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Abstract

A significant amount of research is being focused on highly informative single
nucleotide polymorphisms (SNPs) and on development of panels of these SNPs
that can potentially be considered for human identification and description in
forensic, biomedical, association, as well as epidemiological studies. Our
specific goals included: (1) Design, develop and publish a web application that
would be useful from a forensic standpoint, (2) Modify the structure of the
existing database ALFRED (ALlele FREquency Database,
http://alfred.med.yale.edu), the data source for the application to store
forensically relevant information, and (3) Enter various forensic SNP panels that
are developed in our lab, obtained from collaborators, and published in the
literature. During the grant period we developed an open access web application
FROG-kb (Forensic Research/Reference on Genetics-knowledge base,
http://frog.med.yale.edu) that can be used as a tool for forensic practices.

Using our previous knowledge in database design the schema of ALFRED was
modified to accommodate the tables and columns that were essential for FROG-
kb. The logic supporting the design of the additional tables and relationships is
as follows. There can be one or many sites associated with a defined forensic
panel. Every panel is linked to at least one publication. The marker phenotype
frequency for each ‘site - population sample’ combination is pre-calculated and
saved. None of these modifications called for changes to the ALFRED
application. The database underlying FROG-kb is implemented using Oracle
version 10 on one of Yale’s institutional database servers where it is maintained.

The user interface layout of FROG-kb is designed to reflect the organization of
the contents and functionality, as well as ease of use of the web interface. Every
set of pages relative to a function on FROG-kb originates from a tab on the ‘Main
Menu’. The SNP panels are organized by the type of panel: ‘ISNP’ for Individual
Identification SNPs, ‘AISNP’ for Ancestry Inference SNPs and ‘PISNP’ for
Phenotype Informative SNPs. Functions and data related to each panel can be
navigated to by first selecting the type of panel and then a specific panel. The
most important function ‘calculation of maximum likelihood’ is augmented with
example images of input and output screen, preselected data-entry pages for two
individuals from different populations, and two options of data-entry facilities.
The two data-entry options provide a flexible user-interface for data input while
the results pages for both are uniform. Users have the option of printing the
results page, and the data-input page. The lists of populations used in the
maximum likelihood calculation are given as well. The web front end is built
using web developing technologies such as Java, Java Servlet, JSP, JQuery,
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and GoogleCharts. Almost all of the client-code utilizes JQuery, and the server
implementation is in Java.

The different functions on FROG-kb are implemented on three different IISNPs
and seven different AISNPs panels. Each panel provides examples and the
ability to calculate match probabilities for user-specified genotypes in each of
many populations that have allele frequencies available for all SNPs in the panel.
For PISNPs panel we provide a panel of six SNPs for eye color prediction
(IrisPlex) along with ability to specify an individual’s genotype and predict eye
color from that. A paper on this knowledge base and web site has been
published (Rajeevan et al., 2012). Usage has been reasonably steady since
early 2013 when the basic production version went public. During that period
nearly two dozen individuals per day have used the database.
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Executive Summary

Original objectives

Single nucleotide polymorphisms (SNPs) have great potential for forensics.
However, two obstacles to their implementation have existed: lack of commercial
kits for a well documented set of SNPs and lack of databases and functionality to
document and interpret the SNPs used. Both obstacles need to be addressed
simultaneously. This project was proposed to undertake in a forward-looking and
proactive way the database and functionality issue. Therefore, the primary
objective of the project was to provide a web interface 'Forensic
Research/Reference On Genetics knowledge base’ (FROG-kb) on DNA
polymorphisms conducive for teaching and research and as a referential tool
from a forensic standpoint. The underlying data would be provided by the
already extensively used and referenced AlLlele FREquency Database, ALFRED
(http://alfred.med.yale.edu). Many of the markers already in ALFRED are those
used in forensics or published in the forensic literature for possible use. The
project would allow even more specifically forensic SNP data and information to
be curated and entered. The new web based interface for FROG-kb would be
designed to make these data available to forensic students, researchers, and
practitioners in a relevant user-friendly manner. Modified versions of search
tools already available from ALFRED would be implemented on FROG-kb to
make it more suitable for forensic purposes. In addition to displaying data in an
organized manner, multiple computational tools that operate utilizing the
underlying allele frequency and user provided data would be available from
FROG-kb. These tools would be organized by the calculation methodology to be
used and the different published SNP/marker panels. Computations would
involve both determining the match probability of an input multi-SNP profile using
the population data already stored as well as calculations estimating the relative
likelihoods of the multi-SNP profile having ancestry from any population in the
database. Interfaces for these calculations would be specifically designed for
defined panels of SNPs. Functions that can facilitate user defined SNP panels
would be available for research and teaching purposes. A FROG-kb wiki
application would be established to encourage forensic expert involvement in the
building of the interface and functionality. As described in this final technical
report, we have exceeded our expectations in all except the final of those
proposed developments: a wiki application. Advice from the colleagues we
consulted was that other aspects of the development were more important.

Though the grant was technically awarded in 2010, funding did not start until

early 2011. Thus, this final report covers the 30 months from January 2011
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through June 2013 when funding in the extension period for personnel was
exhausted.

Progress during the grant period

At the time of the grant application for this project an illustrative prototype of
FROG-kb with very limited functionality was available on the web. During the
first 6 months of the project (1/1/11 to 6/30/11), development of FROG-kb
progressed significantly in three areas: (1) Amendments were made to the
backend database (ALFRED) by creating new tables and new fields were added
to already existing tables to accommodate information required for FROG-kb, (2)
Various forensically relevant datasets were uploaded into the database, and (3)
A functional pilot implementation of a web interface (http://frog.med.yale.edu)
was designed, implemented , and deployed.

By the end of the first year of funding on the project (1/1/11 to 12/31/11) we had
accomplished many of the overall objectives. (1) A solid database structure was
in place. (2) A web interface was online and available for comment (the web
interface had already implemented some of the proposed statistical functions.)
(3) We had begun to work on a manuscript to introduce the web site to the
forensic community. (4) We had also assembled the data for several more
forensic panels and had already put five into FROG-kb accessible on the web.
(For all the data sets we first needed to curate and upload the data into ALFRED
and then make the frequencies available for the calculations in FROG.) At the
end of this period, the FROG-kb version accessible on the web had data on 5
different SNP panels.

By half way through the second year 1) A manuscript to introduce the web site to
the forensic community had been submitted and accepted by ‘Investigative
Genetics’; 2) Multiple additions and enhancements had been made to the web
interface; updates had been made to the database structure to support the
amended functions; 3) New forensically relevant datasets were uploaded into the
database. 4) Research was undertaken toward development of better statistics
for evaluating the significance of ancestry inference.

By the end of the second year development of FROG-kb had advanced in the
following areas. (1) Several functional amendments were made on the web
interface. (2) New forensically relevant datasets were uploaded into the
database. (3) Programming bugs were identified and fixed during this period. The
work during this period resulted in the deliverable of an improved version of
FROG-kb put online in January, 2013. An email announcement of the improved
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version was sent to nearly 100 forensic scientists for whom we had email
addresses.

During the final six months of the project the focus was on contents and ease of
use. Five new forensic panels were added. Several seemingly small changes
were added to make the interface more user-friendly. We developed a likelihood
approach for eye color that gives the same results as Snipper
(http://mathgene.usc.es/snipper/) but did not have time to implement it. At the
end of the project (June 30, 2013, when funds for personnel ended) we had a
fully functional web application for eleven pre-defined forensic panels of SNPs.

Current status of FROG-kb

The current version of FROG-kb will remain online for at least a year (courtesy of
a colleague who will pay the costs of maintaining the database on Yale’s Oracle
server) or until new funding is available. During that time it will be essentially
static as will ALFRED since its funding also ended at the end of June, 2013. The
following paragraphs summarize the current functionalities available in the
current version of FROG-kb and the current contents.

Structure of the database

The underlying database for both ALFRED and FROG-kb functionalities is
implemented using a traditional relational structure. The database is
implemented using Oracle version 10 on one of Yale’s institutional database
servers where it is maintained. FROG-kb is built as a separate web based
interface entirely different from the ALFRED interface. The intent and design
issues supporting the initial database structure and subsequent modifications of
ALFRED can be found in Cheung et al. (2000), Osier et al. (2002), and Rajeevan
et al. (2005, 2011). The user interface layout and functionalities of FROG-kb are
elaborated in the Investigative Genetics paper (Rajeevan et al. 2012). The web
front end of FROG-kb is built using web developing technologies such as Java,
Java Servlet, JSP, JQuery, and GoogleCharts. Almost all of the client-code
utilizes JQuery, and the server implementation is in Java.

Nature of the interface

The user interface layout of FROG-kb is designed to reflect the organization of
the contents and functionality, as well as ease of use. Every set of pages relative
to a function on FROG-kb originates from a tab on the ‘Main Menu’ that appears
on the left-hand side of every page (appendix Figure 2). The ‘Home Page’ gives
a brief summary of the functions available in FROG-kb. Explanatory information
about FROG-kb can be found under ‘About’. The core functions on FROG-kb can
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be reached by selecting the tabs ‘File Upload’, ‘ISNP’, ‘AISNP’, or ‘PISNP"’.
Under each of the SNP types is the list of panels available and the primary
reference for each. Under each specific panel are several functions. ‘SNP Set’
gives the list of SNPs in the panel by rs number and an active link to dbSNP for
molecular specifics. The ‘Populations’ button gives the list of populations for
which there are data on all SNPs and for which likelihoods can be calculated.
The ‘Functionalities’ button under each type of panel gives a brief description of
the functions available. The ‘Examples’ button leads to two options, (1) a static
picture of input and output and (2) input datasets the user can run and modify.
The ‘Data Entry’ button provides two different options to enter an individual's
genotype data for a particular SNP panel-- 'Selection by Radio Button' and 'File
Upload'-- both of which are explained. The ‘Formula’ button explains the
calculation used for the specific panel.

After the genotype data for an individual are entered, the ‘Calculate’ button needs
to be clicked to calculate and display (1) the random match probabilities for the
IISNP panel, (2) the likelihoods of originating from diverse populations for the
AISNP panels, or (3) the eye color probabilities for the PISNP panel.

Contents and functionality

FROG-kb has three different sets of ISNPs: (1) the Kidd Lab set of 45 unlinked
SNPs (Kidd et al., 2012 & Pakstis et al., 2010), (2) the SNPforID set of 52 SNPs
(Sanchez et al., 2006), and (3) the Qiagen DIPplex set of insertion/deletion
markers (Fondevila et al., 2012). There are seven different panels of AISNPs:
(1) the Seldin group set of 128 SNPs (Kosoy et al., 2009 & Kidd et al., 2011), (2)
the SNPforID set of 34 SNPs (Phillips et al., 2007), (3) the Kidd Lab set of 55
SNPs (Kidd et al., 2013 submitted), (4) Kayser’s set of 24 SNPs (Lao et al.,
2010), (5) Podini’s set of 32 SNPs (Gettings et al., 2014), (6) the SNPforID
Eurasiaplex of 23 SNPs (Phillips et al., 2013 & Bulbul et al., 2011), and (7)
Nievergelt’s set of 41 SNPs (Nievergelt et al., 2013). There is one panel available
under PISNPs: Irisplex for eye color prediction (Kayser et al., 2011). The
reference for each panel is in FROG-kb associated with the index of the panels
of each type. Each panel has a link to the SNP Set in ALFRED from which all
information available on each SNP can be accessed.

Several functions exist as a series of buttons for each panel. The list of the
specific SNPs in a panel exists with active url links to dbSNP. Each panel has a
link to the ‘SNP Set’ page in ALFRED from which all information available on
each SNP can be accessed. Different numbers of populations have data for the
different sets and the populations available are listed for each set under the
‘Populations’ button. Some of the SNPs are found in more than one of the
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AISNP panels because of several well known SNPs with large allele frequency
differences. “Functionality” and “Formula” buttons link to explanatory text. “Data
entry” leads to the options for data input on an individual. “Examples” leads to
two different views of how data can be entered and results that can occur,
depending on the specific panel.

Results for ISNPs and AISNPs are essentially identical. Populations are ranked
by the probability of the input data arising from that population. The probability is
also given as is the likelihood ratio of the highest probability to each other result.
Also displayed is a graph of the entire set of probabilities with mouse-over
functionality to give the population and value at any point on the graph. In the
case of the single set of six SNPs in the Irisplex phenotype SNPs the results are
the relative probabilities of the three possible eye colors: light, intermediate, dark.

Project outcome

During this grant period, in keeping with the original objectives of the project, we
have developed a ‘one-stop shop’ database prototype for the forensic use of
SNP panels. It was designed to be useful for the forensic community. The
current version of the FROG-kb web interface is versatile in its functionalities and
comprehensive in the population data available for many of the SNP sets. The
interface allows viewing and retrieval of data, as well as calculation of statistics
on several forensically relevant SNP sets. Data on seven Ancestry, three
Individual, and one Phenotype Informative panels (AISNP, IISNP, and PISNP)
with all the functionalities (detailed in the previous section ‘Contents and
functionality’) are currently available in FROG-kb. Good explanatory and didactic
material to the existing functions in FROG-kb are also included.

However, FROG-kb is a work in progress and the current implementation is not
without limitations (discussed in detail in the 4.1 ‘Discussions’ section under
‘Conclusions’ of this report). Our initial efforts in developing this resource for the
forensic community has necessarily focused on the database structure and the
website interface with various different panels implemented, as was the objective
of the project. Funding was not sufficient, nor was it intended to be, for
comprehensive inclusion of all forensically relevant SNP panels. Hence, though
this is a pilot effort, the current available interface is highly a functional one and
serves as a prototype for one approach to a database that can be a reference
and resource on genetics for the forensic community. The direction of future
development, if undertaken, will be determined in large part by feedback from the
forensic community.
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Usage of FROG-kb

Since no practicing forensic lab, at least that we know of in the United States, is
using any of these panels, we expect current usage to be related to
understanding what these panels can do as well as to exploratory or educational
usage. Since the new version was put in place in January 2013, usage has been
moderate at an average of 21 visitors per day and a total of over a thousand
unique Internet Protocol (IP) addresses. The largest % of those visitors have
unresolved |IP addresses, but for the IP addresses that we can resolve, there
have been 300 commercial visitors, over 250 “,net” visitors, 18 educational (.edu)
visitors, 16 US government (.gov), and 10 “.org” visitors. Foreign countries
among those with multiple visitors were China (65), Brazil (19), Russian
Federation (18), Germany (15), Singapore (13), and between 12 and 9 visitors
each from Spain, Italy, Australia, and The Netherlands.

Implications of policy and practice

Policy: FROG-kb was designed to allow the adoption of SNPs in various aspects
of forensic practice by proactively providing the resources needed to evaluate the
data collected on SNPs. Commercial kits are becoming available now for use in
forensic practice; they implement many of the panels already available in FROG-
kb. It is our expectation that the match and ancestry calculations will eventually
be accepted in the courts since the underlying databases are and will be public
and sufficiently large to match the existing STRP databases for population
frequencies.

Practice: The didactic aspects of FROG-kb should be of great value in helping
the forensic technicians understand and use SNPs. When commercial kits allow
implementation of SNP typing in forensic labs, the database structure and basic
web interface allow other SNP panels to be added should they be different from
the currently implemented panels. If the kits and calculations are accepted in the
courts, the results produced by FROG-kb in a printed report (as already exists)
might be directly submitted as evidence.
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) Introduction
1.1 Statement of the Problem:

Single nucleotide polymorphisms (SNPs) have great potential for forensics.
However, two obstacles to their implementation have existed: (1) lack of
commercial kits for a well documented set of SNPs and (2) lack of databases and
functionality to document and interpret the SNPs used. Both obstacles need to
be addressed simultaneously. This project has undertaken, in a forward-looking
and proactive way, the database and functionality issue.

1.2 Background and Rationale:

More than a decade ago the forensic community settled on a set of short tandem
repeat polymorphisms (STRPs) for human identity. These markers are multi-
allelic and are excellent for individual matching of suspect and crime scene DNA.
While 13 STRs form the core of the FBI Laboratory’s CODIS (Combined DNA
Index System), the 10 core loci used in the UK and much of Europe consist of
eight loci that overlap with CODIS plus seven additional markers that include the
five new European Standard Set (ESS). Discussions on the best options on
expanding the core sets of loci are underway (Ge et al., 2012 and Hares, 2012).
Online tools and databases have followed to allow users to reference and predict
population affiliations using these multi-allelic markers including STRBase
(http://www.cstl.nist.gov/strbase/), PopAffiliator (http://cracs.fc.up.pt/popaffiliator/)
and pop.STR (http://spsmart.cesga.es/popstr.php). The extensive allele
frequency data that have been accumulated over the years in large public
databases also allow population-specific estimates of the probability of a random
match of two unrelated individuals. However, it is exactly the high level of
polymorphism in almost all populations that limits the ability of these markers to
determine ancestry of an individual.

Considering the ease, accuracy, and efficiency in typing single nucleotide
polymorphisms (SNPs) and their essentially zero rate of recurrent mutation when
compared with STRPs, SNPs have the potential to be considered for human
identification and description in forensic, biomedical, association, as well as
epidemiological studies (Amorim et al, 2005, Gill et al,2004). Also SNP markers
serve an important role in analyzing challenging forensic samples, such as those
that are degraded, for augmenting the power of kinship analyses and family
reconstructions for missing persons and unidentified human remains, as well as
for providing investigative lead value in some cases without a suspect (Budowle
& van Daal, 2008). With all these advantages of using SNPs over STRPs, more
and more SNP panels are being developed for various forensic purposes. These
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include panels of identity-testing SNPs, ancestry informative SNPs, lineage
informative SNPs and phenotype informative SNPs for various forensic
applications. Another class of markers, Insertion-deletion polymorphisms
(InDels) also has the desirable characteristics of SNPs and has begun to be used
in forensics both for individual identification and for ancestry inference (Watkins
et al., 2003 &Pereira et al., 2012). However, considerable research is required to
establish a reliable set of panels (SNPs or InDels) containing sufficient numbers
of markers to provide excellent discriminatory power comparable to or exceeding
that of STR markers. Not only do multiple populations need to be studied to
identify the best markers but interpretation of results in any application needs the
reference allele frequencies in multiple populations. The discriminatory power for
individual identification will be population specific and ancestry inference will only
be as good as the set of reference populations. As more data on these SNP and
Indel panels accumulate there is a need for assembling the data in a forensic
setting to make it available for forensic research and practices.

Online tools and databases based on multi-allelic STRPs (CODIS database) are
actively used in forensic teaching, research, and investigations. Though
considerable research is being conducted on SNPs for forensic purposes,
databases that can be used for forensic research and investigation are limited.
Online web tools that demonstrate classification algorithms are being developed
for SNP sets like “The Snipper’ app suite (http://mathgene.usc.es/snipper/) for
three ancestry informative AISNP sets (34, 32, and 77 markers), Phillips et al.,
2007 and SNPforID browser(http://www.snpforid.org/) for the forensic panels
developed from SNPforID project. Currently, the main limitations of these tools
are the number of SNP sets and the range of population data available for
computation. To overcome this limitation we developed an open access web
application, FROG-kb (Forensic Research/Reference on Genetics-knowledge
base) <http://frog.med.yale.edu> that allows viewing and retrieval of data as well
as calculation of statistics on several forensically relevant SNP sets to be useful
for teaching and research relevant to forensics.

1.3 Purpose and specific Goals:

The original purpose of the work undertaken under NIJ funding was to provide a
web interface to forensically relevant allele frequency data with emphasis on
SNPs and their allele frequencies in multiple populations. This web site and
underlying database would be useful for teaching and research from a forensic
perspective and proactively provide the resource needed to implement SNPs in
forensic practice. Such a web site would also focus discussion on the specifics
that the forensic community would ultimately want such a resource to provide.
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Our FROG-kb seeks to make allele frequency data for SNPs and other genetic
polymorphisms more useful in a forensic setting and to serve as a tool facilitating
forensic practice. Though FROG-kb is built as a separate interface, it accesses
data from the already established and popularly used ALlele FREquency
Database, ALFRED (http://alfred.med.yale.edu) described in several publications
(e.g., Cheung et al., 2000; Osier et al., 2002, Rajeevan et al., 2012).

The project had multiple specific goals: (1) to develop a web interface to allow
searching, viewing, and retrieval of the data in a manner more straight-forward
and useful to a forensic investigator and also to allow calculation of elementary
statistics for the forensic scientist based on retrieved SNP data. (2) to modify
slightly the structure of the existing underlying database ALFRED (ALlele
FREquency Database) to store forensically relevant information and to allow
access to defined forensic datasets. (3) to enter various forensic SNP panels that
were developed in our lab and/or data from our collaborators as well as panels
that were published in the literature with the objective of making them retrievable
and useful to the forensic scientist, investigator, or student. (4) to develop
functions in FROG-kb to facilitate input of ideas and suggestions from individuals
from different forensic backgrounds. (5) to develop FROG-kb as a knowledge
base. (It is the access to the extensive data in and through ALFRED that helps
make FROG-kb a “knowledge base”.) Thus, the ultimate goal is that FROG-kb
would allow the adoption of SNPs in various aspects of forensic practice by
proactively providing the resources needed to evaluate the data collected and
provide a specific view of what the forensic community needed as a basis for
future discussion.

The pilot implementation of the FROG-kb web application
(http://frog.med.yale.edu/FrogKB ) was developed and put online in June, 2011,
and was “announced” in a poster at the 2011 NIJ meeting. A full paper
introducing the web site and the knowledge base to the forensic community was
published in 2012 (Rajeevan et al. 2012), marking the effective public debut of
FROG-kb. An updated FROG-kb version went online in January, 2013, and
included additional data, functionality, and didactic and explanatory text. Based
on the feedbacks and suggestions (mainly from the advisory panel established
for an application to the NIJ to continue support and development of the
database) some additional improvements and datasets were implemented before
the personnel funding ended in June, 2013. The database will remain essentially
static but online until new funding is obtained.

Three types of SNP panels are currently implemented in FROG-kb: Ancestry
Inference (AISNP), Individual Identification (IISNP), and Phenotype Informative
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(PISNP). For the IISNP and AISNP panels, the interface allows a user to input
the genotype of an individual for multiple SNPs and have the likelihoods of that
multisite genotype for each of several populations calculated and displayed.
Various functions have been added including genotype input by file upload and a
color code system to flag subsets of SNPs when relevant. The reference
functions make use of ALFRED by links to documentation on each SNP,
population, and sample for gene frequency estimation. The user interface, SNP
sets, and the functionalities provided for the SNP sets were revised continuously
as we added new data to ALFRED.

1.4 Review of Literature

Two types of literature review are presented here: one reviewing the available
forensic SNP databases and another section citing the papers publishing SNP
data that are useful in forensic investigations. The forensic SNP databases
include:

The Snipper app suite (http://mathgene.usc.es/snipper/) is an online web site that
computes SNP classification of individuals. This open access web portal
demonstrates the classification algorithms and error estimation systems
documented in Phillips et al. (2007a, 2009) and Pereira et al., (2012). The data
input interface and instructions leading to the analysis are simple and
straightforward. Many different calculation options are available. Computations
can be based on the population data already stored or can utilize custom
datasets. The results returned are well documented. Several other options of
population genetics relevance are offered.

SPSmart (http://spsmart.cesga.es/): The database is designed for accessing and
combining large-scale genomic databases of SNPs for use in population
genetics. The available datasets includes the Hapmap data, 1000 genomes
phase | data, Perlegen data and the HGDP data from Stanford & University of
Michigan. There are separate browsers available for each of these datasets. The
browser in the database that is associated with forensic marker data includes the
SNPforlD (http://www.snpforid.org/) browser that is based on the forensic SNP
panels from the SNPforID project. The forensic marker sets included in the
browser are the 52-plex individual identification (Sanchez et al., 2006) and the
34-plex ancestry informative marker sets (Phillips et al., 2007b, Fondevila et al.,
2012). Functionality includes selecting populations and calculating various
statistics (Fst, In, Hobs, Hexp , etc.) and downloading data.
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A more general database linking to others and providing methodologic and other
materials is the ‘SNP section’ page in the National Institute of Standards and
Technology (NIST) web site http://www.cstl.nist.gov/biotech/strbase/SNP.htm
which gives an aggregation of information on forensically informative SNPs..
Another one is the ‘Ancestry SNPminer’
(https://research.cchmc.org/mershalab/AncestrySNPminer/login.php) which is a
data-querying tool and there are many good features for identifying ancestry
informative SNPs in a research context but no direct application to forensic
practice.

FROG-kb does not supplant any of the above mentioned databases. However,
one of the major limitations with the reviewed databases is that they include a
restricted number of datasets/ forensic SNP panels with data on a limited number
of populations. The current version of FROG-kb already accesses a much larger
set of accumulated information through ALFRED and also cites other additional
panels that could be added readily. FROG-kb also has functions not otherwise
available and the recent enhancements provide even greater depth and
enhanced functionality. Our ultimate goal is to provide a ‘one-stop shop’
pertaining to the forensic SNPs panels for the forensic community and the
researchers as well.

The review of forensic literature involves description of several forensic panels--
the ones developed from our lab for various purposes, others from the literature
and panels that were made available to us through our collaborators. All these
are included in FROG-kb and the description of all the relevant forensic panels
along with the citations are detailed in the Methods and Results section of this
report.

Il) Research design and methods

As stated before, though FROG-kb is built as a separate web based interface
entirely different from the ALFRED interface, we access the same data as the
ALFRED interface. Because many of the relational structures and connections
already existed in ALFRED, prototyping the new functionality was made easier
by building on existing database structures. Hence, amendments were made to
ALFRED database to accommodate new FROG-kb functions. Here, we provide
background on ALFRED'’s basic data structure and the amendments that were
made to accommodate FROG-kb functions. The intent and design issues
supporting the initial database structure and subsequent modifications of
ALFRED can be found in Cheung et al. (2000), Osier et al. (2002), and Rajeevan
et al. (2005, 2011). In the following sections only the data structure and system
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design of ALFRED that are relevant to FROG-kb are included. The user interface
layout and functionalities of FROG-kb are elaborated in the Investigative
Genetics paper (Rajeevan et al, 2012).

2.1 ALFRED and FROG-kb Database Design

ALFRED is implemented using a traditional relational structure which is illustrated
in appendix Figure 1a. An individual polymorphism (or Site) is contained within a
locus on the genome. Ethnic populations are organized by their geographic
location (Geographic_Region). Multiple samples may be drawn from a particular
population. For such highly heterogeneous populations as African American or
European American, special care is taken to delineate the specific geographic
region of the population. Population samples are typed to determine the
frequency of alleles at a site. The Typed_Sample table bridges samples and
polymorphisms and also associates the typing method, which is detailed in the
Typing_Method table. The allele frequency values for a Typed_Sample are
stored in the Frequencies table. Information about the contributor of particular
allele frequency data is kept in the Contributors Table.

Additional tables were added to the underlying relational database of ALFRED to
accommodate information essential for the human identity testing applications in
FROG-kb. Figure 1b in the appendix gives the database tables and relationships
incorporating only the supplementary tables relevant to FROG-kb. The logic
supporting the design of the additional tables and relationships follows. There
can be one or many sites (Sites_Forensic_Panel) associated with a defined
forensic panel (Forensic_Panel). Every panel is linked to at least one
publication (Pub_Forensic_Panel). Such links are clearly identified when the
underlying data are unpublished to document the source of the data. The marker
phenotype (equivalent to ‘genotype’ based on multiple unavoidable assumptions)
frequency for each ‘site - population sample’ combination is pre-calculated and
saved in ‘Forensicphenofreq’. Since these population-marker frequencies do
not change for existing data, pre-calculation of the phenotype summary is
reasonable and expedites the involved case-specific computations. While all
allele frequency data required for running the computations in FROG-kb were
already in the ALFRED database, the new tables provide the framework for
displaying information related to the different forensically relevant SNP sets in an
efficient and user-friendly manner.

2.2 ALFRED and FROG-kb System Design

The architectural components of our system are depicted in Figure A below.
Multiple data sources are used and referenced but a large maijority of the gene
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frequency data has been obtained from the Kidd Laboratory, from public
repositories, and from collaborators. The data stored in the database are made
accessible to the public via the web interfaces for ALFRED and FROG-kb. To
broaden the utility of the data, links to other relevant web sites are added. For
example, we have established links to NCBI's PubMed to connect site and
sample descriptions and published frequencies with the original literature.
Unseen by the user, there are curatorial software tools that provide integrity
checks and allow the curators to more efficiently annotate entries and add web
links to appropriate entries in other databases. The tools used to upload allele
frequency tables of SNPs are semi-automated to ensure data quality.

Figure A. Basic system overview of ALFRED and FROG
ALFRED & FROG-kb System Overview

Input Data Sources

Collaborators

HAPLO Others (e.g.
Program / literature)
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o /
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2.3 Informatics Development

The database for FROG-kb is implemented using Oracle version 10 on one of
Yale’s institutional database servers where it is maintained. The web front end of
FROG-kb is built using web developing technologies such as Java, Java Servlet,
JSP, JQuery, and GoogleCharts. Almost all of the client-code utilizes JQuery,
and the server implementation is in Java. The currently deployed version of
FROG-kb has been tested on both PC and Mac, using many different browsers:
Mozilla Firefox11.0, Internet Explorer 8.0, Safari 5.1.4, and Google Chrome 17.0
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on PC, and Firefox11.0, Internet Explorer 5.0, Safari 5.0 on Mac. We are using
Tomcat as our web server which runs on a Windows XP machine.

The user interface layout of FROG-kb is designed to reflect the organization of
the contents and functionality, as well as ease of use. Every set of pages relative
to a function on FROG-kb originates from a tab on the ‘Main Menu’ (appendix
Figure 2) that appears on the left-hand side of every page. The ‘Home Page’
gives a brief summary of the functions available in FROG-kb and what can be
expected soon. The menu-items are as follows; Home, About, File Upload,
[ISNP, AISNP, PISNP, Pipeline, Search and Contact Us. All the core functions on
FROG-kb can be reached by selecting the tabs ‘File Upload’, ‘ISNP’, ‘AISNP’, or
‘PISNP’.

The ‘Back’ button on the browser does not work on the FROG-kb interface.
Therefore, the web pages are designed to allow easy movement among the
functionalities. Every set of pages relative to a panel on FROG-kb originates from
a labeled link on the ‘Main Menu’ that appears on the left-hand side of every
page. The buttons to all functions relative to a specific SNP set appear on the top
of that SNP-set page.

Selection of SNP panels: Users can navigate into the functions relevant to each
type of SNP panel by selecting the appropriate tab: ‘ISNP’ for Individual
Identification SNPs, ‘AISNP’ for Ancestry Inference SNPs and ‘PISNP’ for
Phenotype Informative SNPs. Following selection of a particular SNP panel
category (IISNP, AISNP, or PISNP), there are multiple published panels listed.
The IISNPs tab has implementation of three different SNP panels, AISNPs tab
has implementation of seven panels, and PISNPs tab leads to one panel. Details
on each panel are given in a separate section of this report. The citation
information for each of the panels, a ‘Go’ button to navigate into the selected
panel, and a ‘Detailed Overview of SNPs’ link to navigate into ALFRED are
provided for each (appendix Figure 3). The link to ALFRED opens the ‘SNP
Sets’ page within ALFRED into a new browser window. The SNP Set module in
ALFRED has multiple functions, including the ability to see for each SNP a pie
chart on Google Maps of frequencies for all populations with data.

Several options are possible after entering a SNP panel page. The functions
related to the selected panel are available by selecting the appropriate buttons at
the top of the page (shown in Figure 4 in the appendix). The ‘SNP Set’ option
provides the list of SNPs in the panel. The list includes the dbSNP rs-numbers
with active links to the corresponding dbSNP record for molecular
characterization of the SNP. The ‘Populations’ button provides the list of
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populations for which comparable calculations can be made. This is the set of
populations for which all SNPs in the set have allele frequency data. Conversely,
many populations have data on additional SNPs; those SNPs are not included for
the calculations. Within the ‘SNP Set’ functionality in ALFRED additional
populations may have data for some, but not all SNPs; those populations are not
included in the calculations. Each population name within FROG-kb is an active
link to information on the population stored within ALFRED; that page opens in a
new browser window. The geographic region of each population is included. A
world map in which regions are divided on an arbitrary but convenient basis is
available from the link ‘Geographic Region Map’.

Functionalities link: There is a ‘Functionalities’ button under each type of panel
which gives a brief description of different functions available for that panel
including the detailed overview of SNPs and link to the SNPset page in ALFRED
etc.

Examples: In the current version of FROG-kb, all the example files from the main
page of each SNP set are consolidated under the ‘Examples’ button under each
panel. There are two distinct example options for users to explore in FROG-kb.
Screen shots of sample runs are saved as images with data input and output
screen on adjacent panels. These are static screens. The second example
option is where a pre-entered data entry page for one individual from a specific
population is displayed. This page is dynamic and users can run the compile
function from here. The buttons to access these pages are named after the
population the individual is from, for example Korean, Hungarian, etc.

Data Entry options: The most significant interactive function is accessed via ‘Data
Entry’ (figure 5 in the appendix) that provides two different options to enter
genotype data for a particular SNP panel: 'Selection by Radio Button' and 'File
Upload'.

a.'Selection by Radio Button’ opens the ability to specify an individual’s multi-
site genotype using radio buttons. The list of SNPs in a set is sorted by rs-
numbers for ease of working. For each SNP on the list the ALFRED UID, dbSNP
rs-number, chromosome number, and chromosomal position are displayed
(appendix Figure 5a). The ALFRED UID and rs-number are URL links to
ALFRED and to dbSNP SNP information pages, respectively. This is followed by
radio buttons for the possible genotypes. The genotype is entered by simply
clicking on the radio button for the genotype at each SNP. An obvious
assumption is that there is no allele drop out, that is, that a typing result
(phenotype) with only one allele detected is really a homozygote. A radio button
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labeled ‘NN’ is provided for missing data for each SNP, but it is not necessary to
click on the ‘NN’ for missing data. For large SNP sets, if the user's SNP set is
also ordered by rs-number in a spreadsheet, selecting the appropriate genotype
radio-button should be relatively effortless. At the bottom of the list are three
buttons (appendix Figure 5a): Set all unselected to unknown, Print Format, and
Compile. The Print Format will generate a condensed version of the input data
that can be printed as a permanent record of the input data. The information in
the pop-up window can also be copied and pasted into a text editor which in turn
can be opened in an Excel spreadsheet. The Compile will initiate calculation and
display the results. If there are SNPs with no genotype selected, a warning will
be sent with the missing data rows highlighted for easy detection and the option
exists to examine which SNPs have no entry and to either enter a genotype or
use the ‘Set all unselected to unknown’ option to fill those with ‘NN’. It is
necessary to click on ‘Compile’ again to generate results.

b. ‘File Upload’ function (appendix figure 5b) provides users with an option to
enter SNP information and corresponding genotype for a panel in a text area.
Data input using the radio button option can be tedious for SNPsets that include
many markers. Therefore, the file upload option is provided on the main-menu
on the left-hand-side of the web interface. This function enables users to input
an individual’s genotype for a specific SNPSet in a much more user friendly
manner. The ‘File Format’ page within the function provides a sample file for
each SNPSet in FROG-kb. The ‘Input Genotype’ page provides a text area for
users to insert the required information to compute likelihoods on the inserted
data. This input should have information regarding the panel the data will be
checked against. The ALFRED_UID and the genotype are the only two fields
that are important. The genotype should correspond to the alleles given in the
file; otherwise the program will ignore the SNP. The columns are expected to be
tab-delimited. Example downloadable files for each SNP panel are provided to
provide users with a template. Users can save these files and modify them by
replacing the 'NN' (unknown) genotype with the observed genotype of the
individual. Each file starts with the SNPSet tag. The tag provides information to
the internal code on the type of SNPSet, e.g., 'ai34' for SNPforID 34-plex and
152" for SNPforID 52-plex, etc. The file upload option was originally included only
under the ‘Main Menu’. We then realized that someone using the ‘Data Entry’
function from the individual SNP panel page might never notice the ‘File Upload’
option from the main page. Therefore, we have also placed the ‘File Upload’
option with appropriate text under the ‘Data Entry’ for each panel so a user
entering the ‘Data entry’ page of each panel gets 2 options to choose from: ‘File
upload’ and ‘Selection by radio button’. Detailed text with example files explaining
the format that is required for the data input is provided in the page that comes

20

This document is a research report submitted to the U.S. Department of Justice. This report has not
been published by the Department. Opinions or points of view expressed are those of the author(s)
and do not necessarily reflect the official position or policies of the U.S. Department of Justice.



up when the ‘File upload’ option is clicked. We believe these options give the
user a greater flexibility for data inputs.

It was brought up by one of our users that after computing the likelihood for an
individual’s available genotypes it was impossible to go back to that particular
‘Data Entry’ page with genotypes still filled in for that individual since the ‘back
button” does not work in FROG-kb. Changes were made to the code so that
clicking the ‘Data Entry’ button will take the user back to the user’s selections.
The user is notified about this with a note displayed right above the likelihood
graph.

The ‘Formula’ button gives an explanation on how the probabilities are derived.

Results of the calculation are displayed as a table with three columns: the name
of the population sampled with its geographic region and the sample size, the
probability of the entered multilocus genotype in that population, and the
likelihood ratio of the most probable population to each specific population
(appendix Figure 6). The new addition to the results page is the third column
giving the likelihood ratio of the best relative to each subsequent population.
This makes it easier to see that the best is, for example, twice as likely as the
second best, or 200 times as likely as the 12" best population. The probability of
the entered genotype is equivalent to the likelihood of that population being the
origin of the genotype assuming no deviation from Hardy-Weinberg ratios in the
population. The populations are ordered by their likelihoods as the origin of the
entered genotype from highest to lowest; therefore, the likelihood ratios range
from 1 to some larger number for the least likely population of origin,
representing how many times more likely the most likely population is compared
to the specific population as origin of the entered genotype. As a rough measure
of significance a flag indicates those populations with probability values that are
within an order of magnitude of the best and are therefore considered not
significantly less likely to be the most likely. This “duplicates” information in the
likelihood ratio column but adds emphasis since it is important to recognize
uncertainty.

Color code system to flag SNPs: This is a functionality that was developed to
accommodate addition of SNP panels that are derived from multiple SNP panels
that are already in FROG-kb. Amendments were made on the web interface to
accomplish this feature. Most specifically, the panel of 55 AISNPs is derived
from two unpublished Al panels (Set of 39 & Set of 44) from our lab. These two
panels are published in ALFRED
(http://alfred.med.yale.edu/alfred/selectedSnpSet.asp?setld=141 and
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http://alfred.med.yale.edu/alfred/selectedSnpSet.asp?setld=241 ).The panel of
55 is published in FROG-kb. It was important for the authors to convey to the
users the original SNP panels and which SNPs differed. This was achieved by
adopting a color code system wherein yellow signified a SNP from “Set of 39”
and blue a SNP from “Set of 44”. These codes are displayed on the ‘Data Entry’
page and ‘SNP List’ page (appendix Figure 4 and 5a). The URL to the
corresponding complete set in ALFRED is also provided. The same system could
be utilized to represent addition of a new SNP to a panel already in FROG-kb.

The ‘Pipeline’ link in the Main menu gives the graphical summarization of the
procession through the interface. A ‘Contact Us’ button is available under the
Main menus for users to contact the ‘FROG-kb Team’.

2.4 Data curation and entry of Forensic SNPsets:

The usefulness of any database is dependent on the quality of its contents. The
detailed curation involved in locating, assembling, and recording the data from
the literature is the key feature of ALFRED and such assembled forensically
relevant data in ALFRED ‘SNPsets’ page are accessed by FROG-kb. Besides
the panels that are developed in our lab for forensic purposes, we systematically
screen the literature in order to include population allele frequency data for any
new panel that is published. Also population allele frequency data for any SNP in
any of the existing panels are added. When a new population has data for all
SNPs in a panel it is included in the calculations in FROG-kb.

The manual curation of the data involves thorough scanning of the literature
using search engines like Pubmed, Scopus, Google Scholar, etc. using various
combinations of key words (eg. forensic snps, forensic data, etc). All the journals
that publish the majority of the forensic SNP-related data have been individually
scanned regularly for early access ‘Article in press’ sections. These include the
International Journal of Legal Medicine, Forensic Science International: Genetics
supplement series, Journal of Forensic Sciences, etc. In addition various journals
that routinely publish genetics data including Human Genetics, European Journal
of Human Genetics, Investigative Genetics, Genetics and Molecular Research,
Mutation Research, Annals of Human Genetics, Human Biology, etc. are
scanned to locate any forensically relevant SNP data for FROG-kb. Apart from
these, all the forensically relevant journals that are available with full access to
articles through the Yale Library website are also checked to make sure we do
not miss any forensic SNP data on hand in the literature.

Once the publication having relevant information is identified, the data, if
available in the publication, are assembled and formatted for entry into ALFRED
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and included under the relevant SNPset. The citation is also entered and linked
to the data. For those papers that do not provide the frequency data we send
requests to the authors for submission of data. In some cases, curation also
involves matching of the markers from a set if identified by different names.

For the panels that are developed in our lab, the dataset is assembled and
entered in ALFRED and then defined as a SNPset. Besides the curatatorial steps
in defining the systems and population/sample (described below) entry of data
involves an additional step of mapping of the ALFRED system ids to our lab
database Phenodb ids and extracting the data for uploading into ALFRED using
a program ‘Phenoexport’ in place for this purpose.

Curation also involves identifying and entering explicit links to dbSNP and
additional databases to define the molecular nature of the polymorphism in
genomic context. Also, explicit links are inserted to define the population and
population sample underlying any frequency data. The general curatorial steps
involved in entering the data in ALFRED are illustrated in the flowchart below.
For the forensic SNP panels, once the data are entered in ALFRED, the SNPs
are defined as a SNP set in the specially created “SNP Sets” function page under
the ‘Search’ tab on the ALFRED homepage. These data are eventually accessed
by FROG-kb and defined as a panel in FROG-kb.

All these features of the data curation make FROG-kb a ‘unique resource’ of
forensic data. These efforts are time consuming and are not innovative, but high
quality of the data is critical and the collation into one central place is important.
While much more data could be incorporated into FROG-kb, the budget did not
provide sufficient personnel time to do more than currently exists in the static
version of FROG-kb. When more funding becomes available, additional data
already curated in ALFRED can be incorporated into FROG-kb.

This flow chart gives a quickview of the required details of curation for new data
to be entered before the frequencies are uploaded into the ALFRED database.
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Based on the above mentioned curatorial steps various panels were defined in
ALFRED as SNPsets and have been included in the FROG-kb interface. These
include panels from our lab, literature curation, and those that were made
available to us through requested data submissions and from our collaborators.
The current version of FROG-kb includes the following eleven panels.

Il (Individual Identification) SNP panels:

45 unlinked Il SNPs from KiddLab: The IISNP markers studied in the process of
developing our IISNP panel are entered into ALFRED (Kidd et al., 2006; Pakstis
et al., 2007; Pakstis et al., 2010; and Kidd et al., 2012). Thus ALFRED includes
data on those SNPs ultimately deemed inappropriate. This 45-SNP panel had
been tested on 44 worldwide population samples from our lab and on an
independent set of Chinese (Lou et al., 2011). In addition, many of the markers
have additional population frequencies included from various sources. All these
data are available in ALFRED under the ‘SNPset -> || SNPsets’ link. The
calculations available in FROG are so far restricted to the 44 populations with
allele frequency data for all 45 IISNPs.

The 52-plex (SNPforID) panel (Sanchez et al., 2006) is an individual identification
panel initially tested on 9 populations; a subset of 26 of these markers have data
on at least an additional 44 of our populations in ALFRED. Additional population
data have been included for these 52 markers or subsets of 49 SNPs from all
these publications (Farzad et al., 2013; Tomas et al., 2013; Barbaro et al., 2012;
Ruiz et al., 2012; Poulsen et al., 2011; Drobnic et al., 2010; Montelius et al.,
2009; Porras et al., 2009; Barbaro et al., 2009; Tomas et al., 2008; Pereira et al.,
2008a, Pereira et al., 2008b). This panel is available in FROG-kb under the
“lISNP” tab.

Qiagen Investigator DIPplex kit: This is an ISNP set which we prioritized
entering as a panel in FROG-kb because there is a commercial kit available now.
This set includes 30 di-allelic deletion/insertion polymorphisms (DIPs aka InDels)
developed for multiplex amplification and Amelogenin
(http://www.qgiagen.com/products/investigatordipplexkit.aspx). We accumulated
data from the literature on various population samples typed using the kit for a
total of 17 population samples for this marker set (Fondevila et al., 2012;
Neuvonen et al., 2012; Turrina et al., 2011; Kis et al., 2012; Zidkova et al., 2013;
Friis et al., 2012; Larue et al., 2012; Martin et al., 2013 , Carvalho et al., 2013).
Only 13 of these samples have the complete set of data on 30 indels and hence
can be included in FROG-kb for probability calculation purposes. However, the
ALFRED SNPset provides access to all the available data for this set.
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Al (Ancestry informative) SNP panels in FROG-kb:

Kidd Lab set of 55 AISNPs: This panel of AISNPs (manuscript submitted) is the
union of two subpanels- KiddLab - Pilot Panel of 39 AISNPs and KiddLab - Set
of 44 AISNPs. All SNPs have been tested on 63 population samples in our lab.
All the markers that were studied during the process of identifying this subset are
entered in ALFRED but FROG-kb includes only the final ‘set of 55 Al SNPs’. The
full 55-SNP panel has been implemented with color coding (described in the
informatics development section of this report) to show which marker belongs to
which of the two subpanels. Also available for most of the SNPs from this panel
are population sample data from the 1000 Genomes project, the eleven Hapmap
Phase 3 populations, and the HGDP populations.

Seldin’s set of 128 SNPs (Kosoy et al., 2009): For this set we have included data
on all the populations that were studied in Kosoy et al. (2009), 11 HapMap
population samples, the HGDP population panel, and data on 73 population
samples tested in Kidd Lab (Kidd JR et al., 2011). These additional data from
various sources provide a set of 119 populations for calculation of the likelihoods
of ancestry based on this panel.

The 34-plex (SNPforID) AlMs panel (Phillips et al., 2007) is an ancestry
informative panel.initially developed to distinguish between sub-Saharan
Africans, Europeans, and East Asians. The original publication includes the data
on 51 HGDP population samples for this set. In addition FROG-kb contains the
data for Hapmap population samples, data from two other publications which
typed this panel on 3 population samples (Phillips et al., 2009; Khodjet-el-khil et
al., 2010) and also the 1000 Genomes population samples. Also available in
ALFRED for this set are data from various other sources bringing the total
number of population samples to above 100 for most of the markers. Fondevila
et al. (2013) reported the replacement of one of the underperforming SNPs from
the panel by a more informative SNP, rs3827760.

Kayser's set of 24 Ancestry Informative Markers (Lao et al., 2010): Manfred
Kayser gave us the genotype data for these AlIMs markers typed on the 52
HGDP populations. We calculated the allele frequencies and have included the
data as a SNPset under the AISNPs link and also in FROG-kb.

Podini’s panel of 32 AISNPs (Gettings et al., 2014): This is a panel of 32 AISNPs
from Daniele Podini, George Washington University who submitted the data to us
to make it available in FROG-kb. Though this panel has 32 markers, only 28
markers have been typed on a cohesive set of populations (4 of the markers from
the set do not have data on HGDP populations). Only 25 markers from this set
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are typed on our lab sample collection. In both cases all the population allele
frequency data are in ALFRED. So, for reference the ALFRED SNP set have all
the 32 markers and available data on each, but in the FROG-kb panel we have
only included 25 HGDP SNPs for which comprehensive data exist on more
populations allowing for meaningful likelihood ratio calculations. In the ‘SNPset’
page of this panel in FROG-kb we have included a clickable button saying ‘Why
only 25’ which explains the reason for including only 25 SNPs. When other
markers in the panel are typed on the whole list of populations, they will be
added to the calculation.

Eurasiaplex 23-SNP panel: We had data submission from Bulbul and Phillips
which included the analysis from 85 SNPs related to bio geographic ancestry and
pigmentation type from Bulbul et al. (2011). This set of SNPs includes the
SNPforID’s 34-plex AlMs panel, 32-plex (22 AIMS markers they have identified
and 10 pigmentation markers) and the Eurasiaplex panel. They submitted the
genotype data for these 85 markers typed on 20 population samples (1000
Genomes phase 1 reference samples and some additional samples from their
collection). We have included all this data in ALFRED but not defined as a SNP
set. A recent publication by Phillips et al. (2013) highlighting the 23-SNP
Eurasiaplex panel was identified through literature search and hence we have
included this panel as a SNP set in ALFRED and also in FROG-kb as an AISNP
set. The panel is linked to both the earlier publication of Bulbul and the recent
one by Phillips. The recent publication provided additional population data for this
panel including the 1000 Genomes, Hapmap, HGDP population collection
samples as well as some European population samples. We have included all
these additional data for this panel thus allowing meaningful likelihood calculation
on 76 population samples.

Carolyn Nievergelt’s set of 41 AlMs (Nievergelt et al., 2013): This panel includes
41 markers that were selected from the HGDP data. We have typed the KiddLab
47 standard populations for 40 of these markers. All the data are included in
FROG-kb thus allowing calculations for 40 of the SNPs on 99 population
samples.

Phenotype Informative (Pl) marker panel:

Irisplex: The six-SNP lIrisplex for eye color prediction from Walsh et al. (2011).
Data on these six markers for the 52 HGDP population samples and data on
European populations from Walsh et al. (2012) are available for reference in
ALFRED. The data on the additional European populations were obtained in
response to a data submission request. The implementation in FROG-kb for this
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panel differs from that for ISNP and AISNP calculations in that calculations are
not dependent on population but only on the genotypes entered. The eye color
prediction computation uses the formula in Walsh et al. (2011).

Forensic datasets in ALFRED but not in FROG-kb:

Besides the ones in FROG there are various SNP sets on different populations
for forensic use that are entered into ALFRED and defined as SNP sets.

The IISNP sets include Dixon's 21-plex assay (Foren-SNP _multiplex Kit), the
panel of 25 IISNPs from Pietrangeli et al. (2010), Vallone's set of 70
SNPs(Orchid SNPs) and the CODIS set. The forensic related data in ALFRED
but not defined as a SNPset for the IISNP category include the 30 SNPs selected
from the Affymetrix 500K SNP dataset tested on a sample of 960 Korean
individuals (Kim et al., 2010), a 24 SNP set studied on a Korean sample (Lee et
al., 2005), a 16 SNP set studied on Japanese (Hiratsuka et al., 2005) , data on
two multiplex AlMs panels studied on 16 Latin American population samples
(Silva et al., 2010), and a set of 30 Indels studied on 5 Chinese populations (Li et
al., 2011). These have been and remain of very low priority for inclusion in
FROG-kb because the few populations studied make the likelihood calculations
of little value. Were that to change, they could be considered for implementation
in FROG-kb.

The AISNP sets include the two multiplex AlMs panels studied on 16 Latin
American population samples from Silva et al. (2010) and the Visigen (Visible
Trait Genetic consortium) data (Keating et al., 2013). This consortium has
developed the Identitas Version 1 (v1) Forensic Chip based on Illlumina Infinium
technology. Genotype files obtained from the Visigen group contained data for
197,353 SNPs on 29 populations (including limited numbers from 27 Kidd Lab
populations and two populations from others in the consortium). We have
calculated and uploaded the allele frequency data for all these markers into
ALFRED.

The PISNP sets we have entered in ALFRED include both (1) Kayser's 43 SNPs
for Hair Color Prediction, which is a set of 43 SNPs defined for hair color
prediction based on Branicki et al. (2011) and (2) the Ruiz et al. (2013) 23 SNPs
for eye color prediction based on studies on six European populations. We
obtained these data by requesting the submission of the data and have included
them in ALFRED. The data for using the Ruiz et al. (2013) panel for estimation
of eye color likelihoods are not yet included.
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Another class of markers for which data have been included in ALFRED includes
the Lineage informative (LI) SNPs. These are sets of tightly linked SNPs that
function as multi-allelic haplotype markers on the autosomes that collectively
may serve for matching individuals to family or clan. Such markers could be
used to identify missing persons through kinship analyses. These LISNPs may
also serve as Ancestry Inference (AISNPs) markers. ALFRED contains data from
Pakstis et al. (2012) "Mini-haplotypes as Lineage Informative SNPs (LISNPs) and
Ancestry Inference SNPs (AISNPs)" and the expanded panel of 25 unlinked
minihaps presented in a paper being drafted.

The recent work in our lab had been focused on moving to smaller genomic
regions in the search for microhaps (regions that can be covered in one
sequence read) for various forensic purposes. From this initial screening we have
identified 30 micro-hap sets that are of forensic interest. The data for 20 of these
micro-haps on 57 KiddLab population samples have been added to ALFRED with
adequate definitions. These set of markers can be retrieved by typing “Microhap”
in the keyword search function in ALFRED. New interfaces will need to be
designed and programmed before these can be implemented in FROG-kb.

[Il) Results

As per the goals of the project, we have made significant progress and have a
functional website online accessing a specifically modified and enhanced
database. We have published a manuscript in ‘Investigative Genetics’ to
introduce the web site and the knowledge base to the forensic community
(Rajeevan et al., 2012).

The FROG-kb interface is designed to reflect the organization of the contents
and functionality, as well as ease of use. During the first year of the grant
amendments were made to the backend ALFRED database and new linking
tables were created to accommodate information required for the FROG-kb web
application. The pilot implementation was put online in June of 2011which
included the IISNPs and AISNP from the menu bar with some information under
the ‘About’ and ‘Pipeline’ items to provide information about the underlying
calculations. Two published panels of IISNPs (the Kidd Lab 45 IISNPs and the
SNPforID consortium 52 IISNPs) and two different AISNP panels (The Seldin
Lab’s set of 128 AISNPs and Kidd Lab pilot panel of 39 SNPs) were included
with this implementation. The IISNP feature provides examples and the ability to
calculate match probabilities for user-specified genotypes and the AISNP feature
this pilot implementation provides examples and the ability to calculate relative
likelihoods of ancestry from different populations for user-specified genotypes.
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Under each panel various buttons provide the list of SNPs, two examples, the
populations for which there are data, a blank genotype entry form, a clear option,
and two pre-loaded entry forms for real individuals were available. For both of the
panels pre-loaded data entry pages are provided as a training set for new users.
Explanatory materials explaining the calculations were included later.

During the early period of the second year of the grant various amendments and
additions were made to the database. The changes/additions include the
modification of likelihood calculations for the SNP sets in response to a feedback.
This modification was implemented since special consideration was needed for
those situations in which one allele is not observed in a population and hence the
observed allele frequency is zero and two genotypes are strictly estimated to be
zero. This is especially important for AISNPs since many of the loci are fixed in
some populations, but even a SNP in an IISNP panel may not be seen in an
isolated population. Given the sample sizes involved, very low frequencies of the
‘missing’ allele cannot be excluded and using a value of zero in the calculations
would be incorrect. The approach used is to simply use a very small allele
frequency instead of the zero that is the allele frequency present in ALFRED.
The modification was implemented as follows; if one assumes a heterozygote
might be seen in the next individual sampled from the population, the allele
frequency would then be1/ (2n+2) where n is the original sample size in which
the allele was not seen. Various interface developments were added including
two new buttons ‘Functionalities’ and ‘Formula’ that could be accessed from each
SNP set page, A world map in which regions are divided on an arbitrary but
convenient basis was made available from the link ‘Geographic Region Map’ and
Populations table which provides the list of populations the calculations are
based on has the geographic region and the sample size were added. During the
later part of the second year various other functionality amendments were
implemented including the ‘Color code system to flag SNPs’ that are derived from
multiple SNP panels, a new option for data entry ‘File upload’ was created in
addition to the data entry method of selection using radio button. The population
likelihood table was complemented with flagging of the populations that are
within an order of magnitude of the highest likelihood. Various relevant
databases and resources were aggregated for the reference aspect of FROG-kb.
These were added as ‘Links’ from the about page. And also all the presentations
related to FROG —kb project were added as ‘Links’ under the ‘About ’ page in the
main menu . A ‘Contact Us’ link was added that opens up a form where users
can enter their email address, a subject and a message.

A new deliverable improved version of FROG-kb was put online in the beginning
of January of 2013 with several newly implemented functions to the web interface
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described above. We sent the FROG-kb link to several members of forensic
community to solicit feedbacks and suggestions. Based on their feedbacks and
also suggestions from our own FROG team, functional amendments were made
to the web interface and additional datasets were prioritized and added during
the final period before the grant funding ended and the staff were laid off at the
end of June, 2013. The user interface layout and all the functionalities available
in the current version are detailed in the above section (see 2.3 Informatics
development) and also detailed in the FROG manuscript which is attached in the
Appendix.

The accumulation of all the forensic panels datasets have been an ongoing
process throughout the period of the grant. Based on the curational and data
entry method described we assembled data for several forensic panels in FROG-
kb and in ALFRED (listed in the Research and Methods section under 2.4 Data
curation and entry).

The discriminatory power for individual identification will be population specific
and ancestry inference will only be as good as the set of reference populations.
We believe we have progressed in the right track to accomplish our main goal of
prioritizing and incorporating all these additional datasets from various sources
into FROG-kb and also systematically adding additional population data for a
panel as they become available which provide in the meaningful interpretation of
the results. In summary, currently in FROG-kb there are three IISNP panels,
seven AISNP panels and one PISNP panel. Each of these panels exists with
supporting population data. URL links exist to ALFRED for more details and
allele frequency data tables for specific populations. Data exist in ALFRED not
only for the populations used for calculation in FROG-kb but also for each SNP-
population combination for which data are available.

As a knowledgebase we have added explanatory text and examples for the
functionalities in FROG-kb and notes on interpretation of results. Links to other
relevant databases have also been added. Several of our colleagues who are
forensic practitioners and researchers have agreed to be part of a formal
advisory panel (See Appendix). We have been consulting with them and getting
feedback in the design and amendments of FROG-kb, including those for future
enhancements.
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IV) Conclusions
4.1 Discussion

With the original objectives of the project in perspective during the period of this
grant we have provided a ‘one-stop shop’ web site and underlying database on
forensic SNP panels that is intended to be useful for the forensic community and
researchers. FROG-kb’s user interface is versatile in its functionality and
comprehensive in the population data available for many SNP sets. The current
interface allows viewing and retrieval of data as well as calculation of statistics on
several forensically relevant SNP sets. The recent enhancements to the interface
including the color coding system to flag subsets of SNPs, a new option of data
entry using file upload, and the likelihood ratio column in the results table have
made the database more user-friendly. At the same time they allow more
meaningful interpretation of the results. The print option allows the user to have a
condensed version of the input data as well as the table format of the results as a
permanent record. The results page also contains a graphical representation of
results with the log of the probabilities of the entered genotype plotted from
highest to lowest as a mouse-over graph specifying the population and value at
the point indicated. Ancestry, Individual, and Phenotype Informative (AISNP,
[ISNP, and PISNP) panels studied and published from the Kidd Lab and
elsewhere are currently available in FROG-kb. Each of these panels exists with
supporting population data. URL links exist to ALFRED pages for more details
including allele frequency data tables for all available populations for each SNP
in each panel. As a knowledge base we have also added good explanatory and
didactic material to the existing functions in FROG-kb. ‘Examples’ under each
SNP set provides the users an option to explore functionality before
experimenting by entering a new genotype profile of an unknown or a forensic
case. Links to other relevant databases and poster presentations on FROG have
been added. The ‘contact us’ link helps users to give us feedback. Several of
our colleagues who are forensic practitioners and researchers have agreed to be
part of a formal advisory panel for future development. After the improved
version of FROG-kb was put online at the beginning of this year we have been
consulting with them and getting feedback in the design and amendments of
FROG-kb. While they have raised issues and made suggestions for future
development, they helped us set priorities to complete before the end of the
project and have agreed that what has been done so far was the most important.
Thus, we believe we are moving in the right direction towards our ultimate
objective of providing the resources and functionality that will facilitate the
implementation of SNPs in forensic labs.
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FROG-kb is a work in progress. Hence, the current implementation is not without
limitations. FROG-kb can only provide information for the populations
comprehensively tested for the entire set of SNPs in a panel. For ancestry
inference FROG-kb is currently designed for individuals whose ancestry is
overwhelmingly from one population or set of closely related populations.
Admixed individuals, in the sense of recent ancestors from geographically and
genetically different populations, will not necessarily provide meaningful results.
And currently the allele designations for the genotypes listed on the data entry
forms are not consistent with any one of several existing standards. Since most
SNPs are unambiguous with respect to the strand being called, the user should
have no problem making the necessary conversion from the typing data to the
genotype codes on the input screen. However, G/C and A/T SNPs need to be
specified as to the strand being called; the future standard for FROG-kb will be
that the positive strand (pter to qter, 5’ to 3’) will be the reference even for SNPs
in genes that are coded on the reverse strand but that has not been fully
implemented.

Our initial efforts in developing this resource for the forensic community has
necessarily focused on the database structure and the website interface with
various different panels implemented, as was the objective of the project. We
have focused on what we believe were the most important features. However,
we consider this a pilot effort, albeit a highly functional one. Whether or not the
current version of FROG-kb continues to be supported, it serves as a prototype
for one approach to a database that can be a reference and resource on genetics
for the forensic community. Moreover, any other database that may supplant it
will have access to the data that have been accumulated--they are all freely
available in the public domain and can be downloaded from ALFRED.

We recognize various limitations to the current implementation and also that
adding various functionalities would enhance FROG-kb. Some of the potential
enhancements include: (1) Improve the quality and completeness of the printable
output to make it presentable in court (with date, time and case no). (2) Develop
a_standalone version of the likelihood calculator for selected SNP panels. This
would be useful when professionals in the field are working on a certain case,
most of the information is classified, and running the computation over the
internet on a public server would not be appropriate. Also, there could be
circumstances in which an internet connection is not available to access FROG-
kb to run the module on a set of SNPs. (3) Implement new improved panels,
such as panels of Lineage Informative markers and phenotype inference SNPs.
(4) Add a search function to identify the existence and affiliations of a set of
SNPs in FROG-kb. (5) Generate tools to draw a global density map of
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population likelihoods. (6) Allow sorting of SNP lists in each panel by genomic
position. (7) Add various SNP panels and add more population data for the
existing panels. and (8) Provide a more comprehensive user manual and more
didactic information.

4.2 Implications of policy and practice

Policy: In a forward-looking manner FROG-kb was designed to allow the
adoption of SNPs in various aspects of forensic practice by proactively providing
the resources needed to evaluate the data collected on SNPs. Commercial kits
are becoming available now for use in forensic practice; they implement many of
the panels already available in FROG-kb. We believe that having a specific
forensic web front-end to a large database with extensive SNP data will facilitate
understanding of and use of SNPs in forensic settings. It is our expectation that
the match and ancestry calculations will eventually be accepted in the courts
since the underlying databases are and will be public and sufficiently large to
match the existing STRP databases for population frequencies.

Practice: The didactic aspects of FROG-kb should be of great value in helping
the forensic technicians understand and use SNPs. The commercial kits allow
implementation of SNP typing in forensic labs. If the kits and calculations are
accepted in the courts, the results produced by FROG-kb in a printed report (as
already exists) might be directly submitted as evidence.

Usage: Because the vast majority of forensic laboratories are not using SNPs,
the only “usage” currently is related to education and awareness. But the
ultimate objective is to provide the resource and functionality that will facilitate the
implementation of SNPs in forensic practice. However, the community is already
aware of FROG-kb and with the publicity we hope to generate even more
awareness in the community. The companies are also beginning marketing of
their kits and are in many cases mentioning the published panels available in
FROG.

4.3 Implications for further research

Many ways in which FROG will need to be enhanced are already evident (see
above). As another example, one kit being marketed by LifeTech combines in
one multiplex assay two different autosomal panels. Those panels have many
populations in common, but differ for coverage of other populations. How does
FROG handle such datasets? Similarly, FROG does not currently have any
lineage inference panels but Kidd lab has just begun making one public through
ALFRED. A new interface for radio buttons and for a file upload needs to be
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designed for such multi-allelic markers; it will need to be user friendly. Given the
large number of SNPs in ALFRED, how can a user with a “custom” or
“haphazard” set of SNP data manage to use those data through FROG? Should
that even be an objective?

The field is rapidly evolving and there will undoubtedly be new ways that
ALFRED and FROG-kb can serve the forensic community. One particular
interest is in enhancing the slides used in talks to make the verbal aspects less
necessary by incorporating that material into text. Such powerpoint files can then
be made readily available almost as a course on SNPs in forensics accessible
through FROG-kb.
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VI) Dissemination of Results

The web site itself is the primary result and method of dissemination. A
publication has been one method of calling attention to it:
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the Forensic Research/Reference on Genetics knowledge base, FROG-

kb. Investig Genet, 3(1), 18. doi: 10.1186/2041-2223-3-18.
Scientific meetings where this work was presented:

1. Poster presentation at NIJ annual meeting, Arlington, Virginia ,

2011(announcement of the database to the forensic community with the pilot

implementation)

Title: Developing SNP panels for ancestry identification useful in forensic
investigations

Authors: Kidd KK, Kidd JR, Pakstis AJ, Speed WC, Donnelly M
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Authors: Rajeevan H, Soundararajan U, Kidd KK

Invited seminars variously entitled, including “Better SNPs for Better Forensics”,
were presented at five forensic venues in China on three separate invited trips in
2011, 2012, and 2013.

K. Kidd is scheduled to give several invited talks taking place in July through
September, 2013, in forensic settings. He will be mentioning ALFRED and
FROG-kb in addition to his other research.
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VIIl) Appendices

7.1. Figures

Figure la: ALFRED database structure
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Figure 1b: Tables and relationships from ALFRED database that are used in
FROG-kb
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Figure 1a. & 1b: Yellow shaded tables are used only for the ALFRED application,
pink shaded tables only for the FROG-kb application, while green shaded tables
are shared by ALFRED and FROG-kb.
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Figure 2: FROG-kb home page
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The Januwary 2013 update to FROG kb and its web site includes additional data, functionality, and
didactic and explanatory test. We thank the users of the pilot implementation for suggestions, for
finding bugs (which we fized), and for support. We welcotne comments, suggestions, and criticistns.
A paper on this knowledge base and web site has been published: Rajeevan et al. Investigative
Genetics 2012, 318

The structure and functionality of FROG-kb are being revised in an ongoing basis. Suggestions and
ctiticisms are welcome; use the 'Contact Us' link at the left.

More background can be found vnder ABOUT. We have so far only implernented three functions, two
general functions: the ability to enter genotypes of an individual at multiple SMNPs and calculate
likelihoods of that multisite genotype in each of several populations, and an eye color prediction
function specific to 2 PISNP panel. These functions are possible for three types of SNF panels,
II5NPs, AISNPs, and PISMFs, described below. You can navigate by selecting options on the main
men at the left, as well as by links and buttons that appear on different pages.

1) For Individual Identification SNPs (I1SNPs) this implementation provides examples and the
ahility to calculate match probabilities for user-specified genotypes. Two different published panels of
IISNPs can be used to detertnine the probability of the wser-specified genotype in each of several
populations that have allele frequencies available for all 3MPs in the panel. Click on the [ISNP button
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calculate relative likelihoods of ancestry frotn different populations for user-specified genotypes. Two
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Figure 4:
panel)
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Data entry

There are two options for users Lo enter genotype data for a particluar SMNP panel, "Selection by
Radio Button' and 'File Upload'. Selection by Radio Button opens the ability to specify an individuals

mulii-site

genotype using radio buiton. The list of SHPs is sorted by rs-numbers for ease of working

with the sel. For each SHP on the list the ALFRED UID, dbSMP rs-mumber, chromosome, and
chromosomal position are displayed. The ALFRED UID and rs-number are URL links to ALFRED
and to dbSHP SHP information pages, respectively. This is followed by radio buttons for the possible
genotypes. The genotype is entered by simply clicking on the radio button for the genotype at each
SHP Selecting the button "Cornpile’ will calculate the probability of that genotype in each of the
populations.

File Upload function provides users with an option to enter SHP information and corresponding

genotype for a panel in a text-area Example downloadable files for each SHP panel is provided. Users
can save these files modifiy them by replacing the ™M unknown) genotype to observed genotype in
the mndradisal The file starts with the SHPSet tag The tag provides information to the internal code
on the type of SNPSet. For example, ‘s34’ for SMP forlD» 34-plex and '652' for ShPforlD 52-plex.
Copy & paste this file on to the text-area provided in the “Input Genotype for a Panel' function. Click
Uplgadiig upload and g the comptation

File Upload Selection by Radio Button [}

i
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Figure 5a. Data entry selection by radio

button
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Figure 6. Output results page
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7.2. Usage Summary January 2013 to June 2013:

Visitor - The number of visitors is determined by the IP addresses. If a request
from an IP address comes after some time (timeout) since the last request from
this IP, it is considered to belong to a different visitor. The timeout is set to 30
minutes by default.

Hit - A request for any file (page, image, etc).

We have tried our best to exclude hits from web crawlers/spiders.

Total Hits 56,053

Average Hits per Day | 352

Average Hits per visitor | 16.11

Total Visitors 3,479
Average Visitors per 21
Day
Total Unique IPs 1,110
Daily Visitors

Visitors

1 1 1 1 1
212013 2013 4152013 512013 612013
Diate
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Top-Level Domains

Cormmercial (.com)

Metwork [(net)

[ T e

Brazil (.br)
Others

Top-Level Domains

~ Unknown

Domain Hits Visitors % of Total Visitors Bandwidth (KB)

1 | Unknown 28383 |2516 75.18% 204 508
2 | Commercial (.com) 17860 |297 2.54% 23444
3| Metwork [ .net) 4802 i, 7.53% 633,112
4 | Chinal.cn) 456 i 1.67% 10,238
5 | Brazil(br) 451 19 0.55% 4,461

8 | RussianFederation(.nu) 55 18 0.52% 3,751

T | Educational |.edu) 398 18 0.52% 16,207
B | Government(.gov) a2 16 0.46% 35538
B | Gemany(.de) G2 15 0.43% 245
10 | Singapore(.sg) 268 13 0.37% 1.774
11 | Spain(.es) 184 12 034% 15,740
12 | Italy (it} a3 1 032% 5,824
13 | Mon-profit Organization {.org) T4 10 0.28% 5,720
14 | Australia(.au) 183 g 0:26% 13,34
15 | Metherlands (.nl) 208 g 0.26% 13,882

The ‘Unknown’ here are unresolved IP addresses. This could include

educational and research institutions.
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7.3. Advisory Panel Members for FROG-kb Project in 2013

Bruce Budowle, Ph.D.
Department of Forensic and Investigative Genetics
University of North Texas Health Science Center
Fort Worth, Texas

Arthur J. Eisenberg, Ph.D.
Department of Forensic and Investigative Genetics
University of North Texas Health Science Center
Fort Worth, Texas

Joseph Donfack, Ph.D.
Counterterrorism and Forensic Science Research Unit
FBI Laboratory Division
2501 Investigation Parkway
Quantico, Virginia 22135 USA

Daniele S. Podini, Ph.D.
Department of Forensic Sciences
The George Washington University
Washington, D.C.
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Abstract

for eye color.

informative markers

Background: Online tools and databases based on multi-allelic short tandem repeat polymorphisms (STRPs) are
actively used in forensic teaching, research, and investigations. The Fst value of each CODIS marker tends to be low
across the populations of the world and most populations typically have all the common STRP alleles present
diminishing the ability of these systems to discriminate ethnicity. Recently, considerable research is being
conducted on single nucleotide polymorphisms (SNPs) to be considered for human identification and description.
However, online tools and databases that can be used for forensic research and investigation are limited.

Methods: The back end DBMS (Database Management System) for FROG-kb is Oracle version 10. The front end is
implemented with specific code using technologies such as Java, Java Servlet, JSP, JQuery, and GoogleCharts.

Results: We present an open access web application, FROG-kb (Forensic Research/Reference on Genetics-
knowledge base, http://frog.med.yale.edu), that is useful for teaching and research relevant to forensics and can
serve as a tool facilitating forensic practice. The underlying data for FROG-kb are provided by the already
extensively used and referenced Allele FREquency Database, ALFRED (http://alfred.med.yale.edu). In addition to
displaying data in an organized manner, computational tools that use the underlying allele frequencies with user-
provided data are implemented in FROG-kb. These tools are organized by the different published SNP/marker
panels available. This web tool currently has implemented general functions possible for two types of SNP panels,
individual identification and ancestry inference, and a prediction function specific to a phenotype informative panel

Conclusion: The current online version of FROG-kb already provides new and useful functionality. We expect
FROG-kb to grow and expand in capabilities and welcome input from the forensic community in identifying
datasets and functionalities that will be most helpful and useful. Thus, the structure and functionality of FROG-kb
will be revised in an ongoing process of improvement. This paper describes the state as of early June 2012.

Keywords: Knowledge base, SNP, InDels, Forensics, Individual identification, Ancestry inference markers, Lineage

Background

It is considerably more than a decade since the forensic
community settled on a set of short tandem repeat
(STR) polymorphisms (hence also STRP) for human
identity testing [1]. These markers are multi-allelic and
are excellent for individual matching of suspect and
crime scene DNA. While 13 STRs form the core of
the FBI Laboratory’s CODIS (Combined DNA Index
System), the 10 core loci used in the UK and much of

* Correspondence: Kenneth.Kidd@yale.edu

'Department of Genetics, Yale University School of Medicine, 333 Cedar
Street, P.O.Box 208005, New Haven, CT 06520-8005, USA

Full list of author information is available at the end of the article

( BiolMed Central

Europe consist of eight loci that overlap with CODIS
plus seven additional markers that include the five new
European Standard Set (ESS) [2]. Discussions on the best
options on expanding the core sets of loci are underway
[3-5]. Development of reliable commercial multiplex kits
tailored specifically for these sets of markers has led to
large offender databases and large amounts of allele fre-
quency data accumulated for these markers on a wide
range of populations around the world. Online tools and
databases have followed to allow users to reference and
predict population affiliations: Canadian Random Match
Calculator [6] (http://www.csfs.ca/pplus/profiler.htm),

© 2012 Rajeevan et al, licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.
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European Network of Forensic Science Institute’s DNA WG
STR Population Database (http://www.str-base.org/index.
php), STRBase (http://www.cstl.nist.gov/strbase/) [7], Pop-
Affiliator (http://cracs.fc.up.pt/popaffiliator/) [8], and pop.
STR (http://spsmart.cesga.es/popstr.php) [9]. One argument
for continuing use of these tools and marker panels is the
large number of individual offender DNA profiles in data-
bases allowing ‘cold hits; that is, identification of the criminal
based on a database match to crime scene DNA. The exten-
sive allele frequency data that have been accumulated over
the years in large public databases also allow population-
specific estimates of the probability of a random match of
two unrelated individuals. However, it is exactly the high
level of polymorphism in almost all populations that limits
the ability of these markers to determine ancestry of an indi-
vidual. The large numbers of alleles and high heterozygosity
relate to the high mutation rates of these loci; this also
means that matching of STRP alleles is matching by state
and not of alleles that are identical by descent.

Considering the ease, accuracy, and efficiency in typing
single nucleotide polymorphisms (SNPs) and their essen-
tially zero rate of recurrent mutation when compared with
STRPs [10-12], SNPs have the potential to be considered
for human identification and description in forensic,
biomedical, association, as well as epidemiological studies
[13-15]. Insertion-deletion polymorphisms (InDels) have
most of the desirable characteristics of SNPs and panels
have been proposed and have begun to be used in forensics
both for individual identification and for ancestry inference
[16-18]. However, considerable research is required to es-
tablish a reliable set of markers (SNPs or InDels) containing
sufficient numbers of markers to provide excellent discrim-
inatory power comparable to or exceeding that of STR mar-
kers. Not only do multiple populations need to be studied
to identify the best markers but interpretation of results in
any application needs the reference allele frequencies in
multiple populations. The discriminatory power for individ-
ual identification will be population specific and ancestry
inference will only be as good as the set of reference popu-
lations. Online web tools that demonstrate classification
algorithms are being developed for SNP sets as well, “The
Snipper’ app suite (http://mathgene.usc.es/snipper/) for
three ancestry informative AISNP sets (34, 32, and 77 mar-
kers) being one of them [19]. Currently, the main limita-
tions of these tools are the number of SNP sets and the
range of population data available for computation.

In this paper we introduce FROG-kb (Forensic Re-
source/Reference on Genetics knowledge base), an open
access web tool that allows viewing and retrieval of data
as well as calculation of statistics on several forensically
relevant SNP sets. FROG-kb’s user interface is versatile
in its functionality and comprehensive in the population
data available for many SNP sets. The overall goal of
FROG-kb is to make allele frequency data for SNPs and
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other genetic polymorphisms more accessible and useful
in a forensic setting. Ancestry, Individual, and Phenotype
Informative (AISNP, IISNP, and PISNP) panels [19-24]
studied and published from the host lab and elsewhere
are currently available in FROG-kb. Each of these panels
exists with supporting population data. URL links exist
to ALFRED for more details and allele frequency data
tables for specific populations not only for the panels
themselves but also for each SNP in each panel. Add-
itional information in the underlying ALFRED database
and the curated links into other databases make FROG-
kb a reference source as well. As frequency data on a
population not in the original publication become com-
prehensively available for the full SNP panel, that popu-
lation is included in the computations. As new
forensically relevant panels of SNPs with meaningful
population data are published, they will be systematically
added to FROG-kb. The structure and types of contents
in FROG-kb are described below followed by descrip-
tions of current functionality with examples.

Methods

Database structure

The underlying data for the FROG-kb implementation are
from the allele frequency database ALFRED (http://alfred.
med.yale.edu) [25,26]. ALFRED is a relational database
and aspects of the structure and relationships of the tables
exist in the above mentioned publications. Additional
tables accommodate information essential for a human
identity testing application. Figure 1 gives the database
tables and relationships incorporating only the supplemen-
tary tables relevant to FROG-kb. The logic supporting the
design of the additional tables and relationships follows.
(FORENSIC_PANEL). Every panel is linked to at least one
publication (PUB_FORENSIC_PANEL). Such links are
clearly identified when the underlying data are unpublished
to document the source of the data. The marker phenotype
(equivalent to ‘genotype’ based on multiple unavoidable
assumptions) frequency for each ‘site - population sample’
combination is pre-calculated and saved in ‘FORENSI-
CPHENOFREQ'. Since these population-marker frequen-
cies do not change for existing data, pre-calculation of the
phenotype summary is reasonable and expedites the
involved case-specific computations. While all allele fre-
quency data required for running the computations in
FROG-kb were already in the ALFRED database, the new
tables provide the framework for displaying information
related to the different forensically relevant SNP sets in an
efficient and user-friendly manner.

Implementation
The database for FROG-kb is implemented using Oracle
version 10 on one of Yale’s institutional database servers
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FORENSIC_PANEL

PUBLICATIONS
PK

forensic_panel_id

PK |pub id

FK2

forensic_panel_uid
panel_name
panel_description
sites_forensic_id

|

PUB_FORENSIC_PANEL
PK |pub_forensic_panel_id

pub_id
forensic_panel_id

SITES_FORENSIC_PANEL

SITES

PK

sites forensic id

PK

site_id
forensic_panel_id
description

POPULATIONS
PK

pop_id

FORENSICPHENOFREQ
SAMPLE PK | for h i -—
PK |sample id pop_id
> sample_id ¢
phenotype
freq

Figure 1 Additional tables added to ALFRED for FROG-kb. The full relational schema of ALFRED is described in [26]; these tables and their
interconnections illustrate the additions needed for the functionality of FROG-kb.

where it is maintained. The web front end is built using
web developing technologies such as Java, Java Servlet,
JSP, JQuery, and GoogleCharts. Almost all of the client-
code utilizes JQuery, and the server implementation is in
Java. The currently deployed version of FROG-kb has
been tested on both PC and Mac, using many different
browsers: Mozilla Firefox11.0, Internet Explorer 8.0,
Safari 5.1.4, and Google Chrome 17.0 on PC, and Fire-
fox11.0, Internet Explorer 5.0, Safari 5.0 on Mac. We are
using Tomcat as our web server which runs on a Win-
dows XP machine.

Functionalities

The user interface layout of FROG-kb is designed to re-
flect the organization of the contents and functionality,
as well as ease of use. Every set of pages relative to a
function on FROG-kb originates from a tab on the ‘Main
Menu’ (Figure 2A) that appears on the left-hand side of
every page. The ‘Home Page’ gives a brief summary of
the functions available in FROG-kb and what can be
expected soon. The procession through the interface,
explained below, is summarized graphically under
‘Pipeline’.

Users can navigate into the functions relevant to each
type of SNP panel by selecting the appropriate tab:
‘TSNP’ for Individual Identification SNPs, ‘AISNP’ for
Ancestry Inference SNPs and ‘PISNP’ for Phenotype In-
formative SNPs. Following selection of a particular SNP

panel category (IISNP, AISNP, or PISNP), there are mul-
tiple published panels listed. The citation information
for each of the panels, a ‘Go’ button to navigate into the
selected panel, and a ‘Detailed Overview of SNPs’ link to
navigate into ALFRED are provided for each (Figure 2B).
The link to ALFRED opens the ‘SNP Sets’ page within
ALFRED into a new browser window. The SNP Set
module in ALFRED has multiple functions, including
the ability to see for each SNP a pie chart on Google
Maps of frequencies for all populations with data.
Several options are possible after entering a SNP panel
page. The functions related to the selected panel are avail-
able by selecting the appropriate buttons at the top of the
page (Figure 2C). The option SNP Set provides the list of
SNPs in the panel. The list includes the dbSNP rs-number
of each SNP with an active link to the corresponding
dbSNP record for molecular characterization of the SNP.
The Populations button provides the list of populations for
which comparable calculations can be made. This is the set
of populations for which all SNPs in the set have allele fre-
quency data. Conversely, many populations have data on
additional SNPs; those SNPs are not included for the calcu-
lations. Within the SNP Set functionality in ALFRED add-
itional populations may have data for some, but not all
SNPs; those populations are not included in the calcula-
tions. Each population name within FROG-kb is an active
link to information on the population stored within
ALFRED; that page will open in a new browser window.
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Detail
overview of
SNPs
MNavigate to
ALFRED

[ SNP Set ] [ Ex2 ] [ Populations ] [ Data Entry ] [ Clear Selection ] [ Korean ]

Home
About (C)

Panel of 45 ISNPs
IISNP
AISNP Functionalities ]
PISNP

(d)
Pipeline
Navigate to Navigate to

Search ALFRED dbSNP

SI001900K rs10092491
Contact Us 510013398 rs10488710
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8 28411072 O CC

1
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®@ctr O1r ONN
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[ Set all unselected to unknown ]

Print Format

[Compile] button to initiate calculation.

Figure 2 Snapshot of functionalities on FROG-kb. Portions of relevant screens seen in FROG-kb. (a) The basic navigation panel seen on the
left side of all screens. (b) An example of one of the specific sets of SNPs, in this case an IISNP panel, with the [Go] button to enter the page with
options for that set. Also, on the right is the link to ALFRED to view details on all the SNPs in this specific panel. (c) The upper row of buttons for
options for a specific panel. Other panels may have a slightly different set and a second row of buttons usually has additional options. However,
the list of the SNPs, the list of the populations, the data entry, clearing the data entry fields, and at least one example dataset are common
buttons to all panels. (d) The top portion of the data entry page showing the radio buttons to be used to enter the genotype for each SNP. (e)
The buttons at the bottom of the data entry screen allowing the option of autofilling for missing data and printing of the input data plus the

The geographic region of each population is included. A
world map in which regions are divided on an arbitrary
but convenient basis is available from the link ‘Geo-
graphic Region Map’. Example options are also access-
ible using Ex 1 or similar buttons. These are static
screen shots to provide examples.

The most significant interactive function is accessed via
Data Entry (Figure 2D) that opens the ability to specify an
individual’s multi-site genotype (strictly, phenotype) and
then calculate the probability of that genotype in each of
the populations. The list of SNPs is sorted by rs-numbers
for ease of working with the set. For each SNP on the list
the ALFRED UID, dbSNP rs-number, chromosome, and
chromosomal position are displayed. The ALFRED UID
and rs-number are URL links to ALFRED and to dbSNP
SNP information pages, respectively. This is followed by
radio buttons for the possible genotypes. The genotype is
entered by simply clicking on the radio button for the geno-
type at each SNP. An obvious assumption is that there is

no allele drop out, that is, that a typing result (phenotype)
with only one allele detected is really a homozygote. A radio
button labeled ‘NN’ is provided for missing data for each
SNP, but it is not necessary to click on the ‘NN’ for missing
data. For large SNP sets, if the user’s SNP set is also ordered
by rs-number in a spreadsheet, selecting the appropriate
genotype radio-button should be relatively effortless.
(We are aware this input can be tedious; more user friendly
options are under development.) At the bottom of the list
are three buttons (Figure 2E): Set all unselected to un-
known, Print Format, and Compile. The Print Format will
generate a condensed version of the input data that can be
printed as a permanent record of the input data. The infor-
mation in the pop-up window can also be copied and
pasted into a text editor which in turn can be opened in an
Excel spreadsheet. The Compile will initiate calculation
and display the results. If there are SNPs with no selection,
a warning will be sent with the missing data rows high-
lighted for easy detection and the option exists to examine
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which SNPs have no entry and to either enter a genotype
or use the Set all unselected to unknown to fill those with
‘NN. Afterward, it is necessary to click on Compile again.

The calculations are essentially identical for all the
IISNP and AISNP panels, just different loci (SNPs) and
different interpretations are involved. All SNPs are consid-
ered statistically independent at the population level and
so the probability of the input multisite genotype is simply
the product of the probabilities of the genotypes of the in-
dividual loci--the ‘product rule’ in forensics. This calcula-
tion is done separately for each population using the allele
frequencies estimated for that population and assuming
Hardy-Weinberg ratios to estimate the population-specific
genotype probabilities. The calculation uses all loci in the
panel for which a genotype was entered. A missing geno-
type, NN in the input, means that locus is skipped for all
populations. Only populations with data for all SNPs in
the panel are considered in the calculation. Thus, the
resulting probabilities/likelihoods that are displayed are
based on the same set of loci for all populations.

Special consideration is needed for those situations in
which one allele is not observed in a population and hence
the observed allele frequency is zero and two genotypes
are strictly estimated to be zero. This is especially import-
ant for AISNPs since many of the loci are fixed in some
populations, but even a SNP in an IISNP panel may not
be seen in an isolated population. Given the sample sizes
involved, very low frequencies of the ‘missing’ allele cannot
be excluded and using a value of zero in the calculations
would be incorrect. The approach used is to simply use a
very small allele frequency instead of the zero that is the
allele frequency present in ALFRED. If one assumes a het-
erozygote might be seen in the next individual sampled
from the population, the allele frequency would then be 1/
(2n+2) where n is the original sample size in which the
allele was not seen. Other approaches to the problem can
exist. Because of different finite sample sizes and the un-
avoidable possibility of typing error, an absolute small fre-
quency could be used. Another alternative is to simply not
include that locus in any calculations involving a popula-
tion in which one allele is not seen in the reference sam-
ple. This last completely circumvents a fixed locus having
an undue influence on population rankings for AISNPs,
but also overcompensates when those alleles are seen in
the focus genotype. Those and other options can be con-
sidered by the community for future implementation as
alternatives.

The time required to compute the probability of the
genotype in each population depends on the number of
SNPs in the panel and the number of populations for
which the calculations are performed. The results page has
a table with the probability values against each population
name and a graph of log;, (Probability of Genotype) dis-
played side-by-side. The number of SNPs used in the
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computation is given. The button View SNPs Used gives
the list of SNPs the computation was based on. Print Table
Format generates a printable format of the result. The line
graph of log;o (Probability of Genotype) is drawn utilizing
the Google-Chart tools. The population name and the cor-
responding value are displayed when the mouse is hovered
over a point (Figure 3). The geographic region displayed
adjacent to a population name can be verified using the
image at Geographic Region Map.

There are also buttons with population names, for ex-
ample Hungarian or Korean that will open a pre-entered
data entry page for one individual from the specified
population. These can be used in an education mode to
explore the dependence of the results on particular SNPs
and on the total number of SNPs with data.

The above mentioned functionalities are common to
all of the IISNP and AISNP panels. The interpretations
of the values calculated differ between the IISNP and
AISNP panels (see below). We note that, since the calcu-
lations are based on only the SNPs with specified geno-
types, it is not necessary that an entire panel be
genotyped. Indeed, if by happenstance a user has geno-
typed SNPs that are in a panel, those SNPs will yield a
valid result though there may be little discrimination if
only a few SNPs are used.

The single PISNP panel differs in that calculations are
not dependent on population but only on the genotype
entered. The Irisplex panel for eye color prediction
under PISNP has the SNP Set, Data Entry and four pre-
entered data entry pages. The eye color prediction com-
putation uses the formula provided in the publication
[21] and is given on the web site.

Results and Discussion

Interpretation of the calculations

For both the IISNP and AISNP input genotypes the pro-
grams currently calculate for each specific population
the probability of that multi-locus genotype as the sim-
ple product across loci of the frequencies of each specific
genotype in the specific population. That simple product
is the one displayed for the population in the rank-
ordered list and in the graph. The interpretation is dif-
ferent for the two types of SNP panels.

For IISNP panels the ‘Probability of Genotype’ can be
interpreted as the match probability, that is, the prob-
ability of finding another unrelated individual in the
population with the same multilocus genotype. One as-
sumption is infinite population size with no adjustment
for finite size or the statistical uncertainty of the allele
frequency estimates for each population other than the
‘zero allele frequency’ correction noted above. Another
assumption is of statistically independent loci, that is, no
linkage disequilibrium. This second assumption has been
tested, and satisfied, by analyses in the studies that
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Figure 3 Graph of log,, (Probability of Genotype). An example of the plot of results for one individual input genotype with the populations
ordered by the log10 probabilities from largest to smallest. This is part of the results display common to all lISNP and AISNP panel calculations.
One can mouse over the graph to see the specific population and its value, as illustrated for Portuguese in this example. Not shown here is the
list of those populations with the values also displayed on the same page. The option exists to print the list.
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developed and published the panels. The population-
specific values are given in the table ordered from high-
est to lowest probability, but is easier to visualize in the
figure as the orders of magnitude showing how sensitive
the match probability estimates are to the population
from which the DNA sample was obtained. Of particular
note is that the top population gives the highest match
probability globally, to the extent the populations repre-
sent the global variation. Note that these values are ac-
ceptable estimates for whatever data were used. If there
were many loci with missing data, the probabilities will
be less definitive but will still be the best estimates for
the loci used.

For AISNP panels the same calculation is made, simple
multiplication of the probability of the population-specific
genotypes at the several loci. For AISNPs, however, the in-
terpretation of the probability of the genotype given a popu-
lation can be considered as proportional to the likelihood of
the population given the genotype. As likelihoods, the abso-
lute values have no strict interpretation, only the relative
values are interpretable. Thus, the rank orders are meaning-
ful with populations having larger probabilities being more
likely origins of the individual DNA profile than popula-
tions with smaller probabilities. The important question
with respect to ancestry inference is how different the likeli-
hoods are. One rough rule of thumb that could be applied
is that likelihoods different by less than an order of magni-
tude are not significantly different. Thus, while the popula-
tion with the highest likelihood is the most likely origin of
the input genotype, it is not necessarily the correct origin
and those with similar, albeit lower likelihoods, cannot be

excluded. Indeed, even those more than an order of magni-
tude less likely are not ‘excluded; just much less likely.

The likelihoods calculated are the maximum likelihood
estimates because they are based on the maximum likeli-
hood estimates for allele frequencies for independent loci
with the necessary assumption of Hardy-Weinberg pro-
portions for the genotypes, albeit with a correction for
sites with a zero allele frequency. However, those allele
frequency estimates have associated standard errors that
vary inversely as the sample sizes. Thus, there are greater
uncertainties for likelihoods calculated for populations
with small sample sizes. Hence, rankings among popula-
tions with very similar likelihoods could be different when
one or more is based on a very small sample size. The stat-
istical issues with determining significance of an estimated
rank order of populations, taking into account all the indi-
vidual components of uncertainty, are not simple and we
currently have no rigorous statistical method identified
and implemented. We are not aware of any of the existing
AISNP estimation procedures that has solved this prob-
lem. We emphasize that users must exercise judgment by
recognizing the inherent uncertainty and considering the
differences in sample sizes (displayed with each sample
name).

Current panels and examples

Two different Individual Identification SNP panels
(IISNPs) provide examples and the ability to calculate
match probabilities for user-specified genotypes in each
of many populations that have allele frequencies avail-
able for all SNPs in the panel. The two panels are (A) 45
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unlinked IISNPs from the host lab [20] and (B) the
SNPforID 52-plex [21]. Similarly, for Ancestry Inference
SNPs (AISNPs), this pilot implementation provides
examples and ability to calculate relative likelihoods of
ancestry from different populations for user-specified
genotypes. FROG-kb has already implemented three dif-
ferent AISNP panels. One is a provisional unpublished
panel of 39 SNPs assembled specifically to test function-
ality of this web application. We have included an illus-
tration of the STRUCTURE output for these AISNPs to
document their validity. A set of 128 AISNPs [22,23]
and the SNPforID panel of 34 SNPs [19] are two add-
itional panels for which examples and calculations are
available. For Phenotype Informative SNPs (PISNPs) we
provide a panel of six SNPs for eye color prediction
(IrisPlex) along with ability to specify an individual’s
genotype and predict eye color from that [24].

Limitations

FROG-kb can only provide information for the popula-
tions comprehensively tested for the entire set of SNPs.
For ancestry inference FROG-kb is currently designed
for individuals whose ancestry is overwhelmingly from
one population or set of closely related populations.
Admixed individuals, in the sense of recent ancestors
from geographically and genetically different popula-
tions, will not necessarily provide meaningful results.
For example, one African American genotype gave Ethi-
opian as the most likely ancestry, understandable be-
cause the Ethiopians have allele frequencies at many loci
that are intermediate between those of West African and
European populations. Other African American geno-
types have given West African populations as most
likely. Obviously, different African Americans have dif-
ferent combinations of the African and European alleles
for the particular AISNPs in a panel. Thus, results for
individuals of recent admixed ancestry will be specific to
the individual and the AISNP panel.

Currently the allele designations for the genotypes
listed on the data entry forms are not consistent with
any single standard. Since most SNPs are unambiguous
with respect to the strand being called, the user should
have no problem making the necessary conversion from
the typing data to the genotype codes on the input screen.
However, G/C and A/T SNPs need to be specified as to
the strand being called; the future standard for FROG-kb
will be that the positive strand (pter to qter, 5’ to 3’) will be
the reference even for SNPs in genes that are coded on the
reverse strand.

Only a small selection of the SNP and InDel panels
that have been published is currently available for use in
FROG-kb. The initial effort in developing this resource
for the forensic community has necessarily focused on
the database structure and the website interface. Several
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other panels of markers have already been identified and
work has begun to curate the data and make the mater-
ial accessible and useful via FROG-kb. We also expect
the forensic and research communities to help us iden-
tify data that should be included but is not.

Conclusion

While FROG-kb is a work in progress, the current ver-
sion of FROG-kb already provides new and useful func-
tionality. We expect FROG-kb to grow and expand in
capabilities over the next several months. Indeed, by the
time this initial announcement reaches official publica-
tion there will likely be changes. We hope that input
from the forensic community will help identify those
functionalities that are most helpful and useful. We ex-
pect FROG-kb to be a useful reference and resource on
use of SNP panels in forensics.
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