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Abstract We have recently developed a database,
pDAWG, focused on information related to plant cell walls.
Currently, pDAWG contains seven complete plant
genomes, 12 complete algal genomes, along with computed
information for individual proteins encoded in these
genomes of the following types: (a) carbohydrate active
enzyme (CAZy) family information when applicable;
(b) phylogenetic trees of cell wall-related CAZy family
proteins; (c) protein structure models if available; (d)
physical and predicted interactions among proteins; (e)
subcellular localization; (f) Pfam domain information; and
(g) homology-based functional prediction. A querying
system with a graphical interface allows a user to quickly
compose information of different sorts about individual
genes/proteins and to display the composite information in
an intuitive manner, facilitating comparative analyses and
knowledge discovery about cell wall genes. pDAWG can
be accessed at http://csbl1.bmb.uga.edu/pDAWG/.
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Introduction

Considerable funding from federal and private agencies
invested into biomass-based energy research in recent years
has greatly accelerated the genome sequencing and omic
data generation of biofuel-related plants and algae. As a
result, at least seven plants and 12 algae have their genomes
sequenced, and over 60 additional plants and algal genomes
are in the pipeline of being sequenced and assembled.
Computational analyses of these genomes and the associ-
ated omic data have led to vast amount of computed
information about these organisms, which is generally
reliable enough to be useful. The advent of the data
generation capabilities has led to the development and
deployment of a number of databases focused on plants
such as PlantGDB [1], Phytozome [2], PlantTribes [3],
GreenPhylDB [4], and Phytome [5]. In addition, a few
databases specifically for plant cell wall syntheses and
remodeling have also been developed. For example, the
Cell Wall Navigator database at the UC Riverside [6] and
the Cell Wall Gene Families database at Purdue University
[7] classify cell wall-related enzymes, structural proteins,
and signaling proteins into different families, and the Rice
GT database is specifically designed for rice glycosyltrans-
ferase families [8].

While each of these databases provides some aspects of
cell wall-related information, it has not been easy for a
typical biofuel researcher to fully utilize all the information
directly stored in individual databases or easily derivable
through cross-referencing multiple databases. There are two
general issues: (a) most of these databases are located at
different locations on the Internet often using different input
and output data formats, and (b) there has been lack of
easy-to-use interfaces that link these databases to facilitate
integrated analyses of cell wall genes, taking into consid-
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eration of multiple types of information. There is a clearly
and rapidly increasing need for utilizing multiple types of
information to improve the reliability of computationally
predicted data and to cross-validate predictions, each
having only weak supporting evidence. For example, to
predict the function of a protein, one often has to consider
not only sequence and structure information [9–13] but also
phylogeny [14], gene expression [15], and other informa-
tion [16].

To address this issue, we have recently developed a
prototype database, pDAWG, containing multiple types of
information all related to plant cell wall studies and
equipped with search capabilities allowing easy information
integration in an intuitive manner. Our goal was to
ultimately develop a one-stop shop database containing all
the key information derivable from genomes essential to
studies of plant cell wall genes. Currently, the database
contains seven complete plant and 12 complete algal
genomes along with various types of functional, structural,
and evolutionary information about plant cell wall genes,
namely, (a) carbohydrate active enzyme (CAZy) family
information when applicable; (b) Pfam domain information;
(c) phylogenetic trees of cell wall-related CAZy proteins;
(d) protein structure models if available; (e) physical and
predicted interactions among proteins; (f) subcellular local-
izations; and (g) homology-based functional prediction. We
intend to continue to expand this database by including
both new experimental and computational data when they
become available. By using the same gene identifier for
different types of information in our database, one can
easily assemble a composite view covering different aspects
of individual cell wall genes as well as comparative views
of different genes across multiple genomes, facilitating
comparative analyses of cell wall genes.

The pDWAG Database

Currently, the pDAWG database contains the following
seven types of information about individual genes in
addition to the 19 complete genomes. In addition to the
seven types of data, we have also developed an interactive
system allowing users to post their comments and sugges-
tions to our database, which we will use to improve the data
quality in our database. To ensure quality of the suggestions
and comments, only users with approved logins can enter
their feedbacks of using our system, while other users can
view the comments.

Plant and Algal Genomes

Seven complete plant and 12 complete algal genomes are
stored in the pDAWG database, along with their “standard”

annotations downloaded from various databases, including
annotated genes, gene structures, and protein functions
among others. We included 12 algal genomes to facilitate
comparative genome analyses related to plant cell wall
genes. Among these algal genomes, the six green algae
belong to “green plants” or “plantae,” while the other six
are either plant-like or fungi-like. Table 1 gives the names
of the complete genomes included in our database along
with the associated information such as the source from
where the genome is downloaded. A subset of these
genomes has been used in one of our previous papers
[17]. We plan to update this portion of the database by
adding any new complete plant and algal genomes on a
regular basis. For example, in our planned next release of
the pDAWG database, we will include genomes of papaya
[18] and soybean.

CAZy Family and Pfam Information

We have predicted the members of the CAZy families
[19] in the 19 genomes in pDAWG. The procedure we
used is as follows. For each CAZy family, we tried to find
the corresponding Pfam hidden Markov model (HMM)
model. We found that among the 285 CAZy families, 142
have Pfam links provided by the CAZy families. Using
RPS-BLAST [20] search against the NCBI CDD database
[21], we linked additional 69 CAZy families to Pfam
families. Overall, the 211 (142+69) CAZy families are
represented by 185 Pfam HMMs (some CAZy families
share the same Pfam HMM). Using these 185 HMMs, we
searched the 19 complete genomes using HMMER [22]
with E value cutoff 1e−2. Out of the 185 HMMs, 122 have
hits in the 19 genomes, and 114 have at least two hits,
which correspond to 133 CAZy families. For each of the
114 HMMs, we have stored the identified sequence in the
FASTA format along with the gene’s identifier. In addition,
we have also tried to identify the Pfam family for each
encoded protein in the 19 genomes by running pfam_scan.
pl against Pfam 23.0, which returns one or more Pfam ID
for most proteins.

This capability of pDAWG enables a user to easily
retrieve the protein list of his/her interested CAZy
families in one or multiple genomes. For example, by
clicking CAZy Families on the pDAWG menu (see
“Searching Capability in pDAWG”), a user can go to the
page showing the first level of CAZy classification: GT,
GH, CE, PL, or CBM; from there, the user can select, say
GT, to go to the next page showing all the GT families; by
clicking on a particular GT family, say GT2, one can go to
the page of GT2 in all the 19 genomes; by clicking on one
specific genome, the user can get to the page with all the
proteins having the Pfam GT2 domains in the selected
genome.
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Phylogenetic Trees of Cell Wall Proteins

For each of the 114 Pfam HMMs representing 133 CAZy
members with hits in the 19 genomes, we have built a
phylogenetic tree among the homologous proteins in the 19
genomes by first building a multiple sequence alignment
using MAFFT [23] and then running PhyML [24] to
construct a maximum likelihood tree (100 bootstrap
replicates were generated). It should be noted that this
automatic alignment and tree building process could be
improved by editing automatically or manually the multiple
sequence alignments [25]. We plan to include an automatic
alignment editing procedure by using Gblocks [26] in the
next release of pDAWG. Each of the constructed trees gives
the phylogeny of a plant CAZy family based on the
conserved Pfam domains of the plant or algal proteins of
that family. Currently, a small number of families such as the
GT2 family are missing from our collection of trees since
their family sizes are too large for the tree construction
programs that we used. We anticipate that this problem will
be solved in the very near future using other less computa-
tionally demanding tree construction programs.

By selecting Phylogeny in the pDAWG menu, a user can
go to the page having links to all the CAZy families with
phylogeny built. Clicking on an interested family will lead
the user to a new page showing the maximum likelihood
tree of the family; all the leave names are clickable linking
to the page containing all the annotation information of the
gene from other databases.

Protein Structure Models

We have attempted to predict the three-dimensional
structure model for each of the proteins with no more than
500aa in length encoded in the 19 genomes in pDAWG
using the MUSTER program [27], presumably the best
threading-based protein structure prediction program in the
public domain. In our prediction, we have used a template
library consisting of all the PDB structures [28] sharing
<70% sequence identity with any other protein in the
library. If a template structure has multiple structural
domains, we manually partition the structure into individual
domains and include each domain structure in our template
library in addition to the whole multi-domain structure. For
each protein encoded in the 19 genomes, its threaded
structures are ranked by the threading Z scores, and the best
five structures with Z scores >7.5 (empirically determined
cutoff for reliable predictions), if any, are input into the
MODELLER program [29] to generate the full-length
atomic structures, which are stored in the pDAWG
database. The protein structure sub-database currently
consists of 113,583 structures from 19 genomes, which
we consider as generally reliable.

The predicted that structures can be visualized using any
molecular visualization software, such as Rasmol and
Pymol. The default viewer used in pDAWG development
is Rasmol. The pDAWG PDB file can be opened by Rasmol
directly from browser if the file extension .pdb is used.
Conserved residues or functional sites on protein structures

Table 1 19 complete genomes in pDAWG

sn. Abbreviation Clade Species Genome published/released

1 phr Stramenopiles Phytophthora ramorum [19]

2 phs Stramenopiles Phytophthora sojae [19]

3 tp Diatom Thalassiosira pseudonana [20]

4 pht Diatom Phaeodactylum tricornutum [21]

5 aa Brown tide algae Aureococcus anophagefferens JGI

6 cm Red algae Cyanidioschyzon merolae [22]

7 mpc Green algae Micromonas pusilla CCMP1545 [23]

8 mpr Green algae Micromonas strain RCC299 [23]

9 ol Green algae Ostreococcus lucimarinus [24]

10 ot Green algae Ostreococcus tauri [25]

11 cr Green algae Chlamydomonas reinhardtii [26]

12 vc Green algae Volvox carteri f. nagariensis JGI

13 pp Moss Physcomitrella patens ssp patens [27]

14 sm Spike moss Selaginella moellendorffii JGI

15 pt Dicot Populus trichocarpa [28]

16 at Dicot Arabidopsis thaliana [29]

17 vv Dicot Vitis vinifera [30]

18 os Monocot Oryza sativa [31, 32]

19 sb Monocot Sorghum bicolor [33]
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can be displayed on the structures. A user can also compare
the structure similarity between two proteins using any
structural alignment tool such as TM-align [30], which is in
the process of being integrated into the pDAWG toolkit.

PPI Data

While we have constructed protein–protein interaction
(PPIs) for proteins encoded in the 19 genomes, we currently
have PPIs at a proteomic scale only for Arabidopsis and are
in the process of adding the proteomic scale PPI data for
Populus. The PPIs for Arabidopsis were generated by
integrating four PPI sets. Two were constructed based on
literature search and downloaded from the TAIR ftp site
and from the IntAct database [31], respectively. The other
two were downloaded from the computationally predicted
interactome for Arabidopsis [32] and from the Arabidopsis
thaliana Protein Interactome Database [33], respectively.
The PPI data for the other 18 genomes were retrieved from
the DOMINE database [34], which were all experimentally
validated. Table 2 summarizes the amount of PPI data for
each of the 19 genomes.

The PPI data in pDAWG can be accessed in two ways:
through Genomes or through Protein–Protein Interaction
listed in the main menu of pDAWG. Through the Genomes
option, one can select a specific genome by clicking on the
name of the genome; a list of genes will be displayed, and
then clicking on the link “PPI” under “Other” column, then
the user will be able to see a list of interacted proteins. By

clicking on the menu Protein–Protein Interaction and then
clicking on the genome name, the user will be able to see
the displayed interaction map using the SVG viewer plug-
in, which requires the installation of this plug-in on the
user’s browser.

Protein Subcellular Localization

We have predicted the subcellular locations for each protein
in the pDAWG database using three prediction programs,
PSORT[35], Predotar [36], and SubLoc [37]. We also
provided subcellular localization for A. thaliana and Oryza
sativa by using their species-specific predictor AtSubP [38]
and RSLpred [39], respectively. We assign a subcellular
location prediction to a protein only if at least two programs
provide the prediction for the protein. Currently, 98.6% of
proteins have assigned subcellular localization information
across the 19 genomes. Figure 1 shows the protein
distributions of 11 subcellular localizations across 19
genomes. The localization information gives a user the
spatial information about where proteins and specific
biological pathways may function. A user can browse the
subcellular localization information through the Subcellular
Localization or Genomes menu.

EST Data

We have downloaded all the available expressed sequence
tag (EST) data along with the associated experimental

Table 2 PPI data for the 19 genomes in pDAWG

sn. Abbreviation Species Number of PPI Number of proteins having PPI data

1 phr Phytophthora ramorum 5,929 633

2 phs Phytophthora sojae 8,894 877

3 tp Thalassiosira pseudonana 2,313 388

4 pht Phaeodactylum tricornutum 1,761 319

5 aa Aureococcus anophagefferens 11,767 764

6 cm Cyanidioschyzon merolae 839 225

7 mpc Micromonas pusilla CCMP1545 2,238 413

8 mpr Micromonas strain RCC299 1,967 393

9 ol Ostreococcus lucimarinus 1,693 317

10 ot Ostreococcus tauri 1,392 297

11 cr Chlamydomonas reinhardtii 4,342 601

12 vc Volvox carteri f. nagariensis 4,326 671

13 pp Physcomitrella patens ssp patens 14,950 1,129

14 sm Selaginella moellendorffii 25,290 1,560

15 pt Populus trichocarpa 36121 2,316

16 at Arabidopsis thaliana 45,059 13,346

17 vv Vitis vinifera 15,547 1,316

18 os Oryza sativa 40,508 2,141

19 sb Sorghum bicolor 18,654 1,334
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conditions from PlantGDB [1] for all the seven land plants
and three green algae in pDAWG so a user can easily
find out if a gene might be expressed under some
conditions. These ESTs are actually longer UniGenes
assembled by PlantGDB and thus should be in a better
quality than raw EST sequences. Other EST data will be
added to pDAWG once they become available. The EST
data can be accessed through the gene information page
for each gene where one can submit the protein sequence
to do BLAST search against the EST database; from the
resulting BLAST result page, the user can click the gi
number of the hit EST linking to NCBI to find out its
expression location and so on.

Searching Capability in pDAWG

In addition, the intuitive browsing capability in pDAWG
provides a search capability for a user to directly get the
information he/she may be interested through two search

options: (a) search by specifications and (b) search by
sequence.

Search by Specification

pDAWG provides a “Query Builder” which can be accessed
from the menu Search for Genes to facilitate a user to search
its database. The Query Builder currently provides 16
categories of specifications such as gene name, species
name, Pfam domain, CAZy family. Under each of these
categories, a user can input a name, value, or even an
expression (or leaving it blank). The user can link the
specified conditions using logic operations like “AND” or
“OR”. For example, a user can compose a query accom-
plishing the following: find all proteins in CAZY GT8 family
in Arabidopsis located in Golgi through the Query Builder.
pDAWG converts such queries into SQL queries, searches its
database, and then returns the search results on a result page.
The detailed information about constructing a query through
Query Builder is provided in the Tutorial page of pDAWG.

Fig. 1 Distributions of subcellular localizations across 19 genomes predicted by PSORT. The x-axis represents the genome axis and the y-axis
represents the relative abundance of proteins in each of 11 major locations (color-coded)
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Search by Sequence

pDAWG also provides a search interface for a user to find
available information in pDAWG about a specific gene. To
do this, a user will need to click the menu BLAST and enter
the sequence of the gene and then select a database from a
collection of user-specified databases, including the protein
sequence database for all pDAWG genes, the protein
sequence databases for individual organisms, and the EST
databases and then click Submit to run BLAST. For
detailed information about this search capability, we refer
the reader to the Tutorial page of the pDAWG.

pDAWG Interface and Implementation

All functions provided by pDAWG can be accessed from the
menu bar on top of each pDAWG page. The menu items (other
than Tutorial) are in two categories: browsing menu items and
searching menu items. The first six menu items Genomes,
CAZy families, Subcellular Localization, Phylogeny, and
Protein–Protein Interaction can lead the user to browse the
corresponding database. The menu items Search for Genes
and BLAST provide the capability to search the database.

The pDAWG database is implemented on a Fedora 8 linux
computer, the web server is apache 2.2.8, the database is
MySQL 5.0.45, and PHP is used as the script language to
generate dynamic webpages.

Application Examples

We use the following example to showcase how the pDAWG
data can help identify putatively novel cell wall-related genes.
Our query is an A. thaliana gene: AT5G20260 of the GT47
family, which has been shown to be involved in both xylan
and pectin biosynthesis [40, 41]. A user can go to the search
page, type in “AT5G20260,” and click “Submit.” The search
result is shown in a table where the first column is the gene
ID and the last column is the relevant information retrieved
from the database, such as the PPI, the subcellular localiza-
tion, the CAZy family to which the query gene belongs. If
clicking on the “PPI” link in the column, the user will be
directed to a new page with a table listing all the protein–
protein interaction pairs involving the query gene. In this
case, this gene has two interaction partners: AT5G25310, also
a GT47 gene, and AT3G55830, a GT64 gene. Interestingly,
the latter is implicated to play a role in pectin synthesis [42],

Fig. 2 Phylogenetic tree
generated from top 14 BLAST
hits in pDAWG for Arabidopsis
SND1 gene
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and our PPI data indicate an interaction between this gene and
a GT47 gene, supporting the hypothesis that this GT64 gene
may be a novel cell wall-related gene. Nevertheless, further
experimental evidences are clearly needed to confirm this.

We now use another example to illustrate how to use
pDAWG and its search capability. The example is to find
the Poplar ortholog of the Arabidopsis SND1 protein, a key
transcription factor controlling the secondary cell wall
synthesis [43]. One way to do this through pDAWG is to
find its plant homologs first and then build a phylogeny and
then predict the homolog that is phylogenetically closest to
the Arabidopsis SND1 to be its ortholog.

Step 1. Go to the pDAWG BLAST page; copy and paste
the protein sequence of SND1 into the text box in
the page; choose the database All pDAWG
genomes. Select 1e−6 in the e value box as the
BLAST E value cutoff; and click the Submit
button. In this case, over 500 hits are found and
only the top 500 hits are shown. This number is
too large for the current phylogeny reconstruction
program. To reduce the number, the user can
consider only the close homologs by selecting
1e−70 as the E value cutoff and repeat the above
procedure. Now, 14 hits are returned.

Step 2. Clicking on the gene name of each hit will show
the detailed information about that gene. Clicking
the first clickable “here” on the top of the table will
show the Blast output file including the sequence
alignment. Clicking the second clickable “here”
will save a file. In this case, the box asks whether
to save the 14 hits in one FASTA file; click “save.”

Step 3. Click “this website” to link to the webpage
“www.phylogeny.fr,” a phylogenetic tree con-
struction web site for non-specialists [44]. The
system will run a predefined workflow consisting
of a multiple tree construction tools using default
parameters if the user clicks on “one click.” A
dialog webpage will appear on the screen; click
on “browse” and then choose the FASTA file that
was just saved; enter an e-mail address and then
click Submit. It will return a tree in minutes.

Figure 2 shows a tree constructed using the above
procedure. In this case, the most likely Poplar ortholog of the
query Arabidopsis SND1 is the gene estExt_Genewise1_
v1.C_LG_I5469. By going through the above procedure,
phylogenetic trees can be generated for all homologous
proteins of the query in 19 plant and algal genomes.
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