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Introduction

To facilitate global gene expression analysis and extract useful information from massive amount of data (e.g., generated by Affymetrix GeneChips and microarrays) to reveal biological insights, we have decided to initiate an effort to classify Arabidopsis genes based on related functions. Although KEGG and TAIR (including GO, AraCyc and gene family databases) have provided substantial information and TIGR and MIPS have offered systematic and updated Arabidopsis gene annotations, there is still a need of community effort to provide more “biologically oriented” information for each individual researcher to effectively analyze expression patterns of the whole plant genome using free or commercially available programs. For instance, there are numerous published research articles and reviews and websites that contain rich and useful information. However, it is impossible for a single person or a single lab to acquire all the information efficiently and use them effectively. Although the information could be systematically collected and organized to some extend by computer programs, its quality and accuracy will be the highest if more researchers can participate in contributing, evaluating and editing the information as an open resource. The ultimate goal of our small effort is to encourage plant scientists working on diverse areas and metabolic and regulatory pathways of Arabidopsis to share their knowledge about gene functions that they have become familiar with through their own work. We believe that this organized information of Arabidopsis gene functions will be applicable to other plant species and useful for comparative plant genome analyses when more plant genome sequences are completed in the future. 

It is our hope that there will be an organized effort involving as many members of the plant community as possible to facilitate the collection and presentation of the comprehensive information about Arabidopsis gene functions to a centralized database (e.g., at TAIR). Simple and organized gene function lists in a universally applicable format (e.g., tab-delimited excel file) can be systematically generated, e.g., genes involved in cytokinin signaling, chlorophyll biosynthesis, lignin formation, cell cycle, or transcription regulation, etc. Several excellent existing examples are the Arabidopsis gene lists involved in lipid metabolism (Beission and John Ohlrogge at Michigan State U; http://www.plantbiology.msu.edu/lipids/genesurvey/master_table.htm; Plant Physiol. 2003, 132(2): 681-97), transcription (Mendel and Ohio State University AtTFDB; http://arabidopsis.med.ohio-state.edu/AtTFDB/AtTFDBHelp.jsp), and chromatin functions (ChromDB at U Arizona; http://www.chromdb.org/). It would be most beneficial and effective if these gene function lists are also available and updated from a single web site. Since the annotation of transcription regulators (TR) is most critical in the analysis of gene expression patterns and gene function relationships, we first try to collect and update the gene lists for Arabidopsis TR (AtTR). 

Our lab members have also contributed to the generation of gene lists for a few regulatory pathways that have been well characterized in Arabidopsis. These gene lists are not currently available from any public websites or databases. Thus, we assumed that the effort is necessary and can serve as a starting point to provide individual researchers some basic tools to carry out “function-based” gene expression profile analysis by simply entering the gene lists into their favored computer programs. This function-based gene expression profile analysis could potentially help us make more biological sense with massive data sets, and define specific gene expression patterns and derive testable hypotheses. We also “updated” the latest TIGR annotation of Arabidopsis gene functions for analysis of data generated using Affymetrix GeneChip and microarrays by adding information collected from literature, websites and blast searches.

An Updated Gene List for Arabidopsis Transcription Regulators
The Resources and Procedure

For generating the AtTR gene list, we started to collect information from major databases, websites, blast searches, and the latest research and review articles. To perform theses tasks,  we used both manual procedures and Perl scripts. The Perl scripts are available upon request.

In addition to the information from various publicly available databases, we collect and organize data from latest publications by copying gene lists directly from tables and/or figures. In case only a single or a few genes was/were reported, we performed Basic Local Alignment Search Tool (BlastP) search to find other possible members in the family using as query the amino acid sequence of either the motifs or the gene itself when no obvious motifs are present. All Blast searches were carried out online using TIGR’s blast server, which runs WU BLAST 2.0 with default settings and TIGR’s Arabidopsis protein database release 3.0. The blast results were manually examined to ensure accurate interpretation. Detailed collection procedure is described as follows:

1. Our lab has been interested in transcription regulation of plant signal transduction pathways essential for hormone, sugar, stress, and defense responses. We started to organize the information of 549 transcription factors through literature search and domain blast in 2001. These genes were the starting point of the AtTR list. As the lab members started to analyze global gene expression profiles, the need to understand more Arabidopsis gene functions and the limit of available information in the public domain became clear to us. One of our first efforts is to generate a more comprehensive and updated list of AtTR. This list is available on our lab web site: http://genetics.mgh.Harvard.edu/sheenweb.

2. To add more genes to the AtTR list, the Arabidopsis Information Resource (TAIR: http://www.arabidopsis.org) Arabidopsis gene ontology annotations were filtered using keywords “transcription”, “DNA binding” and “RNA polymerase”. We also added transcription factor families from TAIR “Gene Family” database, which is compiled by TAIR from a number of researchers specializing in particular gene families. The list was manually examined to remove obvious false positives. We obtained 1162 genes through this filtering. 

3. We used a Perl script to match the family names adopted by Riechmann et al. (Reichmann et al. Science Vol.290 15 Dec. 2000) against the gene descriptions in The Institute for Genome Research (TIGR: http://www.tigr.org/tdb/e2k1/ath1/) Arabidopsis database release 3.0 to find more genes annotated as (putative) transcription factor or DNA binding proteins. The list was manually examined to remove genes that are not involved in transcription regulation. For example, the Zn-finger family is very diverse and demanded extensive manual editing. This resulted in 2189 candidate genes.

4. XW Deng’s Yale colleagues and lab members have been generating microarrays based on Arabidopsis TFs. We requested the unpublished list of 1856 genes and compared it with our own.

5. We became aware of the Ohio State University Arabidopsis Gene Regulatory Information Server (AGRIS) ATTFDB (http://arabidopsis.med.ohio-state.edu/AtTFDB/index.jsp) (Sue informed us the website this summer), which provides a comprehensive list of Arabidopsis Transcription factors with a total number of 1360 genes.

6. We added the list of transcription factors that Riechmann et al. at Mendel had discovered by surveying the whole Arabidopsis genome using both Blast and motif search (Reichmann et al. Science Vol. 290 15 Dec. 2000), which were recently made available through TAIR’s web site. The list contains 1465 unique genes, while Reichmann et al. reported 1533 transcription factors in the Arabidopsis genome in the above reference.

7. We extracted 289 genes that are involved in chromatin functions and remodeling activities from The Plant Chromatin Database (ChromDB: http://chromdb.biosci.arizona.edu/cgi-bin/v3/syndisp.cgi?id=1).

8. We filtered the stress genes published by Stress Consortium (http://stress-genomics.org/index.html) using keyword “transcription” to obtain a list of candidate transcription factors. 
9. We filtered the 620 well-defined Arabidopsis mutant genes from a recent review (Meinke et al. Plant Physiology, February 2003, Vol. 131, pp. 409–418) using keyword “transcription” to obtain a list of candidate transcription factors. We then manually examined the list to remove genes that are not involved in transcription regulation. We also went through the functional description of the mutant genes manually to ensure that we catch all the AtTR without the “transcription and DNA-binding” key words but are involved in transcription control in the mutant gene list. Finally we carried out BlastP search using protein sequences of selected genes or motifs to find other unknown but related family members.

10. We checked research papers and reviews that we are aware of and find more AtTR genes. References used to compile the AtTR gene list and detailed notes on specific families are presented below:

1) AS2 and LOB family

Comparison between the Asymmetric Leaves2 (AS2) gene family reviewed by Iwakawa et al. (Plant Cell Physio. 43(5). 467-478, 2002) and the Lateral Organ Boundaries (LOB) gene family reviewed by Shuai et al. (Plant Physio. June 2002, Vol. 129, pp. 747-761) revealed that they are two different names for the same family of genes. We also confirmed that the list is consistent with the LOB/AS2 list in TAIR Gene Family database.

2) bHLH

Gabriela Toledo-Ortiz et al. The Plant Cell, Vol. 15, 1749–1770, August 2003.

3) bZIP

Marc Jacoby et al. TIPS Vol.7 No.3, 106-111, March 2002. 

ABFs (ABA responsive element binding factor, AREBs): Hyung-in Choi et al. Journal of Biology Chemistry Vol. 275, 1723–1730, No. 3 2000
OBF: Bei Zhang etc. The Plant Journal (1993) 4(4), 711-716. TAIR keyword search using ‘OBF’ resulted in 3 genes: OBF4, OBF5 (TGA5), OBP1. Zhang et al. has reported one more gene: TGA1. The two lists were joined to get all 4 members.  OBF genes overlap with AREBs (Yuichi Uno et al. 11632–11637 PNAS vol. 97 no. 21, October 10, 2000).

4) BZR

Wang et al. Developmental Cell, Vol. 2, 505–513, April 2002.

5) Chromatin remodeling genes 

i) A website: ChromDB (http://chromdb.biosci.arizona.edu/cgi-bin/v3/syndisp.cgi?id=1). 

ii) A review by Wagner, Current Opinion in Plant Biology 2003, 6:20-28. 

iii) Chromatin remodeling complex subunit R (SWI2/SNF2 homologs): In the reference, Noh et al. The Plant Cell, Vol. 15, 1671–1682, July 2003 (PIE1, SNF1/ISWI), ISWI is a single gene. However, in ChromDB, it is listed as ‘Chromatin remodeling complex subunit R (SWI2/SNF2 homologs)’. Listed both in the AtTR table. 

iv) PICKLE: Ogas et al. PNAS, Vol. 96 no. 24, pp. 13839-13844, 1999. 

v) EBS: Piñeiro et al. The Plant Cell, Vol. 15, 1552–1562, July 2003.

6) CO-like genes 

There are totally 17 members discussed in the Plant Physiology review (Griffiths et al. Plant Physiology, Vol. 131, pp. 1855–1867, April 2003). BlastP using A56133, a protein record in GenBank that Riechmann et al. used to search for the CO-like genes (Science Vol.290, 2105-2100, 15 Dec. 2000), as query resulted in 33 genes with good scores. At1g06040.1 and At1g06040.2 were listed as two genes. The combined list of CO-like genes from the paper and blast contains 32 members, because we only use the AGI names without the version/alternative splicing number. There is one more detail worth mentioning here: COL10 is At5g48250 according to Griffiths et al. This information is also confirmed by Blast and information from TAIR and TIGR Arabidopsis databases. However, AtTFDB lists COL10 as At5g48520. We believe it is a mistake.

7) CPP

This family in the Ohio State University AtTFDB is incorrect.

8) Dof 

Shuichi Yanagisawa, TIPS Vol.7 No. 12, 555-560, Dec 2002.

9) E2F

Mariconti et al. J. of Bio. Chem. Vol.277 (12), pp. 9911-9919, March 22, 2002.

10) EMF1 

Aubert et al. The Plant Cell, Vol. 13, 1865–1875, August 2001.

11) EMF2 and EMF2-like subfamily of Polycomb Group (PcG) Proteins 

Yoshida et al. The Plant Cell, Vol. 13, 2471–2481, November 2001. The acidic-W/M domain in EMF2* (At5g51230) were used to blast TIGR Arabidopsis protein database. This resulted in three good matches including the two of the three EMF2 and EMF2-like genes discussed in the review mentioned above. The one that was not discussed in the paper is temporarily name EML2 following the naming of EML1.  

* Note that At5g51230 and At5g51240 refer to the same locus, which encodes gene EMF2. We used the former as the primary AGI in our list.

12) FHA (forkhead associated domain)

Moonil Kim el al. Journal of Bio Chem. Vol. 277, No. 41, pp. 38781-38790, October 11, 2002

13) GARP 

We did not follow the naming of the GARP super family in Riechmann et al. Science Vol.290, 2105-2110, 15 Dec. 2000. We classified the “GARP” genes to two families: ARR-B type and G2-like genes. However, two of the Pseudo ARR genes in our list were classified as GARP family members according to Mendel and Ohio AtTFDB. This is why we have 42 instead of 44 G2-like genes.

14) GATA

Jeong et al. Biochemical and Biophysical Research Communications 300 (2003), 555–562.

15) GeBP

Curaba et al, The Plant Journal (2003) 33, 305-317.

16) NAC

Mitsuhiro Aida et al. Development 126, 1563-1570 (1999) (CUC1 and CUC2 in NACs); Casper W. Vroemen et al. The Plant Cell, Vol. 15, 1563–1577, July 2003 (CUC3); Mitsuhiro Aida et al.

The Plant Cell, Vol. 15, 1563–1577, July 2003 (All the NACs in our compiled list)

17) PHOR1 

The first gene involved in GA signaling was identified in potato, Amador et al. Cell, Vol. 106, 343–354, August 10, 2001.

18) PIE1, SNF1/ISWI

Noh et al. The Plant Cell, Vol. 15, 1671–1682, July 2003.

19) There are up to 700 PPR protein genes in the Arabidopsis genome. We collected only 10 with “DNA-binding” description from the TIGR website name search.

20) A new review by Riechmann on Transcriptional Regulation: a Genome Overview from The Arabidopsis Book, 2002 American Society of Plant BiologistsCompiling the Final AtTR Gene List

The gene lists from all of the described sources including recent publications were integrated using a Perl script. The redundancy generated during the integration of different sources was eliminated by keeping all the information under the unique AGI locus number. The resulting list was again manually checked to remove genes that lack any evidence for the involvement in transcription regulation. For instance, some of the bZIP and Zn-finger protein genes were removed because there was no ‘transcription activity’ or ‘DNA-binding activity’ suggested based on TIGR’s annotation. We also removed all the chloroplast and ssDNA/RNA binding genes. However, we kept all the genes in the TAIR GO list with DNA binding or transcription activities in the description, and referred them as “putative DNA-binding proteins” and “putative transcription regulators”, respectively. While different RNA polymerases and TFIIs were classified as “General Transcription”. The final list contains a total of 2,863 genes.

A few other details

1. AGI locus numbers are not always available with the published genes. In this case, when the gene names were available, we used a Perl script to do a TAIR “quick search” first. For those genes that were out of luck in the first step and the GenBank accession numbers were listed, we got the DNA or protein sequences of the genes using “Batch Entrez” at National Center of Biotechnology Information (NCBI) and used a Perl script to perform a Basic Local Alignment Search Tool (BlastN or BlastP) search against TIGR ATH1 database and fetched the AGI number of the top match. If an accession representing a multi-gene record and/or all of the above steps failed to work, we repeated the last step manually. For example, we used keywords to help us locate the exact gene on the BAC and took that sequence to do Blast search. 

2. When the family assignment of a gene was different from different sources, we kept the family information from all the sources. However, when we calculated the total number of genes for each family, the following rules were followed:

If different sources assigned a gene to the same super family, we always considered the more specific family assignment first. If different sources based their family assignment on different domains of a gene, we adopted Mendel’s classification. Please see the examples below:

1) At5g04240 has both JUMONJI and C2H2 domains. We used the more specific domain to assign them to JUMONJI family.

2) At3g25730, At1g51120, At1g25560 and At1g50680 have both AP2 and B3 domains according to TAIR. Mendel put them into AP2/EREBP domain family, whereas AtTFDB assigned them to ABI3/VP1 B3 domain family. Following Mendel’s classification, we put them in AP2/EREBP family. 

3) At1g34170, At1g35520, At1g35540, At1g77850, At5g62000, At5g60450 and At4g30080 all have B3 domain based on TAIR annotation. We adopted the classification Mendel already established to assign them to ARF family.

4) At4g24470 has a GATA type C2C2(Zn) domain. At5g12850 and At5g07500 have a C3H domain. None of the above genes contain any C2H2(Zn) domain according to TAIR annotation, yet AtTFDB put them into C2H2 family. In this case, we followed Mendel’s classification assigning At4g24470 to GATA family and At5g12850 and At5g07500 to C3H domain family.

5) When a new family was discovered through Blast using a known founding member as a query, we used the existing domain if it was known or the gene name as the family name. For example, BlastP using HUA2 (At5g23150) (Meinke et al. Plant Physiology, Vol. 131, pp. 409–418, February 2003) as query (sequence from TAIR) revealed a family of four members. Since HUA2 and most of the Blast hits contained a PWWP domain, we named the new family PWWP domain protein. Similarly, we named a new family FHA (forkhead associated) (Moonil Kim el al. Journal of Bio Chem. Vol 277, No. 41, pp. 38781-38790, October 11, 2002) of five members resulted from BlastP search using EMB1967 (At3g54350) (Meinke et al. Plant Physiology,  Vol. 131, pp. 409–418, February 2003) as query. However, PHOR1 family (Virginia Amador et al. Cell, Vol. 106, 343–354, August 10, 2001) is an example that we used gene name as the family name.

