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Abstract: Forensic DNA phenotyping (FDP) is a cutting-
edge tool that predicts a person's physical traits—such as
eye, hair, and skin color—based on DNA found at a crime
scene. Unlike traditional DNA profiling, which requires
a suspect's DNA for comparison, FDP helps investigators
by generating leads even without a known suspect. It has
proven particularly useful in cold cases and mass disaster
victim identification.

FDP works by analyzing specific genetic markers known
as single nucleotide polymorphisms (SNPs), which are
linked to visible traits. While predictions for traits like
eye and hair color are highly accurate, predicting more
complex features, such as facial structure, remains a
challenge. The technology is also evolving to incorporate
advances in artificial intelligence and epigenetics, which
may improve accuracy in the future.

Despite its potential, FDP raises ethical concerns,
particularly regarding privacy, racial bias, and the
accuracy of predictions across different populations. To
ensure responsible use, ethical guidelines and regulations
need to be developed.

In summary, FDP is a powerful tool with significant
potential to aid forensic investigations. However, its
application must be carefully managed to balance the
benefits with ethical concerns, especially as the
technology continues to advance.
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INTRODUCTION

Advances in genetic science have significantly
transformed forensic investigation techniques. One of
the most innovative breakthroughs in recent years is
forensic DNA phenotyping (FDP), which predicts a
person’s physical appearance from their DNA. Unlike
traditional DNA profiling, which matches DNA from
a crime scene to a suspect, FDP provides a description
of an unknown suspect's externally visible
characteristics (EVCs), such as eye, hair, and skin
color, ancestry, and sometimes facial morphology.

FDP's potential to help solve difficult cases, especially
cold cases where traditional DNA profiling has failed,
has garnered widespread interest. Additionally, its

ability to aid in mass disaster victim identification
makes it a valuable tool in situations where
conventional methods fall short. However, FDP
presents unique challenges related to privacy, racial
profiling, accuracy, and ethical considerations, which
require careful management.

This review examines FDP from several angles,
including its scientific principles, current uses, ethical
issues, and future potential. Through an
interdisciplinary lens, we consider both the advantages
and limitations of FDP technology and its implications
for the future of forensic science.

The Science Behind Forensic DNA Phenotyping

FDP is founded on the identification of specific
genetic markers, primarily single nucleotide
polymorphisms (SNPs), that are associated with
visible physical traits. SNPs represent variations in a
single nucleotide within a DNA sequence and are
responsible for many of the physical differences
between individuals. By analyzing SNPs linked to
traits such as pigmentation, researchers can predict the
appearance of a person based on their genetic makeup.

Notable success has been achieved in predicting eye
color, thanks to SNPs in genes like OCA2 and
HERC2. Similarly, hair and skin color can be
predicted through the analysis of genes such as MC1R,
SLC24A5, and TYR. For example, the HERC2 SNP
rs12913832 is highly predictive of blue or brown eye
color, allowing forensic scientists to infer this trait
with high accuracy.

However, the prediction of complex traits, such as
facial morphology or body shape, is still a major
challenge. These traits are influenced by multiple
genes as well as environmental factors, making them
harder to predict accurately. Additionally, FDP’s
efficacy relies heavily on large and ethnically diverse
reference datasets, which are often limited,
particularly for populations outside Europe.
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APPLICATIONS IN CRIMINAL INVESTIGATIONS

Forensic DNA phenotyping has proven to be a
valuable asset in criminal investigations, particularly
when conventional DNA profiling methods are
inconclusive. In situations where no suspect is
available for direct DNA comparison, FDP provides
law enforcement with a description of a suspect’s
physical traits, helping to narrow down investigative
leads. For example, if DNA evidence from a crime
scene indicates that the suspect has blue eyes and fair
skin, police can use this information to focus their
investigation on individuals fitting this profile.

One of the most significant applications of FDP is in
solving cold cases, where investigations have
stagnated due to a lack of evidence. In such cases,
phenotyping can extract valuable information from old
DNA samples, sometimes leading to breakthroughs
decades after a crime was committed. For instance, a
notorious cold case in the Netherlands was resolved
after FDP predicted the suspect’s hair and eye color,
which matched the perpetrator when he was later
identified.

Additionally, FDP holds great promise for use in mass
disaster scenarios, where identifying victims through
traditional means may not be possible due to the
condition of the bodies. By analyzing DNA from the
remains, phenotyping can help reconstruct the
physical appearance of the victims, facilitating the
identification process.

Ethical Implications of Forensic DNA Phenotyping

The rise of FDP also brings forth significant ethical
questions. One of the foremost concerns is privacy.
While traditional DNA profiling only reveals whether
two DNA samples match, FDP offers insight into a
person’s physical appearance. Some argue that this
information could be misused, potentially leading to
racial profiling or discriminatory practices during
investigations.

Furthermore, there are concerns about the accuracy of
FDP across different populations. Since many of the
SNPs used in predictive models have been discovered
through studies on European populations, their
predictive accuracy may be lower for individuals of
non-European descent. This could lead to inaccurate
descriptions and, in extreme cases, wrongful
accusations.

Another ethical challenge involves informed consent.
In cases where FDP is used for investigative purposes,
individuals whose DNA is being analyzed may not be
aware that their genetic data is being used to predict
their physical characteristics. This raises questions
about the appropriate scope and limitations of FDP in
law enforcement.

As FDP becomes more widely adopted, clear ethical
guidelines must be established to govern its use,
ensuring that the technology does not infringe on
individual rights or lead to discriminatory outcomes.

Role of SNPs in Phenotyping

Single nucleotide polymorphisms (SNPs) form the
basis of forensic DNA phenotyping. SNPs are genetic
variations that occur when a single nucleotide in the
genome sequence is altered. Certain SNPs are closely
linked to specific EVCs, such as eye, hair, and skin
color, allowing forensic scientists to create predictive
models for these traits.

The predictive accuracy of SNP-based models has
been most successful for traits like eye color, where
the HERC2 gene SNP rs12913832 plays a key role in
determining whether a person has blue or brown eyes.
Similarly, the MC1R gene is known to influence red
hair color, and SLC24A5 is critical in determining skin
pigmentation.

SNP-based phenotyping also extends to ancestry
prediction, enabling forensic scientists to estimate a
person’s biogeographical ancestry. This can be helpful
in investigations that involve multiple ethnic groups,
giving law enforcement another tool to narrow down
suspects.

However, it’s important to recognize that the
predictive models for some traits are still evolving.
Facial morphology, for example, is controlled by a
wide array of genetic and environmental factors,
making it one of the more complex traits to predict.
Further research is needed to improve the accuracy of
these  models, especially for non-European
populations.

Advances in FDP Techniques
Recent advances in FDP have focused on improving

the predictive power of SNP-based models and
expanding the range of traits that can be accurately
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predicted. Machine learning and artificial intelligence
(Al) are increasingly being applied to analyze large-
scale genetic data, helping researchers identify
previously unknown SNPs that influence specific
traits. These computational tools allow for more
accurate and detailed phenotypic predictions,
enhancing the utility of FDP in forensic investigations.

One promising area of research is the application of
epigenetics, which studies how environmental factors
influence gene expression. In the future, epigenetic
data may be integrated into FDP models to predict not
only static traits but also age progression and other
dynamic changes in appearance.

Additionally, researchers are investigating the
possibility of predicting behavioral tendencies based
on genetic markers, though this remains highly
controversial. While some genetic links to behavior
have been identified, the reliability and ethical
implications of such predictions are still being
debated.

Future Directions

The future of forensic DNA phenotyping lies in
continued advancements in SNP discovery, machine
learning, and the incorporation of epigenetics. As
predictive models become more sophisticated, the
accuracy of FDP for more complex traits, such as
facial structure and height, is expected to improve.

Ethical considerations will play a key role in shaping
the future of FDP. As the technology becomes more
widely used, it will be crucial to develop strict
regulations and guidelines to ensure that it is applied
responsibly and does not infringe on individual rights.
Collaboration between scientists, ethicists, law
enforcement agencies, and policymakers will be
essential to create a framework that balances the
benefits of FDP with concerns about privacy,
accuracy, and discrimination.

CONCLUSION

Forensic DNA phenotyping offers a powerful tool for
predicting a person’s physical traits from DNA,
providing critical investigative leads in criminal cases
and disaster victim identification. While FDP holds
immense promise, challenges remain in terms of
scientific limitations, ethical concerns, and the need
for diverse reference datasets.

As the science of FDP continues to evolve, its
potential to solve cold cases and aid in complex
forensic investigations will undoubtedly grow.
However, it is essential that the application of this
technology be guided by a strong ethical framework to
prevent misuse and ensure that it is used responsibly
in the pursuit of justice.
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