
the 3:4:2:4 ratio was to account for differences in the relative fluorescence of each fluorophore. 
 
Results and Discussion 

Principles of multiplex-ready marker amplification 
 
The multiplex-ready PCR assay combines the principles of the M13-tailed primer method (8) and two-step 
multiplex PCR amplification (16) to achieve the low-cost, high-throughput automated assay of SSRs and 
allele-specific STSs on a DNA sequencer. The PCR amplification of multiplex-ready markers is achieved in 
a single-step, closed-tube reaction in which amplification takes place in two stages (Figure 1). 
 

 
 

Figure 1.  Diagrammatic representation of the multiplex-ready PCR assay 

 
In the first stage, low concentrations of locus-specific primers tagged at their 5’ ends with generic non-
complementary nucleotide sequences are used to amplify target loci from genomic DNA. After 25 cycles of 
amplification, the locus-specific primers are entirely incorporated into PCR products, which have the generic 
nucleotide sequences at their 3’ and 5’ ends. These generic nucleotide sequences serve as universal primer 
binding sites for the second stage of PCR, and eliminate amplification bias between DNA fragments by 
normalizing primer hybridization kinetics. This normalization helps to ensure that all target loci are 
amplified with equal efficiency during the second stage of amplification. 
 
In the second stage of amplification, short primers corresponding to the generic nucleotide tag sequences are 
used to amplify the first stage PCR products to a detectable level. Restricting the participation of the short 
tag primers to the second stage of amplification is a large difference in the annealing temperatures of the tag 



and locus-specific primers. By dye-labeling one of the short tag primers the PCR products can be 
fluorescently labeled during the second stage of amplification, ready for separation in a detection channel of 
choice on an automated DNA fragment analyser. Furthermore, by completely incorporating the tag primers 
into PCR products under exhaustive conditions (exhaustive PCR), each marker assay generates a relatively 
uniform yield of dye-labeled amplicons. The use of exhaustive PCR in the second stage is particularly 
advantageous for automated DNA fragment analysis as it permits the use of standardized protocols to 
prepare PCR products for electrophoretic analysis. Moreover, the capacity to control the final yield of PCR 
product for each marker within a multiplex reaction, and between independent assays, provides a mechanism 
by which instrumentation problems, such as spectral bleed, can be effectively controlled. 
 
Technological advantages of multiplex-ready markers 
 
1. Standardised PCR assay 
 
An important prerequisite to high-throughput genotyping is the ability to perform all PCR assays under 
standardized reaction conditions that require no optimization. This requirement is difficult to achieve using 
conventional PCR due to differences in the optimal annealing temperatures of primers, particularly among 
older sets of published markers. An advantage of the multiplex-ready assay is that all markers can be 
efficiently amplified with high PCR specificity under standardized reaction conditions  (Figure 2). This 
advantage arises from the ability to control the PCR specificity and amplification yield for each marker by 
adjustment of the concentration of locus-specific primer in the multiplex-ready assay. In our experience, a 
success rate exceeding 90% has been obtained for the amplification of published SSRs and allele-specific 
STSs in the multiplex-ready assay, and at present more than 2000 barley and wheat markers are available in 
the multiplex-ready format. The ability to perform multiplex-ready PCR assays under standardized reaction 
conditions not only facilitates assay automation but also permits any combination of markers to be deployed 
in multiplex PCR. 
 

 
 
Figure 2. Amplification of SSRs using conventional and multiplex-ready PCR reveals DNA 
fingerprints differing only by the fragment size offset caused by the non-complementary nucleotide 
sequences at the 5’ ends of multiplex-ready-locus specific primers 

 
2. Flexible dye-labeling of markers 
 
Fundamental to reducing the cost of marker separation on an automated DNA fragment analyser is the ability 
to use a generic tag primer to fluorescently label PCR products during amplification. Similar to the M13-
tailed primer method (8), the multiplex-ready marker assay enables the fluorescent-labeling of PCR products 
with a dye of choice during the second stage of amplification. This is achieved by simply changing the dye-
labeled generic tag primer. Hence, multiplex-ready PCR provides maximum flexibility for the detection and 
cost-efficient analysis of markers on an automated DNA fragment analyser (Figure 3). Moreover, multiplex-



ready markers can be deployed on DNA sequencers detecting different fluorophores using the same sets of 
locus-specific primers, since only appropriately dye-labeled generic tag primers needs to be resynthesized.  
 

 
 
Figure 3. Six-plex PCR in eight varieties detected on an ABI3730 

 
3. Relatively uniform PCR yield for all markers 
 
The ability to fully automate post-PCR procedures required to prepare markers for electrophoretic analysis 
on a DNA sequencer relies on the generation of a relatively uniform yield of PCR product for each marker. 
This criteria is important to ensure that an appropriate amount of PCR product is loaded, such that the 
fluorescence signal detected for each marker falls with the range optimal for automated allele size calling. 
Effective control over the amount of PCR product used for electrophoretic analysis is also important to avoid 
instrumentation problems such as spectral bleed, which is inherent of older DNA sequencers such as the 
ABI3700. 
 
The multiplex-ready PCR assay facilitates the automation of post-PCR procedures, and automated marker 
scoring, by generating a relatively uniform yield of PCR product for each marker within a multiplex reaction, 
and between independent assays. This is achieved in two ways. Firstly, a relatively uniform yield of PCR 
product between independent assays is achieved through the use of exhaustive conditions that ensure all 
generic tag primer is incorporated into PCR product during the second stage of amplification. And secondly, 
a relatively uniform yield of PCR product for each marker within a multiplex reaction is achieved by entirely 
incorporating the locus-specific primers into PCR products, followed by the removal of amplification bias 
between target fragments with the use of generic tag primers in the second amplification stage. Figure 4a 
shows the relatively uniform amplification yield that was achieved for 1125 barley and wheat SSRs 
amplified by single-plex PCR. Here, relatively uniform amplification yield is defined as the generation of 
sufficient PCR product to ensure that the use of a standardised protocol to prepare samples for 
electrophoretic analysis generates a fluorescence signal for each marker that falls within the range optimal 
for automated allele size calling, i.e. 1500-8000 rfu. Figure 4b shows the distribution of the coefficients of 
variation for SSR fluorescence signals detected in 64 four- and six-plex PCRs performed in barley and bread 



wheat. This result demonstrates the relatively uniform yield of PCR product that is achieved for markers 
within a multiplex PCR. 
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Figure 4a. Distribution of average ABI3730 fluorescence peak heights for 1125 barley and wheat SSRs 
amplified using single-plex PCR. The fluorescence peak height for each marker was determined from 
the average peak fluorescence observed for eight varieties 
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Figure 4b. Distribution of coefficients of variation for SSR fluorescence signals observed within 64 
four- and six-plex PCRs performed in barley and bread wheat 

 
4. Robust PCR assay 
 



As crop breeding methodologies shift from single marker selections to strategies that attempt to use large 
numbers of markers to select and combine several chromosomal regions at a time, the compatibility of 
molecular marker technologies with high-throughput DNA extraction methods becomes paramount. 
Typically, high throughput extraction methods produce DNA samples of varying quality and concentration. 
In many cereal breeding programs, sodium hydroxide-based extraction methods are preferred due to their 
ability to prepare thousands of DNA samples per day (21). 
 
Multiplex-ready PCR shows a high tolerance to variation in the concentration and quality of DNA samples. 
This was demonstrated by first comparing the effect of DNA concentration on the SSR profiles of 128 barley 
and wheat markers amplified using 10, 30, 50, 70, 100, 150 and 250 ng of genomic DNA purified from leaf 
material using a standard phenol-chloroform extraction method (Rogowsky et al. 1991). In all instances, 
PCR specificity and amplification yield was unchanged (Figure 5a). In a second experiment, the effect of 
DNA quality was determined by comparing the SSR profiles of 64 barley and wheat markers amplified from 
high quality, phenol-chloroform extracted DNA samples prepared from leaf tissue, with DNA samples 
extracted from leaf and seed using a typical sodium hydroxide-based method (Paris and Carter 2000). Again, 
high PCR specificity was achieved for all of the markers tested. Small amounts of variation in the yield of 
PCR product was observed in some instances but this was insufficient to cause concern (Figure 5b). These 
results showed that the concentration and quality of genomic DNA had a minimal effect on PCR specificity 
and amplification yield, and indicated that the quantification of DNA samples is not necessary. Importantly, 
the tolerance of the assay to high concentrations of genomic DNA indicated that it is not susceptible to PCR 
over-cycling effects, which could result in assay failure due to the conversion of PCR products into random 
high molecular sized fragments (Bell and DeMarini 1991). These results demonstrated that the multiplex-
ready PCR assay is compatible with high-throughput DNA extraction methods currently employed in cereal 
breeding programs.  
 

        
 
Figure 5a. Effect of DNA concentration on the amplification of multiplex-ready markers 

 

 
 
Figure 5b. Effect of DNA quality on the amplification of multiplex-ready markers 

 
5. Highly multiplexible  
 
A major obstacle to marker assisted breeding is the high cost of consumables and labor that is required to 
perform PCR assays for a single marker at a time. The development of multiplex PCR (10) has helped to 

Lanes Plant material / DNA extraction method   
A Leaf ; phenol/chloroform extraction 
B Seed ; NaOH  extraction 
C Leaf ; NaOH extraction 



alleviate this problem by allowing several markers to be coamplified under identical conditions, in the same 
reaction. However, the routine development of multiplex PCR assays in crop-species with large genomes 
such as barley and bread wheat is difficult, and tedious experimental optimisation is usually required to 
achieve a high multiplex level (12). More recently, specialized buffers to assist the development of multiplex 
PCR assays have become commercially available, but these are expensive to implement for routine use in 
marker assisted breeding. 
 
In practice, a high multiplex level is not always achievable in cereal crops due to limitations imposed by the 
allele size ranges of markers. To determine the typical multiplex level required in barely and bread wheat, 
published allele size data was used to estimate the average number of markers that could be coseparated in 
each electrophoretic channel of an automated DNA fragment analyser. This approach established that on 
average four to six markers could typically be coseparated (data not shown). To demonstrate that the 
multiplex-ready PCR assay could routinely coamplify up to six markers in a single reaction without assay 
optimization, 32 four-plex and 32 six-plex PCR assays were performed in each of barley and bread wheat 
using eight genetically diverse varieties (Figure 3). Of the 320 SSRs present in the multiplex PCR assays, 
273 (85%) were amplified with high PCR specificity and relatively uniform amplification yield. In some 
instances, non-specific fragments were also amplified but these neither interfered with marker scoring nor 
affected the PCR yield of target amplicons. The remaining 47 (15%) failed to generate PCR product of 
expected size, or gave weak amplification. Interestingly, there was no apparent difference in the success of 4-
plex and 6-plex reactions, or between multiplex PCR assays performed in barley and bread wheat. This 
finding indicated that the maximum multiplex level achievable in these cereal crops, whilst maintaining 
robust amplification, had not been reached. These results demonstrated the high amenability of the 
technology to multiplex PCR, and the ease with which robust multiplex PCR assays can be developed. 
Importantly, the also results demonstrated the high combinability of markers in the multiplex-ready assay, 
indicating that most marker combinations can be deployed in multiplex PCR. It is believed that the high 
amenability of the technology to multiplex PCR results from the use of exhaustive conditions to ensure all 
primers are completely incorporated into PCR product at each amplification stage, and low concentrations of 
locus-specific primer in the first stage of amplification. It is expected that the latter kinetically favors the 
amplification of target loci over non-target fragments arising from undesirable primer-primer interactions. 
Overall, these results indicate that the multiplex-ready marker technology can be used to help overcome the 
costly and rate-limiting step of PCR amplification in marker assisted breeding and genetic research. 
 
Conclusion:  

The multiplex-ready PCR technology provides several enabling advances in marker genotyping that 
substantially reduce assay costs, increase marker throughput and facilitate automation. These technological 
advances include the ability to amplify all SSRs under standardized reaction conditions, flexible dye labeling 
of markers, assay robustness to variation in the concentration and quality of DNA samples, relatively 
uniform amplification of markers within multiplex assays and between independent reactions, and the 
capacity to achieve a high level of multiplex PCR amplification. In our experience, it has been possible to 
routinely develop robust 4- and 6-plex PCRs in barley and bread wheat. The multiplex-ready marker 
technology is currently used in several Australian cereal research and breeding programs, and has been 
validated in independent laboratories by the genotyping of more than 100,000 loci. 
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