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Outline

• Points for Consideration
– DNA quantity and quality

• Deconvolution steps by Clayton et al. (1998)

• Worked Example – using NEST data

• Software programs introduced

Final version available at
http://www.cstl.nist.gov/biotech/strbase/training/AAFS2008_MixtureWorkshop.htm

Points for Consideration

• Peak height vs peak area

• Thresholds – analytical vs stochastic levels

• Other lab-specific values:
– Heterozygote peak height balance
– Locus-specific stutter percentage

• DNA quantity and quality 
– problems with low-level or degraded DNA

What is a true peak (allele)?

Peak detection threshold

Noise (N)

Signal (S)

Signal > 3x sd of 
noise

Peak height ratio (PHR)

Stutter 
product

Heterozygote 
peak balance

True 
allele

Allele 1

Allele 2

PHR consistent
with single source
Typically above 60%

Stutter location 
below 15%

Stutter percentage

Validation Studies 

• Information from validation studies should be 
used to set laboratory-specific

• Stutter %
• Peak Height Ratios
• Minimum Peak Heights (detection thresholds)
• Relative balance across loci

• These values are all dependent on amount of 
input DNA

• If low-level DNA is amplified, stutter % may be higher and 
peak height ratios may be lower

Thresholds

• Validation studies should be performed in each 
laboratory

• Some labs have set two thresholds:
– Analytical thresholds – what is a peak? (50 RFU)
– Stochastic thresholds – what is reliable PCR data? 

(150 RFU)
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Different Thresholds of Detection Influence Allele Calls

Gilder, J.R., Doom, T.E., Inman, K., Krane, D.E. (2007) Run-specific limits of detection and quantitation for 
STR-based DNA testing. J. Forensic Sci. 52(1): 97-101.

150 RFU

LOQ (77 RFU)

LOD (29 RFU)

The Scientific Reasoning behind the 
Concept of an Analytical Threshold 

(limit of detection)
• This is fundamentally an issue of reliability

• For a peak intensity three times the standard 
deviation of the noise there is a limited chance that 
such a signal is the result of a random fluctuation

• This is because 99.7 percent of all noise signals fall 
below this value (from the definition of a Gaussian curve)

• Below this point the very real possibility exists that 
what you think is a peak is simply a statistical 
fluctuation in the baseline noise.

Identifiler Results: NEST I1, I2, I3, I4 (varying input DNA)Input DNA

1.5 ng

1.0 ng

0.5 ng

0.25 ng

Minor components drop out at low 
levels due to stochastic effects

Data courtesy of Amy Christen, Marshall University NEST Project Team

10:1 Female: Male

150 
pg

Minor 
component

amount

100 
pg

50
pg

25 
pg

Identify the Presence of a Mixture

Consider All Possible Genotype 
Combinations

Estimate the Relative Ratio of the 
Individuals Contributing to the Mixture

Identify the Number of Potential 
Contributors

Designate Allele Peaks

Compare Reference Samples

Step #1

Step #2

Step #3

Step #4

Step #5

Step #6

Steps in the Interpretation of Mixtures 
(Clayton et al. 1998)

Clayton et al. (1998) Forensic Sci. Int. 91:55-70

Will review each step 
with a worked example

Step #1: Is a Mixture Present 
in an Evidentiary Sample?

• Examine the number of peaks present in a locus

– More than 2 peaks at a locus (except for tri-allelic 
patterns at perhaps one of the loci examined)

• Examine relative peak heights

– Heterozygote peak imbalance <60%
– Peak at stutter position >15% 

• Consider all loci tested

Is a DNA Profile Consistent with Being a Mixture?

If the answer to any one of the following three 
questions is yes, then the DNA profile may very well 
have resulted from a mixed sample:

• Do any of the loci show more than two peaks in the 
expected allele size range?

• Is there a severe peak height imbalance between 
heterozygous alleles at a locus?

• Does the stutter product appear abnormally high (e.g., 
>15-20%)?

From J.M. Butler (2005) Forensic DNA Typing, 2nd Edition, pp. 156-157 
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<15%<15%
Stutter region

>70%>70%

100%

Heterozygous 
peak region

85%

MIXTURE 
REGION
MIXTURE 
REGION

9%

Higher than typical 
stutter product (>15%) 

100%

<15%<15%

>70%>70%
60%

10%

25%

Wrong side of allele to be 
typical stutter product 

Smaller peak area than normally seen 
with heterozygote partner alleles(<70%) 

(a)

(b)

Figure 7.3, J.M. Butler (2005) Forensic DNA Typing, 2nd Edition © 2005 Elsevier Academic Press

ISFG (2006) advocates
>60% when DNA >500 pg

At LCN levels, 
heterozygote peak 

height imbalance can 
be <60% due to 

stochastic effects

Step #2: Designate Allele Peaks

• Use regular data interpretation rules to decipher 
between true alleles and artifacts

• Use stutter filters to eliminate stutter products 
from consideration (although stutter may hide 
some of minor component alleles at some loci)

• Consider heterozygote peak heights that are 
highly imbalanced (<60%) as possibly coming 
from two different contributors

Step #3: Identifying the Potential 
Number of Contributors

• Important for some statistical calculations
• Typically if 2, 3, or 4 alleles then 2 contributors
• If 5 or 6 alleles per locus then 3 contributors
• If >6 alleles in a single locus, then >4 contributors 

• JFS Nov 2005 paper by Forensic Bioinformatics on 
number of possible contributors
– Relies on maximum allele count alone
– Does not take into account peak height information

Forensic Bioinformatics Article
http://www.bioforensics.com/articles/empirical_mixtures.pdf

Using 959 complete 13-locus STR 
profiles from FBI dataset

146,536,159 possible combinations 
with 3-person mixtures

3.39 % (4,967,034 combinations) 
would only show a maximum of 
four alleles (i.e., appear based on 
maximum allele count alone to be a 
2-person mixture)

Recent Article by Buckleton et al.
Two-Person Mixtures for Simulated Profiles: 
Probability by Locus of A Particular Number of Alleles Being Observed

Buckleton et al. (2007) Towards understanding the effect of uncertainty in the number of contributors 
to DNA stains. FSI Genetics 1:20-28
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Levels of Locus Heterozygosity Impact 
Number of Alleles Observed in Mixtures 

http://www.cstl.nist.gov/biotech/strbase/interlab/MIX05.htmMIX05 Case #1; Identifiler green loci

4 peaks more 
common for D2

3 peaks more 
common for D3

Three-Person Mixtures for Simulated Profiles: 
Probability by Locus of A Particular Number of Alleles Being Observed

Buckleton et al. (2007) Towards understanding the effect of uncertainty in the number of contributors 
to DNA stains. FSI Genetics 1:20-28

Number of Alleles Observed 
with Simulated Four-Person Mixtures

• The simulation of four person mixtures suggests that 
0.014% of four person mixtures would show four or 
fewer alleles and that 66% would show six or fewer 
alleles for the SGM Plus loci.

• The results for the Profiler Plus loci were 0.6% and 75%. 

• The equivalent values for the CODIS set from Paoletti et 
al. were 0.02% showing four or fewer and 76.35% 
showing six or fewer.

Buckleton et al. (2007) Towards understanding the effect of uncertainty in the number of contributors 
to DNA stains. FSI Genetics 1:20-28

Step #4: Estimation of Relative Ratios for 
Major and Minor Components to a Mixture

• Mixture studies with known samples have shown that the 
mixture ratio between loci is fairly well preserved during 
PCR amplification

• Thus it is generally thought that the peak heights (areas) 
of alleles present in an electropherogram can be related 
back to the initial component concentrations 

• Start with loci possessing 4 alleles…

Estimating Mixture Proportion (Mx) or 
Mixture Ratio (Mr)

1611

3122 3193

1158

A B C D

A + D

A + D + B + C

1611 + 1158

1611 + 1158 + 3122 + 3193

= 2769/9084 = 0.305

Step #5: Consider All Possible 
Genotype Combinations

Clayton et al. Forensic Sci. Int. 1998; 91:55-70
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Considering Genotype Combinations

A B C D

AC
BD
AB
CD
BC
AD

Peak Height Ratios (PHR)
Minimum Peak Height (mPH)
Proportion (p) or mixture proportion (Mx)

Depends on PHR

Step #6: Compare Reference Samples

• If there is a suspect, a laboratory must ultimately decide 
to include or exclude him…

• If no suspect is available for comparison, does your 
laboratory still work the case? (Isn’t this a primary purpose 
of the national DNA database?)

• Victim samples can be helpful to eliminate their allele 
contributions to intimate evidentiary samples and thus 
help deduce the perpetrator

Worked 
Example

NIJ Expert Systems Testbed
(NEST) Project

Profiles in DNA (September 2007) 10(2): 13-15
http://www.promega.com/profiles/1002/ProfilesInDNA_1002_13.pdf

NEST Project Mixture Sample Set

• NIJ Expert Systems Testbed (NEST) Project
– Marshall University with Rhonda Roby (NIJ consultant)

• Phase II Mixture Sample Analysis
– Amy Christen (Marshall University) produced a dataset while 

interning at Forensic Science Service in Summer 2006
– Data to be used for evaluating “expert systems”

• Mixtures tested (280 total samples)
– 2 different female/male sample combinations: A:X and B:Y
– 4 input DNA amounts: 1.5 ng, 1.0 ng, 0.5 ng, 0.25 ng
– 5 kits: Identifiler, ProfilerPlus, COfiler, PowerPlex 16, SGM Plus
– 7 mixture ratios: 30:1, 10:1, 3:1, 1:1, 1:3, 1:10, 1:30

I will focus on a subset of this data… e.g., B:Y, 1.0 ng, Identifiler, 3:1

Identifiler Results: NEST H4 – N4 (0.25 ng input DNA)

Data courtesy of Amy Christen, Marshall University NEST Project Team

30:1

10:1

3:1

1:1

1:3

1:10

1:30
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Identifiler Results: NEST H2 – N2 (1.0 ng input DNA)

30:1

10:1

3:1

1:1

1:3

1:10

1:30

Data courtesy of Amy Christen, Marshall University NEST Project Team

Identifiler Results: NEST H2 – N2 (1.0 ng input DNA)

30:1

10:1

3:1

1:1

1:3

1:10

1:30

Calculate ratios based on peak heights
D2S1338 D21S11 AMEL

Data courtesy of Amy Christen, Marshall University NEST Project Team

Identifiler Mixture Example

3:1 female:male with 1.0 ng input DNA
Identifiler Result: NEST J2

Profile Overview
Evaluation Notes:

1. Loci seen with 
1,2,3,&4 alleles (a 
mixture with at 
least 2 contributors)

2. Imbalance at 
amelogenin (female 
& male mixture with 
female as major)

3. Decent overall 
signal with D8 in 
~1500 RFU (out of 
stochastic range)

4. Large MW loci have 
decent signal with 
D18 in ~1000 RFU 
range (degradation 
unlikely)

5. Ratio of major to 
minor around 3:1
(from amelogenin 
X/Y ratios)

1 allele: TPOX
2 alleles: D19, D5, D13, D16
3 alleles: D8, D21, D7, CSF, D3, D18, FGA
4 alleles: TH01, D2, VWA

1045/134 = 7.8
~3 female (X,X): 

1 male (X,Y)

Amelogenin Ratio

Potential problems with X or Y amplicon deletions
1045/134 = 7.8
~3 female (X,X): 

1 male (X,Y)

In many cases, amelogenin provides a helpful 
guide to assessing the mixture ratio

Female/Male ratio = X:X / X:Y

X/3 = 1045/3 = 348

348/134 = 2.6 (closest to 3 parts female to 1 part male)

1045/134 = 7.80
Chart of Expected Ratios

F:M Chr ratio
1:1 3X:1Y
2:1 5X:1Y
3:1 7X:1Y
4:1 9X:1Y

Anomalous Amelogenin Alleles

• Males possessing only a single X amelogenin amplicon (Y null) -
a male DNA sample will falsely look like a female DNA sample: 
– Santos et al. (1998) reported a rare deletion of the amelogenin gene on 

the Y-chromosome 
– Y-STR typing can be performed to verify that other portions of the Y-

chromosome are present 

• Males possessing only a single Y amelogenin amplicon (X null): 
– Shewale et al. (2000) observed loss of the X chromosome amplicon in 

three our of almost 7,000 males examined 
– while this phenomenon should not result in a gender 

misclassification (as the Y null situation might), its occurrence can 
impact the expected X and Y amplicon ratios in a mixture (see 
NIST MIX05 interlab study, case #3)

http://www.cstl.nist.gov/biotech/strbase/Amelogenin.htm

Running reference samples from suspect and/or victim 
may help discover potential amelogenin anomalies
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Locus-by-Locus Breakdown…

• Start with 4 allele loci…
– Assume two person mixture
– With non-overlapping heterozygotes
– Pair peaks with similar peak heights

Possible but not as likely 
depending on ratios

Possible Genotype Combinations

Four Peaks (4 allele loci)
• heterozygote + heterozygote, no overlapping alleles (genotypes are unique)

Three Peaks (3 allele loci)
• heterozygote + heterozygote, one overlapping allele
• heterozygote + homozygote, no overlapping alleles (genotypes are unique)

Two Peaks (2 allele loci)
• heterozygote + heterozygote, two overlapping alleles (genotypes are identical)
• heterozygote + homozygote, one overlapping allele
• homozygote + homozygote, no overlapping alleles (genotypes are unique)

Single Peak (1 allele loci)
• homozygote + homozygote, overlapping allele (genotypes are identical)

See Butler, J.M. (2005) Forensic DNA Typing, 2nd Edition, pp. 156-157

MUST ALSO CONSIDER STUTTER POSITION

Population Database Used 
for STR Allele Frequencies

• U.S. population data contained in J.M. Butler (2005) Forensic DNA 
Typing, 2nd Edition, Appendix II (pp. 577-583)

• Published in Butler et al. (2003) J. Forensic Sci. 48(4): 908-911 
• Available at http://www.cstl.nist.gov/biotech/strbase/NISTpop.htm
• Will focus on Caucasians for simplicity 

Remember that different population databases will have different allele 
frequencies because they are based on different samples

4 Allele Locus: TH01

Four Peaks (4 allele loci)
• heterozygote + heterozygote, no overlapping alleles (genotypes are unique)

STR allele call
RFU peak height

Allele Frequency
7 0.190
8 0.084
9 0.114
9.3 0.368

PI = (PA + PB + PC + PD)2

= (0.190 + 0.084 + 0.114 + 0.368)2

= (0.756)2

= 0.572

A
B

C
D

PE = 1 – PI = 1 – 0.572 = 0.428
Thus ~43% of Caucasian population can 

be excluded from contributing to this 
mixture (primarily because allele 6 is 
missing)

Stats

Major: 7,9
Minor: 8,9.3

4 Allele Locus: TH01

Four Peaks (4 allele loci)
• heterozygote + heterozygote, no overlapping alleles (genotypes are unique)

STR allele call
RFU peak height

A
B

C
D

PHRs

Major: 7,9
Minor: 8,9.3

Consider all possible combinations:

B/A = 638/1370 = 0.466

B/C = 638/1121 = 0.569

C/A = 1121/1370 = 0.818

D/B = 494/648 = 0.774

D/C = 494/1121 = 0.441

major

minor

All other combinations <0.60
(60% heterozygote Peak Height Ratio)

4 Allele Locus: TH01

Four Peaks (4 allele loci)
• heterozygote + heterozygote, no overlapping alleles (genotypes are unique)

STR allele call
RFU peak height

A
B

C
D

Mix Ratio

Major: 7,9
Minor: 8,9.3

Total of all peak heights
= 1370 + 638 + 1121 + 494
= 3623 RFUs

Minor component:
(B+D)/total = (638+494)/3623 = 0.312

Major component:
(A+C)/total = (1370+1121)/3623 = 0.688

Close to the ~3:1 predicted by amelogenin X/Y
allele ratio – thus major component = female
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4 Allele Locus: D2S1338

Four Peaks (4 allele loci)
• heterozygote + heterozygote, no overlapping alleles (genotypes are unique)

STR allele call
RFU peak height

Major: 23,24
Minor: 19,25

Minor component:
(A+D)/total = (438+523)/3397 = 0.283

Major component:
(B+C)/total = (1110+1326)/3397 = 0.717

A
B C

D

Mix Ratio

Total of all peak heights
= 438 + 1110 + 1326 + 523
= 3397 RFUs

4 Allele Locus: vWA

Four Peaks (4 allele loci)
• heterozygote + heterozygote, no overlapping alleles (genotypes are unique)

STR allele call
RFU peak height

Major: 14,18
Minor: 15,17

Minor component:
(B+C)/total = (244+468)/2330 = 0.306

Major component:
(A+D)/total = (880+738)/2330 = 0.694

Mix Ratio

Total of all peak heights
= 880 + 244 + 468 + 738
= 2330 RFUsA

B C
D

3 Allele Locus: D8S1179

Three Peaks (3 allele loci)
• heterozygote + heterozygote, one overlapping allele
• heterozygote + homozygote, no overlapping alleles (genotypes are unique)

3 Allele Locus: D21S11

Three Peaks (3 allele loci)
• heterozygote + heterozygote, one overlapping allele
• heterozygote + homozygote, no overlapping alleles (genotypes are unique)

Allele Frequency
28 0.159
29 0.195
30 0.278

3 Allele Locus: D7S820

Three Peaks (3 allele loci)
• heterozygote + heterozygote, one overlapping allele
• heterozygote + homozygote, no overlapping alleles (genotypes are unique)

Allele Frequency
8 0.151
10 0.243
12 0.166

3 Allele Locus: CSF1PO 

Three Peaks (3 allele loci)
• heterozygote + heterozygote, one overlapping allele
• heterozygote + homozygote, no overlapping alleles (genotypes are unique)

Allele Frequency
10 0.217
11 0.301
12 0.361
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3 Allele Locus: D3S1358 

Three Peaks (3 allele loci)
• heterozygote + heterozygote, one overlapping allele
• heterozygote + homozygote, no overlapping alleles (genotypes are unique)

Allele Frequency
15 0.262
16 0.253
18 0.152

3 Allele Locus: D18S51 

Three Peaks (3 allele loci)
• heterozygote + heterozygote, one overlapping allele
• heterozygote + homozygote, no overlapping alleles (genotypes are unique)

Allele Frequency
15 0.159
16 0.139
17 0.126

3 Allele Locus: FGA

Three Peaks (3 allele loci)
• heterozygote + heterozygote, one overlapping allele
• heterozygote + homozygote, no overlapping alleles (genotypes are unique)

Allele Frequency
20 0.127
23 0.134
25 0.071

2 Allele Locus: D19S433

Two Peaks (2 allele loci)
• heterozygote + heterozygote, two overlapping alleles (genotypes are identical)
• heterozygote + homozygote, one overlapping allele
• homozygote + homozygote, no overlapping alleles (genotypes are unique)

Allele Frequency
14 0.369
15 0.152

2 Allele Locus: D5S818

Two Peaks (2 allele loci)
• heterozygote + heterozygote, two overlapping alleles (genotypes are identical)
• heterozygote + homozygote, one overlapping allele
• homozygote + homozygote, no overlapping alleles (genotypes are unique)

Allele Frequency
11 0.361
12 0.384

2 Allele Locus: D13S317

Two Peaks (2 allele loci)
• heterozygote + heterozygote, two overlapping alleles (genotypes are identical)
• heterozygote + homozygote, one overlapping allele
• homozygote + homozygote, no overlapping alleles (genotypes are unique)

Allele Frequency
11 0.339
13 0.124
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2 Allele Locus: D16S539

Two Peaks (2 allele loci)
• heterozygote + heterozygote, two overlapping alleles (genotypes are identical)
• heterozygote + homozygote, one overlapping allele
• homozygote + homozygote, no overlapping alleles (genotypes are unique)

Allele Frequency
9 0.113
12 0.326

1 Allele Locus: TPOX

Single Peak (1 allele loci)
• homozygote + homozygote, overlapping allele (genotypes are identical)

Allele Frequency
8 0.535

20,2320,25FGA

11,1112,12D5S818

X,YX,XAMEL

16,1715,16D18S51

8,88,8TPOX

15,1714,18vWA

14,1514,15D19S433

19,2523,24D2S1338

9,129,12D16S539

11,1311,11D13S317

8,9.37,9TH01

15,1618,18D3S1358

10,1111,12CSF1PO

8,1010,12D7S820

28,3029,30D21S11

12,1213,15D8S1179

SuspectVictim

Profiles Used In Mixture Samples
Software Programs (Expert Systems) 

for Mixture Deconvolution

• Linear Mixture Analysis (LMA)
– Part of TrueAllele system developed by Mark Perlin (Cybergenetics)
– Perlin, M. W. and Szabady, B. (2001) Linear mixture analysis: a mathematical approach to 

resolving mixed DNA samples. J.Forensic Sci. 46(6): 1372-1378

• Least Squares Deconvolution (LSD)
– Available for use at https://lsd.lit.net/
– Wang, T., Xue, N., Birdwell, J.D. (2006) Least-square deconvolution: a framework for 

interpreting short tandem repeat mixtures. J Forensic Sci. 51(6):1284-1297.

• PENDULUM
– Part of FSS i-3 software suite (i-STReam)
– Bill, M., Gill, P., Curran, J., Clayton, T., Pinchin, R., Healy, M., and Buckleton, J. (2005) 

PENDULUM-a guideline-based approach to the interpretation of STR mixtures. Forensic 
Sci.Int. 148(2-3): 181-189

USACIL program developed by Tom Overson
called DNA_DataAnalysis

These programs do not supply stats (only attempt to deduce mixture components)

U.S. Patent 6,807,490

i-STReam
(FSS-i3 software)
Sold by Promega

Available for use over internet at https://lsd.lit.net/
J Forensic Sci. 2006; 51(6):1284-1297

Forensic Sci. Int. 2005;148(2-3): 181-189
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