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ABSTRACT

VALIDATION OF CYTOCHROME B PRIMERS FOR FORENSIC SPECIES

DIFFERENTIATION

By

Sherri Lindamarie Freeman

The mitochondrial DNA section ofthe Armed Forces DNA Identification

Laboratory (AFDIL) is primarily responsible for the analysis and characterization of

ancient remains received from the Central Identification Laboratory in Hawaii. The

specimens received by the mitochondrial DNA analysts have been exposed to varied

environmental conditions and can be between 40—60 years old. At times, specimens are

so small or degraded that they cannot be anthropologically distinguished as human or

non-human. This becomes an issue when the degraded nature ofthe DNA and human

specificity ofthe control region primers used by the scientists prevents determination of

the cause(s) ofamplification failure.

This thesis is a validation study that was undertaken to provide a procedure for

species identification by amplification, sequencing, and either BLAST or phylogenetic

comparison to identify species. The mitochondrial cytochrome b gene was chosen

because of its known success for species differentiation and the existence ofoptimized

universal primer sequences. Validation of the technique involved amplification

optimization, sensitivity and specificity studies, comparison of identification methods,

and mixture analysis.
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INTRODUCTIQN

The use ofDNA in forensic analysis has advanced steadily over the past two

decades with the introduction of newer, faster, more reliable methods to aid in criminal

investigations. Current DNA methodologies are constantly re-evaluated to find ways to

enhance such aspects as their associated instrumentation, their robustness, and their

accuracy. Continued improvements to DNA methodologies are necessary to aid in

correctly identifying perpetrators in rape cases, fathers in paternity cases, remains from

homicide and missing persons cases, and trace biological material associated with various

crime scenes.

One area that has been continually targeted for improvement is species

differentiation, which is most often used in wildlife forensic cases. In this context, the

field has evolved from the use ofprotein-based differentiation methods to polymerase

chain reaction (PCR) based short tandem repeat (STR) and mitochondrial DNA (mtDNA)

assays for individual species identification. Given the need for species determination of

trace biological remains in human criminal cases, over the past decade forensic scientists

have begun to draw upon, enhance, and validate wildlife forensic species differentiation

techniques. For example, in cases where a criminal enters a person’s home, hairs from

the victim’s pet cat or dog may be available to link a suspect to the crime. An example is

the MeowPlex, a system that allows identification ofthe source ofcat hair using felid-

specific nuclear STR markers (Butler et al. 2002). The MeowPlex uses 11 STR markers

chosen based on analysis in 37 different breeds of cat common to the United States. It is

different from other species identification techniques currently in use because it is not

only species-specific but also helps match the hairs to a particular cat (depending upon



the breed) in much the same way human identity testing using STR markers enables

unique identification ofhuman DNA specimens (Butler et al. 2002). Although the

MeowPlex may only work on certain breeds and has yet to attain the identity statistics

achievable with human STR kits, it has laid the foundation for the development of

improved cat STR testing kits and kits for other common domestic animals (Butler et al.

2002).

The MeowPlex is one ofthe most recent developments in an ongoing effort to

improve the efficiency and effectiveness ofDNA-based species identification methods

that commenced in the late 803 and early 90s, after PCR was introduced into forensics

laboratories. Advancements associated with these efforts include improvements in

testing kits, reagents, equipment, and the instrumentation associated with DNA

extraction, amplification, sequencing, and analysis. These methods have helped bring

mtDNA analysis to the forefi'ont in the quest for improved species differentiation

procedures.

The improvements in extraction and amplification methods coupled with the

apparent resiliency ofmtDNA allow for mtDNA to be isolated from highly degraded

remains even when nuclear DNA testing techniques have failed (Holland et al. 1993).

Scientists have yet to determine the exact reason why mtDNA can be obtained fi'om

highly degraded material, but three theories have been presented. The first is based on

the fact that cells typically have between 900 and 1300 mtDNA molecules compared to

the single copy nuclear genome (Bogenhagen and Clayton 1974, Moraes et al. 1999,

reviewed by Schefiler 1999, Veltri et al. 1990). The second is that the double-stranded,

closed, circular nature ofthe mtDNA allows it to withstand environmental and cellular



agents that degrade nuclear DNA The third is that mtDNA is protected within the

mitochondrion, whose membrane may be much more resilient than the nuclear

membrane.

The Mitochondrion: Structure and Function

Mitochondria are thought to have arisen fiom small, rod-shaped eubacteria that

survived in a symbiotic relationship with anaerobic, unicellular eukaryotes that engulfed

the eubacteria and utilized their aerobic respiratory capabilities. Scientists speculate that

the eubacteria were eventually incorporated into the cell where they retained their

respiratory capabilities but lost their ability to fimction independently (reviewed by

Scheffler 1999). These eubacteria became the ancestral version ofthe present day

mitochondrion. As the mitochondria evolved, a portion oftheir DNA was retained and is

now the mitochondrial genome while the remainder ofthe eubacteria] DNA was either

eliminated or exported to the nucleus, (reviewed by Shade] and Clayton 1997).

Eventually, the respiratory capabilities provided by the mitochondria] and nuclear-

encoded proteins gave rise to the oxidative phosphorylation pathway, which provides

cells with the energy needed to survive. Many key proteins ofthis pathway are encoded

by the portion ofthe eubacteria] DNA that evolved into the mtDNA genome, with several

ofthe essential accessory proteins supplied by the eubacteria] genes that were

incorporated into the nuclear genome. The cellular respiration pathways are well

conserved among most organisms and produce adenosine triphosphate (ATP), which acts

as an energy carrier or transporter that: (i) drives the firnctional processes ofthe

mitochondrion as well as other cellular organelles, (ii) provides enough energy to drive

specific bodily functions (e.g., muscle contraction and sperm motility), and (iii) maintains



the body temperature ofwarm-blooded organisms (reviewed by: Alberts 2002, Lewin

1998, Schefiler 1999). For a more comprehensive review ofthe firnctions ofthe

mitochondrial genome, refer to Lewin (1998) and Scheffler (1999).

Although the respiratory firnctions ofthe nritochondrion are highly conserved

between vertebrates and invertebrates, their genome sizes and gene orders are not, even

though they encode many ofthe same basic structures (e.g., tRNAs, rRNAs, cytochrome

oxidases, etc.; Roe et al. 1985, reviewed by Scheffler 1999). The mitochondrial genomes

of invertebrates are structured much like mammalian nuclear genomes, having numerous

introns (some transposable) and noncoding regions, making their genomes larger and

more complex than vertebrate mtDNA genomes (Nobrega and Tzagoloff 1980, review by

Scheffler 1999).

Vertebrate mitochondria] genomes, on the other hand, are smaller, and the

majority ofthe DNA codes for proteins. For example, the human mitochondrial genome

is 16,569 nucleotides in length and all but the 1122 nucleotides ofthe control region is

coding (Figure 1) (Anderson et al. 1981, reviewed by Alberts et al. 2002, Schefiler 1999).

Although the mtDNA control region does not encode any proteins, it does contain two

transcriptional promoters, the light strand promoter (LSP) and the heavy strand promoter

(HSP), as well as the heavy strand origin of replication (Anderson et al. 1981, reviewed

by Scheffler 1999, Shade] and Clayton 1997). The light strand origin ofreplication on

the other hand is located near the Cox I gene (Figure l). Replication commencing from

the heavy strand origin of replication is especially notable because ofthe possible

formation ofa D-Ioop, which arises from a newly synthesized heavy strand segment and

the original heavy strand template (Amberg et a]. 1971, Chang and Clayton 1985,



reviewed by Alberts 2002, Scheffler 1999, Shade] and Clayton 1997). The control region

is ofgreat interest for evolutionary studies because it has a high rate of mutation

(Stoneking et a]. 1991). The region is also useful for species differentiation because the

high rate of intraspecies variation can be combined with the lower rate ofmutation ofthe

adjacent cyt b region (discussed below) and adjacent tRNA genes.

The control region also contains two hypervariable regions (HVI and HVII) and

two variable regions (VRI and VRII) (Figure 1). Although certain segments in the HV

regions are highly conserved (e.g. - conserved sequence blocks and the RNAse MRP

cleaving site), overall both HV regions and VRs exhibit a higher degree of sequence

substitutions among species and non-maternally related individuals than is observed

within the mitochondrial genome as a whole (Grzybowski 2000, Meyer et al. 1999,

Parsons et al. 1997). Taking into account both the mutation rate within the control region

and the mutation rate ofthe rest ofthe genome, the mitochondrial genome mutates at

approximately 3.4 x 10'7 bases per generation, or about ten times the rate for the coding

regions of nuclear DNA (Brown et al. 1979, Jobling et a]. 2004). MtDNA’s higher

mutation rate in conjunction with its maternal (unilateral) inheritance makes it a prime

candidate for delving into evolutionary events. The high mutation rate is beneficial

because even the most conserved mitochondrial genes have sufficient sequence

differences to allow evolutionary changes to be easily identified (Honeycutt et al. 1995,

Ingrnan et a]. 2000, Irwin et a]. 1991, Johns and Avise 1998). The unilateral inheritance

ofmtDNA is advantageous because heterozygosity is not a factor when conducting

sequencing studies, making mutations easier to follow from generation



Figure l. The Mammalian Mitochondrial Genome. The variable regions are indicated

in dark gray (hypervariable regions) and light gray (variable regions). Note the positions

ofthe transcription promoters (PH, PL) and the heavy strand origin of replication (0“)

within the control region and the position ofthe cytochrome b gene immediately adjacent

to the threonine tRNA gene (THR) to the right ofthe control region. Also, note the

position ofthe light strand origin of replication (0],) on the opposite side ofthe genome.

Figure fi'om Lehtonen 2002.
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to generation (Giles et a]. 1980, Hutchison et al. 1974).

MtDNA fig Species Differentiation in Forensics

Current mtDNA testing techniques for human identification use human specific

primers to amplify and sequence the HVI and H regions and the VR regions when needed

(Sullivan et al. 1992, Wilson et al. 1993 and 1995). The derived sequences are then

compared to the Cambridge reference sequence (modified fi'om Anderson et a]. 1981) to

identify any variations from the Cambridge reference. The identified variations

determine an individual’s haplotype, which can then be compared to a direct reference

fi'om the individual or from a sibling or other matema] relative to see ifthey match

(Holland et a]. 1993, Wilson et a]. 1993 and 1995, reviewed by Holland and Parsons

1999)

At times, the human specific primers fail to amplify the extracted DNA, which

may occur because the extract contains PCR inhibitors, highly degraded DNA, low copy

number, or because a non-human template was used (Holland et a]. 1993). To overcome

PCR inhibition, the DNA template is usually diluted and amplified with an increased

volume ofTaq DNA polymerase or re-cleaned through firrther organic extraction or by

using purification columns. In instances where the DNA is highly degraded, an increased

volume of extract may be amplified with the original primers using more PCR cycles, or

the extract may be amplified with primers targeting a shorter sequence segment.

Increases in cycle number and/or volume of extract are also utilized when low copy

number is encountered. However, ifamplification was unsuccessful because a non-

human template was used, most DNA forensic laboratories waste valuable time and

resources attempting to pinpoint the problem because they do not have a validated



method for identifying the species. Therefore, the development ofan eflicient species

identification procedure could save time and resources for forensic DNA laboratories by

helping to elucidate the reason(s) for unsuccessful amplification ofremains.

Original wildlife forensic species differentiation based on molecular methods

included protein-based assays such as western blotting, enzyme-linked immunosorbent

assays (ELISAs), and high performance liquid chromatography (HPLC) analysis.

Although effective, these methods had inherent flaws because they often required larger

sample volumes than could be obtained fiom degraded remains and were sensitive to

protein degradation issues (Espinoza et a]. 1996, Kang et a]. 2003, Sarkioja et al. 1988).

Another disadvantage was that antibodies from closely related species could cross-react,

making accurate species interpretation difficult (Iwasa 1982). To address degradation

and cross-reactivity issues, DNA based tests, such as restriction fragment length

polymorphism (RFLP) analysis, were developed for species identification. RFLP, one of

the earliest DNA techniques used in forensic identification (Cronin et al. 1991, Blackett

and Keim 1992, Guglich et a]. 1994), utilized one or more restriction enzymes to cut

DNA at certain sites within a sequence. Though effective, the procedure requires a good

deal oftime and large amounts ofblood or tissue to obtain sufficient amounts ofDNA for

testing (Blackett and Keim 1992, Cronin et a]. 1991, Guglich et a]. 1994). Other

challenges include the generation of identical banding patterns with different species or

generation of different banding patterns because of heterozygosity in one individual

(Guglich et a]. 1994).

When identical banding patterns or heterozygosity are encountered, they can only

be addressed by performing RFLP analysis with additional restriction enzymes or by



analyzing a different DNA segment (Blackett and Keim 1992, Guglich et al. 1994). The

nwd for additional restriction data also becomes a problem because ofthe large amount

oftime required for development ofdatabase reference samples for each enzyme

(Blackett and Keim 1992, Cronin et a]. 1991, Foran et al. 1997b, Guglich et a]. 1994,

Meyer et a]. 1995). For example, both Cronin et a]. (1991) and Blackett and Keim (1992)

had to use additional restriction enzymes to distinguish among deer species when

identical banding patterns were obtained after the initial digestion. Even after restriction

digestion ofmtDNA with several enzymes, indistinguishable banding patterns were

present for some closely related species (Cronin et a]. 1991). When this occurred,

immunological assays or assessment ofother genetic markers was required for

differentiation ofdeer species, including analyses ofa serum albumin marker. Once

again, though effective, the time needed to conduct additional studies was a factor.

Many ofthe constraints seen with protein-based species determination were

eliminated with the introduction ofPCR into DNA forensics, including some RFLP-

based methods. Use ofPCR for species identification can be applied to either mtDNA or

nuclear DNA (Foran et al. 1997a and b, Kocher et a]. 1989, Naito et a]. 1992, Ono et a].

2001, Parson et a]. 2000, and Rajapaksha et al. 2002). Though there are multiple DNA

regions in both the nuclear and mitochondrial genomes that can be used for species

identification, only two ofthe most commonly used mtDNA segments, the cyt b gene and

the control region, will be discussed here. In some instances the control region has been

used in conjunction with cyt b for species identification (Bellis et a]. 2003, Foran et al.

1997a and b). Foran et al. (1997a and b) used universal vertebrate primers to identify the

species ofDNA extracted from hair, scat, and other tissues (blood, ear clip, etc.) fi'om 14

10



North American carnivore species. These primers amplify an approximately 600 bp

region ofthe control region and the 5’ end ofthe cyt b gene fiom as little as 0.01 p] of

extracted DNA using 35 amplification cycles. Agarose gel band sizes were used for

initial species differentiation, and RFLP analysis was used for identification ofthose

species that could not be distinguished by agarose gel banding sizes alone. However, in

addition to previously mentioned drawbacks, the size (~600 bp) ofthe target region may

prevent complete amplification in cases ofDNA degradation.

For degraded specimens where vertebrate specific primers targeting a combined

cyt b and D-loop region were ineffective, vertebrate primers that amplified a 300 to 500

bp region of cyt b were developed (Kocher et al. 1989, Rajapaksha et a]. 2002, Wetton et

a]. 2002). The role of cyt b as one ofthe essential proteins involved in Complex 111 ofthe

electron transport chain was beneficial because it results in sequence length conservation

among vertebrates (Bose et a]. 2003, Kocher et al. 1989, reviewed by Scheffler 1999). In

contrast, other vertebrate mitochondrial genes, such as ATPase 6, vary in length (Bose et

a]. 2003, reviewed by Scheffler 1999). In addition, the cyt b gene, like the control region,

inherently possesses the beneficial qualities ofmtDNA including high copy number, high

mutation rate, maternal inheritance, etc. Furthermore, the numerous applications and

studies documented through the literature provide an excellent practical foundation for

why the cyt b gene has been targeted as a successfir] candidate for species differentiation

(Bartlett and Davidson 1992, Irwin et al. 1991, Kocher et al. 1989, Parson et a]. 2000,

Schefiler 1999).

One ofthe earliest sets ofuniversal cyt b primers was developed by Kocher et al.

(1989). These authors analyzed published cyt b gene sequences ofcow, human, fly and

11



fi'og to identify conserved regions. From these, a set ofuniversal primers (L14841,

H15149, based on the numbering ofthe human mitochondrial genome) was developed

that would amplify approximately 348 bp (including primer sequences) ofthe 5’_ end of

the vertebrate cyt b gene. One potential drawback ofuniversal primers is that there may

be amplification efficiency problems when analyzing vertebrate samples that have

sequence differences within the primer binding site. However, since 1989, modified

versions ofKocher et al.’s (1989) primers have been used in a number of species

identification studies, including those ofBranicki et al. (2003), Hsieh et a]. (2003), and

Parson et a]. (2000). Parson et al.(2000) performed a validation using primers with 9

bases removed from the 5’ ends ofKocher et al.’s (1989) original forward and reverse

primers. With these modified primers, the authors were able to amplify DNA from the

44 vertebrate species tested, including problematic specimens such as hair bristles and

bone extracts, using 30 or 35 PCR cycles. The amplified specimens were identified by

phylogenetic comparison, which involves the comparison of specific characteristics, or

character states, to determine evolutionary relationships among organisms based on

similarities or differences. For DNA comparison, the character state is the DNA

sequence for a specific segment under study.

Parson et al. (2000) used the basic alignment search tool (BLAST), discussed in

detail below, for their phylogenetic analyses. The same set ofprimers were used in a

BLAST based study by Branicki et al. (2003). Using 32 or 36 amplification cycles

(depending on the tissue), the group was able to achieve a sensitivity of 5 pg total DNA

and could identify all but three ofthirty-four vertebrate species with BLAST.

Hsieh et al. (2001 and 2003) used Kocher et al.’s (1989) reverse primer with Irwin

12



et al.’s (1991) forward primer to amplify a 402 bp segment ofthe cytochrome b gene,

which was used and for phylogenetic comparison of several species ofrhinoceros with

Holstein cow and to identify unknown samples. This set ofprimers was used after

amplification ofthe firl] ~1100 bp cyt b gene failed to produce a product. Likewise,

species specific cyt b primers have been used to detect the presence ofprotected or

endangered animal matter in processed or powdered samples when investigating

poaching and illegal trade practices (Meyer et a]. 1995; Wan and Fang 2003, Wetton et

a]. 2002). Wan and Fang (2003) developed a set oftiger specific cyt b primers for

regulation ofthe sale oftiger meat. These primers were successfirlly used to amplify and

identify a single hair as well as dried skin and a specimen ofdecayed meat. Wetton et a].

(2002) developed a different set oftiger specific cyt b primers to determine whether the

animal matter in traditional Chinese medicines was from an endangered tiger species.

The specimens presented a challenge because the animal bone had been boiled and

powdered. The successes ofthese and other studies demonstrate that cyt b primers are

effective for low copy number and/or degraded DNA specimens and that phylogenetic

analysis is an effective tool for species determination using the cyt b gene.

Analyses used for identification of vertebrate remains that have been amplified

and sequenced using cyt b primers may be based on two techniques: BLAST searches

(http://wwwncbi.nlm.nih.gov/BLAST/) or phylogenetic tree generation (Branicki et al.

2003, Honeycutt et a]. 1995, Irwin et al. 1991, Parson et a]. 2000). Both methods

compare unknown and known sequences to determine the degree ofdivergence. BLAST

is an internet-based program that compares an unknown sequence to known sequences

and attempts to find the best matches. A non-redundant BLAST search, which filters out

13



identical sequences so these matches are not included, is performed and results are

organized as a list ofthe top 100 comparisons (“hits”), arranged by degree of similarity.

Included in the list are the species of origin, the gene identified, and information about

sequence similarity. These include the ‘bit score,’ which is a value that indicates how

similar two sequences are based on a pairwise comparison. The bit score, which is

adjusted to take into account any gaps in the sequence alignment, increases with the

similarity ofthe sequences and is used to calculate the ‘e-value’, which measures the

likelihood ofthe sequence similarity being a result ofchance as opposed to being a “r

match (Altschul et al. 1990, Hall 2001). E-values range between 0.0 and 1.0 with 0.0

corresponding to an exact match, therefore, the lower the number, the more confident one

can be in a match.

Phylogenetic tree generation uses specific algorithms to compare sequences and

generate the most likely evolutionary arrangement ofa given set of species based on

differences among the compared sequences. One requirement oftree generation is

correct sequence alignment. Two programs that can be used for sequence alignment are

Sequencher (by Genecodes) and MacClade (Maddison and Maddison 2000), but only

Sequencher allows for the visualization ofelectropherograms for base editing. Edited

and aligned sequences can be exported out of Sequencher in a compatible format for

viewing in MacClade, where they are translated into amino acid codons. This can

facilitate a more accurate alignment ofthe sequences because any gaps in the nucleotide

sequences are adjusted based on the proper protein alignment. The realigned nucleotide

sequences are transported into the Phylogenetic Analysis Using Parsimony program

(PAUP), which presents several user—defined options for tree generation (Swofi‘ord

14



1998). One can choose what algorithm or method to use, whether to root the tree, and

whether to perform a bootstrap evaluation after the tree has been generated. Trees can be

generated using either tree-searching or distance-based methods, the former having

higher discrimination capabilities but requiring more time, sometimes hours to days

depending on the search (Hall 2001, Huelsenbeck et a]. 1995, Maddison 2000, Takahashi

et a]. 2000). Therefore, in the interests oftime and in consideration ofthe overall goals

ofthis validation study, the distance-based neighborjoining method was chosen. This

method begins with an unresolved (unorganized) group ofsequences and gradually builds

a single tree by pairing each sequence with another sequence such that the smallest sum

ofbranch lengths is achieved (reviewed by Hall 2001). The neighbor joining method is

algorithmic and determines relationships based on calculation ofdistances (number of

sequence differences) to each branchpoint or node. A separate algorithm, Jukes-Cantor,

is used to calculate these distances. Jukes-Cantor uses the minimum number of

differences or minimum evolution principle, which is based on the concept that the end

product would have been produced using the least number ofnucleotide base changes

(Takahashi and Nei 2000). The neighbor-joining method using Jukes Cantor is able to

generate trees with at least 90% accuracy depending on the lengths ofthe branches

(Kumar and Gadagkar 2000), though tree-searching methods can potentially be applied to

the data for further discrimination capabilities (Hillis et a]. 1994, Huelsenbeck 1995,

Takahashi and Nei 2000, reviewed by Hall 2001).

In addition to choosing how to generate a tree, one must decide whether to

generate unrooted or rooted trees. Unrooted trees branch out from a central point, thus

giving a circular tree with no particular species acting as the beginning branchpoint.

15



Rooted trees, on the other hand, use a specific species as an outgroup from which all

other clades (branch groupings) will stem; the chosen species is usually one that should

only have a distant relationship to the potential species ofunknown specimens and would

not be grouped with any ofthe other species in the tree (Maddison 2000, reviewed by

Hall 2001). For example, ifgenerating a tree to determine the evolutionary relationships

among all species ofturtles, one rrright use a different reptile, such as a snake sequence,

as the outgroup.

Finally, whereas BLAST uses e-values to determine confidence, PAUP allows for

a bootstrap calculation after the tree is generated, which provides estimates ofthe

confidence ofthe placement ofeach species in a tree by assigning individual bootstrap

percentages to each branch ofthe tree. The bootstrap analysis chooses random trees out

of all possible trees and conducts a resampling ofa user-specified number ofthese trees

(default =100) to determine how many have the same placement for the nodes or

branchpoints. The more often a node appears in the same position among all ofthe trees,

the higher its bootstrap value, or confidence level, will be.

Validation ofthrome b for AFDIL

Scientists at the Armed Forces DNA Identification Laboratory (AFDIL) chose to

validate Parson et al.’s (2000) universal cyt b primers for species identification. AFDIL’s

primary mission is to aid the Central Identification Laboratory in Hawaii (CILHI) with

the identification of human skeletal remains recovered from World War II, the Korean

War, and the Vietnam conflicts. As the time span between wars and the recovery of

remains increases so does the level of skeletal degradation. This can increase DNA

amplification failure when dealing with small pieces ofbone or highly degraded skeletal

16



remains that cannot be distinguished as human based on physical characteristics.

Currently, AFDIL amplifies HVI (nt 15989-16410) and HVII (nt 15-389) regions with

either four human specific primer sets for relatively intact mtDNA genomes or 8 human

specific mini-primer sets for highly degraded or inhibited samples. When amplifications

are successful, the product is sequenced, and the results are compared to known reference

samples. However, valuable time and resources are wasted with additional

troubleshooting efforts that attempt to control for inhibition, degradation, and low copy

number when the extract is non-human. In these instances, a validated set ofvertebrate

specific primers that amplify a small, variable region among species, such as the cyt b

gene described above, would be helpfirl for targeting causes ofamplification failure.

The study described here builds upon a preliminary study conducted at AFDIL in

2000, during the course ofwhich two George Washington University graduate students

amplified 5 pg or more ofvertebrate DNA using Kocher et al.’s (1989) PCR parameters

and Parson et al.’s (2000) vertebrae cyt b primers (unpublished results). The current

validation addressed several factors for use ofthe cyt b primers, including: (1)

optimization ofamplification conditions, which involved determination ofthe limit of

detection and evaluation of effects of cycle number and annealing time increases, (2)

vertebrate specificity ofthe primers, (3) sequence consistency among species when using

the primers in terms of sequence length and quality, (4) species determination capabilities

comparing two different methods, and (5) determination of mixture detection levels. The

goal ofthe validation was to formulate a procedure for amplification and identification of

DNA fi'om skeletal remains for non-human/human classification using as little as ] pg of

input DNA for amplification.
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MATERIALS AND METHODS

Genomic DNA

Whole bloodstains on FTA® cards were obtained fi'om the College ofAgriculture

and Natural Resources of the University ofDelaware for domestic cat (Felis cams),

domestic dog (Canisfamiliaris), domestic sheep (Ovis aries), and domestic horse (Equus

caballus). Genomic DNA extracts at known concentrations from alligator (Alligator

mississippiensis), domestic cow (Bos taurus), gorilla (Gorilla gorilla), European rabbit

(Oryctolagus cuniculus), and yeast (Saccharomyces cerevisiae), and an unknown

concentration ofbrown kiwi DNA (Apteryx australis mantelli), were provided by Dr.

Tom Parsons ofAFDIL. All DNA extracts were stored at -20°C.

DNA extracts from bacteria, chicken, clam, fruit fly, lobster, marmoset,

nematode, pig, and sea urchin (specific species unknown) were purchased from BIOS

Laboratories at a concentration of 50 ng/ul and were stored at 4°C. Human genomic

DNA fiom an AFDIL scientist [DAL] was organically extracted, quantified, diluted to 20

pg/ul, and stored at —20°C. This was used as the human positive control for all

amplification procedures.

gnochrome b Primers Sflthesis

Cytochrome b primer sequences were identical to those used by Parson et a].

(2000) and were: Cytb F (forward) 5’-CCATCCAACATCTCAGCATGATGAAA-3’ and

Cytb R (reverse) 5’-CCCCTCAGAATGATATTTGTCCTCA-3’. These primers are

vertebrate specific and amplify an approximately 307 base pair segment from the 5’ end

ofcytochrome b (Branicki et a]. 2003, Irwin et a]. 1989, Kocher et al. 1989, Parson et al.

2000). Synthesis was performed at AFDIL using the column-based phosphorarnidite

l8



method (Caruthers et al. 1983). Synthesized primers were removed from the synthesis

column by the addition of 15uM ammonium hydroxide and collected into 2 ml collection

vials. The collection vials were then placed in a 55°C oven for 8 hours to cleave

protecting groups. This solution was distributed into eight 1.7 ml microcentrifuge tubes

and dried under vacuum at 50°C for approximately 75 minutes. The primers were

reconstituted by adding 300 u] of lOmM Tris, 0.1mM EDTA (TLE) to the first tube,

pipetting to resuspend the DNA, and transferring the solution to subsequent tubes. For

quantification, the primers were diluted 1:500 in TLE, and an A260 reading was taken

using a spectrophotometer. The primers were diluted to 10 uM and distributed into 1.7

ml microcentrifuge tubes for storage at -20°C.

Amalification thimizatiou

To test for the presence ofcontaminating DNA that may have been introduced

during primer synthesis, 50 u] amplification reactions were set up in 0.2 mL eppendorf

tubes following the AFDIL Quality Control protocol: negative control 1, negative control

2, negative control 3, positive A (10pg), positive B (10pg), negative control 4, negative

control 5. The PCR master mix contained 5 u] ofGeneAmp 10X PCR Buffer (500mM

KC], 100mM Tris-HCI, pH 8.3; 1.5mM MgClz and 0.01% (w/v) gelatin), 4 u] of2.5mM

dNTPs, 2 u] of 0.625 rig/u] BSA, 2 u] each of 10 uM forward and reverse primers (cytb

F and cytb R), 2.5 rt] of 5 U/ul AmpliTaq Gold DNA polymerase, and sterile deO to a

final 40 [.11 volume. The buffer, dNTPs, BSA, and water were added to the master mix

first, and the solution was sterilized by UN irradiation for 20 minutes. The remaining

reagents (primers and AmpliTaq Gold) were added, and 40 u] ofthe master mix were

transferred to each reaction tube followed either by 10 u] of l pg/u] DAL DNA for the
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positive or 10 u] water for the negative reactions. Thirty cycle amplifications were

initially performed using two different PCR programs (cyto 1 and cyto 2) in a Perkin

Elmer 9700 Thermal Cycler utilizing the 9600 ramp speed (Table l).

Amplification results were evaluated using a 2% agarose gel [1.2 g agarose and

60 m] 1X TBE Buffer (89mM Tris HC], pH 8.3; 89mM boric acid; 2mM EDTA)]

containing 3 u] of 5 mg/m] ethidium bromide. Five microliters ofeach reaction were

added to l u] of 10X agarose gel loading buffer (50% glycerol, 1.5 mM bromophenol

blue, 100 mM EDTA) and loaded onto the gel between two 123-bp ladders. The gel was

electrophoresed at 160—170 V for approximately 12 minutes, visualized on an ultraviolet

transillunrinator, and photographed. Amplicons were evaluated for band intensity and for

the correct size by comparing them to the 123-bp ladder fragments.

The sensitivity ofthe amplification was evaluated at 100 pg, 10 pg, and 1 pg of

genomic control DNA [DAL (20 pg/ul stock solution)] and included a negative control as

the first and last amplification sample. The stock DAL was diluted for the 10 pg and 1 pg

reactions such that 5 pl ofthe dilution were added to each reaction. Amplifications were

performed first using both cyto l and cyto 2 programs at 38 cycles, second with cyto 2 at

38 cycles with 10 seconds added to the annealing time, and third with cyto 2 using 42

cycles. During the 38 cycle amplifications, a portion ofHVI (nucleotides 16190—16410

amplified by primer set 2) fiom DAL was used as a positive amplification control. The

amplification reagent volumes and arnplicon visualization were as described above. All

subsequent amplifications were performed using the cyto 2-42 cycle program. The 1 pg,

10 pg, and 100 pg amplification products were each purified and sequenced as described

in the sequencing section below to demonstrate that human DNA was amplified.
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Table l. Cyto 1 versus cyto 2. The cyto 1 and cyto 2 programs differ in the times

designated for each ofthe cycle steps: denaturation, annealing, and extension. This table

gives a side-by-side comparison ofthe differences between the programs.

 

A. cyto 1 parameters B. cyto 2 parameters
 

Initial denaturation: 96°C - 10 minutes 95°C - 10 minutes
 

 

 

 

30 cycles of:

denaturation 94°C - 1 minute 94°C - 30 seconds

annealing 50°C - 1 minute 50°C - 45 seconds

extension 72°C - 1 minute 72°C - 45 seconds
 

Final extension 72°C - 7 minutes 72°C - 7 minutes
  Soak  4°C-co  4°C -oo
 

2]

 



Database Development

A database of94 vertebrate cyt b sequences were compiled from GenBank via the

NCBI website (Table 2), including the 14 species for which DNA was amplified and

sequenced during the course of this validation. All sequences were copied into

Sequencher 4.1.1b and aligned. The aligned sequences were exported as a Nexus file for

comparison using MacClade software, and phylogenetic trees were generated using

PAUP software.

Chelex Extraction

Three 1/8” diameter punches from the FTA® card ofeach species (domestic cat,

domestic dog, domestic sheep, domestic horse) were deposited into 1.7 ml microfuge

tubes containing 1 ml UN irradiated, de-ionized water. The FTA® cards were then

vacuum-sealed in envelopes containing desiccant and stored in a -20°C freezer. Samples

were vortexed and allowed to incubate for one hour. The samples were centrifuged for 3

minutes at 15,000 rpm, and all but 30 u] ofthe supernatant was discarded; then 170 u] of

a 5% Chelex® solution (w/v) were added to each sample. The samples were incubated

for one hour at 55°C, vortexed for 10 seconds, incubated in a boiling water bath for 8

minutes, and vortexed for 10 seconds. The Chelex® resin and blood punch were pelleted

at 15,000 rpm for 3 minutes, and the samples were stored at 4°C.

Swiss Differentiation

DNAs from alligator, chicken, domestic cow, gorilla, marmoset, house mouse,

pig, and European rabbit were serially diluted so that stocks yielded a total ofeither 0.1

pg/ul or 1 pg/p], respectively. Ten p] ofeach diluted DNA were amplified using the cyt

b primers as described above. Brown kiwi was amplified using 5 u] ofthe original

22



Table 2. Database Classification Table. Includes the class, order, family, common and

species names, and GenBank Accession numbers ofthe 95 GenBank sequences.

Common names in bold designate species that were also tested during the course of this

study.

23



24

 

C
o
m
m
o
n
N
a
m
e

T
r
o
u
t
,
R
a
i
n
b
o
w

C
l
a
s
s

O
r
d
e
r

F
a
m
i
l

G
e
n
B
a
n
k
A
c
c
e
s
s
i
o
n
#

 

 O
n
c
o
r
h
y
n
c
h
u
s
m
y
k
i
s
s

A
c
t
i
n
o
p
t
e
r
y
g
i
i

S
a
l
m
o
n
i
f
o
r
m
e
s

S
a
l
m
o
n
i
d
a
e

L
2
9
7
7
]
 

F
r
o
g
,
B
u
l
l

I
R
a
n
a
c
a
t
e
s
b
e
i
a
n
a

A
m
p
h
i
b
i
a

A
n
u
r
a

.
R
a
n
i
d
a
e

A
F
2
0
5
0
8
9
 

F
r
o
g
,
W
r
i
n
k
l
e
d

R
a
n
a
r
u
g
o
s
a

A
m
p
h
i
b
i
a

A
n
u
r
a

R
a
n
i
d
a
e

A
F
2
0
5
0
9
2
 

S
a
l
a
m
a
n
d
e
r
,
L
u
s
c
h
a
n
'
s

M
e
r
t
e
n
s
i
e
l
l
a
l
u
s
c
h
a
n
i

A
m
p
h
i
b
i
a

C
a
u
d
a
t
a

S
a
l
a
r
n
a
n
d
r
i
d
a
e

A
F
1
5
4
0
5
3
 

D
u
c
k
,
W
a
n
d
e
r
i
n
g
W
h
i
s
t
l
i
n
g

D
e
n
d
r
o
c
y
g
n
a
a
r
c
u
a
r
a

A
v
e
s

A
n
s
e
r
i
f
o
r
m
e
s

D
e
n
d
r
o
c
y
g
n
i
d
a
e
A
F
0
8
2
0
6
1
 

H
a
w
k
,
S
h
a
r
p
-
s
h
i
n
n
e
d

A
c
c
i
p
i
l
e
r
s
t
r
i
a
t
u
s

A
v
e
s

C
i
c
o
n
i
i
f
o
r
m
e
s

A
c
c
i
p
i
n
‘
i
d
a
e

U
8
3
3
0
5
 

H
e
r
o
n
,
G
r
e
y

A
r
d
e
a
c
i
n
e
r
e
a

A
v
e
s

C
i
c
o
n
i
i
f
o
r
r
n
e
s

A
r
d
e
i
d
a
e

A
F
3
7
5
9
6
2
 

S
t
o
r
k
,
O
r
i
e
n
t
a
l
W
h
i
t
e

C
i
c
o
n
i
a
b
o
y
c
i
a
n
a

A
v
e
s

C
i
c
o
n
i
i
f
o
r
r
n
e
s

C
i
c
o
n
i
i
d
a
e

A
B
0
2
6
1
9
3
 

V
u
l
t
u
r
e
,
G
r
e
a
t
e
r
Y
e
l
l
o
w
-
h
e
a
d
e
d
C
a
t
h
a
r
t
e
s
m
e
l
a
m
b
r
o
t
u
s

A
v
e
s

C
i
c
o
n
i
i
f
o
r
r
n
e
s

C
i
c
o
n
i
i
d
a
e

A
F
4
9
4
3
4
0
 

F
a
l
c
o
n
,
P
e
r
e
g
r
i
n
e

F
a
l
c
o
p
e
r
e
g
r
i
n
u
s

A
v
e
s

C
i
c
o
n
i
i
f
o
r
r
n
e
s

.1
:
a
l
c
o
n
i
d
a
e

U
8
3
3
0
7
 

C
h
i
c
k
e
n

G
a
l
l
u
s
g
a
l
l
u
s

A
v
e
s

G
a
l
l
i
f
o
r
m
e
s

‘
P
h
a
s
i
a
n
i
d
a
e

A
Y
1
7
0
1
0
2
 
 P
h
e
a
s
a
n
t
,
E
d
w
a
r
d
'
s

n
g
h
u
r
a
e
d
w
a
r
d
s
i

A
v
e
s

G
a
l
l
i
f
o
r
r
n
e
s

P
h
a
s
i
a
n
i
d
a
e

A
F
5
3
4
5
5
7
 

Q
u
a
i
l
,
G
a
m
b
e
l
'
s

L
o
p
h
o
r
t
y
x
g
a
m
b
e
l
i
i

A
v
e
s

G
a
l
l
i
f
o
r
m
e
s

P
h
a
s
i
a
n
i
d
a
e

L
0
8
3
8
2
 

T
u
r
k
e
y
,
W
i
l
d

M
e
l
e
a
g
r
i
s
g
a
l
l
o
p
a
v
o

A
v
e
s

G
a
l
l
i
f
o
r
m
e
s

P
h
a
s
i
a
n
i
d
a
e

L
0
8
3
8
l
 

C
r
a
n
e
,
J
a
p
a
n
e
s
e

G
r
u
s
j
a
p
o
n
e
n
s
i
s

A
v
e
s

G
r
u
i
f
o
r
r
n
e
s

G
r
u
i
d
a
e

U
1
1
0
6
3
 

C
r
o
w
,
A
m
e
r
i
c
a
n

C
o
r
v
u
s
b
r
a
c
h
y
r
y
n
c
h
o
s

V
C
S

P
a
s
s
e
r
i
f
o
r
r
n
e
s

C
o
r
v
o
i
d
e
a

Y
0
3
0
1
1
2
 

R
o
b
i
n
,
A
m
e
r
i
c
a
n

T
u
r
d
u
s
m
i
g
r
a
t
o
r
i
u
s

A
v
e
s

P
a
s
s
e
r
i
f
o
n
n
e
s

T
u
r
d
i
d
a
e

A
F
1
9
7
8
3
5
 

T
h
r
u
s
h
,
E
y
e
-
b
r
o
w
e
d

T
u
r
d
u
s
o
b
s
c
u
r
u
s

A
v
e
s

P
a
s
s
e
r
i
f
o
n
n
e
s

T
u
r
d
i
d
a
e

A
Y
0
4
9
4
8
4
 

O
w
l
,

L
i
t
t
l
e

A
s
i
o
fl
a
m
m
e
u
s

A
v
e
s

S
t
r
i
g
i
f
o
r
m
e
s

S
t
r
i
g
i
d
a
e

U
8
9
1
7
l
  K
i
w
i
,
B
r
o
w
n

p
t
e
r
y
x
a
u
s
t
r
a
l
i
s

A
v
e
s

S
t
r
u
t
h
i
o
f
o
r
m
e
s

A
p
t
e
r
y
g
‘
d
a
e

U
7
6
0
5
0
 

O
s
t
r
i
c
h

I
S
t
r
u
t
h
i
o
c
a
m
e
l
u
s

A
v
e
s

I
S
t
r
u
t
h
i
o
f
o
r
m
e
s

S
t
r
u
t
h
i
o
n
i
d
a
e

U
7
6
0
5
5
 [
S
h
a
r
k
,
S
m
a
l
l
-
t
a
i
l
e
d

C
a
r
c
h
a
r
h
i
n
u
s
p
o
r
o
s
u
s

C
h
o
n
d
r
i
c
h
t
h
y
e
s

C
a
r
c
h
a
r
h
i
n
i
f
o
r
r
n
e
s
C
a
r
c
h
a
r
h
i
n
i
d
a
e

L
0
8
0
3
3
 l
S
h
a
r
k
,
T
i
g
e
r

G
a
l
e
o
c
e
r
d
o
c
u
v
i
e
r

C
h
o
n
d
r
i
c
h
t
h
y
e
s

C
a
r
c
h
a
r
h
i
n
i
f
o
r
r
n
e
s
C
a
r
c
h
a
r
h
i
n
i
d
a
e

L
0
8
0
3
4
 I
A
n
t
e
l
o
p
e
,
S
a
b
l
e

H
i
g
g
o
t
r
a
fl
s
n
i
g
e
r

 I
B
i
s
o
n
,
A
m
e
r
i
c
a
n

B
i
s
o
n
b
i
s
o
n

 
M
a
m
m
a
l
i
a

A
r
t
i
o
d
a
c
t
y
l
a

 [
B
o
v
i
d
a
e

A
F
0
3
6
2
8
5
  Mammalia

 Artiodactyl
a

[
B
o
v
i
d
a
e

A
F
0
3
6
2
7
3  
 

 



25

 C
o
w
,
D
o
m
e
s
t
i
c

B
o
s
T
a
u
r
u
s

M
a
m
m
a
l
i
a

A
r
t
i
o
d
a
c
t
y
l
a

B
o
v
i
d
a
e

D
3
4
6
3
5

 

G
o
a
t
,
D
o
m
e
s
t
i
c

C
a
p
r
a
h
i
r
c
u
s

M
a
m
m
a
l
i
a

A
r
t
i
o
d
a
c
t
y
l
a

B
o
v
i
d
a
e

A
B
O
O
4
0
7
0

 J
e
n
t
i
n
k
'
s
D
u
i
k
e
r

C
e
p
h
a
l
o
p
h
u
s
j
e
n
t
i
n
k
i

M
a
m
m
a
l
i
a

 

A
r
t
i
o
d
a
c
t
y
l
a

B
o
v
i
d
a
e

A
F
1
5
3
8
8
8

 

 S
h
e
e

,
D
o
m
e
s
t
i
c

O
v
i
s
a
r
i
e
s

M
a
m
m
a
l
i
a

A
r
t
i
o
d
a
c
t
y
l
a

B
o
v
i
d
a
e

A
B
0
0
6
8
0
0

 

L
l
a
m
a

L
a
m
a
g
l
a
m
a

M
a
m
m
a
l
i
a

A
r
t
i
o
d
a
c
t
y
l
a

C
a
m
e
l
i
d
a
e

U
0
6
4
2
9

 D
e
e
r
,
M
u
l
e

O
d
o
c
o
i
l
e
u
s
h
e
m
i
o
n
u
s

M
a
m
m
a
l
i
a

A
r
t
i
o
d
a
c
t
y
l
a

C
e
r
v
i
d
a
e

A
F
0
9
1
6
3
0

 D
e
e
r
,
R
o
e

C
a
p
r
e
o
l
u
s
c
a
p
r
e
o
l
u
s

M
a
m
m
a
l
i
a

A
r
t
i
o
d
a
c
t
y
l
a

C
e
r
v
i
d
a
e

Y
1
4
9
5
1

  G
i
r
a
f
f
e

G
i
r
a

a
c
a
m
e
l
o

a
r
d
a
l
i
s

 

H
i

0
o
t
a
m
u
s

  

M
a
m
m
a
l
i
a

A
r
t
i
o
d
a
c
t
y
l
a

G
i
r
a
f
fi
d
a
e

X
5
6
2
8
7

 

 i
o
t
o
m
a
u
s
a
m
p
h
i
b
i
o
u
s

M
a
m
m
a
l
i
a

A
r
t
i
o
d
a
c
t
y
l
a

H
i

o
p
o
t
a
m
i
d
a
e
U
0
7
5
6
5

 

  B
o
a
r
,
W
i
l
d

u
s
s
c
r
o
f
a

M
a
m
m
a
l
i
a

A
r
t
i
o
d
a
c
t
y
l
a

 

S
u
i
d
a
e

Z
5
0
0
8
9

 D
o
g

C
a
n
i
s
f
a
m
i
l
i
a
r
i
s

M
a
m
m
a
l
i
a

 

F
o
x
,
R
e
d

V
u
l
p
e
s
v
u
l
p
e
s

C
a
r
n
i
v
o
r
a

C
a
n
i
d
a
e

X
9
4
9
2
0

 

M
a
m
m
a
l
i
a

C
a
r
n
i
v
o
r
a

C
a
n
i
d
a
e

X
9
4
9
2
9

 W
o
l
f
,
G
r
a
y

C
a
m
'
s
l
u
p
u
s

 

C
a
t
,
D
o
m
e
s
t
i
c

M
a
m
m
a
l
i
a

C
a
r
n
i
v
o
r
a

C
a
n
i
d
a
e

A
Y
1
7
0
1
0
3

 

F
e
l
i
s
c
a
t
u
s

M
a
m
m
a
l
i
a

C
a
r
n
i
v
o
r
a

F
e
l
i
d
a
e

X
8
2
2
9
6

 

C
a
t
,
W
i
l
d

F
e
l
i
s
s
i
l
v
e
s
t
r
i
s

M
a
m
m
a
l
i
a

 

L
i
o
n

P
a
n
t
h
e
r
a
l
e
o

C
a
r
n
i
v
o
r
a

F
e
l
i
d
a
e

 

M
a
m
m
a
l
i
a

C
a
r
n
i
v
o
r
a

A
Y
1
7
0
1
0
2
 

F
e
l
i
d
a
e

X
8
2
3
0
0

 T
i

e
r

H
y
e
n
a
,
S
p
o
t
t
e
d

  
P
a
n
t
h
e
r
a

t
i

i
s

t
i

i
s

C
r
o
c
u
t
a
c
r
o
c
u
t
a

 

M
a
m
m
a
l
i
a

C
a
r
n
i
v
o
r
a

F
e
l
i
d
a
e

X
8
2
3
0
1

 

M
a
m
m
a
l
i
a

C
a
r
n
i
v
o
r
a

H
y
a
e
n
i
d
a
e

A
Y
1
7
0
1
1
4

 B
a
d
g
e
r
,
E
u
r
a
s
i
a
n

M
e
l
e
s
m
e
l
e
s

M
a
m
m
a
l
i
a

C
a
r
n
i
v
o
r
a

M
u
s
t
e
l
i
d
a
e

X
9
4
9
2
2

 

M
a
r
t
e
n
,
A
m
e
r
i
c
a
n

a
r
t
e
s
a
m
e
r
i
c
a
n
a

M
a
m
m
a
l
i
a

C
a
r
n
i
v
o
r
a

M
u
s
t
e
l
i
d
a
e

A
F

1
5
4
9
6
8

 M
i
n
k
,
A
m
e
r
i
c
a
n

  Must
e
l
a
v
i
s
o
n

M
a
m
m
a
l
i
a

 

P
o
l
e
c
a
t

M
u
s
t
e
l
a
p
u
t
o
r
i
u
s

C
a
r
n
i
v
o
r
a

M
u
s
t
e
l
i
d
a
e

A
B
0
2
6
1
0
9
 

 

M
a
m
m
a
l
i
a

C
a
r
n
i
v
o
r
a

M
u
s
t
e
l
i
d
a
e

A
B
O
Z
6
1
0
7

 S
a
b
l
e

a
r
t
e
s
z
i
b
e
l
l
i
n
a

M
a
m
m
a
l
i
a

 

W
e
a
s
e
l
,
L
o
n
g
-
t
a
i
l
e
d

I
M
u
s
t
e
l
a
fi
e
n
a
t
a

C
a
r
n
i
v
o
r
a

M
u
s
t
e
l
i
d
a
e

A
B
O
]
2
3
5
8
 

 

M
a
m
m
a
l
i
a

C
a
r
n
i
v
o
r
a

M
u
s
t
e
l
i
d
a
e

A
F
4
9
8
1
5
3

 B
e
a
r
,
A
s
i
a
t
i
c
B
l
a
c
k

U
r
s
u
s
t
h
i
b
e
t
a
n
u
s

     e
a
r
,
B
r
o
w
n

U
r
s
u
s
a
r
c
t
o
s

  
M
a
m
m
a
l
i
a

M
a
m
m
a
l
i
a

 
C
a
r
n
i
v
o
r
a

U
r
s
i
d
a
e

A
B
0
2
0
9
1
0
 
    Carnivora

 rsidae
 AB02090

9

 

 



26

 
 

B
e
a
r
,
P
o
l
a
r

U
r
s
u
s
m
a
r
i
t
i
m
u
s

M
a
m
m
a
l
i
a

C
a
r
n
i
v
o
r
a

U
r
s
i
d
a
e

U
1
8
8
9
8

 P
a
n
d
a
,
G
i
a
n
t

i
l
u
r
o
p
o
d
a
m
e
l
a
n
o
l
e
u
c
a

M
a
m
m
a
l
i
a

C
a
r
n
i
v
o
r
a

U
r
s
i
d
a
e

U
2
3
5
5
2

 D
o
l
p
h
i
n
,
G
r
a
y

o
t
a
l
i
a
fl
u
v
i
a
t
i
l
i
s

M
a
m
m
a
l
i
a

C
e
t
a
c
e
a

D
e
l
p
h
i
n
i
d
a
e

A
F
3
0
4
0
6
7

 

 W
h
a
l
e
,
S
p
e
r
m

'
P
h
y
s
e
t
e
r
c
a
t
o
d
o
n

M
a
m
m
a
l
i
a

C
e
t
a
c
e
a

P
h
y
s
e
t
e
r
i
d
a
e

A
F
3
0
4
0
7
3

  B
a
t
,
F
r
u
i
t

r
t
i
b
e
u
s
p
h
a
e
o
t
i
s

M
a
m
m
a
l
i
a

C
h
i
r
o
p
t
e
r
a

 

P
h

l
l
o
s
t
o
m
i
d
a
e

U
6
6
5
1
4
 

 I
PP
o
s
s
u
m
,
B
l
a
c
k
"
F
o
u
r
-
e
y
e
d
"

h
i
l
a
n
d
e
r
m
c
i
l
h
e
n
n
y
i

 
M
a
m
m
a
l
i
a

D
i
d
e
l
p
h
i
m
o
r
p
h
i
a

 I
S
h
r
e
w
,
E
u
r
a
s
i
a
n
c
o
m
m
o
n

I
H
a
r
e
w

o
r
e
x
a
r
a
n
e
u
s

M
a
m
m
a
l
i
a

 

L
e
p
u
s
c
a
p
e
n
s
i
s

M
a
m
m
a
l
i
a

D
i
d
e
l
p
h
i
a
e

U
3
4
6
8
0

 

I
n
s
e
c
t
i
v
o
r
a

S
o
r
i
c
i
d
a
e

A
J
0
0
0
4
1
6

 

L
a
o
m
o
r
p
h
a

 

L
e

o
r
i
d
a
e

 

A
J
2
7
9
4
1
7

 

c
t
o
l
a

s
c
u
n
i
c
u
l
u
s

 

M
a
m
m
a
l
i
a

 

 

O
c
h
o
t
o
n
a
d
a
u
r
i
c
a
d
a
u
r
i
c
a

M
a
m
m
a
l
i
a

L
a
g
o
m
o
r
p
h
a

L
e

o
r
i
d
a
e

 

L
a
o
m
o
r
p
h
a

 

O
c
h
o
t
o
n
i
d
a
e

U
0
7
5
6
6

A
F
2
7
3
0
1
1

  

E
q
u
u
s
a
s
i
n
u
s

 

M
a
m
m
a
l
i
a

 

E
q
u
u
s
c
a
b
a
l
l
u
s

l
M
a
m
m
a
l
i
a

P
e
r
i
s
s
o
d
a
c
t
y
l
a

P
e
r
i
s
s
o
d
a
c
t
y
l
a

E
g
u
i
d
a
e

:
E
q
u
i
d
a
e

  
 

E
u
u
s
g
r
e
v
y
i

 

R
h
i
n
o
,
B
l
a
c
k

M
a
m
m
a
l
i
a

 

D
i
c
e
r
o
s
b
i
c
o
r
n
i
s

X
9
7
3
3
7

D
3
2
1
9
0
 

P
e
r
i
s
s
o
d
a
c
t
y
l
a

E
u
i
d
a
e

 

M
a
m
m
a
l
i
a

P
e
r
i
s
s
o
d
a
c
t
y
l
a

X
5
6
2
8
2
 

t
h
i
n
o
c
e
r
o
t
i
d
a
e

X
5
6
2
8
3

 R
h
i
n
o
,
S
u
m
a
t
r
a
n

 

D
i
c
e
r
o
r
h
i
n
u
s
s
u
m
a
t
r
e
n
s
i
s

M
a
m
m
a
l
i
a

 

 

C
a
l
l
i
t
h
r
i
x
j
a
c
c
h
u
s

M
a
m
m
a
l
i
a

 

 

H
o
w
l
e
r
M
o
n
k
e
y
,
B
l
a
c
k

A
l
o
u
a
t
t
a
c
a
r
a
y
a

P
e
r
i
s
s
o
d
a
c

l
a

P
r
i
m
a
t
e
s

R
h
i
n
o
c
e
r
o
t
i
d
a
e

A
J
2
4
5
7
2
3
 

C
a
l
l
i
t
r
i
c
h
i
d
a
e

A
F
2
9
5
5
8
6

 

M
a
m
m
a
l
i
a

 

 
M
o
n
k
e
y
,
S
p
i
d
e
r
 

A
t
e
l
e
s

e
o
fl
r
o
y
i
p
a
n
a
m
e
n
s
i
s
M
a
m
m
a
l
i
a

P
_
n
'
_
m
;
_
a
t
e
s
_
_

C
e
b
i
d
a
e

A
F
2
8
9
5
1
9
 

P
r
i
m
a
t
e
s

C
e
b
i
d
a
e

A
Y
0
6
5
9
0
3

 

C
a
c
a
j
a
o
m
e
l
a
n
o
c
e
p
h
a
l
u
s

M
a
m
m
a
l
i
a

P
r
i
m
a
t
e
s

C
e
b
i
d
a
e

A
F
5
2
4
8
9
1

 

 

‘
U
a
k
a
r
i
,
B
l
a
c
k

B
a
b
o
o
n

P
a
p
i
o
h
a
m
a
d
r
y
a
s

M
a
m
m
a
l
i
a

P
r
i
m
a
t
e
s

C
e
r
c
o
p
i
t
h
e
c
i
d
a
e
Y
1
6
5
9
0

 

C
o
l
o
b
u
s
a
n

o
l
e
n
s
i
s

M
a
m
m
a
l
i
a

P
r
i
m
a
t
e
s

C
e
r
c
o

i
t
h
e
c
i
d
a
e
A
F
2
9
5
5
8
3

C
o
l
o
b
u
s
,
A
n
g
o
l
a
n

 

 

 

 

 

L
a
n
g
u
r
,
D
o
u
c

y
g
a
t
h
r
i
x
n
e
m
a
e
u
s

M
a
m
m
a
l
i
a

P
r
i
m
a
t
e
s

C
e
r
c
o
p
i
t
h
e
c
i
d
a
e
A
F
2
9
5
5
8
2

 
 

M
a
c
a
q
u
e
,
L
i
o
n
T
a
i
l

M
a
c
a
c
a
s
i
l
e
n
u
s

M
a
m
m
a
l
i
a

P
r
i
m
a
t
e
s

C
e
r
c
o

i
t
h
e
c
i
d
a
e
A
F
3
5
0
4
0
4
 

 

 

 

 

M
o
n
k
e
y
,
R
h
e
s
u
s

l
M
a
c
a
c
a
m
u
l
a
t
t
o

M
a
m
m
a
l
i
a

P
r
i
m
a
t
e
s

C
e
r
c
o
p
i
t
h
e
c
i
d
a
e
U
3
8
2
7
2

 

H
u
m
a
n

o
m
o
s
a
p
i
e
n
s

a
m
m
a
l
i
a

P
r
i
m
a
t
e
s

H
o
m
i
n
i
d
s

0
9
5
0
0
 

 

             
 

 
 

  
       

 
    

 
   

    
  

 
 

L
e
m
u
r
,
R
i
n
g
-
t
a
i
l
e
d

e
m
u
r
c
a
t
t
a

M
a
m
m
a
l
i
a

P
r
i
m
a
t
e
s

e
m
u
r
i
d
a
e

5
3
5
7
5

    
 



27

 C
h
i
m
p
a
n
z
e
e

P
a
n

t
r
o
g
l
o
d
y
t
e
s

M
a
m
m
a
l
i
a

P
r
i
m
a
t
e
s

P
o
n

i
d
a
e

 

'
X
9
3
3
3
8

 G
o
r
i
l
l
a

G
o
r
i
l
l
a
g
o
r
i
l
l
a

M
a
m
m
a
l
i
a

P
r
i
m
a
t
e
s

‘
P
o
n
g
i
d
a
e

D
3
8
1
1
4

 

O
r
a
n
g
g
t
a
n

E
l
e
p
h
a
n
t
,
A
f
r
i
c
a
n

P
o
n

o
g
m
a
e
u
s

M
a
m
m
a
l
i
a

P
r
i
m
a
t
e
s

P
o
n

i
d
a
e

 

L
o
x
o
d
o
n
t
a
a
fi
'
i
c
a
n
a

M
a
m
m
a
l
i
a

P
r
o
b
o
s
c
i
d
e
a

U
3
8
2
7
4
 

E
l
e
p
h
a
n
t
i
d
a
e

D
8
4
1
5
2

 E
l
e

h
a
n
t
,
A
s
i
a
n

 
E
l
e
p
h
a
s
m
a
x
i
m
u
s

M
a
m
m
a
l
i
a

 

B
e
a
v
e
r
,
E
u
r
o
p
e
a
n

C
a
s
t
o
r
fi
b
e
r

P
r
o
b
o
s
c
i
d
e
a

E
l
e

h
a
n
t
i
d
a
e

 

M
a
m
m
a
l
i
a

 Ro
d
e
n
t
i
a

A
B
O
O
Z
4
1
2
 

C
a
s
t
o
r
i
d
a
e

A
J
3
8
9
5
2
9

 H
a
m
s
t
e
r

C
r
i
c
e
t
u
l
u
s
g
r
i
s
e
u
s

M
a
m
m
a
l
i
a

 

M
o
u
s
e
,
H
o
u
s
e

M
u
s
m
u
s
c
u
l
u
s

M
a
m
m
a
l
i
a

R
o
d
e
n
t
i
a

l
R
o
d
e
n
t
i
a

M
u
r
i
d
a
e

A
B
0
3
3
6
9
3
 

M
u
r
i
d
a
e

A
Y
0
5
7
8
0
7

 

h
/
{
n
e
l
n
-
n
t
 

0
n
d
a
t
r
a
z
i
b
e
t
h
i
c
u
s

M
a
m
m
a
l
i
a

 

R
a
t
,
B
r
o
w
n

 at
t
u
s
n
o
r
v
e
g
i
c
u
s

M
a
m
m
a
l
i
a

 

S
q
u
i
r
r
e
l

D
u
g
o
n
g

e
r
m
o

h
i
l
u
s
v
a
r
i
e

a
t
e
s

D
u

o
n
g
D
u
g
o
n
g

 

R
o
d
e
n
t
i
a

M
u
r
i
d
a
e

A
F

1
1
9
2
7
7
 

R
o
d
e
n
t
i
a

M
u
r
i
d
a
e

A
B
0
3
3
7
1
3

 

M
a
m
m
a
l
i
a

a
m
m
a
l
i
a

R
o
d
e
n
t
i
a

S
c
i
u
r
i
d
a
e

A
F
1
5
7
8
5
4
 

 

S
i
r
e
n
i
a

D
u
g
o
n
g
'
d
a
e

 

U
0
7
5
6
4

 A
l
l
i
g
a
t
o
r

C
a
i
m
a
n
 

   
A
l
l
i

a
t
o
r
m
i
s
s
i
s
s
i

i
e
n
s
i
s

C
a
i
m
a
n
c
r
o
c
o

I
u
s

t
i
l
i
a

C
r
o
c
o
d
y
l
i
a

A
l
l
i
g
a
t
o
r
i
d
a
e

Y
l
3
1
1
3

 

R
e
p
t
i
l
i
a

C
r
o
c
o
d
y
l
i
a

A
l
l
i

a
t
o
r
i
d
a
e

  B
o
a

B
o
a

c
o
n
s
t
r
i
c
t
o
r

l
R
e
p
t
i
l
i
a

 K
i
n
g
C
o
b
r
a

O
p
h
i
p
h
a
g
u
s
h
a
n
n
a
h

    Iua
n
a

T
u
r
t
l
e
,
B
o
x

I
R
e
p
t
i
l
i
a

S
g
u
a
m
a
t
a

A
J
4
0
4
8
7
2
 

 Boida
e

A
F
4
7
1
0
3
6
 

i
S
q
u
a
m
a
t
a

 
I
E
l
a
p
i
d
a
e

A
F
2
1
7
8
4
2

 

 
a
m

i
a
n
a

I
T
e
r
r
a
p
e
n
e
c
a
r
o
l
i
n
a

e
t
i
l
i
a

e
p
t
i
l
i
a

S
u
a
r
n
a
t
a

T
e
s
t
u
d
i
n
a
t
a

I
u
a
n
i
d
a
e

U
8
8
9
5
4
 

E
m
y
d
i
d
a
e

 258
8
7
1
 

   



extract since the concentration was not specified. The Chelex®—extracted DNAs were not

quantified. These samples were diluted 1:1000 (1 u] ofChelex® product was added to

999 pl of water), and 10 pl ofthis dilution were amplified under the same conditions as

the other vertebrate DNAs except that 0.5 u] ofAmpliTaq Gold DNA polymerase were

used. After two months storage, the ovine, canine, and equine extracts did not generate

detectable amplicons using the original 1:1000 dilution or a 1:500 dilution.

Amplifications were repeated using 1:10 dilutions with 2 u] ofDNA and 1 u] AmpliTaq

Gold DNA polymerase to determine ifthe DNA was degrading during storage. In

addition to the human positive control, an invertebrate control (yeast or nematode) that

was not expected to amplify was included with each set of reactions. Finally, a series of

invertebrates (bacteria, clam, fruit fly, lobster, nematode, sea urchin, and yeast) were

amplified in 50 u] reactions using 5 u] ofDNA at 20 pg/u]. As described above, all

products were visualized by agarose gel electrophoresis.

The amplification products were purified using Centricon-100® spin filtration

units as follows: (1) Two ml of sterile deO and the PCR product (45 pl) were added to

the column, which was centrifuged at 1000 x g for 20 minutes; (2) An additional 2 ml of

sterile water were added, and the centrifirgation was repeated as in step 1; (3) The

reservoir was flipped and centrifuged at 1000 x g for two minutes to recover the purified

amplicon; (4) All samples were brought to a final volume of 50 u] with sterile dH20 and

stored at 4°C.

Sequence reactions were performed using an ABI Dye Terminator Cycle

Sequencing Ready Reaction Kit containing AmpliTaq DNA Polymerase (BigDye version

1.0). Reactions were set-up in 96 well optical plates on ice and included 2 — 8 pl ofDNA

28



(depending on the intensity ofthe band on the agarose gel), 1 u] of 10 M primer, 8 u] of

Big Dye version 1.0, and sterile water to 20 u]. The wells were covered with strip caps,

vortexed, and subjected to 25 cycles of (96°C, 15 sec.; 50°C, 5 sec.; 60°C, 2 min.).

Sequencing products were purified in a Performa® DTR 96—well standard purification

plate according to the manufacturer’s protocol (EDGE Biosystems). The purified samples

were transferred to a 96 well optical plate and dried in a heated vacuum concentrator for

50 - 60 minutes then sealed and stored at -20°C.

Sequencing products were reconstituted by adding 10 u] ofHiDi-formamide to

each well. Optical plates were covered with a 96 well septa, and the plates were vortexed

to mix and centrifuged for 1 minute. Each ofthe optical plates was placed into a 3100

plate base with retainer and positioned on the autosampler deck (two plates per rtm).

Sample sheets were created using the 3100 Data Collection software with the parameters:

Dye Set E, DT3100POP6(BD)v2.mob mobility file, the RapidSeq36 POP6Modulel run

module, and the BC-3100RR SerfthOffsaz analysis module. Sequencing samples

were electrokinetically injected for 15 seconds at 3 kV and electrophoresed on a 36 cm

array for 40 nrinutes at 15 kV and 55°C. The data files were extracted automatically to

the server and analyzed using Sequence Analysis NT version 3.7 or higher. All files

except the amplification controls and reagent blanks were analyzed with “PCR stop

setting” used to end all sample sequences after a run of 10 uncalled nucleotides (N). The

amplification controls and reagent blanks were analyzed using the default settings, which

analyze the entire sequence files. Electropherograms were printed and data files analyzed

using Sequencher. The forward and reverse sequences for each sample were aligned

automatically using the parameters: assembly algorithm = clean data; minimum match

29



percentage = 80%; and minimum overlap = 20 base pairs. The aligned sequences were

visually evaluated for peak height definition and amplitude within the call region (the

amplified segment between the forward and reverse primer sequences). Only sequences

with a peak height of at least 25 RFU’s were considered acceptable as this is the cutoff

for samples analyzed on the ABI 3100 Genetic Analyzer at AFDIL. Ambiguous peaks

that could not be resolved by eye as well as any heteroplasmic peaks were designated as

N’s, and the consensus sequences were then saved as text files.

BLAST Comgarison and Phylggenetic Analysis

The text files were imported into BLAST, and a non-redundant nucleotide-

nucleotide BLAST search (blastn) was conducted for each sequence to determine the

closest species match. BLAST results were evaluated based on the species and e-value of

the top matches, or “hits.” The determined consensus sequence for each species was also

aligned with the corresponding GenBank reference species sequence to evaluate the exact

number of differences between the experimental and reference sequences to determine if

there was a correlation between the number of differences and the resultant e-value.

Sample consensus sequences were copied into a Sequencher file containing the 94

GenBank vertebrate species sequences (See Database Development: Table 2). All known

and experimental sequences were aligned and exported as a Nexus file. Phylogenetic

comparisons were made using MacClade and PAUP. MacClade was used to translate the

aligned sequences into proteins and to initiate alignment based on codon sequences. The

realigned set of sequences was then imported into PAUP for phylogenetic tree

generation. Rooted trees were created and bootstrap analysis conducted based on

distance using the neighbor-joining method with the Jukes-Cantor algorithm (Efron et a].
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1996; Hall 2001 ). The bootstrap calculations were used as indications ofthe confidence

ofthe tree placement ofeach species. The rainbow trout (Onchorynchus mykiss)

sequence was chosen as the outgroup (or root) for all trees.

Three different evolutionary trees were generated using PAUP. The first tree

used only the ninety-four GenBank database sequences as a test to determine whether

species would be grouped accurately based on class and family relationships. The goal of

generating the second tree was to test whether the experimental alligator, cow, pig, cat,

kiwi, marmoset, human, gorilla, chicken, and rabbit sequences were aligned correctly

with their respective GenBank database sequences for observation ofplacement. For the

final tree, the eleven GenBank database species that matched those that were tested

during the course of this validation were removed from the set of sequences that had been

used to generate the second tree. The purpose of this tree was to determine how similar

the family placement for the experimental sequences would be as compared to the

placement for the same GenBank species.

Mixture Analysis.

Invertebratezvertebrate mixtures were prepared using yeastzDAL, sea

urchinzDAL, or lobster:DAL (Table 3A). Non-human vertebrate:human mixtures were

prepared as alligator:DAL, chicken:DAL, or gorilla:DAL (Table 3B). Amplification,

purification, and sequencing were performed as described in the amplification

optimization and species differentiation sections. The total input DNA for the mixtures

was 1 pg using varying combinations of 0.1 pg/ul solutions ofeach species.

Mixture sequences were assessed in Sequencher for separation ofa major

sequence from a minor sequence using the automatic assembly option, which
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mechanically aligns the major mixture component with the GenBank database sequence

for one or the other species comprising the mixture. Automatic assembly was considered

successfirl if the major and minor components were resolved enough to be able to clearly

distinguish the major sequence, meaning that the primary and secondary sequences could

be clearly separated. The sequence for each mixture in the series was labeled as either

the non-human component, human, or inconclusive based on the ability to determine a

primary and secondary contributor to the mixture.
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RESULTS

Amglification Parameters

Ten pg ofhuman genomic amplification controls (Figs. 2A and B; lanes 2—8).

When increased to 38 cycles, faint bands migrated at the predicted ~ 350 bp (based on the

123 bp ladder) for both the cyto 1 and cyto 2 parameters when 10 pg and 100 pg of

genomic DNA were amplified (Figs. 3A and 3B; lanes 2—5 and lanes 3—6, respectively),

and all negative amplification controls were clean (Fig. 3A and 3B; Lanes 1 and 9 and

lanes 2 and 10, respectively). However, the 10 pg amplicon bands were more intense for

the cyto 2 than for the corresponding cyto 1 samples, and no bands were visible for the 1

pg samples amplified using the cyto 1 program though one ofthe 1 pg specimens yielded

visible product with the cyto 2 program (Fig. 3A and 3B; Lanes 2—3 and 3—4,

respectively).

Based on the results described above, the cyto 2 parameters were further

optimized by amplifying 1, 10 and 100 pg ofhuman genomic DNA at 38 cycles with 10

seconds added to the annealing time or at 42 cycles. Little to no difference in

amplification efficiency was observed for amplification at 38 cycles with 10 seconds

annealing time versus the original 38 cycle program (compare Fig. 3B; lanes 3—6 with

Fig. 3C; lanes 2—5). The 1 pg samples still produced no observable band with the

increase in annealing time, and the 10 pg bands and 100 pg bands were ofthe same

intensity as for 38 cycles. In contrast, at 42 cycles the 1 pg bands were visible, and all

bands were of greater intensity than for 38 cycles or 38 cycles plus 10 seconds annealing

time (Fig. 3D; lanes 3—4). In all instances, the PCR negative amplification controls were

clean and HVI positive controls were as expected. These results generated an optimal
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amplification protocol for the cyto b primers of 1 cycle of 95°C for 10 min followed by

42 cycles of 95°C for 30 sec, 50° for 45 sec, and 72° for 45 sec; and a 7 minute final

extension.

Using the optimized amplification parameters, a newly-synthesized lot of cyto b

primers was evaluated for contamination and sensitivity using the cyto 2 - 42 cycle

program. Results shown in Fig. 4 demonstrate that no detectable bands were present in

the five negative amplification controls, but amplification products were detected for the

10 pg positive control samples (Fig. 4; Lanes 5—6), thus confirming that this lot of

primers was contaminant free. The primers were then used to amplify 1, 10 and 100 pg

ofhuman genomic DNA, and the resulting 1 pg products were purified and sequenced as

described in the amplification optimization section ofthe Materials and Methods.

A 307 bp region, not including the primer binding region, was confirmed by the

forward and reverse sequences. There was one difference (a T -—> C transition at position

274) between the human GenBank known sequence and the human positive (DAL)

sequence (Fig. 5). The top match fi'om a BLAST search ofthe confirmed human positive

sequence was the partial mitochondrial genome of a cloned human mtDNA (GenBank

Accession # AF4659761) with an e-value ofem.
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Figure 2. Cytochrome b Primer Optimization at 30 Amplification Cycles. Ten pg of

human control DNA were amplified simultaneously using either the cyto l or cyto 2

programs. A) Amplifications using the cyto 1 program with lane numbers and samples

designated at the top. B) Amplifications using the cyto 2 program with lane numbers and

samples designated at the top.
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Fig. 3. Optimization Results. The cyto 1 and cyto 2 cycling parameters using 1, 10, and

100 pg of genomic DNA were re-evaluated using 38 cycles. Further optimization

involved amplification of 1, 10, and 100 pg using at either 38 cycles with ten seconds

added to the annealing time or at 42 cycles. Positive A and B indicate different aliquots

ofthe human genomic DNA. Lane numbers and samples designations are at the top of

each figure. A) cyto 1—38 amplification B) cyto 2-38 amplification cycles. C) cyto 2—

38 cycles with 10-sec on the annealing time. D) cyto 2—42 cycles.
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Fig. 4. Primer Quality Control. A newly synthesized lot of

cyt b primers was evaluated for contamination using the cyto

2—42 program. The results demonstrated that all negative

amplification control samples (lanes 2, 3, 4, 7, and 8) were

clear.
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Fig. 5. One pg Human DNA Sequence Alignment Results. The 1 pg sequencing

results were aligned with the human cyt b reference. Differences are denoted with black

dots below the consensus. The human GenBank reference sequence is the top sequence

labeled Homo sapiens. The DAL forward sequence is labeled P1A1_CYF, and the

reverse sequence is labeled PlA1_CYR. Numbering is based on the starting base ofeach

individual sequence so the P1A1__CYF sequence will be numbered as one less than the

other two sequences because one base is missing at the beginning.
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Primer Smificigy

The primers were assessed for their ability to amplify DNA from 14 different

vertebrate species and inability to amplify DNA from seven different invertebrates.

Results demonstrated that the cyt b primers did not amplify 100 pg ofDNA from the

seven invertebrate species (Fig. 6). Alternatively, the 1 pg and 10 pg organically-

extracted vertebrate DNAs generated approximately a 350 bp fi'agment when compared

to the 350 bp band ofthe 123 bp ladder (Fig. 7A—D; Lanes 3—6 and 8). Negative

amplification and specificity controls were clean (Fig. 7A, B, and D; Lanes 2, 7, and 9;

Fig. 7C; Lanes 2, 6, and 8). Comparison ofthe gel band intensities for all quantified

species revealed that similar intensities were achieved for the 10 pg amplification

products (Fig. 7A), as were the 1 pg specimens except for the gorilla (darker) and

American alligator (lighter).

Similarly, the 1:1000 dilutions of Chelex®-extracted vertebrate DNAs produced

detectable amplicons ofthe expected size and of similar intensities (Fig. 8A, Lanes 4—7).

Again, the reagent blank and the amplification and specificity controls were clean (Fig.

8A; Lanes 2—3, 9—10). After two months storage at 4°C, the 1:10 dilutions generated

detectable bands for all DNAs tested (Fig. 8B; Lanes 4—6). The amplification and

specificity controls did not produce detectable products (Fig. 8B; Lanes 2, 8, and 9).

Smcies Sguencing Results

Sequencing was attempted for all invertebrate amplification product, and no

detectable sequences were obtained for any ofthe invertebrate species. Non-

contarninated sequences (single source) were generated for 11 ofthe 14 species tested

(American alligator, kiwi, chicken, cat, cow, pig, rabbit, gorilla, human, marmoset, and
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horse). All lpg sequences displayed well—defined peaks between 200 and 500 relative

fluorescence units (RFUs). The 10 pg sequences displayed RFUs approximately 10 fold

higher in intensity. Nine ofthe eleven single source species were matched with a correct

species with BLAST, corresponding to either the nritochondrial genome or the cyt b gene

for the matching species with e-values ranging fiom e''71 to e'164 (Table 4). In addition,

all nine sequences aligned with their respective GenBank reference sequences with no

more than three nucleotide differences (Table 4). The remaining two species (marmoset

and domestic horse) differed fiom their respective control sequences by over 50 bases.

The top BLAST match for the marmoset was the Cotton-topped Tarnarin (Saguinus

oedipus) with an e—value ofem, and the actual marmoset sequence was 16th on the list

of matches with an e-value of 2e’30. Similarly, the top BLAST result for the horse

sequence, zebra (Equus gram), was inconsistent with the expected species. The zebra

match showed an e-value of 368°.

The three remaining vertebrate species sequences (house mouse, domestic sheep,

and domestic dog) exhibited evidence ofcontamination as indicated by the presence of

two overlapping peaks at numerous positions. The sequencing results fi'om the three

contaminated species generated read lengths of 305 to 307 bp. Low level contamination,

less than 10% ofthe major peak height, was observed for the house mouse, but the minor

peak heights for the domestic sheep and domestic dog were at least 50% and at times

equal to the major peak heights (Fig. 9 A—C). The major contributing sequences from the

contaminated samples were determined and aligned with their appropriate GenBank

control sequences and entered into BLAST. The top BLAST match for the house mouse

-]71

was the house mouse cyt b gene with an e-value of c with only one difference from the
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visualized by ETBR gel electrophoresis.

using 100 pg of total input DNA. Products were

Agarose gel of invertebrate samples amplified

Fig. 6. Invertebrate Specificity Experiment.
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Fig. 7. Vertebrate Sensitivity ETBR Agarose Gel Images. One and 10 pg of

vertebrate DNA were amplified and visualized by ETBR agarose gel electrophoresis. (A)

10 pg amplification results for American alligator, European rabbit, and marmoset.

Brown kiwi was ofunknown concentration. (B) Amplification results for the 10 pg of

chicken, cow, house mouse, and pig. (C) One pg amplification of American alligator,

gorilla, and European rabbit. (D) One pg amplification results for chicken, cow, house

mouse, and pig.
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Fig. 8. Chelex® Extracted Vertebrate DNA Specificity. FTATM bloodstain cards were

Chelex® extracted, boiled, and 2 pl ofa 1:1000 dilution ofthe extracted DNA amplified.

(A) Agarose gel image for the 1:1000 dilution. (B) Agarose gel image of the 1:10

dilution ofthe Chelex® extracted samples.
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GenBank reference sequence. The domestic sheep matched the Goral (Naemorhedus

caudatus) with an e-value of 6'06, and there were 21 differences between the

experimental and the known sequences. Finally, the top BLAST match for the domestic

dog had an e—value of 7 e'90 and corresponded to the Eastern Afiican black-backed jackal

cyt b gene with 29 differences from its respective GenBank sequence. Although the

correct species was not identified for some specimens, in no instance did the BLAST

result fail to associate the tested sequence with the correct family.

Phylogenetic Analysis

Three distance-based phylogenetic trees were generated , and the results were

directly compared to the BLAST results. The first tree (Fig 10A) was generated using the

ninety-four vertebrate cyt b sequences compiled from GenBank to demonstrate that all

species’ sequences were placed within proper classification groups (see Materials and

Methods Database Development section). The results from the pair-wise comparison

established that all clades were formed as expected based on class, order, and family

classifications with the exception ofthe order rodentia (refer to Table 2 in Materials and

Methods). The tree was subjected to bootstrap analysis with resulting bootstrap values

ranging between 51 and 100.

The second phylogenetic tree compared the eleven single source experimental

sequences with all ninety-five GenBank database sequences (Fig. 10B). Results

demonstrated that a 100 percent confidence level was achieved for all experimental

sequences, with the exception ofmarmoset (64%), and domestic horse (66%). The

marmoset (exact species unknown) aligned with the common marmoset species

sequence, and the domestic horse sequence was positioned next to the Equidae family.
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These two sequences also displayed the lowest confidence during the BLAST searches.

Regardless, both were placed with the correct family using both the phylogenetic and

BLAST methods.

To generate the final tree, the 11 GenBank reference sequences corresponding to

the species tested for the validation were removed so that the generated tree only

compared the eleven experimental sequences to the remaining 83 GenBank reference

sequences (Fig. 10C). For example, the cow database sequence was not included so that

only the experimental cow sequence would be included. The first and second trees were

compared (Fig. 10A) to determine whether the placement ofthe experimental sequences

differed fiom the placement ofthe corresponding database sequences. Clade formations

were the same with slight differences in arrangement, including combining two branches

in a clade into one branch or differences in species order fi'om top to bottom in the tree.

For example in Figure 103, the black howler monkey (Alouatta caraya), Panamanian red

spider monkey (Ateles geofl'royi panamensis), and the common marmoset formed a single

group which then directly connected with the black-headed uakari (Cacajao

melanocephalus) species. In Figure 10C, the black howler monkey and the marmoset

sequences formed a branch pair, which then connected to the Panamanian red spider

monkey sequence, and this group of three branched with the black-headed uakari.

Bootstrap values for the eleven species tested were all above 50 with no species differing

by >7% from the corresponding GenBank species sequences in the second tree. The

lowest branch confidence was for placement of the domestic horse, which also displayed

the highest BLAST e-value.
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Fig. 9. Sequences of’ Contaminated Products. Three bases that are representative of

the nature of each mixture are displayed for each species sequence. Letters above the

peaks denote the base called by the computer (A, G, T, or C). The title of each figure

indicates the major sequence contributor. Note the ratio ofthe smaller peaks to the larger

peaks. (A) House mouse. (B) Domestic sheep. (C) Domestic dog.
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Fig. 10. PAUP Generated Phylogenetic Trees. The outgroup (or root) for all trees was

the rainbow trout (Onchorynchus mykiss) GenBank sequence. For class, order, and

family classification, refer to Table 2. The values displayed on each branch ofthe trees

are the bootstrap values. Trees generated from: (A) GenBank database sequences. (B)

Experimental (tested during the current validation) and GenBank database sequences.

The suffix pcr designates species tested at AFDIL during the current validation. For

example, the GenBank alligator sequence and the experimental alligator sequence are

designated Alligator rnississippiensis and A. mississippiensis_pcr, respectively. (C)

Experimental and database sequences.
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Mixture Studies

Amplification of up to 100 pg of invertebrate DNA mixed with up to 1 pg human

DNA showed that amplification product could be detected for all mixtures except for the

100 pg invertebrate:0 pg human DNA reactions (Figs. 11 and 12, lanes 3—9). All

amplification controls and the specificity controls were clear (Figs. 11 and 12, lanes 2 and

10 and 2 and 11—12, respectively). The vertebrate mixtures where the non-human

component was included at a higher ratio than the human component (10: 1—3 :2) had

bands of greater intensity than those where the major constituent was human (Fig. 12,

lanes 3—9 ). All reactions were sequenced to determine the major and minor (if any)

components. Only the human cyt b sequence was obtained for all invertebrate:human

mixtures, except for the 100:0 mixture, which produced no detectable sequence.

Results ofthe vertebrate mixture studies are summarized in Table 5. Most non-

human vertebrate sequences were the major components for the 10:1 to 2:3 (non-

humanzhuman) ratios based on comparison ofthe major sequence with the respective

reference sequences. For example, the American alligator and human GenBank

sequences were compared with the major component sequence ofthe American

alligator:human mixtures to see which matched.
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Fig. 11. Example of an Invertebrate:Vertebrate

Mixture Amplification. The image is of the dilution

reactions from the yeastzhuman mixtures. Lane numbers

and dilution values are designated at the top of the

figure.
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dilution values are designated at the top of the figure.

alligator:human amplification. Lane numbers and

Mixture Product Gel. Agarose gel of American

Fig. 12. Example of a Non-human vertebrate human
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It has been the United States Military policy to have a full accounting of all

service members that are missing or and killed in action. Towards this end, the CILHI is

charged with the responsibility ofrecovering these remains from Korea, Vietnam or any

World War 11 site and identifying them so they can be returned to their families

(reviewed by Holland and Parsons 1999). The nature ofthe incident, the enviromnent,

and the time since death all influence the state ofthe skeletal remains. In instances where

the individual died in a high impact crash (e.g. airplane) or explosion, intact pieces of

bone as well as highly fragmented bone that are not anthropologically identifiable as

human may be submitted to the AFDIL for mtDNA testing. This leads to problems with

determining whether amplification failures result from inhibition or to the extracts being

fi'om non-human samples.

Amplification Qntimization and Sguencing

To address if the specimen was human or non-human, two visiting George

Washington University graduate students conducted a preliminary cyt b study at AFDIL

in 2000. During the course ofthis preliminary investigation, Parson et al.’s (2000)

mitochondrial cyt b primers were used to amplify and identify DNA extracts from several

vertebrate species. The students used 25 — 35 cycles to amplify 5 pg or more of genomic

vertebrate DNA.

Despite the success ofthe initial study, AFDIL requires a limit ofdetection of 1

pg to validate any new primers for use in mtDNA testing. The current validation

demonstrated that a 1 pg sensitivity was achieved for the 9 quantified vertebrate species



tested using the Parson et al. (2000) parameters (cyto 2) with 42 amplification cycles

instead ofthe 30 or 35 cycles used by the authors with the addition of a 7 minute

extension step. Although maintaining lower amplification cycles is usually preferred to

prevent non-specific amplification, AFDIL scientists have demonstrated that

amplification of low copy number or degraded DNA extracts could be achieved when

smaller regions were amplified with 38 to 42 cycles (Fisher et al. 1993)

The primers were confirmed as vertebrate specific when 100 pg of seven species

of invertebrate DNA produced no detectable amplification product, and only the human

DNA was detected for all of the invertebrate:human mixtures including when

invertebrate DNA was present at a 100 times higher concentration. Interestingly, though

product gel bands were present for all vertebrate species at 42 cycles, differences in band

intensity were noted among the 1 pg products (Fig. 7C). The 1 pg gorilla extract

produced a brighter band than all the other species including human, while the alligator

extract gave the weakest band intensity. Mixture results also revealed differing PCR

efficiencies instead of equally intense product gel bands for all mixture reactions and

electropherogram peaks ofequal heights for both vertebrate species. Brighter bands on

agarose gels were present for most ofthe higher non-human:human vertebrate mixture

ratios (e.g. — 10:1, 9:1, 3:2). The fainter bands for the lower ratios (1 :9, 1:10) were an

indication that human DNA was not amplified as efficiently as the non-human species’

DNA. Branicki et al. (2003) also found differences in PCR efficiency when observing

product gel results for amplification ofcow and pig DNA dilution series. These authors

demonstrated that pig DNA amplified more efficiently than cow DNA, and the

differences were assumed to be related to the number of DNA sequence differences
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present in the primer binding sites for each species (Branicki et al. 2003). However, no

sequence data were provided to confirm this conclusion.

In an attempt to explain the differing amplification efficiencies, the current

validation determined the number ofprimer binding site differences compared to the

published GenBank reference sequence for each species tested. This assessment revealed

that as little as one and at the most six sequence differences existed. However, no direct

correlation between the number ofprimer binding site variations and the intensity ofthe

agarose gel bands was indicated. For example, the gorilla, with the greatest number of

primer binding site differences, might be expected to have the least intense band when

compared to the other tested species, however it was the brightest. Furthermore, the

positioning of the sequence differences did not seem to influence the amplification

efficiency, which tended to be interspersed throughout the forward and reverse

sequences. Concentration ofthe sequence differences at the 3’ end(s) ofthe forward

and/or reverse primers could potentially reduce the primer binding efficiency, this was

not present for the set of tested species sequences. Even the species that had one or two

differences at the 3’ end (e.g. — alligator, cow, gorilla) showed similar or greater agarose

band intensities than species that had no differences in that region (e.g. - human, chicken,

pig). For example, the alligator had the same number ofprimer differences as cat and

cow with one ofthe differences at the second to last base from the 3’ end of the reverse

primer (5). Yet, the cow, which had a greater number of sequence differences at the 3’

ends of both primers, generated a far more intense band than the alligator.

An alternate explanation for the variation in intensity is that the original DNA

concentrations were incorrect. This seems unlikely because the manufacturer provided
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the concentrations for the BIOS laboratory specimens, and all other specimens (except

for the kiwi) had been quantified by UV spectrophotometry, however slight variation

could certainly exist. Other factors, including the amount ofmtDNA contained within a

sample (as opposed to total DNA, which is measured using spectrophotometry), or DNA

secondary structures such as hairpin formation in the template DNA that interfere with

PCR, could also affect results.

Intraspecies differences were often found between the experimental amplified cyt

b sequences and the corresponding published GenBank sequences (Table 4) during this

validation. Previous cyt b research showed that intraspecies variation is encountered

during comparisons of sequences from multiple representatives ofthe same species,

attributable to the normal mutation ofmtDNA (Cronin et al. 2001, Hsieh et al. 2001 and

2003). Any intraspecies differences do not seem to interfere with species identification

though. For example, Hsieh et al. (2001) found that the percentage of intraspecies

sequence differences for 19 vertebrate species tested ranged from 0.25 to 2.74%, far

lower than the 5.97 to 34.83% percentage of interspecies differences.

Sequence results also revealed that 3 ofthe 14 species DNA samples (house

mouse, domestic sheep, and domestic dog) were contaminated with a different species

The contaminating species were not identified though the major contributing sequence

was separated from the minor by making a visual determination ofthe major base at each

position in the sequence and manually adjusting the sequence according to that

determination. For example, ifboth an A and a C were at one position but the C had a

lower peak height, the major peak at that position was called an A. If both the A and C

appeared to have equal heights, the major base could not be determined and the peak was
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called an N. Contamination ofthe house mouse specimen most likely occurred during

previous use ofthe specimen since none ofthe other extracts, amplification control, or

specificity control PCR reactions set up at the same time were contaminated. The

contaminant peaks were so low (<1% ofthe major contributor peaks) that elevated

baseline could not be ruled out, but to be conservative the peaks were considered to be

those of a low level contaminant. This meant that the major sequence was isolated,

compared to the mouse reference sequence, and imported into BLAST for a species

determination, but the sequence was not included in the phylogenetic tree generation.

Unlike the mouse, the domestic sheep and domestic dog specimens obtained from the

University of Delaware were highly contaminated (>50% of the major peaks).

Contamination of these specimens most likely occurred at the time of collection ofthe

blood samples or at the time ofpackaging of the FTA® blood cards and not during the

extraction procedure. This was firrther supported by the lack of contamination oftwo of

the other extracts from this group (domestic cat and domestic horse) as well as the

reagent blank, which were all extracted at the same time. Extraction of a new sample

from the FTA® blood cards ofthese 4 specimens confirmed that contamination had not

occurred during the extraction procedure and that the BLAST results for all four species

were reproducible. Species identification ofthe contaminated samples was still attempted

because the possibility for contamination during casework analysis does exist though the

occurrence is extremely rare.

BLAST Identification

The low level of contamination did not influence BLAST based species

identification in the house mouse; the top BLAST match was the house mouse cyt b gene
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with a value ofem. In contrast, because ofthe large ntunber ofN’s interspersed

throughout the sequences, successful BLAST identification was not achieved for the

contaminated domestic sheep and domestic dog sequences though the top BLAST

matches for each were in the proper family. The two sequences may have been identified

correctly had they been single sources, though Branicki et al. (2003) reported no

instances ofcontamination and found that a BLAST search was unable to distinguish

between amplicons ofmouflon sheep (Ovis musimon) and domestic sheep or between

wolf(Canis lupus) and domestic dog.

One should keep in mind when assessing the BLAST results that all ofthe

species tested were known to be in the GenBank database. The development ofan

exhaustive reference database comprising the foreign species (e.g. from Vietnam and

Korea) that could potentially be encountered would require substantial time and

resources. Fortunately, the need for such a database is superceded by the large number of

vertebrates that are currently encountered in GenBank. For example, Branicki et al.

(2003) found that cyt b sequence data for three of the 34 species they tested could not be

found in the database, but the species were able to be matched with closely related

species that were in GenBank. In addition, Parson et al. (2000) found that the only types

ofvertebrate cyt b sequences that could not be found in GenBank at the time oftheir

study were avian. In compiling the 94 database species’ sequences for the current

project, avian and amphibian cyt b species sequences were less common in the GenBank

database. This presents an obstacle only when exact species identification is necessary.

For this validation, exact species identification is advantageous but not necessary since

the desired result is a non-human versus human designation.
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Other BLAST discrepancies encountered during the course of this validation were

associated with identification ofthe domestic cat, marmoset, and the domestic horse. The

domestic cat cyt b sequence matched equally well with the wild cat (Felis silvestris) and

domestic cat GenBank cyt b sequences. Branicki et al. (2003) reported the same result,

noting that the two species are indistinguishable based on cyt b sequence data alone. The

marmoset and domestic horse, neither ofwhich was correctly identified, also presented

interesting results. The exact marmoset species used in this study was unknown, but the

sequence was a 99% match to a tamarin sequence instead ofany ofthe marmoset species

sequences. In considering explanations for the incorrect match, it was noted that only

partial cyt b sequences were available in GenBank for all members ofthe Callithrichidae

family except the common marmoset. For example, only 255 bases of Snethlage's

marmoset (Callithrix emiliae) were available for comparison only 255 bases for the cyt b

gene ofwhich 214 (81%) overlapped with the entered marmoset sequence. In addition,

not all marmoset species are represented in the GenBank database. As a result,

misidentification may have been based on the absence ofthe correct species from the

GenBank database.

The horse exhibited a large >50 sequence differences in the comparison to the

GenBank horse sequence, and the top BLAST match was the zebra cyt b sequence. A

reasonable explanation for these results has yet to be determined. The sequence was

clearly from a single source and originated from a domestic horse based on the labeling

ofthe FTA® specimen received fiom the University of Delaware. The possibility that

the sequence was that of a nuclear pseudogene (insertion ofthe cytochrome b gene

sequence into the nuclear genome) could be considered according to the characteristics
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outlined by Irwin et al (1991). Irwin et al. (1991) listed the following characteristics: the

presence oftwo peaks at many sequence positions with no contaminant present, a large

number ofbase substitutions compared to the expected number of substitutions at each

codon position for mtDNA, and a lower than expected ratio of transitions at third codon

positions to transitions at first codon positions (Mundy et al. 2000). The specimens were

not evaluated for presence ofthose characteristics, but two other properties indicative of

pseudogenes, indeterminate sequence length (Irwin et al. 1991) and presence of stop

codons in all reading fiames (Johns and Avise 1998, Mundy et al. 2000), were not

observed.

In summary, the effectiveness ofthe technique was demonstrated when nine of

the 11 (81%) non-contaminated samples were matched with the mitochondrial genome or

cyt b gene sequence ofthe corresponding GenBank species. When contaminated

sequences were included 10 of 14 (71%) ofthe species were correctly identified with

100% ofthe sequences associated with the correct family.

Phylogenetic Tree Comparisons

Three phylogenetic trees were generated using PAUP as described in Methods

and Materials. The first was used to evaluate the accuracy ofclade formation using the

known compilation of 94 species sequences compared to Table 2. All clades were

formed as expected with the exception ofthe rodents; members ofthe order Rodentia did

not form a single clade. The hamster and muskrat branched out fi'om the same node to

form a cluster, which was positioned adjacent to the muskrat branch, while the remaining

rodent species occupied their own independent branches further down the tree.

Investigation into the evolutionary relationships among rodent species revealed an
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ongoing debate concerning the monophyly (or lack thereof) ofthe order. Authors

including Huchon et al. (2002) and Sullivan and Swofford (1997) have asserted that the

monophyly ofrodents has yet to be disproved. On the other hand, Graur et al. (1992) and

Li et al. (1992) discussed the paraphyly of Rodentia, saying that the rodents branch off

into separate groups including guinea-pig-like rodents (caviomoprhs) and rat-like rodents

(myomorphs). This was supported by the observations of Reyes et al. (2000), who

indicated that rodents are either polyphylectic or paraphylectic based on placement of

several rodent species within a mammalian phylogenetic tree. Likewise, the work of

Honeycutt et al. (1995) supported rodent polyphyly when the cyt b gene sequences of 35

mammalian species were aligned.

The results ofthe validation described here also support the theory of

evolutionary separation ofthe rodent order. One should understand, however, that the

tree generation criteria were extremely conservative; certain assumptions, such as equal

transversion and transition rates, no species-based bias towards transversions or

transitions, and equal frequencies for each base, were made. Adjusting these with more

specific values would result in a slightly different and possibly more accurate

evolutionary tree (Honeycutt et al. 1995, Huelsenbeck 1995, Irwin et al. 1991, McClellan

and McCracken 2001), but such adjustments were beyond the scope ofthis project.

The second tree, generated under the same conditions as the first, was used to

determine whether each tested species sequence grouped with its respective GenBank

reference sequence. All experimental species aligned with the proper sequence with

bootstrap values of 100 except for the domestic cat (93%), the marmoset (66%), and the

domestic horse (69%). The experimental domestic cat and the GenBank wild cat
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sequences branched together, once again supporting the inability to distinguish the two

species by cyt b sequence comparison though the experimental domestic cat/GenBank

wild cat cluster did branch with the GenBank domestic cat sequence with a bootstrap

value of 100%. Though the latter two species, marmoset and domestic horse, both

grouped with the correct species in the phylogenetic tree, the associated bootstrap values

are in keeping with the BLAST search results as they also had the lowest confidence

(based on e-values) for the top BLAST matches. The alignments ofthe marmoset with

the common marmoset sequence and the domestic horse with the domestic horse

sequence should be evaluated with caution. One should keep in mind, for example, that

as with BLAST, only a limited number (one in this case) of Callithricidae family

sequences is available in the 94 database sequences.

Finally, a third tree was generated to compare the alignment pattern ofthe

experimental sequences with the corresponding GenBank sequences in the second tree

(Fig. 10C versus Fig. 10B). The generation ofthe third tree was necessary since

sequence differences within a species could indirectly affect the arrangement and

confidence values for other branches ofthe tree. This is a consideration since the horse

and marmoset sequences differed fi'om their respective GenBank sequences by over 50

base pairs. The lower level ofconfidence for the placement ofthese two species without

the presence ofthe reference sequences could affect the values for placements further out

in the tree. For example, because the horse bootstrap confidence was lower, the

positioning ofthe next branch out may have been lower and so on. Upon assessment of

the third generated tree, the branching arrangement was the same as for the second tree,

and most placements were either identical or 2—3% lower in confidence than for the
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second tree, with the greatest difference being a 7% (higher) difference for the placement

ofthe domestic cat sequence. The sequence aligned with the wild cat sequence with a

93% bootstrap value in Fig. 10B, but the bootstrap value was 100% (the same as in Fig.

10A) in Fig. 10 C because the sequences are indistinguishable and only two ofthe three

(GenBank domestic cat, experimental domestic cat, and GenBank wild cat) sequences

were being compare in the third tree.

The three phylogenetic trees depicted in the results were compiled without the

contaminated sequences to prevent skewing of results caused by the large number of

uncalled (N) bases. A separate alignment was evaluated in PAUP using all sequences,

including the contaminated house mouse, domestic sheep, and domestic dog sequences

(data not shown). All alignments were the same, except the bootstrap values for gorilla

and human were 99 and 98 respectively instead ofthe original 100 percent. The dog

sequence aligned with the experimental brown kiwi sequence with a bootstrap value of

86. The large number ofambiguous bases in the dog sequence are most likely the reason

for this misalignment. The sheep sequence aligned with the GenBank domestic sheep

sequence with a bootstrap value of 57. This correct alignment, despite the 21 sequence

differences, can likely be attributed to the single ovid species available for comparison in

the database generated for this study. As with BLAST, the high (100%) confidence of

the experimental and control house mouse sequence alignment was likely a result ofthe

low level ofthe contaminating DNA and the absence ofambiguous bases in the major

sequence.

BLAST Versus Phylogenetic Tree Comparison

A comparison of BLAST searching and phylogenetic alignment was undertaken
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to determine the more efficient and/or accurate method of species ID. The BLAST

comparison and phylogenetic alignment could both be used for species identification , but

the BLAST program was chosen for the final validated procedure for two major reasons.

First, the number ofknown sequences being compared through BLAST is far more than

the number compiled for the reference database for this project (>35,000 versus 94). As

discussed above, the greater number ofsequences for comparison adds more weight to

the confidence values for matches. Second, BLAST comparison is more time efficient

for laboratories because it eliminates the need to develop an internal reference database

for phylogenetic alignment.

Mixture Analysis

Non-human vertebrate:human mixtures were evaluated for separation ofthe major

and minor components. Minor component RFU’s that were less than 50% ofthe major

component allowed the separation of sequences for all mixtures except the 3 :2

alligator:human and 3:2 gorillazhuman mixtures that were indistinguishable. The chicken

DNA completely dominated the mixture reaction as it was the primary sequence for all

but the 1:9 mixture. These results are in keeping with those of Branicki et al. (2003),

who found that the cyt b DNA of some species is more readily detected when sequencing

the amplification products ofmixture reactions than the DNA ofother species. For

example, when analyzing a pig to human mixture series, the group found that a clear

human signal was detected for six ofthe seven ratios, and the pig DNA was only detected

by itself at the 1:100 ratio. During analysis ofdogzpig mixture, a “pure” dog signal was

never observed at any dilution, and the dog signal was only evident in two ofthe

dilutions (100:1 and 50:1). Though the authors attributed the differences in efficiency to
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primer binding site variations, they failed to address other possibilities, including starting

amounts ofmtDNA existing in their samples.

Based on Branicki et al.’s (2003) results and the results obtained in the present

study, caution should be taken when evaluating mixture sequences. The major species in

a contaminated specimen may actually appear to be the minor component if it amplifies

less efficiently, but there is no way ofdetermining whether this occurs. Therefore,

whenever possible, the apparent minor component sequence should be determined in

addition to the apparent major component sequence. It should also be noted that in this

study a total of 1 pg ofDNA (including both the major and minor components) was used

for all mixture reactions. The low amount ofDNA may have increased the potential for

amplification ofone species over the other because ofthe limited amount oftemplate

available in the reaction for each species. The importance of such an occurrence for

AFDIL is likely limited however because the outer cortical layer ofthe bone is removed

before the DNA is extracted (Armed Forces DNA Identification Laboratory DNA

Extraction Manual, Version 2.0: “Organic Extraction ofDNA from Dried Skeletal

Remains”). The possibility of competitive amplification has to be considered, regardless,

to account for the rare instance of contamination with an analyst’s DNA.

The Validated Procedure

The procedure resulting from this research is advantageous to AFDIL for several

reasons. First and foremost is the ease of implementation ofthe methods, which would

require only minimal training for mtDNA analysts. Second, the procedure was developed

around the current amplification conditions ofthe mini primer sets, using similar cycle

numbers and achieving the same sensitivity. This is advantageous because amplification
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failure would still provide valuable information since lack ofamplified product using cyt

b primers would be an indication of inhibition. Analysts could then proceed with efforts

to address inhibition, such as diluting the template or adding more BSA. Third, the

BLAST database is a readily available source of references for the vertebrate cyt b gene

making identification as simple and quick as inserting a sequence into BLAST and

awaiting the results (~ 1 min. or less).

Future Considerations

A final important aspect ofany forensic validation is to determine if the

developed procedure is applicable to case quality specimens. All non-contaminated

extracts evaluated during the course of this study came from relatively rich and pristine

sources ofDNA, which may behave differently than small, possibly degraded skeletal

specimens. Therefore, casework certified mtDNA analysts are currently re-extracting

skeletal remains including some that were previously submitted to AFDIL by CILHI but

failed to yield amplified product with human specific primer sets and mini-primer sets.

The cyt b primers will be used to determine whether the unsuccessful amplification was a

result of the bone being non-human or a result of severe degradation (Timothy

McMahon, Ph.D., personal communication).

One extension of this project that may be beneficial to AFDIL is to evaluate the

potential use of a multiplex comprised of human-specific D-loop primers and the separate

vertebrate-specific cytochrome b primers so the human/non-human differentiation may

be made solely via evaluation of agarose gel results, bypassing the need for DNA

sequencing. Human samples would have two bands in this instance, and non-human

vertebrates would only have the band corresponding to the cytochrome b amplicon.
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Bellis et a1 (2003) used such a procedure to distinguish goat, cow, sheep, tiger, horse, cat,

chicken, dog, and pig from human. However, in their study, the dog also produced two

bands (cause unknown), though the positioning differed enough fi'om the human bands to

distinguish the two. Using this procedure could add greater efficiency to species

differentiation if it is effective for ancient skeletal remains since further sequence and

BLAST analysis would only be necessary when and if a specific species needed to be

determined.

In conclusion, small and/or degraded bone fragments received at AFDIL are first

amplified with primer set 2, which amplifies nucleotides 16190—16410 and is the most

sensitive ofthe primer sets. Amplification failure with this primer set is followed by

PCR using the most sensitive ofthe mini primer sets. If amplification is still ineffective,

troubleshooting measures such as amplification with increased Taq, diluted template, or

increased template is attempted. The validated procedure would potentially be used as

the first step in troubleshooting to prevent wasting time on attempting to amplify non-

human bones with human specific primers and seeing inhibition. The final validated

protocol to be implemented is as follows: 1) 42 cycle amplification using the cyt b

primers, 2) agarose gel electrophoresis to verify amplification, 3) purification and

sequencing with the cyt b primers, and 4) import ofthe sequence into BLAST for

identification. Note that for the validated procedure, scientists will simply copy the

consensus sequence to BLAST and determine the species based on the top match for the

search; no comparison to a known sequence using an alignment program such as

Sequencher will be necessary. Though the ability to identify species to the family level is

more than sufficient for AFDIL and other human forensic DNA laboratories, wildlife ’
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forensic scientists may require greater discrimination. Therefore, BLAST searches may

not always be specific enough. In these cases, the development of a separate internal

database would be beneficial. For example, if one is interested in species identification

oftwenty species of felids, it could be necessary to obtain reference sequences for the

them and perform a phylogenetic tree analysis. The necessity for some forensic scientists

to achieve more specific identification may also be addressed using the immunological or

protein assays outlined in the introduction or by amplification and sequencing ofthe

entire cytochrome b gene, depending on sample condition (Guglich et al. 1994, I-Iillis et

al. 1994, Irwin et a1. 1991).

The validation results presented here demonstrate that the cyt b primers were

specific and usable for limited amounts ofDNA. The procedure is currently being

implemented for use at AFDIL for the previously mentioned test samples fi'om CILHI

and will be implemented for casework in the near future (Timothy McMahon, Ph.D.,

personal communication).
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