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ABSTRACT
A multiplex polymerase chain reaction (PCR) assay capable of the simultaneous

amplifying 20 Y chromosome short tandem repeat (STR) markers has been devel oped
and tested to aid human testing and population studies. These markersinclude all of the
Y-STR markers that make up the “extended haplotype” used in Europe (DY S19,
DY S385 a/b, DY S3891/I1, DY S390, DY S391, DY S392, DY S393, and Y CAll alb) plus
the additional polymorphic Y-STR markers (DY $S437, DY $438, DY $439, DY $447,
DY $448, DY S388, DY $460, and GATA H4). The Y-STR 20plex isthe first to include a
simultaneous amplification of all the markers within the European “minimal” and
“extended haplotype.” A subset of the Y-STR 20plex primers, the Y-STR 9plex was also
developed and tested. The Y-STR 9plex contains only the markers within the European
minimal haplotype. Lastly, aY-STR 11plex was designed and tested. The markers
within the Y-STR 11plex are DY S385 a/b, DY S447, DY $448, DY $450, DY $456,

DY $458 and DY S 464 a/b/c/d.



Validation experiments were performed in order to assess the reliability of the
haplotypes generated by these newly designed Y-STR multiplexes. The validation
experiments included concordance, precision, specificity and sensitivity studies.
Additionally, atotal of 647 male samples from three different U.S. populations were
analyzed for all the loci included in the Y-STR 20plex and Y-STR 11plex. Allelic
frequencies for al of the Y-STR markers were tabulated as well as haplotype diversity
data for various combinations of markers.

Y-STR multiplexes were tested against samples from forensic cases that have already
been closed. Analysis of these samples demonstrate that the Y-STR multiplexes
developed here can handle real casework samples. Finally, the prototype Y Standard
Reference Materia (SRM) 2395 was characterized. SRMs are often used to validate a
laboratory’ s measurement capability. SRM 2395 isa Y-STR profiling standard that
consists of five components, four male (A-D) and one female (E). The characterization
included the DNA sequencing of 18 different Y-STR loci for each component (including
all of the markers in the European minimal haplotype), presenting a suggested
nomenclature for allele designations, and running these components against

commercialy available Y-STR kits and the Y-STR multiplexes designed in this study.
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CHAPTER 1
INTRODUCTION

The determination of the structure of deoxyribonucleic acid (DNA) by James Watson
and Francis Crick in 1953 is often said to mark the birth of modern molecular biology.*
Watson and Crick’s representation of the double helical structure DNA held together by
hydrogen bonds helped to define the two purposes of DNA. First, DNA specifies the
sequences of amino acids in a polypeptide chain, and second, it provides a template for
its own replication.

Nucleic acids are linear polymers of nucleotides whose phosphates bridge the 3' and
5’ positions of successive sugar residues. Nucleotides are made up of three parts: a
nucleobase, a sugar, and a phosphate. DNA, anucleic acid, consists of two
polynucleotide strands containing nucleotides.?> These strands wind about a common
axis with aright handed twist to form a double helical structure. The two strands are
antiparallel and wrap around each other such that they cannot be separated without
unwinding the helix. Each strand of the helix consists of phosphodiester groups joining
deoxyribofuranoses with 3’ to 5’ linkages. The bases occupy the core of the helix while
its sugar-phosphate chains are coiled about its periphery thereby minimizing the
repulsions between charged groups. Each base of the nucleotide units is hydrogen

bonded to a base of a nucleotide on the opposite strand to form a base pair. These



hydrogertbonding interactions, termed complementary base pairing, result in the specific
association of the two chains of the double helix. According to Watson and Crick the
double helical structure can accommodate only two types of base pairing. Each Adenine
(A) residue must pair with a Thymine (T) residue and vice versa, and each Guanine (G)
residue must pair with a Cytosine (C) residue and vice versa. It is the sequence of the
bases contained within DNA that determine an individual’s genetic make-up.

Theinitial sequencing and analysis of the human genome has been recently completed
and it is estimated to contain approximately 3.1 billion base pairs.®>* Thislarge amount
of genetic materia is found within the nucleus of human cells and is divided into
chromosomes. Chromosomes are dense packets of DNA and proteins called histones. A
normal human genome consists of 23 pairs of chromosomes per cell. Chromosomes 1-22
are not involved in sex determination and are termed autosomes while chromosomes X
and Y are the sex chromosomes. Females are designated XX because they contain two
copies of the X chromosome while males are designated XY and contain only one copy
of the X chromosome. Chromosomes in all somatic cells contain two sets of each
chromosome, and are termed diploid. Conversely, gametes, the sex determining
chromosomes have only a single set of chromosomes and are designated as haploid.

The DNA within chromosomes is composed of both ‘ coding’ and noncoding regions.
Coding regions contain genes, which serve as the blueprint for self-replication and
protein synthesis. Genes can vary in size from a few thousand to tens of thousand base

pairs. It isestimated that there are 30,000-40,000 protein-coding genes contained within



the human genome.®* A copy of each gene resides at the same locus on each
chromosome pair. Alternate possibilities for a gene or genetic locus are termed alleles.
Approximately 99.7% of human DNA is the same between individuals. The remaining
0.3%(~ one million nucleotides) is different from individual to individual.> These
differences provide the opportunity for using DNA sequence information for such

endeavors as human identification.

DNA Polymorphisms and Short Tandem Repeats (STRS)

The location of a gene or a DNA marker on a chromosome is termed a locus. One type
of variation that exists at a particular locus at the DNA level istermed alength
polymorphism. Variable number tandem repeats (VNTR), “minisatellite” and short
tandem repeat (STR), “microsatellite” markers are length polymorphisms, and can vary
between individuals based on the number of nucleotide repetitions within agiven allele.
VNTRs consist of sets of tandemly repeated base pair sequences that can vary in length
from 9 — 70 base pairs.? An example of aVNTR is the forensic DNA marker D1S80.
The D1S80 marker is a minisatellite with a 16bp repeat unit and contains alleles in the
range of 16-41 repeats.’

STRs were first reported in the late 1980s and are repeated base pair sequences that
vary in length from 2 — 6 base pairs.® A schematic of a STRis given in Figure 1-1.
STRs are categorized by the length of the repeat unit. For example, tetranucleotide
repeats have four nucleotides repeated next to one another over and over again. An
example of a STR commonly used in the forensic community is D5S818. D5S818 isa

tetranucleotide AGAT repeat withan allele range of 7-16.°> Thousands of these



1 2 3 4 5 6 /
GACCATGACTTT CGAGATAGATAGATAGATAGATAGATAGATTTGACCCG

/ N o o/

Flanking Region Flanking Region

Repeat region contains seven 4 bp repeat
units (AGAT)

Figure 1-1

Short Tandem Repeat (STR) Marker

[llustration showing the AGAT repeat unit for the D5S818 STR marker. The number of AGAT repeat
units varies between individuals.

polymorphic microsatellites have been identified in human DNA. It is estimated that
STR makers in the human genome occur every 10,000 nucleotides.” STRs found within
chromosomes 1-22 are termed autosomal DNA markers. These markers are recombined
with each mitotic event because half of the genetic information comes from the mother
and half comes from the father. Anindividua is homozygous if the alleles at a specific
location are identical and heterozygous if the aleles are different.*°

STRs are broken up into individual categories based on the repeat motif. Simple
repeats such as D5S818 contains a repeat of identical length and sequence. Compound
repeats consist of two or more adjacent simple repeats with different repeat motifs.
Complex repeats may contain several repeat blocks of variable unit length as well as
intervening sequences. The last STR category termed complex hypervariable repeats are

those with a number of non-consensus alleles that differ in both sequence and size.



There are instances where an alele for a STR locus contains an incompl ete number of
repeats. Microvariants is the term given to aleles that contain incomplete repeat units.
An example of amicrovariant isallele 9.3 at the THO1 locus. The THO1 9.3 dlele
contains nine tetranucl eotide repeats and one incomplete repeat of three nucleotides
because the seventh repeat is missing a single adenine out of the normal AATG repeat
unit.**

Over the past ten years the utility and validity of STR typing for forensic applications
such as human identity testing have been substantiated.*?*  Multiple markers from
individuals are examined in order to determine a person’s DNA profile. The more
markers examined improves the chances of obtaining a unique STR profile. The
individual genotype frequencies from each marker can be multiplied together in order to
determine the DNA profile frequency for a particular set of STR markers. For example

the four polymorphic STRs D16S539, D13S317, D7S820, and D5S818 provide a

matching probability of 1in 1.8 x 10* for a Caucasian population.®

Polymerase Chain Reaction (PCR) and Multiplex PCR

Most STR analysis works best with approximately 1 ng of template DNA. There are
around 333 copies of each locusin 1 ng of human genomic DNA.® In order to increase
the number of DNA molecules to alevel suitable for STR analysis, the DNA must be
amplified. Although molecular cloning techniques are indispensable to modern
biochemical research, the polymerase chain reaction (PCR) is often a faster and more

convenient method for amplifying DNA.*>6



In PCR, DNA is separated into single strands and incubated with DNA polymerase,
deoxyribonucleotide triphospates (ANTPs), and two oligonucleotide primers whose
sequence flank the DNA segment of interest (Figure 1-2). The primers direct the DNA
polymerase to synthesize complementary strands of the target DNA. Multiple cycles of
this process, each doubling the amount of target DNA, exponentially amplify the DNA
starting with as little as a single gene copy. In each cycle, the two strands of the duplex
DNA are separated by heating, the primers are annealed to their complementary segments
on the DNA, and the DNA polymerase directs the synthesis of the complementary
strands. The use of a heat-stabile DNA polymerase, such as Taq polymerase isolated
from Thermus aquaticus, eliminates the need to add fresh enzyme after each round of
heating.’®> Twenty cycles of PCR increase the amount of the target sequence around a
millionfold with high specificity.

Two of the most important components of a successful PCR reaction are primer
design and primer quality. The amount of PCR product, or amplicon, is directly affected
by the annealing characteristics of the primers. If PCR isto work well, the forward and
reverse primers must be specific for the target region, have similar annealing
temperatures, and not interact with one another. Additionally, the sequence to which the
primers will bind must be fairly conserved. If the region where the primer isto bind is
not conserved, primer annealing may not occur. This could result in alack of

amplification of the desired locus, termed null alele.!’
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Figure 1-2

Polymerase Chain Reaction (PCR)

In each cycle of PCR, the template DNA strands are separated by heating and cooling to allow the primers
to anneal to complementary sequences on each strand. DNA polymerase then extends the primers. The
number of DNA copies doubles with every cycle after the second cycle. Twenty cycles can result in the
million-fold amplification of the target DNA.

Multiplex polymerase chain reaction (PCR) is defined as the simultaneous
amplification of multiple regions of DNA templates by adding more than one primer pair
to the amplification reaction mixture. Figure 1-3 is an illustration showing the multiplex

PCR process. In this example, three separate loci are simultaneously amplified using



three different primer sets. The resulting amplification products are different sizes and
can be differentiated using an appropriate analysis technique.

Multiplex PCR primer design and optimization is a greater challenge than designing
singleplex PCR primer pairs because multiple primer annealing events need to occur
under the same annealing conditions without interfering with one another. Extensive
optimization is normally required to obtain good balance between amplicons of the
various loci being anplified.®®**°  Previous efforts on multiplex PCR design and
optimization have focused on chimeric primers and on varying experimental conditions

such as MgCh concentration, reaction buffer concentrations, annealing temperature, and

polymerase concentration. '#?°
S - Primer - Primer - Primer 3’
<€ um <sam 4 sui
3 . ~ ‘=
= B
AN / “ 4
Locus1 Locus?2 Locus 3

PCR Amplification

Amplicon 1 Amplicon 2 Amplicon 3

Figure 1-3

Mutliplex PCR

Simultaneous amplification of target DNA involving more than one primer set. Each primer set is designed
to amplify adifferent locus. Different colored boxes represent the different primer sets. The resulting
amplicons are the PCR amplification products for that particular primer set.



For a multiplex PCR reaction to work properly, primer pairs need to be compatible.
Since multiplex assays are run under the same PCR conditions, the primers used need to
have fairly similar characteristics such as melting temperature (T,) and should not
exhibit significant interactions with each other, themselves, or unwanted regions of the
template. Excessive regions of complementarity between primers must be avoided to
prevent the formation of primer-dimers that may cause the primers to bind to one another
instead of the template DNA. Through stringent initial primer selection, the time-
consuming and often costly process of optimization can be reduced. The primary
experimental conditions used to optimize the multiplex PCR system in this study are the
primer pair concentrations; other variables such as thermal cycling number, reaction
components, annealing temperatures, etc, are fixed.

High quality primers are essential to successful multiplex amplification reactions.
Both high performance liquid chromatography (HPLC) and time-of-flight mass
spectrometry (TOF-MS) have been used as techniques of quality control assessment of
the PCR primers used in multiplex STR amplification reactions.* For example, it has
been shown that TOF-M S provides arapid and accurate check of primer quality prior to
using the oligonucleotides in a PCR reaction.??> From examining a TOF-M S spectra of
aparticular primer, the molecular weight determined using the TOF-M S can be compared
to the calculated value determined from the mass of the dye (if present) and the sum of
the masses of the nucleotides expected. Primers with either incorrect sequences or
oligonucleotide failures can compete for binding sites on the DNA template and can

negatively impact the presence and/or length of the subsequent amplicon.
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Since first being described in 1988,%2 PCR multiplexing has been applied in many
areas of DNA testing including the analysis of deletions,?* mutations,?® autosomal
STRs®® and Y chromosome STRs.2%%8 Furthermore, the wide availability of genetic
information due to the publishing of the sequence of the human genome®* makes the

demand for multiplex PCR even gregter.

Y Chromosome STRs and Y-STR Multiplex Assays

The'Y chromosome is becoming a useful tool for tracing human evolution through
male lineages™® as well as application is to a variety of forensic situations™ including
those involving evidence from sexual assault cases containing a mixture of male and
female DNA.%"%3132 |5 1998 the report titled “ Jefferson fathered slave's last child”
used Y chromosome DNA markers to trace the Jefferson family line by linking the
modern-day descendants of Thomas Jefferson and Eston Hemmings.>®* More recently, Y-
STR markers were used to study the Y-chromosomal lineages of the likely male-line
descendants of Genghis Khan.>*

Up until afew years ago the use of Y chromosome for forensic purposes was
restricted by alack of polymorphic markers.®> These markers have differing degrees of
polymorphism and ability to differentiate between two unrelated male DNA samples.
Table 1-1 lists some of the Y chromosome STR markers available in the literature,
including the ones studied in thiswork. All of the nomenclature listed for each Y-

chromsome STR marker follows the recommendations provided by the International
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Table1-1

Common Y-STR markers

Information includes the GenBank® A ccession number for each locus, respective repeat motif, and number
of repeats within the GenBank sequence (termed reference allel€). Some sequences were made reverse and
complement (R& C) in order to maintain consistency with previously used forward and reverse primer
designations. Repeats motifs for each locus defined using | SFG recommendations as a guide.®

Marker Name Repeat Motif GenBank Reference
Accession Allde

DYS19 TAGA AC017019 (r&c) 15
DY S385 alb GAAA AC022486 (r&c) 11
DYS389 1 (TCTG) (TCTA) AC004617 (r&c) 12
DY S389 11 (TCTG) (TCTA) 29
DY S390 (TCTA) (TCTG) ACO011289 24
DY S391 TCTA AC011302 11
DY S392 TAT AC011745 (r&c) 13
DY S393 AGAT AC006152 12
Y CAII CA AC015978 23
DY S388 ATT AC004810 12
DY $426 GTT AC007034 12
DY $434 TAAT (CTAT) AC002992 10
DY $435 TGGA AC002992 9
DY $436 GTT AC005820 12
DY 437 TCTA AC002992 16
DY 438 TTTTC AC002531 10
DY 439 AGAT AC002992 13
DY 441 CCTT AC004474 14
DY 442 TATC AC004810 12
DY $446 TCTCT AC006152 14
DY 447 TAAWA compound AC005820 23
DY 3448 AGAGAT AC025227 23
DY $449 TTTC AC051663 29
DY 450 TTTTA ACO051663 9
DY $456 AGAT AC010106 15
DY $458 GAAA AC010902 16
DY 459 alb TAAA AC010682 o)
DY 460 (A7.1) ATAG AC009235 (r&c) 10
DY 461 (A7.2) (TAGA) CAGA | AC009235 (r&c) 12
DY $462 TATG AC007244 11
DY $464 alb/c/d CCTT AC006338 15
Y-GATA-H4 TAGA AC011751 (r&c) 12
Y-GATA-C4 TSTA compound (42673 21
Y-GATA-A10 TAGA AC011751 13
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Society of Forensic Genetics (ISFG).>® The ISFG is an international organization
consisting of members from 49 countries who provide guidelines concerning the
application of DNA polymorphisms to the area of human identification. Whereas most Y-
linked STR systems exhibit a single polymorphic fragment when amplified by PCR, a
number of Y-STRs originate from regions that are duplicated on the Y-chromosome, and
can exhibit two PCR amplicons of variable size. Examples of Y-STR loci whose primer
pairs amplify two PCR products are 3891/11, YCAII, and DY S385 and DY $459.36-%
Recently, a new Y-chromosome STR marker has been discovered that is quadruplicated
ontheY chromosome, DY $464.%° DY S464 is a simple tetranucleotide consisting of the
repeat sequence CCTT. Due to its quadruplication on the Y-chromosome it can provide
up to four polymorphic peaks for a particular primer set.

Microvariants have also been described for Y-STR markers. As was the case for
autosomal alleles such as THOL alleles, alleles with incomplete repeats have been found
for DY S385.4C  Microvariants can be the result of deletionsin the regions flanking the
repeat motif. For the DY S385 locus, the intermediate alleles originally designated 17-1
and 18-1 with the consensus structures of (GAAA)17 and (GAAA)1s, respectively were
found to lack a T in the same (T); stretch located within the 3' flanking region of each
alele®® If ISFG guidelines are followed, the 17-1 and 18-1 DY S385 alleles are
designated as 16.3 and 17.3 respectively.

Included on the list in Table 1-1 are acore set of Y STR markers that are currently
being used by the European Y chromosome typing community. They have established a

“minimal haplotype” and an “extended haplotype” for inclusion of common loci into a
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central DNA database (see http://www.ystr.org). The minimal haplotype consists of
results for the following Y STR markers: DY S19, DY S3891, DY S38911, DY S390,

DY S391, DY S392, DY S393, and DY S385.*!  The extended haplotype includes al of the
markers from the minimal haplotype plus the highly polymorphic dinucleotide repeat
YCAIl*

Sincethe Y chromosome is passed down from father to son without any
recombination, there is a prevalence of patrilineages in a population. Thiscan result in
an overrepresentation of some haplotypes®>® Also, individual Y STR markers cannot be
combined using the product rule because of its non recombing nature, asis the case with
autosomal STRs.> The combination of the markers included in the minimal haplotype
can distinguish approximately 78-97% of male individuals in various local European
populations.®° If the YCAII alb Y-STR marker isincluded the discriminatory capacity
reached as high 99% in these same European populations. The 'Y chromosome
hapl otype must include as many polymorphic loci as possible to raise the exclusion
chance to nearly 100% leaving only male relatives undiscriminated.*

In order to examine as many Y markers simultaneously as possible, Y-STR multiplex
PCR assays should be used. Within the last five years, a number of Y chromosome STRs
have been combined into Y STR multiplex assays.?%283! Unfortunately these multiplexes
involve the simultaneous amplification of six or lessloci. Theloci used in these
multiplexes included some or al of the following STR markers DY S19, DY S389 | and |1,
DY S390, and DY S391, and DY S393. Recently, Y-STR assays have become available

to purchase commercially. Thefirst two commercialy available Y STR multiplex kits
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arethe Y-Plex' 6, and Y-Plex™™ 5 (ReliaGene Technologies, Inc., New Orleans, LA).
The Y-Plex™™ 6 kit includes the markers DY S19, DY S390, DY S391, DY S393,

DY S389l1, and DY S385. The Y-Plex™ 5 kit includes the markers DY S3891/11,

DY S392, DY $438, and DY $439. Taken together, one can obtain the minimal haplotype
using these kits. The minimal haplotype, amplifiable in two or three multiplexes has
been accepted for court use in Europe.*>  Up until this point there has not been aY STR
multiplex available that includes the simultaneous amplification of al the markers that
make up the “extended haplotype”. Additionally, the majority of the Y-STR multiplexes
presented in the literature do not include many of the recently discovered Y-STR markers

(Table 1-1) such as DY $464, DY $447, and DY $448.

Standard Reference Materias (SRMs)

The US National Institute of Standards and Technology is responsible for developing
national and international standard reference materials (SRMs). SRMs are used to
validate a particular assay used in alaboratory, calibrate instrumentation, troubleshoot
protocols, and check laboratory proficiency. For example, the SRM 2391a, PCR-based
DNA profiling standard was released in December 1999. SRM 2391ais designed to
provide quality assurance to laboratories that perform DNA profiling using PCR methods
and STRs.*® The Federal Bureau of Investigation’s (FBIs) DNA Advisory Board
standard 9.5 states. “ The laboratory shall check its DNA procedures annually or
whenever substantial changes are made to the protocols against an appropriate NIST

standard reference material or standard traceable to a NIST standard”.® If Y STR testing
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isto be performed in a forensic laboratory, a suitable standard reference material is

needed.

Capillary Electrophoresis

Since first being introduced in the mid 1980’ s Capillary Electrophoresis has become a
widely used analytical technique by the scientific community. The method of CE was
first reviewed in 1990 by Kuhr in Analytical Chemistry.** CE has been extensively
used to separate DNA fragments containing STRs with highly reproducible results.*>*
Over the past 5 years, the commercial availability of CE instruments has grown. Two
such instruments are the ABI PRISM® 310 Genetic Analyzer and ABI PRISM® 3100
Genetic Analyzer 16 Capillary System (Applied Biosystems). These instruments provide
a semi-automated and accurate means of analyzing STR amplicons. >

The heart of a CE instrument such as the ABI PRISM® 310 Genetic Analyzer is the
high voltage power supply providing up to 15,000 volts. Connected to it are two
electrodes, the ends of which are immersed in a conductive buffer at the inlet and outlet
reservoirs, along with both ends of afused silica capillary (Figure 1-4). The buffers used
in CE can aso be used in gel electrophoresis. The fused silica capillary, which serves as
the separation tube in CE, is of very narrow internal diameter, typically 20 to 100 pm.
The high surface area to volume ratio of the capillaries allows for the application of very
high electric field strengths without the generation of excessive Joule heat. A window is
“burned” towards the outlet end of the capillary for the purpose of on-column detection,

generally by UV or laser-induced fluorescence as in the case of the ABI PRISM® 310

Genetic Analyzer.
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Figure 1-4

Capillary Electrophoresis (CE) Schematic Used for DNA Analysis

CE consists of fused silica capillary, two electrodes, and a conductive buffer. Samples are injected onto the
capillary by applying avoltage to each sample. A high voltage is applied across the capillary after the
electrokinetic injection in order to separate the DNA molecules.

Analysis begins by filling the capillary with the viscous polymer solution. CE
separates molecul es based on differences in their electrophoretic mobility in a conductive
buffer. Electrophoretic mobility is proportional to the charge of the molecule divided by
its frictional coefficient.*® Thisis approximately equal to the charge to mass ratio of the
molecule. Under the influence of an electric field the negatively charged DNA molecules

will migrate away the cathode and move towards the anode. Since DNA molecules



posses a constant charge to mass ratio (one phosphate group for every nucleotide), a
sieving material is required to resolve DNA fragments that are different in size.
Separation of DNA is accomplished using gels or polymer solutions that retard larger
DNA molecules as they pass through the sieving material.®> Instead of an agarose or
polyacrylamide gel used in dab gels, the DNA molecules pass through a viscous
polymer solution that is pumped into the capillary prior to the addition of the sample.
Instead of pores asin the case of gel electrophoresis, the DNA molecules are retarded by
the polymer chains contained within the polymer solution.®

The sample isinjected at the inlet by pressure or electrokinetically asis the case for
the ABI PRISM® 310 Genetic Analyzer. Electrokinetic injection is a process that is
influenced by the ionic strength of the sample, the amount of template DNA in the
sample, and the geometry of the electrode and capillary tip within the sample®® The
process of electrokinetic injection involves the transfer of charged ionsin an electrica
field onto the capillary separation matrix. Because only ions transfer in this process, no
liquid volume loss occurs from the sample. Thus, samples can be reloaded if arunis
aborted or lost. Following injection, both ends of the fused silica capillary are immersed
in the inlet and outlet buffer reservoirs. A separation voltage (15,000 volts — typical
setting for separations using ABI PRISM® 310) is then applied and data collection is

initiated.

Fluorescence Detection

The majority of CE is performed using UV absorbance detection often at low

wavelengths such as 260 nm to maximize sensitivity.*® Fluorescence and Laser Induced

17
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Fluorescence (LIF) are further detection options which can offer more sensitive and
selective detection compared to UV absorbance.*® The sensitivity (1000x greater than
UV detection) and specificity of LIF make it an ideal strategy for DNA detection.>!>2
Since DNA has little native fluorescence, analysis using LI1F detectors requires that
the amplicons be fluorescently labeled. In the application to DNA typing with STR
markers, the fluorescent dye is attached to the 5’ end of a PCR primer that is incorporated
into the amplified target region of DNA. Table 1-2 lists some of the fluorescent dyes
commonly used to label PCR products analyzed on the ABI PRISM® 310 and ABI
PRISM® 3100. Each of these dyes has its own unique excitation and emission maximum.
Filters are designed to capture the emission photons for each fluorescent dye. Each dye
set used must be matched to the excitation source and the instrument optics involved in

their detection.

Table1-2
Fluorescent dye labels used in STR kits. Information includes chemical name, excitation maximum (nm)
and emission maximum (nm). Adapted from Table 10-2 shown by Butler.®

DYE Chemical name Excitation Emission
maximum (nm) | maximum (nm)

6-FAM 6-Carboxy fluorescein 494 522

JOE 6-Carboxy-2',7 -dimethoxy-4',5' - 528 554
dichlorofluorescein

NED Proprietary to Applied Biosystems 553 575

ROX 6- Carboxy- X-rhodamine 587 607

Fluorescein | Fluorescein 490 520

TAMRA | 4,7,2,7 -Tetramethyl-6- 560 583
carboxyrhodamine

VIC Proprietary to Applied Biosystems 533 554

PET Proprietary to Applied Biosystems 558 595

LIZ Proprietary to Applied Biosystems 638 655
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The ABI PRISM® 310 and 3100 instruments perform detection of the DNA sample
automatically. The time span from sample injection to sample detection is measured by a
laser placed near the end of the capillary. Thelaser (Ar+ 488 nm, 514nm — for both ABI
PRISM® 310 and 3100) excites the fluorescent dye in the visible spectrum and
illuminates the DNA fragments as they pass by a window that has been burned into the
capillary at afixed position (Fig. 1-5). The smaller molecules pass by the window first
followed by the larger molecules. Amplicons of the same size are distinguished by using
different fluorescent dye labels. The emitted photons are captured by a photosensitive
device. For the detection of low intensity light, a photoelectric cell with a built in
amplifier (photomultiplier tube, PMT) or a charged-coupled device (CCD) camera
asis the case for the ABI PRISM® 310 and ABI PRISM® 3100 is commonly used. In
both cases, the photons of light hitting the detector are converted to an electrical signal.
The resulting data is graphically displayed (termed el ectropherogram) as colored peaks

noted by height in relative fluorescent units (RFUSs) versus time scan number.
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Figure 1-5

[llustration of CE Using Fluorescence Detection.

Negatively charged fluorescently labeled DNA passes through capillary and by detection window.
Samples are separated on the basis of size and type of fluorescent label. Fluorescently labeled PCR
products are induced to fluoresce by Ar+ laser. Emitted photons are captured by Charged Couple Device
(CCD). Theresulting datais converted to an electrical signal and can be displaced asa CE
electropherogram using GeneScan® software (Applied Biosystems, Foster City, CA)
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CHAPTER 2
STATEMENT OF PURPOSE

The purpose of this study isto present a systematic approach to the design,
optimization and testing of multiplexes capable of simultaneously amplifying numerous
Y-STR markers. The Y-STR markers chosen should be highly polymorphic and in use
by the forensic community. The first Y-STR multiplex constructed, the Y STR 20plex,
was capable of the simultaneous amplification of 20 polymorphic Y chromosome-
specific STR markers®®  This 20plex includes al of the markers in the European
extended haplotype and also contains the trinucleotide loci DY S388%° and DY $S426°4, the
tetranucleotide loci DY $437%°%, DY $439%°%° GATA A7.1 (DY $460)°"*8 and H4°"9
the pentanucleotide loci DY $438>°°, and DY $447%°, and the hexanucl eotide marker
DY $448%°. The second multiplex is a subset of the Y-STR 20plex called the Y-STR 9-
plex. TheY-STR 9plex included all of the markers currently within the European
“minimal haplotype’. Lastly, aY-STR 11plex was constructed and tested. It included
the Y-STR markers DY S447%°, DY $448%°, DY $450%°, DY $456%°, DY $458°°, DY S385°°
and the DY $464.%°

After the successful design, optimization and testing of the Y-STR multiplexes, an
assessment of the reliability of the analytical platform, including the ABI PRISM® 3100

Genetic Analyzer was undertaken. This evaluation hopes to demonstrate that the
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analytical platform described herein can provide accurate and reliable analysis of Y-STR
markers. ldealy, Y-STR multiplexes should only contain the most highly polymorphic
markers in order to increase their respective discriminatory capacities. With the
exception of the markers in the extended haplotype, little information existed as to the
discriminatory capacity of additional Y-STR markersin the same set of DNA samples.
Various combinations of markers were evaluated in order to ascertain which had the
greatest power of discrimination.

Any multiplex PCR assay, if it isto be performed in alaboratory receiving federal
funding must test their procedures against a suitable reference material.”  Until now no
such standard exists for Y-STR markers. In order to meet this need, a prototype Y
Standard Reference Material® (SRM) 2395 was characterized. This characterization is to
include the DNA sequencing of numerous Y-STR loci for five male components, and the
presentation of standard nomenclature for each marker according to 1SFG guidelines.*®

Finally, the Y-STR multiplexes have been evaluated as to their efficacy in analyzing
actual forensic casework samples. The forensic casework samples were analyzed at the

United States Criminal Investigation Laboratory (USACIL) in Forest Park, Georgia.
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CHAPTER 4

RESULTS AND DISCUSSION

Multiplex PCR Primer Design,
Optimization and Testing

Due to the complexity involved in the design of multiplex PCR primer sets, it is
helpful to view the strategy for primer selection in a systematic fashion. Figure4-1
illustrates the process of multiplex PCR primer design, optimization and testing used in
thisstudy.?? It starts with the selection of the loci to be examined and ends with the
empirical test of the primer mix. Figure 4-1 isdivided into two parts. Part A focuseson
the multiplex PCR primer mixture design while part B describes the process of multiplex
PCR primer mixture testing and optimization. Part A is the most time consuming and
when done successfully limits the amount of actual primer testing and optimization. A
successfully designed and optimized multiplex should result in the amplification of all
desired loci and have similar yields (balance) between respective amplicons. The
resulting multiplex PCR reaction should be free of non-specific amplicons, and
amplicons that utilize the same fluorescent dye (if used) must be distinguishable from one
another. That isthey must be resolvable regardiess of the size of the alleles present.

The multiplex design and testing process outlined in Figure 4-1 originated from the
results obtained during construction of the Y-STR 20plex. Later, the flow-chart shownin

Figure 4-1 was followed for the design and testing of the Y-STR 11plex.



Select loci to include in multiplex
\ 4

Define reference sequence using GenBank®
v

Align multiple GenBank® sequences
v

Determine allele ranges and layout multiplex
schematic

v
Design primers using fixed size for
PCR products for each locus
v

Check and compare melting temperatures
v

Compare primers to one another for possible interactions
v

Perform standard nucleotide BLAST search on all
newly designed primers

\ 4

Add“G” to 5’ end of reverse
primer/fluorescently label forward primers

v

Purchase primers

Figure 4-1A

Part A of the multiplex design, optimization and testing process.

Part A isaflow chart outlining stepsin the multiplex design part of the entire process. Part A consists of
loci selection, primer design, and primer purchase. Adapted from Schoske et al .22
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Check primer quality/purity

v

Test primers in singleplex PCR reaction

v

Combine primers for individual loci into
multiplex mixture

v

Balance mix empirically based on
PCR product yields

Figure 4-1B

Part B of the multiplex design, optimization and testing process.

Part B isaflow chart outlining steps in the multiplex optimization and testing part of the entire process.
Part B starts with an analysis of primer quality and ends with balancing primer concentrations based on
PCR product yields. Adapted from Schoske et al.??

Y-STR 20plex Multiplex Design

Selection of loci to beincluded in the Y-STR 20plex

Upon undertaking the project of Y-STR multiplex PCR assay development and
testing in 2000, there were approximately 23 markers being used in Y-chromosome
studies.® Thefirst Y marker discovered was DY S19 by Roewer et a.®® in 1992. Thenin
1997 Kayser et a.* released information on the discovery of seven new Y-STR markers.
In 1998, the highly polymorphic tetranucleotide DY S385 Y-STR marker was
introduced.®®  When this project first started DY S385 was the most polymorphic Y-STR
currently available (See population studies for diversity value). The number of available

Y-STRs grew in 1999-2000 when White et al.>” and Ayub et al.>® introduced information



42

on 13 new Y-STR markers. These markersincluded DY S434, DY $435, DY $436,

DY $437, DY $438, DY $439, Y-GATA-A4, Y-GATA A7.1 (DY $460), Y-GATA-A7.2
(DY 461), Y-GATA-ASB, Y-GATA-A10, Y-GATA-C4, and Y-GATA-H4. These
markers range in degree of polymorphism and their ability to differentiate between two
mal e specimens.

Aninitial review of Y-STR multiplexing in the literature revealed that the main
focus of Y-STR multiplexing efforts at the time was to include markers that were
eventually chosen to be included in the European minimal haplotype.262%3!  However,
none of these multiplexes included primer sets for the simultaneous amplification of the
entire minimal haplotype. 1n 1997, Kayser et al.*° published a study which required three
separate PCR reactions in order to obtain the minimal haplotype. The first two were
multiplex PCR assays were termed Triplex | and Quadruplex 1. Triplex | contained
primer sets for DY S391, DY S392, and DY S393, while Quadruplex | contained primer
setsfor DY S19, DY S390, and DY S 3891/11. The PCR product for the final member of
the minimal haplotype, DY S385 was performed in a singleplex fashion. Later, Redd et
d.?% and Prinz et al.?” presented Y-STR multiplex assays that included some of the
minimal haplotype markers, however the number of Y-STR markersincluded in each of
these multiplex was four. Then in 1999, Gusmao et al.?® published information of a Y-
STR multiplex assay which included primer sets for markers DY S390, DY S19,

DY S3891/11, and DY S393. At the time the Gusmao et al.?® pentaplex as it was termed

was the largest Y-STR multiplex available.
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While the European’s had settled on the previous described “minimal haplotype’ for
use by its forensic science community, little was known about the Ayub et a.>® and
White et al.®>” Y-STR markers. A Y-STR 10plex was designed; tested and constructed
that incorporated some of the markers from these two references.®® This Y-STR 10plex
included DY $435, DY $436, DY $437, DY $438, DY 3439, GATA-A7.1 (DY $460),
GATA H4, DYS19, DYS391 and DY S392. The Y-STR haplotypes of asmall sample set
was reviewed and the data showed that DY $435 and DY $436 were not varying much.®
Thus, these two markers were not included in future Y-STR multiplexes. All of the other
markersin the Y-STR 10plex did exhibit aleles of varying size in the small population
Set.

It was decided that any Y-STR multiplex that was to be designed and tested should
include at a minimum the European “minimal haplotype” and the most polymorphic
markers from the Y-STR 10plex. This decision was based on three facts. One, as stated
above, none of the current Y-STR multiplexes in the literature were capable of the
simultaneous amplification of the minimal haplotype loci. Two, the minimal haplotype
markers were being used by the European forensic community. Finally, one way to
increase the discriminatory capacity of a Y-STR haplotype is to increase the number of
Y-STR markers analyzed. So markers from White et al.>” and Ayub et a.>® were to be
included into the Y-STR multiplexes.

Thefirst Y-STR multiplex constructed contained primer sets that targeted 14 regions
of the Y chromosome. The markers were DY S19, DY S3891, DY S389I1, DY S385 a/b,

DY S390, DYS391, DYS392, DY S393, DY $437, DY $438, DY $439, DY $460, and H4.



The next two markers originally sated to be added to the Y-STR multiplex were
DY S388°° and G09411 (DY $462)°8. DY S388 a trinucleotide repeat was added because
when it was tested against the same sample set used by Ruitberg et a.%° on DY $435 and
DY $436, it showed a couple of different alleles while DY $435 and DY $436 did not vary
at al. Dr. Peter de Knijff of Leiden University in the Netherlands provided the sequence
information for the Y-STR marker G09411, later termed DY $462°%, to NIST. At the
time, no information on G09411 existed in the literature. Population data on this marker
did not become available until 2002.%® G09411 was not included in the Y-STR multiplex
because the first primers designed for G09411 resulted in the formation of a number of
PCR amplicons. One of amplicons was for the G09411 but the others were non specific
amplicons whose sizes did not vary in the male samples tested. G09411 was then pulled
from consideration in the multiplex and was not investigated any further.

The next set of Y-STR loci targeted for inclusion into the Y-STR multiplex was
DY 426, DY $441 and DY $442. At the time there wasn't any population datain the
literature on DY S426. It was added because its previously published primer set* would
generate PCR amplicon sizes that could be easily incorporated into the Y-STR multiplex
(see dlele and size range determination for the Y-STR 20plex). DY S441 and DY $442,
discovered by Ida et a.” in 2001were selected because they were more polymorphic than
DY $435 and DY $436. For example, Idaet al.”® published STR diversity values for
DY 441 and DY $442 that were 0.72 and 0.51 respectively, however DY $435 and
DY $436 published STR diversity values were only 0.070 and 0.064 respectively.>®

Primers were designed and ordered for DY $426, DY $441 and DY $442. When tested in
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singleplex, the primer sets for DY $S441 and DY $442 failed to yield PCR amplicons.
They were not evaluated any further and removed from consideration for inclusion into
the Y-STR multiplex.

Up until this point the Y-STR multiplex included primer sets for the following
markers: DY S19, DY S388, DY S385 a/b, DY S3891/11, DY S390, DY S391, DY S392,

DY S393, DY $426, DY 437, DY $438, DY $439, DY 460, and H4. The Y-STR marker,
Y CAIll &b, adinucleotide repeat that is duplicated on the Y-chromosome was then
considered for inclusion into the multiplex. This brought the number of markersin the
multiplex to 18. Y CAIl a/b was added because it was highly polymorphic and being
widely studied by the European forensic science community.*

Finally, through a collaboration with Mike Hammer’s Group at the University of
Arizona established by Dr. John Butler, access was gained to some of their newly
discovered Y STR Loci.*® Asaresult DY S447 and DY S448 were added tothe Y STR
Megaplex. The Y-STR 20plex described here consisted of 17 primer pairs, three of
which (DY S389l/11, Y CAIl &b, and DY S385 a/b) target duplicate regions of the Y
chromosome and can provide two polymorphic peaks for each marker. This brought the
total number of possible simultaneous amplifications to 20. In summary the Y-STR
20plex includes primer sets for the amplification of the following Y-STR markers:

DY S19, DY S388, DY S385 a/b, DY S3891/11, DY S390, DY S391, DY S392, DY S393,

DY $437, DY $438, DY $439, DY $447, DY $448, DY $460, GATA H4 and Y CAII alb.
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Allele and Size Range Determination for Loci in the Y-STR 20plex

The allele ranges of the Y-STR 20plex loci listed in Table 4-1 were defined
through a combination of extensive literature searches, testing of the Y CC panel by
Butler et a.>® and the population data presented in this work (see population studies).
The results of the literature searches for each Y-STR 20plex loci are given in the
Appendix (A-1). The dataprovided in A-1isasummary of the aleles and/or phenotypes
(i.e. in case of DY S385) discovered for a number of different populations. The
accompanying size ranges in (Table 4-1) for the alleles were determined using the
GenBank® accession sequence as the standard reference point for each locus. For
example, the GenBank® accession number BAC Clone AC002992 contains within it the
reference sequence for DY $S438. The DY $438 reference sequence contains a simple
pentanucleotide repeat motif consisting of 10 TTTTC repeats. Template DNA containing
10 TTTTC repeats amplified using the primers reported by Ayub and coworkers should
yield an amplicon 222 bp in length.>®  The allele range from the literature for DY $438 is
6 to 14 repeats. If these previoudy published primers were used, amplicons in the size
range of 202-242 bp would be expected. In the absence of literature information on the
alelerange (i.e. DY $426, DY $447, and DY $448) of a particular STR locus, the size
range was based entirely on the running of the Y CC panel and running the popul ation
samples in this work.

A visual schematic for the Y-STR 20plex was prepared using the size ranges in Table
4-1 and is shown in Figure 4-2. In these schematicsloci were laid out in terms of

possible PCR product size and dye color. In order to get as many Y chromosome
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Table4-1

Allele and estimated size rangesfor Y STR 20plex Markers.

The original allele ranges were published by Butler et al.>* New allele ranges based on literature searches,
and/or population studies (see population studies) performed since Butler et al.>® publication. Size ranges
given below are based on new allele ranges. The nomenclature for DY S439 and DY S448 have been
changed since the original publication of the Y-STR20plex.>® Thevaluesin parenthesisarethe allele calls
if the nomenclature provided in thiswork is used (see section on Prototype Y-SRM 2395).

STR Locus Original New Size Range Size Range Reference
Allele Range™ Allele Using Primers  using primers  to locus
Range in Table 3-1 inthe
literature
DYS19 10-19 10-19  233-269bp 176-212bp 36
DY S385 7-23 7-28 242-326 bp  241-325 bp 38
DY S388 10-18 9-18 148-175bp 129-146 bp 30
DY S389I 9-17 9-17 143-175bp 142-174 bp 30
DY S389l11 26-34 24-34 255-295 bp  254-294 bp 30
DY S390 17-28 17-28 189-233bp 188-232 bp 30
DY S391 7-14 6-14 89-121bp  268-300 bp 30
DY S392 6-16 6-17 290-323 bp 234-267 bp 30
DY S393 9-16 9-17 109-137 bp 108-136 bp 30
DY 3426 10-12 9-13 89-101bp  89-101 bp 54
DY A37 14-17 13-18 182-202 bp 181-201 bp 55,56
DY $438 6-13 6-14 300-340 bp 202-242 bp 55,56
DYS439*  16(9)-21(14) 815 206-234bp 233-261bp 5556
DY 347 22-29 19-33 192-261 bp 192-261 bp 39
DYSA48* 20(21)-26(27) 1927 293-341bp 283-331bp 39
A7.1 7-12 7-13 101-125bp 162-186 bp 57
(DY $460)
H4 8-13 8-14 122-146 bp 353-377 bp 57
Y CAII 11-24 11-25 135-165bp 135-167 bp 37

markers into the Y-STR multiplex, the markers were placed close together with each dye
color. This strategy required a prior knowledge of previous known allelesin order to
minimize the chance for overlap between PCR products amplified with the same
fluorescent dye.

The dlele and size ranges on the schematic provide for visua representation of the

loci and highlight areas of possible size overlap. If an overlap in the possible aleles from
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Figure 4-2
Schematic for the Y-STR 20plex
Schematic of PCR product sizes produced with the known allele size ranges for the loci in the Y-STR

20plex. Markers names have been abbreviated (e.g. DY S391) islisted as 391.
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two PCR products adjacent in size exists in the same dye color, then it may become
difficult to assign the observed allele to its correct locus. For this reason, it would be
beneficial if all of the amplicons within a single fluorescent dye color used in the Y-STR
20plex had size ranges at least 10 bp apart. It was thought that a 10 bp gap could
accommodate the discovery of new allelesif they should arise. The 10 bp gap would
allow for the discovery of up to two tetranucleotide repeats (8 base pair total) and three
trinucleotide repeats (nine base pair total) before the size ranges would overlap.

Between the first iteration of the Y-STR 20plext!?, the one published by Butler et
a.>® and the one presented in this work new alleles were discovered that could impact
proper allele designation. The discovery of new alleles has lead to the overlap of some of
the allele size ranges within color. For example, in earlier versions of the Y-STR 20plex

schematict'!

there was a nine base pair difference between the established size range for
DY 460 and GATA H4.1! Theoriginal size range, obtained from White et a.>” for H4
was determined to be 10-13 TAGA repeats. However, anew GATA H4 allele, one with
8 TAGA repeats was discovered which expanded the expected size range by 8 base
pairs>® Furthermore, the discovery of an alele 13 for DY 460 by Bosch et a.>® and
Uchihi et a.%" has resulted in the overlap of these two size ranges. The 101-125 and 122-
142 bp size ranges are for DY $460 and H4 respectively.

Besides overlapping, the base pair size between a number of the loci has been
reduced. For example, in Butler et a.> the number of base pairs separating the DY $437

and DY $439 loci was 12 bp (Table 4-1). The discovery of an alele 18 (202 bp) for

DY $437 and an allele 8 (206 bp) for DY $S439 has reduced the size difference to 4 base



50

pairs. Thus, the discovery of an allele 19 or 7 for DY S437 and DY $439 respectively will
result in an overlap of the size ranges.

These overlaps can be accommodated in a couple of ways. First, new primer sets
could be designed to try and adjust the size ranges to eliminate the overlap. Second, the
primer sets for an affected locus (i.e. YCAII and DY $460) could be moved into PET™V.
During the initial stages of the construction of Y-STR multiplexes, many laboratories
did not possesses instrumentation with the capability of analyzing 5 fluorescent dyes.
The initial Y-STR multiplex designs did not include primer sets labeled in PET™™. The
advent of GeneScar® software capable of analyzing 5 dyes allowed DY $447 and
DY $448 to be added to the multiplex and provided added flexibility to the design

process.

Primer Design Issues for Y-STR 20plex Primers

Previous published primers set were used for DY S385°%, DY S390%°, DY S426°,

DY S393%°, DY $437°°, and DY $447.3°  The design of the Y-STR 20plex was focused
around a primer set proven to successfully amplify the DY S385 a/b locus. This was due
to the fact that DY S385 a/b was the most polymorphic Y-STR currently available at the
time the Y-STR 20plex was being designed.

Primers were redesigned for most of the remaining loci for four reasons. First, PCR
product size ranges had to be adjusted from previous studies in order to optimize their
sizein each dye color. For example, the original designed primer sets for DY $438 and
DY $439 could not be labeled with the same dye color if the original primers from the

literature were used (Table 4-1). The size ranges for DY $438 and DY $439 are 202-242
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and 237-257 bp respectively when previous primers were used to perform PCR. Thus, an
allele in the same dye color registering 237 bp could be identified as either aDY $438 or
DY 439 dlele. PCR product sizes were adjusted by moving the primer positions in the
flanking regions surrounding the Y STR repeat.

Second, primers need to have similar annealing characteristics in order to generate a
balanced yield from all PCR products during a simultaneous amplification. Most Y-STR
loci primer sets from the literature were initially designed to amplify the marker in a
singleplex fashion or limited multiplexes and therefore could not be selected to work
together. The previoudy used Y CAIl a/b primers afford an example of this
phenomenon.®” These primers, 5-TATCGATGTAATGTTATATTA-3and 5 -TAT
ATTAAATAGAAGTAGTGA-3 have a predicted meting temperature (Tr,) of 43.9 and
39.2 °C respectively. The newly designed primers, listed in Table 3-1 produce amplicons
of identical sizesto the original primer set, have a Ty, of 59.3 and 57.2 °C. The higher Tn,
improved their amplification efficiency particularly in a multiplex PCR environment.

Third, the latest information about chromosome homology or polymorphic
nucleotides in the primer binding regions was applied to avoid regions that would
generate non-specific amplicons (i.e. homology to X or other regions of the genome) or
impact PCR amplification. This information was gathered through the use of sequence
alignments. Sequence alignments proved useful by identifying both multiple potential
priming sites and/or polymorphisms that may be present within the proposed primer
binding site. If multiple potential primer binding sites exist, the primers ability to

amplify the target of interest can be affected resulting in the amplification of aregion of
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template other than the allele of interest. The presence of polymorphisms within the
primer binding regions could result in alele dropout (anull alele).’” Inthe case of a
null allele, a DNA template exists for a particular locus but fails to amplify due to primer
hybridization difficulties in the presence of this polymorphism.> A summary of sequence
alignments that were performed for loci within the Y-STR 20plex is presented in Table 4-
2. The table contains the GenBank accession numbers for each locus, any homologs and
results of the sequence alignments. The sequence alignment results for DY S391, DY S19
and DY $460 will be detailed in order to further illustrate the importance of avoiding
primer binding sites that have homologs or that may contain polymorphisms.

Three examples of chromosome homology were noted in the construction of the Y-
STR 20plex, two involved X chromosome homology and the other involved Y
chromosome homology. The X homolog problem for DY S393 was first discovered by
Dupuy et a.**? In order to capitalize on these sequence differences, Dupuy and
coworkers*? described alternate primers that targeted the sequences differences between
the X homolog and the DY S393 locus.

The DY S391 provided another good example of X homologs and the difficulty they
present to the development of Y-STR multiplex assays.>® Figure 4-3 illustrates the
individual sequences for X and Y homologs of the DY S391 locus along with sequence
alignment of these two regions. The newly designed primers targeted sequence
differences in order to maximize primer binding potential to only the Y homolog in order
to make the amplification Y chromosome specific. Previously published primers targeted

only afour sequence difference in their improved reverse primer for DY S391.*° The



Table4-2

Summary of Sequence Alignment of Top Strands for loci in the Y-STR 20plex

Sequence alignments are of top strands. The reference sequence listed first is compared to the other

GenBank® accessions. Positions of alignment differences are given in relation to the repeat motif.
Polymorphisms will be designated Upstream (US) of the 5’ end of the repeat or Downstream (DS) of the 3’

end of the repeat.
L ocus Sequences aligned Seq. differences Relative to Repeat
19 AC017019 (R& C) v. AF140632 G/- 51 bp DS
ACO017019 v. AC006335 T/G 2bp US T/C 3bp DS
(Y-Homolog)
A/T 15 bp US C/T 52 bp DS
A/l- 17 bp US C/T 59 bp DS
A/C 34 bp US G/A 61 bp DS
Al- 47 bp US A/G 90 bp DS
T/A 50 bp US A/T 117 bp DS
T/C 54 bp US T/C 119bp DS
A/T 58 bp US T/C 120 bp DS
T/A 62 bp US
385 AC0022486 (R& C) v. AC007379 No differences
388 AC004810 v. AF140633 -IT 43 bp DS
3891/11 AC004617 (R& C) v. AF140634 | G/A pos4 of 389l repeat motif
392 ACO011745 (R& C) v. AF140638 No differences
393 AC006152 v. AF272856 No differences
ACO006152 v. AF133512 (X- | G/T 2bp DS of 3' end of Forward Primer
Homolog) CC/TT 3 end of Reverse Primer
460 AC009235 (R& C) v. G42675 -IT 84 bp US
391 AC011302 v. AF140637 No differences
AC011302v. T/C 9bp DS G/A 52 bp DS
AF055717 (X-Homolog)
G/A 12bp DS | C/A 67 bp DS
A/G 38bp DS | A/IG90bp DS
C/T 42bp DS | A/- 96 bp DS
G/A 45bp DS | A/G 153 bp DS
X-homolog missing 29 nucleotides
compared to DY S391
H4 AC011751 (R& C) v. G42676 No differences
YCAII AC015978 v. AC007241 (R& C) No differences
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GDB forward primer

CTATTCATTCAATCA TACACCCA STR repeat

> 1 2 3 4 5 6

TTCAATCA TACACCCATATCTGTC
DYS391 Y CTATTCATTCAATCA TACACCCATATCTGT CTGTCTGTCTATCTA TCTATCTATCTATCT
2 DYS391_X CTATTCATTCAATCA TACACCCATA----- ----=--nn-- TCTA TCTATCTATCTATCT

=

7 8 9 10 11
AT
1 DYS391_Y ATCTATCTATCTATC TATCTATCTGCCTAT TGCCTACCTA TCCCTCTAT
2 DYS391_X ATCTATCTATCTATC TATCTATCTGCCTAC| CTACCTG - ---- - - ----TCTAT

1 DYS391_Y T FCAAC AGATTTTATTCOCAG GAGATATTTGCGCTAT GICT TT
2 DYS391_X T AAC AGATTTTATTCOAAG GAGATATTTGCGCTAT GICT TT

Gusmao R2 primer (see Ref. [28])

1 DYS391_Y TTTTGGTITGICACAA ATGGGATGAATGITA CTGGCATCTGGIGGG TGGAGCC GATG
2 DYS391_X TTTTGGITGICACAA ATGGGATGAATGTTA CTGGCATCTGGTGGG TGGA GATG

1 DYS391_Y CTGCTCAACACCCTA CAGIGCACAAGACAG ACCCACCACAAAGAA TC
2 DYS391_X CTGCTCAACACCCTA CAGIGCACAGGACAG ACCCACCACAAAGAA TC

gTGTC TGGGTGGTGITTCTT AG

GDB reverse primer

Figure 4-3

Alignment of top strands from DY S391 X and Y homol ogous sequences

The'Y sequence comes from GenBank accession AC011302 while the X sequence isfrom AF055717. The X sequence is missing 29 nucleotides
(indicated by dashes) compared to the Y sequence for DY S391. Sequence differences between the X and Y homologs are boxed. The primers
indicated by the dotted arrows are the commonly used ones that are listed in the Genome Database (GDB). Taken from Butler et al.>*
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primers presented in this work target one sequence difference for the forward primer and
eleven sequence differences in the reverse primer to improve Y allele specific
amplification of DY S391.°3

The design of primers sets for DY S19 illustrated how the design process was
influenced by both the annealing characteristics of the previously published primer and
the discovery of a Y-homolog. Asit wasfor Y CAII, the predicted melting temperatures
of the original primers were not adequate for the set multiplex conditions. The
previously used DY S19 primer set, 5-CTACTGAGTTTC TGTTATAGT-3 and 5'-
ATGGCCATGTAG TGAGGACA-3, have a predicted melting temperature of 43.0 and
58.9 °C respectively. The new primers for DYS19, 5-AGGTATGAGATCAAATTGA
CTGTG-3 and 5 - TGAGGACAAGGAGTCCATCTG-3' have a predicted melting
temperature of 57.3 and 60.3 °C respectively. As stated in the multiplex design flow-
chart (Figure 4-1) these new primers were reblasted into GenBank in order to identify
possible regions of homology. No regions of homology except that of the reference
sequence ACO017019 were identified at that time. These primers were subsequently
ordered in FAM, quality controlled (as in material and methods) and incorporated into the
multiplex. These primers were not tested in a singleplex fashion. At the time it was felt
that since the primers were only homologous to the marker of interest (according to
GenBank) that singleplex testing was not needed.

Upon running the Y-STR 20plex with the newly designed DY S19 primers
originaly labeled in FAM generated a duplicate peak within the size range for FAM

labeled DY $437 amplicons.*'!  The resulting amplicon was not polymorphic in over 100
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Figure 4-4

GeneScan® Result Obtained for Three Male Samples Using Different DY S19 Primer Sets The top panel is
an overlay of three different male samples each with different DY S19 alleles that have been labeled with
6FAM (Blue). A non-specific peak was identified at 187.00 bp for each sample. The bottom panel isan
overlay of the same three male samples as in the top panel but aredesigned primer set was used in order to
make the primer set more DY S19 specific. The allelesin the bottom panel are labeled with NED (yellow).
The nonspecific peak is no longer evident. Each DY S19 amplicon is labeled with the number of repeats
present. The expected size ranges for each primer set are also given.

male samples tested and measured 187 bp. The size of this amplicon fell within the size
range of alees for DY $437 and may have had a negative effect on alele calling for

DY $437 (see Table 4-1). This non-specific amplicon for DY S19 is shown in Figure 4-4.
Figure 4-4 is an overlay of GeneScan result for three male samples that each have
different alleles for the DY S19 locus. The top panel shows the results of the primer set
used in the initial Y-STR 20plex. The datain thistop panel indicated the presence of a

non-specific amplicon that sized at approximately 187 bp. The bottom panel shows the
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GeneScan result for the new primer sets that were more specific to the DY S19 locus.
The non-specific amplicon, which was present in the top panel has been eliminated.

Aswas the case for DYS391, new primers for DY S19 were designed to exploit
sequence differences between the DY S19 locus and a newly discovered Y-homolog. The
sequence of the Y-homolog was discovered by performing a BLAST search using the
primer set responsible for the amplification of this nonspecific amplicon. The new
sequence contained within GenBank Accession number AC006335, not found in the
initial search, revealed that ailmost the entire flanking region of the original DY S19 locus
has been duplicated on a separate area of the Y chromosome. Both the initial and final
BLAST search using identical parameters including the same DNA sequence. The
sequences within Accessions AC017019 and AC006335 were both inputted into
GenBank approximately at the same time (December 1999). However, AC006335 was
overlooked during the initial search.

The DY S19 primers used in the final version of the Y-STR 20plex were carefully
selected to avoid this duplication. Figure 4-5, is an illustration of the sequence
alignment of AC017019 and AC006335. The DY S19 primersused inthe Y STR 20plex
contained a 4 base pair difference in the forward and a single base pair difference in the
reverse relative to the AC006335 sequence. The original primers labeled in 6FAM were
homologous to both AC017019 and AC006335. This new primer set labeled in NED is
more specific to the DY S19 locus than the pair originally designed (see Figure 4-4).

The identification of polymorphic binding sites within primer binding regions could be

illustrated by a close examination of the DY S460 locus. A BLAST search using a
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DYS19 Y  TCTAGIGA G TCACCAATAATTTTA TCTATGTAGGAAAAT TTTGACAAGCG
Y- honol og TCTAGTGA G TCACCAATAATTTTA TCTATGTAGGAAAAT TTTGACAACCG

DYS19_Y  GITCTTAACATTCTT TTCTTTTGAAGITTC ATATTTCAGICTAGG TATGAGATCAAATTGACTGIG
Y-honol og GITCTTAACATTCTT TTC GAAGITTC ATATTTCAGICTAGG TATGAGATCAAATTGACTGTG

ACTACTGA GITTCTGITATAGIG TT T>
DYS19_ Y  ATTATTTTTTGATTT CACTATGACTACTGA GITTCTGITA G|TITT|
Y-honol og ATTA TGATTT CACTATGACTACTGA GITTCTGATA G|OTTA

DYS19_Y  ATATATATA TA TATATATAGTGITAT [ATATATATAGT TAGATAGATAGATAG |
Y- honol og ATATATATA TA TATATATAGIGIT- ATATATAGIGIG] ---------------

DYS19_Y  (GTAGATAGATAGATA GATAGATAGATAGAT AGATAGATAGATAGA TAGA |TGI' GACAC

Y-horol 0g GTTTATA- === - ==« -s-cmmammcomam --- TATATATATATA TATA TACAGTGACAC

DYS19_Y  TCTCCTTAACOCAGA TGGACTCCTTGTCCT CACTACAT TG GTATTACT

Y- honol og TCTOCTTAACCCAGA TGGACTCCTTGTCOCT CACTACAT TG GTATTACT
<_ ______________________

DYS19_Y  OCTGGTGOCOCAGCC ACTATTTCCAGGTGC AGAGATTGACCAGCA GAGTCCTT

Y- honol og CCTGGTGOOCCAGCC Al CCAGGTGC AGAGATTGACCAGCA GAGTCCTT

Figure 4-5

Sequence Alignment of Top Strands from DY S19 and Y Homol og

The DY S19 sequence comes from GenBank® Accession number AC017019 while the Y homolog is
from AC006335. The Y homolog is missing 43 nucleotides indicated by dashes. The boxed sequence
contains the repeat motif for DY S19 (see Table 1-1). The polymorphisns between DY S19 and its Y
homolog are highlighted in red and boxed. The primers shown in green (dotted arrows) amplify both
regionsof theY chromosome. The primers shown in blue (solid arrows) are the ones used in

theY STR 20plex. These new DY S19 primers contain a4 base pair difference in the forward and asingle
base pair difference in the reverse relative to theA C006335 sequence to make them DY S19 specific.

previously published GATA A7.1 (DY $460) forward primer>’ indicated exact homology
within a sequence given in GenBank accession BAC Clone AC009235. A sequence
alignment was then performed using the Baylor College of Medicine (BCM) search
launcher located at http://searchlauncher.bcm.tmc.edu:9331/multi-align/multi- align.html,

comparing the Y-GATA-A7.1 sequence contained within BAC Clone AC009235 and the
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sequence G42675. Sequence G42675 also containsthe Y-GATA-A7.1 (DY $S460)
locuspreviously published GATA A7.1 (DY $460) forward primer®” indicated exact
homology within a sequence given in GenBank accession BAC Clone AC009235. A
sequence alignment was then performed using the Baylor College of Medicine (BCM)
search launcher located at http://searchlauncher.becm.tme.edu:9331/multi-align/multi-
align.html, comparing the Y-GATA-A7.1 sequence contained within BAC Clone
AC009235 and the sequence G42675. Sequence G42675 also contains the Y-GATA-
A7.1 (DY $460) locus and was first deposited into GenBank by White et al.>” Figure 4-6
shows the sequence alignment for sequences contained within AC009235 and G42675.
From this alignment any sequence differences between the two sequences were easily
determined. Inthe case of A7.1 (DY $460) thereisa T deletion (boxed sequence in
Figure 4-6) at position 29 for AC009235 that contains 10 AGAT repeats while the
sequence within G42675 has 11 AGAT repeats. The T deletion is at a point in the
sequence where the forward primer provided by White anneals. However, the T deletion
isin the middle of the primer and not at or near the 3’ end of the primer, so as to impact
the PCR amplification.

There have been cases were mutations at or near the 3' end of a primer have produced
little or extension during PCR. In one case an adlele 19 for the autosomal STR marker
VWA was present but failed to be amplified by a particular primer set. It was later
reported that the lack of amplification resulted from arare A-T nucleotide change in the
DNA template at the second base from the 3' end of the AmpFISTR® VWA forward

primer.1** The White et a.>” primers were not tested in this work, in order to see if the
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-=dk---5

AC009235 AAGAGCCCAAATT-GCCAAACTCTTTCCAAGAAGAATTATCTAGGAAAGTC

G42675 AAGAGCCCAAATT|T|GCCAAACTCTTTCCAAGAAGAATTATCTAGGAAAGTC

AC009235 AAGACAGTAGCAAGCACAAGAATACCAGAGGAATCTGACACCTCTGACATA

G42675 AAGACAGTAGCAAGCACAAGAATACCAGAGGAATCTGACACCTCTGACATA

ACO009235 GATAGATAGATAGATAGATAGATAGATAGATAGATAGATA|-------- ATAGAC

G42675 GATAGATAGATAGATAGATAGATAGATAGATAGATAGATAGATAATAGAC

4__________

AC009235 AAATACATAATAAATGATAGGCAGAGGATAGATGATATGGATAGACAGATA

G42675 AAATACATAATAAATGATAGGCAGAGGATAGATGATATGGATAGACAGATA

Figure 4-6

Sequence Alignment of the Top Strand from Y STR marker GATA A7.1 (DY $460)

The top strands of the sequences from GenBank® accession numbers AC009235 (10 GATA repeats) and
G42675 (11 GATA repeats) were aligned. An extra“T” was observed in (42675 (see the boxed region).
The dotted line arrows represent the primers from the original reference describing this marker.®” The

b03<2ed areas represent differences in sequence between the sequences. |llustration taken from Schoske et
a.

presence of this T deletion in a sample could result in the lack of amplification. This
polymorphism was presented as an illustration of how to avoid these sites altogether, and
thus eliminate the need to empirically test primers that may be binding to sites where
polymorphisms have been known to be reported.

Fourth, if necessary, primers were redesigned to avoid excessive regions of

complementarity between primers. Primer complementarity should be avoided to prevent



