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Introduction

Forensic Biology is the scientific analysis of biological evidence to provide objective information on legal matters or those that pertain to criminal and civil law.   Biological evidence such as bodily fluids or tissues that may be found at crime scenes can be analyzed through serological and DNA typing.   Typing requires detection and screening of the biological evidence such as blood, semen or saliva, extracting the DNA from a specimen, amplifying specific regions of the DNA using the polymerase chain reaction (PCR), and typing the resulting PCR products to determine a DNA profile.  The DNA profile from the evidence is then compared to known profiles from suspects, victims or data base samples to determine the significance of the result.  Samples containing mixtures will require additional interpretation to infer individual donor allele designations.  Forensic biologists must also assess the statistical significance of their results, write reports and testify in court. 

The establishment of a United States national DNA database, the Combined DNA Index System or CODIS, has facilitated the ability to compare DNA profiles from unknown biological crime scene evidence to DNA databases of known convicted criminals leading to “cold hits” or to DNA left at other crime scenes resulting in the ability to link cases.    Many other countries have DNA databases with some of the same genetic markers permitting international database searches.

By comparison of the DNA profile from crime scene samples to known samples, the results can serve to link victims and suspects with the crime scene, or can exclude a suspect from association with that crime.   Additionally, scientific analysis of biological evidence may provide unbiased information to substantiate case circumstances, corroborate or refute an alibi, and/or identify a weapon used in a crime.    Cases may include non-human samples such as botanical, fungal, entomological or zoological specimens that can also be used to link victims and suspects with each other or to the crime scene.   

What does a forensic biologist do?

Forensic biologists examine and characterize biological evidence.  They use various techniques to determine the nature of the biological stains (e.g., blood, semen, etc.), determine whether it is human, and attempt to determine, through the use of genetic markers present in the material, the source of the material.  They use a variety of analytical procedures including microscopy, presumptive chemical tests, immunological analyses, and analysis of DNA using a variety of techniques.   

The steps that are routinely conducted by a forensic biologist include:

1) Detection: Is there biological evidence present? This step usually consists of visual examination with and without alternate light sources and chemical enhancement reagents depending on the case and samples.

2) Screening: Usually the analyst will first conduct presumptive screening tests and if the results are positive will then go on to conduct confirmatory tests.   The tests include visual and microscopic examinations, chemical assays, enzymatic assays and/or immunoassays.
a. Identification of bodily fluids- Is it blood, saliva, semen? 

b. Determination of species- Is the sample human or non human? 

c. Determination of whether male cells, spermatozoa, are present (especially in sexual assault cases). 

Sensitive blood screening is achieved with catalytic color tests. A chemical oxidation of a chromogenic substance such as, o-tolidine, phenolphthalein, luminol, or tetramethylbenzidine by an oxidizing agent (3% H2O2) is catalyzed by the peroxidase- like activity of the heme group contained in hemoglobin of the red blood cells.  These tests are not absolute and both false positives and false negatives have been reported.  Takayama or Teichchmann microcrystal tests can be used to confirm the presence of blood but do not determine if the blood is of human origin. To confirm the presence of human blood, an immunoprecipitate test to detect human sera (Ouchterlony double diffusion test) or an immunochromatographic test to detect human (and higher primate) hemoglobin (ABAcard Hematrace, Abacus Diagnostics Inc.) can be performed. 

A commonly used presumptive tests for semen is the acid phosphatase (AP) test. AP is found in high levels in semen.  As with other presumptive tests, false positives and false negatives are possible.   Low levels of AP can be found in saliva, vaginal secretions, feces and plant material.  A confirmatory test for sperm can be achieved microscopically or for semen by detecting the prostate-specific antigen p30.

Detection of amylase is conducted to screen for saliva and may be performed using a starch-iodine test in a radial diffusion assay.  Amylase detection occurs by digestion of the starch that is blue in the presence of iodine, resulting in a void, colorless area proportional to the amount of amylase present.
In the past serological typing consisted of characterization of polymorphic proteins and antigens in tissues and body fluid stains.  Detection was achieved by antigen-antibody reactions for ABO and secretor status, Rh-typing system, and HLA histocompatibility antigens, or by electrophoretic separation of isoenzymes and proteins such as ADA, GC variants or PGM.   Classification of biological evidence by conventional serology methods  is no longer performed DNA has replaced the need for serological typing as it provides a higher discriminatory power and is more effective on degraded samples than conventional serological methods.  Recently, male cell quantification tests have been developed based on Y chromosome DNA detection that has been proposed to replace conventional male screening tests.

3) Extraction of DNA: Open the cells, remove and clean the DNA.  In addition, in the examination of sexual assault evidence, differential extractions must be employed to separate the female epithelial sample from the male spermatozoa.

4) Quantification: Determine the quality and the quantity of DNA. 

5) Amplification: Using Polymerase Chain Reaction (PCR) to produce analytical amounts from very small amounts of sample.

6) Typing: Determine and compare the alleles of evidence with the alleles of reference or database samples.  Mixtures of two or more individuals may require additional interpretation to designate alleles.  Older typing methods included the Restriction Fragment Length Polymorphism analysis of Variable Number of Tandem Repeat loci (RFLP-VNTRs) or the Polymerase Chain Reaction amplification and typing of the genetic loci-  DQ alpha, PM, and D1S80.

Current methods include the PCR amplification and typing of Short Tandem Repeats, mitochondrial DNA (mtDNA) and Y chromosome STRs.  Typing of STRs requires employing multiplex PCR and a method of separation and detection.  The methods utilized most commonly in crime laboratories are capillary gel electrophoresis coupled with  fluorescent multiplex detection. 

7) Interpretation

a. Statistical Interpretation: Assess the statistical frequency of the DNA profile in various populations.  Databases have been developed for each of the STR loci used which assess the frequency of alleles in different population groups.  Frequency estimates for each locus used can be multiplied together to arrive at a profile frequency.

b. Report Writing / Review

8) Court testimony

A critical function of all forensic scientists is to provide unbiased, ethical, objective and understandable court testimony on their findings.  

Sample and Evidence Handling

Biological evidence may include any type of biological sample (Table 1).  These samples may be human or non-human.   Some common types of biological evidence analyzed in crime laboratories include blood, saliva, semen, skin cells from clothing such as caps or sweat stains, vaginal cells and/or anal cells from swabs, cigarette butts, fingernail scrapings, hair, and bone.  

The forensic biologist begins by evaluating the investigative information and available evidence listed in the crime scene investigator or officer’s report to understand the nature of the case and the problem to be solved.   Initially, items of physical evidence are screened using presumptive tests for blood, semen or saliva or other bodily fluids, as is the case.  Second, the confirmatory tests are used to determine whether the samples are of human origin.  Third, the body fluid is individualized using DNA testing.  

Forensic biologists evaluate an item or stain for its potential for genetic typing and then they must choose the best method for removal of the stain.  Following the screening of the stains, the analyst must determine the amount of testing to be performed that will maximize the information while minimizing consumption.  Furthermore, the appropriate precautions to minimize contamination during sample collection, packaging, storing, and handling during analysis must also be employed.  Further analysis is guided by the investigating officer's request, case circumstances, sample size and condition, initial results obtained, available technology and/or the conformance to case acceptance policy.  Finally the analyst must employ the proper preservation and storage of biological evidence for possible re-analysis.  The biological evidence will include any of the remaining stains, DNA extracts and amplified products from the case. Forensic detection and screening has been referred to as the “art” of forensic biology as determination of which of the items of evidence will prove to be the most probative or informative can make or break a case.  

Other sample considerations

Forensic biologists are faced with three other challenges in their analyses due to the nature of the samples.  First, the samples may include mixtures of two or more individuals.   Alleles of the victim need to be sorted from the alleles of the suspect(s) or POI (person of interest).  Sexual assault samples may contain mixtures of the female victim and the male perpetrator.  In complex cases, there may be more than one suspect as well.   Secondly, samples may be exposed to a wide variety of environmental insults and may become degraded and also may have inhibitors to downstream analytical procedures such as PCR inhibitors.   Finally, since the sample is a biological sample, a thorough understanding of the biology of the sample and the molecular biology and genetics of the loci being typed is needed.  Many of these issues are the subject of validation guidelines for forensic DNA typing laboratories (.

Table 1. Examples of Biological evidence 

· Blood

· Saliva (envelopes, cigarette butts, bite marks)

· Semen 

· Skin (fingerprints, touch samples)

· Hair

· Bone

· Mucus

· Ear Wax

· Vaginal and rectal cells

· Urine

· Vomitis

· Fecal matter

· Tissues

· Teeth

· Plant material

· Animal tissue or hair

· Microbes- bacteria, fungi, viruses

Introduction to Forensic DNA

In 1985, Alec Jeffreys first introduced DNA typing for criminal investigations in two rape-homicides in Leicester, England. DNA is found in the nucleus, mitochondria and chloroplasts (in plants) of living cells.   It is packaged in chromosomes within the nucleus and holds the genetic code that determines a person's individual characteristics. In other words, DNA is the "individual’s blueprint".  Two main principles permit the use of DNA in forensics.  First, no two individuals have the same DNA with the exception of identical twins.  Second, the DNA from any source of a particular individual will be the same, so the DNA in blood, hair and skin or any biological sample from a single individual will be the same.

Extraction

Following the detection and screening of the samples, DNA must be extracted.   There are  several methods of extraction. Among them are 1) Organic extraction.  This method consists of lysis of the cells in a detergent based buffer followed by one or more rounds of purification using an organic phase separation (in phenol-choloroform-isoamyl alcohol: Tris EDTA) and concentration using column centrifugation or ethanol precipitation, 2) Chelex resin extraction.  This method utilizes a fast, simple extraction of small amounts of sample in the presence of a chelating resin.  The method results in a somewhat crude extract but is usually adequate for PCR amplification of the forensic genetic loci.  3) Solid phase extraction methods.  These methods such as the FTA paper method, utilize a membrane that acts as a capture device for the DNA.  Samples are spotted onto the membranes and the subsequent washes remove the impurities.  4) Silica based extraction methods.  In these methods,   nucleic acids are first adsorbed to the silica in the presence of chaotropic salts such as guanidine hydrochloride.  These salts remove water from hydrated molecules in solution. Polysaccharides and proteins do not adsorb and are removed.  Next, following a wash in low salt, pure nucleic acids are released.  This method has been automated using robotic stations and is being used in several crime laboratories.

Quantification

Assessing the quantity and quality of the sample is the next step.  There are several methods being utilized in crime laboratories.  These include 1) agarose gel electrophoresis in the presence of quantification standards (samples with known quantities of DNA) known as yield gel electrophoresis, 2) slot blot hybridization using known DNA standards immobilized on a membrane followed by hybridization to a human/higher primate specific DNA probe, 3) homogeneous plate assays using a DNA fluorescent dye and scanning in a plate reader and more recently 4) real-time detection using quantitative PCR.  Real-time QPCR using a 5′-nuclease fluorogenic or TaqMan assays can be used to determine the starting amounts of DNA.   Real-time QPCR has several advantages over the other methods in that it is extremely accurate and sensitive over a broad dynamic range, and it occurs in a closed-tube system, reducing the potential for carryover contamination. Using this technique, a forensic biologist can monitor and quantify the accumulation of PCR products during log phase amplification. 

Amplification using Polymerase Chain Reaction of STRs.  

Polymerase Chain Reaction (PCR) is a fast in vitro DNA synthesis process, which can provide up to a billion copies of a given target sequence.  Specific DNA markers can be targeted for duplication by a DNA polymerase.  There are 5 main chemical components required for PCR: Template (the extracted genomic DNA from the sample), Primers, 

dNTPs, 

Mg++ and a thermal stable DNA polymerase, usually Taq polymerase.

The primers are designed to hybridize to the specific markers (e.g. STR loci) along the length of the template during the cycling of temperatures.  In the thermal cycle, DNA strands are separated, primers bind to the template, and then a special DNA polymerase that is heat stable is used to copy and amplify the genetic markers using the remaining components. Through a process of 28-32 heating and cooling cycles, the DNA is then increased so that it can be analyzed.  The thermal cyclers contain many sample wells permitting the amplification of multiple samples simultaneously with as many as 96 samples being amplified in under 3 hours.  

Multiplex PCR is when several different loci are simultaneously amplified in a single tube.  This permits the typing from a single aliquot of the extracted genomic DNA reducing sample consumption.  Recently the ability to analyze as many as 15 autosomal short tandem repeats (STRs) simultaneously has been reported using DNA from very small amount of degraded sample. 

Separation and Detection  

Separation and detection of the amplified products is required following PCR.  There are many different methods to achieve typing.  These include, 1) Polyacrylamide Gel Electrophoresis (PAGE) followed by silver staining or if the primers are fluorescently tagged, detection by fluorescent gel scanners and 2) Capillary Electrophoresis (CE) with laser induced fluorescence.  This method has become the most commonly utilized method of detection as it is highly automated (there is no gel to pour and load), samples can be easily be reinjected (robotically) and since the DNA traverses the entire length of the capillary, the resolution of the higher molecular weight loci is usually better than in the PAGE methods.   Any of the methods may be used to type crime scene samples as long as they have been validated.

Forensic Genetic Markers

The genetic markers currently being typed in most forensic biology laboratories include autosomal short tandem repeats (STRs), mitochondrial DNA and Y chromosome STRs.  Short tandem repeats or STRs, have many advantages over their predecessors.  They consist of repeated regions of 2-7 base pairs that are tandemly repeated.  STRs are highly abundant and well studied in the human genome.  Their small size and small size range of alleles facilitate typing from highly degraded, small quantities of starting material. Individuals may vary in the number of repeats and/or the content of the repeats.  The variation in the content of the repeats occurs in either a change in the base within a repeat unit or as a deletion in the repeat unit.  STRs used in forensics are either tetranucleotide or pentanucleotide repeats.   There are 13 CODIS core loci that are being uploaded into the national DNA database. The thirteen core loci are: D3S1358, vWA, FGA, D8S1179, D21S11, D18S51, D5S818, D13S317, D7S820, D16S539, THO1 TPOX and CSF1PO. 

Mitochondrial DNA is useful for forensic DNA in that mitochondrial DNA exists in high copy number in each cell.  Therefore, the total number of mitochondrial DNA copies is much higher than the nuclear DNA in small samples and has a better chance of being detected.  Secondly, mitochondrial DNA is maternally inherited and therefore any individual within the maternal lineage may provide a mitochondrial DNA reference sample.  Finally since the size of the amplicons is small, mtDNA can be typed from degraded DNA.  Mitochondrial DNA hypervariable regions I and II are the most commonly sequenced targets in forensic DNA laboratories.  Sequencing is usually achieved using fluorescent Sanger’s dideoxy sequencing methods although more recently, linear arrays and liquid array bead-base SNP typing methods have been reported.   Much of the cutting edge forensic mitochondrial DNA research occurs at the Armed Forced DNA Identification Laboratory.

Y chromosome markers, including Y STRs, have been recently implemented for use in casework in many forensic DNA crime laboratories.  The interest in Y chromosome markers is well supported for the following reasons.  1. The total number of male cells that are present may be very small due to azoospermic or oligospermic rapists or as in the case of oral copulation, only trace epithelial cells may be left.  2. The total number of male cells is low due to loss of sample or degradation.  3. The need to determine the number of semen donors in a multiple rape case, 4. In criminal paternity or mass disaster victim identification, determination of the haplotype of a missing individual may be conducted by typing a male relative, 5.  In sexual assaults, the time-consuming and sometimes inefficient differential extraction procedure for the separation of sperm and non-sperm fractions may be by passed and 6. Y STR typing may provide increased statistical discrimination in mixture or kinship analysis cases in which the likelihood ratio obtained from autosomal markers is insufficient for identification purposes. 

Interpretation

Once amplified and typed, the results need to be interpreted.   Forensic biologists must have a clear understanding the molecular methods utilized with in depth knowledge of the basis of typing, (e.g. biology, technology and genetics of the loci) and methods being utilized.  For STRs these include understanding the nature of the fluorescent dyes, repeat slippage, and non-template directed nucleotide addition, the specific loci and amplification parameters (determined both externally and internally in developmental and internal validation studies), empirically derived limitations of the system, protocols and quality control measures implemented in their own laboratories, the instrument validations, the analytical software utilized in determining the DNA profiles, and the statistical and population genetics databases and software used in providing the statistics in different populations.  

In single-source samples, the interpretation requires setting a threshold of detection.  That is, alleles that are at or above a certain fluorescent threshold may be designated.  Other considerations include the reproducibility, spectral overlap, size in base pairs and size in relative amounts of alleles within and among loci, and presence of repeat slippage products (aka stutter).  In highly degraded DNA samples the interpretation requires more analysis as the higher molecular weight loci degrade more rapidly than lower molecular weight loci in most cases.  In this case, the alleles are expected to appear in decreasing amounts as the size of the alleles increases (See Figure 1).  In mixtures, the interpretation requires considering all combinations of alleles that are present and other considerations regarding the sample type, the sample condition and allele ratios may be required.  

Figure 1A. Agarose Gel Electrophoresis
Figure 1 B. Capillary Gel Electrophoresis
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Figure 1.Degraded DNA. 

Figure 1A shows the result of degrading DNA by mechanical disruption.  A sample of control genomic DNA K562 was vortexed overnight.  Intact K562 DNA and the vortexed, degraded K562 DNA were electrophoresed in lanes 2 and 3 through a 1% agarose gel, stained with ethidium bromide and then photographed with UV light.   Molecular weight ladders of Lambda Hind III were placed on either side of the samples in lanes 1 and 4.  The sample in lane 3 has been highly degraded with no detectable high molecular weight band as is apparent in lane 2.  Figure 1 B. Capillary Electropherogram of DNA stored at room temperature (top panel) versus frozen (bottom panel).  Loci are D8S1179, D21S11, D7S820 and CSF1PO amplified in the Identifiler multiplex labeled with FAM were separated and detected on the ABI 310 capillary electrophoresis genetic analyzer.  The decrease in PCR product amount as base pair size increases is the expected result for a degraded sample.  The result demonstrates the importance of proper sample storage.  Although it has been shown that STRs can be typed from degraded DNA, research has been conducted on designing PCR primers to amplify small “mini” STR amplicons and reduce the size of the STRs so that extremely degraded DNA might be more amenable to analysis.

Other Applications of Forensic Biology

Sub-disciplines of forensic biology have become more and more specialized.  Other areas such as forensic anthropology, botany, entomology, microbiology, mitochondrial DNA, odontology, pathology, and zoology, have been the subjects of recent articles. Other chapters in this volume or previous editions include descriptions of many of these areas.   One area, homeland security, is included due to recent current events.

Role of forensic biology in homeland security and mass disasters  

The applications of forensic biology to homeland security are numerous.  First, just as with any criminal casework, one of the primary applications is to assist in the linking of suspects to the crime or excluding the suspects from association with that crime.  The difference is that in the homeland security application, the crime may include weapons of mass (WOMs) destruction such as pathological microbes (e.g. anthrax) or chemical agents.  Forensic biologists may first be asked to assist in typing DNA from the crime scene and to compare the resulting DNA to known suspects or databases.    Since the weapon of mass destruction may be biological (such as anthrax), the forensic biologist may now be able to type the microbial DNA and link the strain of the microbe to a strain produced at a certain location or to the original progenitor strain.     

The second application is to assist in the identification of victims of a terrorist attack.  In some cases such as the World Trade Center attacks, the destruction is so massive that conventional means of identification is no longer practical and forensic DNA typing takes on a central role.  

The third application is to assist in detecting the WOMs themselves.  Many different groups are working on projects to permit the rapid, sensitive detection of very minute amounts of WOMs, especially those that are the most lethal and have the highest potential for causing disease outbreaks in epidemic proportions.   These biological detectors are being developed to assay large volumes of air or water and provide real-time detection of these WOMs.   Forensic biologists have become increasingly aware of the need to be prepared to assist in determining not only the agent of a bioterrorist attack, but also the criminals and the identity of the victims.

Finally, the application of forensic biology to mass disasters is another area that has come to the public’s eye recently with the Indonesian tsunami.  Forensic biologists can utilize DNA typing to assist in the identification of extremely degraded victim remains.  Family members can provide reference samples from the biological mother and father or personal effects such as toothbrushes hairbrushes or razors for comparison. 

Future applications of Forensic Biology

There are many applications of forensic biology that are currently under investigation.  In the following section is a brief introduction to just a few of these promising applications.  

Hand-held, microcapillary STR typing

Development of hand-held DNA typing devices has obvious advantages for forensics in that samples might be processed quickly at the crime scene.  The potential to rapidly determine the DNA type of samples left at a crime scene coupled to the growing national DNA database provides a powerful tool to law enforcement as “cold hits” might provide leads early in the investigation.  Devices have already been developed for the detection of microbial pathogens and these devices can be used out in the field.  Others are developing miniaturized microcapillary devices for typing human STRs.  

Single Nucleotide Polymorphisms

Single nucleotide polymorphisms are single base sites that vary between individuals and as such can be used in forensic DNA typing.  They have already been utilized in previous forensic DNA tests.  The PCR based DNA typing systems, HLA-DQ Alpha and Polymarker loci were all based on SNPs.  The detection was by reverse dot blot hybridization where the known samples were immobilized on the blots.  Today there is interest in the detection of mtDNA and Y SNP typing using a variety of approaches including primer extension assays, taq man assays, microarrays, liquid bead arrays (Luminex) and pyrosequencing.  
Forensic Biometrics

The ability to determine the physical characteristics of an individual by typing genetic markers has been called forensic biometrics.  Inferring population of origin from DNA evidence using Y chromosome SNPs has been recently reported.   The ability to determine the potential genetic origin of a perpetrator has obvious benefits to law enforcement in that the crime scene samples could be analyzed and the result might provide useful information for investigations. Utilizing genetic markers to provide phenotypic information has obvious ethical and legal implications.  In addition, significant limitations are also evident, as boundaries among different races have become blurred.   As with databases and any DNA typing, there is a delicate balance between the rights of individuals and the interests of the states and these must be carefully considered.  Another application of forensic biometrics is in determining the age of a suspect using genetic markers.

Tissue typing using mRNA profiles

Different tissues have different genetic expression patterns.   Recently the use of RNA has been reported for body fluid identification.  The potential use of molecular technology was also reported in determining the age of a bloodstain that could be useful in establishing the time of the crime using analysis of mRNA: rRNA ratios.   Advantages of the mRNA-based approach, versus the conventional biochemical tests, include greater specificity, simultaneous and semi-automatic analysis, rapid detection, decreased sample consumption and compatibility with DNA extraction methodologies.  

Low Copy Number amplification (LCN)

Biological evidence is often found with an extremely low number of starting templates (1-15 diploid cells, <100 pg).  Analysis of LCN samples may require additional steps for   successful collection, analysis and interpretation.   Also known as touch sample amplification, low copy number amplification permits the analysis of extremely small amounts of sample.  The method may require additional cycles of amplification, and/or additional cleaning or sampling and has been shown to work on samples such as those just touched by an individual.   One such sample would be the typing of cells from the grip of a gun.
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