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ABSTRACT

Serving as a community resource, Panzea (http://
www.panzea.org) is the bioinformatics arm of the
Molecular and Functional Diversity in the Maize
Genome project. Maize, a classical model for genetic
studies, is an important crop species and also the
most diverse crop species known. On average, two
randomly chosen maize lines have one single-
nucleotide polymorphism every ~100 bp; this diver-
gence is roughly equivalent to the differences
between humans and chimpanzees. This exceptional
genotypic diversity underlies the phenotypic divers-
ity maize needs to be cultivated in a wide range
of environments. The Molecular and Functional
Diversity in the Maize Genome project aims to under-
stand how selection has shaped molecular diver-
sity in maize and then relate molecular diversity
to functional phenotypic variation. The project will
screen 4000 loci for the signature of selection and
create a wide range of maize and maize-teosinte
mapping populations. These populations will be
genotyped and phenotyped, permitting high-power
and high-resolution dissection of the traits and relat-
ing the molecular diversity to functional variation.
Panzea provides access to the genotype, phenotype
and polymorphism data produced by the project
through user-friendly web-based database searches

and data retrieval/visualization tools, as well as a
wide variety of information and services related to
maize diversity.

INTRODUCTION

Maize (Zea mays ssp. mays) is one of the most important crop
species in the world, feeding both the world’s people and
livestock, while also providing necessary raw materials for
several industries (1). Maize is also the most diverse crop
species known, containing tremendous variation in morpho-
logical traits and extensive polymorphism in DNA sequences
(2). On average, two randomly chosen modern maize lines have
one single-nucleotide polymorphism (SNP) every ~100 bp
(3); despite being a single interbreeding sub-species, this
divergence is roughly equivalent to the differences between
humans and chimpanzees (4,5). This exceptional genotypic
diversity underlies the phenotypic diversity maize needs to
be cultivated in a wide range of environments, ranging from
deserts to tropical rainforest, to high mountains and to short
growing seasons in Canada. Understanding the mechanisms
underlying the morphological and genetic diversity that exists
in maize is critical to future plant breeding and is of great
interest to maize geneticists and plant breeders.

Studies have provided both genetic and molecular evidence
to indicate that maize was domesticated ~9000 years ago from
a form of teosinte, known as Zea mays ssp. parviglumis or
Balsas teosinte (2,6), which grows commonly as a wild plant
in the valleys of southwestern Mexico. Maize and teosinte

*To whom correspondence should be addressed. Tel: +1 516 367 6979; Fax: +1 516 367 6851; Email: ware@cshl.edu

The authors wish it to be known that, in their opinion, the first two authors should be regarded as joint First Authors

© The Author 2006. Published by Oxford University Press. All rights reserved.

The online version of this article has been published under an open access model. Users are entitled to use, reproduce, disseminate, or display the open access
version of this article for non-commercial purposes provided that: the original authorship is properly and fully attributed; the Journal and Oxford University Press
are attributed as the original place of publication with the correct citation details given; if an article is subsequently reproduced or disseminated not in its entirety but
only in part or as a derivative work this must be clearly indicated. For commercial re-use, please contact journals.permissions @oxfordjournals.org

TTOZ ‘9 Jequada uo Aloreloge] JogreH Buuds pjoD e /61o0'sjeulnopioxo reu//:dny wouy papeojumoq


http://nar.oxfordjournals.org/

exhibit striking differences in their adult morphologies, and
the domestication of maize has resulted in highly modified
inflorescence and plant architecture (7). Like most domestic-
ated plants and animals, maize had experienced a ‘domestica-
tion bottleneck’ that reduced its genetic diversity relative to
its wild ancestor teosinte (8). This bottleneck was a conse-
quence of the limited pool of wild founder plants from which
domesticated maize arose, and its effects were genome wide.
In addition, a ‘selection bottleneck’ of greater severity was
experienced by specific genes that were the direct targets
of artificial selection, both during domestication and later,
during the process of plant improvement; the reduction
of genetic diversity in these genes was above and beyond
that caused by the domestication bottleneck (9). Genes
that underwent selection are probably those of agronomic
importance.

‘The Molecular and Functional Diversity in the Maize
Genome’ project (referred to hereafter as ‘the Maize Diversity
project’) aims to understand how natural and artificial
selection has shaped molecular diversity in maize and to
relate molecular diversity to functional phenotypic variation.
To address the first question—How has selection shaped
molecular diversity?—SNP discovery has been performed
on 1000 genes using diverse maize inbred lines (including
tropical/temperate inbreds) and teosinte lines. Analysis in
774 genes indicates that 2-4% of these genes experienced
artificial selection (9). In addition, a range of tests of selection
will be performed on a total of 4000 genes to identify genes
that show evidence for positive, diversifying and purifying
selection. The identified genes will be those involved in the
process of domestication, agronomic improvement and local
adaptation. To address the second question—How does this
molecular diversity relate to functional trait variation?—the
project will be creating a wide range of maize and maize—
teosinte linkage and association mapping populations that
will capture a tremendous range of diversity. These popula-
tions will be genotyped for SNPs in genes that putatively
affect traits of interest, and phenotyped for these traits.
Together, these studies will permit high-power and high-
resolution dissection of the traits, and thus will relate the
molecular diversity to functional variation.

As the bioinformatics arm of the project and a community
resource for molecular and functional diversity in the maize
genome, Panzea (http://www.panzea.org), provides research-
ers worldwide and the public with access to the genotype,
phenotype and polymorphism data produced by the project.
In addition, Panzea also provides an assortment of information
and services related to the topic of maize diversity, including
information on software for association studies and statist-
ical genetics analyses, various downloadable datasets, maize
diversity literature and educational resources.

DATABASE SEARCHES AND TOOLS

Panzea contains the genotype, phenotype and polymorphism
data produced by the Maize Diversity project. As of August
2005, 222 simple sequence repeat (SSR) loci were scored on
1543 accessions for a total of 400 552 data points, 604 SNP
loci were scored on 282 accessions for a total of 551 584 data
points and 3143 loci were sequenced from 177 accessions for
a total of 67 703 data points. In addition, there are 34 124
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phenotype experiment data points. User-friendly web-based
database searches, data retrieval tools and data visualization
tools enable access to data, which can be viewed on the web
and/or downloaded as ASCII text file, tab-delimited text file
or Microsoft® Excel spreadsheet. All database search inter-
faces also allow the user to sort search results by columns of
interest. Currently the following database searches and tools
are available.

Germplasm search

Germplasm refers to a collection of biological material. For
maize, germplasm is typically available in the form of seed
samples from particular accessions stored in germplasm
banks, such as stock centers. An accession is an entry in a
germplasm bank for a collection of seed from a particular
inbred line, landrace or from a particular plant, family or
population. The germplasm pool used by the project currently
contains 2790 accessions, including 1567 open pollinated
maize populations, 430 maize inbred lines, 296 maize hybrid,
468 teosinte populations, 23 teosinte inbred lines and 6
Tripsacum samples. The germplasm search allows the user
to search the germplasm data and provides detailed infor-
mation on germplasm type (inbred, hybrid, open pollinated,
teosinte and so on), country of origin, geographical parameters
of the collection location of the accession and the accession
source (where the seeds can be obtained).

Gene/Locus search

The gene/locus search allows the user to browse or search
all genes and loci within the project’s data collection. Here
‘gene’ is used to refer only to loci that have been genetically
characterized and given a gene name (e.g. th/) by maize
geneticists. ‘Loci’ are of several different types, including
SNP, SSR, genomic or cDNA clones, ESTs and cytological
loci. The information available about each gene/locus entry
includes name and type of the gene/locus, genetic position
within the maize genome and location on the maize Agarose
FPC physical map (10) whenever these data are available, and
comments added by members of the project. In addition, if
assays exist for polymorphisms within the gene/locus, links to
detailed information on length assays (SSRs, AFLPs, indels),
SNP assays or sequence assays (sequence alignments for SNP
discovery) are also provided.

Molecular diversity search

This search allows the user to browse or search data related to
the project’s genotyping experiments. Search results provide
detailed information on each experiment, including the gene/
locus, the type of markers used (SNP, SSR, CAPS, INDEL
and sequencing), as well as primer sequences and repeat motif
for SSR markers. Moreover, this page also provides links to
detailed SSR and SNP assay results whenever such assay data
are available. Currently there are a total of 5183 molecular
diversity records in Panzea.

Phenotype search

The phenotype search allows the user to browse or search the
phenotypic data gathered in the course of the project. These
data are collected for a variety of accessions and will be used
for Quantitative trait locus (QTL) and association studies.
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Currently there are 34 239 phenotype records in the database;
most records contain plot means for a given accession. The
information in each record includes background and source of
the accession and its growth circumstances (evaluation local-
ity, state, country and planting date), as well as the phenotype
name and value. Links to the contact information of the seed
source also appear, subject to availability.

Genomic Diversity and Phenotype Connection (GDPC)
data browser

The GDPC is a middleware database interface that provides
access to integrated data on genomic diversity in a standard
format (11). The GDPC interface consists of three principal
elements: behind-the-scenes connections to databases, the
GDPC java API and the GDPC data browser. The GDPC
browser available at Panzea allows the user to retrieve data
from the Panzea database and other ‘GDPC-enabled’ data
sources simultaneously and to analyze the integrated data.
Data accessible through the GDPC browser include pheno-
typic data and genomic diversity data, such as SNP and SSR
genotypes and sequences.

Alignment viewer

The alignment viewer displays the pre-computed multiple
sequence alignment data that the project generates. Users
can query for alignments using either assay identifiers or
gene/locus names. For each alignment, the viewer pro-
vides an overview containing points of variation as well as
detailed alignment views at the level of the base pair. The
detailed alignment view displays consensus sequence, high-
lighted variation points and related statistics. To allow the user
to remove low-quality sequences or segments and sequences
that do not align well with the remainder, an on-the-fly
filtering procedure accompanies the viewer; filtering is user-
configurable through the web interface.

RESOURCES
Gene suggestion page

The Maize Diversity project will be conducting association
studies with a large number of genes for agronomic and
developmental traits. Diverse samples of maize and teosinte
will be genotyped using SNPs discovered within genes and
phenotyped for traits of interest. Association studies will be
subsequently conducted to find links between the genes and
the traits of interest. The maize research community is invited
to make suggestions for genes that will be examined in the
association studies. Suggestions can be made using the gene
suggestion page (http://www.panzea.org/sug/index.html).

Germplasm development at Panzea

The Maize Diversity project has been developing germplasm
resources that it will make available to the community as they
become available. The germplasm that are being developed
include 12 teosinte inbred lines, 1000 maize—teosinte recom-
binant inbred lines (RILs), 7000 maize RILs (25 populations of
>200 lines each, derived from crosses between the elite line
B73 and 25 diverse maize lines) and a maize half-diallel
(pairwise crosses between the 25 diverse lines used to generate
the RILs). Detailed information and the anticipated release

date of each resource can be found at http://www.panzea.
org/lit/germplasm.html. In addition, 281 diverse maize inbred
lines from throughout the world that were genotyped with
SSRs in the previous phase of the project (12) are currently
available through the North Central Regional Plant Intro-
duction Station; a list of the lines can be downloaded from
the Panzea website.

Educational resources

As one of the best examples of crop domestication and an
excellent visual example of genetic inheritance, maize is an
exceptional educational tool that could be used in an integrated
approach to education. Maize offers a good demonstration of
the plant life cycle owing to its large size, and it has played an
important role throughout history and in many cultures, most
particularly that of Native American and Meso-American
peoples (13). The Maize Diversity project has developed
mobile ‘story boards’ that explain the domestication of
maize, from perspectives of both history and genetics.
These story boards, introduced in person and then exhibited
in school hallway display cases, will help to bring the many-
faceted story of maize to students in very rural areas or
high-minority-resource-poor areas, where ready access to
computers is not available. Slide presentations have been
developed to introduce the ‘story boards’; they can be viewed
and downloaded at the Panzea website.

Maize evolution and diversity literature

Maize evolution and diversity has been an active area of
research for more than a century. The Maize Diversity project
has assembled a bibliography for much of the literature on this
topic from the 19th century to the present and this is presented
at the Panzea website. Users can browse the bibliography
either chronologically by publication date or alphabetically
by first author. Links to the articles are provided where
possible.

USAGE CASE

A practical usage case will illustrate how to access information
available through Panzea. Imagine that a researcher has an
interest in the variation within and surrounding a particular
maize gene, e.g. teosinte branchedl (tbl), a well-known
maize gene with an important role in domestication (7).
The researcher might wish to perform a fine-scale QTL
analysis focusing on this genomic region (14), or perhaps
examine the genomic extent of the selective sweep associated
with this locus (15). The goal of the researcher is thus to
find available SNP and microsatellite markers, both within
the th/ gene and in its surrounding genomic region.

To accomplish this goal, the researcher first performs a
gene/locus search for the gene/locus ‘tb1’, using the search
operator ‘equals’. The results of this search will indicate that
tb1 is on chromosome 1 at position 691.6 (in centiMorgans) on
the ‘IBM2 2004 Neighbors’ genetic map (for details on this
map see http://www.maizemap.org). Another gene/locus search
is then performed for all mapped loci on chromosome 1,
with the results sorted by ‘IBM2 Position’, then by ‘Genetic
Bin’, and finally by ‘FPC contig’. The researcher can then
navigate through the search results to the page containing
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Gene/Locus Search

From this search utility you can download information about all the loci used in this project, including name and
type of the loci as well as information about their location within the maize genome. Types of loci include
d T

| loci.

M U d, and cytologi

To obtain this information, use the search form at the right. To obtain a complete list of the loci used in our
project, leave all the search parameters in their default state, choose the output format you would like, and

Gene/Locus: equals %)
Locus Type: ALL :

IBM2 Chromosome:

click Submit. To limit the search by your criteria of interest, use the drop-down menus to specify your criteria

before clicking Submit.

The text input field (Accession) accepts “' and '?' as wildcards. '?' stands for a single character and ' stands

for zero or more characters. The search is not case-sensitive.

Output tables in HTML format will appear below the search form on a refreshed page. Output tables in ASCII
format will appear in a new window. To save the output table to your computer, select Excel as your output
format, submit your query, select "Save file as..." in the dialog pop-up window, and use ".xIs" for the file

extension.

View or Download a Gene / Locus Search tutorial

<.

Record 51-100 of 141

Page20of 3

Sort by (#1): ascending 5] [ IBM2 Position %)

Sort by (#2): ascending ) [ Genetic Bin )

FPC Contig )
HTML s

Submit Reset

Sort by (#3): ascending | 3 )

Output Format:

Page 2 '+ Go

»

1BM2

Locus
S Position

Unigene ©
Type

ame Name

Assays

Other FPC

Genetic
Contigs

FPC
Bin

5 S
Contig FPC Chr. (S} || FPC Start (S} || FPC Stop

umc1706 Mapped locus [SSR:5548] 1 670.59

1.07 ctg38 i 718 736

pgm1 Mapped locus

1.09

[CAPS:4575]
[INDEL:4576)
[INDEL:4577)
[INDEL:4578]
[INDEL:4579)
Sequencing:270
Sequencing:334
SNP:3614]
SNP:3615]
SNP:3616]
NP:361

tb1 Mapped locus 691.6

[SNP:3633
[SNP:4587]
[SNP:4588]
[SNP:4589)
[SNP:4590)
[SNP:4591
[SNP:4592)
[SNP:4593
[SNP:4594)
[SNP:4595,
[SNP:4596]
[SNP:4597]

I 1 688.8
[CAPS:4573]
[CAPS:4574]

Sequencing:332
SNP:3599 i
SNP:3600]
SNP:3601

694.75

Sequencing:247]
d8 Mapped locus

-

AY110356 Mapped locus |[CL22447_1 _|[[Sequencing:2757] 706.4

conflict ctg361, ctgd0

-

phio02 Mapped locus |[rssr:s6531 720.9

conflict ctg40, ctg96

-

AY110159 Mapped locus |[CL31053_1 _|[[Sequencing:2826] 722.3

=

phi037 Mapped locus 722.4

SSR:5345

ulssnzsmzl

Figure 1. Use of a gene/locus search to find Panzea markers both within and flanking a gene of interest (e.g. tb1) on the IBM2 2004 Neighbors genetic map of maize.

the th] region of the IBM2 2004 Neighbors map (Figure 1).
Here it can be seen (in the ‘Assays’ column) that we have
identified 31 SNPs at the b/ locus, and that 20 of these have
links to ‘Assay Results’, indicating that they are validated
SNPs for which Panzea has genotypic data. Researchers can
develop their own assays for one or more of these validated

SNPs based upon their ‘context sequences’. The context
sequences are derived from the consensus sequence of
our SNP discovery panel, and show the target SNP enclosed
within square brackets and other flanking polymorphisms
in curly brackets. Users can download Microsoft® Excel
files containing the context sequences for all of our validated
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SNPs from the ‘Datasets’ page in the ‘Resources’ section of
the Panzea site. In a similar fashion, the researchers can
develop their own assays for validated SNPs from loci flanking
thl (e.g. dS). In the future, Panzea will have a direct link to the
context sequence for a particular SNP from the molecular
diversity search results, which in turn will be linked to from
the gene/locus search results.

To facilitate the use of Panzea microsatellite (SSR) markers,
Panzea provides PCR primer sequences. These can be found
via the molecular diversity search. For example, assume that
the researcher wishes to use the SSR marker ‘umc1706’,
shown by the above gene/locus search to be near the b/
locus. A molecular diversity search for ‘gene/locus equals
umc1706” will yield information on the marker assay, includ-
ing the sequences of the forward and reverse PCR primers.
A similar strategy can reveal other flanking microsatellite
markers identified through the gene/locus search.

Since the gene/locus search uses map information not
only from the IBM2 2004 Neighbors genetic map of maize,
but also from the Agarose FPC physical map (10), the
researcher might be able to find additional loci near tbl/
(or another gene of interest) on the sole basis of physical
position. Results from our gene/locus search of chromosome
1 (Figure 1) indicate that 7b/ is in the vicinity of FPC contigs
38-40. After an additional gene/locus search of loci with a
‘NULL’ value for (IBM2) chromosome, and with the results
sorted by ‘FPC Chromosome’, by ‘FPC Contig’ and finally by
‘FPC Start’, the researcher can navigate to the page (or pages)
showing loci that are on FPC contigs 38—40 but not on
the IBM2 genetic map. For example, there is a validated
SNP marker for locus AY106760 on contig 40. Following
the link to ‘Assay Results’ for this SNP marker reveals that
the marker name is ‘PZA00658.19°. The context sequence
for this SNP can then be found in the Excel file on the ‘Data-
sets’ page.

DATABASE AND WEBSITE IMPLEMENTATION

The Panzea website is hosted on a Dell PowerEdge 2650
server running Linux. The back end of the web site is a
MySQL database, and the front end consists of a set of Perl
CGI scripts and modules, running under a mod_perl-enabled
Apache web server.

The Panzea database schema is based on the Genomic
Diversity and Phenotype Data Model (GDPDM) (http://
www.maizegenetics.net/gdpdm/). The schema and the table
and field descriptions are available at the Panzea web site.

AVAILABILITY

All Perl CGI scripts and modules used as the front end of
the Panzea web site are open-source software, and can be
downloaded at the Panzea web site.

All data contained in the Panzea database are freely
available to the public. Users can download the entire Panzea
database or partial datasets at the Panzea web site. The entire
database is available as a MySQL database dump, while
the partial datasets, including passport (germplasm) data,
phenotype data, sequence data, SNP data and SSR data, are
available as tab-delimited text files.

Presently, maize diversity data exist in multiple repositor-
ies, and researchers must go to various places to find all
available data. To help to make this problem less troubling,
Panzea will make its data available for any reference databases
to mirror and will establish reciprocal links with those
databases. It is expected that Panzea data will be integrated
with other diversity data in one or more long-term data
repositories, such as Gramene (16), MaizeGDB (17) and
Germplasm Resources Information Network (GRIN).

FUTURE ENHANCEMENTS

As more datasets and analysis tools become available, the
implementation of display pages will mature over the course
of the project. The immediate aim is to develop user-friendly
customized queries and advanced data-browsing tools in the
near future. In addition, we also plan to add the following
major new elements to Panzea.

Gene annotation

These annotations will provide information on the genes,
including sequence, genetic and physical map position,
diversity statistics, associated maize and rice sequences,
associated plant anatomy terms derived from the EST libraries,
and mappings to maize and rice genomic sequences. Protein
annotations will include mappings to maize UniProt (18)
proteins, Pfam (19) and PROSITE (20) mappings, and InterPro
(21) to gene ontology (GO) (22) mapping. These annotations
will provide key information for classifying selection effects
and potential trait associations.

Germplasm displays

The germplasm used in this project and associated genotypic
and phenotypic data will appear in both geographical and
phylogenetic tree displays. These displays will help dissect
the ecological distribution of the landraces. The germplasm
pages will also provide external links to the GRIN (http://
www.ars-grin.gov/) for additional information on germplasm
accessions.

QTL display/analysis

Tools are in development to display the results of QTL
detection experiments using an integrated approach that
will provide QTL positions across multiple populations,
markers within intervals, sequence diversity and gene associ-
ations. Plant Ontologies (23) and Trait Ontologies (24) will
help organize the display of QTL for related traits. Genes
within QTL intervals will be made searchable by GO terms
to facilitate the identification of genes, based on molecular
function, biological process and cellular location. Where
significant collinear regions with rice are present, there will
be links to the rice QTL and sequence-based maps. In addition,
tools are being developed to facilitate running bulk QTL
analyses.
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