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1.4 Evolution of regulatory programs

responds to the DBD, while another is a transactivation domain that mediates gene activa-
tion. Each module can evolve in a semi-independent manner. The concept of modularity
is central in the evolution of regulatory programs. Another aspect of modularity can arise
through gene duplication followed by changes in the coding sequence and/or the CREs,
that can result in the origin of a new regulatory module. In Fig. 1.4, following gene du-
plication, one of the copies of the gene can accumulate mutations at a higher rate, which
might eventually lead to the emergence of a new function, i.e., neofunctionalisation; to
the split of the ancestral function among the duplicates, i.e., subfunctionalisation; or to
the loss of one of the gene copies, i.e., pseudogenisation (MOORE and PURUGGANAN

2005). As a result, changes in regulatory factors, and consequently gene expression,
would appear in different compartments, or tissues or at different times (for reviews see
HOEKSTRA and COYNE 2007, PRUD’HOMME et al. 2007).

Figure 1.4: MOORE and PURUGGANAN (2005) model for the evolutionary fate of duplicated
genes. After a duplication event one of the gene copies can be lost by accumulating deleterious
mutations, pseudogenisation; or, it can acquire a completely new function by accumulating neutral
or useful mutations in, either or both, its promoter or in its protein coding region, neofunctionali-
sation; or the ancestral function can be split among the duplicates, subfunctionalisation.

The evolution of regulatory programs has been widely documented (for reviews see
HOEKSTRA and COYNE 2007, PURUGGANAN 2000, WRAY 2007). In flowering plants a
clear example of morphological diversification due to evolutionary changes in regulatory
genes is the evolution of floral development (reviewed by SOLTIS et al. 2007). As re-
viewed by BENLLOCH et al. (2007) the LEAFY (LFY) gene in Arabidopsis is responsible
for conferring floral meristem identity, a role that is conserved in Angiosperms. The lfy

mutant produces phenotypes where flowers are replaced by shoot-like structures. LFY is
present in all land plants: as a single copy gene in Angiosperms, and with two copies
in Bryophytes and Gymnosperms. It has been shown that the bryophyte orthologues of
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1 General introduction

LFY do not complement the Arabidopsis lfy mutant, while the gymnosperm orthologues
complement it partially, and angiosperm homologues complement it fully. This example
shows a correlation between phylogenetic relatedness and the potential for complementa-
tion, suggesting that the ancestral LFY gene had a different function and was recruited in
flowering plants for the specification of floral meristem identity (BENLLOCH et al. 2007,
and references therein). As seen in the previous example the identification of orthologous
genes can provide insights into the ancestral functions played by those genes, and it is
extremely useful to transfer knowledge about gene function between species, i.e., model
plants to crop plants; however, if gene duplication precedes speciation, the function can
be conserved by paralogues instead of orthologous genes (CAUSIER et al. 2005, VAN DE

PEER 2006).

1.5 Overview of plant evolutionary relationships

One of the goals of this work is the identification of TFs in plants. I have restricted my
analyses mainly to the monophyletic clade of green plants and one red alga, the genomes
of which are completely sequenced and in an advanced or close-to-finish state of gene
annotation. Basic information about the genomes and proteomes of the studied species
can be found in Table 1.2.

Plants are essential organisms for sustaining most of life in the biosphere. Through the
process of photosynthesis they get the energy required for growth directly from sunlight.
By photosynthesis, which some bacteria are able to realise as well, plants convert water,
CO2 and light into organic compounds, i.e., chemical energy. This process, in eukaryotic
organisms, takes place in the plastid.

The plastid is a subcellular organelle, product of an ancient endosymbiotic event (pri-
mary endosymbiosis), that might have occurred about 1.500 million years ago (mya)
(YOON et al. 2004). It is hypothesised that an eukaryotic cell phagocyted and kept a
cyanobacteria, a photosynthetically active bacteria. This event resulted in the lineage
leading to the super group of Archaeplastida (sensu ADL et al. 2005). A second en-
dosymbiotic event (secondary endosymbiosis), in which a red alga became the plastid of
a non-photosynthetic protist, gave origin to the supergroup of Chromoalveolata (sensu

ADL et al. 2005). A third, secondary endosymbiosis, gave rise to Rhizaria and Excavata
probably in two independent events, in which a green alga turned into the plastid. Over
time, the retained photosynthetic cell was reduced, becoming an organelle of the host cell.
Most of the genetic machinery from the original photosynthetic cell has been transferred
to the nucleus of the host cell (reviewed by REYES-PRIETO et al. 2007, see NOZAKI 2005
for an alternative hypothesis on plastid evolution).
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Archaeplastida is a monophyletic group characterized by the presence of double mem-
brane-bound plastids, that are free in the cytosol. It can be further divided into Glau-
cophyta, Rhodophyceae and Chloroplastida (ADL et al. 2005, RODRÍGUEZ-EZPELETA

et al. 2005). The Glaucophyta is an early diverging small group of algae with a plas-
tid resembling the engulfed cyanobacterium. They retained the peptidoglycan wall be-
tween their two membranes and an organelle-like body involved in CO2 fixation, the car-
boxysome (BHATTACHARYA et al. 2004, RODRÍGUEZ-EZPELETA and PHILIPPE 2006).
The red algae, Rhodophyceae, is a large group of algae characterized by the lack of flag-
ella and the presence of phycobiliproteins within the plastid (COLE and SHEATH 1990).
The Chloroplastida (green plants, syn. Viridiplantae sensu CAVALIER-SMITH 1981) con-
sists of the Chlorophyta and the Streptophyta. Most of the green algae belong to the
Chlorophyta, while Streptophyta consist of a diverse paraphyletic ensemble of freshwater
algae and all land plants, the latter being the best known group of plants, including the
mosses, the ferns, and the flowering plants, among others.

Figure 1.5: Schematic representation of the evolutionary relationships among some of the groups
of plants. Divergence times correspond to estimations and/or fossil records. The gray boxes at the
nodes represent the range of possible divergence times according to literature.

Figure 1.5 shows schematically the divergence times of the main lineages of plants.
Viridiplantae and Rhodophyceae shared their most recent common ancestor (MRCA) be-
tween 1.600 and 1.474 mya (LEWIS and MCCOURT 2004, YOON et al. 2006, 2004, ZIM-
MER et al. 2007). The oldest known rhodophycean fossil dates from 1.200 mya (BUT-
TERFIELD 2000). This is therefore the youngest date for the divergence between this two
groups. Viridiplantae might have split into Chlorophyta and Streptophyta around 1.111 to
1.010 mya (HECKMAN et al. 2001, SANDERSON et al. 2004, YOON et al. 2004). Soon af-
ter, Prasinophytes diverged from the main branch of Chlorophyta, while the streptophyte
lineage split 360 to 490 mya into Tracheophyta and Bryophyta (KENRICK and CRANE

1997, NICKRENT et al. 2000, SANDERSON 2003, SHAW and RENZAGLIA 2004). Mono-
cotyledoneous and dicotyledoneus plants, representatives of tracheophytes, shared their
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MRCA between 200 and 120 mya (BELL et al. 2005, CHAW et al. 2004, SANDERSON

and DOYLE 2001, YOON et al. 2004).

1.5.1 Species studied

Currently the genome sequences of several species of Archaeplastida are known and pub-
licly available. In this thesis I intended to have a broad phylogenetic coverage. How-
ever, important groups as Monilophytes (ferns) and the Coniferophytes (e.g., pines) could
not be included, since there is no annotated genome sequence available. The following
species have been included: the red alga Cyanidioschyzon merolae, a member of the Rho-
dophyceae, is a small unicellular organism, found in sulfate-rich hot springs (MATSUZAKI

et al. 2004). The remaining species are all members of the Viridiplantae. Chlamydomonas

reinhardtii P. A. Dangeard and Ostreococcus tauri C. Courties & M. -J. Chrétiennot-
Dinet are unicellular organisms as well, members of the Chlorophyta (green algae). C.

reinhardtii is a member of the Chlorophyceae, soil-dwelling organism with two anterior
flagella employed for motility and mating (MERCHANT et al. 2007). O. tauri, one of
the smallest known free-living organisms (∼1 µm in diameter), belongs to the Prasino-
phyceae, a group at the base of the green algal lineage and thought to be as the cell
form most closely representing the first green algae, or “ancestral green flagellate” (AGF)
(DERELLE et al. 2006, LEWIS and MCCOURT 2004). See MISUMI et al. (2008) for
further details on this algal species.

Table 1.2: Basic information about the species analysed in this work. G: Genome size (Mb),
PTOTAL: Total number of proteins encoded by the genome, C: Chromosome number.

Species G PTOTAL C Reference Annotation

C. merolae 16.52 5014 20
MATSUZAKI et al. 2004

Uni-Tokyo v07.2007a
NOZAKI et al. 2007

O. tauri 12.56 7725 20 DERELLE et al. 2006 JGI v2.0b

C. reinhardtii 120 15143 17 MERCHANT et al. 2007 JGI v3.1c

P. patens 480 35938 27 RENSING et al. 2008 JGI v1.1d

A. thaliana 125 31921 5
AGI 2000

TAIR v7.0e
SWARBRECK et al. 2008

P. trichocarpa 485 45555 19 TUSKAN et al. 2006 JGI v1.1f

O. sativa 420 66710 12
GOFF et al. 2002

TIGR v5.0g
YUAN et al. 2005

a http://merolae.biol.s.u-tokyo.ac.jp/ b http://genome.jgi-psf.org/Ostta4/
c http://genome.jgi-psf.org/Chlre3/ d http://genome.jgi-psf.org/Phypa1_1/
e http://www.arabidopsis.org/ f http://genome.jgi-psf.org/Poptr1_1/
g http://www.tigr.org/tdb/e2k1/osa1/

Streptophytes are represented in this study by the bryophyte (moss) Physcomitrella

patens ssp. patens (Hedw.) Bruch & Schimp. in B.S.G. , and the angiosperms Ara-
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1.6 Aims and structure of the thesis

bidopsis thaliana (L.) Heynh. (thale cress), Populus balsamifera ssp. trichocarpa (Torr.
& Gray ex Hook.) Brayshaw (synonym Populus trichocarpa Torr. & Gray ex Hook.)
(black cottonwood) and Oryza sativa L. ssp. japonica (rice). Arabidopsis and Populus

are eudicotyledons (eudicots), while Oryza is a monocotyledon (monocot).

1.6 Aims and structure of the thesis

The first step towards a systems-level understanding of the complex mechanisms that
plants and other organisms employ to regulate their gene expression programs is to have a
comprehensive list of parts, i.e., of the components of these programs. The first objective
of this thesis is the identification and classification of one component of these regulatory
programs, namely TFs; the questions that I wanted to tackle here were: Can the existing
knowledge regarding the identification of TFs in A. thaliana (e.g., RIECHMANN et al.

2000) be applied to other plant species? Can we develop an automated or semi-automated
pipeline for the identification and classification of TFs that has similar accuracy to current
approaches in A. thaliana? The second objective is the evolutionary analysis of TFs fam-
ilies, which relies on the identification of complete lists of TFs in different species; the
questions that I wanted to approach here were: What were the regulatory families present
in the MRCA of green plants? Are there any lineage-specific family expansions? Can
the evolution of individual TF families be correlated with great moments in green plant
evolution? Finally, the third objective is to use the generated knowledge regarding the
identification of TFs to approach the dynamics of the regulatory programs in which they
play a role; the underlying question was: Can we uncover individual TF families playing
preferential roles in some biological processes?

The results that I am presenting here are the fruits of collaborative work with several
members of the group lead by Prof. Dr. Mueller-Roeber and are divided in the following
way: Chapter 2, describes the strategy that, together with Dr. Ruzicic, P.D. Dr. Dreyer and
Prof. Dr. Mueller-Roeber, we developed for the identification of TFs in plants (published
in BMC Bioinformatics). We have identified the complement of TFs in the unicellular
green alga Chlamydomonas reinhardtii, these data were included in the genome anno-
tation of this organism, which was published in Science (MERCHANT et al. 2007); in
Chapter 3 I present the analyses of the TFs present in this alga in a comparative genomics
setup, result of a joint effort with fellow PhD students Luiz Gustavo Guedes Corrêa and
Raúl Trejos-Espinosa, and Prof. Dr. Mueller-Roeber (published in Genetics). In Chap-
ter 4, together with fellow PhD students Luiz Correa, Prof. Dr. Mueller-Roeber and our
collaborator from the University of Campinas in Brazil Prof. Dr. Michel Vincentz, we
have inferred the phylogenetic relationships among the bZIP TF family in the whole green
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plant tree in a very detailed way (published in PLoS ONE). Chapter 5, presents an exper-
imental approach lead by PhD student Salma Balazadeh and Prof. Dr. Mueller-Roeber,
to analyse the role of TFs in plant senescence, where I have collaborated identifying gene
expression clusters and evaluating the contribution of different TF families to different
clusters (published in Plant Biology).
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