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ELECTRONIC ACCESS TO GLOBAL
EXPRESSION DATA

We have developed a public Web-based resource to
facilitate access to global expression data for Arabi-
dopsis, available at http://mpss.udel.edu/at. Devel-
oping an understanding of patterns and levels of
transcriptional activity is the starting point for analyz-
ing individual genes or gene families. Genome-wide
transcriptional analyses are also revealing the relation-
ship between the structure and organization of a ge-
nome and the activity of the genes encoded in that
genome. Whole-genome expression data can be ob-
tained from a variety of technologies, including cDNA
microarrays (DeRisi et al., 1997), oligonucleotide mi-
croarrays (Lockhart et al., 1996), serial analysis of gene
expression (SAGE; Velculescu et al., 1995), and mas-
sively parallel signature sequencing (MPSS; Brenner
et al., 2000a, 2000b). The diversity of microarray plat-
forms, improving densities, relatively low cost per
experiment, and the range of technologies (e.g. cDNA,
short oligo, and long oligo) have made it easier for labs
to obtain their own microarray data than to reanalyze
publicly-released data. Tag-based expression data like
SAGE and MPSS are more easily utilized by multiple
labs because the data format is relatively standard, the
genes that are analyzed are not preselected, and the
per-library cost discourages unnecessary duplication
of experiments. While online resources have been
described for SAGE data (Lash et al., 2000; Ball et al.,
2001), MPSS data have several unique aspects and
must be treated in a different way than SAGE data
(Meyers et al., 2004a). None of the existing Web sites
for tag-based expression data are customized in a way
that links plant genomic and expression data.
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We have developed a public, Web-based resource
for the analysis of gene expression in the model plant,
Arabidopsis. The database and interface is specialized
to store and facilitate public access to gene expression
data derived by MPSS. Our database currently con-
tains more than 36,991,173 17-base sequence signa-
tures and more than 31,404,553 20-base signatures
derived by MPSS from more than 14 Arabidopsis
libraries (Meyers et al., 2004a). The MPSS data and
Arabidopsis genomic sequence and annotation were
used as the basis for the development of publicly-
available analysis and comparison tools. Our Web site
(http:/ /mpss.udel.edu/at) includes a genome viewer,
a set of gene, signature, and library analysis pages,
an FTP site for retrieval of the data, and a signature
extraction tool to allow specific sequence comparisons
to the MPSS data. In this report, we describe the devel-
opment, organization, and utility of this resource.

THE DATABASE STRUCTURE FOR STORAGE
OF MPSS DATA

We have designed a relational database for storage
and handling of MPSS expression data and genomic
sequence information. The general structure for this
database is shown in Figure 1; the genomic data are
stored separately from the MPSS expression data. A
more complete schema for the database is shown in
Supplemental Figure 1 (available at www.plantphysiol.
org). The database contains 32 tables and includes
13,521,032 records for a total of 14 MPSS libraries plus
the Arabidopsis genome annotation. In order to link
the MPSS expression data to the Arabidopsis genome,
we extract all the potential or genomic signatures from
the genomic sequence; these terms are equivalent and
simply refer to an occurrence of GATC plus the adja-
cent 13 or 16 bases of sequence that might be found in
MPSS data. This signature extraction procedure is
described in more detail in Meyers et al. (2004). In-
cluding the additional set of signatures that span exon
splice sites, a total of 858,019 genomic signatures are
linked via the tag_master table to the 268,132 distinct
MPSS signatures that occur in the 14 existing libraries
(Meyers et al., 2004a). The genomic tables store phys-
ical data for genes and signatures, and the expression
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Figure 1. Overview of MPSS database and interface. The database is
designed with two major sets of tables, one that contains the genomic
annotation and genomic signature information and a second that
contains the MPSS expression data. These tables interconnect through
additional tables that include a master list of all signature sequences
that are utilized in the database. The Web interface connects to the
customized database to obtain the data requested by the user and
displays the query results in a graphical output.

tables store information about the MPSS libraries and
signature abundances.

There are two primary tables for storing the anno-
tation data for Arabidopsis genes. This annotation
data is parsed directly from the files provided by The
Institute for Genomic Research (TIGR; Wortman et al.,
2003); the database currently uses TIGR version 3.0,
but we anticipate that this will soon be upgraded to
TIGR version 5.0. The primary annotation table
(gene_master) describes the chromosomal location of
the gene, the number of exons, the name and identifier
of the gene, and the predicted function of the gene
(Fig. 2). The second annotation table (gene_position)

802

stores information regarding the location of each exon
of a gene; the position is stored as starting and ending
coordinates. A third table, not widely used in version
3.0 of the Arabidopsis annotation, stores the number
and exon data for alternate splice variants.

Because our MPSS expression data includes signa-
tures of both 17 and 20 bases, genomic signatures of
these lengths are extracted and stored. The signature
extraction script mentioned above is used to identify
all occurrences of GATC in the assembled pseudo-
chromosome sequence provided by TIGR (Wortman
et al., 2003; Fig. 2); the sequence GATC is derived from
the anchoring Dpnll site used to generate our MPSS
data (Meyers et al.,, 2004a). We also store 22-base
genomic signatures because these data are needed
for the analysis of the bad words for the 20-base MPSS
signatures, as described in Meyers et al. (2004a). Three
tables store the information for each set of signatures
of different lengths. The table entitled tag master
stores both the sequence and a unique identifier (pri-
mary key) for each distinct signature. Most of the
information about the genomic position of a signature
is stored in the tag_position table, including the gene
with which the signature is associated and the classi-
fication of the signature; the class of the signature is
determined by the position of the signature relative to
annotated genes and exons (Meyers et al., 2004a).
Because some signatures are duplicated in the genome
(e.g. one signature in tag_master has multiple matches
in tag_position), an additional table, z_hits, is used to
store the number of occurrences or hits for a given
signature. Since the number of hits for a given signa-
ture may be in the thousands, the total number of
occurrences of a signature that are recorded in the
database is much larger than the actual number of
stored records.

A set of auxiliary tables stores miscellaneous data
about the genome (not shown). These data include the
following: the chromosome name; the source and
release version of the annotation data; the physical
characteristics of each chromosome, such as size and
centromere position; and the sequence of the chromo-
some, although it is not used in routine database
queries, and the number of ambiguities found in this
sequence.

The remaining tables in the database store informa-
tion related to the MPSS expression data. There are
two primary sets of tables for the expression data. The
first set of tables contains the raw data from the
individual MPSS sequencing runs. For each library,
multiple runs are stored in the run_master table that
contains a list of observed signatures and the abun-
dance or expression level of those signatures found in
the run (Fig. 2B); this table contains approximately
1,315,827 records for 14 Arabidopsis libraries. There
are 4 to 8 runs per library, and each run is sequenced in
a particular stepper (Brenner et al., 2000a). However,
the expression data represented in the run tables is
raw data and requires additional processing to merge
the runs and the steppers, and to produce a final
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A. GENOMIC DATA TABLES

id

gene_position

start_coord end_coord
53699
53699
53700
53701

Figure 2. Genomic and expression
data tables. Examples of the pri-

13077904 13078036 mary tables within the genomic and
13078116 13078245 . .

16566319 16570631 expression datasets in the MPSS
13085760 13085808 database. The table names are

underlined and the field names
are shown above columns that
contain examples of the data found

Chromosome_sequence therein. For simplicity, not all ta-
id = 1 gene_master H
sequence = id chr strand extent start extent_end code bles are shown. The signature se-
AT CCTCTaaTCcT D700 1 ¢ leseests 16370631  rledsozo quences are shown in some tables,
TAATCCCTAAATCCCTAAATCTTTAAATCCTACAT
53701 1 c 13082797 13085808  At1g35520 but the actual sequence of the
signatures is stored separately in
a master look-up table. A, The
SIGNATURE CLASSIFICATION tag_position table is constructed
EXTRACTION SCRIPT SCRIPT using two scripts, one that extracts
A A signatures from the chromosomal
sequence and stores the positional
f Y \ information, the other of which
- compares these positions to the
tag_position d d . h
signature chr position strand  code class code_2nd class_2nd annotated genes to determine the
GATCGACGGCGAAGCTC 1 3704  w  Atlg01010 1 class of the signature, as described
GATCAATAGAGATGAAT 1 31648 w  Atlg01040 2 At1g01050 6 in M t al (2004a). B Th
GATCGATTAAAAAGAAA 5 6344400 ¢ At5g19010 3 At5g19000 6 tn Meyers et al. (2Ubsa). B, The
normalized expression level is de-
rived from the raw MPSS data,
which is stored in the all_runs
table. Two normalized values are
B. EXPRESSION DATA TABLES e s e s valne
- in each library; these two values
correspond to the normalized
AT1_runs abundance observed in each MPSS
Signature raw_value run_name run_id sequencing frame, or stepper, as
GATCACAGTGCCAAAGA 7 ArfFl.spap_sig02.4561F.a 95004005 d ibed in M t al (2004a)
GATCACAGTGCCAAGGA 19 ArFl.spap_sig02.4561F.a 95004005 escribed in Vieyers et al. (20Uaa),
GATCACAGTGCCACAGA 3 ArFl.spap_sig02.4561F.a 95004005 and these data are stored in the
GATCACAGTGGTGCGGG 10 ArfFl.spap_sig02.4561F.a 95004005 . .
GATCACAGTTCTTTGTG 6 ArFl.spap_sig02.4561F.a 95004005 Ilbraryimaster table. The final
GATCACAGTTGTTTTCT 14 ArF1.spap_sig02.4561F.a 95004005 normalized value that is most
GATCACAGTTTTGAAAT 7 ArfFl.spap_sig02.4561F.a 95004005 commonly used for quantitative
expression analysis is determined
and stored during the construction
of the summary table shown in
Library_master ] Run_master Figure 3A. The run_master table
ZEE::_';E:TGTTGGTPM?’;Y—” t_rllggm f—"‘;;m i;g"ﬁure stores information about each
GATCTACACAAGATACC 1 21 15 raw_value MPSS sequencing run.
GATCAGTCCTTCTTCCA 1 3 0 1ibrary
GATCTCTCTCTTTCTCT 1 6 4 run_id

AUXILIARY EXPRESSION DATA TABLES

run _info: basic information of about a run (library, stepper, run id, etc.)
build info: list of libraries used to build each version of the summary table

library info: contains information of a library (id, name, submitter, description, # of signatures, etc.)

normalized value in transcripts per million (TPM) for
each signature in the library. The library_master table
stores intermediate data in which the runs, but not the
steppers, have been merged (Fig. 2B); this table con-
tains approximately 598,891 records for 14 Arabidop-
sis MPSS libraries.

The normalized MPSS expression data for all of the
libraries is stored in a single, large table (the summary
table, which has 31 columns; Fig. 3A). This is the
largest table in our database and contains 4,597,590
entries. The steps are complex to process the raw data
from different sequencing reactions into normalized
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abundances for each signature, and these steps are
described in more detail elsewhere (Meyers et al.,
2004a). The summary table includes the results of two
filtering steps and the merged sequencing runs, sum-
marized in Figure 3B and detailed in Meyers et al.
(2004a). In addition to the expression data (in TPM), the
summary table contains relational data that associate
signatures with the genomic sequence and annotation.
Much of these data are redundant with information
stored in the other tables described above, but geno-
mic data for signatures duplicated in the genome is not
stored in this table, nor are signatures found in the
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Figure 3. The summary table contains prepro-
cessed data about all of the signatures for each A
library. A, The summary table is a derived table

summary
signature
stepper_chosen

that contains data extracted from other tables
within the database. A set of scripts calculates

reliable filter

a final normalized expression level for each
signature observed in each library. In the same
summary table, information about the genomic
position of the expressed signatures is stored; this

library master —b significant filter
Tibl_norm
SUMMARY 11b14_norm

SCRIPT

minimizes the number of different tables that
need to be joined when a query requires data

about tens of thousands of signatures. B, For each
signature, a single normalized value is chosen
from the two steppers sequenced in each library, B
and this value is stored as the final normalized

hits
chromosome
I S | q { strand
fag position position

class
code

expression level. During the construction of the
summary table, the reliability and significance
filters are applied to the MPSS data. The normal-
ization step and the filters are briefly described
here, but more details about these steps may be
found in Meyers et al. (2004a). C, The data in the
summary table are completely redundant with
the library_master table, but only partially re-

Across all libraries, if » t norm >} f_norm, then stepper_chosen = 2,

“Lib_norm” calculated for each signature and for each library:

MERGING OF STEPPERS
“stepper_chosen” calculated for each signature:

Otherwise, stepper_chosen = 4

If stepping_chosen = 4, then lib_norm =f_norm
Otherwise, lib_norm =t_norm

dundant with the tag_position table. The sum-
mary table contains only expressed signatures,
whether or not the expressed signatures have
a genomic match, while the tag_position table

Significance:

FILTERS FOR SIGNATURES

Reliability: “Yes” if signature exists in more than one run from all libraries.

“Yes” if across all libraries, 3 (lib_norm > 3)

includes only signatures found in the genome,
independent of the expression data associated
with these signatures. Genomic data is stored in C
the summary for expressed signatures only when

the signature is unique in the genome.

genome but not in the MPSS expression data (Fig. 3C).
Although the large size and redundancy of the sum-
mary table is contrary to common practice in database
design, this table was developed because the queries
generated by the Web page, particularly those from the
advanced tools page (described below), required data
that is found in multiple tables. The queries joined the
data for each signature across numerous tables and
repeated this process for thousands of signatures,
dramatically slowing the access time. By creating
a table that stores all of the required data, the dis-
advantages of data redundancy are outweighed by the
improved functionality and enhanced performance of
the database. Since the underlying data does not
change once it is loaded into the database, this table
does not need to be regenerated to maintain the
integrity of the database. In general, the database
was designed specifically to store and analyze MPSS
expression data, and this design was improved based
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Signatures in “summary” table -
includes complete set from

Signatures from

library_master tag_position

hits =1
class=1to 7
(genomic data stored) hits > 0
___________ 4 7T7777777Y class=an
class=0 hits > 1 (no expression dzlta]
class = null

(more than one class so
genomic data not stored)

on extensive testing with the goal of rapidly process-
ing the queries generated from our Web site.

THE GRAPHICAL USER INTERFACE FOR ANALYSIS
OF MPSS DATA

We developed a graphical interface and analysis
tools with which to access our database; this interface
is available at our Web site (http:/ /mpss.udel.edu/at).
The interface is written in PHP and requires the
graphical library, GD. The interface accepts query
sequences, Arabidopsis gene identifiers, chromosome
position, or MPSS signature sequences to identify
a region of interest. The site includes a library browser
with information about libraries, tissues from which
libraries were derived, and the statistics of signatures
derived from each library including success rates and
sequencing errors. An advanced analysis tool that
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permits the direct comparison of entire libraries is
available; this tool allows the user to design custom
queries across the different libraries and sort the result-
ing signatures. The main entry page for our Web site
(http:/ /mpss.udel.edu/at) provides an access point to
all of the pages described in the sections below.

Chromosome Viewer

The genomic annotation information combined with
the MPSS expression data can be viewed and visually
scanned using our customized viewer. This viewer is
based on one developed for SAGE data as part of the
Saccharomyces Genome Database (SGD; Ball et al.,
2001). The code was generously shared by the SGD
programmers, and it was rewritten in PHP and ex-
tensively modified to include the added features
implemented in our database. We call this tool the
chromosome viewer (CV), and it is accessed via an
image of the five Arabidopsis chromosomes on the
main entry page (Fig. 4). From the main entry page, the
user is taken to a secondary viewer with a scale of one
megabase (Mb) per line, demarcated into 100-kb seg-
ments with every fiftieth gene on the chromosome
indicated (Fig. 4). This secondary viewer allows the
user to more accurately target the window displayed
in the primary CV window. The primary viewer has
a fixed scale of 20 kb/line, demarcated in 5-kb seg-
ments; a standard window shows 100 kb (Fig. 4), but
the script permits the display of variable lengths so
that entire bacterial artificial chromosome clones may
be shown, for example. In both the secondary and
primary viewers, the chromosomal location is indi-
cated above the window, and this schematic of the
chromosome can be used to navigate. A set of buttons
shown above the primary viewer also facilitates
movement up or down the chromosome. The primary
viewer shows the annotated exons on the top strand of
the chromosome in red and the bottom strand in blue,
with the set of exons comprising a gene boxed in gray
(Fig. 4). The Arabidopsis identifier is indicated above
or below the gene.

In CV, unexpressed genomic signatures are shown
in gray and signatures significantly expressed in any
library (e.g. greater than 3 TPM) are shown in color.
The colors of the expressed signatures indicate the
class; the seven classes are determined based on the
position of each signature relative to annotated genes
and exons, and a legend is shown below the viewer to
explain these classes (Fig. 4). The classification system
is modeled after a similar system used in the SGD
(Ball et al., 2001), but we have added three additional
classes. These modifications are described in greater
detail in Meyers et al. (2004a), and the interpretation of
expressed signatures of different classes is detailed
below. Within CV, the unexpressed genomic signa-
tures can be hidden or revealed by selecting the button
“signatures on”, whereas the expressed signatures are
always shown. If the viewer is accessed from the
signature or gene analysis pages described below, the
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signature or gene that referred to the chromosome
viewer is indicated in red as a reminder to the user.

Future modifications to CV will include access to the
mitochondrial and chloroplast genomes, for which
some matching signatures have been identified in our
MPSS libraries (Meyers et al., 2004a). Because the latest
versions of the Arabidopsis annotation incorporate
full-length cDNAs that include 5’ and 3" untranslated
regions (UTRs), future versions of CV will differentiate
UTRs from coding regions.

Gene Analysis and Bulk Query Tool

Analysis of specific genes can be performed by
entering an Arabidopsis identifier from the main entry
page, or by selecting a gene from the CV window.
Either of these options takes the user to the gene
analysis (GA) page. This page shows all of the genomic
signatures derived from the sequence of the gene and
the downstream region that may contain the 3" UTR.
The expression data derived from these signatures can
be used to investigate the level and pattern of tran-
scriptional activity. This represents an electronic or
virtual northern blot for the gene, although an absence
of MPSS expression data does not necessarily mean
that the gene is not expressed, due to sequence-specific
effects that reduce or eliminate MPSS data for certain
signatures (Meyers et al., 2004a). GA includes a smaller
version of the viewer described above that uses an
expanded scale and is specific for the gene of interest
(Fig. 5). The function of the gene may be determined
based on the TIGR Arabidopsis annotation that con-
tains known functions from published studies or pro-
tein homologies. The GA pages include direct links to
the specific Web pages for each gene at TIGR (http://
www.tigr.org), TAIR (http://www.arabidopsis.org),
and MIPS (http:/ /mips.gsf.de). GA also links to the
chromosome viewer to display the larger genomic
context of the gene of interest. The MPSS expression
data in the GA output page is summarized in a table
that contains the normalized abundance in each li-
brary for the signatures derived from the gene. These
data, with values in TPM, are displayed in a table that
also contains the chromosomal position and the num-
ber of hits or occurrences of each signature in the
genome. The libraries are indicated by a three-letter
code and either “f” or “s” that indicates if the MPSS
method used was either full (also known as classic) or
signature; the variation in the method is minor and is
briefly discussed in Meyers et al. (2004a). The libraries
are listed in an arbitrary order (the order in which they
were received and entered into our database), and the
three-letter code is linked to a pop-up window that
summarizes the relevant information about the tissue,
RNA and MPSS sequencing runs (Fig. 5; see descrip-
tion of “Library Information Pages” below).

For users interested in a large family or set of genes,
the page entitled Bulk Query allows the user to quickly
view all the expression data for sets of genes. The
genes are listed using Arabidopsis gene identifiers,
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Figure 4. Accessing specific chromosomal regions using the MPSS viewer. The chromosome viewer is launched by clicking on
the image of the Arabidopsis chromosomes located on the main entry page. Red arrows in this figure indicate the direction of
navigation from the main page to the secondary chromosomal viewer page, as described in the text. The magnification on the
secondary page is five times less than that of the primary page, and this secondary page allows the user to focus on a particular
subgenomic region for display in the primary CV window. The primary chromosomal viewer focuses on a selected approximately
100-kb region of an Arabidopsis chromosome, and displays the annotated genes and exons, with identifiers, on both strands of
the DNA. Above and below the genes, the viewer displays the significantly expressed signatures. The genes and signatures are

linked to the gene analysis and signature analysis Web pages.

and the list is entered on a separate page that is
accessible from the left frame of the main entry page.
The BQ page produces a summary of the genes along
with only the subset of genomic signatures for which
significant expression data exist in the database. As an
alternative way to sort through large numbers of
genes, we have implemented a keyword search that
generates a list of the genes with a match in the TIGR
annotation and description to a user-entered keyword.
The keyword search is accessible from the main entry
page, and the output is a series of Arabidopsis
identifiers linked to the GA pages. As an example,
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entering “kinase” as the argument to the “keyword for
predicted protein” function produces a list of 1,124
genes. While the keyword search does not permit
wildcard entries, partial word matches are allowed
(for example, “kina” produces the same list of 1,124
genes).

Future modifications to GA may include a way to
restrict or order the list of libraries that are shown on
a single screen; the current set of 14 libraries fills most
of the page, and a larger set of libraries would require
that the user scroll far to the right to find the library of
interest.
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Figure 5. Output of gene analysis and
library information pages. The gene
analysis Web page is reached by en-
tering a specific Arabidopsis identifier
on the main entry page, by selecting
a gene from a list of identifiers gener-
ated by a keyword search or the bulk
query page, by selecting a gene shown
in the viewer, or from a direct link in
the signature analysis page. The small
viewer window at the top of the gene
analysis page shows the annotated
exons for the gene and the associated
genomic signatures. The exons are
numbered from 5’ to 3’. The signa-
tures are indicated as triangles and
listed in the table below; these signa-
tures are linked to the signature anal-
ysis Web page. The table in the center
contains the normalized expression
data and a summary of the genomic

Number of exons retrieved: 5

® 3 End 3 End |+ strand - strond |Size (bp) B
1 [12,704,961 [12. 705,134 173 b
T
A
!
T

17 bp database selected
Lynw_d # of Signatures Stepper Tag Length
15 2 17

information for signatures located in
or immediately 3’ of the gene of in-
terest. The small table at the bottom
contains the genomic coordinates for
the exons and introns and indicates
the signatures contained therein. The
library information page (inset, and
indicated by arrow) is a JavaScript
pop-up window that is activated by
selecting the three-letter library code,
and it contains the basic information
about the tissue, RNA, and MPSS
sequencing runs. The library informa-
tion is also accessible from elsewhere
in the MPSS Web site.

Signature Analysis

From the table in GA, from the viewer, or from the
main entry page, specific signatures can be selected for
analysis. An MPSS signature is a string of 17 or 20
nucleotides that start with GATC, for example GATC-
CAGAGGATGTACA. The signature analysis (SA)
page contains all of the genomic data and the normal-
ized and raw expression data for each signature
(Fig. 6). The uppermost table lists all positions in the
genome for the specific signature and contains links
between the 17- and 20-base genomic signatures. If
a signature is among the MPSS data but does not
match the genome (a Class 0 signature), this is in-
dicated in the upper table. The raw and normalized
expression data for the Arabidopsis libraries are listed
below this genomic information. The table of expres-
sion data identifies the library with a three-letter code,
the MPSS method used for each library (as mentioned
above for GA), the normalized abundance (calculated
as described in Meyers et al., 2004a), and the raw
abundances for the 2- and 4-step sequencing reactions
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along with the total number of signatures sequenced in
either stepper for each library. The raw abundances are
shown in gray when the stepper is not chosen during
the normalization steps described in Meyers et al.
(2004a). We also provide a series of comparisons and
sums of the 2-step and 4-step raw abundances (Fig. 6).
For each library, the SA page uses a Z-test to assess the
difference and calculate a P-value for the 2-step and
4-step abundances, and the page reports the sum of the
2- and 4-step sequencing reactions for each library and
for all libraries. These calculations provide different
ways for users to evaluate the MPSS expression data
for a given signature.

The SA page also performs an analysis of the MPSS
sequencing frames for each signature to identify the
potential bad words; 20 of the 256 possible 4-base words
that occur in the MPSS sequencing frames are under-
represented in the MPSS expression data (Meyers
et al, 2004a). As previously described by Meyers
et al. (2004a), a complete analysis of the words in the
17-base signatures requires an additional 3 bases of
sequence extracted from the genome (20 bases total),
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Figure 6. Output of signature analysis page. The signa-
ture analysis page is reached by clicking on signatures
from the GA, CV, and AT pages, or by entering the exact
sequence of a signature from the main page. The upper
table lists all genomic matches for a specific signature.
This table also contains links between the 17- and
20-base genomic signatures. The raw and normalized
expression data are listed in the large central table; the
smaller table below this contains the summed expres-
sion data from all libraries. At the bottom of the page is
an analysis of the MPSS sequencing frames for each
signature. This analysis is used to screen for the presence
of the 20 bad words (Meyers et al., 2004a). The presence
of one or more bad words in frame with the MPSS
sequencing reaction can result in under-representation
of the signature in the expression data.
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MPSS Signature Analysis for Arabidopsis - 17 bp

The basic information for the signature you selected is listed below.
In the second table, all occurrences of this signature are listed
regardless of the genomic location you selected.

# | Selected Signature Class Hits Chr Strand | Coordinate Within or 3' of Feature 20 bp
1 GATCTCTCCAAGTTTTG| 3 1 4 c

Expression data for this MPSS signature

Library results and pairwise comparisons ameng libraries. The "Norm
Abund” column may be the most useful, with results normalized to
transcripts per million (TPM). Libraries are listed down the first column,
with the next column indicating (f) or (s) to show the MPS5 method used
to generate the data. Click on column headings for a help box.

Data type  ?

0]
(n
)]
Q)]
(f
(s)
(s)
(s)
(s)
(s)
(s)
(s)
(s)
(s)

Click here for statistics for pairwise comparisons across libraries for this signature.
Average normalized abundance in all libraries: 0 (TPM) 2
Average normalized abundance in 0 libraries with abundance not <5 TPM: 0 (TPM) 2

Sum across all libraries:
Data type

Totals for ALL ru

Abundancs

Mormalized (TEM

Word analysis for this MPSS signature
The original 17 bp sequence for the signature is in black.

Three bases have been added in gray to show the 20 bp genomic context.
Chick on the signature to get Signature Analysis for the 20 bp sequence.
Click here for a description of the word analysis.

# "Bad" word
1 |Detected in 2-step |GATCTCTCCAAGTTITG

12,706,602 bp At4g927490 Go

MNorm Sum: Raw| Total Sum:Raw Total |P-value: 2+4 2+4 2+4

Abund | 2-step | 2-step 4-step | 4-step | Zvs4 abund| total norm

(TeM) step [sum)| sigs abund
0 (1] 946,739 | 1.000 | O [1,963,474 0.0
0 0 642,726 | 1.000 0 [1,791.260| 0.0
0 0 1,520,260| 1.000 | 0 [2,885.229| 0.0
0 0 1.302,183| 1.000 0 [3.645.414| 0.0
0 0 1,035,395| 1.000 | 0 (2,018,785 0.0
0 0 1,673,925| 1.000 | 0 (2,964,724 0.0
1 2 1,338,089 | 0.200 2 2,435,965 | 0.8
0 o 1,517,577 | 1.000 o 2,575,670 0.0
0 (1] 1,575,124 | 1.000 o 2,890,894 | 0.0
(1] i} 1,210,738 | 1.000 0 2,458,436 | 0.0
0 1] 1,249,101 1.000 o 2,310,350 0.0
0 1] 1,837,939 | 1.000 0 (3.006,575| 0.0
0 o0 1,488,237 | 1.000 o 2,964,840 0.0
0 0 1,947,160| 1.000 | O (3,105,385 0.0

2-step 4-step |2+ 4 step
o 2 2
18,435,308 18,586,193 37,021,501
0.0 0.1 0.1

2-step 4-stap

GATCTCTCCAAGTTITG

and analysis of the 20-base signatures requires an
additional 2 bases of sequence extracted from the
genome (22 bases total). For each genomic location,
the database stores the 17-, 20-, and 22-base signatures;
the SA Web page performs the analysis of the words
that occur in the MPSS sequencing frames in these sig-
natures. This analysis is useful to determine if the
measured abundance of one or both of the two MPSS
steppers might be diminished by sequence-specific
effects.

Advanced Tools

The Advanced Tools (AT) page builds complex
queries using a set of pull-down combo boxes (lists),
radio buttons and check-boxes for selection, and
textboxes for entering data provided by the user.
Signatures can be retrieved that match a series of
criteria set by the user; these criteria may be based on
the genomic location or characteristics of expression in
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one or more libraries. This page bypasses the graphical
maps described above and can generate sorted lists of
signatures. Because AT reports results based on the
normalized expression data (in TPM), it required the
development of the precomputed summary table de-
scribed above. Thus, the summary table is the basis for
all queries submitted via this page.

The large number of libraries for which the queries
could be designed necessitated an entry page that
allows the user to select a subset of libraries for
analysis (Fig. 7). The selected libraries are then listed
in a second page on which the complex queries can be
designed to sort through MPSS signatures found in the
library. This second page of AT offers a range of search
criteria for creating complex queries. On this second
page, adjacent to the list of libraries selected from the
entry page, the “select” option will follow the defined
criteria to generate a list of signatures; the “view”
option will retrieve and show expression data for that
library but does not allow the user to define the
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Select libraries and signature abundance range:

Select libraries and range of signatures for which to report data. The output may be limit

d hazed on the ab e ranne of the

signatures. The default is to ignore all libranies, so you must make a selection. If you cho
present at greater than 1000 TPM that are the most abundant signatures. If you select 3
other ways (such as by ratio or class) this produces an extremely long list. The choice off
unique to other libraries, while "Ignore” does not consider that library for the analysis. Th
frequency of the signatures (e.g. non-normalized - see checkbox below), but comparison
T ized values {r ized to transcripts per million, or TPM).

Choose boolean operator used in library comparisons:
@® AND (inclusive) © OR (exclusive)

Advanced tools entry page - library selection

On this page, please select the libranes that you wish to analyze. You can
set the specific criteria on the next page after you have selected the
libraries. The purpose of this entry page is to reduce the complexity of the
output, so that if you're only interested in two or three libraries, you don't
have to see every fibrary that we have. Tha three choices are as follows:
“select® will allow you to chose the critena and sort the resuts for this
library; "view" will not allow you to chose any criteris on the next page, but
will show the up in the final cutput in case you want to see the data for
casual comparisons; “ignore” will not allow you to select criteriz and will not

LIBRARY | .Select range User-defined range ! Equal to  Ignore| | o0 the data in the final output,
APl (@ [>1000TPM |0 > and < | 0O
= : : © Select all libraries O View all libraries @ Ignore all kbraries
APZ |0 |Allsignawres %[O > @ Library | Mcthod | Select | view  Ignore
Allsignatures ¥||o ® car f [ ] <]

I [ i) (@] [
INS | |All signatures vl ® >0 o INF £ [s] 0 ®
lect length of si id bp (default) O 20 b : 9. B0 9

Select length of signatures to consider: & 17 efault) © 20

g e : = P ) i ROF F [o] o @

Select signatures based on ratio in two libraries (optional): SIF f 2] o @

1f you would like to compare just two libraries, please select the box g chose the |AP1 5 ® o (o]

expression for signatures in Library A versus Library B; using a thres| act all sign oy 2 ) o o

proportion of expression. = =

AGM 5 ® lo] o)

Clchease two libraries for percentage (or fold) comparisons between TPM ms s ® o o

. ROS s O [2] 1)

Library A ¥ | compared to |Library B ¥ sap 5 [ o ®
User-defined percent range Upper threshold Lower threshold Exact percent’ e - - )

A4 A &

05| and < L2 o @[5 s52 5 C o] ®

s s L&) o @

Choose the unit for the companison (e.g. 10% = 0.1X, or 200% = 2X):

@ percent values (%) O Fold values (X)

Direction of the comparison:

(® Library A compared to Library B O (Library A compared to Library B) AND (Library B compared to Library A)

Currently, you are selecting expression data with the characteristic of:

Please click on the checkbox to enable this option.

Limit results based on igned physical location of si

Selection of signatures may be limited to those that are found between the 4 ed conrdinates of 3 narticilar chy Note that

separate search using the class selection kom below. For a graphical
please see our viewer, accessible via the B Juery page. Th
position,

Entire genume v
Enter range cf p05|t|0ns on chromosome in bp (leave range at 0 to 0
0 to [0

this will not work with signatures that have not been assigned to the MPSS Advanced Analysis Results - 17 bp

The search results are listed below, for top ranked signatures according to your search
criteria. If no sort criteria were applied, signatures are listed randomly. Original query
sattings are listed at the bottom of the page. Go [0

14

Signatures that match search criteria
Signatures 1-10 of 10 = signatures to show: | 150 *

Page | [1 |of 1

Select page: 1

Limit query based on number of occurences in Arabidopsi TH
the Arabidopsis genome, where the lowest value {1) is an indication t}
@ all signatures ' unique signatures (hits = 1) O duplicated signa

Limit results based on signature position relative to annotated

All signatures have been compared to Arabidopsis annotations; currery
comparisons with TIGR annotations as well,

[Iclass 0 (no match in genomic sequence)
[l class 1 (inside annotated ORF)

[#lClass 2 (within 500 bp 3' of annotated ORF)
[Iclass 3 (anti-sense to annotated ORF)
[Iclass 4 (between ORFs)

[ class 5 (within intron, sense strand)
Flclass 6 (within intron, antisense strand)
[lclass 7 (spans intron splice site)

Text format

. Signature Mits [Chr Class | Coordinate Strand | (AE] (3) (AB2 (=) [AGM (=) [INS (s}
1 |GATCCAGTCAACAACAS | = [ Click on signatura for mora info. | | 12432 180
2 |GATCAAGAACCCAAGAS | © This is a class 0 signature. 2784 250
- 'a' ia ‘? ZE i -t_h 2 Click on signatura for more info. 2101 121
4 [GATCAAGGCGAAGAGGT [t [t 1 [24.862.747 bp | w 1345 195
5 [GATCGGTGGTGACAMGA [+ [3 [ 1 [8.376.183bp | w 1883 273
6 |GATOCGGATGGCTAGCTC (1 |1 | 1 | 2.641.220 bp € 1748 256
7 [GATCAAGAACGGAAGAT | 3 |5 | & [25.647.392bp | w 14352 [ 24
8 [GATCGLTCTAAG 1o This is & class 0 signature. 1081 53
3 |Gi GICL 3 | Click on signaturs for more info, | | 1021 156
10 [ GATCTGACTGCAAGCAA | © |  This s & class 0 signature. 1020 182

Original Query Criteria
Selected libraries and signature sbundance rangs:
AP1 [ API [AGM HS
> 1000 TEM jign ra > 10 and < 200 TEM
Two library ratio selection: No comparison was sslected,

Sort the results by library or uniqueness (Optional):
Select the criteria by which to sort the output.

Sort 1: Sort 2: Sort 3:
| AP v | None v None

@ Descending ® Descending @D
() Ascending O Ascending

Classes selected:
[Class Salacted

Physical location of signatures:

s weeo
I
&

| Retneve MPSS signatures )| resetform |

Figure 7. “Advanced tools” permits complex query building to access the MPSS data. The advanced tools page permits users to
custom-design queries. Arrows in this figure indicate the direction of navigation from a library selection page, to the criteria
definition page, and to the output page. The user chooses libraries on the first page, and the selected libraries appear on a second
page along with a series of pull-down windows, selectable options, and entry boxes to define specific genomic locations or
characteristics of expression that are of interest to the user. The output can be sorted according to expression levels, genomic

matches, or other criteria.
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expression data criteria; and the “ignore” option hides
the expression data in the final output page. The
primary function of the AT page is to screen the
expression data for signatures of interest; the user is
required to pick at least one library as part of the
criteria or for viewing.

The main criteria for sorting and selecting signa-
tures in AT is the normalized expression level. The first
setting that the user chooses is whether the settings for
different libraries are compared using the “AND" or
“OR” Boolean operators. The AND option will return
a list of signatures precisely matching the abundance
levels for all the selected libraries, while the OR
operator will return signatures that match at least
one of the selected abundance levels for one of the
libraries. In this regard, the AND operator is exclusive
while the OR operator is less restrictive and more
inclusive. To define the expression level for each
selected library, the user has a choice of setting a pre-
defined range, a specific range, or a single, exact value.
If the user does not define an abundance level at this
point, the library is ignored during the final analysis.
After setting the expression level, the user must decide
whether to retrieve 17- or 20-base MPSS signatures.
The relative merits of 17- and 20-base signatures are
described elsewhere (Meyers et al., 2004a).

We have implemented a tool within the AT page for
the identification of signatures that are differentially
expressed when two libraries are compared (Fig. 7).
When this option is selected, a pair of libraries is
selected for comparison, and the user defines either
a percentage or fold difference for signatures found in
one library as compared to the other. The comparison
will identify signatures for which the expression is
within a range of differences, above or below a certain
difference, or exactly matching a given difference. This
tool also allows the comparison to be made in only one
direction or in both directions; for example, the user
may chose to identify signatures for which the abun-
dance is 2-fold higher in the callus versus silique
library, or by selecting “both directions,” the same com-
parison can identify signatures found 2-fold higher
in either the callus or silique library in the pairwise
comparison. When this section of AT is activated,
a JavaScript program defines the formula that the
user is building for the pairwise comparison.

The next set of options in the primary query page of
AT restricts the signatures to those that lie in a certain
region of genes or the genome, or that have a certain
number of hits (occurrences in the genome). The
default for this section is an unrestricted search. The
user may restrict the query to signatures with a defined
position in the gene based on the classification system
described above and detailed in Meyers et al. (2004a);
essentially, seven classes of genomic signatures have
been defined based on comparisons to the genome
annotation and depending on the position and strand
relative to the exons of annotated genes. AT is also one
of two pages in the Web site that can directly access
signatures that do not match to the genome (Class
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0 signatures); the signature extraction page described
below is the other way to access these signatures. In
addition to the class of the signature, the search can be
limited to signatures that match within a defined set of
coordinates or positions on one of the chromosomes.
The user can also limit the search to signatures that are
unique in the genome (hits = 1), or to the “duplicated”
signatures with more than one occurrence in the
genome (hits > 1).

Finally, the signatures can be sorted that match the
queries defined above for AT. The user can select from
numerous criteria in defining the sorting steps, in-
cluding the number of hits, the class, chromosome,
position, strand, or the most commonly used criterion
is the abundance level in one of the libraries. After
selecting the basis for the sort, it is then further defined
as ascending or descending. There are three sorting
steps that can occur sequentially; all sorting is turned
off by default, and one, two, or all three sorts can be
utilized for organizing the data and output of AT. The
combinations of query options and criteria make the
advanced tools page a powerful tool for comparing
libraries and designing specific searches.

Visualization of Library Comparisons

We have precalculated and displayed the pairwise
comparisons of the callus, flower, leaf, root, and silique
libraries. In the visualization Web pages at our site,
Arabidopsis genes are represented by 8 X 8 pixel
squares colored accordingly with their level of expres-
sion; these data are mirrored at http://allometra.com/
mpss.shtml. For each gene in the two libraries in the
comparison, gene expression in library A is reflected
by the portion of the red component in the final color,
and expression in library B is reflected by the portion
of the green component in the final color. The position
of each gene in the image reflects its position in the
Arabidopsis genome and the gene annotation appears
on mouse-over. Each square can be selected and is
linked to the Gene Analysis page for the selected gene.
The library comparison and Web images were gener-
ated using PyMood, a genomics data visualization and
Web-publishing program (Allometra, Davis, CA).

Library Information Pages

We have stored all of the information about each
MPSS library in tables that are accessible as pop-up
windows throughout the SA, GA, and AT output
pages (Fig. 5). The set of libraries currently stored in
our database is summarized on the library informa-
tion Web page, and this list is linked to the same set of
pop-up information windows. The information stored
about each library includes the public release date for
each library, a brief title for the library, the three-letter
code used throughout the Web site, the MPSS method
(signature or full/classic), the type (MPSS, although
SAGE data is an un-implemented option), the anchor-
ing restriction enzyme (Dpnll or its isoschizomer
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Sau3A), the organism and ecotype from which the
tissue was obtained, and a short yet detailed descrip-
tion of how the plant material was grown and the RNA
obtained. The library information also includes sum-
mary statistics for the MPSS sequencing runs that were
obtained for each library, along with the name and
contact information of the individual who submitted
the sample.

We developed a tool to assess the sensitivity of the
MPSS data in our database. This tool is available on the
library information Web page. This tool will determine
the likelihood of detecting a transcript known to be
expressed at a particular level, based on the number of
signatures in a library or set of libraries. This calcula-
tion is based on a Poisson distribution and can be used
to determine the threshold of sensitivity for a given
library size. The user selects a confidence interval for
detection in a set of libraries that they are analyzing
and then selects the libraries or specific number of
signatures that they are analyzing. The number of
MPSS signatures (N) that was obtained for the selected
libraries is entered into the algorithm. The script then
calculates the lowest level of expression (in normal-
ized units of TPM) that is detectable at the selected
confidence level in the N-sized population of signa-
tures. This calculation is useful, because for a weakly
expressed transcript it is possible that the transcript
was present but not detected due to sampling error.
Although this calculation ignores the biological differ-
ences among libraries that may result in an absence of
a particular transcript, it does allow the user to de-

Flag indicates
signature spanning
splice site (green
when expressed)
Potential alternative

Duplic‘:amdz splicing, termination Potential
expression may or nested gene alternative Typical
be from other site termination signatures
in genome | / | \
| I FE* | B B = e

Arabidopsis MPSS Database and Analysis Tools

termine the level of expression that should be detected
within a given confidence level.

Signature Extraction and Query by Sequence

Some users may have specific sequences that they
would like to compare against the MPSS expression
data. For example, these sequences could include
cDNA sequences that have not been included in the
genomic data used in our site. The signature extraction
(SE) tool, located under the “query by sequence”
menu option on our Web site, allows the user to enter
one or more sequences in FASTA format. The SE
algorithm locates all occurrences of the anchoring site
for the enzyme used in the MPSS reactions, which is
GATC (from Dpnll) for the libraries in our database.
The potential signatures are then obtained from the
flanking sequence; these potential signatures include
either 13 or 16 bases 3’ of the GATC, depending on
whether the user is querying the 17- or 20-base
expression data, respectively. The signatures are ex-
tracted from 5’ to 3" and then, depending on the user’s
choice, the reverse complement of the strand is gen-
erated and signatures extracted in the same way. The
user selects the set of libraries to analyze and chooses
whether to show only signatures with expression data
or every potential signature extracted from the se-
quence. SE, like the advanced tool page described
above, allows the user to access MPSS data that has not
been mapped to the genome (Class 0 signatures).

Figure 8. Interpretation of expressed signatures of
different classes. A diagram of a gene is shown as
it would appear in our chromosome viewer or
gene analysis page. The gray triangles indicate
genomic signatures for which no MPSS expression
data has been identified, while the colored trian-
gles indicate different classes of signatures for
= which significant expression data exist. The leg-
end, below, is taken from our Web page, and

< S| = =

= a «
\
Anti-sense transcript Potential
or nested gene? anti-sense
transcript

o «d«

ORF or transcript

explains the relationship between the color of the
expressed signatures and our classification sys-
tem. The text in the figure indicates the interpre-
tation of expressed signatures that uniquely map
to introns, internal exons, anti-sense positions, or

Potential
un-annotated

Legend for viewer

to indicate 3 single gene.
Mote: Grey signatures indicate a lack of significant expression

Signature Class
inside annctated gena/feature)
2 (within 500 bp 3' of annotated gene/feature) b 4 P4

{znti-sense to annotated gene/festure)

b 4

(between gene/fe,
s 5 (within intron, sense strand) b4 | 2
[within intron, antisense strand)

s 7 (within 17 bp of an exon boundary: spliced)

Genes on top strand are shown in red; genes on bottom strand shown in
blue. Exons are separated in distinct boxes, but connected with gray lines

Duplicated Unigue signature

cedence rankl of classification: 1 =7 > 2 > 5 > 3 > & > 4 (for signatures of more

positions outside of currently annotated genes.
These transcripts, and the associated signature
classes, are discussed in more detail in Meyers
et al. (2004a).
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Help Pages and Frequently Asked Questions (FAQs)

We have linked help pages and a frequently asked
questions (FAQs) page throughout our site. This page
is launched through JavaScript as a pop-up box and
contains basic information to clarify some of the more
common difficulties that users encounter in under-
standing the MPSS data.

THE USE AND INTERPRETATION OF DATA FROM
THE ARABIDOPSIS MPSS WEBSITE

Analyses of the Arabidopsis MPSS expression data
indicate that a significant number of novel transcripts
are produced from this genome. While transcripts
matching to sense-strand expression of annotated
genes are predominant, the MPSS data also identify
alternatively terminated or polyadenylated tran-
scripts, antisense transcripts, and transcripts mapping
to intergenic regions (Meyers et al., 2004a, 2004b).
These novel transcripts are easily recognized in our
viewer. In Figure 8, we provide a guide for the in-
terpretation of the expressed signatures that map to
regions of the gene other than those expected for
normal transcripts that would map to the 3" end of the
sense strand. The white triangles indicate signatures
that are duplicated in the genome; if expression data is
found for a duplicated 17-base signature, the 20-base
MPSS data may provide validation of the source of the
expression data by providing a higher level of speci-
ficity. The quantitative and qualitative data that can be
obtained from the MPSS Web site should serve as the
starting point for additional laboratory-based experi-
ments to confirm these results. Measurements of gene
expression performed using different technology plat-
forms are likely to vary, and in some cases this
variation may be substantial.

The interface has been designed to display addi-
tional libraries. Each of the pages dynamically re-
sponds to the contents of the database. As new
libraries are added to the Web page, these appear
automatically on each of the pages described above.
We will take advantage of this design for future MPSS
projects; for example, we anticipate that our site will
soon host data for a new project that is generating
approximately 65 MPSS libraries from rice (Oryza
sativa; B.C. Meyers and G.L. Wang, unpublished data),
as well as data for the rice blast pathogen, Magnaporthe
grisea (G.L. Wang, C.D. Haudenschild, and B.C.
Meyers, unpublished data), and grape (Vitis vinifera; A.
Iandolino and B.C. Meyers, unpublished data). If more
than 20 MPSS libraries are obtained for any single
organism, it may become unwieldy to display these
data, as the tables would become much wider or taller
than would fit within a single Web page. Additional
modifications to the interface may become necessary
to show selected subsets of libraries in which a user
has a specific interest. As more eukaryotic genomes
become available in draft and finished forms, and
MPSS or SAGE data are more widely used to annotate
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and explore transcription in these genomes, it may be
advantageous to adapt the database and interface
described here to the genomes of these organisms.

The database and Web interface described above are
continually refined to improve the accuracy of the data
and to facilitate different types of analyses. For exam-
ple, analysis of the unmatched Class 0 signatures is
continuing, and many of these signatures are likely to
be matched with the impending release of the TIGR
version 5.0 annotation; this newer version includes
many more full-length cDNA sequences than the
version (3.0) that we are currently using (Haas et al.,
2003; Wortman et al., 2003 and C.D. Town, personal
communication). The higher-abundance Class 0 signa-
tures may be derived from as-yet uncharacterized
transcripts or splicing events, so additional full-length
cDNA sequences may be matched at a high rate by
these signatures (Meyers et al., 2004a). The customized
database and set of data-handling scripts make this
a unique repository for MPSS data; apart from the
libraries in our database, very little of these data are
available in the public domain, and those that are
available are extremely difficult to access or work with
in the absence of any bioinformatics tools (Jongeneel
et al, 2003). However, public access to the large
amounts of transcriptional data such as those gener-
ated by MPSS is extremely important. Our goal was to
build a simple and clearly-designed interface that
permits biologists to review and assess both the raw
and processed MPSS data and to build complex
queries to compare libraries. This is a novel public
resource for gene expression analysis, and for plant
biologists it offers a powerful means to analyze spe-
cific genes and gene families.
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