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ABSTRACT

There are a growing number of studies focusing
on delineating genetic variations that are associ-
ated with complex human traits and diseases due
to recent advances in next-generation sequencing
technologies. However, identifying and prioritizing
disease-associated causal variants relies on un-
derstanding the distribution of genetic variations
within and among populations. The PGG.Population
database documents 7122 genomes representing
356 global populations from 107 countries and pro-
vides essential information for researchers to un-
derstand human genomic diversity and genetic an-
cestry. These data and information can facilitate the
design of research studies and the interpretation
of results of both evolutionary and medical stud-
ies involving human populations. The database is
carefully maintained and constantly updated when
new data are available. We included miscellaneous
functions and a user-friendly graphical interface for
visualization of genomic diversity, population rela-
tionships (genetic affinity), ancestral makeup, foot-
prints of natural selection, and population history
etc. Moreover, PGG.Population provides a useful fea-
ture for users to analyze data and visualize results in
a dynamic style via online illustration. The long-term
ambition of the PGG.Population, together with the
joint efforts from other researchers who contribute
their data to our database, is to create a compre-
hensive depository of geographic and ethnic varia-
tion of human genome, as well as a platform bring-

ing influence on future practitioners of medicine and
clinical investigators. PGG.Population is available at
https://www.pggpopulation.org.

INTRODUCTION

Recent advances in genotyping and sequencing technolo-
gies have facilitated genome-wide investigations on human
genetic variations, as well as provided new insights into pop-
ulation history and genotype–phenotype relationships. The
genetic background of an individual is a crucial factor that
influences personalized medicine. It is now feasible to rese-
quence an individual genome because of recent advances in
next-generation sequencing (NGS) technologies. However,
identifying and prioritizing disease-associated causal vari-
ants relies on understanding the distribution of genetic vari-
ation within and between populations. In this context, pop-
ulation genomics plays a vital role in dissecting the genetic
architecture of complex traits/diseases by separating locus-
specific effects from genome-wide effects, thereby serving as
a bridge between evolution and medicine.

Over the past decades, many joint forces based on in-
ternational collaborations have made remarkable achieve-
ments in studying human genetic variation, such as the Hu-
man Genome Diversity Project (1), the HapMap Project
(2), the HUGO Pan-Asian SNP Project (3) and the 1000
Genomes Project (4). Nonetheless, these efforts have uti-
lized highly heterogeneous ethnic groups, thus emphasizing
the need for a more precise and comprehensive characteri-
zation of genomic diversity. In addition, the high mobility
of human society in the recent decades has considerably in-
creased the chances of interethnic marriages or genetic ad-
mixture, which in turn influenced genome diversity and fur-
ther affected phenotypes relevant to health. Furthermore,
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the lack of adequate knowledge about the genetic structure
of populations increases the risk of failure in sampling for
complex traits/disease mapping (5).

Understanding prehistoric demographic events, such as
population bottleneck, expansion, admixture, and natural
selection not only facilitates insights into the extant pat-
tern of genetic diversity of human populations but also
plays essential roles in medical studies. First, it has fun-
damental implications for disease mapping. The popula-
tion structure of target ethnic groups should be estab-
lished prior to conducting association studies as it could
be one of the major cofounding factors in the analysis (6).
Genetic admixture detection enables a whole-genome ad-
mixture scan (admixture-mapping) to identify genetic fac-
tors underlying disease (7). Second, it is helpful for func-
tional genomics. For instance, evolutionary conservation in-
dicates functional importance. Detecting local adaptation
signals enables us to study gene functions and how genes
interact with the environment (e.g. the selection signals of
EGLN1 and EPAS1 detected in Tibetan highlanders (8–
10)). Third, demographic events could also alter the ge-
netic load of a population (11–13), thus influencing med-
ical genetics. Moreover, the genetic diversity shaped by de-
mographic events may guide drug usage in cases involving
variations in drug responses within and among populations
(14).

It is helpful and necessary to dissect the genetic diver-
sity and ancestral architectures for both evolutionary and
genetic-based medical studies. To date, some databases have
been built to curate the genetic relationships among differ-
ent human groups using the Y chromosome and mtDNA
(15). These databases have provided valuable resources for
evolutionary genetics studies. However, so far few databases
have focused on genomic diversity and genetic ancestry of
human populations despite the accumulation of genomic
data.

Here, we collected both genotyping and NGS data
sets and integrated and re-analyzed the data to establish
a special database, PGG.Population (www.pggpopulation.
org), for understanding the genomic diversity and ge-
netic ancestry of human populations. The first release
of PGG.Population consists of 7122 genomes, covering
356 non-overlapping worldwide populations/groups. It
presents a comprehensive description of the genomic diver-
sity of each population, including their genetic affinity, pop-
ulation structure, genetic admixture, ancestral architecture,
and footprints of natural selection in their genomes. More-
over, PGG.Population provides a user-friendly graphical in-
terface and tools for users to analyze and visualize results
in a dynamic style via online illustration. Our database is
valuable to research groups that are interested in human ge-
netic diversity, as well as medical and evolutionary history
of ethnic groups in the context of population genomics. In
particular, it facilitates both study design and results inter-
pretation in studies of human populations.

MATERIALS AND METHODS

Data collection

We manually searched for information of each enrolled
population online or from literatures (Figure 1 and Sup-

plementary Table S1). Genome-wide genotyping data or
NGS data of whole-genomes were collected for each hu-
man population. These genomic data covered not only
general populations studied by international projects such
as the HapMap Project (2), the Human Genome Diver-
sity Project (1), the 1000 Genomes Project (4), the HUGO
Pan-Asia SNP Project (3), the Human Origin data set
(16) and the Simons Genomic Diversity Project (17), but
also the indigenous/isolated populations contributed by
regional sequencing efforts such as Tibetans (18), Sher-
pas (19), Xinjiang’s Uyghurs (20) and ethnic groups with
genomes deposited in Estonian Biocentre (http://evolbio.
ut.ee/). The list of populations and genomes will be up-
dated once new data are published. In the current version
of PGG.Population, all the genome information were based
on the Human Genome Build 37 positions. A full list of the
data resources used can be found in Supplementary Table
S1 (21–37).

Data integration

Different genotyping data sets from diverse platforms were
assembled for further analysis (Figure 1). For individual
data genotyped on the same platform, such as Illumina ar-
rays, these were directly pooled and then that of respec-
tive individuals were extracted with PLINK using filters
that will be described in the next section (DC1 in Figure
1). In principle, we do not merge data obtained from dis-
tinct platforms (Illumina and Affymetrix arrays) owing to
the small intersection of SNPs among them. However, com-
bining data was applied when both the data of different
platforms are valuable for understanding the demographic
events of ethnic groups (DC2 in Figure 1). For example, we
pooled individual data genotyped on Affymetrix Genome-
wide Human SNP Array 6.0 and Illumina HO-Q Illumina
HumanOmni1-Quad beadchip when exploring and recon-
structing the population structure of Sherpas and Tibetans,
of which the method was described in detail in Zhang et
al. (19). For the purpose of minimizing strand ambiguity is-
sues, all A/T and G/C markers were removed to reduce the
risk of any ambiguity before data combination.

The NGS data were combined flexibly with (DC1 in
Figure 1) or without genotyping data (DC3 in Figure 1),
depending on the requirements of downstream analyses.
When NGS data were combined with genotyping data,
strand information was determined from the whole-genome
sequence data based on the Human Genome Build 37 posi-
tions and strand was flipped to match that of the sequenced
data. Only intersections of SNPs among NGS and genotyp-
ing data were retained for further analysis.

NGS data of high coverage (≥20×) were integrated from
bam files for further analysis (DC3 in Figure 1). However,
NGS data of low coverage (<20×) were not combined con-
sidering the VCF files were generated from data of different
read depth, coverage and variant calling process. NGS reads
were mapped to the human reference genome (Build 37)
using Burrows-Wheeler Algorithm (38). SNP calling and
raw variants filtering were carried out using the Haplotype-
Caller module and the variant quality score recalibration
(VQSR) module in GATK (39,40), respectively.

http://www.pggpopulation.org
http://evolbio.ut.ee/
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Figure 1. An schematic diagram of data processing for PGG.Population database.
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These steps thus generate different pooled data sets
(‘Illumina’ data sets, ‘Affymetrix’ data sets, ‘Illumina-
Affymetrix’ data sets, and ‘NGS’ data sets), which were flex-
ible for reconstructing histories of diverse populations. We
selected the latest and most representative data set for one
group when the given population is covered by different
datasets. A distinguished example is the Xinjiang’s Uyghurs,
where the data published by Feng et al. (20) were included
as the best representative data set, as it consisted of around
1000 samples from diverse geographical regions.

Quality control

We filtered each combined data set that was assembled at
both the single nucleotide polymorphism (SNP) and indi-
vidual levels (QC1 in Figure 1). At the SNP level, we re-
moved SNPs with call rate of <90% (across all individuals).
At the individual level, we required at least 90% genotyp-
ing completeness for each individual (across all SNPs). We
also removed recently related individuals by filtering one
individual from all pairs when identity by descent (IBD)
was >35%. All of the analyses were performed with PLINK
v1.07 (41). Only biallelic variants were used for downstream
analysis. Outliers were removed based on principal com-
ponents analysis (PCA) for each data set. For each ‘NGS’
data set, only nucleotide sites passed universal filters were
retained, as variant calling can be challenging in complex
genomic regions (17) (QC2 in Figure 1).

To test the batch effect for each merged data set, PCA
and FST-based analysis were performed (QC1 in Figure 1).
Population samples from the same group and genotyped
on different platforms were particularly used for examining
any potential batch effects. These population samples are
expected to show close genetic affinity (FST < 0.004) and
cluster together in PCA plot (42) given there is no consider-
able batch effect. Data sets with significant batch effect were
excluded from further analysis.

Analysis of genomic diversity and inference of genetic ances-
try

Y chromosomal haplogroups were determined on the ba-
sis of key mutations commonly used for nomenclature of
human paternal lineages. We developed an algorithm to
search all possible combinations of the key mutations used
for nomenclature from our sequence data to determine the
fine-scale paternal haplogroup that was affiliated with each
sample. mtDNA haplogroups were defined as described
by Weissensteiner et al. (43). To estimate genetic affinities,
FST between each pair of populations was calculated fol-
lowing Weir and Cockerham (44). To investigate fine-scale
population structures, we performed a series of PCA using
EIGENSOFT (45). We applied ADMIXTURE v1.30 (46)
for unsupervised clustering analysis. Because the model in
ADMIXTURE does not take linkage disequilibrium (LD)
into consideration, we pruned each dataset using an r2 cut-
off of 0.1 in each continuous window of 50 SNPs, and ad-
vanced by 10 SNPs (–indep-pairwise 50 10 0.1) with PLINK
v1.07. We ran ADMIXTURE with random seeds for the
datasets from K = 2 to K = 20 with default parameters (–
cv = 5) in 10 replicates for each K for each data set. We

used runs of homozygosity (ROH) to measure genetic di-
versity for each population. Natural selection analysis was
performed only for NGS data sets using SelScan (47).

Website design and database back-end

PGG.Population is available at https://pggpopulation.org
and requires no username and password. It has been
tested in Google Chrome, Apple Safari, Mozilla Firefox,
and IE8 browsers. The static web technology used in-
cluded HTML5, CSS, and Bootstrap framework (http://
getbootstrap.com/). To enhance user experience, JavaScript,
jQuery and ECharts (https://ecomfe.github.io/echarts-doc/
public/en/index.html) were implemented. The dynamic web
was built using Java and Spring MVC framework (http://
projects.spring.io/spring-framework/). All data were stored
and managed using MySQL (https://www.mysql.com/). The
data of natural selection signals were JSON-formatted
which could be recognized and plotted by LocusZoom.js
(http://locuszoom.sph.umich.edu/) in the front webpage.
We receive email inquires and give response timely at pg-
gadmin@picb.ac.cn, any suggestions on the website and
database are welcome.

DATABASE CONTENT

PGG.Population Statistics

As of July 2017, PGG.Population consisted of
7122 genomes, representing 356 non-redundant
populations/groups from 107 countries in 8 regions
(Africa, America, Central Asia and Siberia, East Asia,
Oceania, South Asia, Southeast Asia, and West Eurasia)
collected from 27 studies (Figure 2 and Supplementary
Table S1). Among these population entries, 49.1% are
involved in ethnic groups from West Eurasia (n = 77) and
South Asia (n = 98, among which 85 were collected from
India). Despite of a vast of East Asian genomes (n = 1265)
were included in our database, only a relative small number
of populations from East Asia (n = 27) were represented,
suggesting that previous studies from which we collected
the data covered demographically large groups but ignored
small/unique ones in this region. Our database covered the
least number of Oceanian (5 populations and 36 genomes)
and American (24 population and 297 genomes) samples
at both the genome and ethnic group levels.

Searching for population entries

We provided user-friendly interfaces to query certain pop-
ulations and explore their genomic diversity and evolution-
ary history. The first interface is keyword-based (Figure
3A). Users can build their query by inputting keywords re-
lated to ethnic group names. With keywords inputted by
users, a SQL inquiry command is executed and a list of
matched records appears in the front webpage in tabular
form. If there is no matching record in our database, a ‘no
result has been found’ page would appear and hints would
be given for the queried task. The second interface is an ad-
vanced version (Figure 3B), in which users can select pop-
ulations from given regions and countries or can input key-
words for all items in the table that lists the populations.

https://pggpopulation.org
http://getbootstrap.com/
https://ecomfe.github.io/echarts-doc/public/en/index.html
http://projects.spring.io/spring-framework/
https://www.mysql.com/
http://locuszoom.sph.umich.edu/
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Figure 2. Number of populations and genomes collected in the current release of PGG.Population. (A) Worldwide distribution of population samples,
each belonging to one of the eight regional groups. (B) A summary of the population samples. (C) Number of groups in each region. (D) Number of
genomes/individuals in each region.

We also designed an interface that would randomly display
eight population profiles every time one browses the wel-
come page (Figure 3A). Users can directly click one profile
to access the webpage for the corresponding population.

Population genomic diversity and genetic ancestry webpage

The genomic diversity and genetic ancestry page provides
general information and comprehensive genetic analysis
for a given population (for example, see https://www.
pggpopulation.org/population/Tibetan?id=POP00001).
The current release of PGG.Population contains the follow-
ing eight sections that demonstrate different demographic
events or information:

i. Basic information. A profile and brief introduction
on the queried population is generated. The distribu-
tion(s) of the population (usually sampling locations)
is illustrated on Google map to display the location
and inhabited environment of the population.

ii. Y chromosome and mtDNA haplogroups. Hap-
logroups of Y chromosome and mtDNA are infor-
mative genetic markers that may be utilized in forg-
ing human evolutionary contours. We used pie plots
to show the proportion of each haplogroup observed
in the population based on our database. We also esti-

mated the probable ancestry to which the major hap-
lotype belongs based on previous studies. When our
database lacks of mtDNA and Y chromosome data for
this population, then this section would be hidden. An
interface/button has been included in this section to
allow users to send us an email if they would like to
contribute mtDNA and Y chromosome data.

iii. Genetic affinities. FST values of pairs of the quired pop-
ulation and other worldwide populations are calcu-
lated to determine their genetic relationship. For exam-
ple, figure 4A shows that the overall genetic makeup of
the Tibetan population is closest to Tu (FST = 0.012),
Yizu (FST = 0.013), and Naxi (FST = 0.016) popula-
tions, followed by other surrounding East Asian pop-
ulations and Central Asian/Siberian populations.

iv. Population structure. PCAs were performed to in-
vestigate fine-scale population structures (Figure 4B).
The structure of subgroups would also be dis-
played when necessary samples are offered. Ex-
amples include the sub-structures among Tibetan
groups of culturally defined regions of histori-
cal Tibet (TBN.Qinghai, TBN.Chamdo, TBN.Lhasa,
TBN.Nyingchi, TBN.Shanna, and TBN.Shigatse),
Sherpas groups of China and Nepal (SHP.Zhangmu
and SHP.Khumbu), and Uyghurs of Northeastern and

https://www.pggpopulation.org/population/Tibetan?id=POP00001
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Figure 3. User-friendly interfaces for querying ethnic groups. (A) Keyword-based search bar. Users can find the bar in the welcome page of the database
and in the upper right of any pages of our website. (B) Advanced interface to retrieving populations.

Southeastern Xinjiang, China, which can be observed
in the corresponding webpages.

v. ADMIXTURE. This section illustrates the result of
an unsupervised clustering analysis, ADMIXTURE,
based on which the user can investigate the genetic
affinity and admixture pattern for one population
(Figure 4C).

vi. Runs of Homozygosity (ROH). ROH estimates genetic
diversity of populations. If the overall ROH of one
group is relatively lower compared to that of others,
then isolation or inbreeding events may have occurred
in this population. An example is the Sherpa people
who historically underwent isolation (18).

vii. Natural selection. In the current release of
PGG.Population, iHS and XP-EHH were used
to detect positive selection signals (Figure 4D). An

interface button was included in this section that
allows users to contact us if they would like to submit
their NGS data to our database.

viii. References. This section shows the references of the
samples included in the genetic analysis of the web-
page. All the genomes or samples can be traced to their
resources.

Illustrating figures for users’ own analysis

We developed a web-based tool named ‘Figure Illustration’
to illustrate figures based on users’ own analysis. The cur-
rent version of the tool includes interfaces to plot PCA, AD-
MIXTURE and FST results. Users can directly upload their
files that were generated by EIGENSOFT and ADMIX-
TURE to display their figures in a dynamic and interactive
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Figure 4. An example of genomic diversity and genetic ancestry reconstructed by PGG.Population for the Tibetan population. (A) A fan-like chart showing
pairwise FST values between the Tibetan and other worldwide populations. The lengths of the bars are proportional to the FST values. (B) Plot of the first
two principal components dissecting 22 East Asian populations. (C) Admixture analysis of 22 East Asian populations assuming five ancestral source
populations. Each colour represents a genetic component. (D) An example of a genomic region showing signatures of natural selection.
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way. Moreover, users can use this tool to filter their data for
quality control. For example, outliers in PCA could easily
be identified and located by hovering the mouse over the el-
ement triggers, where an information box displays detailed
information on a particular individual.

Interactive website elements

We provided several interactive website elements for each il-
lustration item to enhance user experience. Here we use AD-
MIXTURE analysis on our website as an example to pro-
vide an introduction of the interactive events, and demon-
strate how these can be manipulated to obtain the best so-
lution scheme.

i. Mouse click event: Clicking on the color bars (or figure
legends) will hide components represented by the cor-
responding color in the plot, and re-clicking on the in-
active color (shown in grey) will enable it to show again
on the plot.

ii. Mouse hover event: Hovering on an element in a plot
will trigger an information box containing detailed data
on this element. For instance, by hovering a bar in the
ADMIXTURE plot, users can find which population
group one sample belongs to and the proportion of ge-
netic ancestry for that individual.

iii. Mouse wheel scroll: In ADMIXTURE and ROH plots,
scrolling will zoom in/out the resolution of a specific
plot, ranging from the minimum (1 individual) to the
maximum (all samples).

iv. Data view and figure download toolbox: For each plot,
we prepared a toolbox for users to check numerical data
and to download the adjusted figures. The buttons for
these functions can be found upright in each plot, of
which the page-shaped button will open a new box con-
taining Tab-separated data, and the download button
will convert the current plot into JPEG format as well
as provide the download option.

v. Option menus: In the ADMIXTURE and ROH parts,
we provided option menus where users could change the
ancestry (K) numbers in the Admixture and the ROH
length for descent. The options will change the level of
analysis results and presentation.

vi. Data download button. We provided a download but-
ton in each plot so that users can obtain the correspond-
ing data underlying the figure.

FUTURE DIRECTIONS

The current version of PGG.Population documents 7122
genomes representing 356 global populations from diverse
regions. We are aware that there are many ongoing sequenc-
ing efforts on indigenous ethnic groups particularly in Asia,
where there is substantial genetic diversity. Therefore, ex-
tensive population data are expected to be included in the
PGG.Population when available. The database will also ex-
tend the numbers of genomes and types of data for exist-
ing ethnic groups. Firstly, increasing sample size would pro-
vide unprecedented insights into the evolutionary history
of a given population. For example, using ∼1000 of Xin-
jiang’s Uyghur individuals and integrating worldwide sam-

ples, Feng et al. delineated the complex scenario of the ad-
mixture history of Uyghurs and revealed fine-scale popula-
tion structures of Uyghurs (20). Secondly, there are different
types of data/records of the human past. For instance, an-
cient DNA of modern humans and archaic genomes have
been utilized in assessing human genomic diversity and re-
constructing human histories (2). We are working on these
data and will integrate these into the database in the near
future. Furthermore, more information and extended anal-
ysis will be included in the database. The current version of
PGG.Population provides basic information of the human
populations enrolled and the most commonly used analysis
of genomic diversity and genetic ancestry of human popu-
lations. In future versions, more comprehensive sets of evo-
lutionary and population genetic parameters, such as ef-
fective population size, population mutation rates, recom-
bination maps, gene flow, genetic load at both the popu-
lation and individual levels, and adaptive genetic variants
will be implemented. We will continuously improve the fea-
tures and performance of each function to increase usage of
the data and information in the database. Together with the
joint efforts of other researchers who publish or republish
their data in our database, the long-term ambition of the
PGG.Population is to serve as a bridge between population
genetic studies and future medical and clinical practices.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR online.
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