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Abstract This article deals with the origin and evolu
tion of the DOF transcription factor family through a 
phylogenetic analysis of those DOF sequences identi-
Wed from a variety of representative organisms from 
diVerent taxonomic groups: the green unicellular alga 
Chlamydomonas reinhardtii, the moss Physcomitrella 
patens, the fern Selaginella moellendorYi, the gymno-
sperm Pinus taeda, the dicotyledoneous Arabidopsis 
thaliana and the monocotyledoneous angiosperms 
Oryza sativa and Hordeum vulgare. In barley, we have 
identiWed 26 diVerent DOF genes by sequence analy
ses of clones isolated from the screening of genomic 
libraries and of ESTs, whereas a single DOF gene was 
identiWed by bioinformatics searches in the Chlamydo-
monas genome. The phylogenetic analysis groups all 
these genes into six major clusters of orthologs origi
nated from a primary basal grade. Our results suggest 
that duplications of an ancestral DOF, probably 
formed in the photosynthetic eukaryotic ancestor, fol
lowed by subsequent neo-, sub-functionalization and 
pseudogenization processes would have triggered the 
expansion of the DOF family. Loss, acquisition and 
shuZing of conserved motifs among the new DOFs 

likely underlie the mechanism of formation of the dis
tinct subfamilies. 
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Introduction 

Gene expression is regulated in living cells through 
different mechanisms, although the most important one 
is transcriptional control. DNA-binding transcription 
factors (TFs) regulate the rate of transcription by inter
acting, through their DNA-binding domains, with cis-
regulatory elements (CREs) in the promoters of their 
target genes. DNA-binding domains are, in general, 
highly conserved and have been used to classify the TFs 
into families. Some of these families are common to 
most eukaryotic organisms but others are specific to a 
given taxonomic group. A family of TFs putatively spe
cific to plants is the DOF (DNA-binding with One Fin
ger) family (Yanagisawa 2002; Lijavetzky et al. 2003). 
DOF proteins share a DNA-binding domain of 52 
amino acid residues that is structured as a Cys2/Cys2 
Zn2+ finger (Umemura et al. 2004) that recognizes CREs 
containing the common core 5'-AAAG-3' (Yanagisawa 
and Schmidt 1999). Phylogenetic relationships between 
rice and Arabidopsis DOF proteins have been previ
ously established (Lijavetzky et al. 2003), and four major 
clusters of orthologous genes (MCOGs) identified. Phy
logenetic analyses have been also described for other 
plant TF families such as the WRKY, R2R3-MYB, 
bZIP, MADS, GATA, etc. (Eulgem et al. 2000; Martin 
and Paz-Ares 1997; Jakoby et al. 2002; Parenicova et al. 
2003; Reyes et al. 2004), and some of these analysis have 



focused on the origin and expansion of a particular TF 
family. Zhang and Wang (2005) proposed that WRKY 
genes were originated in early eukaryotes and greatly 
expanded in plants. Becker and Theissen (2003) 
reported that MADS diversity is rather ancient, and Shi-
gyo et al. (2006) showed that the AP2 subfamily 
diverged into the AP2 and ANT groups before the ori
gin of the land-plant lineage. In addition, Maizel et al. 
(2005) demonstrated that the DNA binding domain of 
the LEAFY MADS TF, although largely conserved 
from mosses to angiosperms, has diverged in activity. 

DOF TFs have been suggested to participate in the 
regulation of vital processes exclusive to plants such as 
photosynthetic carbon assimilation, light-regulated gene 
expression, accumulation of seed-storage proteins, ger
mination, dormancy, response to phytohormones, Xow-
ering time, and guard cell-speciWc gene expression 
(Lijavetzky et al. 2003 and references cited therein) that 
represent important adaptations acquired throughout 
plant evolution. Therefore, a phylogenetic analysis of 
this gene family in the representative species of diVerent 
taxonomic groups appeared through this process seems 
to be pertinent. In this study, we have performed such 
an analysis. The search of public databases allowed us 
the identiWcation of a single DOF gene in the green uni
cellular alga Chlamydomonas reinhardtii, 9 DOF genes 
in the genome of the moss Physcomitrella patens, 8 in 
the fern Selaginella moellendorYi, and 8 in the gymno-
sperm Pinus taeda, besides the 36 genes previously iden-
tiWed in the genome of the dicotyledoneous angiosperm 
A. thaliana, and the 30 genes in the monocot Oryza 
sativa (Lijavetzky et al. 2003). In barley, we have charac
terized 24 new diVerent genes from BAC and genomic 
libraries and from ESTs, besides the Pbf and Sad genes 
previously identiWed by us (Mena et al. 1998; Isabel-
LaMoneda et al. 2003). The phylogenetic analysis of all 
these DOFs, using Bayesian inference, shows that they 
can be grouped into six major clusters of orthologous 
and paralogous genes that probably originated by gene 
duplication events from a paraphyletic basal grade (sub
family A). Our results suggest that gain and loss of con
served motifs among the seven subfamilies identiWed, as 
well as neofunctionalization, pseudogenization and sub-
functionalization processes seem to have occurred 
throughout the evolutionary process. 

Materials and methods 

Screening of barley genomic, BAC and EST libraries 

A 150 bp probe corresponding to the DOF domain of 
the barley Pbf gene (Mena et al. 1998) was used to 

screen a Hordeum vulgare cv Morex BAC library and a 
cv Igri genomic library in Lambda FIXII (Stratagene; 
Isabel-LaMoneda etal. 2003). Eight filters from the 
BAC Library HV_MBa (Clemson University Genom
ics Institute; Yu et al. 2000) representing 3.12 times the 
barley genome were hybridized under standard condi
tions (Sambrook and Russell 2001). DNA of selected 
clones, which was isolated through R.E.A.L. Prep 96 
Plasmid Kit (QIAGEN), was first sequenced with a 
specific primer for the DOF domain (5' ACA-
CCAAGTTCTGCTAC 3') and subsequently with spe
cific primers for each gene. The genomic library 
representing 5 x 10 plaque forming units was plated 
after infection of the E. coli strain XL1-blue MRF, the 
plates were transferred onto Hybond-N membranes 
(Amersham) and the filters hybridized and washed 
under standard conditions. Several positive plaques 
were identified and their nucleotide sequences deter
mined with vector-specific primers. These nucleotide 
sequences were used to search for ESTs of DOF genes 
in publicly available libraries, using the BLASTN pro
gram (Altschul et al. 1997) at the “National Center for 
Biotechnology Information” (NCBI) website (http:// 
www.ncbi.nlm.nih.gov/). Selected ESTs were obtained 
and sequenced in both strands using vector-specific 
primers. All the DNA sequences were obtained in an 
automated DNA sequencer (ABI PRISM TM 3100; 
Perkin Elmer-Applied Biosystems). Sequences of 
genomic clones, BACs and ESTs were assembled at 
“The Cap EST Assembler” from IFOM (The FIRC 
Institute of Molecular Oncology) website (http:// 
www.bio.ifom-firc.it/ASSEMBLY/assemble.html), and 
non-redundant genes identified through BLASTC-
LUST within the BLAST package (Altschul et al. 
1997) downloaded at NCBI. 

Bioinformatic search for new DOF genes 

The nucleotide DOF domain sequences of barley Pbf 
and HvDof1, rice OsDof16 (Os03g60630) and Arabid-
opsis AtDof3 (At5g60850) genes were used to search 
for potential DOF genes in the genome of Saccharo-
myces cerevisiae, Caenorhabditis elegans, Drosophila 
melanogaster, Danio rerio, Mus musculus, Pinus taeda, 
Physcomitrella patens, Selaginella moellendorffii, Chla-
mydomonas reinhardtii, Cyanidioschyzon merolae, 
Galdieria sulphuraria and Emiliania huxleyi through 
BLASTN, TBLASTX and discontinuous MEGA-
BLAST (Altschul et al. 1997) at the “Plant Genome 
DataBase” (http://www.plantgdb.org/), “Chlamy Center” 
(http://www.chlamy.org/), NCBI and “Cyanidioschy
zon merolae Genome project” (http://www.merolae. 
biol.s.u-tokyo.ac.jp/) websites. 
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Phylogenetic tree 

The amino acid sequences of the DOF genes from C. 
reinhardtii, P. patens, S. moellendorYi, P. taeda, H. 
vulgare, O. sativa, and A. thaliana were deduced 
through the “Translate tool” at ExPASy Proteomics 
Server (http://www.expasy.ch/). The identiWcation of 
a homologous region in all these protein sequences 
that spanned the classical DOF-binding domain plus 
three amino acid residues at its end was performed 
through a multiple alignment using CLUSTAL W 
(Thompson et al. 1997). The alignment of these 
homologous regions prior to the phylogenetic analy
sis was also carried out by means of CLUSTAL W. A 
tree was inferred by Bayesian phylogenetic inference 
using MrBayes v3.1 (Huelsenbeck and Ronquist 
2001). Four Markov chains (default temperature) 
starting with a random tree were run simultaneously 
for 15,000,000 generations with sampling from the 
trees made every 1,500th generation under the Day-
hoV model (DayhoV et al. 1978). Altogether 2,500 
trees (out of 10,000) were discarded as the burn-in 
based on the stationary phase. Each analysis was 
done twice, and the Wnal tree was computed from the 
combination of accepted trees from each analysis. 
Convergence between the two runs was tested after 
examination of the potential scale reduction factor 
(PSRF), which was 1.000, and the standard deviation 
of split frequencies, which was below 0.01. Robust
ness of the inferred tree was evaluated using Bayesian 
posterior probabilities. 

IdentiWcation of conserved motifs 

The deduced protein sequences of the 116 DOF genes 
from C. reinhardtii, P. patens, S. moellendorYi, P. 
taeda, H. vulgare, O. sativa and A. thaliana were ana
lyzed by means of the MEME program (http:// 
www.meme.sdsc.edu/meme/ meme.html) as described 
by Bailey and Elkan (1994). Default parameters were 
used with the following exceptions: the occurrence of a 
single motif was set to any number of repetitions, the 
maximum number of motifs to Wnd was set to 60 and 
the minimum width of each motif was set to eight 
amino acid residues. 

Shown consensus sequences follow the criteria of 
Joshi et al. (1997): a single capital letter is given if the 
relative frequency of a single residue at a certain posi
tion is greater than 50% and greater than twice that of 
the second most frequent residue. When no single 
residue satisWes these criteria, a pair of residues is 
assigned as capital letters in brackets if the sum of 
their relative frequencies exceeds 75%. If neither of 

these criteria is fulWlled, a lower-case letter is given if 
the relative frequency of a residue is greater than 
40%. Otherwise, x is given. Conserved motifs identi-
Wed by MEME were scanned using WoLF PSORT 
(Nakai and Horton 1999) at PSORT server (http:// 
www.psort.org/) to identify subcellular localization 
signals. 

Comparison of sequences to determine 
the exon–intron structure of the genes 

EST sequences and JGI gene models vs 2.0 obtained at 
the “Chlamy center” (http://www.chlamy.org/) besides 
H. vulgare and P. patens genomic and EST/cDNA 
sequences were compared through EMBOSS Pairwise 
Alignment Algorithm—method needle (global)—at 
“European Bioinformatics Institute” website (http:// 
www.ebi.ac.uk/emboss/align/). Exon–intron structure 
of some genes from H. vulgare was inferred from com
parison with their putative orthologous genes from O. 
sativa, and those of SmDof3 and SmDof4 by mutual 
comparison through the same algorithm. The exon– 
intron structure of the A. thaliana and O. sativa genes is 
that of the TAIR (The Arabidopsis Information 
Resource) website (http://www.arabidopsis.org/) and 
“The TIGR Rice Genomic Annotation Project” (http:// 
www.tigr.org/tdb/e2k1/osa1/). 

Expression pattern and duplicated DOF genes 
in A. thaliana 

Processed absolute signal intensity values (linear 
data) from ATH1_22K array were obtained by means 
of the META-ANALIZER tool at the GENEVESTI-
GATOR program (Zimmermann et al. 2004; http:// 
www.genevestigator.ethz.ch/). Data corresponding to 
developmental stages based on the key ontology from 
Boyes et al. (2001) were normalized for gray scale 
such that the signal corresponding to intensity 1500 
was assigned the value 100% (black) and absence of 
signal 0% (white). For data corresponding to 
response to light, a “ + / ¡ ” mark was assigned if the 
response of the gene under treatment was, respec
tively, higher/lower than the signal intensity of the 
control. DOF genes in A. thaliana duplicated genomic 
regions were identiWed at “MATDB: Redundancy 
Viewer” and “MATDB: Segmental Duplications” 
from MIPS (Munich Information Center for Protein 
Sequences) (http://www.mips.gsf.de/projects/plants/). 
Data for duplicated DOF genes were normalized for 
gray scale such that the maximum value intensity 
reached for each couple of duplicates was assigned 
100% (black). 
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Results 

Search for new DOF genes: only positive matches 
were found in plants and plant-related organisms 

We started to search for members of the DOF family in 
the yeast Saccharomyces cerevisiae, the nematode 
Caenorhabditis elegans, the insect Drosophila melanog-
aster, the fish Danio rerio, and the mammalian Mus mus-
culus, whose genomes have been completely sequenced. 
The negative result of such a search indicated that DOF 
genes were unlikely to exist in these eukaryotes. 

Then, we explored several photosynthetic eukary
otes from different clades originated during evolution: 
the green unicellular alga Chlamydomonas reinhardtii, 
the moss Physcomitrella patens, the fern ally Selagi-
nella moellendorffii, the gymnosperm Pinus taeda, the 
dicotyledoneous angiosperm A. thaliana and the 
monocotyledoneous angiosperms O. sativa and H. 
vulgare. After a thorough examination, only a single 
DOF gene (CrDof1) was found in C. reinhardtii (sup
plementary material S1), whereas searches for DOF 
genes in other algae not belonging to the viridiplantae 
(Cyanidioschyzon merolae, Galdieria sulphuraria and 
Emiliania huxleyi) did not result in any positive match. 
Searches in the genomes of P. patens and S. 
moellendorffii allowed us to identify nine non-redun
dant genes in the moss (PpDof1 to PpDof9; S1) and 
eight non-redundant genes in the fern (SmDof1 to 
SmDof8; S1). In the gymnosperm P. taeda eight non-
redundant genes were found (PtDof1 to 8, S1). 

In our search for DOF proteins in the barley genome 
that is not still completely sequenced, we screened BAC 
and genomic ^-based libraries and looked for ESTs in 
publicly available databases. From 20 X positive clones 
isolated from the genomic library, only eight non-redun
dant genes were found: barley Pbf and Sad (BPBF and 
SAD proteins, reassigned HvDof24 and HvDof23, 
respectively), HvDof19 to 22 and HvDof25 to 26 (S1). In 
the BAC library, the 76 positive clones identified corre
sponded to 23 non-redundant genes, from which 16 
turned out to be new DOF genes (HvDof1 to 16). The 
positive matches identified in our search of ESTs data
bases were ordered, sequenced and compared to render 
two new DOF genes (HvDof17 and HvDof18). In addi
tion, the already described 36 DOF proteins from A. tha
liana (AtDof1-36), and the 30 from O. sativa (OsDof1-30) 
were considered in our analysis (Lijavetzky et al. 2003). 

Phylogenetic relationships 

The phylogenetic relationships among the DOF genes 
previously identified were inferred from the derived 

amino acid sequences of the genes from C. reinhardtii, 
P. patens, S. moellendorYi, P. taeda, H. vulgare, O. 
sativa, and A. thaliana. These 118 proteins were aligned 
and a common homologous region identiWed. This 
region spanned 55 amino acid residues that included 
the 52 amino acids of the previously described DOF 
DNA-binding domain. Since the DOF domains of 
HvDof11 and HvDof16 were truncated, these genes 
were not included in the subsequent phylogenetic anal
ysis. Bayesian Inference was applied to the alignment 
of the identiWed homologous region of the other 116 
deduced proteins (S2), and a phylogenetic tree recon
structed (Fig. 1). The only DOF from C. reinhardtii was 
used to root the tree, assuming that C. reinhardtii and 
the other species considered here evolved from a com
mon ancestor. The tree topology and the correspond
ing phylogenetic relationships indicated that the 
majority of the DOF proteins analyzed, independently 
of the species, could be grouped into seven subfamilies 
(A–G) or major clusters of orthologous genes 
(MCOG). The A subfamily constituted a paraphyletic 
basal grade containing the C. reinhardtii only gene, as 
well as DOF genes from the other species. The other 
six subfamilies (B–G) were located in a branch poster
ior to the basal grade and supported by Bayesian prob
abilities higher than 70% (D–G) or 50% (B and C). 
Eight out of the nine DOF genes from the bryophyte 
P. patens belonged to subfamily A, while PpDof3 was 
in an intermediate branch between this subfamily and 
the branch in which the other six subfamilies (B–G) 
were located. Four S. moellendorYi genes were located 
in the initial grade, two in an intermediate branch 
between subfamily A and the rest of the subfamilies, 
and the other two in subfamily D. Two DOFs from the 
gymnosperm P. taeda belonged to the basal grade 
(PtDof3 and 7), one to subfamily B (PtDof5), and the 
other Wve were located in the same branch that 
anchored subfamilies B to G (PtDof1, 2, 4, 6 and 8). 
The DOF genes from the two monocot species, H. 
vulgare and O. sativa appeared in all the subfamilies, 
and subfamily C was only integrated by genes from 
these species. Therefore, it seems that consecutive 
gene duplications would have triggered a progressive 
expansion from subfamily A. 

Acquisition and loss of amino acid motifs in DOF 
proteins in the course of evolution 

The analysis of the complete amino acid sequences of 
the DOF proteins, using the MEME software, revealed 
the existence of homologous motifs, conserved among 
their sequences and diVerent from the DOF binding 
domain characteristic of this family (Table 1). These 



motifs seemed to be speciWc to the diVerent subfamilies 
rather than representative for each species. To produce 
a schematic view of the common motifs found in the 
majority of the proteins, we only considered those 
motifs present in at least 50% of the sequences of a 

•^Fig. 1 Phylogenetic tree of the D O F family in seven representa
tive species of some of the main viridiplantae lineages. DOFs 
from the green algae C. reinhardtii are boxed in dark gray, from 
the moss P. patens are boxed in pale gray, from the fern ally S. mo
ellendorffii are in italics and boxed in pale gray, from P. tadea are 
in gray, from H. vulgare are in black, from O. sativa in dark gray 
and italics, and from A. thaliana in pale gray and italics. The root
ed tree was inferred in MrBayes v3.1 by the Dayhoff model over 
the alignment of a common homologous region spanning 55 ami
no acids that included the 52 amino acids of the D O F domain of 
the 116 DOFs from the previously mentioned organisms. The 
resulting major clusters of orthologous genes (MCOGs) or sub
families are shown on the right. The scale bar corresponds to 0.1 
estimated amino acid substitutions per site. Bayesian posterior 
probabilities are indicated 

given species that were also shared by proteins from 
some of the other species analyzed. These motifs were 
represented in their relative location within the protein 
(Fig. 2a). 

This schematic evolutionary tree showed that the 
specific motifs present in subfamily A were not present 
in the other subfamilies, with the exception of motif 5 
that was also found in one of the DOFs from P. patens 
(PpDof3) located in a branch between subfamily A 
and subfamilies B-G. Moreover, this protein from P. 
patens also had motif 10, which was shared by proteins 
belonging to subfamilies B to G. The proteins from S. 
moellendorffii connecting subfamilies A to B-G shared 
motif 9 with proteins from B and F subfamilies and 
with some from P. taeda located in the same branch as 
subfamilies B-G. Motif 19, which was characteristic of 
the F subfamily, and motif 8, specific to the G subfam
ily, were also present in some of these mentioned pro
teins from P. taeda located in the branch anchoring 
subfamilies B-G. In addition, some motifs were only 
found in a given subfamily, as was the case of motifs 8, 
7 and 15 from subfamily G or motifs 12, 17, 14, 29, 13 
and 26 from subfamily F. Finally, transpositions 
seemed to have occurred: (1) motifs 27 and 22 
appeared exchanged in their relative position along the 
C-terminal part of the proteins from C. reinhardtii and 
P. patens, and (2) motif 6 had changed from an initial 
position in the C-terminal part in P. patens to an N-ter-
minal region in angiosperms. 

The sequence similarity of motifs 5, 9 and 3 (Fig. 2b) 
and their close position to the DOF domain could be 
indicative of a common origin and an associated func
tionality. Representative consensus amino acid 
sequences of these motifs in each species were obtained. 
Motif 5 was detected in the green alga C. reinhardtii as 
well as in the rest of the species considered in this study. 
This motif 5 might have originated in common with a 
related motif 5' present in P. patens that shared a high 
similarity to motif 9 of S. moellendorffii and P. taeda. 
Motif 9 was also present in the angiosperms A. thaliana, 



Table 1 Conserved amino acid motifs obtained by means of M E M E (Bailey and Elkan 1994) from the analysis of the 116 D O F protein 
sequences of C. reinhardtii, P. patens, S. moellendorYi, P. taeda, H. vulgare, O. sativa and A. thaliana 

Motif E-value Consensus sequences 

1 8.3e¡484 C-P-R-C-x-S-x-x-T-K-F-C-Y-Y-N-N-Y-[SN]-l-x-Q-P-R-[HY]-F-C-[KR]-x-C-x-R-Y-W-T-x-G-G-
x-L-R-N-V-P-[IV]-G-G-G-x-R-K 

2 1.4e¡151 D-x-K-x-x-g-x-L-W-V-P-K-T-L-R-I-D-D-P-[DN]-E-A-A-K-S-S-I-W-[ST]-T-L-G-I-K-x-d-[DK]-
x-[AG]-x-[FD] 

3 9.3e¡148 P-x-S-M-s-E-R-A-R-[LM]-A-[RK]-[IV]-P-x-P-E-[PQ]-G-L-[KN] 
4 6.3e¡084 [DG]-D-p-g-I-K-L-F-G-[KR]-[TV]-I-[PT]-f 
5 a 1.3e¡072 [KT]-t-x-x-d-s-x-x-k-x-x-L-K-K-P-D-K-I-L-P 
6 7.0e¡058 [VA]-x-e-[TS]-[LS]-P-x-L-x-A-N-P-A-A-[FL]-S-R-S-x-[NS]-F-x-E-[ST]-[ST] 

7 4.9e¡038 L-E-Q-W-R-[AL]-[AQ]-Q-M-[EQ]-S-F-P-F-[FL]-H-A-M-D-H-Q 
8 2.2e¡029 M-V-F-S-S-V-[PQ]-x-[CY]-[LM]-D-[PS]-[PS]-[ND]-W 
9a 7.5e¡024 E-R-R-a-R-P-q-k-[DE]-Q-[AP] 
10 3.3e¡025 N-K-R-S-x-S-x-S 

11 7.2e¡025 E-V-V-D-E-S-R-D-E-E-A-I-T-E-D-D-H-S-P-P-A-E-Q-E-E-V-I-E-V-V-D-H-Q-E-E-D-Y-C-D-
I-D 

12 9.8e¡012 [GI]-n-V-K-P-M-E-E-[IM]-x-[MT] 

13 1.4e¡021 R-[LM]-L-F-[AP]-F-E-D-L-K 

14 3.9e¡019 G-A-L-S-A-M-E-L-L-R-S-T-G-C-Y-M-P-L-Q-[MV] 

15 5.0e¡020 L-[IL]-[AT]-Q-[LM]-A-S-V-K-M-[DE]-[DE]-[NS] 

16 3.9e¡024 [SY]-S-[SP]-[SP]-x-x-x-[ST]-[SP]-x-S-x-[NS]-[NS]-S-x-[TC]-L-G-K-H-[PS]-R-[DE]-[ES]-[DT]-
[DE]-x-e 

17 4.5e¡015 I-D-L-A-[LM]-L-Y-[AS]-K-F-L 

18 5.9e¡015 P-P-P-A-P-I-F-A-D-Q-A-A-A-L-A-S-L-F-A-P-P-P-P-P-P 

19 1.9e¡014 H-E-G-A-x-D-L-N-L-A-F-P-H-H-[HG] 

20 7.0e¡005 M-Q-E-F-Q-[PS]-I-P-G-L 

21 3.5e¡011 T-V-A-D-M-[TA]-P-F-[MT]-S-L-D-A-G-I-F-E-L-G-D-[VA]-[PS]-P-A-[AD]-Y-W-N-[AG]-G-S-
C-W-T-D-V-[PQ]-D-P-[NS]-V-Y-L 

22 6.6e¡010 Q-Q-L-S-M-L-P-P-[ST]-G-G-M-L-G-F-G-[DN]-Q-x-S-x-G-x-A-[GP]-[AL]-x-[LP]-P-x-[PS]-
[HY]-L-[AQ]-[FL]-[AE] 

23 2.1e¡007 N-[AP]-s-F-Y-P-v-P-a-Y-W-[GS]-C-p-[IV] 

24 2.3e¡007 V-S-A-D-R-S-P-N-V-A-Q-H-P-C-M-N-G-G-A-M-W-P-F-G-V-A-P-P-P-A-Y-Y-T-S-S-I-A-I-P-F-
Y 

25 3.8e¡007 E-T-[PV]-x-[EK]-F-[GI]-[PS]-[ED]-[VS]-P-L-C-E-S-M-A-S-V-L-N-I-G-E-Q 

26 6.4e¡005 G-[FL]-W-[NS]-G-M-I-[GS] 

27 1.6e¡007 L-H-x-P-S-x-S-D-A-L-A-S-V-M-A-K-A-x-L-W-S-N-P-A-Q-Q-L-P-S-L-N-G-x-T-Q-x-Q-S-S-W 

28 6.8e¡003 L-W-x-C-x-x-x-W-P-N-G-A-W-N-x-P-W-I 

29 2.1e¡004 [NL]-L-G-F-S-L-D-x-H-G 

30 3.6e¡004 E-s-x-l-x-E-E-x-d-e-E-x-[DE]-E 

Consensus sequences follow the criterion of Joshi et al. (1997) 
a These sequences present a putative nuclear localization signal 

O. sativa and H. vulgare and shared a signiWcant similar
ity to motif 3. Thus, it is plausible that these motifs asso
ciated to the DOF domain and bearing a nuclear 
localization signal (NLS; motifs 5 and 9, Table 1) could 
have originated from a common ancestral motif. 

Position and homology of introns 

The exon-intron structure of CrDof1 comprised four 
introns and Wve exons. This was an unusually com
plex structure as most of the DOF genes studied here 
had either one intron or none (Fig. 3). Another fea
ture unique to this gene was that the codon triplet 
encoding the fourth Cys of the DOF domain, which is 
indispensable to form the zinc Wnger, was interrupted 

by the third intron from the rest of the nucleotides 
encoding this DNA-binding domain. In addition, the 
nucleotide region corresponding to motif 5 (Table 1), 
which contained a putative NLS predicted by 
PSORT, was interrupted by the second intron. The 
second and third intron of CrDof1 from C. reinhardtii 
(Fig. 4) did not have a counterpart in any of the other 
DOF genes annotated. Regarding the first intron, 
only nine genes (OsDof9, OsDof10, HvDof24-BPBF, 
PpDof7 and PpDof1 to PpDof5) out of the 100 
whose genomic structures were established, had an 
intron in the 5' non-coding region. Introns found in 
P. patens could be the counterparts of this CrDof1 
intron. However, the introns of the cereal genes 
seemed to have been acquired later as they are not 



Fig. 2 a Phylogenetic clado-
gram that includes a schemat
ic representation of the 
consensus proteins from each 
species carrying the most rep
resentative motifs from those 
identiWed by means of M E M E 
software and listed on 
Table 1. b Alignment of the 
consensus amino acid se
quences of motifs 5, 9 and 3 in 
each species by means of 
CLUSTAL W. Conserved 
proline (P), lysine (K) and 
arginine ( R ) through evolu
tion are in blue, red, and green, 
respectively 

present in any of the dicot species. In the case of the 
fourth intron of CrDof1, only one gene (AtDof34-
DAG1) had an intron downstream of the DOF 
domain, which probably represents a gain of this 

gene. In general, the presence of introns was 
restricted to some subfamilies (A, F, and G) . Three 
subfamilies presented genes without introns (B, C, 
and E) , and subfamily D had only two genes 



Fig. 3 Exon–intron structure of the D O F gene from C. rein-
hardtii (CrDof1). Over the genomic D N A sequence—scaVold 16 
according to the D O E Joint Genome Institute’s full D N A 

sequence release vs2—are shown the ESTs and DOE-JGI’s gene 
model predictions that support this structure 

(HvDof3 and OsDof17) with an intron in their geno-
mic structure (Fig. 4). Although intron size was vari
able, the position of the introns of Arabidopsis, rice 
and barley putative DOF orthologs was conserved. 
Genes located in duplicated genomic regions from A. 
thaliana according to MATDB (couples d1–d8), con
served the same exon–intron genomic structure 
except in the cases d2 and d6, in which one of the 
genes had more introns than its partner (Fig. 4). 

A common expression pattern is not shared by genes 
belonging to a given DOF subfamily in Arabidopsis 

To determine whether the expression patterns of the 
diVerent DOF genes from A. thaliana were characteris
tic of a given subfamily, data from GENEVESTIGA-
TOR corresponding to hybridizations carried out with 
the ATH1_22K array in representative developmental 
stages of the Arabidopsis life cycle and in response to 
light were compiled. Both, the developmental data, 
normalized to gray scale, and the induction (+) or 
repression (-) responses to the diVerent light treat
ments demonstrated the absence of an obvious expres
sion pattern for each of the subfamilies (Fig. 5). The 
expression proWles of those Arabidopsis genes located 
in duplicated genomic regions according to MATDB 
(couples d1–d8) were partially redundant in the major
ity of the cases (e.g. d4, d7, d6 and d8). To assess 
whether this partial redundancy was also detectable in 
the diVerent tissues, processed data from GENEVES-
TIGATOR were normalized and couples of duplicated 
genes d1–d8 were arranged in function of their higher 

or lower redundant expression (see supplementary 
material S3). This analysis conWrmed that most of the 
couples also had a redundant expression pattern in the 
diVerent tissues. AtDof15 and AtDof34 (DAG1/ 
DAG2) exhibited the most redundant expression pat
tern, whereas AtDof1 and AtDof2 were the genes with 
the most complementary expression. In addition, a 
very low expression was detected for the AtDof16 
gene, whereas its duplicated partner AtDof36 -HPPBF-
2b was strongly expressed in the same tissues. 

Discussion 

The DOF TFs: an expanding family in the course 
of evolution 

The present phylogenetic study of DOF TFs indicates 
that this family might have originated from a common 
ancestor, maintained as a single copy gene in Chla-
mydomonas, and expanded in the diVerent taxonomic 
groups of vascular plants by recurrent duplication 
events in the course of evolution. Our phylogenetic tree 
comprises a paraphyletic grade (subfamily A) contain
ing genes from the 7 representative species analyzed 
and six subfamilies with genes from some of these spe
cies, particularly from angiosperms, but without genes 
from the moss Physcomitrella. In addition, one gene 
from this moss and two from the fern Selaginella 
(PpDof3 and SmDof2 and 5) are in branches connect
ing subfamily A to subfamilies B-G, and Wve from the 
gymnosperm (PtDof1, 2, 4, 6 and 8) are in the branch 



Fig. 4 Exon–intron structure 
of C. reinhardti, P. patens, S. 
moellendorYi, A. thaliana, O. 
sativa and H. vulgare D O F 
genes. The exon–intron struc
ture of O. sativa genes is that 
predicted by TIGR Rice Ge
nome Annotation Project 
when indicated (1). For H. 
vulgare, P. patens and S. mo-
ellendorYi D O F genes, it has 
been deduced by comparison 
with the respective ortholo-
gous genes (2), ESTs/cDNAs 
(3) or by mutual comparison 
(3b). For C. reinhardtii it was 
obtained as mentioned in 
Fig. 3 (4), and for A. thaliana 
they are those from the TAIR 
website (5). (d1–d8) Genes in 
duplicated genomic regions 
according to M A T D B redun
dancy viewer from MIPS 

anchoring these subfamilies B to G. Therefore, our 
analysis supports that the expansion of the DOF family 
in the course of evolution would have occurred from 

subfamily A, which constitutes a basal grade, to the rest 
of the subfamilies. Our results also show that DOF 
genes are in a variable number that tends to increase as 



Fig. 5 Expression pattern of the diVerent subfamilies of D O F 

genes in A. thaliana. Data from G E N E V E S T I G A T O R (Zimmer-

mann et al. 2004) were normalized for gray scale such that the val

ue 100% was assigned to the signal corresponding to intensity 

1500 (black) and the 0 % to the absence of signal (white). (1 ) 

199%, (2) 105%, (3 ) 176%, (4) 1 1 1 % and (5) 122%. A “ + ” / “ ¡ ” 

mark was assigned if the response of the gene under treatment 

was, respectively, higher/lower than the signal intensity of the 

corresponding control. Development stages are those in G E N E -

the complexity of the organisms do. From the single 
DOF gene present in the green alga and from 8 or 9 in 
the gymnosperm and lower plants studied, 26 and 30 
appeared in the monocotyledoneous angiosperms and 
36 in the dicotyledoneous angiosperm. DOF genes 
incorporated into these genomes could have acquired 
new functions, probably regulating transcription of 
other genes gained in the evolutionary process. 

On the origin of DOF genes 

The structural features of CrDof1 could resemble 
those of the Wrst ancestral DOF gene. This is the only 
case in a DOF gene in which the nucleotide regions 
encoding both a putative NLS and the DNA-binding 
domain were interrupted by introns. Introns are 
thought to be primordial structures in eukaryote-pro-
karyote ancestors that would have facilitated the evo
lution of protein families through exon shuZing 
(Doolittle 1978; Zhaxybayeva and Gogarten 2003). 
The fourth Cys of the DOF domain (exon 4) is neces
sary for the DNA binding of this Cys2/Cys2 zinc Wnger 
(Umemura et al. 2004), and exon 3 has certain similari
ties to SII TFs (Kettenberger et al. 2003) according to 

VESTIGATOR that are based on the key ontology from Boyes 
et al. (2001): (a) seed germination, (b) cotyledons fully opened, 
(c) 1–5 rosette leaves, (d) 6–8 rosette leaves, (e) 9–12 rosette 
leaves, (f) 13 rosette leaves—1st Xower buds visible, (g) 1st Xower 
buds visible—10% of the Xowers to be produced have opened, 
(h) 30–50% of the Xowers to be produced have opened and (i) 
Xowering complete—1st silique shattered. (d1–d8) Genes in 
duplicated genomic regions according to M A T D B redundancy 
viewer from MIPS 

searches performed in the PFAM website. Hence, exon 
shuZing in the photosynthetic eukaryotic ancestor 
after chloroplast acquisition could have put indepen
dent subdomains with diVerent functions together gen
erating a new type of protein with both DNA binding 
capacity and a NLS. In fact, subdomain recombination 
has been demonstrated to be able to generate proteins 
with new properties (Hopfner et al. 1998). 

SimpliWcation of complex early eukaryotic gene 
structures has dominated subsequent evolution. Intron 
losses outnumber intron gains over a large range of 
eukaryotic lineages (Roy and Gilbert 2005). In accor
dance to this, a simpliWcation of the structure of the 
original DOF, here represented by CrDof1, would be 
expected. However, the presence of introns in some 
angiosperm DOF genes must have been more recently 
gained as they were mainly located within subfamilies F 
and G and positioned in conserved regions of several 
putative orthologous genes from the two cereal species. 

Gene diversiWcation and functionality 

As reported for other protein families (Pinyopich et al. 
2003), the establishment of new gene functions by 



duplication events (Long and Langley 1993) contrib
utes to the evolutionary diversiWcation of genomes and 
is a source of evolutionary novelty (Gilbert et al. 1997). 
The Ohno’s classic model (Ohno 1970) concerning the 
fate of duplicated genes and the duplication–degenera
tion–complementation (DDC) model, predict for each 
one of the duplicates the gain of a new function (neo-
functionalization), its loss (pseudogenization) or the 
development of overlapping redundant functions and 
expression patterns (subfunctionalization; Force et al. 
1999; Lynch and Force 2000). To trace diversiWcation 
and functionality of DOF genes, Arabidopsis repre
sents a model system for which both genome structure 
and gene expression patterns have been extensively 
studied. The Arabidopsis plant has suVered diVerent 
large-scale duplication events (Vision et al. 2000). 
These events aVecting DOF genes would have trig
gered a process of divergence between the duplicated 
genes. As shown in Fig. 5 and S3, pairs of duplicated 
genes d1 and d3 to d8 had partially redundant expres
sion patterns. However, DAG1 and DAG2 (d6), which 
exhibited the most redundant expression, develop 
opposite regulatory actions as they repress/promote, 
respectively, germination in response to light and cold 
(Gualberti et al. 2002). This eVect would be more 
related to a case of neofunctionalization despite their 
redundant expression. In addition, a pseudogenization 
process might be occurring in another pair of dupli
cated genes, AtDof16 and AtDof36-HPPBF-2b, which 
is a gene speciWcally regulated by PhyA in response to 
far-red light (Tepperman et al. 2001). The former 
seems to have a noticeably weaker expression than the 
latter. However, the fact that AtDof16 responds to 
light could mean that the pseudogenization has not 
been completed. 

Independently of these neofunctionalization and 
pseudogenization processes of the newly gained DOF 
genes in the emerging species, a subfunctionalization of 
the ancestral DOF role would be expected. Therefore, 
more than one DOF could be necessary to fully achieve 
the original function in complex multi-cellular organ
isms. CrDof1 is so far the only DOF gene found in an 
organism diVerent from land plants, but close to the ori
gin of the evolutionary divergence of this lineage. 
Although the function of CrDof1 is unknown, it is worth 
considering that induction of zygote germination in C. 
reinhardtii, a process that emulates seed dormancy, does 
not occur in the absence of light (Gloeckner and Beck 
1995), and that Arabidopsis knockout plants for 
AtDof34-DAG1 germinate in the absence of light (Papi 
et al. 2000). Thus, a possible role in zygote germination 
could be anticipated for the Chlamydomonas DOF, 
although other functions could not be excluded. 

On the basis of the phylogenetic tree and on the con
served amino acid motifs, our results allow some con
clusions to be drawn concerning the evolution of DOF 
genes. The presence of Physcomitrella DOF genes 
among the vascular plant sequences belonging to the 
paraphyletic subfamily A and in a branch preceding 
that in which subfamilies B-G were anchored, suggests 
that part of the diversification of the DOF family could 
have occurred prior to the divergence of the ancestor of 
mosses and vascular plants. Likewise, the presence of 
some fern sequences in the subfamily D suggests that 
this subfamily was formed before the divergence of 
ferns and the seed plant ancestors. Although the full 
extent of the diversity of DOF genes in Pinus taeda has 
not been able to be fully established as its genome is not 
still completely sequenced, the presence of conserved 
motifs characteristic of subfamilies B, F and G supports 
that subfamily B originated before the divergence of 
the angiosperm and the gymnosperm ancestors, and 
that subfamilies F and G might have diverged in the 
ancestor of angiosperms after gymnosperm segregation. 
In addition, the fact that subfamily E was the only one 
formed by angiosperm genes, indicates that it origi
nated after the divergence of angiosperm and gymno
sperm ancestors, whereas subfamily C with only cereal 
sequences would have been formed after the diver
gence of the monocot and dicot ancestors. 

In conclusion, recurrent duplications of an original 
DOF formed in the plant ancestor seem to have led to 
the formation of this complex family of TFs specific to 
viridiplantae in the course of evolution. 
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