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Summary This review highlights the importance of domestic animal genetic evidence sources, genetic

testing, markers and analytical approaches as well as the challenges this field is facing in

view of the de facto ‘gold standard’ human DNA identification. Because of the genetic

similarity between humans and domestic animals, genetic analysis of domestic animal hair,

saliva, urine, blood and other biological material has generated vital investigative leads that

have been admitted into a variety of court proceedings, including criminal and civil

litigation. Information on validated short tandem repeat, single nucleotide polymorphism

and mitochondrial DNA markers and public access to genetic databases for forensic DNA

analysis is becoming readily available. Although the fundamental aspects of animal forensic

genetic testing may be reliable and acceptable, animal forensic testing still lacks the

standardized testing protocols that human genetic profiling requires, probably because of

the absence of monetary support from government agencies and the difficulty in promoting

cooperation among competing laboratories. Moreover, there is a lack in consensus about

how to best present the results and expert opinion to comply with court standards and bear

judicial scrutiny. This has been the single most persistent challenge ever since the earliest

use of domestic animal forensic genetic testing in a criminal case in the mid-1990s. Crime

laboratory accreditation ensures that genetic test results have the courts’ confidence.

Because accreditation requires significant commitments of effort, time and resources, the

vast majority of animal forensic genetic laboratories are not accredited nor are their

analysts certified forensic examiners. The relevance of domestic animal forensic genetics in

the criminal justice system is undeniable. However, further improvements are needed in a

wide range of supporting resources, including standardized quality assurance and control

protocols for sample handling, evidence testing, statistical analysis and reporting that meet

the rules of scientific acceptance, reliability and human forensic identification standards.
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Introduction

Domestic animal genetic evidence is a significant forensic

tool for identification and individualization purposes when

an animal is the suspect, as in cases involving animal

attacks and property damage (Graham 2005). Applications

also have included civil and criminal forensic investigations

of animal theft and abuse as well as food contamination and

fraud. Genetic testing of domestic animal biological

materials has been used to connect victims, perpetrators

and/or crime scenes (Beamonte et al. 1995; Menotti-Ray-

mond et al. 1997; Schneider et al. 1999; Giovambattista

et al. 2001; P�ad�ar et al. 2001; Quioco 2001; Eichmann et al.

2004; Halverson & Basten 2005b; Shen & DuLaney 2005;

Kanthaswamy 2009; Ogden et al. 2009, 2012; Attoh 2010;

Clarke & Vandenberg 2010; American Society for the

Prevention of Cruelty to Animals 2011; Bond 2013).

Despite the importance of animal forensic samples as

probative evidence, only a few animal genetic testing

laboratories are capable of analyzing these samples. At the

2006 International Society Animal Genetics (ISAG) meeting

in Porto Seguro, Brazil, it became evident that many of the

ISAG-affiliated laboratories were unsure if they were
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providing forensic services (International Society for Animal

Genetics 2008a). If providing forensic genetic services is

within the scope of practice of a particular domestic animal

genetics laboratory, then the laboratory should take the

necessary steps to strengthen its analytical procedures and

ensure that its laboratory protocols will withstand scientific

scrutiny. It is imperative that a laboratory performing

forensic services adheres to appropriate crime laboratory

standards and guidelines to ensure the admissibility of its

genetic testing results in court. The power of human genetic

testing is routinely exemplified through the numerous

convictions and exonerations of individuals. Due to the

standardization and accreditation of crime scene processing

procedures, laboratory protocols, statistical models and

analytical techniques employed in human crime laborato-

ries, human forensic genetic analysis, particularly single

tandem repeat (STR) typing, is now the ‘gold standard’

against which other forensic sciences are measured (Lynch

2003).

Much of the ambiguity among ISAG-affiliated laborato-

ries concerning their involvement in forensic services may

have stemmed from the lack of a clear definition of animal

forensic genetics. To address this issue, the ISAG Animal

Forensic Genetics Standing Committee, which was formal-

ized that same year to outline recommendations on the use

of animal genetic information in forensic science investiga-

tions (Budowle et al. 2005), sought to define animal forensic

genetics and the field animal forensic genetic testing. Based

on the feedback from and approval by the 2008 workshop

participants, the standing committee defined animal foren-

sic genetics as ‘the application of relevant genetic

techniques and theory to legal matters, or enforcement

issues, concerning animal biological material’ (Interna-

tional Society for Animal Genetics 2008a). This definition

has since helped ISAG-affiliated laboratories determine

whether they indeed perform forensic genetic testing and

reporting. In turn, crime laboratory accrediting agencies

has begun initiatives toward the accreditation of some

animal genetic laboratories, although there is still very little

standardization of methodologies used in the forensic

analysis of animal genetic material or reporting styles.

In recent years, interest in animal genetic evidence has

increased (Linacre et al. 2011). Currently, there are more

publications on non-human DNA than publications on

important aspects of human DNA analysis, including single

nucleotide polymorphism (SNP), low copy number DNA

and mixture analysis (Butler et al. 2010). The similarity in

methods used for the analysis and interpretation of genetic

data from both humans and animals has catalyzed the

crossover from human to non-human forensic science

(Iyengar & Hadi 2014). Moreover, advancements in the

ability to extract and replicate environmentally challenged

or limited amounts of DNA from probative samples (Dayton

et al. 2009; Kun et al. 2013; Wictum et al. 2013) and

development of procedures for identification, including

classification (for example, by means of species testing),

individualization (by means of genotype profiling) of

individuals based on highly variable regions of the genome

(Tozzo et al. 2011; Ng et al. 2012, 2014) and the imple-

mentation of statistical confirmation to validate the DNA

test results (Kanthaswamy et al. 2009; Linacre et al. 2011;

Lindquist et al. 2011), have certainly ensured the increase

in the usage of animal genetic material in forensic cases.

The law enforcement community’s recognition of the

probative quality of non-human forensic evidence,

especially when genetic evidence that directly connects a

suspect’s DNA to a victim or crime scene is absent or

disputed, has been a major catalyst for the increased use of

animal evidence in investigating crimes. Currently, how-

ever, most animal genetic evidence is used only to

contribute vital investigative leads, dispute alibis and

reconstruct crimes; this type of evidence cannot be used

for the individualization of any human suspect and needs to

be supplemented by other forms of physical and circum-

stantial evidence. The first application of forensic genetic

identification of a non-human animal was on a house cat’s

hair samples in response to a murder investigation inquiry

from the Royal Canadian Mounted Police (Menotti-Ray-

mond et al. 1997), which later resulted in the generation of

a considerable amount of literature in this field. Therefore,

this review highlights only a few of the most common

sources of domestic animal biological evidence, including

pets and livestock. The review also focuses on STR, SNP and

mitochondrial DNA (mtDNA) markers, the workhorses of

animal forensic DNA identification (see Table 1), the differ-

ent types of analytical approaches and platforms often used

in animal forensic genetics and the challenges this type of

forensic analysis currently faces in the shadow of more

widely accepted human DNA testing.

Common animal biological evidence

Animal evidence that may be introduced at trial include

documentary, tangible or biological materials, such as

blood, saliva, semen, urine, feces, hair, fur, skin, bone, nail

and other tissues. Skin and dander (epithelial) cells, as well

as hair and fur, for instance, naturally flake off or fall out to

make room for the newer growth and represent the most

abundant form of biological materials in households with

pets. Most people unwittingly transfer trace evidence, such

as hair, fur and dander, as they are often difficult to remove.

Clinging materials, such as dog hair, are very persistent

(D’Andrea et al. 1998) and can be transferred from vehicles,

clothing and/or carpeting to the crime scene, or they can be

collected from the scene, suspect or victim. These types of

trace evidence are important because they not only help

narrow down a search based on already known facts but

also may contain sufficient amounts of genetic material that

can be extracted and amplified for the identification of the

animal from which the biomaterial was derived.
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There are approximately 96 million pet cats and 83

million pet dogs in the USA (American Pet Products

Association 2014). Forty million households in the USA

have at least one pet cat, and 57 million US households own

at least one pet dog (American Pet Products Association

2014). According to a 2012 International Federation for

Animal Health-Europe (IFAH-Europe) survey, there were

more than 66 million pet cats and 60 million pet dogs in the

EU. The same IFAH-Europe survey estimated a worldwide

population of 223 million dogs and 220 million cats

(excluding strays). With about every other household

owning a companion animal, cat and dog hair and dander

are among the most commonly discovered trace material in

potential crime scenes (Halverson & Basten 2005b).

Trace evidence usually consists of particles, mostly

microscopic, deposited at a crime scene. Human genetic

evidence collected from crime scenes is frequently mixed

with dog and cat genetic material (Halverson & Basten

2005b; Smalling et al. 2010). Therefore, the ability to detect

and quantify species-specific genetic material in mixed

samples is crucial. A TAQMAN
� assay developed by Kan-

thaswamy & Premasuthan (2012) targets the autosomal

human tyrosine hydroxylase (TH) locus and canine and

feline melanocortin-1 receptor (alpha-melanocyte stimulating

hormone receptor) (MC1R), a nuclear gene that encodes for a

seven-pass transmembrane G protein-coupled receptor pro-

tein involved in hair and fur coloring in all mammals.

Nuclear loci make ideal and relevant target sites to estimate

the amount of human, canine and feline co-mingled nuclear

templates for downstream genetic analysis. Homicide and

sexual assault cases also have utilized the blood, feces and

urine of dogs, as this evidence may be found at the crime

scene or on the victim (Halverson & Basten 2005a; Newton

2007; Van de Goor & van Haeringen 2007; Ogden et al.

2012). Since 1996, canine DNA evidence has contributed

to over 20 criminal cases in Great Britain and the USA

alone (Halverson & Basten 2005a).

In addition to being victims, animals can also be the

offenders, such as when an animal destroys someone’s

property or attacks humans or other animals. One inves-

tigation exonerated a dog from causing a traffic accident

based on hair collected from the wreckage (Schneider et al.

1999). In another case, a killing of a neighbor’s cat forced

the owners of the offending dog to build a fence to prevent

further cat kills – genetic identification of canine hairs found

in the cat’s mouth was linked to the suspected dog

(Tresniowski et al. 2006). Besides hair, both dog blood

and saliva around bite wounds and bitten material,

including the victims’ clothing (Brauner et al. 2001; Padar

et al. 2002; Eichmann et al. 2004; Tsuji et al. 2008; Clarke

& Vandenberg 2010), often have been used successfully in

dog attack cases. According to Gilchrist et al. (2008), dog

bite injuries occur at a rate of 4.5 million per annum in the

USA. Approximately 885 thousand of these victims require

medical attention, and about 238 of them die from their

injuries (Centers for Disease Control and Prevention 2003;

Gilchrist et al. 2008; American Society of Plastic Surgeons

2012).

The American Society for the Prevention of Cruelty to

Animals� (ASPCA) helped adjudicate two animal cruelty

cases in the USA based on DNA analyses performed by the

Veterinary Genetics Laboratory (VGL) at the University of

California, Davis. One case involved aggravated animal

cruelty as well as burglary in the second degree and arson

Table 1 Non-human biological evidence, genetic markers and type of investigation (modified from Iyengar & Hadi 2014).

Species and type

of biological evidence Marker Type of investigation References

Dog hair STRs Murder Halverson & Basten (2005a,b); Attoh (2010)

Dog urine STRs Sexual assault Newton (2007)

Dog feces STRs Murder Newton (2007)

Dog saliva STRs Dog attack Padar et al. (2002); Eichmann et al. (2004); Tsuji et al. (2008);

Attoh (2010); Clarke & Vandenberg (2010)

Dog hair STRs Dog attack Padar et al. (2002)

Dog hair mtDNA sequencing Kidnap, rape, murder Halverson & Basten (2005b); Shen & DuLaney (2005)

Dog hair STRs Arson Halverson & Basten (2005b)

Dog hair mtDNA Rape, murder Halverson & Basten (2005b)

Dog hair mtDNA Traffic accident Schneider et al. (1999)

Dog blood STRs Animal cruelty American Society for the Prevention of Cruelty to Animals (2011)

Cat hair STRs Murder Menotti-Raymond et al. (1997); Halverson & Basten (2005b); Bond

(2013)

Cattle blood, hair STRs, SNPs Animal theft Beamonte et al. (1995); Giovambattista et al. (2001); Van de Goor

& van Haeringen (2007); Fernandez et al. (2014)

Llama blood STRs Animal cruelty Quioco (2001)

Horse urine STRs, mtDNA Doping Tobe et al. (2007); Diaz et al. (2008)

Mixed species meat, milk mtDNA Food traceability, testing Dalmasso et al. (2004); Dooley et al. (2004); Vazquez et al. (2004);

Haunshi et al. (2009); Ward et al. (2009); Rodriguez-Ramirez

et al. (2011); Food Standards Agency (2013); Sakaridis et al.

(2013a,b); Heaton et al. (2014); Karabasanavar et al. (2014)
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in the fourth degree, whereas the other involved the beating

of a pet cat with an umbrella; in both cases, the animal

victims died from their injuries (https://www.aspca.org/).

Dog fighting is a lucrative criminal enterprise that con-

tributes to the cruel treatment and deaths of thousands of

dogs annually in the USA. The ASPCA has teamed up with

the VGL to combat the use of dogs for fighting by creating a

dog fighting DNA database called ‘Canine CODIS (Combined

DNA Index System)’ (American Society for the Prevention

of Cruelty to Animals 2010), which archives individual

DNA profiles of dogs that have been seized during dog

fighting investigations and from samples collected at

suspected dog fighting venues. This database can help

identify relationships between dogs and enable investigators

to establish connections between breeders, trainers and dog

fighters to aid law enforcement agencies (https://www.

aspca.org/).

DNA analysis is also routinely used for doping control in

competition horses. Urine samples from racehorses after an

event are usually tested for the presence of banned

substances. To trace a test sample to a specific horse and

detect switching and manipulation of samples, a reference

sample usually accompanies the horse’s urine sample to the

laboratory for match comparison (Marklund et al. 1996;

Yasuda et al. 2003; Sipoli Marques et al. 2005; Tobe et al.

2007). In one interesting case, forensic DNA identification

of a racehorse’s urine sample using ten equine-specific STRs

rendered no amplicons (Diaz et al. 2008). A subsequent

species test analyzing the mitochondrial cytochrome b (CytB)

sequence confirmed that the urine sample was human in

origin, thus proving the manipulation of the forensic

evidence.

As a result of the close integration of livestock, poultry

and fish into the human food chain, forensically relevant

cases involving these animals, such as identity forgery or

theft, are relatively common. The remains of stolen animals

and illegally procured meat and fish can be identified by

means of genetic testing (Vazquez et al. 2004; Garcia-

Vazquez et al. 2011; Rodriguez-Ramirez et al. 2011; Boscari

et al. 2014). For example, a recently published case used

genetic profiling as probative evidence in a livestock theft,

demonstrating the relevance of this issue in forensic

casework (Giovambattista et al. 2001; Van de Goor & van

Haeringen 2007). Meat testing has received intense

scrutiny since January 2013 when the Food Safety

Authority of Ireland announced the discovery of horse

meat in beef burgers (Food Standards Agency 2013).

According to that report, consumers wanted to be assured

that the foods that they eat have been thoroughly tested.

Genetic analyses already have been used for meat testing in

food safety management and screening for mislabeled,

fraudulent or imitation meat (Dalmasso et al. 2004; Dooley

et al. 2004; Woolfe & Primrose 2004; K€oppel et al. 2009;

Zha et al. 2010). Genetic evidence for species determination

has a crucial advantage over other types of documentary,

tangible, physical or biological evidence because it confers

accurate species confirmation for identifying or tracing the

source of meat products throughout the entire supply chain.

Forensic genetic markers

Invariably, genetic typing methods in animal forensics,

whether for individualization or species determination, are

based on PCR amplification using species-specific primers.

The use of STR and SNP genotyping and mtDNA sequenc-

ing analysis in cats (Menotti-Raymond et al. 2005; Grahn

et al. 2011), cattle (van de Goor et al. 2009, 2011a;

Fernandez et al. 2013, 2014), dogs (Halverson & Basten

2005a; Baute et al. 2008; Himmelberger et al. 2008;

Kanthaswamy et al. 2009; Webb & Allard 2009a,b;

Smalling et al. 2010; Kun et al. 2013; Wictum et al.

2013) and horses (van de Goor et al. 2010, 2011b; Gurney

et al. 2010) has evolved in parallel with similar applications

for human genetic testing.

Short tandem repeats

There are several commercial STR genotyping reagent kits

that are currently available, and these reagent kits contain

either all or some of the ISAG-recommended STR primers.

Applied Biosystems manufactures the Stockmarks� for

Cattle Bovine Genotyping Kit which has 11 STR markers,

and Thermo Scientific (a subsidiary of Thermo Fisher

Scientific) has three cattle-specific multiplexed STR reagent

kits, that is, the Bovine GenotypesTM Panels 1.2, 2.2 and 3.2,

which can co-amplify 12, six and 18 STR loci respectively.

These kits can be used for forensic identification, meat

traceability and routine parentage testing in cattle. Applied

Biosystems also has a Stockmarks� for Canine Genotyping

Kit, which has 10 STR markers for parentage testing and

identification in dogs, and Thermo Scientific’s Canine

Genotypes Panel 1.1 and 2.1 reagent kits (both of which

target 19 loci each including a sex typing marker) also are

applicable for parentage and identity testing in dogs. Panel

2.1 was developed and validated for canine forensic cases

through a collaborative effort between UC Davis and

Finnzymes Oy (Kanthaswamy et al. 2009) and was previ-

ously commercialized by Finnzymes Oy before the company

became part of Thermo Scientific. That reagent kit contains

oligonucleotide primers that target the ‘core panel’ of STR

loci recommended by the ISAG Applied Genetics Committee

of Companion Animals (Kanthaswamy et al. 2009). Thermo

Scientific’s Equine Genotypes Panel 1.1 panel amplifies 17

STR loci, including nine markers that were recommended

by the ISAG Equine Genetics and Thoroughbred Parentage

Testing Standardization Committee.

As there are millions of human STR profiles in national

forensic databases around the world, STRs will remain the

primary workhorse for human identity testing for some time

(Gill 2002; Butler 2006). Smaller and more parochial
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animal forensic STR databases exist; however, they are

typically owned by the genetic testing laboratories that

generated them and may be accessible to other laboratories

only if the databases are uploaded onto public domains such

as STRBase (Ruitberg et al. 2001).

Single nucleotide polymorphisms

Although human STR markers are effectively used in

forensic genetics and therefore face little threat from SNP

panels, animal forensic testing may more readily adopt SNP

panels for identity testing because large national non-

human STR databases are non-existent. Nuclear SNPs may

also gain better traction in animal forensic applications,

such as individualization, because there are already ample

resources for SNPs used in ancestry and breed testing

(McKay et al. 2008), geographical informative markers

(AIMs) (Heaton et al. 2014), prediction of phenotypic traits

(Hayes et al. 2009) and other agricultural-related applica-

tions. In terms of the information SNPs provide, between

two and three SNP markers per STR locus have been shown

to achieve an equivalent power of exclusion in cattle

(Fernandez et al. 2013). Based on double exclusion criteria,

Fernandez et al. (2013) showed that the cumulative prob-

ability of exclusion estimates from 32 SNPs was comparable

to those computed from the 12 STRs recommended by ISAG

(2008b). With the SNP panel conveying the same degree of

information as the standard ISAG STR panel, it may be

predictable that informative SNP panels could eventually

replace STRs for use in cattle rustling and other forensic

cases (Fernandez et al. 2014).

Lineage markers: mitochondrial DNA and Y
chromosome-linked loci

Some genetic markers may be suitable for certain types of

tests, whereas others may not. When STR profiling becomes

problematic due to inadequate amounts of nuclear DNA,

mtDNA, being more resistant to degradation and present in

greater copy numbers, has been successfully analyzed. For

instance, animals tend to naturally shed telogenic or non-

growing hair shafts that often do not contain follicular

material, often yielding too little nuclear genetic material for

autosomal STR or SNP profiling. As such, mtDNA may be

the only viable alternative for shed hair samples (Pfeiffer

et al. 2004; Angleby & Savolainen 2005; Roberts &

Calloway 2007).

Because it is matrilineally transmitted, mtDNA directly

links maternal relatives, which can be used as match

references. Usually, two or more nucleotide discrepancies

are needed for a mismatch or exclusion. MtDNA, although

useful in determining maternal relatives and species identity

(Kocher et al. 1989; Parson et al. 2000; Hsieh et al. 2001;

Melton & Holland 2007; Haunshi et al. 2009), is not a tool

for identifying individuals. However, mtDNA typing in

animals has been used primarily for species testing, origin

and population assignment, verification of food products,

and identification of animal products (Parson et al. 2000;

Rajapaksha et al. 2002; Bravi et al. 2004; Perez & Garcia-

Vazquez 2004; Linacre & Lee 2005; Pepe et al. 2005;

Subramanian et al. 2005).

MtDNA can be analyzed through sequencing, SNP assays

or restriction digestion typing and has been used widely in

animal typing. MtDNA bar coding by Sanger sequencing

has been used for species identification. The most commonly

used bar code region for animals is a 600-bp segment in the

cytochrome oxidase subunit I (COI) gene. More than one

mtDNA region can be routinely ‘bar coded’ for better

resolution. For instance, Eurofins (http://www.eurofins.

com/en.aspx) bar codes segments within three different

mtDNA genes (COI, CytB and 16S) for routine analysis of

food and feed samples.

Although genes in the mtDNA can be targeted for

analysis, analysts typically interrogate and sequence the

non-coding hypervariable 1 and 2 (HV1 and HV2) regions

within the D-loop of mitochondrial genomes (Pereira et al.

2004; van Asch et al. 2005; Eichmann & Parson 2007;

Gundry et al. 2007; Baute et al. 2008; Himmelberger et al.

2008; Smalling et al. 2010; Grahn et al. 2011) for SNPs and

insertions and deletions (indels) and compare them to a

known reference sequence. Webb & Allard (2009a,b) as

well as Himmelberger et al. (2008) and Baute et al. (2008)

have explored the potential use of SNPs both inside and

outside the canine mtDNA D-loop. SNPs are perceived to be

most useful for distinguishing common HV1 and HV2

haplotypes (Baute et al. 2008; Himmelberger et al. 2008;

Smalling et al. 2010). Webb & Allard (2009a,b) developed

the first public reference database of D-loop SNPs in dogs,

and Pereira et al. (2004) proposed a standard nomenclature

for the dog mtDNA D-loop database.

Animal Y chromosome-linked variation is assessed at

multiple polymorphic STR and SNP loci but has only more

recently been applied to animal testing (Olivier et al. 1999;

Van Hooft et al. 2002; Verkaar et al. 2003, 2004; Wallner

et al. 2003). As such, Y chromosome-linked STRs and SNPs

have not been extensively compared to autosomal and

mtDNA markers. Unlike mtDNA, Y chromosome-linked

markers are paternally transmitted and, because of the

mode of uniparental inheritance, analyses based on Y

chromosome markers also have limited utility for sample

individualization.

Genetic testing techniques

Automated fluorescence analysis of PCR amplicons by

capillary electrophoresis is a well-established and staple

tool in forensic casework (Lazaruk et al. 1998). Capillary

instruments provide an automated and precise method for

simultaneously genotyping STR and SNP loci from a single

multiplexed PCR amplification step.
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Techniques based on real-time quantitative PCR (qPCR)

fit the requirements of sensitivity and specificity and are

currently widely used in human forensic science for

quantification purposes. Because qPCR technology enables

the accurate estimation of nuclear DNA templates, which

then ensures the success of downstream nuclear STR and

SNP analyses, the technology has also been applied in

quantifying domestic animal nuclear DNA (Dooley et al.

2004; Evans et al. 2007; Lindquist et al. 2011;

Kanthaswamy & Premasuthan 2012; Ng et al. 2012,

2014).

Real-time qPCR approaches are also an excellent method

of choice in targeting STR and/or SNP loci to quantify

contamination or adulteration in a species-specific manner

(Dalmasso et al. 2004; Kanthaswamy & Premasuthan

2012; Ng et al. 2012, 2014). By targeting amplicons of

less than 150 bp in length within the mitochondrial CytB

gene, Dooley et al. (2004) developed species-specific real-

time TaqMan� assays for the detection of beef, pork, lamb,

chicken and turkey. Ng et al. (2012, 2014) designed

multiplex qPCR assays that target orthologous sites, that

is, sequences that are conserved within a species and among

closely related species, in hoofed livestock and poultry

species. Despite being orthologous, these sites contained

enough sequence variation, including SNPs, among taxo-

nomic families to enable the exclusion of non-target DNA.

Using TaqMan� qPCR-based chemistry, Ng et al. (2012,

2014) exploited variations within these nuclear sequence

orthologs to design species-specific assays for quantifying

nuclear DNA.

Another real-time qPCR-based approach is the high-res-

olution melt (HRM) assay. HRM measures small differences

in PCR melting curves of target DNA molecules containing

SNPs, STRs and other forms of mutations, allowing for the

detection of DNA from different species in pure or mixed

samples. Sakaridis et al. (2013a,b) used this rapid and

accurate technique for verifying products containing buffalo

meat and milk.

Although STRs and SNPs have been sufficient for

identifying individuals, DNA sequencing reveals other forms

of variation, including indels and changes in the order of

nucleotides. Conventional DNA sequence production has

been almost exclusively carried out using capillary-based,

semiautomated implementations of Sanger biochemistry

(Swerdlow et al. 1990; Shendure et al. 2004). Next gener-

ation sequencing (NGS) or massively parallel sequencing

technology provides a platform for more comprehensive

coverage of genetic markers. NGS approaches, with their

high-throughput capacity and low cost, have developed

rapidly in recent years and have become an important

analytical tool for genomic research. NGS technology’s

ability to simultaneously analyze multiple loci of forensic

interest in different genetic contexts, such as auto-

somes, mtDNA and sex chromosomes, opens up new

research opportunities in forensic science. Moreover, with

the mass-sequencing capabilities, a broad range of

individuals can be distinguished by bar coding (Ratnasing-

ham & Hebert 2007; Ward et al. 2009) and sequenced

simultaneously. In theory, hundreds of thousands of bar

codes may be synthesized for parallel sequencing.

The development of NGS technology has made DNA

typing more applicable in projects involving species identi-

fication and breed determination. Tillmar et al. (2013)

developed and validated a deep pyrosequencing technique

that targets the mitochondrial 16S rRNA for forensic and

meat testing. Their approach identified over 99.9% of

mammal species and has the ability to detect multiple

donors and minor components in as low as 1% of sample

mixtures. NGS applications for mtDNA (Tillmar et al. 2013)

and those based on both nuclear DNA and mtDNA

(Hancock-Hanser et al. 2013) remain a tremendous poten-

tial in animal identification. However, like all genetic

protocols, these techniques need to reflect clear-cut proce-

dures that have been validated for admissibility in a trial

court setting (see below).

Challenges for the field of animal forensic
genetics

Quality standards

Although having developed alongside similar forensic

genetic techniques such as STRs, SNPs and mtDNA in

humans, there are still some significant differences between

human and animal genetic applications. The animal genetic

testing community needs a tactical and long-term strategy

to face these challenges. An effective challenge to animal

DNA techniques during litigation is the undermining of the

integrity of the sample collection, preservation and

documentation at the crime scene as well as the analysis,

interpretation of results and reporting (Budowle et al. 2005;

Linacre et al. 2011; Scharnhorst & Kanthaswamy 2011).

Recent court challenges to animal forensic genetic analysis

have demonstrated a need for improved testing standards

that have been vetted according to human forensic guide-

lines (Docket Number 43507-8-I).

To be admissible in a trial court setting, especially in the

prosecution of individuals, evidence generated in domestic

animal genetic testing laboratories has to match the quality

standards for human evidence, which include quality

assurance (QA) and quality control (QC) programs as well

as quality manuals, control, management, training, testing

and standard operating protocols. However, the biggest

challenge laboratories face in achieving these basic goals is

the extent of species encountered in animal forensic science

compared to the single species analyzed in human forensic

genetic testing. The genetic markers and software pro-

grams used to analyze data in domestic animal forensic

science are also more varied and are rarely standardized

among species, whereas in human forensic identification,
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only standardized and validated analytical protocols can be

used.

Based on the 2004 ISAG Animal Forensic Genetics

Standing Committee Workshop in Tokyo, Japan, Budowle

et al. (2005) outlined standard criteria in human forensic

DNA testing that can be easily adopted in animal forensic

genetic laboratories. Realizing that most laboratories pro-

viding animal forensic testing should have some leeway in

establishing more formalized protocols, Budowle et al.

(2005) provided a set of minimum guidelines on (i) data

evaluation, allele nomenclature and designation, and sta-

tistical analysis for forensic STR analysis; (ii) casework

handling, files and reporting; and (iii) laboratory validation

and proficiency testing for laboratory personnel. This set of

guidelines would help ensure the accuracy, precision and

reproducibility of the forensic analysis of evidentiary sam-

ples and improve laboratory performance. From a forum at

the 23rd International Society for Forensic Genetics

Conference in Buenos Aires, Linacre et al. (2011) provided

best practices recommendations on evidence collection,

reference samples, species testing, primer design, STR allele

nomenclature, ladders, frequency databases, the application

of F-statistics, casework reporting and laboratory accredi-

tation that are identical to human forensic genetic testing.

In early 2013, the Scientific Working Group for Wildlife

Forensic Science (SWGWILD) produced a set of consensus

standards and guidelines for the proper handling of physical

evidence as well as the use of genetic and morphological

techniques in wildlife crimes (SWGWILD 2013). The

SWGWILD was formed because the goal of the Society for

Wildlife Forensic Science is to promote professional compe-

tence, uniform qualifications, certification and ethical

behavior among scientists analyzing non-human and wild-

life evidence.

In spite of the efforts by Budowle et al. (2005), Linacre

et al. (2011) and the SWGWILD (2013), there has been

little concerted effort toward the standardization of foren-

sic DNA techniques employed in the forensic analysis of

animal DNA or in reporting styles. Most ISAG-affiliated

animal forensic laboratories are not full-time forensic

service providers; they perform forensic genetic testing

opportunistically when solicited. They are often primarily

parentage and other non-forensic service and/or research

laboratories and, because they are not part of the criminal

justice system organizational structure, they do not have

access to direct government funding. Constraints in their

ability to allocate proceeds from routine non-forensic

service deliveries can affect their limited budget for

forensic applications, including the development of foren-

sic markers and reference databases. Frequently, these

laboratories must compete with others for services and

funding. Under these resource constraints, many labora-

tories do not see a need to share full access of all their

resources such as databases, assay protocols and other

information. Consequently, research findings and

development validations are published infrequently and

attempts to admit new forensic approaches in animal

genetic testing are often made lacking the scrutiny of

standard forensic testing protocols.

Laboratory accreditation

Accreditation provides a solid framework for ensuring that

genetic test results will stand up in court and is a process

that takes a dedicated effort and a large commitment of time

and resources. Standardization of protocols and techniques

for forensic analysis, including documentation, evidence

handling, sample processing, security and reviews, as well

as the interpretation of results and development of statistical

models, would allow different laboratories to maintain

comparable standards and enable comparability of test

results. However, for laboratories that perform forensic

testing infrequently, this level of coordination and oversight

may be unrealistic and not pragmatic.

The VGL at the University of California, Davis, is an

example; the laboratory initially provided services for

genetic-based animal parentage and disease testing. VGL

then created a separate unit dedicated to forensic services

and is currently the only domestic animal laboratory in the

USA that has been accredited by the American Society of

Crime Laboratory Directors/Laboratory Accreditation

Board. Other laboratories, such as the Van Haeringen

Laboratory in the Netherlands, have ISO 17025 accredita-

tion and ISO 9001 certification. Reference databases for

match comparisons and probability estimations are time-

consuming to develop and can be cost prohibitive. As such,

these databases may not be ready prior to a trial.

A US National Academy of Science report included a

recommendation for all examiners and analysts to gain

certification. Animal genetic testing laboratory participation

in proficiency testing and certification programs will ensure

that successful QA/QC programs are implemented and

followed. These programs cover QA and QC standard

operating protocols pertaining to sample handling, storage

and integrity, casework documentation and whether the

DNA analyses, including genetic testing, statistical analysis

and interpretation, are consistent with scientific approaches

(Budowle et al. 2005; Scharnhorst & Kanthaswamy 2011;

Johnson et al. 2014). The potential for widespread accep-

tance of animal forensic genetic evidence will become

somewhat diminished if these human forensic guidelines

are ignored.

Statistical analyses and databases

Most animal pedigree verification databases, such as those

for dogs and cats, do not have sufficient genetic data from

outbred individuals. More than 50% of US dog and

approximately 98% of US cat populations are outbred

animals according to Kanthaswamy et al. (2009).
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Therefore, comprehensive relational databases that reflect

the actual genetic and geographic structure of animal

populations (Smalling et al. 2010; Ogden & Linacre 2015)

are needed for accurate common and rare allele frequencies

and haplotypes.

Match and exclusion probabilities are all examples of

statistical assessments used to convey the significance of a

hit (Budowle et al. 2005). Because these statistical models

depend on Hardy–Weinberg equilibrium, which requires

random mating, the high occurrence of inbreeding (FIS) and

intensity of genetic subdivisions (FST) are major consider-

ations in domestic animal forensic genetics (Ayres & Overall

1999; Ayres 2000; Kanthaswamy et al. 2009; Linacre et al.

2011).

Conclusion

Domestic animals cannot be subjected to interviews or

testimony or be retained in court. However, animals can

be excellent protagonists in forensic investigations in

which their genetic material can be used to independently

and objectively support an association between human

and non-human perpetrators to their victims. The genetic

basis in animal testing underlying the association process

between animal suspects and victims is identical to the

genetic basis of linking human suspects and their victims.

When a human-on-human crime has occurred, animal

evidence gives critical leads and links during an investi-

gation to refute or support alibis and often results in

eliciting confessions from human suspects. This line of

inquiry also may be used to pre-empt habitual and

opportunistic human offenders from committing a crime

in the first place. Animal forensic genetics is not limited to

crime scene investigation. Fraudulent species substitution

in food products is a reality in many markets throughout

the world. Molecular markers are useful tools for authen-

ticating food content and preventing these occurrences,

thus ensuring food safety and the integrity of our food

supply. The science of domestic animal genetic testing has

made significant inroads into forensic science. However,

only sound animal genetic testing protocols with stan-

dardized, validated and accredited procedures may con-

tribute greater reliance on objective scientific evidence

from animal sources.
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