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STR Workshop
• Biology
• DNA extraction
• DNA quantitation
• PCR amplification

• Technology
• Separation and detection of DNA
• Sample genotype determination

• Genetics
• Comparison of genotypes
• Statistical analyses for random match probabilities
• Reports and testimony

Biology

The Typical Cell
•
•
•
•
•
•
•
•
•

Basic cellular components
Location of nDNA
Location of mtDNA
Copy number
Forensic applications
Direct deposit of DNA
Secondary transfer of DNA
Touch DNA
Low copy number DNA

The Chromosome
•
•
•
•
•
•
•
•
•
•
•

Ploidy level
Chromosome
Chromatid
Centromere
Telomere
Coding DNA
Noncoding DNA
Histone proteins
Double helix
Nucleotide
Anti-parallel strands

Steps in Sample Processing
Sample Obtained from
Crime Scene or Paternity
Investigation

Biology
DNA
Quantitation

DNA
Extraction

PCR Amplification
of Multiple STR markers

Technology
Separation and Detection of
PCR Products
(STR Alleles)

Comparison of Sample
Genotype to Other
Sample Results

Sample Genotype
Determination

Genetics

If match occurs, comparison
of DNA profile to population
databases

Generation of Case
Report with Probability
of Random Match

Overview of Steps Involved in DNA Typing
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Blood Stain
PCR Amplification with Fluorescent STR Kits
and Separation with Capillary Electrophoresis

DNA Quantitation
using Real-Time
PCR

Genotyping by Comparison to Allelic Ladder

DNA Extraction Overview
Chemically lyse the cells
Concentrate DNA on a column
Rinse to purify the DNA
Elute the DNA
Total DNA is recovered
DNA extraction does not separate out nuclear versus
mitochondrial DNA
• DNA results depend on the original sample; quality of
DNA and quantity of DNA recovered
• Standard PCR kits require optimally 1 nanogram of DNA
but will function at the picogram level
•
•
•
•
•
•

Buccal Swabs and FTA Collection Cards
•
•

known references
no quantitation required

Silica Spin-Columns or Beads

Chelex Resin

Challenges to DNA Recovery
• Sample type (e.g. blood, semen, saliva, urine, bone, hair)
• DNA recovery
• Quality (intact vs. fragmented) (standard range for genotyping 50-500bp)
• Quantity (1 cell = 6 pg)

•
•
•
•

Substrate (oils, waxes, fabric dyes)
PCR inhibitors (e.g. fabric dyes, tannins from leaves, soil)
Mixtures and DNA ratios (10:1 detection rule)
Environmental factors (sunlight exposure, bacteria, mold)

• Issues:
• Co-purification of
chemicals that inhibit
PCR
• Visualized by color in
DNA fraction
• Common soils,
charred remains,
bones, teeth

May require special swabs or wetdry swab collection technique

• Issues:
• Number of cells
deposited
• DNase enzymes that
fragment DNA
• Sweat, perspiration
• Adherence to surface
• Single fingerprint cell
recovery if smudged

Quantitation System Requirements
• Human specific
• Sensitive

• Large dynamic range

• Precise

• Low variability from run to run

• Accurate

• Reflects accurately the correct amount

• Narrow range of input DNA for STR
amplification

• Too much or too little DNA causes stochastic or
variable effects

Real-Time PCR
• PCR amplification of small
target sequence (<200bp)
• Fluorescent detection
• Highly sensitive
• Can be viewed in real-time
• Human or higher primate
specific
• Less time consuming than
previous methods
• Quantitative
• Gives information regarding
both quantity and quality

Real-Time PCR assays
•
•
•
•
•
•

Fluorescent label
PCR primer specificity
Small fragment of DNA
Human specificity
Detection limit to picograms
Can detect equivalent of a fraction
of a cell
• Can be multiplexed (in forensics,
human and male DNA in 1 assay)
• Caution when interpreting the
Duo assay (total human: male ratio)

Real-Time PCR Detection

PCR Process – why is one cell enough?
5’

3’
Starting DNA
Template
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strands
(denature)
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Reverse primer

Make copies
(extend primers)

Repeat Cycle,
Copying DNA
Exponentially

Thermal Cycling Temperatures
Temperature

94 oC

72 oC

60 oC

94 oC

94 oC

94 oC

72 oC
60 oC

72 oC

60 oC

Single Cycle

Time

The denaturation time in the first cycle is
lengthened to ~10 minutes when using
AmpliTaq Gold to perform a “hot-start” PCR

Typically 25-35 cycles
performed during PCR

We describe the position of the lines with a value that
represents the cycle number where the trace crosses an
arbitrary threshold.
This is called the “Ct Value”.

Ct values are directly related to the starting quantity of
DNA, by way of the formula:
Quantity = 2^Ct

• The greater the
amount of DNA, the
earlier the exponential
phase is reached and
sooner the sample
crosses the threshold
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•

In reality, there is DIRECT relationship between the
starting amount of DNA, and the cycle number that
you’ll reach an arbitrary number of DNA copies (Ct
value).

•

This allows us to plot a “standard curve” for all of our
known DNA samples. We can then use the standard
curve to find the starting concentrations in our
unknowns!
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Real-Time PCR Instrumentation

ABI 7500
This instrument reads optical plate
wells for fluorescence accumulation
at the end of each PCR cycle and
graphically displays on a monitor so
DNA accumulation can be viewed in
real time, cycle by cycle.

Real-Time PCR Instrumentation

Rotor-Gene 6000
This instrument also performs melt
curve analysis to visualize double
stranded fluorescently labeled DNA
(dsDNA). This is so specific that with
appropriate settings, even single
bases changes in normal v. mutant
DNA can be observed in melt curve
differences. Used as a real-time
detection instrument in forensic HID
reading sample tubes as they cycle
past an optical detector.

Concept of Real-Time PCR Detection
Reference: www.dna.utah.edu
• As fluorescently labeled DNA dissociates, the
fluorescence is lost and regained in the
synthesis step of each PCR cycle
• Instead of taking the final end point reading,
real-time PCR reads the fluorescence
accumulation at end of synthesis step of each
cycle
• Accuracy within a run is high
• Standard curves cannot be applied to
different runs; each run needs its own
standard curve, minimum of one per plate

Factors That Can Affect The Quantity Estimate
•

Quality of DNA or percent fragmented

•

If some DNA is present but overly
fragmented it will not amplify

•

This is fine, since it would likely not
genotype but the estimates may be
slightly different since different PCR
primer sets are used in the kits (e.g. Duo
kit discrepancy issue)

•

PCR inhibitors will affect ability of DNA to
amplify

•

Commonly observed in skeletal remains
and chemically contaminated DNA samples

•

Artificial delay in PCR cycling, larger Ct
values

•

Multiplexing differences (based on
differential amplification of target sites in
highly degraded samples; e.g. Duo kit)

• Effect of high levels of DNA degradation
• Effect of extremely low template DNA per sample

PCR for Genotyping With STR Markers

TPOX

13 CODIS Core STR Loci
with Chromosomal
Positions

D3S1358
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AMEL

Thermal Cycling Parameters - sample
Step in Protocol

AmpFlSTR® kits
(Applied Biosystems)

Initial Incubation

95 oC for 11 minutes

95 oC for 11 minutes

Thermal Cycling
Denature

28 cycles
94 oC for 1 minute

Anneal

59 oC for 1 minute

30 cyclesa
94 oC for 30 seconds (cycle 1-10)
90 oC for 30 seconds (cycle 11-30)
60 oC for 30 seconds

Extend

72 oC for 1 minute

70 oC for 45 seconds

Final Extension

60 oC for 45 minutes

60 oC for 30 minutes

25 oC
(until samples removed)

4 oC
(until samples removed)

Final Soak
a) The

GenePrint® STR kits
(Promega Corporation)

first 10 cycles are run with a denaturation temperature of 94 oC and the last 20 cycles are run at 90 oC instead.
The Promega PowerPlex 1.1 and 2.1 kits also use specific ramp times between the different temperature steps that
differ from the conventional 1 oC/second.

Short Tandem Repeats (STRs) on a Chromosome Pair
AATG

7 repeats
8 repeats
the repeat region is variable between samples while the
flanking regions where PCR primers bind are constant

Homozygote = both alleles are the same length
Heterozygote = alleles differ and can be resolved from one
another

Fluorescence Incorporation Into DNA
• In detection of DNA, a label
must be added for
visualization
• Each target locus is labeled
by incorporation of a
fluorescently labeled PCR
primer sequence to one end
of the fragment
• HID kits have panels of colors
for loci that span the range
of fragment sizes

Multiplex PCR
• 13-21 markers can be copied at
once, single PCR reaction
• Sensitivities to levels less than 1
ng of DNA, single cell detection
possible

• Ability to handle mixtures and
degraded samples (0-500bp)
• Different fluorescent dyes used
to distinguish STR alleles with
overlapping size ranges

An Example of a Forensic STR Multiplex Kit

AmpFlSTR® Identifiler™
Kit available from Life Technologies (Foster City, CA)

Color Separation

Size Separation

Sample Profile – complete single source profile

Sample Profile – differential DNA extraction

• Effective cell
separation by
differential cell
density and cell
capture techniques
can yield clean
male and female
DNA profiles if cells
do not rupture in
the process

Sample Profile – differential DNA extraction

Unseparated sources

Male enriched fraction

• Microchip analysis
• Unseparated DNA
• Victim and suspect
in sexual assault
• 3 cells with intact
nuclei

Figure 1: Mixed DNA profile of a perpetrator in a sexual assault case obtained by the routine method.
Mentions: PCR analysis of the mixed cell population was performed by the routine method, and a mixed DNA profile was obtained (Figure 1), which included STR alleles of
both the victim and the suspect. Alternatively, male mucosal cells were isolated by micromanipulation from a swab of the victim’s nipple and DNA genotypes were obtained.
Sterile glass capillary were employed to transfer the cells to the reaction spot of the AmpliGrid® slide (Figure 2). Three cells with intact nuclei were captured and analyzed,
and 5 replicate reactions were conducted.
Li CX, Wang GQ, Li WS, Huang JP, Ji AQ, Hu L - Croat. Med. J. (2011)

Sample Profile – low level complex mixture
• Genetic
inheritance allows
for establish
potential number
of minimum
contributors
• At maximum, a
single person can
have two alleles
per locus
• Counts of alleles
per locus can give
an estimate of
number of
contributors

• Major and minor contributors can
be estimated if there is a
consistent difference in peak
heights and the DNA ratio is
sufficiently different
• High error rates in source
attribution are associated with
this particular form of DNA
interpretation as can be evidence
by mixture complexity at each
locus to the left
• Most conservative approach to
interpretation is to declare
mixture nondeducible

Developmental Validation
• Selection of markers
• Wide allele distribution
• Markers on separate
chromosomes (except
YSTR kits)
• Maximizing discrimination
power in 1 PCR reaction
• Statistics –single source
• Statisticsmixtures/deconvolution of
sources
• Different dye sets, ladders
and size standards must be
used together for
compatibility

Advantages of PCR
• Minute amounts of DNA template may be used from as little as a
single cell.
• DNA degraded to fragments only a few hundred base pairs in
length can serve as effective templates for amplification.
• Large numbers of copies of specific DNA sequences can be
amplified simultaneously with multiplex PCR reactions.
• Contaminant DNA, such as fungal and bacterial sources, will not
amplify because human-specific primers are used.

• Commercial kits are now available for easy PCR reaction setup
and amplification.

STR Analysis Workshop
• Biology
• DNA extraction
• DNA quantitation
• PCR amplification

• Technology
• Separation and detection of DNA
• Sample genotype determination

• Genetics
• Comparison of genotypes
• Statistical analyses for random match probabilities
• Reports and testimony

Technology

Genetic Analyzer – DNA STR Electropherogram
Human and Nonhuman
STR Analysis:
• All standard forensic
human identification
technologies in U.S.
• Human includes
nuclear and Ychromosome specific
panels of loci
• Nonhuman panels
include canine, feline,
cattle and equine
Heather Miller Coyle

Data Collection Software

• Controls capillary electrophoresis run conditions
• Translates light detected by a CCD camera into a peak profile
(electropherogram) (raw data)
• Sample sheets and injection lists are created
Heather Miller Coyle

Injection List in Data Collection Software
• Lists samples to be analyzed (repeats can be easily
performed)
• Sets virtual filter on CCD camera
• Sets electrophoresis time and voltage
• Sets injection time and voltage
• Sets run temperature
• If desired, sample analysis can be set up for
automatic matrix color separation and sizing with
internal standards using defined analysis parameters
Heather Miller Coyle

Capillary Electrophoresis - Buffers

•

•

Capillary electrophoresis
buffers need to be ultra
pure and are purchased
commercially at 10X
concentrated solutions
and require dilution with
ultra pure water
Typical formulation is Trisborate-EDTA (TBE) buffer

Heather Miller Coyle

Separation Polymer

Heather Miller Coyle

• Silicon coated glass capillary
• Flow of polymer by pressure
• Migration of DNA based on
charge by electrophoresis
• Retardation of the DNA fragment
based on size as it migrates
through the polymer
• Polymer acts as a sieve

Forensic Applications – STR Detection
•

Capillary electrophoresis polymers

•

Liquid format

•

Neurotoxic if handled due to
acrylamide (absorbed through the
skin)

•

Capillaries come in standard size
bore and coated

•

Over time coating wears off and
polymer accumulates leading to
certain types of artifacts

•

Most common is “drag” of peak
through the capillary and increase in
baseline noise fluorescence

Heather Miller Coyle

Polymer and Denaturant

Heather Miller Coyle

• Highly deionized ultra-pure formamide is
commercial purchased and co-mixed in sample
to denature the fluorescently labeled DNA
strands
• In forensic kit applications, only one strand of
the DNA in the PCR product is labeled and
should migrate if fully denatured in a linearlike fashion through the polymer
• Both sample and polymer must be treated
uniformly to be considered equivalent
• This is why allelic ladders cannot be used for
computer analysis from run to run
• This is also why polymer has a shelf-life as it’s
sieve-like properties break down over time
(approx. 3 months)

Polymer Sieving
•
•

•

Heather Miller Coyle

Small DNA
fragment
behavior
Ogsten sieving,
molecules
travel as
spheres
through
polymer
Reptation
sieving,
molecules
travel in a
linear fashion
through
polymer

Polymer Matrix

Sample Injection Port

Heather Miller Coyle

• Injection time
and voltage
can be varied
to increase or
decrease the
number of
DNA
fragments
that enter the
capillary
during
injection
• There is
competition
to enter the
injection port
between
molecules in
the sample

Electrokinetic Injection
• There are three methods used for sample introduction in CE systems:
• hydrodynamic or pressure injection
• siphoning
• electrokinetic injection

• All of these methods require the immersion of the capillary end into the
sample. Electrokinetic injection is the only method used in forensic DNA
analysis.
• The DNA sample is loaded into the capillary separation matrix by electrokinetic
injection. The process consists of the transfer of negatively charged ions via an
electromotive force.
• As current flows from the cathode to the anode, the DNA sample is introduced
at the cathode end of the capillary. Because only negatively-charged ions are
transferred from the sample in the process, there is no significant loss of
sample volume.
Heather Miller Coyle

Sample Detection by CCD Camera

Heather Miller Coyle

• Data collection
by CCD camera
• Records time for
fluorescent
fragment to
migrate past
detector window
• Records color of
fluorescent label
• Information sent
to computer and
colored barcode
of labeled DNA
fragments
reassembled as a
virtual image

Steps Performed in Standard Collection Module
• Capillary fill – polymer solution is forced into the capillary by applying a force to the
syringe
• Pre-electrophoresis – the separation voltage is raised to 10,000 volts and run for 5
minutes;
• Water wash of capillary – capillary is dipped several times in deionized water to
remove buffer salts that would interfere with the injection process

• Sample injection – the autosampler moves to position A1 (or the next sample in the
sample set) and is moved up onto the capillary to perform the injection; a voltage is
applied to the sample and a few nanoliters of sample are pulled onto the end of the
capillary; the default injection is 15 kV (kilovolts) for 5 seconds
• Water wash of capillary – capillary is dipped several times in waste water to remove
any contaminating solution adhering to the outside of the capillary
• Water dip – capillary is dipped in clean water (position 2) several times

• Electrophoresis – autosampler moves to inlet buffer vial (position 1) and separation
voltage is applied across the capillary; the injected DNA molecules begin separating
through the POP-4 polymer solution
• Detection – data collection begins; raw data is collected with no spectral
deconvolution of the different dye colors; the matrix is applied during Genescan
analysis
Heather Miller Coyle

Raw Data from the CCD Camera
(prior to separation of fluorescent dye colors; x-axis is scan number, y-axis is relative
fluorescence units RFU)

•

•
•

In STR PCR
amplification, each PCR
primer incorporates a
different dye per locus
panel into the DNA
fragment
The large color peak to
left is free PCR primer
The smaller peaks
represent the amplified
labeled DNA fragments
of the genotype

Heather Miller Coyle

Matrix Standards (Raw Data)
• Color
correction
for
overlapping
dye
fluorescence
is made by
matrix
calibration
• Without
adequate
correction,
pull-up
peaks occur
in different
color
channels
Heather Miller Coyle

6FAM

TET

HEX

ROX

Color Correction of Dye Sets

Heather Miller Coyle

Spectral pull up

4 x 4 Matrix Created

Heather Miller Coyle

• Color correction in the
Collection Software is
called “the matrix”
because overlapping pixel
color is read and
subtracted out to yield
clean single color DNA
traces for the
electropherograms
• A matrix is created every
time capillaries are
changed or based on data
quality
• A matrix is correlated to
the camera on each
instrument and cannot be
applied to different
instruments

Process of Sizing DNA Fragments Using an Internal Standard
250

DNA
Size

200

165.05 bp
160
150

147.32 bp
139

100

DNA fragment
peaks in sample

DNA fragment peaks are
sized based on the sizing
curve produced from the
points on the internal size
standard

Data
Point

Sizing Algorithm – Local Southern Method
• Local Southern is commonly used but may not be the best in all situations
• Local Southern involves using 2 peak above and 2 peaks below an unknown
peak from the internal size standard to make a calculated DNA size
STR Allele
Internal size standard

X1

X2

X1 + X2
2

=

Size of
STR Allele

Internal Sizing Standards
GS500 ROX (Applied Biosystems)

ILS600 CXR (Promega)

• Color and
fragment size of
internal size
standard comixed into DNA
sample may vary
with kit
• Functions as an
internal
injection control
to show sample
was injected
into capillary
even if no PCR
product is
present

Identifiler Allelic Ladder Example
• All of the
common
alleles in
a
population
• Run with
each set
of samples
as a
calibratio
n control
• Analysis
software
uses this
as a
reference
to assign
numeric
value to
the peak

D8S1179

D7S820

CSF1PO

D21S11
D3S1358

TH01

D13S317

D16S539

D2S1338

D19S433

VWA

TPOX

D18S51
FGA

AMEL

D5S818

Steps in STR Genotyping Process
Data Collection

Data Collection
Software

Peak Identification

Matrix file

Internal sizing
standard
(e.g., GS500-ROX)
Allelic ladder
sample

Color Separation

Peak Sizing

Genotyping
Software

Comparison to Allelic
Ladder
Genotype Assignment
to Alleles
Data Review by
Analyst/Examiner

Confirmation of
Results by Second
Analyst/Examiner

Visual Assessment
by Analyst

Three General Possible Outcomes Overall
• Match – Peaks between the compared STR profiles have the
same genotypes and no unexplainable differences exist between
the samples. Statistical evaluation of the significance of the
match is usually reported with the match report.
• Exclusion – The genotype comparison shows profile differences
that can only be explained by the two samples originating from
different sources.
• Inconclusive – The data does not support a conclusion as to
whether the profiles match. This finding might be reported if
two analysts remain in disagreement after review and
discussion of the data and it is felt that insufficient information
exists to support any conclusion.

STR Data Analysis Guidelines & Policy
•

There is an interpretive aspect to
DNA data analysis due to sample or
instrumentation artifacts per
sample

•

There is also interpretation
required for very complex mixtures
regarding potential inclusion,
exclusion, failure to exclude or
inconclusive statements in reports

•

Training and experience is required

•

Editing of data is recorded by the
software for quality assurance

•

Editing is also documented by the
analyst in the case folder or in the
electronic files

allele
and
peak
height
ratios
(PHR)

Heather Miller Coyle

baseline noise and minor peaks

STR Analysis
• Biology
• DNA extraction
• DNA quantitation
• PCR amplification

• Technology
• Separation and detection of DNA
• Sample genotype determination

• Genetics – Software Exercises
• Comparison of genotypes
• Statistical analyses for random match probabilities
• Reports and testimony
Heather Miller Coyle

