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Abstract

A primary challenge faced by forensic analysts is the demand for timely analysis of
evidence. DNA analysis techniques have drastically increased in sensitivity, allowing for low
template DNA samples to be detected and used for identification. Since low template samples
become even more problematic in a DNA mixture, it would be advantageous to incorporate an
assay earlier in the DNA workflow that could detect a mixture and, potentially, determine the
number of contributors. Real time PCR instruments have both quantification and high-resolution
melt curve analysis (HRM) capabilities allowing for an opportunity to integrate an HRM
screening assay into a DNA quantification kit. The melting behavior of DNA varies with
nucleotide length/sequence, allowing melt curves to differentiate between single source samples
(and their genotypes) and mixtures.

Previously, an assay was developed that integrated an HRM assay (with target STR loci
D5S818 and D18S51) into Qiagen’s Investigator Quantiplex® kit. Data from this assay was
analyzed using linear discriminant and support vector machine (SVM) analyses for sample
classification. When the entire HRM curve data was used for classification, genotype prediction
accuracies increased to 74.87% for D5 and 26.92% for D18. Further, 100% of mixtures and
87.5% of single source samples were classified as such.

The HRM assay above was evaluated using Quantifiler Trio™ and Investigator
Quantiplex® on a more frequently used gPCR platform. When integrated into Quantifiler Trio™,
the assay produced inaccurate quantification values, and melt products from the quantification
kit were formed. Therefore, Investigator Quantiplex” was used for all subsequent studies, which
revealed that genotype prediction accuracies based on STR melt curves were not significantly
altered by incorporation into the existing Investigator Quantiplex® kit on the more frequently
used qPCR platform. With this integrated Quantiplex/HRM assay, using linear and radial SVM
modeling for D5S818 and D18S51 respectively, single source samples (regardless of genotype)
and 1:1 mixtures were accurately identified at rates of 42.1% and 60%, respectively. However,
these rates dropped when various mixture ratios were tested.

This data confirmed that quantification values and expected melt curves were unaltered,
however, overall genotype and mixture predictions reduced and fell below the desired goal
(80%). Further, as the minor contributor was reduced, the assay was unable to accurately
distinguish between mixtures and single-source samples. Moving forward, it may be necessary to
incorporate other mixture ratios into the training set as a way to increase prediction accuracies
across a range of mixture ratios.

Key words: Forensic science, qPCR, High resolution melt curves (HRM), genotype, Support
vector machine modeling (SVM), Investigator Quantiplex® kit, Quantifiler™ Trio kit, DNA
analysis, mixtures, mixture-screening assay



Introduction

The forensic field is continually faced with the challenge of increased, tedious, time-
consuming casework along with the criminal justice community’s demand for timely analysis of
evidence from crime scenes. Short tandem repeat (STR) analysis has long been the primary
typing technique used to individualize a sample and create DNA profiles [1]. Over time, forensic
analysis methods for DNA amplification and STR profiling have exponentially increased in
sensitivity, allowing for low template and/or degraded DNA samples to be detected and to
provide profiles useful for identification purposes. However, the interpretation stage of analysis
can be less successful with these low quality DNA samples, resulting in outcomes such as allelic
drop in and drop out or peak imbalance, making interpretation of the profiles difficult [2]. Low
quantity, touch DNA samples can become even more problematic when a DNA mixture is
present. Mixtures are samples that include DNA from more than one contributor, and those with
low amounts of DNA tend to greatly complicate profile analysis [3]. Unfortunately, in the
forensic DNA workflow, the contributor nature of a sample is not revealed until the final step of
analysis, during which a mixture is signified by the presence of three of more peaks at multiple
loci. Due to these and other potential complications associated with low template mixtures, many
laboratories elect not to process or interpret touch DNA samples [4].

If scientists had the ability to detect the contributor nature of a sample earlier on in the
DNA workflow, they would have more options for processing and they may, therefore, be less
reluctant to process touch DNA samples. For example, if an object is found at a crime scene with
anticipated touch DNA evidence, the item would likely be swabbed at several discrete locations
(e.g. firearms) using separate swabs in order to collect all possible DNA present while avoiding

the possible creation of mixtures. With this situation, it would not be uncommon for each


















Appendix

Figure 1. Melt curves and their resulting derivative plots [5]. (A) Curve of melting DNA
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(B) Negative derivative plot of melt curves from (A) showing the peaks at the inflection points

[5,21].
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D18

Figure 2: Integrated Quantiplex/HRM Assay on Rotor-Gene® Q melt curves. (A) Melt curves
obtained from previously reported studies [5]. (B) Melt curves obtained from reproducibility
testing. (C) Melt curves obtained without the quantitation kit, using the “optimized singleplex”
protocol.
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Myl omponent Plot Multicomponent Plot

Figure 3: Multicomponent plots from Quantifiler'™ Trio kit DNA standards on QuantStudio
6 displaying EvaGreen detection. (A) Samples were run using the standard protocol, with no
EvaGreen added. (B) Samples were spiked with EvaGreen, causing a massive increase in
fluorescence detected from some of the Quantifiler'™ Trio kit’s target amplicons in the blue
and green channels.
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Derivative Melt Curves

Derivative Melt Curves

Figure 4: Melt curves from Quantifiler ™ Trio kit DNA standards on QuantStudio 6. (A)
Samples were run using the standard protocol, with no EvaGreen or STR primers added. (B)

Samples were spiked with EvaGreen, resulting in a melt product with a primary peak
temperature of ~75-87°C.
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Derivative Melt Curves
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Figure 5. Melt curves from the integrated Investigator Quantiplex”/HRM assay on the
QuantStudio 6. Samples were run using the integrated parameters and generated non-
overlapping melt curves for D5S181 and D18S51.



Table 1. Previously reported D5S818 and D18S51 classification accuracies using limited melt
curve characteristics from the integrated Quantiplex/HRM assay on the Rotor-Gene® Q with
LDA [5,21].

D5S818 (%) D18S51 (%)
Genotype  Geno-group  Mixture Genotype  Geno-group  Mixture
Singlesource 4521 64.29 N/A 35.71 62.5 N/A
Mixtures +
single-source 56 68.18 100 39.39 62.12 80
n=26
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Table 2. Previously reported D5S818 and D18S51 genotype classification accuracies using
whole curve data from the integrated Quantiplex/HRM assay on the Rotor-Gene® Q with three
machine learning classification techniques [5,21].

ABI7500 Rotor-Gene® Q
Technique D5 D18 D5 D18
LDA 43.39% 9.52% 66.31% 13.46%
SVM-Linear 50.26% 16.93% 69.52% 26.92%
SVM-Radial 40.21% 21.16% 74.87% 9.62%

*best method for each locus tested is denoted in bold.



Table 3. Single-source v. mixture prediction accuracies of the integrated Quantiplex/HRM assay
for both STR loci tested using whole melt curve data, the Rotor-Gene® Q & the best SVM
classification technique [5].

Combined

D5S818 (%) D18S51 (%) accuracy (%)
0

Single-source

le-so 94.64 92.86 87.5
Mixtures 100 100 100
n=10
Overall Accuracy (%): 89.39
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Table 4. Hypothetical data to show how samples classify overall.

Single Source vs. Mixture Prediction

D5S818 D18S51 Overall
Unknown 1 SS SS SS
Unknown 2 SS SS SS
Unknown 3 M SS M
Unknown 4 SS SS SS
Unknown 5 SS M M
Unknown 6 SS M M
Unknown 7 SS SS SS
Unknown 8 SS SS SS
Unknown 9 M SS M
Unknown 10 SS SS SS
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Table 5: Expected vs. Observed Quantifiler'™ Trio Standards without & with EvaGreen dye

Without EvaGreen With EvaGreen
(Expected) (Observed)
Sample Target Reporter C Quantity Ci Quantity
Small VIC 20.641 50.000 17.708  432.935
Std 1a Autosomal
Y FAM 20.959 50.000 16286  1,605.090
Small VIC 20.882 50.000 17.994 354420
Std 1b Autosomal
Y FAM 21.159 50.000 16.454  1,423.884
Small VIC 24011 5000  21.007  42.980
Std 2a Autosomal
Y FAM 24.193 5.000 19.345 180.818
Small VIC 24.051 5.000 21.127 39.522
Std 2b Autosomal
Y FAM 24309 5.000 19.447 168.134
Small VIC  27.452 0500  24.245 4.452
Std 3a Autosomal
Y FAM 27.838 0.500 22.569 18.115
Small VIC 27.347 0.500 24.370 4.079
Std 3b Autosomal
Y FAM 27.706 0.500 22.619 17.479
Small VIC 30.616 0.050 27.136 0.588
Std 4a Autosomal
Y FAM 30.785 0.050 25435 2.342
Small VIC 31.089 0.050 27448 0.472
Std 4b Autosomal
Y FAM 31.597 0.050 25.640 2.024
Small VIC 33.722 0.005 28.994 0.160
Std 5a Autosomal
Y FAM 33.872 0.005 26911 0.817
Small VIC 33.864 0.005 29.080 0.151
Std 5b Autosomal
Y FAM 33.568 0.005 27.000 0.766
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Table 6: Concentrations obtained from single source samples using the Investigator Quantiplex”
Assay (left) and the Integrated Quantiplex/HRM Assay (right) on the QuantStudio 6

Integrated
Standard Quantiplex Quantiplex’ HRM Assay Percent
Sample Assay (ng/nl) (ng/nl) Difference

2224 9.344 6.020 35.57%
2235 7.285 4.976 31.70%
2259 2.487 0.483 80.58%
2269 0.63 0.598 5.08%
2292 4.116 6.21 -50.87%
2299 2913 4.872 -67.25%
2329 23.835 5.338 77.60%
2331 5.549 2.052 63.02%

Average Difference (%): 21.93 +56.12

p=0.21
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Table 7. Confusion matrices generated using R software and best SVM classification
technique for both D5S181 and D18S51. (A) Confusion matrices generated for genotype
prediction accuracies (B) Confusion matrices generated for genotype, single source and

mixture prediction accuracies

A Genotype Prediction - Confusion Matrices
D5S818 D18S51
Predicted Predicted
SVM Linear 1011 1111 1112 1113 1212 1213 1313 SVM Radial 1213 1214 1215 1216 1314 1316 1415
1011 1 0 1 0 0 0 1 1213 2 0 1 0 2 1 0
111 2 2 0 0 0 0 0 1214 1 2 0 0 2 0 0
1112 9 2 1 1 0 1 2 - 1215 0 2 1 0 2 0 0
‘;j 1113 1 1 1 1 0 0 0 E’, 1216 0 0 0 1 1 2 0
Q
< 1212 1 0 0 0 1 0 0 1314 0 3 1 1 2 2 1
1213 1 1 2 1 0 0 0 1316 0 0 0 0 2 3 0
1313 1 0 1 1 0 0 1 1415 0 0 0 1 0 1 1
Single Source Genotype Accuracy: 18.4% Single Source Genotype Accuracy: 31.5%
B Single Source vs. Mixture Prediction - Confusion Matrices
D5S818 D18S51
Predicted Predicted
SVM Linear 1011 1111 11120 1113 1212 1213 1313 mix SVM Radial 1213 1214 1215 1216 1314 1316 1415 mix
1213 1 1 1 0 1 0 0o 2
1011 0 0 0 0 0 0 1 2
1214 1 2 0 0 1 0 1 0
1111 0 1 0 0 0 0 0 3
_ = 1215 0 2 1 0 2 0 0 0
g 112 2 0 1 1 0 1 2 9 3
2 ms o o o 1 o o o 3 < 16, 0 0 o y v 2 0 ¢
1212 0 0 0 o . 0 ) . 1314 0 2 1 1 2 1 2 1
23 0 1 2 1 o o 1 o Bigy o o o o 2 2 o 1
1313 o ° 2 1 > o 0 3 1415 0 0 0 1 0 1 1 0
mix 0 4 0 0 0 0 0 6 mix 0 10 0 0 0 0 0 0
Single Source Accuracy: 44.7% Single Source Accuracy: 89.5%
Mixture Accuracy: 60% Mixture Accuracy: 0%

42



Table 8. Classification accuracies for whole curve analysis for ABI 7500, Rotor-Gene® Q and
QuantStudio 6 for classification techniques: LDA, SVM-Linear and SVM-Radial.

ABI 7500 Rotor-Gene® Q QuantStudio 6
Technique D5 D18 D5 D18 D5 D18
LDA 43.39% 9.52% 66.31% 13.46% 7.90% 23.60%

SVM-Linear 50.26% 16.93%  69.52%  26.92% 18.40% 10.50%
SVM - Radial  40.21% 21.16% 74.87%  9.62%  18.40% 31.50%

*best method for each locus tested is denoted in bold.
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Table 9. Single source v. 1:1 mixture prediction accuracies of the integrated Quantiplex/HRM
assay using whole melt curve data, the QuantStudio 6 & the best SVM classification technique.

D5S818 D18S51 Combined Accuracy
Single-source

44.7% 89.5% 42.1%

N=38

Mixtures
60% 0% 60%

N=10

Overall accuracy 45.8%
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Table 10. Single source v. 1:1 mixture prediction accuracies of the integrated Quantiplex/HRM
assay using whole melt curve data, the Rotor-Gene® Q, QuantStudio 6 & the best SVM
classification technique.

Combined Accuracy

Rotor-Gene" Q QuantStudio 6
Single-source 87.5% 41.2%
N=38
Mixtures 100% 60%
N=10
Overall accuracy 89.39% 45.8%
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Table 11. Single source v. 1:2/2:1 mixture prediction accuracies of the integrated
Quantiplex/HRM assay using whole melt curve data, the QuantStudio 6 & the best SVM
classification technique.

D5S818 D18S51 Combined Accuracy
Single-source 44.7% 89.5% 42.1%
N=38
Mixtures 5.5% 0% 5.5%
N=18
Overall accuracy 30.4%
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Table 12. Single source v. 1:5/5:1 mixture prediction accuracies of the integrated
Quantiplex/HRM assay using whole melt curve data, the QuantStudio 6 & the best SVM

classification technique.

D5S818 D18S51 Combined Accuracy
Single-source 44.7% 89.5% 42.1%
N=38
Mixtures 0% 0% 0%
N=20
Overall accuracy 27.6%
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Table 13. Single source v. 1:10/10:1 mixture prediction accuracies of the integrated
Quantiplex/HRM assay using whole melt curve data, the QuantStudio 6 & the best SVM
classification technique.

D5S818 D18S51 Combined Accuracy
Single- 44.7% 89.5% 42.1%
source
N=38
Mixtures 0% 0% 0%
N=20
Overall accuracy 27.6%
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Table 14. Combined Single source & mixture ratio prediction accuracy of the integrated

Quantiplex/HRM assay using whole melt curve data, the QuantStudio 6 and best SVM classification
technique

1:1  1:2&2:1 1:5&5:1 1:10 & 10:1 Overall Accuracy

Mix Mix Mix Mix
Single—source 42.1%  42.1% 42.1% 42.1% 42.1%
N=38 N=152
Mixtures 60% 5.5% 0% 0% 10.3%
N=10 N=18 N=20 N=20 N=68
Combined Accuracy 45.8%  30.4% 27.6% 27.6% 32.3%
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