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Abstract 

The interpretation of low-level DNA mixtures, where there is DNA present from more than one individual in a 

sample, is of great difficulty. This can be due to the low-level nature of the result and the complexity inherent in 

DNA results with multiple sources. These two elements in one sample only further compound the difficulty. 

Multiple displacement amplification (MDA) techniques, with or without a macromolecular crowding (MDA-

MC) agent, have been suggested as potential tools for improving these results. The aim of this study was to 

investigate whether the proposed techniques could be of use to forensic genetics casework. Buccal swabs 

underwent extraction, and then mixtures of samples were prepared with a range of known mixing ratios, from 

1:1 through to 50:1. These samples were split into three prior to undergoing standard DNA analysis, MDA or 

MDA-MC. DNA quantification was carried out using real-time PCR and the Human DNA Quantifiler kit, and 

STR analysis was carried out using the AMPfSTR NGMSElect kit. For each set of results, the mean mixing ratio 

was calculated and compared with the actual mixing ratio. The incorporation of MDA and MDA-MC did not 

sufficiently improve the mixed DNA results for all mixing ratios. Although there were significant improvements 

at mixing ratios of 10:1 and 50:1, this is insufficient, as knowledge of the actual mixing ratio prior to analysis is 

required. Consequently, as it stands, MDA and MDA-MC is not suitable for forensic casework. However, 

despite a range of actual mixing ratios from 1:1 through to 50:1, no mixing ratios above ~10:1 could be 

obtained, suggesting that this is the threshold at which the major contributor masks the minor contributor. This 

is thought to be due to drop-outs from the minor contributor, which increases as the mixing ratio increases. 

 

Keywords: - Forensic Genetics, mixtures, multiple displacement amplification, whole genome amplification, 

macromolecular crowding. 

Introduction 

 

In carrying out forensic casework, 

it is common to obtain mixed DNA 

profiles, where a DNA result obtained 

indicates that DNA is from more than one 

individual.  

It can be more common in sex 

offences, where a single sample can 

contain DNA from the victim and from the 

offender; however, it can also be obtained 

from items or surfaces that have been 

touched multiple times, or in cases where 

contamination has occurred.  

Such mixtures are routinely 

interpreted with varying degrees of success 

[1, 2], from being unsuitable for any 

meaningful comparison with any other 

DNA profile through to being evidential in 

quality.  

Research has been carried out on 

alternative pre-amplification techniques 

for low-level DNA samples, including 

multiple displacement amplification 

(MDA) [3-9]. This has shown some 

promise in increasing the chance of 

obtaining meaningful single DNA profiles 

for low-level samples. However, this 

research has shown that the use of MDA 

may have an adverse effect on mixtures by 

changing the mixing ratios of the two 

contributors.  

Mixing ratios are a key value in the 

interpretation of mixed DNA results, as 
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these can be used to eliminate possible 

allelic combinations [2]. 

 

Subsequent research by Ballantyne 

et al., [3, 6] demonstrated that the 

incorporation of a macro-molecular 

crowder within the MDA could maintain 

the mixing ratios, and suggested that it 

could increase the mixing ratio, thus 

potentially making a complex mixture in 

to a simple mixture. Consequently, this 

would allow the scientist to identify easily 

two distinct contributors. 

This study aimed to investigate the 

effect of MDA and crowded MDA-MC on 

the maintenance or improvement of 

mixing ratios following amplification, with 

a view to determining whether this could 

be a viable tool for forensic genetic 

investigations. 

 

Methodology 

 

Sample preparation 

Buccal swabs were recovered from 

three volunteers with informed consent, 

which underwent extraction using the 

QiaAmp DNA mini kit (Qiagen, UK) as 

per manufacturer’s instructions. All 

samples were quantified using the Human 

DNA Quantifiler Kit (Applied Biosystems, 

UK) and the ABI 7500 Fast Real-Time 

PCR machine before being normalised to 1 

ng/µl.  

Mixtures were prepared by 

combining samples with a known DNA 

quantity with each other to give a range of 

mixing ratios, including 1:1, 1:2.5, 1:5, 

1:10, 1:20, and 1:50. Each combination of 

samples and mixing ratios underwent 

amplification. 

 

Pre-amplification 

Each combination of samples and 

mixing ratios were aliquoted into three. 

One then underwent the standard DNA 

profiling process, another underwent 

MDA, and the third underwent MDA in 

conjunction with a macro-molecular 

crowder.  

  The Repli-G kit (GE Healthcare, 

UK) was used for MDA as per 

manufacturer’s instructions. For those 

samples undergoing crowded MDA, the 

samples were mixed with equal amounts of 

Polyethylene Glycol-400 (Sigma-Aldrich, 

UK), before undergoing pre-amplification 

using the Repli-G kit. All samples were 

quantified again using the Human DNA 

Quantifiler Kit. It is these data that are 

used for subsequent analyses.  

 

Genetic analysis 

All samples then underwent genetic 

analysis using the AMPfSTR NGMSElect 

kit (Applied Biosystems, UK) on the ABI 

310 Genetic Analyser using the 

manufacturer’s recommendations.  

This kit includes the European 

Standard Set of markers as well as the ones 

included in the AMPfSTR SGM plus kit.  

Mixture assessment 

In order to assess the quality of the 

mixtures, mixing ratios were used.  

For each set of results, all four 

peaks loci were used to calculate the 

overall mixing by using the following 

formula and taking the mean value:  
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 Although mixing ratio formulae 

exist for 2 peak and 3 peak loci, they 

include an assumption that each allele is 

equally shared, which is unreasonable. 

Consequently, only data derived from the 

four peak loci were used for this study. 

This meant that for each set of DNA 

results, there were between three and 

seven 4 peak loci. Although a one-way 

ANOVA could be used to compare means, 

the assumption of normal distribution was 

unreasonable. Consequently, paired 

sample T-tests were used for statistical 

analysis. 

 

Results 

Assessment of mixing ratios 

 
Figure 1: A scatter graph comparing the calculated mixing ratio (coloured lines), 

following amplification, with the actual mixing ratio (solid black line). Both scales are 

logarithmic and incorporate the following ratios; 1:1, 2.5:1, 5:1, 10:1, 20:1, and 50:1. 

(MC) refers to crowded MDA. Error bars represents one standard deviation. 

 

Ratio Std vs. MDA MDA vs. MC Std vs. MC 

1:1 0.539 0.263 0.703 

2.5:1 0.182 0.389 0.221 

5:1 0.095 0.577 0.562 

10:1 0.013
*
 0.128 0.534 

20:1 0.703 0.056 0.405 

50:1 0.354 0.617 0.018
*
 

Table 1: Paired sample T-tests carried out which compare the means between standard 

analysis (Std), multiple displacement amplification (MDA) and molecular crowding 

(MC). The asterisk (*) indicates a significant difference (p<0.05). 
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In considering whether standard 

DNA analysis alone is capable of 

maintaining the mixing ratio, it could be 

seen that (in Figure 1), following 

amplification, the mixing ratio of the two 

contributors does not particularly mirror 

the actual mixing ratio.  

In fact, the average calculated 

mixing ratio does not significantly exceed 

a ratio of 10:1, despite the actual mixing 

ratio being that of 20:1 or even 50:1.  

This suggests that when it comes to 

considering mixtures, a mixing ratio of 

~10:1 would be the threshold over which 

the major contributor masks the minor 

contributor. 

 This further suggests that the 

following guideline could be adopted: 

 

Table 2:  Suggestions of likely outcomes given actual mixing ratios. 

Mixing Ratio Likely outcome 

<5:1 Complex mixture 

>5:1 and <10:1 Simple mixture (major-minor result) 

>10:1 Second contributor not discernible 

 

One of the reasons why a 50:1 or 

20:1 sample is being classified as a 10:1 

sample could be down to the fact that 4-

peak loci are no longer 4-peak loci due to 

drop-outs, which reduce the n-value for the 

calculated mixing ratio.  

Another possible explanation for 

skewed data is the effect of artefacts. 

Minor artefacts were observed in the 

majority of the results, but it was felt that 

these were sufficiently low (<200 rfu) as to 

have a minimal effect on the DNA result. 

Nevertheless, additional contribution to the 

peak height of the smaller peaks may 

reduce the calculated mixing ratio, thus 

augmenting the effect of drop-out.  

Given the average peak heights of 

the additional peaks, this would not 

account for the discrepancy between a 50:1 

and a 10:1 mixing ratio. Consequently, it 

does appear to be a phenomenon of the 

amplification process rather than due to the 

presence of the artefacts.  

When comparing the effect of 

incorporating the MDA step with the 

standard DNA analysis, empirical 

observations can be made. Although there 

is no significant difference (Table 1), there 

does seem to be an indication that the 

calculated mixing ratio mirrors the actual 

mixing ratio much closer when an MDA 

step is incorporated, at least until after an 

actual ratio of 10:1. However, for an MDA 

pre-amplification step to be included in the 

analytical repertoire of the reporting 

forensic geneticist, the improvement does 

need to be significant in order to justify the 

inclusion of yet another step where the 

sample is modified prior to analysis. 

Consequently, based on these results, it 

does not appear that an MDA step alone 

would be suitable.  

 Paired sample T-tests were carried 

out, comparing the mean calculated mixing 

ratios of standard, MDA and MDA with a 

macromolecular crowder with each other. 

Using a threshold of <0.05 to indicate 

significance, there were no significant 

differences between standard DNA 

analysis and the incorporation of an MDA 

step at all mixing ratios, between MDA 

and MDA with macromolecular crowding 

at all mixing ratios, and between the 

standard analysis and MDA with 



Kimberley BEXON, Graham WILLIAMS 

http://www.ijci.eu eISSN: 2247-0271 107 

macromolecular crowding up to a mixing 

ratio of 20:1.  

 Significant difference was 

observed between standard analysis and 

MDA with macromolecular crowding at an 

actual mixing ratio of 50:1. Given that 

50:1 gives the biggest room for 

improvement and that the biggest 

improvement was expected to be between 

standard analysis and MDA with 

macromolecular crowding, if any result 

was going to be significant, it would have 

been this one.  

This study has demonstrated that 

the process of standard DNA analysis 

upon mixed DNA samples does not 

maintain the mixing ratios. While it was 

reasonable to expect some deviation from 

actual mixing ratios, when the mixing ratio 

went above 10:1, the difference between 

the actual and the calculated increased 

quite dramatically. It was not possible to 

carry out a meaningful statistical 

comparison between actual and calculated 

values, as by definition there was no 

variance in the actual values themselves. 

However, upon empirical observations of 

the standard error bars of the calculated 

values versus the actual values, it was seen 

that an increasingly significant difference 

between the two was present as the mixing 

ratio increased. This is much more obvious 

after 10:1.  

 Where the mixing ratios are below 

10:1, this could be due to the relatively 

inefficient amplification during PCR. This 

inefficient amplification could be 

compounded by the multiplexing of 16 

different primer sets, thus leading to a 

preferential amplification of one 

contributor over the other. However, 

should this be the case, this would not be 

expected at all loci, given the assumption 

of independence.  

 When the mixing ratio rises above 

10:1, the differences between the two 

values increases to the extent that it could 

not be reasonably explained by 

inefficiencies during amplification.  

 One hypothesis for this is that as 

the mixing ratio increased, the number of 

samples available for calculation 

decreased, thus skewing the data. Mixing 

ratios were calculated using four peak loci 

within each result. Given the independence 

of the loci, each four peak loci contributed 

to the n-value. However, it was 

hypothesised that as the mixing ratio 

increased, the minor contributor would 

exhibit an increasing number of allelic 

drop-outs, thus reducing the number of 

available 4-peak loci. This hypothesis was 

tested by comparing the number of 

appropriate loci available for each mixing 

ratio. Both the total n-value and the mean 

n-value were counted and plotted on a bar 

chart.  

This chart (Figure 2) indicated no 

significant variance with the total n-value 

hovering around 15 and the mean n-value 

hovering around 5.  

 The proposed hypothesis that 

increasing the mixing ratio causes further 

allelic drop-outs, thus causing the sample 

set to decrease, is not supported.   
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Consequently, it currently stands that the 

likely reason for the lack of consistency in 

mixing ratios following amplification is 

the presence of inefficiencies in the 

amplification step, which is being 

increasingly exacerbated by the increasing 

difference between the two samples.  

 One suggestion for this 

phenomenon relates to a basic principle of 

real-time PCR, where the larger the 

amount of DNA present in the reaction 

mix, the quicker it reaches exponential 

amplification. It was thus suggested that 

the larger fraction would amplify sooner 

and distort the mixing ratio. This is 

unlikely, however, due to a number of 

reasons: 

 The specific amplification would not 

be able to distinguish between the 

major and the minor contributor, 

since the same markers are being 

targeted.  

 Even if it could, the principle, in that 

the larger amount of DNA amplifies 

first would mean that the calculated 

mixing ratio would be larger than the 

actual mixing ratio, rather than 

predominantly smaller as observed 

in this study. 

 Finally, the mixing ratio is derived 

post-PCR, meaning that we are 

characterising the DNA after it has 

amplified. Upon observing an 

amplification plot using real-time 

PCR, it can be noticed that the 

plateau phase for all samples is at 

roughly the same level, as the 

plateau phase is defined by the 

amount of reagents in the mix (i.e., 

the amplification ceases once the 

primers, dNTPs and Taq polymerase 

have been depleted).  

Figure 2: A bar chart giving an overview of the sample sets. – Figures 

1-6 represent the actual mixing ratios (1:1, 2.5:1, 5:1, 10:1, 20:1, and 

50:1). The blue bars indicate the total number of calculations carried 

out at each mixing ratio and the red bars indicate the mean of number 

of calculations carried out at each mixing ratio. 
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It was hoped that the incorporation 

of the MDA step would improve the 

mixing ratio, and that the calculated 

mixing ratio would more closely mirror 

the actual mixing ratio. However, a 

significant difference was only observed 

when the actual mixing ratio was 10:1 (p= 

0.013). This suggests that when the actual 

mixing ratio is 10:1, the incorporation of 

an MDA step would improve both the 

quantity and quality of the DNA result. 

However, this has no practical value in 

forensic casework, as it is not possible to 

work out the actual mixing ratio prior to 

analysis. For this MDA step to be of use, it 

should improve the quantity and quality of 

the DNA result at the majority, if not all, 

of the actual mixing ratios.  

The inclusion of a macro-molecular 

crowder also did not improve matters, as 

there was no significant difference 

between mixing ratios following MDA 

amplification and crowded MDA. 

However, significant difference was 

observed at 50:1 when comparing standard 

DNA with crowded MDA (Table 1).  

Again, this suggests that crowded 

MDA could improve the quality of DNA 

mixtures when the actual mixing ratio is at 

50:1; however, given our lack of 

knowledge of such matters prior to 

analysis, in practical terms, this is 

insufficient for forensic casework.  

A number of publications [3, 6] 

suggest that the use of crowded MDA on 

DNA mixtures could be of benefit. Such 

benefit includes maintenance of the mixing 

ratios, or even increasing the mixing ratios. 

While for evidential purposes, it is 

important that such mixing ratios are 

maintained, the increasing of mixing ratios 

could be of enormous intelligence value.  

If a DNA result indicating the 

presence of DNA from at least two 

individuals was obtained from a crime 

scene stain that had a calculated mixing 

ratio of ~1:1, there is no clear contributor 

that could be searched against the National 

DNA Database (NDNAD). If it is 

reasonable to assume that a known person 

contributed to that stain (such as the victim 

on intimate swabs), then the DNA result 

can be conditioned. However, if the DNA 

result cannot be conditioned, it can 

therefore be difficult to obtain information 

from it. There are a few statistical options 

available, such as pendulum list searching 

(PLS), which searches every possible 

combination for each locus against the 

NDNAD. Howeve, this is expensive, and 

time-consuming. Even then, any results 

would be more susceptible to adventitious 

matches.  

It was hoped that the use of 

crowded MDA could increase the mixing 

ratio from a 1:1 to ~2.5:1 or even 5:1, thus 

identifying two single clear contributors to 

the DNA result.  

However, this study demonstrates 

that the use of crowded MDA would not 

be able to do this.  

 

Conclusions 

 

The use of MDA and MDA-MC 

were not sufficient for use on forensic 

casework involving low-level DNA 

mixtures. This was disappointing as the 

field ‘low-level DNA mixtures’ is an area 

that needs further investigating, in order to 

increase the amount of usable information 

from a result.  

Thus, while MDA and MDA-MC 

may be of use on some samples, this is not 

one of them. However, there are other 

whole genome amplification techniques 

proposed, and consequently further 

research may be carried out evaluating the 
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effect of these techniques on low-level 

DNA mixtures. 

 Finally, the characterisation of the 

DNA mixing ratio and its alteration upon 

undergoing PCR amplification was 

achieved. The data in this study strongly 

suggested that a mixing ratio of ~10:1 is 

the threshold where an identifiable minor 

contributor may be obtained from the 

result. Further study is required which 

explores DNA mixtures before and after 

PCR amplification. 
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