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Butler, J.M. (2006) Genetics and genomics of core STR loci used in human identity testing. J. Forensic Sci. 51(2): 253-265. 

Unused Chromosomal Locations

Plenty of room for 
additional loci that 
would be unlinked from 
current core STR loci

Stock tubes

extracted genomic DNA

To date: (>100,000 allele calls)
Identifiler (15 autosomal markers + Amelogenin) (10,608)
Roche Linear Arrays (HV1/HV2 10 regions) (6,630)
Y STRs 22 loci—27 amplicons (17,388)
Y STRs 27 new loci (14,535)
Yfiler kit 17 loci (11,237)
Y SNPs 50 markers on sub-set of samples (11,498)
Orchid 70 autosomal SNPs on sub-set (13,230)
miniSTR testing-new loci and CODIS concordance (9,228)
New miniSTR loci – for 26 loci, 17,238 genotypes
mtDNA full control region sequences by AFDIL

DNA extracted from whole blood (anonymous; 
self-identified ethnicities) received from 
Interstate Blood Bank (Memphis, TN) and 
Millennium Biotech Inc. (Ft. Lauderdale, FL)

Standard U.S. Population Dataset
http://www.cstl.nist.gov/biotech/strbase/NISTpop.htm

260 Caucasians, 260 African Americans, 140 Hispanics, 3 Asians = 663 males

Genotypes with 
various human 
identity testing 

markers

Valuable Characteristics in New STRs
• Span/Range of observed alleles

– Impacts electrophoretic real-estate
– Tighter range makes differential amplification less likely

• Clean flanking region
– To enable primer design near repeat (miniSTRs)

• Mutation rate known when trying to address multi-
generational questions

• Provides benefit to haplotype resolution (Y-STRs)
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Steps We Use in Characterizing New Loci

Select genetic loci
Design primers – optimize multiplex assay
Type population samples to examine variation
Sequence alleles to establish nomenclature
Develop bins and panels for genotyping
Construct allelic ladders
Evaluate RMP or ability to separate common types
Perform mutation rate studies
Perform concordance studies (when applicable) 
Calibrate genotypes with NIST SRM components 
Work with companies/collaborators
Publish details on loci and assays

Characterization of New miniSTR Loci

Construct 
Allelic Ladders

Build Macros for 
Genotyping

Sequence 
homozygotes to 

determine allele sizes

Test Markers on 
Population samples

Candidate STR 
marker selection

(e.g. Marshfield Clinic Center
of Medical Genetics)

Identify 
Chromosome 

Location

(e.g. Human BLAT Search )

Pull down sequence 
data from the web

(e.g. NCBI)

Screen for 
PCR Primers

(e.g. Primer3)

Test primers for 
Multiplex-ability

(e.g. AutoDimer - NIST )

“Computer Work”

“Laboratory Work”

Selection of New Autosomal Loci

• Aim to have candidate sets for optimal miniSTRs

• Using ~900 STR loci with some literature data 
as a starting point…
– Loci with high heterozygosities (>0.7)
– Loci with small allele ranges (<24 bp) – low mutation?
– Tetra (some tri-)nucleotide repeats without variants
– Clean flanking regions (PCR products <140 bp)

• 26 loci met criteria and fully characterized…

Coble and Butler (2005) Characterization of new miniSTR loci to aid analysis of degraded DNA J. Forensic Sci. 50(1): 43-53
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Initial Testing Results with Potential miniSTR Loci

Coble and Butler (2005) J. Forensic Sci. 50(1): 43-53

NC01

20 additional loci 
characterized

across U.S. 
population groups

>900 26 new miniSTRs
(NC01-NC09)
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Coble and Butler (2005) Characterization of new miniSTR loci to aid analysis of degraded DNA J. Forensic Sci. 50(1): 43-53

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

New miniSTR 
Non-CODIS (NC) Loci

• 32 STR loci tested on NIST 665 U.S. population samples

• 26 STR loci with allele sizes below 140 bp and good heterozygosities 
(above TPOX level)

• All new STR loci are physically unlinked to the 13 CODIS core loci

• Submitted articles regarding primer sequences and locus characterization 
including population statistics

• SRM 2391b components are being certified through sequencing for 
D10S1248, D2S441, D22S1045; for reference purposes, genotypes for standard 
samples (9947A, 9948, 007, K562) will be made available on STRBase

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

Mike 
Coble

Becky 
Hill

John 
Butler

No longer at NIST (AFDIL Research Section Chief since April 2006)
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Chromosomal Locations of New miniSTR Loci

Characterization of New Autosomal Loci
(miniSTR D12ATA63)

GenBank accession AC009771; positions 55,349..55,437

Chr 12 106.825 Mb 
(12q23.3)

Trinucleotide 
[TAA][CAA] repeat

76 -106 bp
Alleles 9 -19

Heterozygosity Values
U.S. Caucasian      0.842
African American   0.788
U.S. Hispanic         0.879

[FAM] – GAGCGAGACCCTGTCTCAAG
GGAAAAGACATAGGATAGCAATTT

0.00360.00580.001919

0.00710.00580.009618

0.06790.05210.098117

0.26430.10040.298116

0.07140.07720.057715

0.22140.33400.161514

0.02860.15640.017313

0.17860.10040.215412

0.15000.15250.138511

0.00360.01540.001910

0.0036----9

Hispanic 
(N = 140)

African Am 
(N = 259)

Caucasian
(N = 260)Allele

D12ATA63 Allelic Ladder

9
10

11 12
13

14 15
16

17 18

19
~660 U.S. population samples

To Appear in Jan 2008 Issue of J. Forensic Sci.

• Primer sequences, GeneMapper bins and 
panels, genotypes on common samples, and 
allele frequency information already available 
on STRBase 
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Comparison of heterozygosity values for 28 non-CODIS loci across the U.S. samples 
examined in this study.

Locus N Heterozygosity Rank African Caucasian Hispanic
(Overall) American

D9S2157 661 0.844 1 0.884 0.840 0.779
ATA63 (D12) 659 0.829 2 0.788 0.842 0.879
D10S1248 (NC01) 663 0.792 3 0.825 0.785 0.743
D22S1045 (NC01) 663 0.784 4 0.817 0.785 0.721
D2S441 (NC02) 660 0.774 5 0.798 0.780 0.721
D10S1435 663 0.766 6 0.798 0.770 0.700
D2S1776 654 0.763 7 0.740 0.801 0.734
D3S4529 660 0.761 8 0.752 0.723 0.829
D6S474 648 0.761 9 0.765 0.802 0.679
D5S2500 664 0.747 10 0.757 0.747 0.729
D1S1627 660 0.746 11 0.783 0.737 0.693
D1S1677 (NC02) 660 0.746 12 0.743 0.749 0.743
D6S1017 664 0.740 13 0.807 0.698 0.693
D3S3053 648 0.739 14 0.713 0.724 0.814
D9S1122 659 0.734 15 0.753 0.742 0.686
D17S974 664 0.732 16 0.757 0.702 0.743
D11S4463 664 0.730 17 0.780 0.676 0.743
D4S2408 654 0.722 18 0.752 0.709 0.691
D18S853 664 0.711 19 0.772 0.645 0.721
D20S1082 664 0.696 20 0.792 0.653 0.600
D14S1434 (NC01) 663 0.696 21 0.685 0.721 0.650
D20S482 648 0.691 22 0.673 0.689 0.729
GATA113 (D1) 654 0.668 23 0.673 0.632 0.727
D8S1115 664 0.663 24 0.629 0.660 0.729
D17S1301 664 0.649 25 0.626 0.717 0.564
D4S2364 (NC02) 660 0.511 26 0.385 0.551 0.664

on 26

>17,000 genotypes collected 
to measure these relative 

heterozygosities

European 
recommended 
loci

European Labs Have Adopted the 
NIST-Developed NC miniSTRs 

FSI (2006) 156(2): 242-244

…recommended that existing multiplexes are re-engineered to enable small 
amplicon detection, and that three new mini-STR loci with alleles <130 bp 
(D10S1248, D14S1434 and D22S1045) are adopted as universal. This will 
increase the number of European standard Interpol loci from 7 to 10.

(D14 has been replaced with D2S441 from NC02)
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Multiple Miniplexes
• 26 characterized loci divided into nine 3plexes
• One locus per dye color
• Allelic ladders created
• Amplicons <140 bp
• miniSTRs
• Work with 100 pg DNA 
• For degraded samples

D14S1434

D10S1248

D22S1045

NIST Allelic Ladders

NC01 Loci

6-FAM

VIC

NED
NC = Non-CODIS or 

non-core

(bones in missing persons cases)

See Dixon et al. (2006) Forensic Sci. Int. 164: 33-44.

Single Megaplex

• So far 22 STRs and amelogenin in single multiplex 
(Eventual goal to have all 26 loci)

• Multiple loci in four dye channels
• Amplicons 70 to 400 bp

(No longer ‘miniSTRs’)

• Typically use 1 ng DNA
• For reference samples

All loci unlinked from core (CODIS) STRs

23plex
(a missing person’s relatives)

“Autoplex” or
“miniMegaplex”

1 2
3 4 5 6

7 8

9
10 11 12

13
14 15

16
17

18
19 20 21

22

NIST “Autoplex” (Autosomal STR 23plex)

D6S474 D12ATA63
D22S1045 D10S1248 D1S1677 D11S4463

D5S2500D3S3053D10S1435
D2S1776

D9S1122D4S2364

D4S2408
D6S1017

D2S441D3S4529

D1S1627

D14S1434
D20S482D18S853D1GATA113

D17S1301

1 ng (30 cycles)

Amelogenin

X = 80 bp
Y = 83 bp

Haas-Rochholz and Weiler (1997) Int J Legal Med 110(6): 312-315 

Excellent 
heterozygote 

balance

Decent locus-to-
locus balance

Sizes all 
<400 bp

Almost no 
null alleles
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Evaluation of Autoplex (23plex)
• 660 U.S. population samples

– U.S. Caucasian, African American, Hispanic
– Concordance testing compared to miniSTR results

• 790 father/son samples
– U.S. Caucasian, African American, Hispanic, Asian
– Mutation rate determination

• 12 samples for extended family testing

>1450 samples examined so far
(multiple primer batches prepared)

Concordance Study to Check for Null Alleles

“Autoplex” vs miniSTRs
639 samples compared
Total types (639 x 22 loci):  14,058
28 types discordant (0.20%)*
99.80% concordance
*discordance not confirmed yet with sequencing

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

Conclusions: (1) Our PCR primers have been well-designed and have almost no 
primer binding site mutations. (2) Roughly half of dropout is from megaplex primers 
– flanking regions near STR repeat do not appear to have a higher level of mutation

STR repeat region
miniSTR 
primer

miniSTR 
primer

Megaplex 
PCR primer

Megaplex 
PCR primer

* *

Use of non-overlapping primers 
permits detection of allele dropout

Hill et al. (2007) JFS 52(4): 870-873

Identifiler vs MiniFiler
1308 samples compared
Total types (1308 x 8 loci):  10,464
27 types discordant (0.26%)
99.74% concordance

Mutation Rates Measured for New STRs

• 395 father/son pairs
(790 samples total)

• 22 STR loci examined
• 8690 allelic transfers
• Only 6 mutations were 

observed in total 

• 0.069%
• (2-3 times less than typical 

0.2% for common STRs)

Conclusions: Mutation rates are lower than commonly used STRs likely 
due to selection of loci for miniSTR application with tighter allele ranges, 
more moderate heterozygosities, and more stable flanking regions. 

Locus Mutation Rate
SE33 0.64%
FGA 0.28%
D18S51 0.22%

… …
TPOX 0.01%

Mutation rates generally track with 
heterozygosity (locus variability)

http://www.cstl.nist.gov/biotech/strbase/mutation.htm
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Population Data on New STRs

• ~660 samples with three major U.S. populations 
on all 26 autosomal STR loci
– Available on STRBase

• http://www.cstl.nist.gov/biotech/strbase/NISTpopdata/
Allele_Frequencies_for_26miniSTRs.pdf

• >3,000 samples tested world-wide (Spain, Italy, 
Japan, Malaysia, Korea) on first 6 loci (NC01 & NC02)
– D2, D10, D22 now recommended European loci

Gill et al. (2006) Forensic Sci Int 156(2): 242-244

Can these new STRs 
help in missing persons 
cases or other forms of 

relationship testing?

Extended Family Sample Testing

221 222

322 323 324
321

422 423

220

320

420 421

How do extra loci effect the 
Likelihood Ratio calculations for 
specific relatedness questions?

15 vs 37 STRs
DNA View calculations from Tom Reid (DDC)

Uncle/Nephew
?

Siblings
?

Aunt/Niece
?

Cousins
?

Grandparents/children

?

Mother/Child 
with mutation
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5,200,0000.214Mother/Child* 
(*with single mutation)

1.420.53Grandparents/
Grandchildren

2.250.45Cousins

247,000824Uncle/Nephew

113,000477Siblings

ID15 + Autoplex 22
STRs = 37 loci (A37)

15 STRs
(Identifiler, ID15)

Relationship Examined

Conclusions: Longer distance multi-generational questions cannot usually be solved 
with additional autosomal STRs… need lineage markers like mtDNA or Y-STRs

Comparison of Likelihood Ratios

Extra loci help…

Extra loci help…

Extra loci help…

Summary of miniSTRs

• Reduced size amplicons improve success 
rates with degraded DNA or samples 
possessing PCR-inhibitors 
– European leaders view miniSTRs as “the way 

forward” (Gill et al. 2006)

• Applied Biosystems MiniFiler kit now available
– concordance testing done at NIST (Hill et al. 2007)

• 26 miniSTR loci characterized at NIST (Hill et al. 2008)

Enhanced Detection Capabilities with miniSTRs 
will Extend Labs into Low Level DNA Work
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Applied Biosystems MiniFiler Kit 

October 2006 Forensic News: 
http://marketing.appliedbiosystems.com/images/enews/ForensicNews_Vol7/PDF/00_ForensicNews.pdf  

MiniFiler product information: http://minifiler.appliedbiosystems.com  

Hill, C.R., Kline, M.C., Mulero, J.J., Lagace, R.E., Chang, C.-W., Hennessy, L.K., Butler, J.M. (2007) 
Concordance study between the AmpFlSTR MiniFiler PCR Amplification Kit and conventional STR typing 
kits. J. Forensic Sci. 52(4): 870-873. 
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Further Information from NIST Human Identity Project Team 

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

http://www.cstl.nist.gov/biotech/strbase/miniSTR/timeline.htm  

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

http://www.cstl.nist.gov/biotech/strbase/miniSTR/miniSTR_NC_loci_types.htm  

Becky Hill poster at 58th Annual Meeting of the American Academy of Forensic Sciences (Seattle, WA), 
February 24, 2006, "Development of 27 New miniSTR Loci for Improved Analysis of Degraded DNA 
Samples" [.pdf] 

Becky Hill poster at 17th International Symposium on Human Identification (Nashville, TN), October 10-12, 
2006, "Characterization of 26 New miniSTR Loci" [.pdf] 

Margaret Kline poster at 17th International Symposium on Human Identification (Nashville, TN), October 10-
12, 2006, "NIST SRM Updates: Value-added to the Current Materials in SRM 2391b and SRM 2395" [.pdf] 

Mike Coble talk at the International Society of Forensic Genetics meeting (Ponta Delgada, Azores, Portugal), 
September 14, 2005, "Characterization and performance of new miniSTR loci for typing degraded samples" 
[.pdf] 

Mike Coble on-line presentation for the Forensic E-symposium (http://www.forensic.e-
symposium.com/humid/), February 28, 2006, "miniSTR's for low copy number and degraded DNA" [.pdf] 

Mike Coble presentation at the NIJ DNA Grantees meeting (Crystal City, VA), June 26, 2006, "Development, 
Characterization and Performance of New miniSTR Loci for Typing Degraded Samples (on behalf of NIST)" 
[.pdf] 
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The Cutting Edge of DNA Testing:
Mixtures, miniSTRs, and Low Level DNA

NEAFS 2007 Workshop
Bolton Landing, NY
November 2-3, 2007

Dr. John M. Butler

Low Level 
DNA Testing

john.butler@nist.gov

Earlier Workshop on This Topics

• qPCR workshop by Vallone and Orrego
(July 2006) – slides available on STRBase
– http://www.cstl.nist.gov/biotech/strbase/qPCRworkshop.htm

• LCN workshop by Butler, Caragine, and Gill
(May 2006) – Butler slides available on STRBase
– http://www.cstl.nist.gov/biotech/strbase/training.htm

qPCR Workshop Materials 
http://www.cstl.nist.gov/biotech/strbase/qPCRworkshop.htm
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Purpose of Human-Specific DNA Quantitation

• All sources of DNA are extracted when biological evidence from a
crime scene is processed to isolate the DNA present.

• Thus, non-human DNA such as bacterial, fungal, plant, or animal 
material may also be present in the total DNA recovered from the
sample along with the relevant human DNA of interest. 

• For this reason, the DNA Advisory Board (DAB) Standard 9.3 
requires human-specific DNA quantitation so that appropriate 
levels of human DNA can be included in the subsequent PCR 
amplification.

• Multiplex STR typing works best with a fairly narrow range of 
human DNA – typically 0.5 to 2.0 ng of input DNA works best with 
commercial STR kits.

Higher quality data saves time and money

Why Do We Care About Quantitating DNA?

• If we can confidently determine the amount of 
DNA in an extract we can then ask questions:
– Will mitochondrial sequencing be required (skip STR 

analysis)
– Should we use a miniSTR assay?
– Should we use low copy number LCN methods for 

STRs?
– Re-extract the sample?
– If problems occur in the STR typing process we can have 

confidence that the DNA template is not the source (CE, cycler, 
kit)

qPCR

• qPCR is a recently developed technique
– Developed by Higuchi in 1993
– Used a modified thermal cycler with a UV detector and a CCD 

camera
– Ethidium bromide  was used as intercalating reporter As 

[dsDNA] increased fluorescence increased

• First paper on qPCR:
– Higuchi, R.; Fockler, C.; Dollinger, G.; Watson, R. “Kinetic PCR 

analysis: real-time monitoring of DNA amplification reactions”
Biotechnology (N Y). 1993 Sep;11(9):1026-30  
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PCR/qPCR What is the Difference?
• In the PCR the products are analyzed after the 

cycling is completed (static)
– gel, CE, UV, fluorimeter
– End point assay

• qPCR the products are monitored as the PCR is 
occurring (dynamic)
– Once per thermal cycle
– Fluorescence is measured
– Kinetics of the system

Why Real Time qPCR?

Advantages

• The availability of commercial qPCR kits (labs are beginning 
to switch over to this method)

• Higher throughput and reduced user intervention
– Automated set up
– Simple data analysis
– Experimental data rapidly analyzed in software; interpolating into 

the calibration curve

• qPCR will be sensitive to the same inhibitors as faced in 
a traditional STR test (both PCR based)

Why Real Time qPCR?

Advantages
• No post PCR manipulation (reduced 

contamination issues)

• High sensitivity (down to a single copy number ?)

• Large dynamic range: ~30 pg to 100 ng

• Assays are target specific (autosomal, mito, Y) 
and can be multiplexed – to a degree…
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Why Real Time qPCR?

Challenges
• qPCR is subject to inhibition 

– internal PCR controls (IPC) can help

• qPCR quantitation precision suffers at low copy 
numbers (below 30 pg by a factor of 2) 

• When working below 100 pg qPCR is still 
subject to variability and uncertainty

Why Real Time qPCR?

Challenges
• qPCR quantitates specific target sequences, it does not 

quantify “DNA”
– In highly degraded samples, assays that amplify short target 

sequences will detect and measure more DNA than assays that 
amplify long target sequences (relevant to STR typing)

• Accurate qPCR quantitation assumes that each 
unknown sample is amplified at the same efficiency as 
the Calibrant sample in the dilution series 

• Results are relative to the Calibrant (these can vary)

PCR Amplification

• 4 phases of PCR amplification
– Lag (doubling, but not detected)
– Exponential (doubling)
– Linear (less than doubling)
– Plateau (little change)

• The exponential phase is where we make our 
qPCR measurements

Efficiency is 
dropping < 100%
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qPCR Real Time Curves
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Raw fluorescence signal versus Cycle Number

Linear plot

~10 fold increase in fluorescence signal

Y scale 0.5 to 5.5
Quantifiler Data

qPCR Real Time Curves
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Raw fluorescence signal versus Cycle Number

Log plot (Log of fluorescence)

The Log plot is common when view qPCR data
It will ‘pull out’ data ‘hidden’ in the linear plot

Y scale 0.001 to 10
Quantifiler Data

Lag Phase
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In the lag phase the amount of 
DNA is doubling with every cycle, 

but not in sufficient amounts to 
give a corresponding signal

Lag Phase

Typically, the baseline is 
selected in the lag phase

Cycles ~ 1 - 20 Quantifiler Data
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Exponential Phase
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In the exponential phase the 
amount of DNA is doubling 

with every cycle

This is evidenced by the almost 
linear portion of the curve

Plenty of reagents are available 
to the reaction (primers, dNTPs, 

fresh polymerase)

Very precise - reproducible The threshold is selected 
in this phase of PCR

Cycles ~ 20 - 27
Quantifiler Data

qPCR Real Time Curves
Linear

Log

These plots  are on the same 
X scale (Cycle Number)

The log plot is useful to see 
where the amount of DNA is 
doubling with cycle number

This can not be readily 
observed in the linear plot

Quantifiler Data

Linear Phase

In the linear phase the amount 
of DNA is no longer doubling

with every cycle; a drop off 
starts to occur

Limiting amount of reagents are available; the rate 
of amplification starts to vary

Different samples (even replicates) may exhibit 
different rates of growth in the linear/plateau phase
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Cycle Number
Cycles ~ 27 - 35

Quantifiler Data
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Plateau Phase

It’s over…
Little increase in 

signal/products with cycles

Reagents are depleted
This is the end point
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Cycle Number
Cycles ~ 36 - end

Quantifiler Data

PCR Efficiency 
• How is the PCR progressing?

• Is the PCR running at maximum efficiency?

• Is there some factor (environmental) inhibiting the 
reaction?

• Are we at the optimal annealing-extension temperatures 
(during assay development)?

• Are the unknowns amplifying with the same E as the 
Calibrants?

PCR Efficiency

http://www.gene-quantification.info/ Michael W. Pfaffl: pfaffl@wzw.tun.de
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PCR Efficiency 

• Taking our previous relationship 2N

• The efficiency of the PCR can be represented 
as:

• XN = X0 (1 + E)N

– XN predicted copies
– X0 starting copy number
– E efficiency (0 to 1)
– N number of cycles

PCR Efficiency 

• Starting with 100 copies and 100% and 28 cycles
XN = 100(1 + 1)28

2.68 x 1010 copies

• 90%
XN = 100(1 + 0.9)28

6.38 x 109 copies
• 80%

XN = 100(1 + 0.8)28

1.40 x 109 copies

PCR Efficiency 
• When applied to qPCR the relationship is the inverse (the signal at 

lower cycles indicates more DNA in the sample)

10 ng
~25 cycles

40pg
~32 cycles

The signal at lower cycles indicates more 
DNA in the sample

Lo
g(

R
ep

or
te

r f
lu

or
es

ce
nc

e)

Cycle Number Quantifiler Data



J.M. Butler - NEAFS 2007 Workshop
The Cutting Edge of DNA: Mixtures, LCN, and miniSTRs

November 2-3, 2007
Bolton Landing, NY

http://www.cstl.nist.gov/biotech/strbase/NISTpub.htm 9

PCR Efficiency 
• When applied to qPCR the relationship is the inverse (the signal at 

lower cycles indicates more DNA in the sample).  
• The line has a negative slope

y = -3.3219x + 20
R2 = 1

-5
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C
yc

le
s 

of
 P

CR

PCR Efficiency 

• A optimal reaction should be between 90% to 
110% slope = -3.58 to -3.10 

• The slope may vary even more when looking at 
more complex (multiplex) qPCR assays; 
multiplex probes, targets, copies etc

Importance of the Calibrant!

• Things to keep in mind about Calibrants

• The Calibrant is usually a pristine well-
characterized DNA sample
– Not extracted
– Not subjected to the same environment as your 

unknown(s)
– Will not contain inhibitors, Ca++ etc
– May be from a cell line or mixed source sample
– May exhibit lot-to-lot variation (monitor this)



J.M. Butler - NEAFS 2007 Workshop
The Cutting Edge of DNA: Mixtures, LCN, and miniSTRs

November 2-3, 2007
Bolton Landing, NY

http://www.cstl.nist.gov/biotech/strbase/NISTpub.htm 10

Varying the CT Value

• Relative small changes in CT result in large 
variations in concentration

m b CT [DNA] % delta
-3.3219 26 25.1 1.87 6.70 0.13
-3.3219 26 25 2.00
-3.3219 26 24.9 2.14 6.70 -0.14

-3.3219 26 20.1 59.72 6.70 4.29
-3.3219 26 20 64.00
-3.3219 26 19.9 68.60 6.70 -4.59

m b CT [DNA] % delta
-3.3219 26 25.3 1.62 18.77 0.38
-3.3219 26 25 2.00
-3.3219 26 24.7 2.46 18.77 -0.46

-3.3219 26 20.3 51.99 18.77 12.02
-3.3219 26 20 64.00
-3.3219 26 19.7 78.80 18.77 -14.79

± 0.1 CT ± 0.3 CT

Importance of the Calibrant!

Theoretical Stds Accuracy 
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Nominal DNA concentration = 4 ng/μL

Δ = 0.5 ng/μL
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between the 6 calibrants
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NIST Lessons Learned from 
Real Time-qPCR Assays

• Results are RELATIVE to standards used
• Single source and mixed source samples with same UV 

concentrations differ with RT-qPCR assays
• Need to keep instrument clean to avoid background 

fluorescence problems
• Assay reagent costs:

– Quantifiler: $2.46/sample (only permits 2 µL/sample)
– SYBR Green: $0.80/sample (up to 10 µL/sample)
– QuantiBlot: $0.54/sample (5 µL/sample)

Using ABI 7500 (early work with ABI 7000 and some Roche LightCycler)

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

Proceeding with Testing when “No DNA” Detected

If the qPCR results indicate that there is no detectable 
DNA, will you stop testing or will you proceed with 
attempting STR typing?

• The practice of proceeding even with a “no result”
Quantiblot was because the STR typing assay was more 
sensitive than the quantification method. 

• What types of experiments might be done to satisfy you 
that “no result” from a qPCR assay is truly “no DNA”?

Difference in DNA Quantitation Capability 
vs. STR Typing Sensitivity

1 ng

100 pg

1 pg (less than a single cell)

Real-time qPCR LOD

Quantiblot Limit of Detection (LOD)

STR typing (28 cycles) LOD

LCN STR typing (34 cycles) LOD

mtDNA possible due 
to higher copy #

Nuclear DNA quantities

Low Copy 
Number Realm

This gap has kept labs 
proceeding with “no result”

slot blot samples
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DNA Quantitation Summary

• RT-qPCR is a homogeneous PCR based method that 
enables human specific quantification
– Is easily automated, provides electronic storage of data
– SYBR green or targeted probes can be used

• Results give quantity of amplifiable DNA – not necessarily 
overall quantity
– PCR inhibition can be detected
– Multiplexing can be used

• Big advantages are speed and dynamic range

• Commercial kits are now available

MAAFS DNA Workshop

Introduction to  
Low Copy Number (LCN) 

DNA Testing Issues

john.butler@nist.gov

John M. Butler, PhD

Richmond, VA
May 3, 2006

Some Definitions of Low-Copy Number (LCN)

• Work with <100 pg genomic DNA (~15-17 diploid copies of nuclear 
DNA markers such as STRs)

• Below stochastic threshold level where PCR amplification is not as 
reliable (determined by each laboratory; typically 150-250 pg)

• Enhancing sensitivity of detection (34 cycles instead of 28 cycles)

• Too few copies of DNA template to ensure reliable PCR amplification

• Other terms for LCN:
– Low-level DNA
– Trace DNA
– Touch DNA

LCN is dependent on the 
amount of DNA present NOT 

the number of PCR cycles 
performed; LCN conditions 

may exist with 28 or 34 cycles
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Low-Copy Number (LCN) Work
• Early work on touched objects and single cells:

– van Oorschot, R. A. and Jones, M. K. (1997) DNA fingerprints from fingerprints. Nature. 
387(6635): 767

– Findlay, I., Taylor, A., Quirke, P., Frazier, R., and Urquhart, A. (1997) DNA fingerprinting from 
single cells. Nature. 389(6651): 555-556

• Application to routine forensic casework was pioneered by the 
Forensic Science Service:

– Gill, P., Whitaker, J., Flaxman, C., Brown, N., and Buckleton, J. (2000) An investigation of the 
rigor of interpretation rules for STRs derived from less than 100 pg of DNA. Forensic Sci. Int.
112(1): 17-40

– Whitaker, J. P., Cotton, E. A., and Gill, P. (2001) A comparison of the characteristics of 
profiles produced with the AMPFlSTR SGM Plus multiplex system for both standard and low 
copy number (LCN) STR DNA analysis. Forensic Sci. Int. 123(2-3): 215-223

– Gill, P. (2001) Application of low copy number DNA profiling.  Croatian Medical Journal 42(3): 
229-32

DNA quantity in samples

Diploid vs. Haploid

Cell 

Haploid (e.g., Y-chromosome)

Diploid (e.g., CODIS STRs)

Nucleus
2 copies

1 copy
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Calculation of the Quantity of DNA in a Cell
1.  Molecular Weight of a DNA Base Pair = 618 g/mol

A = 313 g/mol; T = 304 g/mol;                A-T base pairs = 617 g/mol
G = 329 g/mol; C = 289 g/mol;               G-C base pairs = 618 g/mol

2.  Molecular Weight of DNA = 1.98 x1012 g/mol
There are 3.2 billion base pairs in a haploid cell  ~3.2 x 109 bp 
(~3.2 x 109 bp) x (618 g/mol/bp) = 1.98 x 1012 g/mol

3.  Quantity of DNA in a Haploid Cell = 3 picograms
1 mole = 6.02 x 1023 molecules 
(1.98 x 1012 g/mol) x (1 mole/6.02 x 1023 molecules)
= 3.3 x 10-12 g = 3.3 picograms (pg)
A diploid human cell contains ~6.6 pg genomic DNA

4. One ng of human DNA comes from ~152 diploid cells
1 ng genomic DNA (1000 pg)/6.6pg/cell = ~303 copies of each locus

(2 per 152 diploid genomes)
Adapted from D.N.A. Box 3.3, J.M. Butler (2005) Forensic DNA Typing, 2nd Edition (Elsevier Academic Press), p. 56

At the 2003 AAFS LCN Workshop 
(Chicago,IL), Robin Cotton from Orchid 

Cellmark presented a talk entitled 
“Are we already doing low copy number 

(LCN) DNA analysis?”

Where does low copy number start?

~ # of cellsAmount of DNA

10 0.0625 ng

19 0.125 ng

380.25 ng

760.5 ng

1521 ng

<100 pg template DNA 

(Butler, 2001, Fregeau & Fourney 1993, Kimpton et al 1994)

Robin Cotton, AAFS 2003 LCN Workshop
“Are we already doing low copy number (LCN) DNA analysis?”

Values for # of 
cells adjusted to 
reflect updated 

DNA quantitation 
numbers 
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Assume sample is from a single source:

~ # of copies of
each allele if het.

Total Cells in 
sample Amount of DNA

10 

19 

38

76

152

10

19

38 

76 

152

0.0625 ng

0.125 ng

0.25 ng

0.5 ng

1 ng

Robin Cotton, AAFS 2003 LCN Workshop
“Are we already doing low copy number (LCN) DNA analysis?”

Assume sample is a 1:1 mixture of two sources:

~ # of cells from 
each component

Total Cells in 
sample Amount of DNA

10 

19 

38

76

152

5

10 

19 

38 

76

0.0625 ng

0.125 ng

0.25 ng

0.5 ng

1 ng

Robin Cotton, AAFS 2003 LCN Workshop
“Are we already doing low copy number (LCN) DNA analysis?”

Assume sample is a 1:3 mixture of two sources:

~ # of cells from
minor component

~ # of cells from 
major componentAmount of DNA

7

14

28 

57

114

2

5 

10 

19

38 

0.0625 ng

0.125 ng

0.25 ng

0.5 ng

1 ng

Robin Cotton, AAFS 2003 LCN Workshop
“Are we already doing low copy number (LCN) DNA analysis?”
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Assume sample is a 1:9 mixture of two sources:

~ # of cells from 
minor component

~ # of cells from 
major componentAmount of DNA

9

17

34 

68

137

1

2

4

8

15 

0.0625ng

0.125ng

0.25ng

0.5ng

1ng

Robin Cotton, AAFS 2003 LCN Workshop
“Are we already doing low copy number (LCN) DNA analysis?”

Low copy number situations exist in many samples

• In a 1:1 mixture, each DNA source is at LCN  when 
the total amount of DNA in the amplification reaction 
is ~ 0.125 ng.

• In a 1:9 mixture, the minor component could be at 
LCN even when the total amount of DNA in the 
amplification is 1 ng.

Robin Cotton, AAFS 2003 LCN Workshop
“Are we already doing low copy number (LCN) DNA analysis?”

Two different amplifications would be useful with a 1:9 mixture situation:
Normal level of total DNA (e.g., 1 ng) so that major component is on-scale
High level of total DNA (e.g., 5 ng) so that minor (e.g., ~500 pg) is out of LCN 
realm – yes, the major component will be off-scale…

Impact of DNA Amount into Multiplex PCR Reaction

DNA amount
(log scale)

0.5 ng

-A

+A
Too much DNA

Off-scale peaks
Split peaks (+/-A)
Locus-to-locus imbalance

100 ng

10 ng

1 ng

0.1 ng

0.01 ng

2.0 ng

Too little DNA
Heterozygote peak imbalance
Allele drop-out
Locus-to-locus imbalance

Stochastic effects when amplifying low 
levels of DNA can produce allele dropout

STR Kits Work Best in This Range

High levels of DNA create interpretation 
challenges (more artifacts to review)

Well-balanced STR multiplex

We generally aim for 0.5-2 ng

100 pg 
template

5 pg 
template
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Stochastic PCR amplification

Stochastic = random selection

Stochastic Fluctuation Effects

• Unequal sampling of the two alleles present in a 
heterozygous individual can occur when low levels of 
input DNA are used (results in allele drop-out)

• PCR reactions with <100 pg (~17 diploid copies)

• Walsh et al. (1992) – propose avoiding stochastic effect 
by adjusting the number of PCR cycles in an assay so 
that the sensitivity limit is around 20 or more copies of 
target DNA (i.e., a full profile is obtained with ~125 pg)

Walsh PS, Erlich HA, Higuchi R. Preferential PCR amplification of alleles: Mechanisms and 
solutions. PCR Meth Appl 1992; 1:241-250.

Stochastic Statistical Sampling
True amount

What might be sampled 
by the PCR reaction…

>20 copies per allele 6 copies copies per allele (LCN) 

Resulting 
electropherogram

OR

Copies of 
allele 1

Copies of 
allele 2

Allele imbalance Allele dropout

Extreme allele 
imbalance
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Stochastic Effect
• Sometimes called “preferential amplification” – not really a 

correct term since either allele may be amplified if the 
other drops-out…not related to allele size

• Stutter product amounts may go up…
– If in an early cycle of PCR, the stutter product is amplified more 

(due to sampling effect)

• Contaminating DNA can also be amplified giving rise to 
allele “drop-in” or a mixture

Peak height (D5S818)

%
 S

tu
tte

r

Leclair et al. (2004) JFS 

Allele Drop In

1ng

8pg

Comparison of STR Kit Amplification SOP with LCN 
Using the Same DNA Donor

Data from Debbie Hobson (FBI) – LCN Workshop AAFS 2003Input DNA

SOP

LCN

Allele Drop Out

50 µL PCR

5 µL PCR

Heterozygote 
Allele Imbalance

PHR = 87%

PHR = 50%

Balance of Assay Sensitivity 
and Potential for Stochastic Effects

• One of the ways that assays can be made more sensitive is by 
increasing the number of PCR amplification cycles

• Optimal cycle number will depend on desired assay sensitivity

• The number of PCR cycles was set to 28 for ABI STR kits to limit
their sensitivity for generating full profiles to ~125 pg or 20 cells

• Sensitivity is a combination of fluorescent dye characteristics 
(relative to the instrument and laser excitation used) and PCR 
amplification conditions such as primer concentration and amount of 
polymerase used

Note that Promega STR kits use higher numbers of cycles to generate roughly 
equivalent sensitivity to ABI kits because they have less efficient dye labels 
and lower primer and polymerase concentrations
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Higher Sensitivity with More Polymerase and Cycle Numbers

200 pg

100 pg

50 pg

20 pg

10 pg

5 pg

28 cycles – 1U Taq 32 cycles – 2U Taq

From Coble and Butler (2005) J. Forensic Sci. 50: 43-53

Allele dropout due to 
stochastic effects 
(poor statistical 

sampling of available 
chromosomes)

miniSTR 
assay for 
D10S1248

Problems with Obtaining Correct 
Allele Calls at Low DNA Levels

0%
10%
20%
30%
40%
50%
60%
70%
80%
90%

100%

Percent Typed

DNA Concentration (pg)

Sensitivity Series - 32 cycles

Correct 100% 90% 60% 40% 0%

Partial 0% 10% 30% 40% 50%

Incorrect 0% 0% 10% 20% 20%

Failure 0% 0% 0% 0% 30%

100 pg 50 pg 20 pg 10 pg 5 pg 

Coble, M.D. and Butler, J.M. (2005) J. Forensic Sci. 50: 43-53

Typical LCN Procedure

Extract DNA 
from stain

Perform
3 Separate PCR 
Amplifications

Quantify Amount 
of DNA Present

Interpret Alleles Present

Develop a Consensus Profile
(based on replicate consistent results)
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New Interpretation Rules Required for LCN

Suggestions to Optimal Results with LCN

• At least two* PCR amplifications from the same DNA 
extract (if enough DNA is present to do more than 4-5 
amplifications, then most likely a single aliquot would be run under 
standard STR typing conditions)

• An allele cannot be scored (considered real) unless it is 
present at least twice in replicate samples

• Extremely sterile environment is required for PCR setup 
to avoid contamination from laboratory personnel or 
other sources 

*five is better; results are typically viewed as investigative

Other methods for higher sensitivity 
and signal enhancements
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Improving Sensitivity

• Improved recovery of biological material and DNA extraction

• Longer injection on CE

• Salt removal from CE sample – enhances electrokinetic injection

• Reduced volume PCR – concentrates amplicon

• Increase number of cycles in PCR and/or TaqGold concentration

• Use miniSTRs – shorter amplicons amplify better; MiniFiler

• Use mtDNA – higher copy number per cell

Modifications in DNA Analysis Process to 
Improve LCN Success Rates

• Collection – better swabs for DNA recovery
• DNA Extraction – into smaller volumes
• DNA Quantitation – qPCR helps with low DNA amounts
• PCR Amplification – increased number of cycles
• CE Detection – longer electrokinetic injection; more 

sensitive fluorescent dyes
• Interpretation – composite profile from replicate 

analyses with at least duplicate results for each reported 
locus

• Match – is it even relevant to the case?

miniSTRs and LCN
• miniSTR assays are typically more sensitive 

than conventional STR kits currently in use

• Labs will start “pushing the envelope” in order to 
try and get a result with more sensitive assays 
including future miniSTR assays and kits

• Labs may move into the LCN realm without 
realizing it or adopting the careful LCN 
interpretation rules such as replicate analyses 
with duplicate results prior to reporting alleles
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DNA Profiles are An Investigative Tool

• Finding DNA indicates 
contact.

• Lack of a DNA profile 
is inconclusive.

Theresa Caragine (AAFS 2003 LCN Workshop)

LCN is analogous to a bigger, 
more powerful magnifying glass

http://www.starwars.com/kids/explore/lore/img/news20000902_1.jpg

Just before entering the Mos Eisley spaceport in Episode 
IV, Ben (Obi Wan) Kenobi warned Luke Skywalker, "You 

will never find a more wretched hive of scum and villainy…
WE MUST BE CAUTIOUS!”

The Wisdom of Obi Wan Kenobi

Thank you for your attention…

Our team publications and presentations are available at: 
http://www.cstl.nist.gov/biotech/strbase/NISTpub.htm

Questions?

http://www.cstl.nist.gov/biotech/strbase
john.butler@nist.gov

301-975-4049
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