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ABSTRACT
The deluge of data from the human genome project (HGP) presents new opportunities for molecular anthropologists to study human variation through
the promise of vast numbers of new polymorphisms (e.g.,
single nucleotide polymorphisms or SNPs). Collecting the
resulting data into a single, easily accessible resource will
be important to facilitate this research. We created a
prototype Web-accessible database named ALFRED
(ALelle FREquency Database, http://alfred.med.yale.edu/
alfred/) to store and make publicly available allele frequency data on diverse polymorphic sites for many populations. In constructing this database, we considered
many different concerns relating to the types of informa-

tion needed for anthropology, population genetics, molecular genetics, and statistics, as well as issues of data
integrity and ease of access to data. We also developed
links to other Web-based databases as well as procedures
for others to make links to the data in ALFRED. Here we
present an overview of the issues considered and provisional solutions, as well as an example of data already
available. It is our hope that this database will be useful
for research and teaching in a wide range of fields, and
that colleagues from various fields will contribute to making ALFRED an important resource for many studies as
yet unforeseen. Am J Phys Anthropol 119:77– 83, 2002.

The information now available from the human
genome project (HGP) provides the opportunity to
study the genetic variation of the human species
with more power and specificity than ever before.
Major efforts are underway to identify large numbers of single nucleotide polymorphisms (SNPs)
(e.g., Cargill et al., 1999; Goddard et al., 2000);
⬎1,500,000 have already been identified and are
being cataloged in HGBASE (Brookes et al., 2000),
dbSNP (Sherry et al., 1999; Smigielski et al., 2000),
and the SNP Consortium database TSC (URLs for
Web sites cited are given in the Appendix). More
than 2,000 short tandem repeat polymorphisms
(STRPs) have been identified and used to construct
linkage maps (Dib et al., 1996). Mere knowledge of
the existence of specific variation in a DNA sequence
can be a starting point for research, but most applications require the frequencies of the alleles at the
varying site, both for planning research projects and
for statistical analyses. An obvious question is,
“What allele frequency should be used and how
should it be estimated?” Human population data for
classical genetic markers (e.g., blood groups) collected over the last 70⫹ years have shown that gene
frequencies are population-specific and usually vary
significantly around the world, as amply demonstrated, e.g., in Cavalli-Sforza et al. (1994). It is
exactly that variation that is of interest to anthropologists, because it provides information on the
evolutionary histories of populations through the

effects of demography and migration, among other
factors, on gene frequencies. The thousands of new
genetic markers identified directly in DNA, of which
SNPs are the largest class, are far less well-studied
for gene frequency variation than the classical
markers. However, the available data confirm the
earlier studies that significant allele frequency variation among populations is the expectation (e.g.,
Kidd and Kidd, 1996; Calafell et al., 1998; Osier et
al., 1999; Jorde et al., 2000); it will be a very rare
SNP, STRP, or other DNA polymorphism that has
nearly the same allele frequencies around the world.
The plethora of new genetic markers is responsible for related problems, i.e., the “empty matrix” in
population comparisons, and ascertainment bias in
polymorphism identification. Many polymorphic
sites in the autosomes have been genotyped on no
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more than a few populations, often using samples of
only a few individuals, commonly of European or
unspecified ancestry. Estimation of population relationships/similarities, however, requires that each
population studied be typed for almost all markers
(ideally for all) in a study, and that data on multiple
marker loci be used for the greatest accuracy. Simulation studies (Astolfi et al., 1979) based on a model
of random genetic drift of diverging populations
have shown that well over a dozen independent biallelic loci are required for accurate estimation of
true population relationships. Because it has been
rare for large numbers of populations to be studied
for gene frequencies at large numbers of DNA-based
loci, these requirements pose serious problems for
global overviews, such as the most recent “interim”
analysis presented on the Kidd Lab Web Site. The
most recent of those interim analyses includes 29
populations and 17 loci, only a coarse overview of
world populations and, in our opinion, only a minimally sufficient number of statistically independent
alleles for accurate estimation of genetic relationships among closely related populations. Adequate
data are rare for a truly robust global picture. Instead, what has generally developed is that different
researchers study different genetic polymorphisms
in different populations, leading to a matrix of
“markers studied” by “populations studied” that is
largely empty. There is little ability to compare populations studied by different groups when completely different loci are used. Not only is it impossible to compare studies; it is difficult to build on the
findings of published studies. This empty matrix
problem arises in large part because there are now
thousands of polymorphic loci known, each of which
is a potentially useful genetic marker for population
studies, and there is no easy way to learn what loci
have already been studied on what populations: the
data are scattered through the medical, genetic, forensic, and anthropological literature. Moreover, different researchers are funded to study different specific sets of populations, preventing them from
undertaking anthropologically comprehensive studies, or to study different specific genes or types of
polymorphisms, preventing them from undertaking
coordinated studies on their samples. Additionally,
the ascertainment bias resulting from many of these
polymorphic sites being ascertained in samples of
European ancestry is a complicating factor in these
same analyses. One hope has been that the Human
Genome Diversity Project (http://www.stanford.edu/
group/morrinst/hgdp.html) would have resulted in
greater coordination, but that effort has been stalled
for a variety of reasons. In the meantime, only a few
studies involve multiple markers on a global sample
of specific populations (Bowcock et al., 1994; Kidd
and Kidd, 1996; Calafell et al., 1998; Chikhi et al.,
1998; Deka et al., 1999; Jorde et al., 2000).
Databases play a key role in modern human genetic research. While individual laboratories need to
develop their own (private) databases to manage

their data in specific ways, only large public data
repositories can make readily available the enormous quantity of data generated in many individual
laboratories. We are not aware of any existing databases (private or public) that completely meet the
research needs of the human population genetics
and molecular anthropology communities. Although
one can find gene frequency data in Web-accessible
databases such as the CEPH (Centre d’Etude du
Polymorphisme Humain, Paris) genotype database,
GDB (Genome Data Base), dbSNP, and HGBASE,
the primary foci of these databases are not gene
frequency data. The CEPH genotype database focuses on samples of related individuals (families)
that are almost all of entirely European ancestry, so
even frequencies based on the biologically unrelated
parents or grandparents are of limited generality.
GDB stores mapping data on individual human
chromosomes. Information related to populations
(often inadequately identified) and gene frequencies,
if available, is buried (as text) within a marker on a
map, making systematic retrieval of useful gene frequency data extremely difficult. The data stored in
dbSNP are centered around DNA sequence variants
(mostly SNPs). While gene frequencies are sometimes included as part of the text of the SNP descriptions, one cannot readily generate gene-frequency
reports on multiple populations and multiple SNPs.
HGBASE is similarly focused on SNP definition, not
on allele frequencies.
In view of these problems, we developed a database, ALFRED (ALlele FREquency Database), with
a focus on flexible storage and retrieval of nuclear
polymorphism allele frequency data, excluding the
nonrecombining region of the Y chromosome. The
prototype is accessible via the Kidd Lab Web Site or
directly from the ALFRED Web server. Our efforts
in developing this protoype were focused on making
our own data available to others since 1) journal
limitations on length prevent publication of comprehensive frequency tables (e.g., Tishkoff et al., 1996,
1998, 2000; Calafell et al., 1998; Kidd et al., 1998,
2000a), and 2) the scientific community needs access
to published and supporting data, ideally through
the Web. ALFRED also serves to update data on one
or a few additional populations, following publication of a paper based on the then-available data.
Small increments of data, while undoubtedly valuable, do not justify a separate publication, and usually would not be accepted by reputable journals. We
are now starting to expand the database to include
data from the literature and data submitted from
other laboratories.
ALFRED is a work in progress. Since our initial
descriptions of the database (Cheung et al., 2000a,b;
Osier et al., 2001), the amounts and types of data
have increased, and the database structure and interface have become more sophisticated. Detailed
population and sample descriptions have been
added for nearly all populations. Links have been
made to the Ethnologue (Grimes, 1996) to enhance
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Fig. 1. Variation in allele frequencies for three biallelic sites. These data from ALFRED show frequency variation among
populations within a geographic region, and variation between geographic regions, as well as a lack of global trends. The three sites
are an AvaI site of unknown location (ALFRED UID SI000242I), an RsaI site PCR-RFLP from ADH1B (SI000002C), and a TaqI site
from ACADM (SI000162J); the RsaI data are published (Osier et al., 1999), but the data on the other two sites are previously
unpublished. From those site records in ALFRED, one can retrieve all the specific population and frequency data. For all three sites,
the populations are in the same order, from left (Africa) to right (South America), with geographic regions marked by solid bars along
the top.

these descriptions. Links are being made to dbSNP
and HGBASE, and to TSC to enhance site descriptions by reference to the molecular sequences in
these databases. A system of unique identifiers
(UIDs) has been established so that publications can
refer to specific records in ALFRED. A standard link
format has been implemented so that others can
make links over the Internet to the data in ALFRED. Finally, a tool to dynamically graph site frequencies and heterozygosities in an anthropological
context has been added. We believe that this database can serve to connect many diverse fields interested in human populations and their histories with
the highly relevant molecular data being developed.
Therefore, we request community comment and suggestions so that ALFRED can evolve to more fully
meet the needs of researchers in anthopology and
human population genetics.
SCIENTIFIC CONCERNS
ALFRED is a sophisticated prototype focused on
human gene frequency data for DNA-based polymorphisms. Several important elements relevant to

such data are addressed in the database. A gene
frequency is only meaningful in the context of the
set of individuals who are tested. If the frequency is
to be considered an estimate for the frequency in an
ethnic group as a whole, the individuals tested must
be carefully sampled to represent that ethnic group,
and the sample must be well-documented. While
gene frequencies in a geographic region tend to be
similar, they can occasionally vary considerably
across relatively short distances (Fig. 1). The differences across larger geographic distances are even
less predictable. For these reasons, ALFRED stores
information on the population name, primary language, and language family, plus a textual description of the population and a rectangle of the geographic coordinates within which that population
resides. Similarly, each sample of a population is
separately defined. Because different sampling regimes could result in significantly different allele
frequency estimates for the same larger population,
each sample of a population must be considered
separately. When more than one sample has been
studied, future researchers have the option of com-
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bining the data or treating them separately only if
frequency estimates are given separately and referenced to a specific sample, and the samples are
referenced to the larger population. Thus, an allele
frequency is based on a specific sample of a population, and multiple different samples of a population
are accommodated.
Another important consideration for scientists doing gene frequency studies is the definition of alleles
as determined in the laboratory. While the underlying nucleotide difference at a SNP can be precisely
defined, as in dbSNP and HGBASE, the laboratory
assay yields a typing result (a phenotype) from
which the underlying genotype is inferred. Different
typing procedures are subject to different sorts of
“errors.” For example, any PCR-based method is
subject to occasional systematic failure of amplification if there is a polymorphism in the population
resulting in the occasional mismatching of a nucleotide present at the 3⬘ end of one of the primers.
Such a mismatch variant could be common in some
populations and, since it is molecularly close, it is
likely to be in disequilibrium with one of the alleles
at the polymorphism being typed. Such a variant
could result in preferential failure to detect one of
the alleles, with the consequence that some heterozygotes would falsely appear as homozygotes if a
perfect codominant mode of inheritance is assumed,
and would lead to a distortion in the allele frequency
estimate. We detected one such “null” allele at
D10S591, one of the standard linkage markers
(Calafell et al., 1998). D10S591 is an STRP in the
ABI linkage panel, with a common mismatch variant in Danes. Another was detected at the CD4 locus
in complete disequilibrium with one of the STRP
alleles in the Japanese (Watanabe et al., 1998). We
detected yet another at COMT in the DNA flanking
an intron 1 insertion/deletion polymorphism (unpublished). In all cases, these errors were population-specific, and a different primer would have produced a phenotype accurately reflecting a more
perfect codominant system. Other typing methods
(such as allele-specific oligonucleotides, TaqMan,
oligonucleotide chips, and fluorescence polarization)
are susceptible to their own types of “errors” in typing. Therefore, we consider it extremely important
to associate the typing method used with a gene
frequency. The polymorphic “sites” in ALFRED are
primarily defined by their locus, alleles, and a brief
description. In addition, and as a mechanism of handling the problem of the inherent errors in protocols,
we are making efforts to link all sites to 1) a detailed
typing protocol, presently available separately
through the Kidd Lab Web Site, and 2) Web sites
which provide relevant molecular definitions, such
as dbSNP and HGBASE. For data from other laboratories, the structure is in place to include the full
protocol within ALFRED. Links can additionally or
alternatively be made to Web pages made available
by those laboratories.

As we start to enter data from other laboratories
into ALFRED, we plan to develop a system for processing data that should include several types of
checks for completeness, inconsistencies, and errors.
Association of the frequencies with the originator’s
(e.g., author’s) identity will provide some information on quality, since laboratories have reputations.
The requirement that a sufficient protocol accompany any data will allow tests of reproducibility as
well as allow others to incorporate the same marker
into their own research with relative ease. Of great
importance will be input from the community about
which criteria to implement.
RELATED DATABASES
From a social sciences perspective, one Web site
that is especially relevant to the data in ALFRED is
the Ethnologue (Grimes, 1996). The Ethnologue Web
site has URLs that allow one to directly access either
a country entry, which includes the list of all languages in that country, or the text for a specific
language in that list. Alternatively, if the language
code is used, a URL will retrieve all links to that
language. For language family, a URL can go to the
“Language Family Index” in the Ethnologue. While
it seems likely that tools could be written to assist
curators in finding the correct URLs in the Ethnologue corresponding to entries in ALFRED and tying
them into the ALFRED entries, at the moment we
are adding these links “by hand” as personnel time
allows. We expect that other Web-accessible databases relevant to the anthropologic focus of ALFRED will soon be available, or may already exist.
We welcome suggestions.
As noted above, from a molecular genetic perspective, the HGBASE, dbSNP, and TSC databases are
particularly important, since they define polymorphisms in terms of DNA sequence variation.
IMPLEMENTATION
The current ALFRED database is implemented
using Microsoft Access, an SQL-compliant microcomputer-based database package. Access has features, including cross-tab queries, that allow users
to produce summary reports involving aggregation.
For example, we use cross-tab queries to generate a
report that lists, for all population samples and polymorphic systems, how many individuals are typed
within a population sample for a given polymorphic
system.
The Web front end is based on Active Server Pages
(ASP), with most of the user interface code written
in Visual Basic Scripts (VBScript); the database access code is implemented using platform-independent standard Open Database Connectivity (ODBC).
One advantage of using ASP is the ease with which
data from databases may be accessed and published
on the Web. While a small amount of client-side ASP
code (using JavaScript) is used, nearly all of our code
is run on the server side. We minimize client-side
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coding to avoid incompatibilities among different
types and versions of Web browsers. We use Internet
Information Server (IIS) running on Windows 2000
as our Web server (ASP is a part of IIS). The use of
Access together with ASP enables us to achieve
rapid prototyping, allowing user feedback during
development. We currently plan to move our Access
database to a more powerful database engine (Oracle) after community input into design and contents.
Migration from Access to Oracle (or any relational
database management system) should be straightforward because of the SQL standard. We chose
Oracle because Yale University has a core Oracle
service which will minimize administrative and fiscal costs and provide automatic backups of the data.
The use of the Yale Oracle server will provide increased reliability and performance, providing the
necessary speed and minimizing downtime.
STRUCTURE AND CONTENTS OF DATA
ALFRED is a relational database, with the data
stored in tables that are cross-referenced in a variety of ways. Aspects of the structure and examples of
some tables as they existed at the time are given in
Cheung et al. (2000b). Detailed descriptions of these
tables (i.e., their fields) and a pictorial representation of the table relationships as they currently exist
can be found on the “About ALFRED” Web page
available through the Kidd Lab Web Site or within
ALFRED itself. Some relationships among records
in the various tables are quite specific. For example,
a population (represented in the Populations table)
is represented by a specific sample (Samples table)
used to determine frequencies (Frequencies table) of
alleles (Alleles table) at a site (Sites table) within a
locus (Loci table). All publication-related information is stored in a single table (Publications table),
and intermediate tables are defined to link Publications to Frequencies, Samples, Sites, and Loci. Links
to other Web pages are stored in a single table
(URLs table) which is linked within ALFRED to the
Loci, Sites, Populations, and Publications tables
through intermediate tables. Contributor information is also stored, including contact information
(Contributors table). The typing protocol used for a
site can be stored directly in the database (Typing_
Protocol table) or linked to another Web page
(through the intermediate Site_URL table to the
URLs table).
Presently, the bulk of ALFRED’s data has been
generated in the Kidd Lab. The data are stored
locally in PhenoDB (Cheung et al., 1996), a database
system for storing and analyzing allele genotype/
phenotype data for individuals in populations as
well as pedigrees, from which frequencies can be
generated and uploaded into ALFRED. Other
sources include data contributed by our collaborators, and haplotype data generated by our HAPLO
program (Hawley and Kidd, 1995). As of September
2001, ALFRED contained 3,561 frequency tables (a
single population sample typed for a single polymor-
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phism or for a haplotype) for 231 sites (or haplotypes) in 150 loci. Of these sites at least 56 are SNPs,
25 are haplotype frequency estimates, and 135 are
indels or STRPs. There are ⬎90 population samples
typed for at least one of these sites. Note that not all
sites are typed for all populations, and vice versa.
USER INTERFACE
We implemented a Web interface because the Internet provides the most widely available means of
access. The primary design goal of our Web interface
is ease of use. From the first page of the interface, it
is possible to obtain information about ALFRED, see
some sample searches, and obtain some summaries
and overviews of the data in ALFRED. Of the summaries retrievable, the Sites List is probably the
most useful. It will retrieve a list of loci sorted alphabetically by locus name, with the polymorphic
sites nested under each locus. The site names are
active links to go directly to the record for that site.
In addition, there are three pathways for retrieving
data from ALFRED: a basic search, a search by
locus, and a search by population. Ultimately, all
pathways can retrieve tables of allele frequencies for
subsets of populations and polymorphisms. Those
frequency tables can be retrieved in semicolon-delimited format and readily copied onto a local workstation and uploaded into a spreadsheet for whatever displays and/or analyses the user desires.
The most flexible search page is the basic search.
From this screen, one is able to go directly to any
given record in the database if the UID for that
record is known. For example, typing in any one of
the site UIDs from Figure 1 and clicking on the
search button will retrieve the specific record for
that polymorphic site. This retrieval option is useful
when publications or other databases give a unique
ALFRED identifier as a reference. The remaining
options are intended to allow exploration and/or retrieval without knowledge of the unique identifiers.
For example, the user can search based on fields
such as the locus name, locus symbol, and/or site
name. With the exception of using wildcards (in this
case, the “%” symbol), the searches require an exact
match between the search text and the field contents.
We expect that the most common search pathways
will be through the Loci and Populations options.
These search pathways are organized similarly in a
two-tiered heirarchical fashion. For loci, the first
level is by chromosome, since the chromosomal location of a desired locus will generally be known.
Clicking on the Loci option brings up a page with a
list of chromosome numbers on the left. Clicking on
a particular chromosome brings up the list of loci on
that chromosome for which data exist in the database. The cursor can then be moved to a specific
locus name, and a click brings up the page for that
locus. The locus page lists all of the individual polymorphic sites (and haplotype systems) for which
data exist. Clicking on one of those sites brings up
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the site description page from which one can retrieve
the available frequency tables or graphs of allele
frequencies or of estimated heterozygosities. A
search starting from the Populations option follows
logic similar to that for loci. The first page has a list
of geographic regions on the left. Clicking on a region name brings up the list of populations in that
region with data in the database. Clicking on a population name brings up descriptive information on
that population and on the sample(s) for which allele
frequencies have been calculated.
Two helpful features are the dynamic graphing of
allele frequencies or estimated heterozygosities for a
single site. These allow a quick overview of the variation among populations. From the detailed information page for the site of interest, the user can
choose “Graph allele frequencies at this site” or
“Graph estimated heterozygosities for this site” to
dynamically produce the selected graph in a
“stacked bar” histogram format, with populations
sorted by rough geographic region. Currently the
allele frequency output is limited to plots of the
frequencies of the 10 most common alleles, on average, in the populations studied, plus a “residual”
which is the sum of all other alleles in each population sample.
We are also working on improving the query interface. For instance, one path already implemented
and available from the Basic Search page allows the
user to choose from a list of populations and then
pull up a list of all loci genotyped for any or all of
those selected populations. This search query will
then return a table of frequencies for that combination of populations and sites. The user might, however, desire the opposite search pathway: choose
from a list of loci, and then pull up a list of all
populations genotyped for any or all of those selected
loci. This pathway has also been implemented.
Other intuitive search pathways are being implemented to ease searching for data in ALFRED.
A RESOURCE FOR TEACHING
ALFRED is of value as a resource for student
projects. Assembling large data sets of allele frequencies at multiple loci for multiple populations is
difficult. Computer programs for analyses of such
data are readily available (e.g., PHYLIP, Beerli and
Felsenstein, 1999; ARLEQUIN, Schneider et al.,
2000), but DNA-based marker data are not. ALFRED provides that source and provides it in an
electronic form. Examples of possible projects such
as phylogenetic trees and principal components
analysis are given in the Teaching Aids section of
the Kidd Lab Web Page (http://info.med.yale.edu/
genetics/kkidd/teaching_aids.html).
CONCLUSIONS
Some issues that can be addressed using data
from an allele frequency database are as follows: 1)
Anthropologists can trace ancient migrations of hu-

man populations by comparing allele frequency data
on contemporary populations across geographic regions. Clinal distributions in frequencies across long
distances are indicative of large-scale population expansions and/or admixture; on the other hand,
abrupt discontinuities in frequencies may be the
result of more specific population movements from
one location to a distant location. 2) Prehistoric demographic parameters of human populations may
be estimated from a comparison of allele frequency
data of contemporary human populations. Because
allele frequencies change, in the absence of gene
flow, as a function of time and effective population
size (and, in some cases, selection), comparative
data will allow relative estimates of population size,
time since separation of various populations, and
(perhaps) support for hypothesized selection at certain loci. 3) Linguistic similarities and genetic similarities between contemporary populations can be
strong evidence for a recent common origin. Exceptions to such concordance are particularly noteworthy, and may be indicative of political rather than
demic factors. 4) Theories developed from simulations or other mathematical formulations can be
tested against real data. 5) As it becomes more feasible to type ancient DNA for variation at nuclear
DNA loci, data on contemporary populations for the
same loci will make inferences of ancestral relationships possible. 6) Population relationships based on
genetic similarity can be inferred as a large amount
of allele frequency data on a large number of populations becomes accessible. 7) The range of allele
frequency patterns generated by population histories can be evaluated to provide a statistical basis
for identifying the outlier loci that represent adaptive changes to selective pressures. 8) Researchers
interested in a polymorphism in a particular gene
will have a single source for an overview of variation
at the locus. With just this brief enumeration of a
few of the uses for an allele frequency database, two
issues become clear: 1) an allele frequency database
will provide an interface between disparate disciplines (e.g., linguistics, ethnography, population genetics, archaeology, and paleontology) and 2) to be
maximally useful, such a database must contain
clear descriptions of populations and loci, contain a
large number of loci with data for many populations,
and have links to other databases such as those for
linguistics, polymorphisms, and the primary literature. To be maximally useful, the design and interface for a database such as ALFRED need the input
of users. We plan to implement a feedback/comment
section associated with the database to accumulate
and publicize comments. Additionally, an external
advisory board composed of members of the community will help guide development. ALFRED is designed to be a public resource. We invite readers to
use it and send us their suggestions for improving
its utility.
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APPENDIX
URLs
ALFRED: http://alfred.med.yale.edu/alfred/
CEPH genotype database: http://cephb.fr/cephdb
GDB: http://www.gdb.org
TSC: http://snp.cshl.org/index.html
dbSNP: http://www.ncbi.nlm.nih.gov/SNP
HGBASE: http://hgbase.cgr.ki.se
Kidd Lab Web Site: http://info.med.yale.edu/genetics/kkidd
Ethnologue: http://www.sil.org/ethnologue

